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Abstract 
Nonlinear dynamical analysis techniques have 

been widely used for EEG analysis. The correlation 
dimension based upon the correlation is one of the 
most commonly used measures which quantifies the 
active degrees of freedom or the complexity of the 
dynamical system on the attractor. This article aims 
to provide an overview of the basic concepts of 
nonlinear dynamical analysis, and also to 
demonstrate its application in EEG sleep analysis. 
As one of the evidences, it is shown that there is a 
decrease in the correlation dimension (i.e., a loss in 
the complexity of the underlying dynamics of the 
neuronal networks in the brain) from lighter to 
deeper sleep stages. The use of the nonlinear 
dynamical analysis can be viewed in two aspects. In 
one aspect, the lower correlation dimension of the 
EEG suggests that the neuronal networks are more 
strongly coupled at deeper sleep stage. In another 
aspect, the substantial differences of the correlation 
dimensions of the EEG associated with various 
sleep stages can be used for sleep stage 
discrimination.  
Keywords: Nonlinear dynamics, complexity, 
correlation dimension, electroencephalogram, sleep 

 
1. Introduction 

The electroencephalogram (EEG) or brain wave 
is a complex signal that quantifies the electrical 
activity of the brain. The EEG which results from 
postsynaptic potentials of cortical pyramidal cells is 
an important brain state indicator [1]. Temporal 

patterns of the EEG have been shown to provide 
insight into the various functional states of neuronal 
networks in the brain [2]. Computational analysis 
techniques have been applied to EEG for a number 
of clinical situations including sleep, coma, mental 
state, cognition, and epilepsy.  

Sleep is essential for human's health and well-
being. There are many sleep disorders (e.g., 
insomnia, narcolepsy, sleep apnoea) while many 
other disorders manifest themselves through sleep 
disturbances (e.g., depression, schizophrenia, 
Alzheimer disease) [3]. Sleep staging is one of 
important procedures for clinical diagnosis and 
treatment of sleep disorder [4]. Traditionally sleep is 
monitored using a polysomnography [5]. Sleep 
stages are mainly differentiated by features and 
patterns of brain wave, eye movements, and muscle 
tone [6].  

The EEG is the major discriminating marker 
between waking and sleep, and between various 
sleep stages such as between NREM sleep and 
REM sleep, the two major states of sleep [7]. 
According to the standard guidelines for sleep 
classification by Rechtschaffen and Kales [8] which 
is a widely accepted standard, sleep recordings are 
divided into seven discrete stages: waking, stage 1, 
stage 2, stage 3, stage 4, stage REM, and 
movement time based on the characteristic features 
of EEG, in conjunction with EOG and EMG. 
Additional clinical information including heart rate, 
blood pressure, blood oxygenation, and respiration 
rate may be also used in sleep stage classification.  
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Traditional linear analysis techniques, e.g., 
spectral analysis, have been very valuable 
computational tools for EEG analysis. Furthermore, 
the spectral analysis, a mathematical approach that 
decomposes the signal (such as the EEG) into its 
constituting frequency components, has long served 
as a main computational tool especially for the study 
of sleep and EEG sleep analysis because the 
patterns of brain electrical activity, i.e., EEG, 
corresponding to various stages of sleep are 
generally defined in terms of frequency ranges or 
the so-called waves, e.g., delta, theta, beta, and 
alpha.  

Recently, concepts and computational tools 
derived from the contemporary study of complex 
systems including nonlinear dynamics, also known 
as chaos theory, and fractals have gained increasing 
interest in biology and medicine [9]. One reason is 
that many complex and interesting phenomena in 
nature are due to nonlinear phenomena. The theory 
of nonlinear dynamics has been further developed 
and progressed to a point where it has been applied 
to examine self-organization and pattern formation in 
the complex neuronal networks of the brain [10].  

Nonlinear dynamical analysis has been applied 
to various types of EEG including data obtained from 
both normal and abnormal clinical situations [2]. A 
number of clinical situations that nonlinear dynamical 
analysis has been used including resting state, 
sleep, coma, mental state, cognition, and epilepsy. 
In general, nonlinear dynamical analysis has been 
used to characterize behaviors of the underlying 
neuronal dynamics of the brain associated with 
different brain states. A number of nonlinear 
dynamics measures have been also developed to 
quantify features of brain dynamics [10].  

Among the available methods of nonlinear 
dynamical analysis, the correlation dimension 
introduced by Grassberger and Procaccia [11-12] is 
the most commonly used measure and the algorithm 

to compute the correlation dimension is relatively 
simple. However, the computational time required 
can be prohibitive. In addition, the proper 
computation and interpretation of the correlation 
dimension involves many pitfalls. The estimate of 
correlation dimension can be biased by 
autocorrelation effects, noise, and length of the time 
series.  

One of the first applications of nonlinear 
dynamical analysis of the human EEG was the work 
by Babloyantz et al. [13] where the correlation 
dimension was computed using the Grassberger-
Procaccia algorithm [11-12] and the relationship 
between correlation dimension and different stages 
of sleep was investigated. Thereafter sleep has 
become a major research focus in nonlinear 
dynamics [14]. Several similar studies (e.g. [15-19]), 
were carried out using the correlation dimension and 
Lyapunov exponents.  

The main purposes of this article are 1) to 
provide an overview of the basic concepts of 
nonlinear dynamical analysis with an illustration, and 
2) to demonstrate the application of the nonlinear 
dynamical analysis in EEG sleep analysis.  

  
2. Sleep 
2.1 Characteristics of Sleep and Sleep 

Classification 
In normal adults, sleep is divided into two 

broad types: rapid eye movement (REM) and non-
rapid eye movement (NREM) [6]. These two types of 
sleep, i.e., REM and NREM, alternate cyclically 
throughout the night. NREM sleep is further divided 
into four stages, namely stage 1, stage 2, stage 3 
and stage 4, that are roughly correlated with the 
depth of sleep [6]. Sleep stages 1 and 2 correspond 
to light sleep whereas sleep stages 3 and 4 
correspond to deep sleep or also referred to as 
slow-wave sleep (SWS) [20]. Sleep begins in NREM 

sleep and progresses from light NREM sleep stage 
through deeper NREM sleep stages before the first 
episode of REM sleep [21]. REM sleep episodes 
become longer as sleep progresses [6].  

The standard guidelines developed by 
Rechtschaffen and Kales [8] have been widely 
accepted standard for describing the human sleep 
process for approximately 40 years [22]. 
Polysomnographic recordings are divided into 30-
second epochs. The occurrence, frequency, 
amplitude, shape, and temporal sequence of these 
patterns provide information on the sleep stage 
assigned to a given epoch [23]. On the basis of the 
R&K rules, the sleep physiological recordings are 
divided into 7 discrete stages: waking (W), stage 1 
(S1), stage 2 (S2), stage 3 (S3), stage 4 (S4), rapid 
eye movement (REM), and movement time (M) [22].  

The R&K rules have been criticized for leaving 
plenty of room for subjective interpretation, which 
leads to a great variability in the visual evaluation of 
sleep stages [22],[24]. In addition, another significant 
drawback is that the R&K rules were developed for 
young healthy adults, and do not necessarily directly 
apply to elderly subjects and patients [22]. The 
American Academy of Sleep Medicine (AASM) [25] 
revised the standard guidelines for sleep 
classification by Rechtschaffen and Kales [8], and in 
2007, the AASM Manual for the Scoring of Sleep 
and Associated Events: Rules, Terminology, and 
Technical Specifications was published [26].  

The new sleep scoring manual addresses 
seven topics: digital analysis and reporting 
parameters, visual scoring, arousal, cardiac and 
respiratory events, movements and pediatric scoring 
[22]. One of the major changes is a change in 
terminology [N6]. In the AASM manual, the number 
of stages is reduced from seven (W, S1, S2, S3, S4, 
REM and M) to five (W, N1, N2, N3, R) [26]. The 
stage N3 reflects slow-wave sleep (SWS) and 
comprises the sleep stages S3 and S4 [22],[26]. The 

stage REM is referred to as the stage R [22] while 
the movement time is not scored as a separate 
stage [26].  

