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Abstract
Recently a method was presented to compute Lyapunov functions for nonlinear systems with
multiple local attractors [5]. This method was shown to succeed in delivering algorithmically
a Lyapunov function giving qualitative information on the system’s dynamics, including lower
bounds on the attractors’ basins of attraction. We suggest a simpler and faster algorithm
to compute such a Lyapunov function if the attractors in question are exponentially stable
equilibrium points. Just as in [5] one can apply the algorithm and expect to obtain partial
information on the system dynamics if the assumptions on the system at hand are only partially
fulfilled. We give four examples of our method applied to different dynamical systems from the
literature.
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1 Introduction

We consider continuous time systems given by ordinary differential equations

ẋ = f(x), (1.1)

where f ∈ C2(Rd,Rd) is two-times continuously differentiable. We denote the solution to (1.1)
started at ξ at time t = 0 by t �→ φ(t, ξ). A so-called complete Lyapunov functions for the
system (1.1) is a continuous function from the state-space to the real numbers that characterizes
the decomposition of the flow into a gradient-like part and a chain-recurrent part [1, 7, 18]. For
a more accessible overview of this fact, sometimes referred to as the Fundamental Theorem of
Dynamical Systems cf. e.g. [25, 26]. A complete Lyapunov function is decreasing along solution
trajectories on the gradient-like part of the flow and constant on the transitive components of
the chain-recurrent part.
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Whereas there have been numerous suggestions of how to compute Lyapunov function for
systems on a domain containing one stable equilibrium, cf. e.g. [14] for a recent review, there
have been much fewer publications on the numerical construction of Lyapunov functions with
a more complicated chain-recurrent set.

In [5] a method was presented to compute a function V resembling a complete Lyapunov
function for the system (1.1) on a compact subset of its state-space D ⊂ Rd, which is al-
lowed to contain multiple attractors. In this method one first computes outer approximations
of the attractors using a graph theoretic method [19, 15] followed by a subsequent numerical
computation of a Massera-like Lyapunov function candidate [24], see [20] for an overview and
classification of the different construction methods. The candidate is then used to parameterize
a continuous and piecewise affine (CPA) Lyapunov function, of which the decrease condition
along solution trajectories can be verified exactly by checking a certain set of linear inequali-
ties. This set of linear inequalities comes from the so-called CPA method to compute Lyapunov
functions, in which linear optimization is used to parameterize a CPA Lyapunov function sat-
isfying these linear inequalities [23, 16, 13]. This method has been adapted to different kinds
of systems like differential inclusions [2] and discrete-time systems [12] and to systems with
different stability properties like ISS stability [21] and control systems [3]. The main advantage
of the CPA method is that it delivers a function that is guaranteed to satisfy the conditions for
a Lyapunov function exactly and its main drawback is that as it involves solving a large linear
programming problem it is not particularly fast. It has therefore been used in combination
with other faster methods to compute Lyapunov functions, the main idea being to compute
a Lyapunov function candidate by the faster method and then use the CPA method to verify
if the candidate indeed satisfies all conditions of a Lyapunov function. For this methodology
cf. e.g. [4, 17, 22, 11] and the paper [5], on which we base this work.

1.1 Notation:

We write vectors x ∈ Rd in boldface, ‖x‖ denotes the Euclidian norm of x, and Bε(x) := {y ∈
Rd : ‖x − y‖ < ε} is an open ball centered at x with radius ε > 0. We write subsets K ⊂ Rd

in calligraphic and its interior is denoted by K◦ and its closure by K. Cm stands for the set
of all m-times continuously differentiable functions, the domain and codomain should always
be obvious from the context. We denote by A(y) := {x ∈ Rd : lim supt→∞ ‖φ(t,x)− y‖ = 0}
the basin of attraction of a stable equilibrium y. A Lipschitz constant L > 0 for f on a set K
is a constant such that ‖f(x) − f(y)‖ ≤ L‖x − y‖ for all x,y ∈ K. If there exists a Lipschitz
constant for f on every compact set K ⊂ Rd, f is said to be locally Lipschitz.

