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ABSTRACT. We present a numerical algorithm for computing Lyapunov func-
tions for a class of strongly asymptotically stable nonlinear differential inclu-
sions which includes spatially switched systems and systems with uncertain
parameters. The method relies on techniques from nonsmooth analysis and
linear programming and constructs a piecewise affine Lyapunov function. We
provide necessary background material from nonsmooth analysis and a thor-
ough analysis of the method which in particular shows that whenever a Lya-
punov function exists then the algorithm is in principle able to compute it.
Two numerical examples illustrate our method.

1. Introduction. Differential inclusions are a versatile tool to model various dy-
namical phenomena. They can be used, e.g., in order to describe systems under
parametric uncertainties which are ubiquitous in many applications. Via the Filip-
pov regularization they also provide a mathematially rigorous way to handle systems
with discontinuities, like spatially switched systems. When analyzing the dynamical
behavior of the solutions of differential inclusions, the determination of the stability
properties of an equilibrium and — in case of asymptotic stability — its domain
of attraction is one of the fundamental problems. In this paper we will investi-
gate this problem for the case of robust or strong asymptotic stability for nonlinear
differential inclusions, i.e., when all solutions of the inclusion are asymptotically
stable.

Lyapunov functions play an important role in this analysis since their knowledge
allows to verify asymptotic stability of an equilibrium and at the same time to
estimate its domain of attraction. However, Lyapunov functions are often difficult
if not impossible to obtain analytically. Hence, numerical methods may be the only
feasible way for computing such functions.
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Numerical computations of Lyapunov functions have been extensively studied in
recent years. In the literature, two main approaches can be identified. The first
approach uses the fact that Lyapunov functions can be characterized by partial
differential equations which can then be solved numerically. For nonlinear control
systems, which can be seen as a parametrized version of the differential inclusions
considered in this paper, such a numerical approach has been presented in [2] us-
ing the Zubov equation, a particular Hamilton-Jacobi-Bellman equation. However,
this method computes a numerical approximation of a Lyapunov function rather
than a Lyapunov function itself. A related method for numerically computing true
Lyapunov functions — even smooth ones — has been presented in detail in [8].
However, this method is designed for differential equations and does not directly
extend to differential inclusions.

The second main approach uses numerical optimization techniques for comput-
ing Lyapunov functions. In [13], a convex optimization approach using linear or
quadratic programming has been presented which is, however, only applicable to
differential equations. In [15] the authors develop a linear programming method
which is based on piecewise linear approximations of the original nonlinear vector
field. This approach extends to nonlinear inclusions provided they are generated
by piecewise linear and sector bounded uncertainties. Finally, LMI (linear matrix
inequalities) optimization techniques have been succesfully applied to the problem,
see, e.g., [3] and the references therein, however, this approach is restricted to dif-
ferential inclusions with polynomial right hand sides.

The contribution of the present paper is the extension of the linear program-
ming based algorithm for computing Lyapunov functions first presented in [19]
for ordinary differential equations and further developed in [11] for systems with
switching in time. We extend the method to nonlinear differential inclusions de-
fined by polytopes of general nonlinear vector fields on different — overlapping or
non-overlapping — domains. This class includes, e.g., Filippov regularizations of
discontinuous nonlinear systems like spatially switched systems as well as nonlinear
differential equations with polytopic parametric uncertainty. Like in [8] we directly
work with the nonlinear vector fields (i.e., we do not use piecewise affine or poly-
nomial approximations) and by means of a thorough analysis of the discretization
error we can guarantee that the resulting numerically computed function is a true
Lyapunov function of the system, except possibly for a small neighborhood of the
origin. Apart from the fact that we use a different type of discretization, the cen-
tral difference to [8] is that instead of solving the linear partial differential equation
(VV (z), f(x)) = —a(||z|)) for one vector field f(z), here a feasible solution to the
linear partial differential inequality (VV (z), fu.(x)) < —a(||z]]) is found for all vec-
tors f,(x) defining our differential inclusion. For a fixed V' this inequality may be
fulfilled for several different functions f,,, whereas the equation is in general not.
Proceeding this way, we are in particular able to prove that for sufficiently fine and
regular discretization our algorithm is always able to compute a Lyapunov function
if one exists.

The Lyapunov functions computed by our algorithm are piecewise affine and thus
nonsmooth, hence we exploit methods from nonsmooth analysis. Since the results
needed for a rigorous treatment of such functions are scattered in different areas in
the literature, a second contribution of our paper is a rigorous and self contained
presentation of the necessary background results for nonsmooth Lyapunov functions.
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The paper is organized as follows. After introducing the setting and several
definitions in Section 2, in Section 3 we provide the necessary background results
from nonsmooth analysis and precisely define the concept of nonsmooth Lyapunov
functions needed for our method. The algorithm along with its detailed analysis
can be found in Section 4. Finally, we illustrate the algorithm by two numerical
examples in Section 5.

2. Notation and preliminaries. In order to introduce the class of differential
inclusions to be investigated in this paper, we consider a compact set G C R™ which
is divided into M closed subregions G = {G, |p=1,...,. M} with U,_; G, =
G. For each ¢ € G we define the active index set Ig(z) := {p € {1,...,.M} |z €
G}

On each subregion G, we consider a Lipschitz continuous vector field f, : G, —
R™. Our differential inclusion on G is then given by

i € F(z) := co{fu(z) [ p € Ig(x)}, (1)
where “co” denotes the convex hull. A solution of (1) is an absolutely continuous
function = : I — G satisfying @(t) € F(x(t)) for almost all ¢ € I, where I is the
maximal existence interval. This interval I is of the form I = [0,7] or I = [0, c0).
Since G is compact and z(t) is continuous in ¢, the maximal existence interval is
of the form I = [0,00) if and only if z(¢) € G for all t > 0. Note that we do not
impose any invariance properties of G.

To guarantee the existence of a solution of the differential inclusion (1), upper
semicontinuity of the right-hand side is an essential assumption, see [7, § 2.7].

Definition 2.1. A set valued map F : G = R"™ is called upper semicontinuous if
for any x € G and any € > 0 there exists 6 > 0 such that

' € Bs(x)NG implies F(z') C F(z) + B(0).

The following lemma shows that F' from (1) is upper semicontinuous. For pair-
wise disjoint subregions the proof follows from [7, Lemma 3 in § 2.6]. Here we
provide an alternative proof idea which also covers overlapping regions.

Lemma 2.2. The set valued map F(x) = co{f.(z)|p € Ig(x)} from (1) is upper
semicontinuous in the sense of Definition 2.1.

Proof. Pick x € G. We have to show that for every y' € F(z') there exists y € F(x)
such that ||y’ — y|| < e.