Staging of sleep is relevant to the study of 
sleep and crucial to the diagnosis of sleep disorders. 
Sleep disorders can be generally divided into two 
major kinds: insomnia (complaints of too little sleep) 
and hypersomnia (complaints of too much sleep) 
[23]. Both the total sleep time and the relative 
amount of time spent in different stages of the sleep 
are often affected by disease processes [20]. Sleep 
stage of narcoleptics goes directly into REM sleep 
rather than going through other sleep stages [23]. 
Moreover, each stage the sleep has characteristic 
impact on respiration [20]. 
2.2  Sleep Stage Classifications 

According to the R&K rules, sleep stages are 
discriminated using three physiological recordings: 
EEG, EOG and EMG [23]. The characteristics and 
patterns of EEG change remarkably corresponding 
to different states of the brain including between 
wakefulness and sleep, and also between different 
levels of sleep [27]. The characteristics and patterns 
of the EEG and other physiological recordings 
associated with various sleep stages are 
summarized as follows [6],[8],[27],[28]  

- Waking: EEG of wakefulness is low voltage 
and contains mixed frequency (2-7 Hz) activity. 50% 
of the epoch consists of alpha (8-13 Hz) activity. 
There is relatively high tonic EMG activity.  

- Stage 1: EEG is relatively low voltage and 
contains mixed frequency (2-7 Hz) activity, which is 
similar to that of wakefulness. The EMG level is 
lower than in wakefulness. Alpha activity occupies 
less than 50% of the epoch.  

- Stage 2: There is an appearance of sleep 
spindles (episodic generalized symmetrical 
complexes) and/or K-complexes (sharp transients 
characterized by an initial negative and then positive 
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corresponding to various stages of sleep are 
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that many complex and interesting phenomena in 
nature are due to nonlinear phenomena. The theory 
of nonlinear dynamics has been further developed 
and progressed to a point where it has been applied 
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Among the available methods of nonlinear 
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introduced by Grassberger and Procaccia [11-12] is 
the most commonly used measure and the algorithm 
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can be prohibitive. In addition, the proper 
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dimension involves many pitfalls. The estimate of 
correlation dimension can be biased by 
autocorrelation effects, noise, and length of the time 
series.  

One of the first applications of nonlinear 
dynamical analysis of the human EEG was the work 
by Babloyantz et al. [13] where the correlation 
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Procaccia algorithm [11-12] and the relationship 
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become a major research focus in nonlinear 
dynamics [14]. Several similar studies (e.g. [15-19]), 
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The main purposes of this article are 1) to 
provide an overview of the basic concepts of 
nonlinear dynamical analysis with an illustration, and 
2) to demonstrate the application of the nonlinear 
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through deeper NREM sleep stages before the first 
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become longer as sleep progresses [6].  

The standard guidelines developed by 
Rechtschaffen and Kales [8] have been widely 
accepted standard for describing the human sleep 
process for approximately 40 years [22]. 
Polysomnographic recordings are divided into 30-
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young healthy adults, and do not necessarily directly 
apply to elderly subjects and patients [22]. The 
American Academy of Sleep Medicine (AASM) [25] 
revised the standard guidelines for sleep 
classification by Rechtschaffen and Kales [8], and in 
2007, the AASM Manual for the Scoring of Sleep 
and Associated Events: Rules, Terminology, and 
Technical Specifications was published [26].  

The new sleep scoring manual addresses 
seven topics: digital analysis and reporting 
parameters, visual scoring, arousal, cardiac and 
respiratory events, movements and pediatric scoring 
[22]. One of the major changes is a change in 
terminology [N6]. In the AASM manual, the number 
of stages is reduced from seven (W, S1, S2, S3, S4, 
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stage N3 reflects slow-wave sleep (SWS) and 
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stage REM is referred to as the stage R [22] while 
the movement time is not scored as a separate 
stage [26].  

Staging of sleep is relevant to the study of 
sleep and crucial to the diagnosis of sleep disorders. 
Sleep disorders can be generally divided into two 
major kinds: insomnia (complaints of too little sleep) 
and hypersomnia (complaints of too much sleep) 
[23]. Both the total sleep time and the relative 
amount of time spent in different stages of the sleep 
are often affected by disease processes [20]. Sleep 
stage of narcoleptics goes directly into REM sleep 
rather than going through other sleep stages [23]. 
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patterns of EEG change remarkably corresponding 
to different states of the brain including between 
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of the EEG and other physiological recordings 
associated with various sleep stages are 
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- Waking: EEG of wakefulness is low voltage 
and contains mixed frequency (2-7 Hz) activity. 50% 
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component) which must last more than 0.5 second. 
The epoch may contain high voltage (greater than 
75 V) and low frequency 2 Hz or less) activity of 
EEG for more than 20%.  

- Stage 3: EEG is high voltage (greater than 75 
V) and contains low frequency (2 Hz or less) 
activity for about 20%-50% of the epoch.  

- Stage 4: The epoch consists of high voltage 
(greater than 75 V) and similar low frequency 
(delta activity) EEG for more than 50%.  

- REM: EEG is relatively low voltage and 
contains mixed frequency (2-7 Hz) along with 
episodic rapid eye movements and absent or 
reduced chin EMG activity.  

- Movement time: If it is ambiguous to score as 
sleep or waking for more than a half of the epoch, 
then the epoch is scored as movement time.  

Since the presentation of the standard 
guidelines for sleep classification by Rechtschaffen 
and Kales [8], a number of computer-assisted sleep 
stage classification and identification techniques 
have been presented [29-32].  

 
3. Concepts of Nonlinear Dynamics 

The information obtained from the nonlinear 
dynamical analysis is mostly reflected by the 
complexity parameter which is associated to the 
dimensionality of the underlying dynamics of the 
system [33].  
3.1 Dynamical Systems 

A dynamical system is a system whose state 
develops and evolves over the course of time. 
Mathematically, a dynamical system is given by a 
model that expresses the evolution of such system 
given only by a current state. That is, the next state 
of a dynamical system is specified by a particular 
function of the current state. Therefore, a dynamical 
system consists of two parts: a state and a 
dynamics. The state of a dynamical system is a set 

of values of all dependent variables that describe the 
system at a particular moment in time while the 
dynamics of a dynamical system is a set of rules or 
equations that describe how the state of the system 
evolves over time.  

The state of a dynamical system described by 
m  dependent variables is represented by a point in 
m -dimensional space. This space is a vector space 
called the state space or also called the phase 
space m , and m  characterizes the degrees of 
freedom. The state of a dynamical system is formally 
represented by a state vector mx  
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The dynamics of a dynamical system can be 
described by a set of ordinary differential equations, 
typically the first-order differential equations, or a 
mapping function. For a continuous-time dynamical 
system, the dynamics of the system can be 
described by a set of ordinary differential equations  
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On the other hand, the dynamics of a discrete-time 
dynamical system is represented by a mapping 
function 
 

     t t F t x x . (3) 
 

A dynamical system is linear if the equations that 
describe the dynamics are linear; nonlinear, 
otherwise. A sequence of consecutive states x  in 
the state space forms the trajectory of the dynamical 
system which corresponds to the dynamical 
evolution of the system.  
3.2 Attractors and Characterization of Attractors 

If a dissipative dynamical system is observed 
for a sufficiently long time (after transient behavior 

has died out), its trajectory will converge to a 
confined subspace of the state space. This 
subspace is a geometrical object in the state space 
that is referred to as an attractor. It is called attractor 
because it attracts trajectories from all possible initial 
conditions. There are various structures of attractors 
can exist. Three main types of attractors are point 
attractors, regular attractors, and strange attractors 
(or chaotic attractors). Strange attractors exhibit 
complex geometrical objects in the state space that 
are called fractal geometry.  

Attractors hold significant information with 
respect to the dynamics of dynamical systems. For a 
deeper understanding of behaviors of dynamical 
systems, knowledge of characteristics of attractors is 
desired. Measures derived in theory of dynamical 
systems are used to characterize and quantitatively 
describe the dynamical and geometrical properties of 
attractors. The more complex the attractor, the more 
complex the corresponding dynamics [10].  

Dimensions specify how the attractor which is a 
geometrical object tends to be distributed spatially in 
the state space measure the geometry of the 
attractor [34]. Estimation of dimension is one 
approach to detect and quantify the self-
organizational characteristics of complex systems 
[35]. The correlation dimension 2D  introduced by 
Grassberger and Procaccia [11-12] is the most 
commonly used measure [10].  

