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Abstract. This work investigates numerical approaches for estimating the dimension of invariant sets onto
which the trajectories of dynamic systems “wind”, with a focus on fractal and correlation dimensions. While
the classical fractal dimension becomes computationally challenging in spaces of dimension greater than
two, the correlation dimension offers a more efficient and scalable alternative. We develop and implement
a computational method for evaluating the correlation dimension of large discrete point sets generated by
numerical integration of differential equations. An analogy is noted between this approach and the Richardson-
Kalitkin method for estimating the error of a numerical method. The method is tested on two representative
systems: a conservative system whose orbit lies on a two-dimensional torus, and the Lorenz system, a canonical
example of a chaotic flow with a non-integer attractor dimension. In both cases, the estimated correlation
dimensions agree with theoretical predictions and previously reported results. The developed software provides
an effective tool for analysing invariant manifolds of dynamical systems and is suitable for further studies,
including those involving reversible difference schemes and high-dimensional systems.
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1. Introduction

Numerical methods for integrating dynamic systems make it possible to find many thousands and
even millions of points along a system’s trajectory. However, the invariant sets that arise along the way
do not always look like curved lines [1], so the challenge arises of developing software for calculating
the dimensions of such invariant “manifolds.”

Taking the neighborhood of a point on a smooth curve or surface, we expect to see how the curve
turns into a line, and the surface into a plane, as this neighborhood is reduced. However, as early as
the 19th century, the first examples of functions whose graphs do not become simpler with increasing
scale appeared. Classic examples of such lines are the graph of the Weierstrass function or the
trajectory of Brownian motion. A quantitative measure characterizing such an irregular structure
was introduced in the 1980s and is called the fractal dimension [2].
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Although the use of fractal dimension for studying dynamic systems with deterministic chaos [3,
4] is inferior in many ways to the methods of qualitative analysis of such systems [5], the method
itself has found wide application in assessing the complexity and predictability of physical signals
in natural systems, primarily biological ones [6], as well as in studying the interactions of coupled
dynamic systems [7, 8]. We will consider the calculation of dimension as a method that, with relatively
low computational costs, can provide a description of the invariant set of a dynamic system.

2. Fractal dimension

The classical approach to determining the fractal dimension of a set (see [2, 9]) is as follows. We
describe an n-dimensional grid with a step of r around the set M under study. Let N(r) be the number
of cubes with sides r required to cover the set M. Then, as the linear dimensions of the grid decrease,
the number of cubes asymptotically behaves as

N@) ~rP, (r—0),

where D is the fractal dimension of the set.

Although this method is quite intuitive, calculations for systems with dimensions greater than two
present some difficulties. It should also be noted that it does not take into account the frequency of
trajectories hitting a specific cube [10].

3. Correlation dimension

As an alternative to the fractal dimension, similar constructs can be used, among which we have
chosen the correlation dimension, originally proposed for time series analysis [9-11].

Let N be a sufficiently large natural number, and {X;, ..., Xy} be an arbitrary subset of points in the
set M. The correlation sum is defined as

C) = 35 2 5) <7,
LJ

where d(X, y) is the Euclidean distance between points, and 2 j[d()?i, X;) < r] is the number of pairs
of points satisfying the condition d(X;, X)) < r. If, for sufficiently small r, the correlation sum behaves

as a power of r, that is,
C(r) = rPe, (1)

then its exponent D, is called the correlation dimension of the set M. In Ref. [10] it is proved that D,
is a lower bound for the fractal dimension.

Defining the dimension of a set as a correlation dimension is computationally more convenient
than using a fractal dimension, since the number of operations depends only on the number of points.
Not less important is that the correlation dimension can also be applied to manifolds embedded in
a high-dimensional space.
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Figure 1. Solution of the system (2) from Example 1 Figure 2. Dependence of the correlation sum on the

radius r of the solution of the
system (2) from Example 1

4. Calculation of correlation dimension

The calculation of correlation dimension of a given set of points was carried out using a method
largely similar to the Richardson-Kalitkin method [12-16]. For various values of parameter r, the
values of C were calculated and the dependence of C on r was plotted in logarithmic scale. Then the
slope, which is interpreted as the correlation dimension, was determined using the least squares
method.