To this end let A = Uuelg(x) G,. This set is compact as a finite union of compact
sets. Since x ¢ A, x has a positive distance from A, i.e., there exists an open ball
Bs, (z) with Bs,(x) N A = 0 and by definition of A we get Ig(z") C Ig(z) for all
7 e B51 (3;‘)

Since each f, is continuous, for any € > 0 we find a positive § < §; such that
| fu(z") = fu(x)]] < € holds for all u € Ig(z") C Ig(x) and all 2’ € Bs(x). Now each
Yy’ € F(2') can be written as a convex combination y' = 3_ ;. Aufu(2’). Since
Ig(a") € Ig(x) we can define y =3 o/, Aufu(@) € F(x) in order to obtain

ly" = yll = Au(fu(@") = ful@))| < Au | fue) = fu(@)] < e
| S —

=1
This shows the assertion. O
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Note that the differential inclusion (1) is upper semicontinuous due to Lemma 2.2.
However, weaker conditions are available in the literature, e.g. almost upper semi-
continuity for one-sided Lipschitz differential inclusions in [6]. Two important spe-
cial cases of (1) are outlined in the following examples.

Example 2.3 (switched ordinary differential equations). We consider a par-
tition of G into pairwise disjoint but not necessarily closed sets H,, and a piecewise
defined ordinary differential equations of the form

#(t) = fu(z(t), x(t) € Hy (2)

in which f, : H, — R"™ is continuous and can be continuously extended to the
closures cl H,,.

If the ordinary differential equation &(t) = f(z(t)) with f : G — R™ defined by
f(x) == fu(z) for x € G, is discontinuous, then in order to obtain well defined
solutions the concept of Filippov solutions, cf. [7, § 2.7], is often used. To this end
(2) is replaced by its Filippov regularization, i.e. by the differential inclusion

#(t) € Fla(t) = () [ @{f((Bs(z(t)nG)\N)} (3)

5>0 p(N)=0

where p is the Lebesgue measure, N C R™ an arbitrary set of measure zero and ¢o
denotes the closure of the convex hull. A straightforward computation shows that
if the number of the sets H,, is finite and each H, satisfies clH, = clint H,,, then
the inclusion (3) coincides with (1) if we define G, := clH, and extend each f,
continuously to G,,. This fact is collected, e.g. in [7, § 2.7] and [23].

An important subclass of switched systems are piecewise affine systems in which
each f, in (2) is given by an affine map, i.e.,

fu(®) = Az + by,
see, e.g., [14, 18].

Example 2.4 (polytopic inclusions). Consider a differential inclusion &(t) €
F(x(t)) in which F(x) C R™ is a closed polytope F(x) = co{fu(z)|p=1,...,M}
with a finite number of vertices fu(x) for each v € G. If the vertex maps f, : G —
R™ are Lipschitz continuous, then the resulting inclusion

#(t) € F(x(t) = co {fu(al®) i =1,..., M}
is of type (1) with G, =G forallp=1,...,M.

The aim of this paper is to present an algorithm for the computation of Lyapunov
functions for asymptotically stable differential inclusions of the type (1). Here
asymptotic stability is defined in the following strong sense.

Definition 2.5. The differential inclusion (1) is called (strongly) asymptotically
stable (at the origin) if the following two properties hold:

(i) For each € > 0 there exists 6 > 0 such that each solution x(t) of (1) with
l2(0)]| < 3§ satisfies ||z(t)]| < e for allt > 0.

(i) There exists a neighborhood N of the origin such that for each solution x(t)
of (1) with x(0) € N the convergence z(t) — 0 holds as t — oo.
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Assuming the properties (i) and (ii), the domain of attraction w.r.t. G is defined as
the maximal subset of R™ for which convergence holds, i.e.

D :={x¢ € R" | every solution with x(0) = x¢ is defined on [0, 0),
i.e., it stays in G, and satisfies tlim x(t) = 0}. (4)

Note that if a solution z(-) leaves the region G for some t, then its starting
value will not be contained in D. The numerical algorithm we propose will com-
pute a continuous and piecewise affine function V : G — R. In order to formally
introduce this class of functions, we divide G into N n-simplices 7 = {T, |v =
1,...,N}, i.e. each T, is the convex hull of n + 1 affinely independent vectors with
U,=1..nT» = G. The intersection T,, NT,, is either empty or a common face of
Ty, and T,,, i.e. T,, NT,, = co{y |y is a vertex of T,,, i=1,2}. For each x € G we
define the active index set Ir(x) :={v € {1,...,N}|x € T,,}. Let us denote by
diam(7} ) := max, yer, [|* — y|| the diameter of a simplex.

Then, by PL(7) we denote the space of continuous functions V : G — R which
are affine on each simplex, i.e.

VV, :=VVl]nr, =const forallT, eT.

For the algorithm to work properly we need the following compatibility between the
subregions G, and the simplices T,: for every p and every v that

either G, NT, is empty or of the form co{x;,,x;,,..., 2}, (5)

where z;,,2;,,...,%;, are pairwise disjoint vertices of 7, and 0 < k£ < n, ie,
G, NT, is a k-face of T},.

Since the functions in PL(7") computed by the proposed algorithm are in general
nonsmooth, we need a generalized concept for derivatives. In this paper we use
Clarks’s generalized gradient which we introduce for arbitrary Lipschitz continuous
functions. Following [4] we first introduce the corresponding directional derivative.

Definition 2.6. (i) For a given function W : R™ — R and I,z € R", we will denote
the directional derivative

W/(2:1) = lim W(x+ hl) — W(x)
' h10 h

as directional derivative of W at x in direction l (if the limit exists).
(i) Clarke’s directional derivative (cf. [4, Section 2.1]) is defined as

Wiy(x; 1) = limsup Wiy + 1) - W(y)

y—x h
h10

Using Clarke’s directional derivative as support function, we can state the defi-
nition of Clarke’s subdifferential (see [4, Section 2.1]).

Definition 2.7. For a locally Lipschitz function W : R™ — R and © € R™ Clarke’s
subdifferential is defined as

IdeW(z) ={d e R"|VI e R": (d,1) < W)}

In [4, Theorem 2.5.1] the following alternative representation of d¢; via limits of
gradients is shown.
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Proposition 2.8. For a Lipschitz continuous function W : G — R Clarke’s sub-
differential satisfies

W (x) = co {vlim VW (z;) | x; — x, VW (x;) exists

71— 00

and lim VW (x;) ewists}.

11— 00
3. Lyapunov functions. There is a variety of possibilities of defining Lyapunov
functions for differential inclusions. While it is known that asymptotic stability
of (1) with domain of attraction D implies the existence of a smooth Lyapunov
function defined on D, see Theorem 3.7, below, for our computational purpose we
make use of piecewise affine and thus in general nonsmooth functions. Hence, we
need a definition of a Lyapunov function which does not require smoothness. It
turns out that Clarke’s subgradient introduced above is just the right tool for this
purpose.

