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Abstract. Embedding techniques represent a powerful advance in the development of experimental chaos.
However there seems no universal method to find the best set of parameters to use. In this paper we present
anew approach, an automated embedding method, to estimate a near optimum embedding dimension and delay
time based on the I'-test [Stefansson 1997]. A strange attractor can be regarded as the union of an infinite
number of unstable periodic orbits. In order to extract these unstable periodic orbits from a set of embedding
space vectors (used for reconstruction) we introduce a technique to estimate a suitable jump time. We also
describe the ‘creep phenomenon’, discovered using these techniques, which may alow us to make more
accurate longer term predictions.
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1 Introduction: embedding using delay coor dinates.

Let x be a one of a number of scalar variables whose evolution through time is described by a d-dimensional
dynamical system. Suppose that x is sampled discretely at at timest = nt (n = 1, 2, ...), where T is the
minimimum sampling period. Let us write

& = (X(itJ)- X(ity + tp), - X(ity + (dg - Dtp)) .

where tp, is the delay time (the time between successive components of the vectors) and t; is the jump time (the
time between successive vectors). We call such a construction a dz embedding (of x). Necessarily both t and
t; will be (fixed) positive integral multiples of T.

The use of successive samples of a single variable to generate an embedding with a view to reconstructing the
details of an attractor for a higher dimensional dynamic system was suggested in [Packard 1980] and a frequently
guoted embedding theorem [Takens 1980] establishes the existence of such models for homogeneous systems:
if the underlying state space of a system has d-dimensions then the embedding space needs to have at most
2d + 1 dimensions to capture the dynamics of the system completely. These results were later generalised and
improved in [Levin 1993].

It is aremarkable fact that much of the dynamics of a high dimensional system can be recovered from a suitable
embedding of a single variable, but in practice critical factors in the accuracy of such reconstructions are the
delay time and the embedding dimension. Several techniques have been developed over the years in an attempt
to estimate suitable values for these parameters in any particular case. However, it is fair to say that existing
techniques suffer from several drawbacks, for example they are usualy computationally expensive and often
require considerable trial and error.

In this paper we propose an automated technique which is not computationally expensive and appears to produce
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very satisfactory results. Using this technique we have found what appears to be a fairly general effect which
we have called the creep phenomenon: viz.

e Given an embedding dimension and delay time computed as being near optima for
reconstruction we observe that successive points on the section are not unpredictable in their
location but have a tendency to be located in a more confined region (a ‘cloud’) which moves
steadily around the attractor as time progresses.

If we wish to predict the dynamical flow in situations where the underlying equations are not known then we
might measure all variables of the system and build a non-linear model, such as a neural network to effect the
prediction. Practical examples of constructing one-step predictive neural networks based on this idea can be
found in [Dracopoulos 1993]. However, if not al system variables are accessible then it becomes necessary to
construct an embedding. An embedding which produces alocally smooth mapping of successive points of section
in alarge region of the reconstructed state space, and which also has a relatively long jump-time, will provide
abetter non-linear predictive model than one for which the successive jump-time vectors are highly uncorrelated.
Hence the existence of the creep phenomenom may enable us to construct more accurate predictive models on
the jump-time scale than was hitherto possible.

2 Choice of the delay time.

The delay time is the time period between successive components of each of the embedding space vector. It is
written as amultiple of the sampling time, t; = 6t where 8 O N. There are various methods to estimate a value
of t, none of which are universal.

In practice, there is always some noise in the data. Also with a finite amount of data the approximation of the
dynamicsin the reconstructed state space is never perfect. Therefore, it isimportant to choose a delay time which
will reconstruct the original state space faithfully. It is clear from experiment that the choice of delay time can
substntially affect the quality of the reconstructed attractor.

x(t + 0.82 X(t + 0.05)

x(t)

X

Figure 2 Redundance, t = 0.05.

If t istoo large, in the presence of chaos and noise, the dynamics at one time step become disconnected from
the dynamics at the next time step, so that even simple geometric objects look extremely complicated. This is
called irrelevance [Casdagli 1991]. The components of the vectors may be completely decorrelated, resulting
in an essentially random distribution of points in the embedding space, leading to an attractor dimension close
to the dimension of the embedding space [Albano 1988]. Also, if tj is close to some periodicity in the system,
the component at that period will be under-represented in the reconstruction.

