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ABsTrRACT. We present a numerical technique for the computation of a Lya-
punov function for nonlinear systems with an asymptotically stable equilibrium
point. The proposed approach constructs a partition of the state space, called
a triangulation, and then computes values at the vertices of the triangulation
using a Lyapunov function from a classical converse Lyapunov theorem due to
Yoshizawa. A simple interpolation of the vertex values then yields a Continu-
ous and Piecewise Affine (CPA) function. Verification that the obtained CPA
function is a Lyapunov function is shown to be equivalent to verification of
several simple inequalities. Numerical examples are presented demonstrating
different aspects of the proposed method.

1. Introduction. Lyapunov’s Second or Direct Method [21] (see also [14, 26, 30])
has proved to be one of the most useful tools for demonstrating stability properties.
This is largely due to the fact that if one has a Lyapunov function at hand there
is no need to explicitly generate system solutions in order to determine stability.
Unfortunately, this frequently trades the difficult problem of generating system
solutions for the equally difficult problem of constructing a Lyapunov function.
Converse Lyapunov theorems provide existence results for Lyapunov functions;
i.e., assuming a particular stability property holds then there exists an appropri-
ate Lyapunov function [23, 19, 29, 30, 18]. However, such results are largely not
constructive in nature and, in fact, depend explicitly on the solution trajectories of
the system under study. As a consequence, various approaches have been proposed
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for the numerical construction of Lyapunov functions such as collocation methods
[5, 15], graph theoretic methods [2, 16], semidefinite optimization for sum-of-squares
polynomials (known as the SOS method) [24, 25], and linear programming to gen-
erate continuous and piecewise affine (CPA) Lyapunov functions [22, 1, 9, 12]. (See
[11] for a survey of computational methods.)

This latter approach, sometimes called the CPA method, is the starting point
for this paper. In the CPA method, a domain of the state space is partitioned
into simplices (called a triangulation) and a linear program is constructed to obtain
numerical values at each simplex vertex. This linear program is constructed in such
a way that the convex interpolation of these values yields a Lyapunov function that
is CPA; that is, a CPA Lyapunov function. However, a shortcoming of this approach
is that the linear program can be quite large with the number of variables being
at least the number of vertices in the triangulation and the number of constraints
being at least the number of simplices in the triangulation times the dimension of
the state space. Consequently, solving the linear program can be quite slow.

In this paper we consider systems described by ordinary differential equations

&= f(z), ze€R"™ (1)

where we assume f : R®™ — R"™ is twice continuously differentiable (i.e., f €
C%(R",R")), f(0) = 0, and denote the solution to (1) by ¢ : Rsg x R"* — R™.
It is well known that the asymptotic stability of the equilibrium at the origin is
equivalent to the existence of a strict Lyapunov function for the system [18]. As an
alternate approach to constructing a CPA Lyapunov function, we compute simplex
vertex values by numerically approximating a Lyapunov function from the converse
Lyapunov theorem demonstrated by Yoshizawa [29, 30]. Verification that the re-
sulting CPA function is in fact a CPA Lyapunov function can be done by checking
straightforward linear inequalities similar to those that comprise the constraints in
the linear programming approach. Several similar approaches for different kinds
of systems and/or using different kind of numerical approximation of a Lyapunov
function have surfaced in the literature recently, see e.g. [20, 10, 4, 3]. We emphasize
that the approach proposed in this paper only requires asymptotic stability of the
equilibrium at the origin, not exponential stability.

While the construction of Yoshizawa requires the solutions of (1) for every initial
condition, only the solution over a finite time horizon is required. Furthermore, in
our approach, this finite time solution is not required for every initial condition in
the considered region, but only at the vertices of the triangulation. It is satisfaction
of the aforementioned linear inequalities that is the crucial step in demonstrating a
CPA Lyapunov function rather than constructing a numerical approximation of the
construction of Yoshizawa. In practice, numerically approximating the construction
of Yoshizawa provides a principled guess for the vertex values of the triangulation.

The benefit of this approach in constructing CPA Lyapunov functions over the
linear programming approach is three-fold; (i) in all examples so far considered,
a significant speed-up in computation time is achieved; (ii) it is usually possible
to obtain a CPA Lyapunov function on a larger domain; and (iii) the algorithm
always provides some information in the form of regions where the constructed CPA
function is in fact a CPA Lyapunov function. With respect to this last point, when
the linear programming method fails, it returns no information. While it is difficult
to directly compare the computational burden of the linear programming approach
and the approach proposed herein, in Section 5 both techniques are applied to four
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examples where our approach yields both shorter computation times and a larger
domain of definition.

The paper is organized as follows: in Section 2 we describe the construction of
CPA functions on a given triangulation and the linear inequalities used to verify
if a given CPA function is, in fact, a Lyapunov function. In Section 3 we describe
the Lyapunov function construction due to Yoshizawa and describe the form of the
stability estimates required. In Section 4 we propose an algorithm for constructing
CPA functions and verifying that they are CPA Lyapunov functions. In Section 5
we present several numerical examples and in Section 6 we provide some concluding
remarks.

2. Continuous and Piecewise Affine Lyapunov Functions. In the sequel, we
will define continuous and piecewise affine (CPA) functions on suitable triangula-
tions. For a set 2 C R™, we denote the interior of Q by €°, the closure of by Q,
the boundary of Q by 99, and the complement of Q by Q¢. For a vector x € R",
we denote the 2-norm by |z|, the 1-norm by |z|1, and the infinity-norm by |z|s.. We
denote the 2-norm of matrices by ||-||. We denote the positive real numbers by R
and the nonnegative real numbers by R>o. Given ¢ € Ry we define B, := {z €
R™: |z| < e}. We denote the closed convex hull of an ordered set of points z; € R™,
1=0,1,...,N by co(xzg,z1,...,xN). If the vectors xg, z1,...,zy € R" are affinely
independent, i.e. the vectors x1 — g, T3 — g, . . . , £y — g linearly independent, then
the set S = co(zg,z1,...,2nN) is called an N-simplex. For any nonempty subset
{Ziys Tiy, - - - s Tiy } Of the vertices of S the K-simplex co(zyy, Zi,, - - -, Tiy ) is said to
be a face of S. We make use of the standard function classes K, K, and KL (see
[14, 17])".

