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ON THE ROBUSTNESS OF KL-STABILITY FOR DIFFERENCE
INCLUSIONS: SMOOTH DISCRETE-TIME LYAPUNOV FUNCTIONS*
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Abstract. We consider stability with respect to two measures of a difference inclusion, i.e.,
of a discrete-time dynamical system with the push-forward map being set-valued. We demonstrate
that robust stability is equivalent to the existence of a smooth Lyapunov function and that, in fact,
a continuous Lyapunov function implies robust stability. We also present a sufficient condition for
robust stability that is independent of a Lyapunov function. Toward this end, we develop several
new results on the behavior of solutions of difference inclusions. In addition, we provide a novel
result for generating a smooth function from one that is merely upper semicontinuous.
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1. Introduction. The close connection between robustness of stability prop-
erties for differential equations and the existence of Lyapunov functions has been
implicit in the literature since the result of Kurzweil [13]. In particular, Kurzweil
exploited the inherent robustness of asymptotic stability of the origin for differential
equations defined by a continuous right-hand side in order to demonstrate the ex-
istence of a smooth Lyapunov function. Since Kurzweil, robustness of the assumed
stability property has played a key role in deriving Lyapunov functions. Results on the
existence of Lyapunov functions for asymptotically stable closed sets became available
in the 1960s in the works of Hoppensteadt [7] and Wilson [23]. These results were
extended by Lin, Sontag, and Wang [15] to consider asymptotic stability of closed sets
for locally Lipschitz differential equations subject to disturbances. Recently, Clarke,
Ledyaev, and Stern [4] demonstrated the existence of a smooth Lyapunov function
for upper-semicontinuous differential inclusions with an asymptotically stable origin.

Rather than considering differential inclusions, we will consider the difference
inclusion

(1.1) e F(x), z€g,

where G C R™ is open. Difference inclusions are a natural way to consider difference
equations subject to disturbances or controlled difference equations. One may consider
a set-valued map as

xt € F(z) = f(x,V),

where V is a set of disturbances or the admissible control set. We use ¢ € S(z) to
denote a solution of the difference inclusion (1.1) from initial condition = € G, i.e., a
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function satisfying ¢(0,x) = x and
o(k +1,2) € F(¢(k, ) Yk € Zsq.

Whereas in the continuous-time case a solution was an absolutely continuous function,
in the discrete-time case solutions are sequences of points. Solutions are defined for
all k € Z>o when F(-) maps G to subsets of G, which is the discrete-time counterpart
to forward completeness for continuous-time systems.

In the 1970s, Lakshmikantham and Salvadori [14] demonstrated a locally Lip-
schitz Lyapunov function for a differential equation under the assumption of stability
with respect to two measures, a concept first introduced by Movchan [17]. Stability
with respect to two measures can be seen to cover uniform global or local asymptotic
stability of a point, prescribed motion, or closed set. In fact, Teel and Praly [22,
Proposition 1] (following [15, Proposition 2.5]) demonstrated that KL-stability with
respect to two measures is equivalent to uniform stability and global boundedness
coupled with uniform global attractivity (both properties being defined in an appro-
priate two-measure sense). In Proposition 2.2 we show that this property carries over
to the discrete-time case.

A smooth Lyapunov function for output stability, a special case of stability with
respect to two measures where one of the measures is the norm of the output function,
was presented by Sontag and Wang [20, Theorem 2]. Teel and Praly [22] extended
these results to consider the existence of a smooth Lyapunov function under the
assumption of ICL-stability with respect to two measures for differential inclusions. It
is this last result by Teel and Praly [22, Theorem 1] that we propose to develop in the
discrete-time case, namely, the equivalence of robustness of KL-stability with respect
to two measures for a difference inclusion and the existence of a smooth Lyapunov
function. This is the result of Theorem 2.7.

In Theorem 2.8 we present a result stating that when the set-valued map defining
the difference inclusion (1.1) is compact and nonempty, a continuous Lyapunov func-
tion is sufficient to demonstrate robustness. This result has important implications in
robustness analysis. The authors used this fact in [11, Theorem 14] to demonstrate
robustness for a (discontinuous) difference equation. Frequently, in model predictive
control, a continuous Lyapunov function is assumed (see Mayne et al. [16]) which
guarantees robustness of stability. Recently, Grimm et al. [6] presented several ex-
amples where model predictive control is nonrobust. Intuitively, these results follow
from the lack of a continuous Lyapunov function.