On the other hand if delay time is too small, each component in the vector will be indistinguishable and al
trajectories will lie near a diagonal line of the embedding space, leading to a reconstructed attractor with a
dimension close to one. This is called redundance. To avoid this, t, should make each component in the vector
independent.
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Irrelevance and redundance are illustrated using the Lorenz model [Lorenz 1963]. In Figure 2, the delay time
(tp = 0.05) is taken to be too small so that the reconstructed attractor is squashed near to the line of identity.
In Figure 1, the delay time is taken to be much larger (ty = 0.82). This has caused the reconstructed attractor
to bear little resemblance to the original attractor, by introducing irrelevant information. There must be an
optimum delay time to use for the system reconstruction lying between ty = 0.05 and ty = 0.82. An important
guestion is how to find such a delay time?

A number of techniques have been developed with this goal in mind. A comprehensive survey of various
methods to estimate the optimum delay time can be found in [Casdagli 1991], see also [Buzung 1992] and
[Rosenstein 1994]. It should be noted that none of the algorithms mentioned above or elsewhere are universal,
and the estimated t usually requires some refinements which are proceeded by trial and error.

A common choice for tp isto use the autocorrelation function, g(I), which should provide a reasonable measure
of the transition from redundance to irrelevance. Autocorrelation based methods have the advantage of short
computation times. However, these methods tend to produce inconsistent results, although there is some evidence
[Albano 1991] that autocorrelation methods can provide a good initial estimate.

In [Zeng 1991] t was chosen as the time at which g(l) first falls to el Similarly, S. J. Schiff and T. Chang
[Schiff 1992] have chosen t, when g(l) was not significantly different from zero for the first time. Y et another
method [King 1987] is to choose t by locating the first inflection point of g(l). Similarly in [Holzfuss 1986],
ty is chosen to be the time taken for g(I) to reach the local minimum.

Using the method suggested by [Holzfuss 1986] and [King 1987], 0.82 was calculated to be the time to reach
the first local minimum of autocorrelation for the Lorenz model. Asillustrated in Figure 1, this choice of t; was
found to be inadequate.

Ideally a method to estimate the delay time should be computationally efficient, work well with noisy data and
lead to consistent, accurate estimates of key descriptors of the original attractor. It is also important to choose
the right overall time span covered by the mdimensional embedding space vector which is given by
t, = (m- Dty [Broomhead 1986]. This is the length of the time interval spanned by the first and last
components of the vector.

If the delay time is fixed for any embedding dimension, we expect the time span to increase with the dimension.
This could cause irrelevance if the dimension is high. However, if we fix the time span with an appropriate delay
time, we could limit the rate of expansion of the attractor. Most of the autocorrelation based methods do not
make use of the time span, so that once found the delay time is fixed. This may cause the reconstructed attractor
to be inaccurate in a multi-dimensional reconstruction.

One recent technique to estimate the optimum delay time has been proposed by M. T. Rosenstein and his
colleagues [Rosenstein 1994]. The method is known as the average displacement method and it estimates the
optimum expansion of the reconstructed attractor from the line of identity in the reconstruction space.

The average displacement function is a measure of an attractor's expansion as a function of delay in
m-dimensional space. Using the scalar time series it is defined as

m-1
Sp(nt) = % y J Y Ix(iT +jnt) - x(it))? @)

i-1Nj-1

where N is the number of data points used for the estimate and t = nt. As the delay time increases from zero,
the reconstructed trajectory expands from the diagonal and the average displacement increases accordingly until
it reaches a plateau. With larger values of m, reconstruction expansion reaches a plateau at smaller value of the
delay time, which maintains the time span approximately constant.
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It isideal to recalculate the delay time once the embedding dimension is decided, as the embedding works better
if we consider the time span of the vectors rather than just the delay time.

Table 1 The delay times estimated by the average displacement and the autocorrelation based methods for the
three continuous time chaotic systems.