 
4. Nonlinear Dynamical Analysis 

In practice, when we analyze a nonlinear 
dynamical system, what we have to begin with are 
not the dynamics of the system (a set of differential 
equations, for example); but rather a set of 
observations that may or may not be any actual 
variables of the system. We therefore do not know a 
complete description of the underlying dynamics of 
the system and even the variables that involves the 

state of the system. The way to obtain a more 
complete description of the underlying dynamics of 
the system with unknown properties from the 
observations is nonlinear dynamical analysis [10].  

The process of nonlinear dynamical analysis 
consists of two steps: 1) reconstruction of the 
dynamics of the system; and 2) characterization of 
the reconstructed attractor. In addition, the validity of 
the nonlinearity of the observations may be further 
tested using the method of surrogate data testing.  
4.1 Attractor Reconstruction 

The main problem in putting the nonlinear 
dynamical analysis into practice is that the 
measurements of variables of the system. Some 
variables of the systems may not be known. Some 
variables of the system cannot be measured or 
accessed. The true state of the system which 
requires the knowledge of all variables of the system 
cannot thus be determined. The method of time-
delay embedding allows us to obtain a more 
comprehensive description of the dynamics and the 
states of the system by unfolding the observed time 
series into a higher dimensional state space, called 
the embedding space.  

Let  x n  be a one-dimensional (observed) 
measure of the dynamical system. Note that the 
dynamical system of our interest is neuronal 
networks and a set of observations we can assess is 
recordings of EEGs. The m -dimensional embedding 
vector of the time series  x n  is given by [34] 
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where m  and   are the embedding parameters 
denoting the embedding dimension and the delay 
time, respectively. A sequence of embedding vector 

nx  forms the reconstructed attractor. It is 
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episodic rapid eye movements and absent or 
reduced chin EMG activity.  

- Movement time: If it is ambiguous to score as 
sleep or waking for more than a half of the epoch, 
then the epoch is scored as movement time.  

Since the presentation of the standard 
guidelines for sleep classification by Rechtschaffen 
and Kales [8], a number of computer-assisted sleep 
stage classification and identification techniques 
have been presented [29-32].  

 
3. Concepts of Nonlinear Dynamics 

The information obtained from the nonlinear 
dynamical analysis is mostly reflected by the 
complexity parameter which is associated to the 
dimensionality of the underlying dynamics of the 
system [33].  
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A dynamical system is a system whose state 
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of values of all dependent variables that describe the 
system at a particular moment in time while the 
dynamics of a dynamical system is a set of rules or 
equations that describe how the state of the system 
evolves over time.  
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The dynamics of a dynamical system can be 
described by a set of ordinary differential equations, 
typically the first-order differential equations, or a 
mapping function. For a continuous-time dynamical 
system, the dynamics of the system can be 
described by a set of ordinary differential equations  
 

     d t
f t

dt


x
x . (2) 

 

On the other hand, the dynamics of a discrete-time 
dynamical system is represented by a mapping 
function 
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A dynamical system is linear if the equations that 
describe the dynamics are linear; nonlinear, 
otherwise. A sequence of consecutive states x  in 
the state space forms the trajectory of the dynamical 
system which corresponds to the dynamical 
evolution of the system.  
3.2 Attractors and Characterization of Attractors 

If a dissipative dynamical system is observed 
for a sufficiently long time (after transient behavior 

has died out), its trajectory will converge to a 
confined subspace of the state space. This 
subspace is a geometrical object in the state space 
that is referred to as an attractor. It is called attractor 
because it attracts trajectories from all possible initial 
conditions. There are various structures of attractors 
can exist. Three main types of attractors are point 
attractors, regular attractors, and strange attractors 
(or chaotic attractors). Strange attractors exhibit 
complex geometrical objects in the state space that 
are called fractal geometry.  
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deeper understanding of behaviors of dynamical 
systems, knowledge of characteristics of attractors is 
desired. Measures derived in theory of dynamical 
systems are used to characterize and quantitatively 
describe the dynamical and geometrical properties of 
attractors. The more complex the attractor, the more 
complex the corresponding dynamics [10].  

Dimensions specify how the attractor which is a 
geometrical object tends to be distributed spatially in 
the state space measure the geometry of the 
attractor [34]. Estimation of dimension is one 
approach to detect and quantify the self-
organizational characteristics of complex systems 
[35]. The correlation dimension 2D  introduced by 
Grassberger and Procaccia [11-12] is the most 
commonly used measure [10].  

 
4. Nonlinear Dynamical Analysis 

In practice, when we analyze a nonlinear 
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not the dynamics of the system (a set of differential 
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complete description of the underlying dynamics of 
the system and even the variables that involves the 

state of the system. The way to obtain a more 
complete description of the underlying dynamics of 
the system with unknown properties from the 
observations is nonlinear dynamical analysis [10].  

The process of nonlinear dynamical analysis 
consists of two steps: 1) reconstruction of the 
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the reconstructed attractor. In addition, the validity of 
the nonlinearity of the observations may be further 
tested using the method of surrogate data testing.  
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Let  x n  be a one-dimensional (observed) 
measure of the dynamical system. Note that the 
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networks and a set of observations we can assess is 
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where m  and   are the embedding parameters 
denoting the embedding dimension and the delay 
time, respectively. A sequence of embedding vector 

nx  forms the reconstructed attractor. It is 
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 proved that the reconstructed attractor has the 
same dynamical properties as the actual attractor by 
Takens [36].  

The choice of the embedding dimension m  
and the delay time   has an effect on accuracy of 
estimation of the correlation dimension. The 
important parameter for time-delay embedding is 
neither the embedding dimension m  nor the delay 
time   separately but the embedding window [37]. 
There are a number of methods for determining the 
time delay   such as the autocorrelation function 
[37], mutual information [38], average displacement 
[39], etc. A sufficient embedding dimension m  can 
be determined by using the false nearest neighbor 
technique [40], for example.  
4.2 Correlation Integral and Dimension 

The correlation dimension 2D  computed using 
the Grassberger-Procaccia algorithm is the easiest 
dimension to compute [41], although the 
computational time required can be prohibitive. The 
correlation dimension is based upon the correlation 
integral. The correlation integral  C r  computed 
from the reconstructed attractor nx  is defined by 
[11-12]  
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where N  denotes the length of the reconstructed 
attractor,  1cN N N   and the Heaviside function 
  1n   if 0n  ; 0  otherwise. The correlation 

integral is thus a measure of the probability that 
pairwise distances of points on the attractor in the 
state space is less than or equal to a specific 
distance r . A revised algorithm was introduced by 
Theiler [35],[42] to correct for autocorrelation effects 
in the time series by adding a new parameter called 
the Theiler window w .  

According to Grassberger and Procaccia [11-
12], the correlation integral  C r  behaves as a 
power of   for small distances r , that is,  
 

  C r r . (6) 
 

The exponent   is defined as the correlation 
dimension 2D . The correlation dimension can be 
estimated from the local slope of the log - log  plot, 
i.e.,  
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Fig. 1  Time series for the state variables  x n  and  y n  of the Hénon map. 

The correlation dimension quantifies the active 
degrees of freedom or the complexity of the 
dynamical system on the attractor.  
4.3 Example of Nonlinear Dynamical Analysis 

Consider a discrete nonlinear dynamical system 
known as Hénon map [43]:  
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where 1.4   and 0.3  . Fig. 1 illustrates the 
time series for the state variables of the dynamical 
system, i.e.,  x n  and  y n . The Hénon attractor 
which is formed by a trajectory of state vector 
    T,x n y n  is shown in Fig. 2(a). This is a 

strange attractor where its dynamics never repeats 
the same state.  

If only the state variable x  of the system is 
observed, a more comprehensive description of the 

Fig. 2  Hénon map: (a) the actual attractor and (b) the reconstructed attractor. 

 (a) (b) 

Fig. 3  The plot of the logarithm of correlation integral  C r  versus the logarithm of distance r . 
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where 1.4   and 0.3  . Fig. 1 illustrates the 
time series for the state variables of the dynamical 
system, i.e.,  x n  and  y n . The Hénon attractor 
which is formed by a trajectory of state vector 
    T,x n y n  is shown in Fig. 2(a). This is a 

strange attractor where its dynamics never repeats 
the same state.  