A question of great interest over many years is the so-called converse Lyapunov
question, namely, what stability requirements guarantee the existence of a Lyapunov
function? We see from Theorem 2.7 that, for KL-stability with respect to two mea-
sures, this question is reduced to that of finding sufficient conditions for robustness.
The result of Theorem 2.10 states that if the difference inclusion x+ € F(x) is KL-
stable, the set-valued map F(z) is nonempty and compact for each x € G, and F(-)
is continuous, then the ICL-stability is robust. In [9] and [10], other sufficient con-
ditions were presented for robustness of KL-stability. For example, CL-stability is
robust when using a single measurement function that is a proper indicator function
for a compact attractor. Each of these sufficient conditions then allows us to state a
converse Lyapunov theorem.

Previous converse Lyapunov theorems for discrete-time systems appeared in books
by Agarwal [1, Theorem 5.12.5] and Stuart and Humphries [21, Theorem 1.7.6], where
uniform global asymptotic stability of the origin or a compact attractor for a locally
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Lipschitz single-valued mapping yields a locally Lipschitz Lyapunov function. Nesic,
Teel, and Kokotovié¢ [18] demonstrated the equivalence of uniform global asymptotic
stability of the origin for a difference equation (with no regularity) and the existence
of a Lyapunov function (with no regularity).

Jiang and Wang [8, Theorem 1] showed that uniform global asymptotic stability to
a closed set A for a difference equation with disturbances is equivalent to the existence
of a smooth Lyapunov function under the assumption that the difference equation is
continuous. The assumption of continuity on the difference equation (and compactness
of the set of allowable disturbances) gives rise to a continuous set-valued map. This
result can then be seen to be a special case of Theorem 2.7 and Theorem 2.10 with
wi(") =wa() = |a, where |z[a := infoea |z — al.

The authors [11] demonstrated that global asymptotic stability of a point for an
upper-semicontinuous difference inclusion implied the existence of a smooth Lyapunov
function. This result follows from the results presented here and in [10] (see also [9]).

We will require two sets of technical results, heretofore unknown in the literature.
In section 5 we develop results pertaining to difference inclusions which parallel those
found in the work of Filippov [5] for differential inclusions. Specifically, we prove
results on closeness of solutions under perturbations (Lemmas 5.1 and 5.2) as well
as on uniform convergence of sequences of solutions (Lemma 5.3). The second novel
technical result involves smoothing nonsmooth functions on a given open domain. As
in much previous work (e.g., [13], [15], [22], and [23]), we first construct a Lyapunov
function satisfying the desired decrease condition, but with a rather weak regularity
property, and then apply a smoothing result to obtain the smooth Lyapunov function
without destroying the decrease property. In the past, these smoothing results applied
to continuous functions. In section 3, we present a novel smoothing theorem which
obtains a smooth function from one that is upper semicontinuous.

2. Smooth Lyapunov functions and robustness. We now turn to precise
statements of our results. Recall that a function o : Ryg — R is of class-KC if it
is continuous, zero at zero, and strictly increasing. A function is of class-K, if, in
addition to being class-IC, it is unbounded. A function 5 : Rx>o X R>g — R is said
to belong to class-KCL if, for each ¢t > 0, 5(-, ) is of class-KC and, for each s > 0, 5(s, -)
is nonincreasing and lim;_, o 8(s,t) = 0.

DEFINITION 2.1. Let w; : G — Rxq, ¢ = 1,2, be continuous functions. Let F(-)
be a set-valued map from G to subsets of G. We say that the difference inclusion
xt € F(x) is KL-stable with respect to (w1, ws) on G if there exists a function 3 € KL
such that for every initial condition x € G all solutions ¢ € S(x) satisfy

(21) w1(¢(k,x)) < ﬁ(WQ(.T), k) Vk € Zzo.

Note that appropriate choices for the measurement functions w;(-) and wo(-) as
well as the domain G allow us to recover several classical stability notions. For in-
stance, global asymptotic stability of the origin (for a given difference inclusion evolv-
ing in R™) corresponds to taking G = R™ and the measurement functions wy(z) =
wa(z) = |z| for all x € R™. Other stability notions, such as local asymptotic stability
or partial state stability, can be covered by appropriately choosing the domain and
measurement functions.