Definition 3.1. A positive definite' and Lipschitz continuous function V : G — R
is called a Lyapunov function of (1) if the inequality

max (JarV (2), F(2)) < —a(||z[) (6)

holds for all x € G, where o : Rf — R is continuous with a(0) = 0 and a(r) > 0
for r >0 and we define the set valued scalar product as

OV (z), F(x)) := {{d,v) | d € dciV (x), v € F(x)}. (7)

Given € > 0, since G is compact, changing V to vV for v € R sufficiently large
we can always assume without loss of generality that

max (JaV (z), F(z)) < —||z| (8)

holds for all + € G with ||z|| > e. Note, however, that even with a nonlinear
rescaling of V' it may not be possible to obtain (8) for all z € G.

It is well known that the existence of a Lyapunov function in the sense of Defini-
tion 3.1 guarantees asymptotic stability of (1), see, e.g., [21]. For the convenience
of the reader we include a proof of this fact. To this end, we first need the following
preparatory proposition.

Proposition 3.2. Let x(t) be a solution of (1) and V : G — R be a Lipschitz
continuous function. Then the mapping t — (V ox)(t) is absolutely continuous and
satisfies

d

4V 0 2)(8) < max (¥ (a(1)), Fla(1)

for almost all t > 0 with x(7) € G for all T € [0,1].

Proof. We will start with the proof as in [7, Chapter 3, § 15, (8)]. The complete
proof is included for the reader’s convenience.

The functions ¢t +— x(t) and t — (V o x)(t) are absolutely continuous as a com-
position, see [17, remarks after Corollary 3.52].

Let us consider a set N of measure zero such that for every ¢t ¢ N:

o The derivative %(V o x) exists at time t.
e The derivative & exists at time ¢ and @(t) € F(x(t)).

lie.,, V(0) =0 and V(z) > 0 for all z € G \ {0}
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e ¢ is a Lebesgue point of 7, i.e.
t+h

.1 . .
lim t [&(s) — @(t)|lds =
(see [20, Chapter IX, § 4, Theorem 5]).
Hence,
. oax(t+h)—x() . L 1 [t .
tin | o) = g 1 [ s - o)
t+h
< 1im L N _
< lim t [&(s) — &(t)llds =0

and we have proved the following error estimate of the abbreviated Taylor expansion
for x(-) as stated in [7, Chapter 3, § 15, (8)]:

z(t + h) = z(t) + hi(t) + o(h),
IV (z(t+h)) = V(@) + hi@)| < L- [zt +h) —2(t) — hi(t)]] = o(h).

We will use this to prove that the time derivative coincides with the usual (right)
directional derivative:

d L V(@t+h) V(@) . V(zt+h) - V(x)
gV er)t) = Jim h = lim h
. Vi(x(t) + ha(t) — V(x(t)) , .
= 1,5{)1 W = V'(x(t); 2(t))

By considering the sequence y, = z(t) in the definition of Clarke’s directional
derivative, it is clear that

V/@(t):i(0) < Valalya®) = | max (di(0)

< ma; ma, d,v) = max (Oc1V (z(t)), F(x(t))),
< max - max (do) = max GV (2(0), F(a(®)

where we used Definition 2.6, &(t) € F'(z(¢)) and (7). O
Now we can prove asymptotic stability.

Theorem 3.3. Consider a Lipschitz continuous function V : G — R and F from
(1) satisfying (6) and let z(t) be a solution of (1). Then the inequality

V(x(t)) < V(x(0)) —/0 a(llz(r)[)dr (9)

holds for all t > 0 satisfying x(7) € G for all T € [0, ).

In particular, if V' is positive definite then (1) is asymptotically stable and its
domain of attraction w.r.t. G defined in (4) contains every connected component
C CV~Y[0,c]) of a sublevel set

VH[0,¢]) = {z € G| V(z) € [0,c]}
for some ¢ > 0 which satisfies 0 € int C' and C' C int G.

Proof. Proposition 3.2 shows that that ¢ — (V o x)(¢) is absolutely continuous and
satisfies J
7V oa)t) < —a(lz(®)])
for almost all t > 0 with x(¢) € G. Under the assumption that z(7) € G for all

7 € [0,t] we can integrate this inequality from 0 to ¢ which yields (9).
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By the following classical arguments for Lyapunov functions (see also [5, Theo-
rem 1.2] and [12, Theorem 3.2.7]), the asymptotic stability, i.e., properties (i) and
(ii) of Definition 2.5, can now be concluded.

step 1: Before showing (i) and (ii), we prove by contradiction that every solution
starting in a connected component C' C V~1([0,¢]) for some ¢ > 0 with 0 € int C
and C C intG stays in C for all ¢ > 0 and is hence defined on I = [0,00). To
this end, pick any solution z(¢) with x(0) € C and assume that z(¢;) ¢ C holds
for some t; > 0. Then by continuity of the solution there exists a time to > 0
such that z(t2) € OC and z(r) € C for all 7 € [0,t2]. Note that this implies
x(r) € G for all 7 € [0,t3]. Hence, the integral inequality (9) is valid for ¢t = to
and implies V(z(t2)) < V(2(0)) where equality holds if and only if z(7) = 0 for
all 7 € [0,2]. In this case we get z(t2) = 0 which contradicts z(t2) € OC because
0 € intC. If z(t2) # 0 we get the strict inequality V(x(t2)) < V(2(0)) < ¢ which
again contradicts x(t2) € 9C because by definition of C' we have V(z) = ¢ for all
x € 0C.

step 2: Now we prove Definition 2.5 (i) and (ii). In order to show (i), first
observe that it is sufficient to prove (i) for all sufficiently small e > 0. Hence,
we can restrict ourselves to those € > 0 for which the closed ball cl B.(0) satisfies
clB.(0) C intG. Since V : G — R is continuous and positive definite, for each
such ¢ > 0 we get ¢ := min{V(z)|||z|| > €} > 0. The corresponding sublevel
set V71([0, cc]) is contained in the closed ball cl B(0). Since V is continuous with
V(0) = 0 we can furthermore conclude that V~1(]0, c.]) contains a ball cl Bs(0)
for some § > 0. Clearly, this ball must be contained in the connected component
C C V7([0,c.]) with 0 € intC. By our choice of sufficiently small ¢ we get
C C clB.(0) C int G. Thus, any solution with ||2(0)|| < § starts in C' and hence
satisfies z(t) € C C V=1([0,cc]) for all t > 0. By choice of c. we obtain ||z(t)|| < ¢
and thus (i).

