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Abstract. We present some statistical analyses of algorithms to compute com-
plete Lyapunov functions for dynamical systems. The algorithms approximate a
solution to a PDE using mesh-free collocation with radial basis functions over a
collocation grid. The equation has no solution in the chain-recurrent set and that
allows us to determine the location of the chain-recurrent set. To evaluate our
approximation we use two types of evaluation grids: either we place evaluation
points in a circle (or sphere) around each collocation point, or we place them in
the direction of the flow. Further, in an iterative algorithm we use the average of
the orbital derivative on the evaluation grids to re-iterate. In this paper we deal
with two open questions: which of the two types of evaluation grids gives better
results? Is the average the adequate quantity or is the median more effective?
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1 Introduction

Dynamical systems are of fundamental importance in science and engineering because
they offer a compact language to describe physical and other phenomena. In recent
years, novel algorithms to construct complete Lyapunov functions describing the quali-
tative behaviour of dynamical systems have been introduced and improved [2,4,5,6,11].
The importance of Lyapunov functions lies in their ability to locate the systems’ basins
of attraction. They were introduced in 1893 by Lyapunov [16] to study the stability of
equilibria of dynamical systems.
Let us consider

x =1(x), (1

where x € R", n € N. A Lyapunov function for the system (1) is an auxiliary scalar-
valued function, whose domain is a subset of the state-space and which is strictly de-
creasing along all solution trajectories in a neighbourhood of an attractor, such as an
equilibrium or a periodic orbit.
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A Lyapunov function is only defined in the neighbourhood of one attractor. A natu-
ral extension is a function defined on the whole state space, a complete Lyapunov func-
tion (CLF), see [7,8,10,13,14]. A CLF allows for dividing the state-space into two dis-
joint areas: The area of gradient-like flow, where the solution trajectories flow through,
and the chain-recurrent set, where infinitesimal perturbations can make the system re-
current. On these two areas, the system behaves in fundamentally different ways. On
the gradient-like part, a CLF V is strictly decreasing along solutions, whereas it is con-
stant on the chain-recurrent set. For a sufficiently smooth CLF the orbital derivative
V/(x) = VV(x) - f(x), i.e. the derivative along solutions, in these two areas is strictly
negative or zero, respectively.

Although it is very difficult to construct Lyapunov functions for non-linear dynam-
ical systems, there has been considerable progress in the last decades, see the review
[12]. While there are several different approaches to computationally study dynamical
systems, c.f. [9,18,1,19], in this paper we are mainly concerned with the methods from
[2,4,5,6,11]. They allow for the computation of a (complete) Lyapunov function for any
system described by an autonomous ordinary differential equation of the form (1).

Inspired by a method to compute classical Lyapunov functions for one stable equi-
librium using Radial Basis Functions (RBFs), c.f. [11], the authors of this paper have
developed a computationally efficient method to describe dynamical systems through
the construction of a CLF and the subsequent localisation of the chain-recurrent set.
The general idea is to find a CLF with v/(x) < 0 by approximating a “solution” to the
ill-posed problem V’(x) = —1, where V'(x) = VV(x) - f(x) is the derivative along so-
lutions of the ODE, i.e. the orbital derivative. A function v is computed using RBFs,
a mesh-free collocation technique, such that v/(x) = —1 is fulfilled at all points x in a
finite set X of collocation points.

The discretised problem of computing v is well-posed and possesses a unique solu-
tion. However, the computed function v cannot fulfill the PDE v/(x) = —1 at all points
of the chain-recurrent set, such as an equilibrium or a periodic orbit. This is the key
component of our general algorithms to locate the chain-recurrent sets; to determine
the chain-recurrent set, we use the area where v'(x) & 0, c.f. [2,4,5].

In Section 2, we give more details about the algorithm to construct a CLF and to
determine the chain-recurrent set, including an iterative method. Section 3 applies the
method to an example and performs a detailed analysis with respect to two different
evaluation grids used in the literature: we analyse the distribution of values in the eval-
uation grid and compare them using the median and the average in the iteration. We
conclude in Section 4.