Definition 2.1. A finite collection T = {S1,Sa,...,Sn} of n-simplices in R™ is
called a suitable triangulation if
i) Su, S, € T intersect in a common face or not at all.
i) With Dy :=U,S,, D is a simply connected neighborhood of the origin.
i) If 0 € S, then 0 is a vertex of S, .

Remark 1. Property i), often called shape regularity in the theory of finite element
methods, is needed so that we can parameterize every continuous function, affine
on every simplex, by specifying its values at the vertices, cf. Remark 2. Property ii)
ensures that D is a natural domain for a Lyapunov function and, without Property
iii), a function affine on each of the simplices could not have a local minimum at
the origin. O

In what follows, we will define simplices by fixing an ordered set of vertices and
considering the closed convex hull of those vertices. For a given suitable triangu-
lation, 7, and with Dy := Use7S, we denote the set of all continuous functions
f : D7 — R that are affine on every simplex S € T by CPA[T].

Remark 2. A function V' € CPA[T] is uniquely determined by its values at the
vertices of the simplices of 7. To see this, let S, = co(zg,z1,...,2,) € T. Every
point x € S, can be written uniquely as a convex combination of its vertices,

LA function o : R>g — R is of class-K if it is zero at zero, continuous, and strictly increasing.
Such a function is of class—K if it is also unbounded. A function 8 : R>g X R>g — R>q is of
class-ICL if it is of class-K in its first argument and continuous and strictly (;ecreasi_ng in its second
argument and lim¢—oo S(z,t) = 0.
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z=3" Aa;, ¥ >0forali=0,1,...,n,and > .- A¥ = 1. The value of V at
z is given by V(z) = Y1 A¥V(z;). Additionally, V has a representation on S, as
V(z) = wl'(z — z0) + a, for some w, € R™ and some a, € R. In what follows, for
V € CPA[T] and z € S, we denote

VV, :=VV(x) = w,.
z€SY
Then, as shown in [9, Remark 9], VV, is linear in the values of V at the vertices
L0, L1y, Ty 0

For a locally Lipschitz function V' : R™ — R, the upper Dini derivate at x € R"
in the direction w € R™ is defined by
hw) —
D1V (z,w) := limsup Vie+ IZ) V(m) (2)

h—0*t

If V: R" — Ry is differentiable then D*V (z,w) = VV ()T w.

Our subsequent results will be valid on a domain D C R™ minus a fixed arbitrarily
small neighborhood of the origin. We define a CPA[T| Lyapunov function that
accounts for this.

Definition 2.2. Let T be a suitable triangulation and let V- € CPA[T] be a positive
definite function. Let € € Rs( be such that
max V(z) < min V(z) (3)

|z|<e 2edDr
If there is a constant a* € Rsq such that

D*V(z, f(z)) < —a*|z| (4)
for all x € (D7 \ B:)° we call V a CPA[T] Lyapunov function for (1) on D7\ B..

The implication of a CPA[T| Lyapunov function for (1) on Dy \ B. is slightly
weaker than asymptotic stability of B, as we make precise in the following theorem.
This is frequently referred to as “practical stability” in the literature or as “ultimate
boundedness” in [14]. By a slight abuse of notation, for a set  C R"™, we denote
the reachable set of (1) from Q at time ¢ € R>g by ¢(¢, Q) := Uzeqd(t, x).

Theorem 2.3. Given a suitable triangulation, T, and ¢ € R~q, assume that V :
D — Rxq is a CPA[T] Lyapunov function for (1) on Dy \ B.. For every ¢ € Rxg
define the sublevel set Ly, = {x € Dy : V(z) < c} and let m := max|y <. V(z)
and M := mingegp, V(x). Then, for every ¢ € [m, M) we have B C Ly, C D
and, furthermore, there exists a T, > 0 such that ¢(t, Lv,c) C Ly,m for all t > T..

In other words, a CPA[T| Lyapunov function implies attractivity (from Ly, )
and forward invariance of the set Ly,,. The proof is similar to [12, Theorem 6.16]
and we consequently omit the details.

For a given CPA[T] function, verification that this function is a CPA[T] Lya-
punov function can be done by checking certain linear inequalities at the vertices of
T. This is the result of Theorem 2.4 and Corollary 1. The proofs of Theorem 2.4
and Corollary 1 are similar to |7, Theorem 2.6] and, consequently, we omit the
details. Denote the diameter of a simplex S, by diam(S,) := max, yes, |z — y|.
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Theorem 2.4. Let T be a suitable triangulation and let V€ CPA[T]. Let S, =
co(zf,xy,...,xk) € T and let p, € R>q satisfy

& fr
'L]kIBlaQ}(n 8$i8]}j l’) < . (5)
zESY

For each S,, fori=0,1,...,n define the constants
%

Eiy = —=lof — agl (|27 — 25| + diam(S,)) . (6)
Then, for every S, such that the inequalities
VUL f(af) + YV, |1 i < 0 )
hold for all vertices x¥ € S,, 1 =0,1,...,n, we have

VVIf(z) <0
forallz € S,.

Corollary 1. Assume that V. € CPA[T] is positive definite and that the constant
e € Ry satisfies (3). If the inequalities (7) are satisfied for all S, € T with
S, NBE #0, then V is a CPA Lyapunov function for (1) on Dy \ B..

Remark 3. The usefulness of Theorem 2.4 is that it reduces the verification that
a given function V' € CPA[T] is a Lyapunov function for (1) to the verification of
a finite number of inequalities (7). In the linear programming approach used in
[1, 9, 12, 22], the linear inequalities are used as constraints in a linear program and,
hence, a solution necessarily satisfies (7). By contrast, in this paper, we propose
fixing the vertex values by a computational procedure described in the next section,
and subsequently verifying the inequalities (7). a

We now turn to the question of the existence of a CPA[T] Lyapunov function.
As we will demonstrate in Theorem 2.7, if a CPA[T] function approximates a twice
continuously differentiable Lyapunov function, and if the triangulation 7 is suffi-
ciently fine, then the CPA[T] function is in fact a CPA[T] Lyapunov function. To
do this, we require the following definitions.