In order to show (ii), pick an arbitrary solution z(¢) with z(0) € C' with C from
the assumption. Then the solution remains in C for all ¢ > 0 and we can thus use
the integral inequality (9) for all ¢ > 0. We claim that this implies V(x(¢)) — 0.
Indeed, since V' (x(t)) is monotone decreasing and bounded from below by 0 we
obtain V(z(t)) \, ¢* > 0. Assuming c¢* > 0 yields x(¢) ¢ V~1([0, c*]). Then, since
V' is continuous with V(0) = 0 and « is continuous with a(r) > 0 for r > 0 this
implies the existence of 6 > 0 with a(]|z(t)||) > ¢ for all t > 0. Thus, the right hand
side of (9) and consequently also V' (z(t)) decreases unboundedly which contradicts
V(z(t)) \, ¢* > 0. Thus, V(z(t)) \, 0 as t — oo.

Now, the positive definiteness of V' implies that V(z(¢)) — 0 is only possible if
x(t) — 0. This shows (ii) and hence finishes the proof. O

In step 1 of the proof, the condition ”C C int G” on C and the property z(t) € C
guarantees that the values of z(-) remain in G.

Remark 3.4. A different concept of nonsmooth Lyapunov functions was presented
in [1]. In this reference, in addition to Lipschitz continuity, the function V is also
assumed to be regular in the sense of [4, Definition 2.3.4], i.e. the usual directional
derivative in Definition 2.6 exists for every direction | and coincides with Clarke’s
directional derivative. Under this additional condition, inequality (6) can be relazed
to

max V(z) < —a(|z]) (10)
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with
V(a:) := {a € R| there exists v € F(x) with (p,v) = a for all p € 01V (x)}.

Here the right hand side —a(||z]|) in (10) could be replaced by 07 in case of a
LaSalle type invariance principle as in [1]. Note that this is indeed a relaxation
of (6), c¢f. Example 5.1, below. While for theoretical constructions this variant is
appealing, both the relaxed inequality (10) as well as the reqularity assumption on
V' are difficult to be implemented algorithmically, which is why we use (6). Note,
however, that this does not limit the applicability of our algorithm because asymptotic
stability of (1) implies the existence of a smooth Lyapunov function, cf. Theorem 3.7
below. This in turn implies that both a regular Lyapunov function satisfying (10)
and a not necessarily reqular Lyapunov function satisfying (6) exist. Thus, in terms
of existence, neither concept is stronger or weaker than the other.

For computational purposes in our algorithm we now derive a simpler sufficient
condition for (6) using the particular structure of F(z) in (1). This sufficient condi-
tion requires the evaluation of Clarke’s subdifferential of a piecewise linear function.
To this end we first need the following lemma which is proved in [16, Proposition 4]
and [22, Proposition A.4.1]. We again provide an independent proof in order to
keep this paper self contained.

Lemma 3.5. Clarke’s generalized gradient of V€ PL(T) is given by
dalV(z) = co{VV, |v € Ir(x)}.
Proof. Fix x € G. Since the simplices T, € T are closed we have

d(z,T,) = inf ||z —y|[[=0
@) = inf o=yl

if and only if € T,, i.e., if and only if v € I7(z). Hence, since there are only
finitely many 7T}, we find € > 0 such that d(z,T}) > ¢ for all v & I7(z).

Now consider an arbitrary sequence z; —  with x; € G such that VV (z;) exists
for all 4 and lim; .o, VV (z;) exists. Since x; — = we know ||z — z;|| < € for all
sufficiently large ¢ which implies VV (z;) = VV, for some v € Ir(x). Since there
are only finitely many different indices v € Ir(z),

lim VV(x;) = VV, € co{VV, |v € Ir(x)}

follows. By definition of dcV () as the convex hull of all such limits this implies
OciV(z) Cco{VV, |v € Ir(x)}.
In order to prove the converse inclusion, let v € Ir(x). Then, since cl int T, = T,
we find a sequence x; — x with z; € int T, implying VV,, € 0c1V (z). Now convexity
of 01V (x) implies
co{VV,|v € Ir(x)} C IV (z)
and thus the assertion. O

Now we can simplify the sufficient condition (6) for the particular structure of F’
in (1).

Proposition 3.6. Consider V€ PL(T) and F from (1). Then for any x € G the
inequality
(VVo, fu(z)) < —a(|lz)])  for all p€ Ig(z) and v € I7(z) (11)

implies (6).
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Proof. From Lemma 3.5 we know that each d € dc;V (x) can be written as a convex

combination
d= Y aVV,
velr(z)
for coefficients «, > 0 with ZuelT(m
Moreover, by the definition of F in (1) each v € F(z) can be written as a convex

combination
v= ) Nful@)

uelg(x)
Ay = 1. Thus from (11) we get

)ayzl.

for coefficients A, > 0 with ZMEI (z)

< Z a,VV,, Z )‘ufu(x)>

velr(z) nelg(x)

dYooaw Y A Ve, fu@)) < =adllzl)-

velr(z) pelg(x)
S — N—_——
=1 =1

{d,)

<- Oé(l\rl\)

O

We end this section by stating a theorem which ensures that Lyapunov functions
— even smooth ones — always exist for asymptotically stable inclusions. Its proof
relies on [5, Theorem 1.2] or [24, Theorem 1].

Theorem 3.7. If the differential inclusion (1) is asymptotically stable with domain
of attraction D w.r.t. G, then there exists a C*°-Lyapunov function V : D — R.

Proof. From [24, Theorem 1] applied with G = D we obtain the existence of a
positive definite C* Lyapunov function V' : D — R satisfying max(VV (z), F(x)) <
—V(z) for all x € D. Setting a(r) := min{V(z) | ||z|| = r} yields the assertion. O

Often we can expect the existence of a Lyapunov function on a larger set than
D. The reason for this is that the set G on which we consider (1) is typically a
computational domain for our algorithm which is a subset G C G of a larger domain
G on which (1) is defined. In this case, the domain of attraction D for (1) considered
on G may be strictly larger than the domain of attraction D for the restriction of
(1) to G. Thus, Theorem 3.7 ensures the existence of a Lyapunov function on D
whose restriction to G N D is still a Lyapunov function in our sense. In particular,
if G C 5, then V is defined on the whole set (G. We will use this observation in
Corollary 4.8, below. Note, however, that the domain of attraction D of (1) with
respect to G is in general smaller than DNG.