Model T Average displacement Autocorrelation to Autocorrelation to
method gives reach zero reach local minimum

point

Lorenz 0.01 m=2,t,=0.28 0.48 0.82
m=3,ty =014
R=144 m=4,t,=011
b=28/3 m =5, t; = 0.09
o=10 m= 6, ty = 0.07
m=7,ty = 0.06

Rossler 0.1 m=2ty =22 14 29
m=3,ty=14
a=0.2 m=4,ty=10
b=04 m=5,t, =08
c=57 m=6, ty =0.7
m=7t,=06

Duffing oscillator 0.1 m=2ty =07 2.3 4.7
d=02 m=3,ty =05
w = 0.665, m=4,1t,=04
f =36 m=5,1t,=03

Table 1 contains different delay times calculated by three different methods for three chaotic models, Lorenz,
Rossler [Rossler 1976] and Duffing oscillator [Parlitz 1985]. As before 1 is the sampling time. The average
displacements were calculated for a number of different dimensions.

3 Embedding dimension

Another difficulty with the reconstruction is the estimation of the dimension to use for the embedding space
vectors. In order to successfully implement the delay coordinates method, we must choose the number of
dimensions to use in the embedding space.

As mentioned before, it has been shown in [Takens 1981] that a faithful reconstruction can be achieved by at
most 2d + 1 embedding dimension for a d-dimensional system. However, for a dissipative system the effective
dimensionality for the long term behaviour is that of the attractor, which is estimated by the Hausdorff
dimension. This dimensionality may be considerably smaller than that of the original state space. Thus, we could
use the dimension of the attractor, say D, instead of d for the reconstruction.

Once the dimension of the attractor is estimated, the minimal requirement for the embedding dimensionisdz = D
[Farmer 1987]. Combining this result with that of Takens's theorem, we have

D<de<2D +1 ©)

Therefore, we may need to estimate the Hausdorff of the attractor in order to choose the embedding dimension.
A common approach to estimate the Hausdorff dimension (often called, with some degree of imprecision, the

4
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fractal dimension) and subsequently the embedding dimension, is to use the correlation dimension [Grassberger
1983] or the Lyapunov dimension [Kaplan 1979].

A recently developed method called the I-test [Stefansson 1997], [KonCar 1997] can also be used to find the
embedding dimension, but without estimating the Hausdorff dimension. It can be very effective and less
computationally expensive when compared to the use of correlation dimension. The I'-test algorithm runs in
O(Mlog M), where M is the number of sample data points.

Using the condition in (3), we could limit the range of the embedding dimension once the Hausdorff dimension
is estimated. A problem arise as the search area increases with the Hausdorff dimension. For example, if agiven
model has a Hausdorff dimension of (say) 3.6, then (3) predicts that there is an optimum embedding dimension
intherange, 3.6 < dg < 2(3.6) + 1. Asdz must be anatural number, the range can beinterpreted as4 < d- < 9.
Once this range is known, we must examine the set of embedding space vectors for each dimension within the
range which yields the best result. This is a time consuming process. Using the I'-test, we can predict the
embedding dimension without defining the search range.

3.1 The gamma test.

On the assumption of a continuous or smooth underlying input/output model, given the input/output data set, the
I-test estimates the best mean squared output error that can be achieved without overfitting. Applied in the
correct context, in effect the I'-test estimates that part of the output variance which cannot be attributed to
variations due to a continuous or smooth model, i.e. it estimates that part of the output variance due to noise.
If the I'-test result is close to zero, this signifies that the model is deterministic. We denote the input vector by
X = (Xq, ..., X;) and the scalar output by y. In cases where there is more than one output the I'-test can be applied
to each separately with very little extra computational cost. The Gamma test software has been implemented in
C using (optionally using long double precision arithmetic) to allow accurate processing of very large high
precision data sets. It can be downloaded with instuctions from http://www.cs.cf.ac.uk/ec

Suppose the samples are generated by a continuous function f: R™ -> R and let y be defined as
y = f(Xg, o X)) + T (4)

where r represents an indeterminable part, which may be due to noise or lack of functional determination in the
input/output relationship.

The variance of r, Var(r) provides a lower bound for the mean squared error of the output y. If f is continuous
and there is no noise then Var(r) is zero. The I'-test is a method for estimating Var(r).

Suppose (X, Y) is a data sample. Let (X', y') be a data sample such that |x” - x| > 0 is minimal. Here |.|
denotes Euclidean distance and the minimum is taken over the set of all sample points different from (x, y). Thus
X" is the nearest neighbour to x (in any ambiguous case we just pick one of the severa equidistant points
arbitrarily).