Definition 2.5. Let D C R™ be a domain, f : D — R be a function, and T be a
triangulation such that Dy C D. The CPA[T] approximation g to f on Dy is the
function g € CPA[T] defined by g(x) = f(x) for all vertices x of all simplices in T .

We additionally need that the simplices in the triangulation 7 are not too
close to being degenerate; that is, no n-simplex should be close to being of di-
mension n — 1. This property can be quantified as follows: For an m-simplex

S, = co(xg,x1,...,%,) € T define its shape-matriz as X,, by writing the vectors
r1 — Zg, T2 — Xg,..., Ty — Tg in its rows subsequently; i.e.,
Xy = [(x1 = 20), (w2 — 30), -+ , (w0 — 20)]" - (8)

Note that, as we have defined simplices based on an ordered set of vertices, the
shape matrix thus defined is unique. The degeneracy of the simplex S, is quantified
by the value diam(S,)|| X, ||, where || X, '] is the spectral norm of the inverse
of X, (see part (ii) in the proof of [1, Theorem 4.6]). To see why this quantity
captures a “distance-to-degeneracy” of the n-simplex S, observe that degeneracy
corresponds to the presence of linearly dependent rows in X, resulting in X, being
singular. If rows are nearly linearly dependent, possibly as a result of vertices being
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close to each other, then the spectral norm of X, ! will be large. Of course, we
may wish to use very small simplices in order to reduce the error between a given
Lyapunov function and its CPA approximation, and hence a reasonable measure of
distance-to-degeneracy should also scale the spectral norm of the inverse of X, by
the diameter of the simplex, leading to the quantity diam(S,)| X, .

Definition 2.6. Given a neighborhood of the origin D C R", a locally Lipschitz
function W : R™ — R>¢ is a Lyapunov function for (1) on D if there exist a, a1 € K
so that, for all x € D,

ag (Jz]|) < W(z), and (9)
DYW (z, f(z)) < —a(|z)). (10)

Note that, as the above definition is essentially local in nature (unless the neigh-
borhood D is the entire space), the functions «, a3 € K can be replaced by positive
definite functions o, o : R>9 — R>( which, locally, can always be bounded from
below by functions of class-K.

While the above definition with W locally Lipschitz is sufficient to conclude local
asymptotic stability of the origin, the following result requires a twice continuously
differentiable Lyapunov function in order to obtain certain numerical estimates in
the proof.

Theorem 2.7. Let C,D C R" be simply connected compact neighborhoods of the

origin such that C° = C, D° = D, and C C D°. Assume that W : R" — R is

a twice continuously differentiable Lyapunov function for (1) on D. Let ¢ € Ryg

satisfy

W(zx) < in W(z). 11

max () Lin, () (11)

Then for every R € Rsq there exists a 6p € (0,e) so that, for any suitable
triangulation T satisfying

CcDrcD, (12)
i v < ) 1

glzex%{_dlam(S ) < dr,and (13)
. -1y <

gylg%(_dlam(&,)HX,, <R (14)

the CPA[T] approximation V to W on D is a CPA Lyapunov function for (1) on
Dy \ B.. Further, for any large enough R € R<q there are such suitable triangula-
tions.

Proof: For any R € Rs so large that (14) can be fulfilled one can construct a
suitable triangulation satisfying (12), (13), and (14). For example, it is not difficult
to see that with R = 2 one can construct such a suitable triangulation satisfying
(12), (13), and (14) as in [9, Definition 13]. Indeed, one can take any dr between zero
and ¢ that is smaller than inf{|z —y| : € C,y € D} and the triangulation ng)b in
[9, Definition 13] with K = 0 and b = §g/+/n. In summary, this triangulation starts
from integer grid points that are then scaled down by the constant b. Simplices that
do not intersect the interior of C are then discarded. For the rest of the proof assume
that we have such a triangulation 7 and that dp is so small that (12) and (13) are
fulfilled. We first derive some inequalities and then we fix §g > 0 so small that
the CPA[T] approximation V to W on Dy is a CPA Lyapunov function for (1) on
D7\ B..
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For an arbitrary but fixed S, = co(zq, 1, ,2n), S, NBE # ), define W, € R™
by

2
and define A := max %(2)‘.
2eD, ;0T

4,J=1,2,...,n
Let X, be as in (8) and define x := max, || X, !||. Following the proof of part
(iii) of [1, Theorem 4.6] we can show that

1
| X, 'W, — VW (2;)| < nAdgr <2xn2R + 1) . (16)
Define
D = max |f(z) (17)

and observe that since f(x) is twice continuously differentiable in D, D < +o0.
Define V € CPA[T] such that, for each vertex z; of every simplex in 7, V(x;) =
W (z;). Since V' € CPA[T], we have V(z) = V(x¢) + VV,I' (z — x¢) for all z € S,,.
Then (z; — 79)TVV, = W(z;) — W(zo) and, using the definitions (15) and (8), we
have
vV, =X, 'W,. (18)
Since W € C?(D), VW (z) is bounded on the compact set D and we can define
G:=R- rznea5<|VW(z)\ € Ryg. Using (14)

YV, | =X W | < IX0] diam(S, ) max |[VW (2)|
< R-max|VW(2)| = G (19)

holds uniformly in v. Let VV,; denote the ith component of VV,,. We then see
that [VV, ;| < G and hence |VV, |1 < nG.

Define
9 fi

and let E;, € R>q be defined by (6) with p, = p*. Then, from (13) and (6) we
have

*

pr=

X
i,5,k=1,2,...,n
z €D

IVV, 1 Eiy <nG ("QL*CSR(CSR + 5R)> = 6pn’uG (20)
Using (10), (16), and (17) we calculate
V) f(wi) = VW ()" f (@) + (VV,, = VW (@) f(2;)
< —alz]) + X, T Wy, = VW ()] f (24)]|
—a(|zi]) + nAdg (;Xn%R+ 1) D. (21)

N

Now, fix dr € (0,¢) so that

2Wp (nA (%Xn%R + 1) D+ 5Rn2,u*G) < a(e — 8g).
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Since dgr < € and S, N BEC # () we have |z;| > € — dgr > 0. Since o € K, and with
the bounds (21) and (20), the linear constraints

VYV f(z:) + [VVi 1By <0 (22)
are satisfied for all vertices x; of S,,.
Further, because V is defined as interpolated values of W, we have by (11)

max V(z) < maxW(z) < min W(z) < min V(z).
|z|<e |z|<e z€D\C° z€0DT

Since W is positive definite, so is V. Consequently, Corollary 1 proves the theorem.
|

Theorem 2.7 implies that it is always possible to find a triangulation that ad-
mits a CPA Lyapunov function approximating a twice continuously differentiable
Lyapunov function.