If only the state variable x  of the system is 
observed, a more comprehensive description of the 
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dynamics and the states of the system can be 
obtained by unfolding a time series of  x n  into a 
higher dimensional state space. Fig. 2(b) illustrates 
the reconstructed attractor that is obtained using the 
method of time-delay embedding with the 
embedding dimension 2m   and the delay time 

1  . Clearly, the reconstructed attractor shown in 
Fig. 2(b) provides the same dynamical properties on 
the state space as the Hénon attractor shown in Fig. 
2(a).  

A plot of the logarithm of correlation integral 
 C r  computed using the Grassberger-Procaccia 

algorithm versus the logarithm of distance r  is 
shown as a solid line in Fig. 3. The log - log  plot 
shown in Fig. 3 manifests a linear relationship 
between   log C r  and  log r  for small 
distances r . The correlation dimension is thus 
estimated from the local slope of the log - log  plot. 
A dashed line plotted in Fig. 3 shows a straight line 
with a slope as the correlation dimension. The 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
correlation dimension of the Hénon attractor is about 
1.2 which specifies the active degrees of freedom or 
the complexity of the dynamical system on the 
reconstructed attractor.  

 
5. Nonlinear Dynamical Analysis of EEG Sleep 
5.1 EEG Sleep Data 

In this review, the EEG signal of the Fpz-Cz 
channel is analyzed and used for demonstration. 
The EEG signal is a part of the EEG data obtained 
from The Sleep-EDF Database available online at 
http://www.physionet.org/physiobank/database/sleep-
edf/. Electrophysiological data, including Fpz-Cz 
EEG, Pz-Oz EEG, horizontal EOG, submental EMG 
and event marker, were obtained from 4 subjects 
who had mild difficulty falling asleep but were 
otherwise healthy during a night in the hospital. 
Subjects and recordings are more extensively 
described in [44].  

The recordings were obtained using a digital 
telemetric system [45-46] with frequency response 

Fig. 4  Exemplary EEG signal associated with waking, stage 1, stage 2, slow wave sleep (stage 4), and REM (from top to 
bottom). 

range (3-dB points) 0.03-1,000 Hz. The EEG data 
were digitized with a sampling rate of 100 Hz and a 
14-bit A/D converter. The event marker was sampled 
at 1 Hz. Hypnograms are manually scored according 
to Rechtschaffen and Kales [8] based on the Fpz-Cz 
and Pz-Oz EEGs for every 30-second epoch of the 
EEG data, and classified into the following stages: 
waking (W), stage 1 (S1), stage 2 (S2), stage 3 
(S3), stage 4 (S4), REM (R), and movement time 
(M).  

Exemplary epochs of the EEG sleep data 
associated with waking, stage 1, stage 2, slow wave 
sleep (i.e., stage 4) and REM are illustrated in Fig. 4 
(from top to bottom). In general, the EEG of 
wakefulness and the EEG of stage 1 sleep are low 
voltage and contain fast activity. The EEG of 
wakefulness however contains more fast activity 
contents. Similarly, REM sleep is also characterized 
by fast and low-voltage EEG. The EEG of stage 2 
sleep clearly contains sleep spindle and K 
complexes. On the other hand, the EEG associated 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

slow wave sleep (e.g., sleep stage 4) is high voltage 
and contains slow wave activity, as the name 
suggested.  
5.2 Characteristics of Dynamical Complexity of 

EEG Sleep 
The correlation dimension of the EEG sleep 

data compared to the corresponding hypnogram is 
shown in Fig. 5. Evidently, the correlation dimension 
of the EEG sleep varies corresponding to different 
sleep stage. It is also observed that the correlation 
dimension tends to decrease with deeper sleep 
stages from stage 1 to stage 4. Furthermore, a box 
plot shown in Fig. 6 compares the distribution of 
correlation dimension of the EEG sleep data 
associated with various sleep stages.  

Table 1 summarizes the statistical values 
including the mean and standard deviation values of 
the correlation dimension of the EEG sleep data 
associated with various sleep stages. The 
computational results show that the correlation 
dimension of the EEG during sleep tends to be 

Fig. 5  Correlation dimension of the EEG sleep data corresponding to various sleep stages. 
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Table 1  The statistical values of the correlation dimension of 
the EEG sleep data corresponding to various sleep stages.  
 

Sleep Stage Mean 2D  Std 2D  
Stage 4 1.7969 0.2353 
Stage 3 2.6554 0.8245 
Stage 2 3.8042 0.7620 
Stage 1 4.0635 0.8850 
REM 3.4404 0.6684 

Waking 4.9265 0.9844 
Movement time 3.7987 0.3922 

   
lower than that during waking, and the correlation 
dimension of the EEG associated with a deeper 
sleep stage tends to be lower than that associated 
with a lighter sleep stage. This therefore implies that 
the underlying neuronal networks of the brain during 
a deeper sleep stage are associated with a less 
complex dynamics.  

To determine whether the EEG data associated 
with various sleep stages are actually different in the 
correlation dimension, the analysis of variance 
(ANOVA) is performed. From the ANOVA of the 
correlation dimensions of the EEG data associated 
with various sleep stages, the mean square, F -

statistic and p -values are 44.5627 , 87.6688  and 
1610 , respectively. The ANOVA results thus 

imply that the means of the correlation dimension of 
the EEG data associated with various sleep stages 
are significantly different. Furthermore, the statistical 
analysis results suggest that there are significant 
differences between the correlation dimensions of 
the EEG data during waking and during sleep. The 
correlation dimension of the EEG data associated 
with slow wave sleep (sleep stages 3 and 4) is 
significantly different from that of the EEG data 
associated with lighter sleep stages, i.e., sleep 
stages 1 and 2.  

 
6. Discussion 

Temporal patterns of the EEG have been 
shown to provide insight into the various functional 
states of neuronal networks in the brain [2]. 
Traditional linear analysis techniques, both in time 
and frequency domains, have been very valuable 
computational tools for EEG analysis and provide 
specific information along with their own 
assumptions and limitations. For example, the 
spectral analysis that is a fundamental analysis tool 
specifies the amount of constituent components 
corresponding to different frequencies of the EEG. 
Accordingly, the sharp spectral peaks are one of the 
features used to classify the EEG and discriminate 
the state of the brain. Nonlinear dynamical analysis 
can provide complementary information to traditional 
linear analysis techniques leading to a deeper 
understanding of the brain dynamics associated with 
different functional/physiological states [47-48]. The 
nonlinear dynamical systems need to be analyzed 
as a global system rather than in a modularized way 
for the linear dynamical systems.  

For the nonlinear dynamical analysis, the EEG 
signal, which is an observation of the dynamical 
system (i.e., neuronal networks), is first embedded 

Fig. 6  Comparison of the correlation dimension of the EEG 
sleep data corresponding to different sleep stages. 

into a higher dimensional state space to reconstruct 
an attractor representing a trajectory of the state of 
the neuronal networks. Knowledge of the attractor as 
a geometrical object in the state space provides a 
deeper understanding of the behavior of the 
underlying dynamics. The properties of the neuronal 
networks, which are usually expressed in terms of 
the complexity of the dynamical system, are then 
characterized from the reconstructed attractor. The 
correlation dimension, one of the most commonly 
used measures in nonlinear dynamical analysis, 
quantifies the active degrees of freedom or the 
complexity of the dynamics of the system.  

If a nonlinear dynamical system has a low-
dimensional chaotic attractor [49], the correlation 
dimension 

2D  is defined as the exponent   at small 
distances r  such that the correlation integral  C r  
has a power-law characteristic. This exponent can 
be estimated as the slope of the log-log  plot 
between  C r  and r  [11-12]. Therefore the 
working hypothesis when using the nonlinear 
dynamical analysis is that the neuronal networks in 
the brain that generate spontaneous EEG have a 
low-dimensional attractor. Subsequently, the 
correlation dimension 2D  specifies the complexity of 
the underlying dynamics of the neuronal networks.  

There is a controversy regarding the use of 
nonlinear dynamical analysis in the EEG analysis. 
The questions that emerge are related to whether or 
not the EEG time series contains nonlinear features 
and the underlying neuronal networks of the brain 
are nonlinear dynamical systems? The surrogate 
data testing introduced in [50-51] and refined in 
many subsequent works (e.g. [52-53]) is the method 
for verifying that a time series of interest is 
originated from a nonlinear dynamical system 
through statistical tests. If there is a statistically 
significant difference between the computational 
results of the original time series and the surrogate 

data time series, the null hypothesis that the original 
time series can be described by a stochastic linear 
model can be rejected [55].  