When choosing the range for the parameter r, it should be noted that there are:

1) the maximum value r,,,, above which all points of the finite sequence of points in the set M will
be included in the correlation sum,
2) the minimum value #,;,, below which the correlation sum is zero.

In practice, the linear segment can be much smaller than [#,,;,,, hnax], and the estimate can be
corrupted by “tails” where the relation (1) is not satisfied. As in Richardson’s method, these tails on
the left, for small r, are due to roundoff error, while those on the right are due to the role of terms
omitted in (1).

If the points {X;} fill the classical manifold more or less uniformly, and the number N is sufficiently
large, then the correlation dimension coincides with the ordinary dimension of the manifold. We
will interpret the presence of a linear section on the logarithmic plot of C versus r as a condition for
the applicability of the method.

5. Interpretation of the obtained value

When numerically integrating dynamical systems, we obtain a finite set of orbital points. Using this
set of points as the set {X;}, we can calculate the correlation dimension of the orbit of a continuous
dynamical system by making a number of difficult-to-formalize assumptions. The results of such
calculations often coincide with theoretical predictions or, at least, are close to those obtained by
other methods [11].
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Figure 3. Solution of the Lorenz system (Example 2) and a plot of the correlation sum versus the radius r

Example 1. Consider a conservative system
x=y,
y=-—x+2eyz, 2)

z2=1-y?—ez?

For a small perturbation ¢ = 1074, the trajectory passes along a two-dimensional torus [5, p. 3.4.1],
which is clearly seen in Fig. 1, obtained by numerically integrating this system at (x,, Yo, 2z9) = (1.7,0,0).
The correlation dimension D, of this set will be the slope of the linear section of Fig. 2, constructed
on a double logarithmic scale. Therefore, in this way, the dimension is estimated at D & 1.99 against
the geometric dimension D = 2.

Example 2. A well-known example of a system whose trajectory, found approximately by the
Runge-Kutta method, has a non-integer dimension is E. Lorenz’s system of convection equations.

leo(y_x)7
y=x(28-2)—y,
zZ=X —§z
=Xy 3%

Its dimension D ~ 2.06 was calculated by various methods [17, 18], and the value of D, is also close
to this number (Fig. 3).

6. Results

The method for computing the correlation dimension enables the efficient estimation of a set of points
— such as, in our case, the trajectory trace of a dynamical system. As the examples demonstrate,
the method is capable of accurately determining the dimensionality of both regular sets and those
commonly classified as fractal. For a conservative system whose trajectory lies on a two-dimensional
torus, we obtained a value close to 2; similarly, the estimated dimension of the Lorenz attractor is
consistent with values reported in other studies. In contrast to the fractal dimension, the correlation-
dimension approach readily allows the computation of this characteristic even for sets embedded in
spaces of substantially higher dimension than three.
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7. Discussion

In the numerical study of an integral curve, two parameters arise that characterize the numerical
method: the time step At and the number of points N considered. Their product T = NAt yields
the time interval under consideration. In Ref. [11], it was noted that these parameters significantly
influence the dimensionality estimate.

If T is small, then what is actually being calculated is the germ of the integral curve, whose points
fit perfectly onto the one-dimensional analytic curve by virtue of the local Cauchy theorem. Of
course, we do not know the characteristic time T for a dynamical system, during which the system
begins to exhibit its “global” properties. If At is not small enough, then the numerical solution may
differ significantly from the exact solution, and therefore the calculated dimensionality will have
no relation to the dimensionality of the desired orbit. Excessive reduction of At for a fixed T is very
difficult, since it leads to prohibitively complex calculations. Despite the existence of theoretical
estimates for the minimum number of points [19, 20], we will adhere to the approach of Ref. [11],
which considered four chaotic systems and showed that 6,000-7,000 points were needed to obtain all
the information about the trajectory, which is not very many by modern standards.

Some of these issues are resolved by considering the difference scheme as a discrete model
describing the same physical phenomenon no worse than a continuous one. With this approach, the
question of the dimensionality of the system’s orbital closure is separated from the question of how
this dimensionality changes depending on the step size At. Continuing the present work, we plan
to use the software presented here to investigate the dimensionality of invariant sets found using
reversible schemes with fixed and even deliberately large time steps [1].