We note that the assumption of twice differentiability is required in proving the
bound (16), which, with (18), can be seen to be a bound on the difference between
the slope of the CPA approximation on S, and the gradient of the Lyapunov function
W at each vertex of S,; i.e., a bound on |VV, — VW (z;)|. Since the right-hand
side of (16) goes to zero as the diameter of the simplex S, goes to zero, we see that
VV, being close to VW (z;) for all vertices defining the simplex requires at least
continuity of VW (z). In fact, as can be seen from the definition of the constant A,
what is additionally required is that the second derivative of W needs to exist and
be bounded inside each simplex.

3. Yoshizawa Construction of Lyapunov Functions. We now turn to the
question of how to define the vertex values of each simplex in order to obtain a
CPA Lyapunov function. We propose using a numerical approximation of a con-
struction initially proposed by Yoshizawa in proving a converse Lyapunov theorem
[29, Theorem 1].

Let the open set D C R™ be such that D is forward invariant for (1) and the
origin is contained in D. Suppose (1) is KL-stable on D; i.e., there exists 5 € KL
so that

lp(t, x)| < B(|x|,t), VzeD, teRsg. (23)
It was shown in [28, Proposition 1] that KL-stability is equivalent to (local) asymp-
totic stability of the origin for (1) where D is contained in the basin of attraction.
See also [14, Definition 2.9] where asymptotic stability is defined in terms of a bound
of class-KCL. When D = R"”, KL-stability is equivalent to global asymptotic stabil-
ity of the origin for (1). We will refer to the function 8 € KL of (23) as a stability
estimate.

In what follows we will make use of Sontag’s lemma on CL-estimates [27, Propo-
sition 7| ([17, Lemma 7]):

Lemma 3.1. Given 8 € KL and A € Ry, there exist ay, s € Koo with ay smooth
on Rsq, so that, for all s,t € R>q

a1(B(s, 1)) < aa(s)e M.

Definition 3.2. Given a stability estimate 8 € KL, let a1,y € Ko come from
Lemma 3.1 with A = 2. We call the function V' : R® — R>¢ defined by

V(z) := sup ar(|o(t,z)])e’ (24)

a Yoshizawa function for (1).
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The following theorem extracts what, in the sequel, are the important elements
relating to the Yoshizawa function from [28, Section 5.1.2].

Theorem 3.3. Suppose (1) is KL-stable with stability estimate B € KL. Then the
Yoshizawa function (24) is continuous on D and locally Lipschitz on D\{0} and
satisfies

ar(fz]) < V(z) < as(|z]) (25)

and the decrease condition
V(p(t,x)) < V(x)e ™, (26)
for all x € D and all t € R>q. Furthermore, with T : D\{0} — R>¢ defined by

T(z) :=In (a2(|x)> +1 (27)

for all x € D\{0}, we have

V(z) = sup ar(|o(t, z)])e’

¢
iy a1 (|o(t, z)|)e’. (28)
Observe that, for any 2 € D\{0}, taking the maximum over any interval [0, T
where T > T'(x) will not change the value of the Yoshizawa function. Furthermore,
since the Yoshizawa function is locally Lipschitz, (25) and (26) imply that the
Yoshizawa function is a Lyapunov function when the system under study is KL-

stable.
Sketch of Proof: The bounds (25) are demonstrated directly in [28, Section 5.1.2]

as

V(z) = sup ar(e(t, z)|)e" > an(|z])

and

V(z) = sup an (|¢(t, z)])e’ < sup aa(|z])e " = as(|z|).
t>0 t>0

Furthermore, the argument for (26) follows that of [28, Section 5.1.2] with
V((t, ) = sup en(|¢(r, (1, z)))e” = sup en (|o(7, z)))e™™!

T>t

<supai(|g(r, z)])e"e™" = V(z)e™".
>0

Similarly, that the Yoshizawa function is locally Lipschitz on D\{0} is shown in
[28, Section 5.1.2]. In [28, Claim 2] it is shown that for T : D\{0} — R>( given by

T(z) = —In < Viz) > +1, (29)

as(|z)

the Yoshizawa function satisfies

V(z) =supay(|¢(t,z))e’ = max ai(|o(t,z)|)e". (30)
t>0 te[0,T ()]

By using the upper and lower bounds (25) we see that
= a1(lfv|)> <a2(|$|)>
0<T(x)<—1n< +1=In +1=T(x) (31)
az(|z) o (|])

giving the result of Theorem 3.3. |
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4. Computing CPA Lyapunov Functions. We here summarize the proposed
numerical technique:
Algorithm 1:

1. Construct a suitable triangulation.

2. Compute the Yoshizawa function (28) at each vertex of the triangulation.

3. From the triangulation vertex values, construct a CPA function; i.e., calculate
the gradient VV,, and the offset a, for each simplex S, .

4. Check the inequalities (7) at each vertex of the triangulation.

5. If necessary, refine the triangulation and repeat steps 2—4.

Computationally, steps 1 and 5 are also a feature of the linear programming
approach [22] to computing CPA Lyapunov functions, though it may be necessary
to refine the triangulation in order for the linear program to be feasible. By contrast,
the calculations proposed in Algorithm 1 can be carried out for any triangulation.
Assuming a triangulation that admits a feasible solution to the linear program of
[22], the difference between the linear programming approach [22] and the approach
proposed in Algorithm 1 lies in steps 2-4. Steps 3 and 4 are computationally
straightforward. Step 2 requires some discussion.

In computing the Yoshizawa function (28), we require a stability estimate 5 €
KL, functions a1,as € Ko from Lemma 3.1, and, at each vertex of the triangu-
lation, a solution to (1) over the finite time window [0,7T(z)]. We first address
issues with the solution and finite time window and then comment on the stability
estimate and K., functions.