It iswell to observe that y° may well not be the nearest neighbour of y in output space. The dash notation is not
ideal but it leads to less complicated expressions than many alternatives.

The I'-test is based on the statistic

LS /) -y ©
V=Wi§1(y (i) - y())
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Given data samples (x(i), ¥(i)), where x(i) = (X;(i), ..., X,()), 1 <i < M, let x(N(i, p)) be the p th nearest
neighbour to x(i). It can be shown that lim y converges in probability to Var(r) as M -> o and nearest
neighbours distances tend to zero. Even the crude measure provided by (5) often proves useful. However, if one
is prepared to assume that f is smooth with bounded first partial derivatives we can improve this estimate by
making a first order approximation to f(x") based on Taylor’s theorem. By computing a regression line based
on some 20 or 30 nearest neighbours one can estimate the intercept I = lim " by extrapolating the regression
line to the limiting case where the mean-squared nearest neighbour distance A = 0.

Given data samples (x(i), y(i)), where x(i) = (X{(i), ..., X)), 1 < i < M, let x(N(i, p)) be the p th nearest
neighbour to x(i). Nearest neighbour lists for pth nearest neighbours (1 < p < p,,,5,), typicaly we take p,5, iN
the range 20-50, can be found in O(MlogM) time using techniques developed by Bentley, see for example
[Friedman 1977].

We write
_1 Pl & . (2 (6)
AP == Y — 3 KNG, ) - x()
P hT1 M Ty
and
A e @)
re == Y —— Y NG, h) - i)
P hZ12M T

then A(p) is the mean sguare distance of the h < p nearest neighbours and I'(p) is an estimate for the statistic
y (defined in (5)) based on the h < p nearest neighbours. We perform a least squares fit on the coordinates
(A(p), T'(p)) to obtain a regression line in the form of y = Ax + TI". If the inputs are normalised to a bounded
range then the value A is an approximate estimate of the complexity of the input/output model surface.

3.2 Application of the gamma test.

If the inputs used, say x;, are the past history values of an observable

system output sampled with the delay time t, we can apply the I'-test to Gammeer
the problem of estimating the embedding dimension. 0
Let an input vector be defined as 01
0.08

& = [x(ity, X(ity + tp), . X(ity + (M - Dtp)) ®) o
and the output as x((i+1)ty). Typicaly as the embedding dimension is 00
increased, I first decreases, reaches a minimum, and then increases. To Dimension
find the optimum embedding dimension, we can start with m = 2 in (8). 4 5 6 7

The dimension misincreased by one until the minimum of I is attained,

say at n = dg, the final estimate for the embedding dimension. Figure3 I versus m using the

average displacement method.

Figure 3 illustrates a plot of I versus m. It was obtained by using atime
series of the x-coordinate for the Lorenz model, with the delay times calculated by the average displacement
method. In this case dg was found to be five with I = 0.021.

If T is not close to zero, the data set is non-deterministic, therefore we cannot hope to reconstruct the attractor
accurately. This may happen if the signal-to-noise ratio is high, or the choice of delay time is poor. It is
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interesting to note that the smaller the signal-to-noise ratio the smaller
the required embedding dimension. However, the reduction of noise is
less when compared to a model with a higher signal-to-noise ratio
requiring a higher embedding dimension.

It is very important to use a suitable value of delay time, as the test is
sensitive to it. For a deterministic continuous time system, a poor choice
of delay time could mean very high values of I". With a suitable choice
of delay time we would expect ' to be small and initially decrease with
increasing dimension. For the Lorenz model, the smallest I' was found
to be approximately 21.52 when the delay time was estimated asthe time
for the autocorrelation function to reach zero, which was 0.48.
Furthermore I' did not decrease at all. This is illustrated in Figure 4.
Thisfigure of 21.52 should be contrasted with the significantly improved
I of 0.021. The large difference between these values highlights the
importance of choosing a correct delay time.

Using an estimation of the embedding dimension provided by the I'-test
for the Lorenz, the Réssler and the Duffing oscillator models, the delay
times found by the autocorrelation method always performed poorly
when compared to ones found by the average displacement method. A
reason for thisisthat the delay time is independent of the dimension, i.e.
the delay timeisfixed, for the autocorrelation method. Using the average
displacement method, delay times were calculated for each dimension as
the delay times depended on the dimension.