8. Conclusion

The study examined approaches for estimating the dimension of a discrete set, specifically the fractal
and correlation dimensions. The latter is more suitable for computational analyses in the task of
determining the dimension of an invariant set of dynamical systems; therefore, experiments were
conducted using two representative examples: a system whose trajectory lies on a two-dimensional
torus, serving as an example of a regular set, and the Lorenz system as an extreme case. In both
instances, the method produced satisfactory dimension estimates. The developed program for
computing the dimension will facilitate future investigations of invariant manifolds of dynamical
systems, particularly in combination with reversible difference schemes.
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O BbIYMCIEHUMN Pa3MepHOCTU NHBAPNAHTHbLIX MHOXXeCTB
AVNHaAaMUNYeCKUuX cuctem

B. M. Kagpos!, M. /1. Manbix’?2

L Poccuiicknii YHUBEPCUTET ApYxObl HAPOAoB, yN. Muknyxo-Maknas, 4. 6, MockBa, 117198, Poccuiickas
depepauns

2 06beAVNHEHHbIN WHCTUTYT SIAEPHbIX UcCnegoBaHuin, yn. Xonvo-Kiopu, a. 6, lybHa, 141980, Poccuiickas
depepaymsa

AHHoTaums. B paGoTe paccMaTpPUBAIOTCs YUCAeHHBIE TOAXOABI K OlleHKe PasMepHOCTH MHBAPHUAHTHBIX MHO-
’KeCTB, Ha KOTOPble «HaBUBAIOTCS» TPAEKTOPUHU JUHAMUYECKUX CHUCTEM: METOABI pacuéTra GpaKTasbHOM
U KOPPEeJIIOHHOH pasMepHocTU. Kinaccudeckas GpakTagbHas pa3MePHOCTb CTAHOBUTCS BEIYHCIUTENBHO
TPYAOEMKOI ITpu paboTe C IPOCTPAHCTBAMU Pa3MEePHOCTH BBIIIIE IBYX, TOIZA KaK KOpPPeJIIOHHAs pasMep-
HOCTb IIPeAiCTaBIsAeT co00ii 6oee ahbeKTUBHYIO albTepHATHBY. PaspaboTaH U peaan30BaH BHIUUCIUTEIbHBIH
METO/, AJIsI OLIEHKHU KOPPEeJSIIIOHHON pasMepHOCTH OOJBIINX JUCKPETHBIX HAOOPOB TOYEK, ITOJYIE€HHBIX
B pesy/IbTaTe YUCIeHHOTO MHTerpupoBaHus JubdepeHINAIbHBIX ypaBHeHNH. OTMedeHa aHaIOT s JaHHOTO
mozAxoJa ¢ MeToioM PrdapzcoHa-KaauTKyUHA 1 OIleHKY ITOTPELTHOCTH YUCIeHHOro MeToza. IIpeaioxeH-
HBIY METOZ, IPOTECTUPOBAH Ha BYX XapaKTepPHBIX [IPUMepax: KOHCePBATUBHOM CUCTEMeE, Ibs OPOUTA JIEKUT
Ha IByMepHOM TODe, 1 cucTeMe JIopeHIja — KJIaCCUYeCKOM IIPHMepe Xa0THUeCKOH CHCTeMa C HelleJ0i pas-
MepHOCTBIO aTTPAKTOPa. B 0601X ciIydasx MosydeHHBIE OleHKH KOPPeISIOHHON Pa3MePHOCTH COTIACYIOTCS
C TeopHell 1 paHee OIy6IMKOBAHHEIMU pe3yabTaTaMu. PazpaboTaHHOe IPOrpaMMHOe obecIiedeHue TOCIYKUT
3¢ HeKTUBHBIM NHCTPYMEHTOM JJIs aHaIM3a MHBAPHUAHTHBIX MHOT006pasuii AMHAMUYECKUX CUCTEM U MO/IX0-
JUT 7 JATbHEHIINX UCCIeJOBAaHUH, B 0COOEHHOCTH JIs1 KOMITBIOTEPHBIX 9KCIIEPUMEHTOB C UCII0JIb30BaHUEM
00paTUMBIX Pa3HOCTHBIX CXeM, a TAKXKe [JIsI CUCTeM BBICOKOH PasMepPHOCTH.

KnioueBble cnoBa: KOppesAIOHHAsA Pa3MEePHOCTb, AUHAMUYECKHEe CUCTEMBI