As a closed form solution of (1) is generally not available, we will resort to
numerical integration in order to obtain an approximate solution ¢(t,x) for use in
the calculation of V' (z) given by (28). For this approach to be numerically tractable,
it is important that the time horizon T'(x) given by (27) is not too large.

For an exponential stability estimate 8 € KL bounded as 3(s,t) < a(s)e ** for
some p € Ry, a € Koo satisfying a(s) > s, and all (s,t) € R%, the functions

a1(s) = s2*, and  ag(s) := (a(s))?/* (32)
satisfy Lemma 3.1 with A = 2. Hence,

T(z) < %m (O‘ff")) +1 (33)

and a(s) > s for all s € R>g guarantees that T'(xz) > 1. Furthermore, if a(s) = M's
for some M > 1, then T'(z) is independent of the point x and is given by

Tx)=T= %th + 1.
For a stability estimate § € KL bounded by
B(s,t) < exp(Mse ") —1 (34)
with M € R+, the functions
art(s):=e* =1, az(s)=Ms, VscRsg
satisfy Lemma 3.1 with A = 2. Hence the optimization horizon bound is given by

T(z) <In (lnﬂﬂp) +1

The horizon length grows with increasing |z| but not too quickly. For example, with
M =10: |z| =1 yields T(z) = 3.67 and |z| = 100 yields T'(z) = 6.38.
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Note that the usual definition of exponential stability via a KL-estimate requires
a KL function of the form 3(s,t) = kse™* for k > 1 and A > 0. Hence, while (34)
decays exponentially fast in time, the transient overshoot also grows exponentially,
rather than linearly, with the size of the initial condition.

Remark 4 (Stability Estimates). There are two difficulties we encounter in trying
to calculate (24). The first difficulty lies with finding a stability estimate 8 € KL
or even with verifying that a particular stability estimate such as (34) holds for a
particular system (1). There seems to be little that can be done to circumvent this
problem. However, in practice, since we only compute the Yoshizawa function on a
compact domain containing the origin, a global stability estimate is not required.

The second difficulty is that Sontag’s lemma on /CL-estimates is not constructive
and, to the best of the authors’ knowledge, given an arbitrary 8 € KL, there are
currently no constructive techniques for finding ay, as € K.

Remark 5. Recall that the result of Theorem 2.7 guarantees the existence of a suit-
able triangulation and a CPA[T] Lyapunov function. In particular, Theorem 2.7
states that the CPA[T] approximation of a twice continuously differentiable Lya-
punov function is, in fact, a CPA[T] Lyapunov function. However, Algorithm 1
constructs a CPA[T] approximation to the Yoshizawa function which, as stated in
Theorem 3.3, is only locally Lipschitz. The implication of not approximating a twice
continuously differentiable Lyapunov function is that it is not possible to completely
guarantee that Algorithm 1 will always yield a CPA[T] Lyapunov function.

In practice, this causes no difficulty since whether or not a computed CPA[T]
function is a CPA[T] Lyapunov function relies only on the verification of the linear
inequalities (7). Similarly, approximation errors caused by the use of low-order
integration methods, inaccurate stability estimates, or incorrect time horizons may
result in a poor approximation of the Yoshizawa function but may nonetheless lead
to a CPA[T] function that satisfies inequalities (7) and is hence a CPA[T] Lyapunov
function.

5. Numerical Examples. In this section we present four numerical examples of
CPA Lyapunov functions that demonstrate the construction of such functions using
the Yoshizawa function. In each case, we first define a triangulation on a region of
the state space that includes the origin in its interior.

In what follows we used a multi-threaded four-step Adams-Bashforth solver to
perform the numerical integration. In the first three examples we explicitly derive
stability estimates for the Yoshizawa construction and use these parameters in the
computation of the Lyapunov functions. In the fourth example, which is much more
demanding, we omit this and found after some experimenting that oy (s) = s? and
T = 3 deliver a solution. Similar CPA Lyapunov functions were constructed using
a simple Euler integration scheme. The results thus obtained are similar to those
presented and are thus omitted.

5.1. Triangulation. The triangulation in the subsequent examples involves a fan-
like region around the origin. Such a triangulation was first proposed in [6] for two
dimensional systems and generalized in [8] to arbitrary dimensions. As a complete
enumeration of edges in the triangulation is quite involved, we refer to [6, 8] for
a detailed description of the construction of such triangulations. Here, we provide
an abbreviated description that captures the essence of the construction in two
dimensions.
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Fix positive integers K, k € Z~(, with K > k, and define the preliminary vertex
set by

V= {(i,§) € 22 : (i,]) € [~ K, K]*\(—k, k)?}. (35)
Simplex edges are then defined as shown in Figure 1 for k =2 and K = 4.

4 -3 -2 -1 0 1 2 3 4

X1

FIGURE 1. Initial triangulation before scaling.

To obtain the triangulation used for the examples that follow, this initial trian-
gulation of Figure 1 is then scaled by the mapping F': R™ — R"” defined by

10~ 2[3

]

F(z) =12z , F(0)=0. (36)
For the case where K = 4 and k = 2, this yields the triangulation shown in Figure 2.
This scaling results in vertices lying on concentric circles or spheres. Other scalings
can certainly be used.

Note that in defining the initial vertex set we fixed a large square, characterized
by K, and excised a smaller square, characterized by k, from the interior. However,
for systems with complicated dynamics or for equilibria with complicated regions of
attraction, particularly in higher dimensions, it can be useful to define more compli-
cated regions. Using the two-dimensional case as an example, one straightforward
modification to achieve this is to allow different constants defining the initial ver-
tex region; i.e., choose K, k; € Z~q, i = 1,2,3,4, and then define the preliminary
vertex set using the regions [— K7, Ks| X [— K3, K4 and [—kq, ko] X [—ks, k4.

Computation times for each of the three following examples using this triangu-
lation and the Adams-Bashforth integration scheme are summarized in Table 1 for
both the approach proposed herein and the linear programming approach of [22].

0.002
0.001
<! 0 H
-0.001

-0.002 —
-0.002 -0.001 0 0.001 0.002

X1

FIGURE 2. Triangulation after scaling by F(-).
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By way of comparison, an alternate triangulation is used for Example 4 while still
using the Adams-Bashforth solver.