2 The Method

In [5] one first computes outer approximations Fi of the local attractors Ωi, i = 1, 2, . . . , N ,
of the system (1.1) contained in some predefined compact set D ⊂ Rd of interest. Then one
defines a sufficiently smooth functions γ : D → R+ (R+ := [0,∞)) such that γ(x) = 0 whenever

x ∈
⋃N

i=1 Fi and γ(x) > 0 otherwise. As shown in [5, Theorem 3.2] the function

W (x) :=

∫ T

0

γ(φ(t,x))dt

then has a negative orbital derivative

W ′(x) := lim sup
h→0+

W (φ(h,x))−W (x)

h

(
= ∇W (x) · f(x) if W ∈ C1

)
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in a neighborhood of each of the Fi. Further, W (x) = 0 for all x ∈ Ωi and W (x) > 0 for all
other x in this neighborhood of Fi. Thus W resembles a complete Lyapunov function in the
sense that connected components of W−1([0, c]), c > 0, that are compact subsets of D◦ and
enclose an Fi completely, are necessary in the basin of attraction of Ωi. That is, if the system
is started in such a set W−1([0, c]), then φ(t,x) ends up in Ωi as t → ∞.

Clearly W (x) can only be computed in a finite number of points and one of the contributions
of [5] is to make the simple idea listed above into a useful algorithm by combining it with the
CPA method. Thus one first triangulates the set D of interest, i.e. subdivides it into a collection
T of d-simplices fulfilling certain properties [5, Definition 4.1]. Then W (ξ) is approximated at
every vertex ξ of every simplexS ∈ T by numerically solving the initial-value problem ẋ = f(x),
x(0) = ξ, and numerically integrate t → γ(φ(t, ξ)) over the interval [0, T ], where T > 0 is a
fixed constant.

In what follows we will show the following: If the attractors Ωi are exponentially stable
equilibrium points instead of more complicated attractors, then one can get similar results to
[5] by setting γ(x) := ‖f(x)‖. This not only simplifies the method but is considerably faster
because one does not have to identify the attractors and compute outer approximations.

More exactly, we show in Theorem 1 that if D contains one or multiple exponentially stable
equilibrium points, then the function

V (x) =

∫ T

0

‖f(φ(τ,x))‖dτ (2.1)

resembles a complete Lyapunov function in a neighborhood Ky ⊂ D of each equilibrium y ∈ D
if T > 0 is large enough. The fact that the CPA approximation of V , defined by computing
V (x) at every vertex x of every simplex of a triangulation of D and interpolating the values over
the simplices, also resembles a complete Lyapunov function is then delivered by [5, Theorem
4.2]. Note that since f(φ(τ,x)) = φ̇(τ,x) the formula (2.1) defines V (x) to be the length of the
trajectory piece {φ(τ,x) : τ ∈ [0, T ]}.

Before we state the main theoretical contribution of this paper, Theorem 1, we prove a
useful lemma.

Lemma 1. Assume y is an exponentially stable equilibrium of the system (1.1) and let Ky ⊂
A(y) be compact. Then there exist constants C ≥ 1 and λ > 0, such that

‖φ(t,x)− y‖ ≤ Ce−λt‖x− y‖ for all x ∈ Ky and t ≥ 0. (2.2)

Proof. Since y is exponentially stable there exists a ball Bε(y) and constants C∗ ≥ 1 and λ > 0
such that

‖φ(t,x)− y‖ ≤ C∗e−λt‖x− y‖ for all x ∈ Bε(y) and t ≥ 0.

Pick an arbitrary ξ ∈ Ky\Bε(y). Then there exists an sξ > 0 such that ‖φ(sξ, ξ)−y‖ < ε/2. Fix
δ∗ξ > 0 so small that Bδ∗ξ

⊂ A(y). The set φ([0, sx],Bδ∗ξ
) is the image of the compact set [0, sx]×

Bδ∗ξ
under the continuous mapping φ and is thus compact. Since f is C2 it is locally Lipschitz

and there exists a Lipschitz constant Lξ > 0 for f on φ([0, sx],Bδ∗ξ
). For δξ, 0 < δξ < e−Lsxδ∗ξ ,

small enough we can ensure that, cf. e.g. [27, §12.V], ‖φ(sξ,x)−φ(sξ, ξ)‖ ≤ ‖x−ξ‖eLξsξ < ε/2
for all x ∈ Bδξ(ξ) ∩ [Ky \ Bε(y)]. The compactness of Ky \ Bε(y) now delivers the existence of
an s > 0 and an L > 0 such that ‖φ(s,x)− y‖ < ε for all x ∈ Ky \ Bε(y). Similarly we get for
these x that for all t, 0 ≤ t ≤ s, that ‖φ(t,x)− y‖ = ‖φ(t,x)− φ(t,y)‖ ≤ e(L+λ)se−λt‖x− y‖
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