For both models, the dimension of the attractor was first calculated from
the Lyapunov exponents obtained from the time series, see [Sano 1985]
for detail. This determined ranges 2.06 < dg < 5.12 for the Lorenz model
and 2.01 < d < 5.02 for the Rdssler model. Next, without using this
knowledge, ty and dz were calculated in each case (using the method
described above based on the I'-test and average displacement). We
obtained dg = 5 and dg = 4 for the Lorenz and Rossler model model
respective, i.e. in both cases the range conditions were satisfied.

For smaller values of the Gamma test slope estimate A, we expect to
require fewer data points to reconstruct the state space. For the Réssler
model, the same embedding dimension was predicted by the
autocorrelation and the average displacement methods. Thisisillustrated
in Figure 5. The plot obtained for the average displacement method isin
black and the autocorrelation in grey. Notice that I vaues are
consistently lower for the average displacement method for dimensions
of greater than three.

In Figure 6, the plot of the slope versus the dimension reveals that the
slopes are also consistently lower for the average displacement method.
This strongly suggests that the choice of delay time chosen by the
average displacement method is superior to that found by the
autocorrelation method.

We could also use the I'-test to validate the delay time. If I never
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model.
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Figure 6 The slope A versus m for
the Rossler model.

reaches zero, or does not initially decrease with increasing dimension for a deterministic system, the choice of
delay time must be changed. For continuous time systems with no noise, we expect I to be close to zero if a
suitable dimension is used and the delay time is very small. Therefore decreasing the delay time may assist I’

7
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to be smaller. Of course, we should be careful not to make the delay time too small as this may introduce a high
redundance error.

If the time seriesis obtained from a physical experiment where the underlying mathematical model is unknown,
we should at first check if the system is chaotic by the usual tests, see for example [Otani 1997]. A chaotic
dissipative system has an attractor and thus the I'-test should yield I' close to zero.

4 Automated embedding method

In studying various techniques, we have devised an approach, an automated embedding method, to obtain a
reasonable set of embedding space vectors for the state space reconstruction.

Procedure Automated embedding (X)
(* Xisared time series {x(it) : i =1, 2, 3, ...} of ascalar variable of the dynamic system *)
dm=1

Repeat
dm=dm+1
Estimate the delay time from the sequence X by the average displacement (plateau)
method as in (2). Call the result T = T(dim)
Create a time series DTS of vectors &, = (x(iT), x((i+1)T), ..., X((i+dim-1)T))
sampled at T = T(dim), using X.
Create an input/output data set {(§; x((i+dim)T)) : i =1, 2, 3, ...} GammaData
for the I"-test.
Estimate I' by the I'-test using GammaData. Call this GammaValue(dim, T)
Until GammaValue(dim-1, T(dim-1)) < GammaValue(dim, T(dim)) AND
GammaValue(dim-1, T(dim-1)) = 0

to = T(dim-1)
L=1p
de = dim1

Algorithm 1 The automated embedding method.

The preferred method uses a single coordinate time series of the model to be reconstructed. We set the initial
embedding dimension to one. The dimension is increased by one and the delay time is estimated by the average
displacement method for that dimension. Delay time may be estimated by other methods which are dependent
on the dimension. A time series of a few hundred data points is usualy sufficient to calculate the average
displacement, typically 500 data points for low dimensional models. We then create the set of input/output pairs
using the dimension and the delay time. The statistic I' is estimated by the I'-test using the input/output pairs.
The estimations of the delay time and I are repeated for a number of dimensions until a local minima of T
(which hopefully is close to zero) is found. We choose the optimum embedding dimension dg, and delay time
ty, as the dimension and the corresponding delay time which gave the local minima of T

We have found that this method has a significant speed advantage when compared to methods based on
estimation of the Hausdorff dimension. Table 2 contains the delay times and the embedding dimensions found
to be suitable by the automated embedding method for the three chaotic systems.
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The automated embedding procedure is summarised in Algorithm 1.

Table 2 The delay times, the embedding dimensions, I and A estimated for the three chaotic models.