5.2. Example 1 - First Order Nonlinear System. Consider the system
&= —a? (37)

which has solution
T

V14222
The origin is thus asymptotically stable, but not exponentially stable. We observe

that the norm of the solution is in fact a KL function and, consequently, immediately
provides a stability estimate. We can verify that the functions

0 , s=0
o (s) = aa(s) '_{ sexp(fs%) , §>0

¢(t,$) = Ve e Rt € Rzo.

are such that
§ —2t
a1 | ————=) < as(s)e™ ™", Vs, t € R>p.
' (m) < e2(s) =0
With a; = ag, we see that, from (27), T'(z) =T = 1.

We define a triangulation with K = 200 and k£ = 19, where modifying the pro-
cedure of Section 5.1 for a one-dimensional system is straightforward. We calculate
the values at the simplex vertices by approximating (28) and an affine interpolation
of these values on each simplex then yields a CPA function. We verify that the
inequalities (7) are satisfied for all simplex vertices where S, N (—0.43,0.43)¢ # 0
and hence Va(x) is a CPA-Lyapunov function on [—4.8,4.8]\(—0.43,0.43), where
the outer limits of D7 come from F(K) = F(200) = 4.8, where F is as in (36).

We note that, for any p € Z>q and ¢ € Ry, a Lyapunov function for (37) is
given by

V(z) = cx®, VzecR. (38)

Figure 3 shows the CPA-Lyapunov function V5(z) for system (37) as well as the
known Lyapunov function (38) with p =2, ¢ = 0.01.

V(x), Vax)
w
T
I

2+ \ ]
1k / .
0 1 1 I 1 1 =1 1 1 1

4 3 2 4 0 1 2 3 4

X

FIGURE 3. Lyapunov functions V(x) = 0.01z* (green curve) and
Va(z) (red curve) for system (37).
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5.3. Example 2 - Second Order Linear System. Consider the linear system

gz:sz[_lB _13% (39)

We observe that the origin is globally exponentially stable as the eigenvalues are at
—1 4. By solving the Lyapunov equation ATP + PA = —Id, a Lyapunov function
is given by

1 05

By explicitly calculating the solutions of (39) we see that the system satisfies the
stability estimate

V(z) = 2T Pz =27 [ 4501 } . (40)

lp(t,2)] < T|zle™®, Va € R? teRs. (41)

From (32), with a(s) = 7s and g = 1 we see that a;(s) = s, az(s) = 49s%, and
T(x) =T = 4.892 computed via (27).

According to the above proposed procedure, we define a triangulation as de-
scribed in Section 5.1 with K = 90 and k& = 20 and the scaling F of (36). The
values at the simplex vertices are given by approximating the solution of (39) by
numerical integration over the time window [0, 4.892] and computing the value of the
Yoshizawa function (28). This then defines a continuous and piecewise affine func-
tion Vi (z) for (39) as shown in Figure 4. It is straightforward to numerically verify
that the inequalities (7) are satisfied for all simplex vertices where S, N B§ 45 # 0
and hence Vi (), is a CPA-Lyapunov function on D7\By.oss = Bo.972\Bo.o4s-

The function V(z) given by (40) has a similar though slightly different shape.
Level curves for Vi (x) are shown in Figure 5 and level curves for V(z) are shown in
Figure 6 for comparison.

v,
“e M » @ o

FIGURE 4. CPA Lyapunov function V;(z) for system (39).

While V; is a CPA approximation of the true Yoshizawa function, the corners
in Figure 5 indicate that the Yoshizawa function is not continuously differentiable.
The implicit function theorem delivers the existence of a continuously differentiable
function, if the maximum occurs at a unique time t;. The nondifferentiability
appears to be due to the fact that the time at which the maximum occurs in (24)
is not a continuous function of = and, in fact, on either side of the corners (i.e.,
approximately either side of the line z; = 0) the maximum is attained at two
different times t1,ty € [0,TY, t1 # ta.
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08 -
06 -
04 -
0.2 -

X2
o
T

02 L
_0.4 b
-0.6 -

! ! ! ! T | ! !
-1 -08 -06 04-02 0 02 04 06 08 1
Xq

FIGURE 5. Level curves of Vi(z) for values 0.189, 0.378, 0.567,
0.756, and 0.945.

0.8 - bl
0.6 - =
0.4 - =
0.2 - =

X2
o
T
L

-0.2 - bl
0.4 - =
086 4
08 I 4

-1 1 1 1 1 1 I 1 1 1
-1 -08 -06 -04 -02 0 02 04 06 08 1
X

FIGURE 6. Level curves of V(z) for values 0.083, 0.166, and 0.249.

5.4. Example 3 - Second Order Nonlinear System. Consider the two-dimensional
nonlinear system given by

i = —my— (1—2% —23)m
iy = x1— (1 — 22 —23)xs. (42)

This system has the unit circle as a periodic orbit and the origin as a locally
exponentially stable equilibrium. On any compact subset of the unit ball, the
simple quadratic

1 1
V(z) = 5:5% + 530% (43)

is a known Lyapunov function.
Fix R € (0,1). Then, for any initial conditions satisfying

2+ a2 <R
we have the stability estimate
|6(t, )] < Jafe (44)
and, from (32), we can calculate

a1(s) = ag(s) = s 1R
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and, from (27), T(x) = T = 1. Note that (44) indicates that the origin is a locally
exponentially stable equilibrium, though it is clearly not exponentially stable in the
large on its domain of attraction.

For this example,with R = 0.94478 and using the numerical procedure previously
outlined, a CPA-Lyapunov function V3(z) of system (42) was computed and is shown
in Figure 7. The triangulation is defined as in Section 5.1 with K = 90, & = 10,
and the mapping F' of (36), yielding a region that is coincident with the region
on which the stability estimate is valid; i.e., on B /5. The inequalities (7) hold for
all simplices such that S, N Byg12 # @ and so V3(x) is a CPA-Lyapunov function
on D \Bo.oi2 = Boor2\Bo.o12- For comparison, Figure 7 also shows the known
Lyapunov function (43).

VLV, ()

T

FIGURE 7. Lyapunov functions V' (z) and V5(z) for system (42).