4. The algorithm. In this section we present an algorithm for computing Lya-
punov functions in the sense of Definition 3.1 on G \ B.(0), where ¢ > 0 is an
arbitrary small positive parameter. To this end, we use an extension of an algo-
rithm first presented in [19] and further developed in [11]. The basic idea of this
algorithm is to impose suitable conditions on V on the vertices x; of the simplices
T, € T which together with suitable error bounds in the points z € G, = # x;,
ensures that the resulting V' has the desired properties for all z € G\ B.(0).
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In order to ensure positive definiteness of V', for every vertex x; of our simplices
we demand

Vixi) = ||zl (12)

In order to ensure (6), we demand that for every k-face T' = co{xj,, j,, .., &} }
0 <k <n, of a simplex T, = co{xo, z1,...,2,} € T and every vector field f, that
is defined on this k-face, the inequalities

(VVo, fulz;)) + AuullVV 1 < —|lzj, ]| fori=0,1,...,k, (13)

hold true. Here, A,, > 0 is an appropriate constant which is chosen in order to
compensate for the interpolation error in the points x € T' with z # z;,,7=0,..., k.
Corollary 4.3, below, will show that the constants A,,, can be chosen such that the

condition (13) for z;,,z;j,,...,;, ensures

(VV,, fu(z)) < —|lz|| for every x € T = co{xj,,xj,,...,Tj } (14)

Let us illustrate the condition (13) with the 2D-example in Figure 1, where
for simplicity of notation we set A,, = 0. Assume that 77 = co{z1, 22,23} and
Ty =co{za, 235,24} aswellas T, C G, and T, # G,, v = 1,2.

Gy Go

T3 Ty

vvl\

T1

FIGURE 1. Gradient conditions (13) for two adjacent simplices

Since T} and T» have the common 1-face T3 N Ty = co {z2, x3}, (13) leads to the
following inequalities:

—|lz|| = (VV4, fi(x)) for every x € {x1, 29,23} C T1,
—||£U|| > <v‘/27 f2($)> for every r € {,13271'3,33‘4} - T2a
=zl = (VV1, fa(x)) for every x € {zz, 23} C T1 N T,
—[lzll = (VV2, fi(z)) for every € {w2,23} C Ty NTo.
Now we turn to the investigation of the interpolation error on our simplicid grids.
In the following proposition and lemma we derive bounds for the interpolation error
for the linear interpolation of C2-vector fields which follow immediately from the
Taylor expansion. These are standard but are provided here in a form which is

suitable for Corollary 4.3, in which we derive an expression for A,, in (13) which
ensures that (14) holds.



12 R. BAIER, L. GRUNE AND S.F. HAFSTEIN

Proposition 4.1. Let zg,z1,...,zr € R™ be affinely independent vectors, de-
fine T := co{xg,x1,...,2x}, h := diam(T") and consider a conver combination

Zi—c:() ANix; €T.
a) If g : G — R is Lipschitz with constant L, then

k

k
g (Z Am) =3 Nig(w)
1=0

=0

< Lh.

b) If g € C2(U,R) with U C R™ is an open set with T C U, then

k k
g <Z Aﬂi) - Z)\ig(l’i)
i=0 i=0

k
< g LN Bal ol (gl = ol + s — ol ) < But?,
1=

DN | =

where By := ma%(HH(z)Hg and H(z) is the Hessian of g at z.
z€

Proof. a) The Lipschitz continuity of g and the convex combination yield the im-
mediate estimate

k k k
g (Z Ax) — glo)l < LY Niwi — ol < LY Aillas — 2| < L.

=0 =0 =0

b) By Taylor’s theorem

k
9 (Z /\izi>
o k 1 k k
= g(wo) + Vg(wo) - Y Ni(wi — x0) + 3 D i@ —wo)"H(2) > A5 — o)

i=0 i=0 =0

k k
= Z)\i g(l‘o) + Vg(xo) . (33@ — .’L‘o) + %(.’L’Z — mo)TH(Z) Z)\j(l‘j — .Z‘o)
=0

=0

k
for some z on the line segment between zy and Z Aix;. Further, again by Taylor’s
i=0
theorem, we have for every ¢ =0,1,...,k that

g(x;) = g(wo) + Vg(xo) - (x; — x0) + é(ﬂfz —x0) T H(2)(w; — o)
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for some z; on the line segment between xy and x;. Hence,

IA
M;n—
(]

S

i —zo)lla | I )2 1Y Xy — wolla + H (2:) 12 |2 — woll2
i=0 j=0
1 k
< 5 3 Nl — aol (max |~ z0la + Lo ool )

i=0
Since each norm difference ||z — x| for z € T and ||z; — ]| for ¢ = 0,1,...,k is
bounded by h = diam(T), this finishes the proof. O

This proposition shows that when a point x € T is written as a convex com-
bination of the vertices z; of the simplex T', then the difference between g(z) and
the same convex combination of the function values g(z;) of g at the vertices x; is
bounded by the corresponding convex combination of error terms, which are small
if the simplex is small. In the following lemma we prove an observation which allows
us in case b) to derive a simpler expression for the error term in the subsequent
corollary. The proof uses standard estimates of the operator norm of H(z) and the
bound B on the second derivatives.

Lemma 4.2. Let T C U C R", where U is open and T is compact, and let g €
C%(U,R). Denote the Hessian of g by H and let B be a constant, such that

0%g
0z, 0%

z€T
rs=1,2,....n

max ’

(z)‘ <B. (15)

Then
max ||H(z)||2 < nB.
z€T

Proof. The proof follows from the simple calculation

2

max [H(2) 2 = max [H(ul:= max |3 [ ki

zeT
lulp=1 fulo=1 \[ i=1 \ j—=1
2
n n n n
< max E Blu;| | < max g nBQ§ |uj|?
llullz=1 Y| = \ <= lullz=1"\| < —
=1 \j=1 i=1 j=1
=Vvn2B?% =nB.

Using Proposition 4.1 and Lemma 4.2 we arrive at the following corollary.

Corollary 4.3. Let xg,x1,...,x, € R™ be affinely independent vectors, define T :=
k

co{zp,21,...,2k}, h:=diam(T) and consider a convex combination E Aix; €T.
=0
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Consider a function g : G — R™ with components g = (g1,-.-,9n)-
(i) If g € C2(U,R™) with U C R™ is an open set with T C U. Let B be a constant
satisfying (15) for every g =g;, i =1,...,n, ie.
»ygi
z
0x,0x,

)| < B.

k k
9 <Z Aﬁz‘) - Z)\ig(fi)
i=0 i=0

(i) Let L be the common Lipschitz constant of g;, i = 1,...,n, in case a) of
Proposition 4.1 and B the common bound (15) for the second derivatives g; in
case b). If (13) holds and h satisfies

Lh < Ay, resp. nBh? < A (16)
in case a) resp. b), then (14) holds.

Then
< nBh?.

oo

Proof. (i) For every convex combination z = Zf:o Aiz; with z € T and z =
(21,...,2n), there is an m € {1,...,n} with ||z|lcc = |2m| such that

k k
g (Z Aﬂi) - Z Aig(;)

where we used Proposition 4.1 b) and defined

< Bymh?,

o0

Bim = H™ .
o = i [H )]

Here, H™(z) = (h{?(z))l i—12em is the Hessian of the m-th component g,, of the
vector field g at point 2. Th’eln,’by Lemma 4.2 and the assumption on B, Bgm is
bounded by nB.