Model Delay Embedding r A
time, tp dimension, dg
Lorenz 0.09 5 0.021393 0.283369
Rossler 1.00 4 0.011508 0.209624
Duffing’s 0.40 4 0.010151 0.410428
oscillator

5 Extraction of unstable periodic points.

The orbit of any point p on the strange attractor will make arbitrarily close returns to p. It has been suggested
[Gunaratne 1989] that nearly periodic orbits are dense on the strange attractor and that since the motion on the
attractor is chaotic, these orbits are unstable. Thus, a chaotic system can be visualised as a collection of many
different nearly-periodic behaviours. On the surface of section, an unstable orbit of period k appears as k points.
A point belonging to such a set is referred to as an unstable periodic point of period k. Unstable periodic orbits
have been successfully extracted from experimental time series [Auerbach 1987], [Belmonte 1988], [Lathrop
1989], [Gunaratne 1989].

We are interested in extracting sets of points representing the unstable periodic orbits of a strange attractor,
described by a set of embedding space vectors with the parameters estimated by the automated embedding
method.

5.1 Jump time

The jump timet,, is the time interval between successive vectors. It is aso written as a multiple of the sampling
time, t; = ®1 where ® O N. The topology of the reconstructed attractor is independent of t;, however the
seguence of points generated for the attractor and the number of embedding space vectors required to obtain the
attractor plot are affected by the choice of t;.

The effect of jump time is such that for small values, typically t; several times smaller than tp, the successive
embedding space vectors will be similar and thus the trajectory is well defined. The disadvantage in taking t,
small is that we need to obtain significantly more embedding space vectors to reconstruct topology of the
attractor. If t;is large, typically several times larger than ty, we need fewer embedding space vectors for the
reconstruction, but it will not be as well defined. Also the time taken to obtain each embedding space vector
increases proportionaly to t;in a physical experiment.

If we wish to use the embedding space vectors to reconstruct the attractor with a reasonable number of almost
periodic points, it isidea to set t; as the average time for the system to go around the original state space once.
However, when we try to reconstruct the attractor from atime series of a physical experiment, in most cases we
do not know if there is a forcing frequency or the average time for the system to go around the original state
space once. In such a situation, estimation of t; can be difficult.

When the system is driven by an external periodic force, the period of the externa drive establishes a natural
period for sampling the dynamics of the system. In such a case, we sample some variable of the system at a

9
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particular phase of the external force to form a surface X(tj + td)
of section. In this case the sampling time 1 is the period
of the external force. It is then reasonable to use 1 as
both the t and t; since the variable samples are already
reasonably separated in time.

5.2 Choice of the jump time: the creep phenomenon

When using embedding techniques to model a chaotic
system, we must be careful in choosing a value of t;, so
that there are a reasonable proportion of successive
vectors which are close to each other. -0

One could estimate a reasonable t; by comparing
successive embedding space vectors, say &; and §; | 4,
for increasing values of t; (in steps of 1) for ty > t,. If
there are many vectors such that [§- &, 1] <ry,
where r, is typically two to three orders of magnitude
smaller than the signal, the jump time used to createthe . _
set of embedding space vectors should be used. Thisis Figure 7 Reconstructed Réssler attractor with a set
because any faithful recongtruction of the attractor Of Suitable embedding parameters.

should contain many close returning orbits. In the

attractor, the vectors near an unstable periodic point of X(tj + td)

period one should stay nearby for a number of iterations.
Therefore we should observe a good proportion of the
vectors say 10%, satisfying the condition
& - & + 1| <rq, assuming the set of the vectors used
is large. We have typicaly used 500 vectors for this
estimation. If the system has a natural forcing frequency,
we should be able to estimate it by the method explained
above and successive vectors should remain nearby.

In Figure 7 the Rossler attractor is reconstructed by a set
of 2,500 embedding space vectors with dz = 4, t5 = 1.00
and t; = 179. The plot is a two-dimensional
representation of the four-dimensional state space, x(t;)
versus X(ty + tp). The dark region in the forth quadrant
of the plot represents 50 successive points falling on the
attractor. Theiterates of points move clockwise and after
500 poaints, reach the dark region in the first quadrant of
the plot, represented by another 50 successive points. As _ )
can be seen, the successive points remain nearby. We F|gur_e 8 Reconstrt_Jcted Duffing attractor with a set
have called this effect the creep phenomenon. of suitable embedding parameters.