The extreme shape of V3(x) as shown in Figure 7 demonstrates the exponential
decrease obtained by the Yoshizawa function. In particular, near the periodic orbit,
but in the domain of attraction of the origin, the convergence rate is very slow
and hence the Lyapunov function must be very steep. As the trajectory nears the
origin, its convergence rate increases and hence the Lyapunov function need not be
as steep. Furthermore, the stability estimate (44) becomes increasingly conservative
as trajectories move away from the boundary of the domain B, 4z, contributing
further to the very flat Lyapunov function near the origin.

5.5. Example 4 - Third Order Nonlinear System. Finally, consider the third
order system
i?l = —X1 — T2 — I3
o =sin(z1) — 2z2(1 + 1) + 23 (45)
3 =x1(1+x1) + 22 — 2sin(xs).
The Jacobian at the origin has eigenvalues —1 +iv/2 and —3 and the origin is thus
locally exponentially stable equilibrium.

Fix the scaling in the Yoshizawa function (28) as a;(s) := s? and the uniform
time horizon as T'(z) = T = 3. As an alternative to the triangulation presented in
Section 5.1, we construct a triangulation, 7, with vertices given by 0.1(¢, j, k) for
i,k = —=30,-29,...,30 and j = —40,—39,...,40. The approach of Algorithm 1
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then yields a CPA[T] Lyapunov function roughly on By 5\Bg.124, where the largest
level set containing the origin is shown in Figure 8. Note that the level sets are not,
in fact, spheres and the level set shown in Figure 8 is squashed or flattened in the
region xa, 3 > 0 and 7 < 0.

FIGURE 8. From Algorithm 1, the largest level set containing the
origin (red sphere) and points where the orbital derivative is non-
negative (blue dots).

By way of comparison, we also applied the linear programming approach pro-
posed in [22], with the largest level set obtained shown in Figure 9. The triangula-
tion used in this computation is given by 0.01(442, 452, £k?) for 4,5,k = 0,1,...,9.
Note that the obtained level set is on a domain with a radius less than half the size
of that obtained via the proposed approach. Despite the fact that the triangula-
tion used in Figure 9 used 44 times fewer grid points (i.e., 6,859), the computation
took almost 60 minutes on the same PC using the state-of-the-art Gurobi Linear
Program solver.

In order for the linear program to have a solution, there cannot be any con-
straint violations anywhere on the computational domain. In particular, for the
considered example it was necessary to define a “quadratic” triangulation, so that
one has smaller simplices closer to the origin, in order to obtain a feasible solution.
However, using Algorithm 1, one can define a domain as large as desired and then,
by checking the linear inequalities (7) at each vertex, determine a region where the
orbital derivative is negative. This significantly simplifies the initial setup of the
computational problem as choosing a computational domain larger than the basin
of attraction does not lead to an infeasible problem necessitating a refinement of
the computational domain.

5.6. Computation Times. Table 1 summarizes the computation times required
for the four presented examples. The verification of the inequalities (7) (denoted
by ‘VTI’ in Table 1) requires negligible time in comparison to the computation of
the values of the Lyapunov function (denoted by ‘CT’ in Table 1). Also note that
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FIGURE 9. From the LP approach of [22], the largest level set
containing the origin.

relatively more time is needed to construct the simplicial complex (denoted ‘TC’ in
Table 1) and for solution of the LP problem (denoted ‘LP’ in Table 1). This can be
considerably simplified if the intention is only to use the Yoshizawa construction.
For the triangulations referenced in the table, using the Yoshizawa construction
leads to the necessary inequalities (7) being satisfied at every vertex; i.e., for the
described triangulation, we successfully computed a CPA Lyapunov function on
that triangulation.

System K | k | No. Vertices | TC CT vT LP
Example 1 | 200 | 19 365 0.004s | 0.033s | 0.001s 0.01s
FExample 2 28 | 15 2,409 0.065s | 0.178s | 0.002s | 0.37s

90 | 20 31,241 0.860s | 1.46s | 0.007s | 2958.65s
Example 3 20 | 10 1,321 0.044s | 0.115s | 0.002s | 0.29s
90 | 10 32,401 0.990s | 1.83s | 0.009s | 43.89s
] T 6,859 0.863s | 0.390s | 0.007s | 3517.76s
Example 4
T T 301,401 46.60s | 20.14s | 0.284s *
TABLE 1. Computation times for Examples 1-4 (PC:

i4790KQ@4.6GHz with 32GB memory).
needed to create the triangulation and
‘CT’ the time required to compute the Yoshizawa function at
all vertices, ‘VT’ the time required for verification of the linear
inequalities (7), and ‘LP’ the time needed to solve the LP problem
with Gurobi using default parameters.
hours. { - Not appropriate here, c.f. text to Example 4.

‘TC’ denotes the time
set up the LP problem,

* - No solution after 4
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6. Conclusions. In this paper we have presented a novel technique, summarized in
Algorithm 1, for the numerical construction of Lyapunov functions given a stability
estimate in the form of a KL-bound on the norm of system trajectories. For a
suitable triangulation of the state space, at each simplex vertex we calculate the
value of a Lyapunov function construction due to Yoshizawa [29, 30]. From these
values, we then define a CPA function on the domain minus an arbitrarily small
neighborhood of the origin. We can verify that the CPA function thus defined is a
Lyapunov function (Corollary 1) by checking a simple linear inequality (7) at each
vertex of the triangulation.

It is important to note that any CPA function that satisfies the inequalities (7)
is a CPA Lyapunov function. Theorem 2.7 guarantees that a CPA function that
approximates a twice continuously differentiable Lyapunov function is, in fact, a
CPA Lyapunov function. In this sense, the method proposed in Algorithm 1 can
be seen as a way to make a “principled guess” for a CPA function that is likely to
satisfy (7), despite possible crude approximations made in the process of computing
the Yoshizawa function.

We observe that in the numerical examples of Section 5 there is a significant
improvement in both decreasing computation time and increasing computation do-
main when using Algorithm 1 over the linear programming approach of [22]. Further
reductions in computation time can be made by moving to a parallel computation
architecture based on the observation that Steps 2 and Steps 4 of Algorithm 1 can
be done for each vertex independent of every other vertex.

REFERENCES

[1] R. Baier, L. Griine and S. Hafstein, Linear programming based Lyapunov function compu-
tation for differential inclusions, Discrete and Continuous Dynamical Systems Series B, 17
(2012), 33-56.