From several studies (e.g. [15-16],[18-19],[54-
55]), the consistent results were reported that the 
correlation dimension and the largest Lyapunov 
exponent decreased with sleep stages in adults from 
stage 1 to stage 4. Moreover, there were studies 
reporting that the correlation dimension of neonatal 
EEG sleep during quiet sleep stage was lower than 
during active sleep stage [48],[56]. There were 
however inconsistent findings regarding to the 
surrogate data testing. Using the surrogate data 
testing, evidence of nonlinear features in the EEG 
time series was found for a large number of subjects 
[51],[57-58]. On the other hand, some studies 
reported that it was not possible to distinguish the 
EEG time series from a linear stochastic time series 
(e.g. [59-60]).  

As evidenced in the computational results, the 
brain, as a complex dynamical system, appears to 
contain both high-dimensional processes (high 
correlation dimension) and low-dimensional 
processes (low correlation dimension). During sleep 
the underlying dynamics of neuronal networks 
associated with lower-dimensional processes is less 
complex while the underlying dynamics of neuronal 
networks during waking associated with higher-
dimensional processes is more complex. In addition, 
a decrease in the correlation dimension from lighter 
sleep stages to deeper sleep stages further indicates 
that the underlying dynamics of neuronal networks 
during a deeper sleep stage is less complex. There 
is thus a loss in complexity or dimensionality of the 
underlying dynamics of neuronal networks 
corresponding to deeper sleep stages. A loss in 
complexity or dimensionality of the underlying 
dynamics of neuronal networks is resulted from 
stronger coupled oscillations (stronger 
synchronization) of neuronal networks at deeper 
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corresponding to different frequencies of the EEG. 
Accordingly, the sharp spectral peaks are one of the 
features used to classify the EEG and discriminate 
the state of the brain. Nonlinear dynamical analysis 
can provide complementary information to traditional 
linear analysis techniques leading to a deeper 
understanding of the brain dynamics associated with 
different functional/physiological states [47-48]. The 
nonlinear dynamical systems need to be analyzed 
as a global system rather than in a modularized way 
for the linear dynamical systems.  

For the nonlinear dynamical analysis, the EEG 
signal, which is an observation of the dynamical 
system (i.e., neuronal networks), is first embedded 

Fig. 6  Comparison of the correlation dimension of the EEG 
sleep data corresponding to different sleep stages. 

into a higher dimensional state space to reconstruct 
an attractor representing a trajectory of the state of 
the neuronal networks. Knowledge of the attractor as 
a geometrical object in the state space provides a 
deeper understanding of the behavior of the 
underlying dynamics. The properties of the neuronal 
networks, which are usually expressed in terms of 
the complexity of the dynamical system, are then 
characterized from the reconstructed attractor. The 
correlation dimension, one of the most commonly 
used measures in nonlinear dynamical analysis, 
quantifies the active degrees of freedom or the 
complexity of the dynamics of the system.  

If a nonlinear dynamical system has a low-
dimensional chaotic attractor [49], the correlation 
dimension 

2D  is defined as the exponent   at small 
distances r  such that the correlation integral  C r  
has a power-law characteristic. This exponent can 
be estimated as the slope of the log-log  plot 
between  C r  and r  [11-12]. Therefore the 
working hypothesis when using the nonlinear 
dynamical analysis is that the neuronal networks in 
the brain that generate spontaneous EEG have a 
low-dimensional attractor. Subsequently, the 
correlation dimension 2D  specifies the complexity of 
the underlying dynamics of the neuronal networks.  

There is a controversy regarding the use of 
nonlinear dynamical analysis in the EEG analysis. 
The questions that emerge are related to whether or 
not the EEG time series contains nonlinear features 
and the underlying neuronal networks of the brain 
are nonlinear dynamical systems? The surrogate 
data testing introduced in [50-51] and refined in 
many subsequent works (e.g. [52-53]) is the method 
for verifying that a time series of interest is 
originated from a nonlinear dynamical system 
through statistical tests. If there is a statistically 
significant difference between the computational 
results of the original time series and the surrogate 

data time series, the null hypothesis that the original 
time series can be described by a stochastic linear 
model can be rejected [55].  

From several studies (e.g. [15-16],[18-19],[54-
55]), the consistent results were reported that the 
correlation dimension and the largest Lyapunov 
exponent decreased with sleep stages in adults from 
stage 1 to stage 4. Moreover, there were studies 
reporting that the correlation dimension of neonatal 
EEG sleep during quiet sleep stage was lower than 
during active sleep stage [48],[56]. There were 
however inconsistent findings regarding to the 
surrogate data testing. Using the surrogate data 
testing, evidence of nonlinear features in the EEG 
time series was found for a large number of subjects 
[51],[57-58]. On the other hand, some studies 
reported that it was not possible to distinguish the 
EEG time series from a linear stochastic time series 
(e.g. [59-60]).  

As evidenced in the computational results, the 
brain, as a complex dynamical system, appears to 
contain both high-dimensional processes (high 
correlation dimension) and low-dimensional 
processes (low correlation dimension). During sleep 
the underlying dynamics of neuronal networks 
associated with lower-dimensional processes is less 
complex while the underlying dynamics of neuronal 
networks during waking associated with higher-
dimensional processes is more complex. In addition, 
a decrease in the correlation dimension from lighter 
sleep stages to deeper sleep stages further indicates 
that the underlying dynamics of neuronal networks 
during a deeper sleep stage is less complex. There 
is thus a loss in complexity or dimensionality of the 
underlying dynamics of neuronal networks 
corresponding to deeper sleep stages. A loss in 
complexity or dimensionality of the underlying 
dynamics of neuronal networks is resulted from 
stronger coupled oscillations (stronger 
synchronization) of neuronal networks at deeper 
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sleep stages. This leads to larger amplitude of EEG 
during a deeper sleep stage.  

The use of the nonlinear dynamical analysis 
can be viewed in two aspects. In one aspect, the 
concepts of nonlinear dynamical analysis and the 
computational tools for nonlinear dynamical analysis 
are used to explain the behaviors and the 
characteristics of the dynamical system, which in this 
presentation the dynamical system of interest is the 
neuronal networks in the brain. This provides more 
understandings on the underlying dynamics of the 
corresponding dynamical systems and also provides 
complementary information to traditional linear 
analyses. For instance, from the computational 
results presented in this article, the difference in the 
correlation dimension corresponding to various sleep 
stages suggests that the underlying dynamics of 
neuronal networks in the brain associated with 
different sleep stages are different. Furthermore, it is 
revealed that there is a stronger synchronization of 
neuronal networks at deeper sleep stages which 
results a loss in complexity or dimensionality of the 
underlying dynamics of neuronal networks in the 
brain. In another aspect, the measures obtained 
from the computational tools for the nonlinear 
dynamical analysis, which generally quantify the 
complexity of the dynamical system, are used for 
classifying and identifying the states of the 
dynamical system. The computational results show 
that the correlation dimensions of the EEG 
associated with various sleep stages are 
substantially different from each other. Accordingly, 
the correlation dimension has been used as a 
measure for sleep stage discrimination.  

This article presents the application of the 
nonlinear dynamical analysis, using the correlation 
dimension, in particular, as a measure, in EEG sleep 
analysis. However, the nonlinear dynamical analysis 
techniques have been applied to analyze EEG in a 
number of clinical situations. Epilepsy is another 

important application for nonlinear dynamical 
analysis. It is observed that the correlation 
dimension of the EEG during epileptic seizure 
activity is substantially less than that during non-
seizure activity. This might be due to a pathological 
loss of complexity [10]. In epilepsy research, the 
nonlinear dynamical analysis has been used for 
localization of the epileptogenic zone, and detection 
and prediction of epileptic seizures [10]. Recently, as 
prediction or anticipation of epileptic seizures using 
the nonlinear dynamical analysis has become a hot 
topic [10], there are a number of reviews in this topic 
(for example, [61-63]) have appeared.  

In conclusion, in this article the basic concepts 
of nonlinear dynamical analysis are introduced, and 
also the application of nonlinear dynamical analysis 
in EEG sleep analysis is demonstrated. The 
nonlinear dynamical analysis techniques have been 
applied for various applications. However, caution 
and care must be used in both computation and 
interpretation of the results because the proper 
computation and interpretation of the correlation 
dimension involves some pitfalls, caution and care 
must be used in both computation and interpretation 
of the results. In practice, the estimate of correlation 
dimension may not exactly quantify the active 
degrees of freedom of the underlying dynamics of 
the brain. The nonlinear dynamical measures 
obtained from the nonlinear dynamical analysis such 
as the correlation dimension can however be used 
for characterizing the physiological or pathological 
states of the brain.  
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sleep stages. This leads to larger amplitude of EEG 
during a deeper sleep stage.  