In Figure 8, the Duffing attractor is reconstructed by a set of 5,000 embedding space vectors with dg = 2,
ty = 0.7 and ty = 9.4. The model has natural oscillations in units of 21/w. Using the set of parameters as in
Table 1, the forcing frequency is one cycle per 9.449 secs. Our method successfully predicted the jump time
t;= 9.4 very close to this time. The method could have estimated a more accurate jump time if we had used a
smaller sampling time, for example 0.01 instead of 0.1. The same can be said for the case of the Réssler
attractor. The creep phenomenon is also observed in Figure 8. Here, the first 50 successive points arein the third
quadrant. After 100 points, the second set of 50 points moved to the first quadrant of the plot.

These are particularly interesting observations in that a relatively long term prediction, 17.9 for the Rossler and
9.4 for the Duffing oscillator models, can be made quite accurately with a good choice of the jump time.
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Automated embedding and the creep phenomenon

Procedure Jump time (X, tp, dg )

(* Xisarea time series {x(i1) : i =1, 2, 3, ...} of ascaar variable of the dynamic system *)
(* tp and di are estimated by the automated embedding - Algorithm 1 *)

Choose r = two to three orders of magnitude smaller than the values in X

ty=tp - T

Repeat
ty=ty+1
Create a sequence of embedding space vectors &, from X using tp, ty and dg asin (1)
counter = 0
N = Length of &
For n=1to N-1
If | En'an+l | <r
then counter = counter + 1
endfor n
Until counter/N > 0.1
(* at least 10% of the successive embedding space vectors are close returns *)

Return (t;)
Algorithm 2 The jump time for close returns.

One method to predict the next point from the current point is to assume local linearity and estimate a Jacobian
matrix of the dynamics at nearby points and then apply this to the current point. In general one could create a
non-linear model using a neura network. Generally, with a poor choice of ty it is difficult to successfully
construct a smooth non-linear model which accurately predicts where the next point will fall. Furthermore, we
may not be able to locate any unstable periodic points. A procedure to estimate a value of jump time which
yields sufficient number of close returns is summarised in Algorithm 2.

Using the Réssler model we have created two sets of 10,000 and 2,500 embedding space vectors with dz = 4,
ty = 1.00 and t; = 17.9 to extract unstable periodic orbits of periods up to 10. We have used the extraction
method proposed in [Auerbach 1987] where r, (above) was set to be 0.125. The number of distinct unstable
periodic orbits extracted are as in Table 3.

6 Summary

We have described an automated method for choosing a delay time and embedding dimension which facilitates
an accurate reconstruction of the high dimensional dynamics. This technique is based on the I'-test and the
average displacement method the combination of which is computationally relatively inexpensive. Of course,
delay time may be estimated by other methods which are however dependent on the embedding dimension. Since
embedding techniques are widely used to model a physical system in cases where the mathematical description
is unknown, such an automated reconstruction method has wide applicability.

The choice of delay time tp, is important, as a good choice can reduce both the amount of data required and the
effect of noise. Different techniques briefly described were autocorrelation based methods and the average
displacement method. Throughout our experiments, we have consistently found the average displacement method
yields better results than autocorrelation based methods.

The choice of the embedding dimension d is also an important parameter, as no matter what delay time we
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choose, if the embedding dimension is too small we will not be able to reproduce the full system behaviour.

Automated embedding and the creep phenomenon

Table 3 Distinct unstable periodic orbits of orders up to 10 extracted - the Rossler model.

Period (Multiples of ty) Number of orbits extracted Number of orbits extracted
using 10,000 embedding space | using 2,500 embedding space
vectors vectors
1 1 1
2 62 17
3 95 30
4 80 25
5 25 9
6 19 3
7 13 6
8 11 0
9 5 3
10 3 0
Total 315 95

The trajectory of the reconstructed attractor is well defined for a small jump time t;, but more vectors are
required for the reconstruction.

A method to estimate a suitable jump time to locate unstable periodic orbits from a set of embedding space
vectors was discussed in detail and these studies led to the discovery of the creep phenomenon. The creep
phenomenon may assist us in making longer term predictions of the system behaviour given a chaotic time series
of asingle variable. The extraction method was used to locate unstable periodic orbits with periods up to 10 for
the Rossler model using two different sized sets of embedding space vectors employing the parameters ty and
de estimated by the automated embedding method and the technique to find a suitable jump time t;.
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