(ii) If (13) holds and h satisfies (16), then we obtain with Holder’s inequality and
(i) in case b)

k
<VV,,,g(z)> = <vvuag <Z )\zxz>>

=0
k k k
= <VVV, Z)\Zg(xz)> + <VVV,g (Z Aﬂi) - Z)\zg(xz)>
i=0 i=0 i=0
k k k
< D A(VVig(@) + [Vl ||g (Zm) = igl:)
i=0 =0 =0 o
k
< Y Nl = AllVVll) + [VV, [1nBR?
i=0

k
= SONClzl) — Al Vil + 19V, [linBR?
i=0

= —ll=l.

k k
< —Z)\zH%H < - ZAiI'i
i=0 i=0

Case a) is similar to prove. O
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Before running the algorithm, one might want to remove some of the T, € T
close to the equilibrium at zero from 7. The reason for this is that inequality (14)
and thus (13) may not be feasible near the origin, cf. also the discussion on a(||z]|)
after Definition 3.1. This is also reflected in the proof of Theorem 4.6, below, in
which we will need a positive distance to the equilibrium at zero.

To accomplish this fact, we define the subset

T7°:={1,eT|T,NB(0)=0}CT

for € > 0.

Furthermore, if f,, is defined on a simplex T' := co{zo, z1, ..., Zx}, we assume in
case b) that f, possesses a C2-extension ?u :U —-R"onanopensetd ODT. If T is
an n-simplex and f, is C? on T, then this follows by Whitney’s extension theorem
[25] and we have

2f 2
9 fw 0 fu,i
max ——(z)| = max sup |=——+—(2)|,
LA 0, 0x iry5=1,2,0sn scintT | OT,0T

where ?w and f,; are the i-th components of the vector fields ?# and f, respec-
tively.

Algorithm 4.4.

(i) For all vertices x; of the simplices T,, € T we introduce V (x;) as the variables
and ||x;|| as lower bounds in the constraints of the linear program and demand
V(x;) > ||z;||. Note that every vertex x; only appears once here.

(ii) For every simplex T, € T¢ we introduce the variables C,;, i = 1,...,n and
demand that for the i-th component VV,, ; of VV, we have

IVV,:|<Cyi i=1,...,n.

(tii) For every T, := co{xzo,z1,...,2n} € T°, every k-face T = co{zj,,x;,,
ozt of Ty, 0 < k < n, and every p with T C G, we demand one of
the two inequalities

a) (VVo, ful@;)) + Lhy > Coj < =,

., if fu L-Lipschitz on T,,, (17)

j=1
D) (Vo fu3.)) + nBurh2 > Cog < —losll, if fu € C2U), US T, (18)
j=1
i =0,1 k with h, := diam(T},), B,,.r > O s
fori=0,1,...,k wi v = diam(T,), “,T_M7SI:11122<7”_,71§1€1¥ M(Z)

Note, that if f, is defined on the face T C T,, then f, is also defined on
any face S C T of T. However, it is easily seen that the constraints (17)
resp. (18) for the simplex S are redundant, for they are automatically fulfilled
if the constraints for T are valid.

(i) If the linear program with the constraints (i)-(iii) has a feasible solution, then
the values V(x;) from this feasible solution at all the vertices x; of all the
simplices T, € T and the condition V € PL(T¢) uniquely define the function

vV U T, > R.
T,eT=
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The following theorem shows that V' from (iv) defines a Lyapunov function on
the simplices T, € T°=.

Theorem 4.5. Assume that each f,, is Lipschitz on G, and the linear program
constructed by the algorithm has a feasible solution. Then, on each T, € T¢ the
function V' from (iv) is positive definite and for every x € T,, € T¢ inequality (11)
holds with «(r) =, i.e.,

(VV,, fu(z)) < —|lz|| for all p € Ig(x) and v € I7(z).

Proof. Let f, be defined on the k-face T' = T, N G, with vertices z;,,z;,,..., T,
k

0 <k <n. Then every x € T is a convex combination x = Z Aizj,. Conditions (ii)

i=0
and (iii) of the algorithm imply that (13) holds on T" with A,, = Lh, resp. A,, =
nB,, rhZ, because

Ay Y Cuj=nBurhl> Cyj>nBurhl Y |VV,i| =nB.rhi|VV, |1

j=1 j=1 j=1

in case b) (case a) is similar). Thus, Corollary 4.3(ii) yields the assertion. O

Clearly, the Lipschitz assumption on f,, is weaker than the C?-assumption in
case b) of Proposition 4.1, but the triangulation in case a) must be finer to fulfil
the more demanding condition (17) in comparison with (18).

In the next theorem we will prove, that if (1) possesses a C?-Lyapunov function,
then Algorithm 4.4 succeeds in computing a Lyapunov function V' € PL(7°¢) for a
suitable triangulation 7¢. In the following Corollary 4.8, we will give a sufficient
condition for the existence of such a C2-Lyapunov function.

Theorem 4.6. Assume that each f, is Lipschitz on G, and the system (1) possesses
a C%-Lyapunov function W* : G — R and let € > 0.

Then, there exists a triangulation T¢ such that the linear programming problem
constructed by the algorithm has a feasible solution and thus delivers a Lyapunov
function V€ PL(T®) for the system.

Remark 4.7. The precise conditions on the triangulation are given in the formulas
(25) resp. (24) of the proof for the two cases f,, being Lipschitz continuous resp. twice
continuously differentiable. The triangulation must ensure that each triangle has a
sufficiently small diameter and fulfills an angle condition to prevent too flat trian-
gles. If the simplices T, € T are all similar as in [11], then it suffices to assume
that max,—1 o, n diam(7},) is small enough, cf. [11, Theorem 8.2 and Theorem 8.4].
Here we are using more general triangulations T and therefore, we have to compro-
mise for triangulations that can lead to problems. Essentially, we still assume that
max,—12.. ~ diam(T,) is small enough, but additionally we have to assume that
the simplices T,, € T¢ are regular in the sense that e.g. X - diam(T,) < X*h < R,
for some constant R > 0 (cf. parts (ii),(v) and equation (19) of the proof). This
s a similar condition as in FEM methods. Note that for any triangulation T such
that T¢ satisfies assumption (24) resp. (25), this inequality will also be satisfied for
the scaled down triangulation

(cT)® :={cT, = co{cxg,...,cxn}|T, = co{xg,...,xn} €T, T, N B(0) = 0}
for any c € (0,1], ¢f. also Remark 4.9, below.
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Proof of Theorem 4.6: We will split the proof into several steps.