2 Description of the algorithm

We will present the methodology introduced in [5], which is included in the freely
distributed software LyapXool, see [6]. We first substitute the dynamical system (1) by

f(x)

V)2

x=1f(x), where f(x)= 2)
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with a small parameter 6 > 0 and where || - || denotes the Euclidean norm. Systems (1)
and (2) have the same trajectories, but the speed of the solutions to (2) is nearly uniform.
This was shown to deliver superior results, see [5].

2.1 Mesh-free Collocation

Mesh-free collocation methods, in particular with RBFs [11], are a powerful methodol-
ogy for solving generalised interpolation problems. RBFs are certain real-valued func-
tions, whose evaluation depends only on the distance from the origin; Gaussians, mul-
tiquadrics and Wendland functions are examples of such functions.

Mesh-free collocation enables us to locally use a high resolution of collocation
points to solve PDEs. In our work we use the compactly supported Wendland functions
v, « as RBFs, see [17]. They are positive definite functions that are polynomials on their
compact support. We consider the RBF y/(x) := y;x(||x||), where k € N is a smooth-
ness parameter and / is fixed as / = |5 | +k+ 1. Our code uses the C++ tool from [3]
to compute the Wendland functions. The Reproducing Kernel Hilbert Space (RKHS)
corresponding to Y contains the same functions as the Sobolev space W2k et/ 2(R”)
and the spaces are norm equivalent.

Mesh-free collocation uses a finite set of collocation points X = {x,...,xy} CR",
where the PDE is satisfied. We choose X as a subset of the following hexagonal grid
with fineness-parameter Qe s € RT:

n
{Otgexahusi,Zikwk:ikEZ}, where 0; = (2¢,0,0,...,0),0 = (&,3&,0,...,0),

k=1
3

1
vy @y = (&1,8,83,...,(n+1)g,) and g = Um, keN.

This grid has been shown to optimally balance the opposing aims of a small fill
distance, i.e. good error estimates, and a large separation distance of collocation points,
i.e. small condition numbers of the collocation matrices, see [15]. All equilibria, i.e.
points x with f(x) = 0, need to be removed from the set of the collocation points X,
since otherwise the collocation matrix would be singular.

The approximated v is the norm-minimal function in the corresponding RKHS that
satisfies the PDE v/(x) = —1 at all collocation points. Practically, we find v by solving
a system of N linear equations, where N is the number of collocation points.

To evaluate the computed CLF, several different evaluation grids have been pro-
posed; in this paper we will focus on two different choices, see Figure 1. The first one
distributes points homogeneously in two circumferences of radius » > 0 and r/2, see

[5].

Yy; = {Xj + 7 Oleranis (€08(0),8in(0)) } U{X; + 5 Qiexsrass (cO8(8),5in(6)) }

where 8 € {n/16,27/16,3n/16,...,27}. )

The grid (4) can be generalised to higher dimensions. However, the growth of the evalu-
ation points cardinality is exponential in the dimension. To avoid that, we use evaluation
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Different evaluation grids

Circular Directional

Fig. 1. Circular evaluation grid points around a collocation point (black) according to (4) and the
directional evaluation grid points (5) around another collocation point (black) .

points that are aligned along the flow of the ODE system at the collocation point in [4],
see (5). Here, r € (0,1) determines how far the evaluation points will be placed and
m € N denotes the number of points on each side of the collocation points.

ij _ {X] n r Hexa-basis (X]) ke {l, N 7m}} (5)
m
2.2 Algorithm
Since the PDE V’(x) = —1 does not have a solution for all x in the chain-recurrent

set, we use an iterative algorithm to update the right-hand side in each step, using the
results of the previous approximation; note that we only need to prescribe the value
V'(x;) at each collocation point X ;. Our general algorithm to compute CLFs, given a set
of collocation points X, is:

1. Compute the approximate solution v to V/(x) = —1;seti =0

2. To approximate the chain-recurrent set by X°, for each collocation point x j» com-
pute v;(y) for all y € Yy, see (4) or (5). If vj(y) > ¥ for an y € ¥, then x; € X0,
else x; € X, where y < 0 is a chosen critical value