The use of the nonlinear dynamical analysis 
can be viewed in two aspects. In one aspect, the 
concepts of nonlinear dynamical analysis and the 
computational tools for nonlinear dynamical analysis 
are used to explain the behaviors and the 
characteristics of the dynamical system, which in this 
presentation the dynamical system of interest is the 
neuronal networks in the brain. This provides more 
understandings on the underlying dynamics of the 
corresponding dynamical systems and also provides 
complementary information to traditional linear 
analyses. For instance, from the computational 
results presented in this article, the difference in the 
correlation dimension corresponding to various sleep 
stages suggests that the underlying dynamics of 
neuronal networks in the brain associated with 
different sleep stages are different. Furthermore, it is 
revealed that there is a stronger synchronization of 
neuronal networks at deeper sleep stages which 
results a loss in complexity or dimensionality of the 
underlying dynamics of neuronal networks in the 
brain. In another aspect, the measures obtained 
from the computational tools for the nonlinear 
dynamical analysis, which generally quantify the 
complexity of the dynamical system, are used for 
classifying and identifying the states of the 
dynamical system. The computational results show 
that the correlation dimensions of the EEG 
associated with various sleep stages are 
substantially different from each other. Accordingly, 
the correlation dimension has been used as a 
measure for sleep stage discrimination.  

This article presents the application of the 
nonlinear dynamical analysis, using the correlation 
dimension, in particular, as a measure, in EEG sleep 
analysis. However, the nonlinear dynamical analysis 
techniques have been applied to analyze EEG in a 
number of clinical situations. Epilepsy is another 

important application for nonlinear dynamical 
analysis. It is observed that the correlation 
dimension of the EEG during epileptic seizure 
activity is substantially less than that during non-
seizure activity. This might be due to a pathological 
loss of complexity [10]. In epilepsy research, the 
nonlinear dynamical analysis has been used for 
localization of the epileptogenic zone, and detection 
and prediction of epileptic seizures [10]. Recently, as 
prediction or anticipation of epileptic seizures using 
the nonlinear dynamical analysis has become a hot 
topic [10], there are a number of reviews in this topic 
(for example, [61-63]) have appeared.  

In conclusion, in this article the basic concepts 
of nonlinear dynamical analysis are introduced, and 
also the application of nonlinear dynamical analysis 
in EEG sleep analysis is demonstrated. The 
nonlinear dynamical analysis techniques have been 
applied for various applications. However, caution 
and care must be used in both computation and 
interpretation of the results because the proper 
computation and interpretation of the correlation 
dimension involves some pitfalls, caution and care 
must be used in both computation and interpretation 
of the results. In practice, the estimate of correlation 
dimension may not exactly quantify the active 
degrees of freedom of the underlying dynamics of 
the brain. The nonlinear dynamical measures 
obtained from the nonlinear dynamical analysis such 
as the correlation dimension can however be used 
for characterizing the physiological or pathological 
states of the brain.  

 
References 
[1]  Achermann, P. 2009. EEG analysis applied to 

sleep. Epileptologie, 26, 28-33.  
[2] Stam, C.J., Pritchard, W.S. 1999. Dynamics 

underlying rhythmic non-rythmic variants of 
abnormal, waking delta activity. Int J 
Psychophysiol, 34, 5-20.  

[3] Susmáková, K. 2004. Human sleep and sleep 
EEG. Measurement Science Review, 4, 59-74.  

[4] Carskadon, M.A., Rechtschaffen, A. 2005. 
Monitoring and staging human sleep. In M.H. 
Kryger, T. Roth, W.C. Dement (Eds.), 
Principles and practice of sleep medicine. 
Saunders Elsevier. 

[5] Penzel, T., Conradt, R. 2000. Computer based 
sleep recording and analysis. Sleep Med Rev, 
4, 131-148.  

[6] Stiller, J.W., Postolache, T.T. 2005. Sleep-
wake and other biological rhythms: functional 
neuroanatomy. Clin Sports Med, 24, 205-235.  

[7] Werth, E., Achermann, P., Borbély, A.A. 1997. 
Fronto-occipital EEG power gradients in human 
sleep. Journal of Sleep Research, 6, 102-112.  

[8] Rechtschaffen, A., Kales, A. 1968. A Manual of 
Standardized Terminology, Techniques and 
Scoring System for Sleep Stages of Human 
Subjects. Los Angeles: Brain Information 
Service/Brain Research Institute, University of 
California. 

[9] Goldberger, A.L. 2006. Complex systems. Proc 
Am Thorac Soc, 3, 467-472.  

[10] Stam, C.J. 2005. Nonlinear dynamical analysis 
of EEG and MEG: Review of an emerging field. 
Clin Neurophysiol, 116, 2266-2301. 

[11] Grassberger, P., Procaccia, I. 1983. Measuring 
the strangeness of strange attractors. Physica 
D, 9, 189-208.  

[12] Grassberger, P., Procaccia, I. 1983. Estimation 
of the Kolmogorov entrophy from a chaotic 
signal. Phys Rev A, 28, 2591-2593. 

[13] Babloyantz, A., Salazar, J.M., Nicolis, C. 1985. 
Evidence of chaotic dynamics of brain activity 
during the sleep cycle. Phys Lett A, 111, 152-
156. 

[14] Coenen, A.M.L. 1998. Neuronal phenomena 
associated with vigilance and consciousness: 
from cellular mechanisms to 

electroencephalographic patterns. Conscious 
Cogn, 7, 42-53. 

[15] Gallez, D., Babloyantz, A. 1991. Predictability 
of human EEG: a dynamical approach. Biol 
Cybern, 64, 381-391.  

[16] Röschke, J. 1992. Strange attractor, chaotic 
behavior and informational aspects of sleep 
EEG data. Neuropsycholbiology, 25, 172-176.  

[17] Röschke, J., Aldenhoff, J.B. 1991. The 
dimensionality of human's 
elecgtroencephalogram during sleep. Biol 
Cybern, 64, 307-313.  

[18] Röschke, J., Fell, J., Beckmann, P. 1993. The 
calculation of first positive Lyapunov exponent 
in sleep EEG data. Electroenceph Clin 
Neurophysiol, 86, 348-352.  

[19] Fell, J., Röschke, J., Beckmann, P. 1993. 
Deterministic chaos and the first positive 
Lyapunov exponent: a nonlinear analysis of the 
human electroencephalogram during sleep. 
Biol Cybern, 69, 139-146. 

[20] Asyali, M.H., Berry, R.B., Khoo, M.C.K., 
Altinok, A. 2007. Determining a continuous 
marker for sleep depth. Computers in Biol and 
Med, 37, 1600-1609.  

[21] Carskadon, M.A., Dement, W.C. 2011. 
Monitoring and staging human sleep. In M.H. 
Kryger, T. Roth, & W.C. Dement (Eds.), 
Principles and practice of sleep medicine, 5th 
edition, (pp 16-26). St. Louis: Elsevier 
Saunders.  

[22] Moser, D., et al. 2009. Sleep classification 
according to AASM and Rechtschaffen & 
Kales: effects on sleep scoring parameters. 
Sleep, 32, 139-149.  

[23] Task Force ‘Scoring of Polysomnographic 
Recordings’ of the German Sleep Society 
(DGSM). 2006. A review of sleep EEG 
patterns. Part I: a compilation of amended 
rules for their visual recognition according to 



วารสารวิชาการ วิศวกรรมศาสตร์ ม.อบ. ปีที่ 4 ฉบับที่ 1 มกราคม - มิถุนายน 255478

Rechtschaffen and Kales. Somnologie, 10, 
159-175.  

[24] Danker-Hopfe, H., et al. 2004. Interrater 
reliability between scorers from eight European 
sleep laboratories in subjects with different 
sleep disorders. J Sleep Res, 13, 63-9.  

[25] Iber, C., Ancoli-Israel, S., Cheson, A. Quan, 
S.F., (Eds.). 2007. The AASM manual for the 
scoring of sleep and associated events: rules, 
terminology, and technical specification. 
Westchester, IL: American Academy of Sleep 
Medicine.  