(1)

(i)

(iii)

Since continuous functions take their maximum on compact sets and G\ B, (0)
is compact, we can define

el
z€G\B.(0) W*(x)

Co =

and for every p=1,2,.... M

—2||||
C, = max .
" @ \B0) (VW (), fu(x))

We set ¢ = max,—o,1,..,m ¢, and define W(z) := ¢- W*(x). Then, by con-
struction, W is a Lyapunov function for the system, W (z) > |z| for every
x € G\ B(0), and for every u = 1,2,..., M we have (VW (), f.(z)) < —2|z||
for every z € G, \ B:(0).

For every T, = co{xg,21,...,2,} € T° pick out one of the vertices, say
Yy = X0, and define the n X n matrix X, , by writing the components of the
vectors x1 — g, T2 — Tg,-- ., Tn — To aS TOW vectors consecutively, i.e.

T
X,y = (a:l—azo,mg—xo,...a:n—a:o) .

X,y is invertible, since its rows are linearly independent. We are interested
in the quantity X, = ||X;;H2 = )\mi%m
of X 3? v Xvy-

First, we show that X  is properly defined, i.e. is independent of the order
of the xg, 1, ...,x,. Denote by S,, the permutations o of {0,1,...,n}. Then
the row permutating matrices by left multiplication are the matrices E, =
(00 (i),0())irj=0,1,...n, 0 € Sn. If we show that [[(E,X,,) 2 = [ X, ;]2 =

1
Ain for all o € Sy, then we have showed that X  is independent of the order

of zg,x1,...,z,. For every o € S,

where Ay is the smallest eigenvalue

T o _ _
E; E; = (Z Oo (k)0 (i) ° 5a<k>,o(j)> = (0i3); j=01,.m =1
k=0 i,j=0,1,...,n

Hence,
(Eony)TEUwa = Xij EEEU Xyy = ngway'
——
=T

This proves that X, is properly defined. Let us denote by

X = max X! and X*= max X]. 19
v y vertex of T}, H V,y||2 v=1,2,....N v ( )
We consider an arbitrary but fixed T, = co{zo,z1,...,2,} € 7° and set

y = xg. By Whitney’s extension theorem [25] we can extend W to an open
set containing G so W is defined on an open set containing 7;,, C . For every
i=1,2,...,n we have by Taylor’s theorem

W((El) = W(!.Co) + <VW({L‘U),{E¢ — .%'0> + %(CL’Z — X, HW(Zz>(1'z — LL'())>,
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where Hyy is the Hessian of W and z; = z¢ + 9;(z; — x¢) for some ¢; €]0, 1].
We define

W(z1) — W(zo)

W(z2) — W(zo)

W,y =

W(x,) — W(xo)
so that the following equality holds:

(x1 — 20, Hw (21)(21 — 20))

1| (z2 — 2o, Hw (22)(22 — 20)) 1
wy’y — Xl,vva(xO) = 5 . = 5&”?’ (20)
<5En — T, HW(Zn)(xn - I0)>
Setting
OPW
and

h:= max diam(7,)
we have by Lemma 4.2 that
[(2s — w0)" Hw (23) (i — xo)ll2 < h2[|Hw (2)||2 < nAR?
fori=1,2,...,n. Hence,

(w1 — 20, Hw (21)(21 — 70))

To — 2o, Hw(22)(x9 —
H§V7y||2: < 2 05 W( 2)( 2 0)> Sn%AhQ (21)

<xn - l‘o,HW(Zn)(.’En - 330)) 2

Furthermore, for every i,7 = 1,2,...,n there is a 2z; on the line segment
between x; and y = xg, such that

;W (x;) — 0;W (o) = (VO;W (%), x; — o),
where 0;WW denotes the j-th component of VIW. Hence, by Lemma 4.2
|\VW (z;) — VW (20)||2 < nAh.
From this we obtain the inequality

1X 5y wuy — VW ()]l2

< X7y wuy = VW (@o)ll2 + [ VW () — VW (z0)|l2
1 1

< §I\X;§Hzn%,4h2 +nAh < nAh <2X*néh + 1) (22)
for every ¢ = 0,1,...,n. This last inequality is independent of the simplex
T, = co{xg,x1,...,Zn}.
Define

D:= max sup M
p=12.M seq oy |2

Note, that D < 400 because all norms on R™ are equivalent and for every p
the vector field f, is Lipschitz on G, and, if defined, f,(0) = 0. In this case,
D < aL with ||z|2 < «af|z||.
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(v) In the final step we assign values to the variables V(z;),C,,; of the linear
programming problem from the algorithm and show that they fulfill the con-
straints.

For every T, € T¢ and every vertex x; of T, set V(z;) = W(x;). Clearly,
by the construction of W and of the piecewise linear function V from the
variables V (z;), we have V (z;) > ||z;|| for every T, € 7¢ and every vertex x;
of T,.

Pick an arbitrary but fixed T, = co{zg,21,...,2,} € T¢ and set y = z.
Then, by the definition of w, , and X, ,, cf. part (iii) of the proof, we have

v,y
VV, =X, tw,,y,
since V is piecewise linear and
-1
V(z) =V(zo) + w:‘fy (ng) (x — x0) .

For every variable C, ; in the linear programming problem from the algo-
rithm set

Cui = IVVil2 = 1X, jwiyll2.

Then evidently, C,; > |VV, ;| for every T,, € 7¢. The boundedness of VIV
on (G assures that there is a constant C' such that

15 wnalle < X, Ll max |7 (2)]l2h < Ranas [VW (=) = C
with R from Remark 4.7. Thus, C,; < C holds uniformly in v and 3.

Let f,, be an arbitrary vector field defined on the whole of T, or one of
its faces, i.e. f, is defined on T' := co{zj,,xj,,...,x;.}, 0 < k < n, where

the x;, are vertices of T,,. Then, by (ii) and (20)-(22), we have for every
1=0,1,...,k that

(VVo, fula;,)) = (VW (x5,) + VV, = VW (x5,), fu(z;,))
<VW(sz)’ fu(sz» + <Xu_,g}wV,y - VW(xji)v fu(xji»
11X, ywey — VW () |l2 1| fu(z,)

1
—2||zj,|| + nAh <2X*néh + 1) - Dlxj,]|.

IN

- 2”le

|2

IN

In case b), i.e. f, € C*(U), U D T, the linear constraints

<VVV7 fu(xﬁ)) + nBM,Th?/ Z CVJ < _ij'i ”

j=1

are fulfilled whenever h is so small that

1
— 2|z, || + n*Bh*C + nAh <2X*n%h + 1) Dz, || < —|lzj| (23)
with X* given by (19) and
u=11,r,12€l-)4(-,M BM’T < B.