3. Define 7; = (Yl Yyer,, vf(y)) ,where x_ =xforx <0Oandx_ =0forx >0
Xj i

= _ N =z
Define r; = 5 T
Compute the approximate solution v;4i to V'(x;) =r;
Set i — i+ 1 and repeat Steps 2. to 5. until some predefined criterion is reached

SANRAN

The aim of this paper is to investigate two aspects of the algorithm. Firstly, we
investigate if using the average or the median in 3. is more appropriate for reiterating.
Secondly, we compare the results using the circular or the directional evaluation grid.
To enable a fair comparison, we use the same number of evaluation points in both grids.
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3 Results

Le us consider system (1) with the right-hand side

_ (AR 1R 1)
f(x,y) = (—y(x2+§2— 1/4)(x2+§2— 1)+i). (6)

This system has an asymptotically stable equilibrium at the origin and two periodic
circular orbits: an asymptotically stable periodic orbit at Q; = {(x,y) € R? | x> +y* =1}
and a repelling periodic orbit at Q5 = {(x,y) € R? | x> +y? = 1/4}.

The Wendland function used for computing a CLF to system (6) is W5 3 with ¢ = 1.
The collocation points were set in the region [—1.5,1.5] x [~1.5,1.5] C R? and we used
a hexagonal grid (3) with Ofgerg—pasis = 0.09164. We used both the circular grid with
10 different angles for two concentric circumferences and the directional grid (5) with
parameters m = 10 and r = 0.5, resulting in 20 evaluation points per collocation point
in both cases. We used 8 = 1078, see (2), and the critical value y = —0.25 in Step 2.
of the Algorithm. For a plot of this CLF see [2].

3.1 Average and median

For the average and the median, we use the classical definitions. The average is defined
and used in the algorithm in Section 2.2. When using the median, the algorithm in
Section 2.2 is modified accordingly. The median of numbers, assembled in a vector

1
R in ascending order is defined as median(R) = 3 (RL(#RH) +R_#re1) ) The median
2

I

thus takes into account only the middle number(s).

3.2 Distribution

Let us consider the distribution of the values of the CLF’s orbital derivative for some
random collocation points in iteration 0, using a circular evaluation grid, see Figure 2.
As none of these is Gaussian, the average value of the orbital derivative in Step 3. is not
necessarily the optimal choice for a new value on the right-hand side in Step 5. in the
algorithm for the next iteration.
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Fig.2. Orbital derivative distribution around collocation points: circular evaluation grid. The
points were chosen randomly. None of the distributions is Gaussian.

We will now compare the distributions of the orbital derivatives when using circular
and directional evaluation grids. In contrast to Figure 2, we will now display the precise
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spatial distribution. We have chosen one random point in the chain-recurrent set (first
two figures), and one random point, where the flow is gradient-like (last two figures),
see Figure 3.

45 Orbital derivative values around point 618, ite=0

ite=0
Creuiar ovakation grd Dirctional evakation e

aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

Fig. 3. Distribution of the orbital derivative around two collocation points in iteration 0. First:
collocation point in chain-recurrent set, circular grid, second: collocation point in chain-recurrent
set, directional grid, third: collocation point in gradient-like flow, circular grid, fourth: collocation
point in gradient-like flow, directional grid.

For the chain-recurrent point with the circular grid (first figure), the values are ran-
dom and vary between —1.3 and —O0.1; the values for the gradient-like point (third
figure) are negative between —1.5 and —1. For the same collocation points, the results
using the directional evaluation grid are very different. For the chain-recurrent point
(second figure), the orbital derivative is clearly forced down to —1 at the collocation
point, while being positive far away with maximum at 0.4. The values have a distinct
pattern with minimum at the collocation point with value —1. Since the integral of the
orbital derivative over the whole periodic orbit must be zero and we force it to be neg-
ative on some points, it has to be positive elsewhere. For the gradient-like point (fourth
figure), the orbital derivative is between —1.1 and —0.7.