[26] Danker-Hopfe, H., et al. 2009. Interrater 
reliability for sleep scoring according to the 
Rechtschaffen & Kales and the new AASM 
standard. J Sleep Res, 18, 74-84.  

[27] Susmáková, K., Krakovská, A. 2008. 
Discrimination ability of individual measures 
used in sleep stages classification. Artificial 
Intelligence in Medicine, 44, 261-277. 

[28] Parrino, L., Ferri, R., Zucconi, M, Fanfulla, F. 
2009. Commentary from the Italian Association 
of Sleep Medicine on the AASM manual for the 
scoring of sleep and associated events: for 
debate and discussion. Sleep Med, 10, 799-
808.  

[29] Anderer, P., et al. 2010. Computer-assisted 
sleep classification according to the Standard 
of the American Academy of Sleep Medicine: 
validation study of the AASM version of the 
Somnolyzer 24x7. Neuropsychobiol, 62, 250-
264.  

[30] Agarwal, R., Gotman, J. 2001. Computer-
assisted sleep staging. IEEE Trans Biomed 
Engr, 48, 1412-1423.  

[31] Pittman, S.D., et al. 2004. Assessment of 
automated scoring of polysomnographic 
recordings in a population with suspected 
sleep-disordered breathing. Sleep, 27, 1394-
1403.  

[32] Anderer, P., et al. 2005. An E-health solution 
for automatic sleep classification according to 
Rechtschaffen and Kales: validation study of 
the Somnolyzer 24x7 utilizing the Siesta 
database. Neuropsycholbiol, 51, 115-133.  

[33] Tirsch, W.S., Stude, Ph., Scherb, H., Keidel, M. 
2004. Temporal order of nonlinear dynamics in 
human brain. Brain Research Reviews, 45, 79-
95.  

[34] Abarbanel, H.D.I., Brown, R. Sidorowich, J.J., 
Tsimring, L.S. 1993. The analysis of observed 
chaotic data in physical systems. Reviews of 
Modern Physics, 65, 1331-1392. 

[35] Theiler, J. 1990. Estimating fractal dimension. J 
Opt Soc Am A, 7, 1055-1073. 

[36] Takens, F. 1981. In D.A. Rand, L.-S. Young, 
(Eds.) Detecting strange attractors in 
turbulence. Dynamical Systems and 
Turbulence (pp. 366-381). Berlin: Springer-
Verlag. 

[37] Albano, A.M., Muench, J., Schwartz, C., Mees, 
A.I., Rapp, P.E. 1988. Singular-value 
decomposition and the Grassberger-Procaccial 
algorithm. Phys Rev A, 38, 3017-3026. 

[38] Fraser, A.M., Swinney, H.L. 1986. Independent 
coordinates for strange attractors from mutual 
information. Phys Rev A, 33, 1134-1140.  

[39] Rosenstein, M.T., Collins, J.J., de Lucca, C.J. 
1994. Reconstruction expansion as a 
geometry-based framework for choosing proper 
delay times. Physica D, 73, 82.  

[40] Kennel, M.B., Brown, R. Abarbanel, H.D.I. 
1992. Determining embedding dimension for 
phase-space reconstruction using a 
geometrical construction. Phys Rev A, 45, 
3403-3411. 

[41] Pritchard, W.S., Duke, D.W. 1995. Measuring 
chaos in the brain: a tutorial review of EEG 
dimension estimation. Brain Cogn, 27, 353-
397. 

[42] Theiler, J. 1986. Spurious dimension from 
correlation algorithms applied to limited time-
series data. Phys Rev A, 34, 2427-2432. 

[43] Hénon, M. 1976. A two-dimensional mapping 
with a strange attractor. Comm Math Phys, 50, 
69-77. 

[44] Kemp, B., Zwinderman, A.H., Tuk, B., 
Kamphuisen, H.A.C., Oberyé, J.J.L. 2000. 
Analysis of a sleep-dependent neuronal 
feedback loop: the slow-wave microcontinuity 
of the EEG. IEEE Trans on Biomed Engr, 47, 
1185-1194.  

[45] Kemp, B., Janssen, A.J.M.W., Roessen, M.J. 
1993. A digital telemetry system for ambulatory 
sleep recording. Utrecht, The Netherlands, 
129-132.  

[46] Kemp, B., Janssen, A.J.M.W., Roessen, M.J., 
Kamphuisen, H.A.C. 1994. A digital telmetric 
system for sleep polygraphy. J Sleep Res, 3 
(suppl. 1), 126. 

[47] Janjarasjitt, S., Scher, M.S., Loparo, K.A. 2008. 
Nonlinear dynamical analysis of the neonatal 
EEG time series: the relationship between 
neurodevelopment and complexity. Clin 
Neurophysiol, 119, 822-836.  

[48] Janjarasjitt, S., Scher, M.S., Loparo, K.A. 2008. 
Nonlinear dynamical analysis of the neonatal 
EEG time series: the relationship between 
sleep state and complexity. Clin Neurophysiol, 
119, 1812-1823. 

[49] Eckmann, J.-P., Ruelle, D. 1985. Ergodic 
theory of chaos and strange attractors. Rev 
Mod Phys, 57, 617-656. 

[50] Pijn, J.P.M., Neerven, J., van Noest, A., Lopes 
da Silva, F.H. 1991. Chaos or noise in EEG 
signals: dependence on state and brain state. 
Electroenceph Clin Neurophysiol, 79, 371-381.  

[51] Theiler, J.S., Eubank, A., Longtin, B., 
Galdrikian, A., Farmer, J.D. 1992. Testing for 

nonlinearity in time series: the method of 
surrogate data. Physica D, 58, 77-94.  

[52] Schreiber, T., Schmitz, A. 1996. Improved 
surrogate data for nonlinearity test. Phys Rev 
Lett, 77, 635-638. 

[53] Schreiber, T. 1998. Constrained randomization 
of time series data. Phys Rev Lett, 80, 2105-
2108.  

[54] Achermann, P., Hartmann, R., Gunzinger, A., 
Guggenbühl, W., Borbély, A.A. 1994. All-night 
sleep EEG and artificial stochastic control 
signals have similar correlation dimensions. 
Electroenceph Clin Neurophysiol, 90, 384-387.  

[55] Achermann, P., Hartmann, R., Gunzinger, A., 
Guggenbühl, W., Borbély, A.A. 1994. 
Correlation dimension of the human sleep 
electroencephalogram: cyclic changes in the 
course of the night. Eur J Neurosci, 6, 497-
500. 

[56] Ferri, R., Chiaramonti, R., Elia, M., Musumeci, 
S.A., Ragazzoni, A., Stam, C.J. 2003. 
Nonlinear EEG analysis during sleep in 
premature and full-term infants. Clin 
Neurophysiol, 114, 1176-1180. 

[57] Pritchard, W.S., Krieble, K.K., Duke, D.W. 
1995. Dimensional analysis of resting human 
EEG II: surrogate data testing indicates 
nonlinearity but no low-dimensional chaos. 
Psychophysiol, 32, 486-491.  

[58] Meyer-Lindenberg, A. 1997. The evoluation of 
complexity in human brain development: an 
EEG study. Electroenceph Clin Neurophysiol, 
99, 405-411. 

[59] Glass, L., Kaplan, D.T., Lewis, J.E. 1993. Tests 
for deterministic dynamics in real and model 
neural networks. Proceedings of the second 
annual conference on nonlinear dynamical 
analysis of the EEG, Singapore, 233-249.  

[60] Palus, M. 1993. Testing for nonlinearity in the 
EEG. Proceedings of the second annual 



วารสารวิชาการ วิศวกรรมศาสตร์ ม.อบ. ปีที่ 4 ฉบับที่ 1 มกราคม - มิถุนายน 2554 79

Rechtschaffen and Kales. Somnologie, 10, 
159-175.  

[24] Danker-Hopfe, H., et al. 2004. Interrater 
reliability between scorers from eight European 
sleep laboratories in subjects with different 
sleep disorders. J Sleep Res, 13, 63-9.  

[25] Iber, C., Ancoli-Israel, S., Cheson, A. Quan, 
S.F., (Eds.). 2007. The AASM manual for the 
scoring of sleep and associated events: rules, 
terminology, and technical specification. 
Westchester, IL: American Academy of Sleep 
Medicine.  