[2] H. Ban and W. Kalies, A computational approach to Conley’s decomposition theorem, Journal
of Computational and Nonlinear Dynamics, 1-4 (2006), 312-319.

[3] J. Bjornsson, P. Giesl and S. Hafstein, Algorithmic verification of approximations to complete
Lyapunov functions, in Proceedings of the 21st International Symposium on Mathematical
Theory of Networks and Systems, Groningen, The Netherlands, 2014, 1181-1188 (no. 0180).

[4] J. Bjornsson, P. Giesl, S. Hafstein, C. M. Kellett and H. Li, Computation of continuous and

piecewise affine Lyapunov functions by numerical approximations of the Massera construction,

in Proceedings of the 53rd IEEE Conference on Decision and Control, Los Angeles (CA),

USA, 2014, 5506-5511.

P. Giesl, Construction of Global Lyapunov Functions Using Radial Basis Functions, no. 1904

in Lecture Notes in Mathematics, Springer, 2007.

P. Giesl and S. Hafstein, Existence of piecewise affine Lyapunov functions in two dimensions,

J. Math. Anal. Appl., 371 (2010), 233-248.

[7] P. Giesl and S. Hafstein, Construction of Lyapunov functions for nonlinear planar systems

by linear programming, Journal of Mathematical Analysis and Applications, 388 (2012),

463-479.

P. Giesl and S. Hafstein, Existence of piecewise affine Lyapunov functions in arbitrary dimen-

sions, Discrete and Contin. Dyn. Syst., 32 (2012), 3539-3565.

[9] P. Giesl and S. Hafstein, Revised CPA method to compute Lyapunov functions for nonlinear

systems, Journal of Mathematical Analysis and Applications, 410 (2014), 292-306.

[10] P. Giesl and S. Hafstein, Computation and verification of Lyapunov functions, SIAM J. Appl.
Dyn. Syst., 14 (2015), 1663-1698.

[11] P. Giesl and S. Hafstein, Review on computational methods for Lyapunov functions, Discrete
and Continuous Dynamical Systems Series B, 20 (2015), 2291-2331.

[12] S. Hafstein, An Algorithm for Constructing Lyapunov Functions, Electronic Journal of Dif-
ferential Equations Mongraphs, 2007.

[5

6

B



20

[13]
[14]
15]
[16]
(17]
(18]

(19]

20]
[21]
[22]
23]

[24]

25]
[26]
[27]
(28]
29]

(30]

HAFSTEIN, KELLETT, AND LI

S. Hafstein, C. M. Kellett and H. Li, Continuous and piecewise affine Lyapunov functions using
the Yoshizawa construction, in Proceedings of the American Control Conference, Portland,
Oregon, USA, 2014, 548-553.
W. Hahn, Stability of Motion, Springer-Verlag, 1967.
T. Johansen, Computation of Lyapunov functions for smooth nonlinear systems using convex
optimization, Automatica, 36 (2000), 1617-1626.
W. Kalies, K. Mischaikow and R. VanderVorst, An algorithmic approach to chain recurrence,
Foundations of Computational Mathematics, 5-4 (2005), 409-449.
C. M. Kellett, A compendium of comparsion function results, Mathematics of Controls, Sig-
nals and Systems, 26 (2014), 339-374.
C. M. Kellett, Classical converse theorems in Lyapunov’s second method, Discrete and Con-
tinuous Dynamical Systems Series B, 20 (2015), 2333-2360.
J. Kurzweil, On the inversion of Ljapunov’s second theorem on stability of motion, Chechoslo-
vak Mathematics Journal, 81 (1956), 217-259, 455-484, English translation in American
Mathematical Society Translations (2), v. 24, pp. 19-77.
H. Li, S. Hafstein and C. M. Kellett, Computation of continuous and piecewise affine Lyapunov
functions for discrete-time systems., J Differ Equ Appl, 21 (2015), 486-511.
A. M. Lyapunov, The general problem of the stability of motion, Math. Soc. of Kharkov,
(Russian). (English Translation, International J. of Control, 55:531-773, 1992).
S. Marinosson, Lyapunov function construction for ordinary differential equations with linear
programming, Dynamical Systems, 17 (2002), 137-150.
J. L. Massera, On Liapounoff’s conditions of stability, Annals of Mathematics, 50 (1949),
705-721.
A. Papachristodoulou and S. Prajna, The construction of Lyapunov functions using the sum of
squares decomposition, in Proceedings of the 41st IEEE Conference on Decision and Control,
2002, 3482-3487.
M. Peet and A. Papachristodoulou, A converse sum of squares Lyapunov result with a degree
bound, IEEE Transactions on Automatic Control, 57 (2012), 2281-2293.
N. Rouche, P. Habets and M. Laloy, Stability Theory by Liapunov’s Direct Method, Springer-
Verlag, 1977.
E. D. Sontag, Comments on integral variants of ISS, Systems and Control Letters, 34 (1998),
93-100.
A. R. Teel and L. Praly, A smooth Lyapunov function from a class-KL estimate involving
two positive semidefinite functions, ESAIM Control Optim. Calc. Var., 5 (2000), 313-367.
T. Yoshizawa, On the stability of solutions of a system of differential equations, Memoirs of
the College of Science, University of Kyoto, Series A: Mathematics, 29 (1955), 27-33.
T. Yoshizawa, Stability Theory by Liapunov’s Second Method, Mathematical Society of Japan,
1966.

E-mail address: sigurdurh@ru.is

E-mail address: Chris.Kellett@newcastle.edu.au

E-mail address: huijuanhongyan@gmail.com


mailto:sigurdurh@ru.is
mailto:Chris.Kellett@newcastle.edu.au
mailto:huijuanhongyan@gmail.com

	1. Introduction
	2. Continuous and Piecewise Affine Lyapunov Functions
	3. Yoshizawa Construction of Lyapunov Functions
	4. Computing CPA Lyapunov Functions
	5. Numerical Examples
	5.1. Triangulation
	5.2. Example 1 - First Order Nonlinear System
	5.3. Example 2 - Second Order Linear System
	5.4. Example 3 - Second Order Nonlinear System
	5.5. Example 4 - Third Order Nonlinear System
	5.6. Computation Times

	6. Conclusions
	REFERENCES