While for points where the flow is gradient-like the difference between the circular
and directional evaluation grids is not significant, it becomes clear that for points in the
chain-recurrent set, the directional grid contains much more relevant information. The
circular grid diffuses the information by considering many evaluation points out of the
chain-recurrent set. The directional grid, however, only contains points which are of the
same type as the collocation point (chain-recurrent/gradient-flow) and thus amplifies
and clarifies the information: for points with gradient-like flow, the orbital derivative
is close to —1 under the directional grid, while for points in the chain-recurrent set
it displays a characteristic shape with a minimum at —1 and maxima at 0.4 for those
points away from the collocation point.

3.3 Iterations

Now we consider iterations: the goal of these iterations is to determine the right-hand
side of the PDE used to construct the CLF. In particular, the right-hand side should
become O for points in the chain-recurrent set, while it should stay strictly negative
in the gradient-like flow. We use either the circular or the directional evaluation grids
combined with either the average or the median. The results for iteration 4 are shown in
Figure 4 for the circular (upper row) and the directional (bottom row) evaluation grids.

Let us first consider a point in the chain-recurrent set (first column). While the cir-
cular evaluation grid (up) displays a large variation of values between —1.3 and —0.2
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Fig. 4. Orbital derivative distribution around collocation points in iteration 4. Top row: circular,
bottom row: directional evaluation grids. Column 1: chain-recurrent point, average, column 2:
chain-recurrent point, median, column 3: gradient-like point, average, column 4: gradient-like
point, median.

for the average values (column 1), and between —0.7 and —0.1 for the median values
(column 2), the directional grid has a constant orbital derivative close to 0 for both av-
erage and median (bottom, columns 1 and 2) with values between 0 and 0.02 in both
cases. The directional grid is thus better than the circular one; compared to iteration 0,
the iterations have succeeded in identifying the correct right-hand side for the direc-
tional grid. When using the circular evaluation grid, the median gives better results than
the average, as it has values closer to 0.

Let us now consider a point with gradient-like flow (columns 3 and 4). Again, the
circular evaluation grid displays a larger variation of values, namely between —1.3 and
—1 for the average values (up, column 3), and between —1.4 and —0.6 for the median
value (up, column 4). The directional grid has a nearly constant orbital derivative at
—1.4 for the average (bottom, column 3) and —1.1 for the median (bottom, column 4).
The directional grid is again superior to the circular one; in this case the median results
in a value closer to the original derivative at —1. For the circular evaluation grid, the
average gives better results than the median as there is less variation; however, also the
median delivers only negative values, i.e. classifying the collocation point correctly as
gradient-like flow.

3.4 Determination of the chain-recurrent set

Let us now investigate how the different methods manage to identify the chain-recurrent
set after iterations 4 and 49. Figure 5 displays the approximation to the chain-recurrent
set by plotting the collocation points x; € X O (see Step 2. of the algorithm), i.e. x ; where
at least one point in corresponding evaluation grid Yx; satisfies VI(x) > 7.

The results in Figure 5 use the circular grid in the upper row. The figures in col-
umn 1 and 2 display the approximation to the chain-recurrent set in iterations 4 and 49,
respectively, using a circular evaluation grid and the average. The two periodic orbits
and the equilibrium at the origin are clear and completely displayed. However, they are
over-approximated. In contrast, the figures in columns 3 and 4 showing the approxima-
tion to the chain-recurrent set in iterations 4 and 49, respectively, for the median and a
circular grid, display gaps in the periodic orbits in iteration 49.
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We continue with the directional grid in the bottom row. The figures in column 1
and 2, bottom row, display the approximation to the chain-recurrent set in iterations
4 and 49, respectively, using a directional evaluation grid and the average. The two
periodic orbits and the equilibrium at the origin are clearly and completely displayed,
however, they are slightly over-approximated in iteration 49. The figures in columns 3
and 4, using a directional evaluation grid and the median, show a very similar picture
with slightly less over-approximation.