[26] Danker-Hopfe, H., et al. 2009. Interrater 
reliability for sleep scoring according to the 
Rechtschaffen & Kales and the new AASM 
standard. J Sleep Res, 18, 74-84.  

[27] Susmáková, K., Krakovská, A. 2008. 
Discrimination ability of individual measures 
used in sleep stages classification. Artificial 
Intelligence in Medicine, 44, 261-277. 

[28] Parrino, L., Ferri, R., Zucconi, M, Fanfulla, F. 
2009. Commentary from the Italian Association 
of Sleep Medicine on the AASM manual for the 
scoring of sleep and associated events: for 
debate and discussion. Sleep Med, 10, 799-
808.  

[29] Anderer, P., et al. 2010. Computer-assisted 
sleep classification according to the Standard 
of the American Academy of Sleep Medicine: 
validation study of the AASM version of the 
Somnolyzer 24x7. Neuropsychobiol, 62, 250-
264.  

[30] Agarwal, R., Gotman, J. 2001. Computer-
assisted sleep staging. IEEE Trans Biomed 
Engr, 48, 1412-1423.  

[31] Pittman, S.D., et al. 2004. Assessment of 
automated scoring of polysomnographic 
recordings in a population with suspected 
sleep-disordered breathing. Sleep, 27, 1394-
1403.  

[32] Anderer, P., et al. 2005. An E-health solution 
for automatic sleep classification according to 
Rechtschaffen and Kales: validation study of 
the Somnolyzer 24x7 utilizing the Siesta 
database. Neuropsycholbiol, 51, 115-133.  

[33] Tirsch, W.S., Stude, Ph., Scherb, H., Keidel, M. 
2004. Temporal order of nonlinear dynamics in 
human brain. Brain Research Reviews, 45, 79-
95.  

[34] Abarbanel, H.D.I., Brown, R. Sidorowich, J.J., 
Tsimring, L.S. 1993. The analysis of observed 
chaotic data in physical systems. Reviews of 
Modern Physics, 65, 1331-1392. 

[35] Theiler, J. 1990. Estimating fractal dimension. J 
Opt Soc Am A, 7, 1055-1073. 

[36] Takens, F. 1981. In D.A. Rand, L.-S. Young, 
(Eds.) Detecting strange attractors in 
turbulence. Dynamical Systems and 
Turbulence (pp. 366-381). Berlin: Springer-
Verlag. 

[37] Albano, A.M., Muench, J., Schwartz, C., Mees, 
A.I., Rapp, P.E. 1988. Singular-value 
decomposition and the Grassberger-Procaccial 
algorithm. Phys Rev A, 38, 3017-3026. 

[38] Fraser, A.M., Swinney, H.L. 1986. Independent 
coordinates for strange attractors from mutual 
information. Phys Rev A, 33, 1134-1140.  

[39] Rosenstein, M.T., Collins, J.J., de Lucca, C.J. 
1994. Reconstruction expansion as a 
geometry-based framework for choosing proper 
delay times. Physica D, 73, 82.  

[40] Kennel, M.B., Brown, R. Abarbanel, H.D.I. 
1992. Determining embedding dimension for 
phase-space reconstruction using a 
geometrical construction. Phys Rev A, 45, 
3403-3411. 

[41] Pritchard, W.S., Duke, D.W. 1995. Measuring 
chaos in the brain: a tutorial review of EEG 
dimension estimation. Brain Cogn, 27, 353-
397. 

[42] Theiler, J. 1986. Spurious dimension from 
correlation algorithms applied to limited time-
series data. Phys Rev A, 34, 2427-2432. 

[43] Hénon, M. 1976. A two-dimensional mapping 
with a strange attractor. Comm Math Phys, 50, 
69-77. 

[44] Kemp, B., Zwinderman, A.H., Tuk, B., 
Kamphuisen, H.A.C., Oberyé, J.J.L. 2000. 
Analysis of a sleep-dependent neuronal 
feedback loop: the slow-wave microcontinuity 
of the EEG. IEEE Trans on Biomed Engr, 47, 
1185-1194.  

[45] Kemp, B., Janssen, A.J.M.W., Roessen, M.J. 
1993. A digital telemetry system for ambulatory 
sleep recording. Utrecht, The Netherlands, 
129-132.  

[46] Kemp, B., Janssen, A.J.M.W., Roessen, M.J., 
Kamphuisen, H.A.C. 1994. A digital telmetric 
system for sleep polygraphy. J Sleep Res, 3 
(suppl. 1), 126. 

[47] Janjarasjitt, S., Scher, M.S., Loparo, K.A. 2008. 
Nonlinear dynamical analysis of the neonatal 
EEG time series: the relationship between 
neurodevelopment and complexity. Clin 
Neurophysiol, 119, 822-836.  

[48] Janjarasjitt, S., Scher, M.S., Loparo, K.A. 2008. 
Nonlinear dynamical analysis of the neonatal 
EEG time series: the relationship between 
sleep state and complexity. Clin Neurophysiol, 
119, 1812-1823. 

[49] Eckmann, J.-P., Ruelle, D. 1985. Ergodic 
theory of chaos and strange attractors. Rev 
Mod Phys, 57, 617-656. 

[50] Pijn, J.P.M., Neerven, J., van Noest, A., Lopes 
da Silva, F.H. 1991. Chaos or noise in EEG 
signals: dependence on state and brain state. 
Electroenceph Clin Neurophysiol, 79, 371-381.  

[51] Theiler, J.S., Eubank, A., Longtin, B., 
Galdrikian, A., Farmer, J.D. 1992. Testing for 

nonlinearity in time series: the method of 
surrogate data. Physica D, 58, 77-94.  

[52] Schreiber, T., Schmitz, A. 1996. Improved 
surrogate data for nonlinearity test. Phys Rev 
Lett, 77, 635-638. 

[53] Schreiber, T. 1998. Constrained randomization 
of time series data. Phys Rev Lett, 80, 2105-
2108.  

[54] Achermann, P., Hartmann, R., Gunzinger, A., 
Guggenbühl, W., Borbély, A.A. 1994. All-night 
sleep EEG and artificial stochastic control 
signals have similar correlation dimensions. 
Electroenceph Clin Neurophysiol, 90, 384-387.  

[55] Achermann, P., Hartmann, R., Gunzinger, A., 
Guggenbühl, W., Borbély, A.A. 1994. 
Correlation dimension of the human sleep 
electroencephalogram: cyclic changes in the 
course of the night. Eur J Neurosci, 6, 497-
500. 

[56] Ferri, R., Chiaramonti, R., Elia, M., Musumeci, 
S.A., Ragazzoni, A., Stam, C.J. 2003. 
Nonlinear EEG analysis during sleep in 
premature and full-term infants. Clin 
Neurophysiol, 114, 1176-1180. 

[57] Pritchard, W.S., Krieble, K.K., Duke, D.W. 
1995. Dimensional analysis of resting human 
EEG II: surrogate data testing indicates 
nonlinearity but no low-dimensional chaos. 
Psychophysiol, 32, 486-491.  

[58] Meyer-Lindenberg, A. 1997. The evoluation of 
complexity in human brain development: an 
EEG study. Electroenceph Clin Neurophysiol, 
99, 405-411. 

[59] Glass, L., Kaplan, D.T., Lewis, J.E. 1993. Tests 
for deterministic dynamics in real and model 
neural networks. Proceedings of the second 
annual conference on nonlinear dynamical 
analysis of the EEG, Singapore, 233-249.  

[60] Palus, M. 1993. Testing for nonlinearity in the 
EEG. Proceedings of the second annual 



วารสารวิชาการ วิศวกรรมศาสตร์ ม.อบ. ปีที่ 4 ฉบับที่ 1 มกราคม - มิถุนายน 255480

conference on nonlinear dynamical analysis of 
the EEG, Singapore, 100-114. 

[61] Lehnertz, K., Mormann, F., Kreuz, Th., 
Andrzejak, R.G., Rieke, Ch., Elger, ChE. 2003. 
Seizure prediction by nonlinear analysis. IEEE 
Engr Med Biol Mag, 57-63.  

[62] Le van Quyen, M. 2005. Anticipating epileptic 
seizures: from mathematics to clinical 
applications. C R Biol, 328, 187-198.  

[63] Litt, B., Echauz, J. 2002. Prediction of epileptic 
seizures. Lancet Neurol, 1, 22-30.  

 