T face of simplex in 7 &

Because ||z

> ¢ inequality (23) is satisfied if

h? 1 .
n2B?C +nAh (QX*nZh + 1) D<1. (24)
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Again, case a) follows similarly for f,, being Lipschitz, if
h 1 1
nL—C +nAh <2X*n2h + 1) D<1. (25)
€

Since T, and f, were arbitrary, this proves the theorem.
O

Corollary 4.8. Consider a differential inclusion F of type (1) defined on a set
g C R™. Assume that I is strongly asymptotically stable with domain of attraction
D w.r.t. G and that each f,, is Lipschitz. Consider a computational domain G C D
such that the restriction F|q is again of the form (1) and the assumptions from
Section 2 hold for F|g and G.

Then, for each € > 0 there exists a triangulation T such that the linear program-
ming problem constructed by the algorithm has a feasible solution and thus delivers
a Lyapunov function V€ PL(T¢) for the system.

Proof. By Theorem 3.7 there exists a C* Lyapunov function W* : D — R whose
restriction to G is a C*° Lyapunov function on G. Hence, the assertion follows from
Theorem 4.6. O

Remark 4.9. Note that in assumption (24) resp. (25) the parameter £ does not
only appear explicitly but also implicitly. This is because the value A defined in part
(i11) depends on W defined in part (i) which in turn depends on € via ¢y and c,,.
In particular, the value A will become larger if € becomes smaller. Hence, given a
triangulation T such that T¢ satisfies assumption (24) resp. (25), this inequality
may not be satisfied for the triangulation

e(T%) :={cT, = co{cxg,...,caxn}t|T, = co{xg,...,xn} €T}
= {cT, = co{cxg,...,cxn}|T, =co{xg,...,zn} €T, cT, N B.(0) = 0}
for ¢ € (0,1), because here we do not only shrink the triangles by the factor ¢ but
also the size of the neighborhood B..(0). Hence, the growth of A when passing
from € to ce < € may make (24) resp. (25) invalid. The corresponding assumption

will, however, always be satisfied for the triangulation (¢T)® defined in Remark /.7
because for this triangulation € remains fized.

5. Examples. We illustrate our algorithm by two examples, the first one is taken
from [1].

Example 5.1 (Nonsmooth harmonic oscillator with nonsmooth friction).
Let f : R2 — R? be given by

T
1
flxy,29) = (— sgn xo — 3 sgnxl,sgnxl)

with sgnx; = 1, x; > 0 and sgnx; = —1, x; < 0. This vector field is piecewise
constant on the four regions
G1 =0,00) x [0, 00), G2 = (—00,0] x [0,0),

G3 = (—00,0] x (—00,0], G4 =10,00) X (—00,0],

hence its Filippov regularization is of type (1) and the triangulation could be chosen
such that the compatibility condition (5) holds. In [1] it is shown that the func-
tion V(x) = |o1| + |z2| with x = (x1,22)T is a Lyapunov function in the sense of
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Remark 3.4. It is, however, not a Lyapunov function in the sense of our Defini-

tion 3.1. For instance, if we pick x with x1 =0 and xo > 0 then Ig(x) = {1,2} and
the Filippov regularization F of f is

- {(1)(4)
and for dcV we get

wrir-a{(D)-(}
This implies

max (dorV (2), F(2)) > <( - > < _?1/2 >> —5/2>0

which shows that (6) does not hold.

Despite the fact that V(x) = |z1| + |z2| is not a Lyapunov function in our sense,
our algorithm produces a Lyapunov function (see Fig. 2) which is — up to rescaling
— rather similar to this V.

In the x1,xo-plane a subset of the domain of attraction secured by the Lyapunov
function is depicted in Figure 2.

W

” \~=> //44// Z
=\

A A
— NN\
=N RSSS>”

15

FIGURE 2. Lyapunov function and level set for Example 5.1

There are two facts worth noting. First, we can set the error terms B, = 0
for any triangulation fulfilling the conditions of Theorem 4.6 because the second-
order derivatives of the f, vanish in the interiors of the simplices. Second, for a
sufficiently fine but fixed grid we can take € > 0 arbitrary small, but we cannot set
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e = 0 because the Lyapunov function cannot fulfill the inequality (8) at the origin.
This is because

F<070>=co{( - )( A )( i )( Y >}

is a quadrilateral containing (0,0) as an inner point and thus contains vectors of all
directions. Hence, our condition at 0 would require VV (0,0) = (0,0)T but this is
not possible because of condition (i) of our algorithm and the definition of the Clarke
generalized gradient. This is a property of the algorithm for differential inclusions
and does not happen if F(0) = {0} as is the case when we are considering ordinary
differential equations (and using less strict bounds, cf. Example 5.2). Second, it is
interesting to compare the level sets of the Lyapunov function on Fig. 2 to the level
sets of the Lyapunov function V(x) = |z1| + |x2| from [1]. The fact that the level
set in Fig. 2 is not a perfect rhombus (as it is for V(x) = |z1| + |x2|) is not due
to numerical inaccuracies. Rather, the small deviations are necessary because, as
shown above, V() = |x1| + |x2| is not a Lyapunov function in our sense.

The following example extends the one in [10] by adding the uncertainty in the
friction.

Example 5.2 (pendulum with uncertain friction). Let f : R? — R? be given
with

fx1,22) = (22, —kxs — gsin(xl))T7

where g is the earth gravitation and equals approzvimately 9.81m/s? and k is a

nonnegative parameter modelling the friction of the pendulum.

It is known that the system is asymptotic stable for k > 0, e.g. in the interval [0.2,1].
If the friction k is unknown and time-varying, we obtain an inclusion of the

type (1) with

(t) € Fa(t)) = co{fu(z(t)[p=1,2}.

where Gy = Gy and f1(x) = (22, —0.225—gsin(z1))T, fo(z) = (22, —vo—gsin(z1))T.

This is a system of the type of Example 2./ where the right-hand side of the
differential inclusion is multivalued on the whole domain. Trivially, the subregions
G, satisfy the compatibility condition (5) for any triangulation of G. Algorithm 4.4
succeeds in computing a Lyapunov function (see Fig. 3), even with e = 0. This
seems contradictory for the constant B, 1 cannot be set to zero. The reason why
this is possible is that we took advantage of our system vanishing at the origin and
our triangulation of G having the origin as a central vertezx of a triangle fan, cf. [9].

The constraint (18) in (iii) in the algorithm can obviously not be fulfilled for
xj, = 0if By > 0. By a more careful analysis and using the special structure of the
triangulation around the origin as well as F(0) = {0}, the simple, but conservative
estimate from Corollary 4.3 can be improved via the inequality

k k
9 (Z Ai%‘) - Z Aig(xi)
i=0 i=0

k
1
< 3 Z%)\iBHHSEi —xzo|2 (Iznea%( Iz = zoll2 + ||x: — :E0||2>
i—

from Proposition 4.1, see [9] for details.
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F1GURE 3. Lyapunov function for Example 5.2

As a consequence for this particular example the computed Lyapunov function is
valid even for a meighborhood of the origin.
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