Failing collocation points, ite=4 Failing collocation points, ite=49 Failing collocation points, ite=4 Failing collocation points, ite=49
15 15 15 15
Average: circular evaluation grid Average: circular evaluation grid Median: circular evaluation grid Median: circular evaluation grid

1 1 1 1
05 05 05 05
> 0 > 0 > 0 > 0
05 05 05 05
-1 -1 -1 -1

15 15 15 15
15 -1 05 0 05 1 15 15 -1 05 0 05 1 15 45 -1 05 0 05 1 15 15 -1 05 0 05 1 15
x x x X

Failing collocation points, ite=4 15 Failing collocation points, ite=49 15 Failing collocation points, ite=4 1 Failing collocation points, ite=49
Average: directional evaluation grid Average: directional evaluation grid Median: directional evaluation grid 5 Median: directional evaluation grid

1 1 1 1
05 05 05 05

> 0 > 0 > 0 > 0
05 05 05 05
-1 -1 -1 -1

15 15 15 15
15 -1 05 0 05 1 15 45 -1 -05 0 05 1 15 15 -1 05 0 05 1 15 15 -1 05 0 05 1 15
x X x x

Fig. 5. Comparison of the chain-recurrent set in iterations 4 and 49. Top row: circular, bottom
row: directional evaluation grids. Column 1: iteration 4, average, column 2: iteration 49, average,
column 3: iteration 4, median, column 4: iteration 49, median.

3.5 Values on the chain-recurrent set

Let us analyse the values of the orbital derivative on the circular periodic orbit with
radius 1. In particular, we study their dependence on the circular and directional grids
as well as using the average or the median for the iterations, see Figure 6. The top figure
shows the orbital derivative after iteration O on the orbit. It is plotted as a function of the
angle on the positive x-axis, i.e. 8 corresponds to the point (cos0,sin6) on the orbit.
After iteration O neither the evaluation grid nor the selection of average or median,
matters. The values oscillate heavily between —1 and 0.7.

The remaining four figures show the orbital derivative after iteration 49 on the orbit.
In the left column we used the circular evaluation grid and in the right column the
directional evaluation grid. In both cases we iterated using the average in the middle
row and using the median in the bottom row. In all cases we would like to achieve
values of the orbital derivative close to zero. We clearly see that iterating using the
average (middle row) is better as the orbital derivative is closer to zero. Further, the
values oscillate much more if we use the circular evaluation grid. Indeed, if we use the
directional evaluation grid and the average for iterations most of the values are between
—0.02 and 0, the only exceptions being two small spikes close to the angles 0 and 7.

When using the circular evaluation grid and the median, we observe that the values
oscillate considerably, and there are large areas, where the orbital derivative is entirely
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Fig. 6. Orbital derivative on the circular periodic orbit with radius 1. Top figure: iteration 0. All
other figures: iteration 49. Left column: circular, right column: directional evaluation grid. Middle
row: average, bottom row: median.

negative and below the threshold 7; hence, they do not appear as failing in Figure 5.
Let us discuss why this can develop over the iterations: the circular grid takes adjacent
points in the gradient-flow into account, which have negative orbital derivative, while
the points of the directional evaluation grid lie on the periodic orbit with derivatives
close to 0. While the average over the circular evaluation grid takes some positive values
on the periodic orbit into account, the median just considers the middle number(s).

4 Conclusion

We have investigated the differences between using a circular or directional evaluation
grid as well as those between employing the median or the average to the iterative pro-
cess. We have found that the values of the orbital derivative around a collocation point
have no clear distribution; in particular, they are not Gaussian. Nevertheless, using the
average provides better results in the iteration process for both types of evaluation grids.
Further, the directional evaluation grid proved to be superior. This is presumably be-
cause the directional evaluation grid only considers points along the flow, which are of
the same type as the collocation point; if the collocation point is on (or very close to) the
chain-recurrent set, then so are the evaluation points. This improves the determination
of the chain-recurrent set.

Summarising, using the directional evaluation grid with the average for iterations
delivers the best results in localising the chain-recurrent set. For collocation points far
from the chain-recurrent set, the graph is quite flat and its curvature will be (close to)
zero, while it is non-zero for collocation points close to the chain-recurrent set. We
anticipate that this criterion might perform better than the current one, namely that the
orbital derivative is above a critical value.
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