Lin et al. [15, Proposition 2.5] demonstrated that KL-stability with respect to
(|- ]a,]-|a) (where A is a closed set) is equivalent to uniform stability and uniform
attractivity of the set A (i.e., KL-stability is equivalent to uniform global asymptotic
stability of the set A). Teel and Praly [22, Propositionl] extended this result to the
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consideration of the general two-measure case; that is, KCL-stability with respect to
two measures is equivalent to uniform stability and global boundedness coupled with
uniform global attractivity, where these properties are defined in an appropriate two-
measure sense. This result also holds in the discrete time. The details are similar to
the continuous-time result and may be found in [9)].
PROPOSITION 2.2. Let w; : G — Rxq, ¢ = 1,2, be continuous and let F(-) be a
set-valued map from G to subsets of G. The following are equivalent:
1. The difference inclusion x* € F(z) is KL-stable with respect to (w1, ws) on
g.
2. The following hold:
(a) (Uniform stability and global boundedness): There exists a function v €
Koo such that, for each x € G, all solutions ¢ € S(x) satisfy

w1 (p(k, z)) < y(we(z)) Vk € Zsg.

(b) (Uniform global attractivity): For each r,e > 0, there exists K(r,e) > 0
such that, for each x € G, all solutions ¢ € S(x) satisfy

wa(z) <1, k>Zsxg = wi(p(k,z)) <e.
For a continuous function o : G — R>( we define the o-perturbation of F(-) as
(2.2) Fo(z):={veR":ve{nt+o(nBneF (z+o(x)B)}.

We denote the solution set of the difference inclusion z+ € F,(z) starting from an
initial condition = € G by S,(z). We will use B (or B) to denote the open (or closed)
unit ball in R™. For two sets O; and O,, we denote the intersection of @7 and the
complement of Oy by O1\Os.

The following set will be used in what follows:

(2.3) A= {§ €g: sup w1(o(k, &) = O} .

k€EZ>0,pES(E)

In most cases the set A will be nonempty, but we observe that this is not necessary
for the following results to hold. When A is empty, we define |x|4 = inf e 4 | — a] to
be infinite.

For stability with respect to (w,w) (w: G — R>( continuous) the closed set A is

A={zxeG:wx)=0}.

This follows from the previous definition (2.3) by examining the KL-estimate defining
stability. Specifically, if

w(o(k,z)) < B(w(x),k) Vereg, ¢€S), ke Zso,

then, for § € G, w(§) = 0 if and only if supycz_, pese) w(P(k,§)) = 0.
Our robustness definition is defined relative to the above o-perturbation.
DEFINITION 2.3. Let F(-) be a set-valued map from G to subsets of G. We say
that the difference inclusion x € F(x) is robustly KL-stable with respect to (w1,ws)
on G if there exists a continuous function o : G — R>q such that
1. forallz € G, {z} +o(z)B C G;
2. for all z € G\ A, o(z) > 0;
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(2.4) A=A, = {§ €gG: sup wi1(p(k, &) = 0} ;  and

k€Z>o, €S, ()

4. the difference inclusion x* € F,(x) is KL-stable with respect to (wi,ws) on
g.
In what follows, we denote the exponential function by e.
DEFINITION 2.4. A function V : G — Rx¢ is said to be a Lyapunov function
with respect to (wi,ws) on G for the difference inclusion x+ € F(z) if there emist
a1, € Ko such that for all z € G,

(2.5) o (wi(z)) < V(z) < az(ws(z)),

(2.6) sup V(f) <V(z)e™, and
feF(x)

(2.7) V(z)=0 <= =zeA

We claim that the above decrease condition (2.6) can be stated as

(2.8) sup V(f) <V(x)—a(V(x)) Vzegd,
feF(z)

where a : R>g — Rx¢ is continuous and positive definite. However, we prefer (2.6)
because of the symmetry with the continuous time decrease condition

sup (VV(z),w) < =V(x),
wEF (x)

which yields an exponential decrease of the Lyapunov function along trajectories. The
following claim is proved in section 8.

CLAM 1. Suppose we are given functions V : G — Rxg, o : R>g — R>p, and
a1, € Ko satisfying (2.5), (2.7), and (2.8). Then there exist W : G — Rxsq and
functions &1, Go € Ko such that for all x € G

(2.9) ar(wi (@) < W(x) < dg(wa()),
(2.10) sup W(f) <e 'W(z), and
fek(z)

(2.11) W(x) = = zcA

Prior to stating our first result we require two definitions related to set-valued
maps.

DEFINITION 2.5. The set-valued map F(-) is said to be upper semicontinuous on
(the open set) O if for each x € O and € > 0 there exists & > 0 such that, for all
& € O satisfying |z — &| < 6, we have F(§) C F(x) + eB.

We point out that the concept of upper semicontinuity for a set-valued map is
not the same as that for extended real-valued functions. In fact, for f : R™ — R",
the set-valued map x — {f(x)} is upper semicontinuous if and only if x — f(x) is
continuous.

DEFINITION 2.6. We say that the set-valued map F(-) satisfies the basic condi-
tions on G if F'(-) is upper semicontinuous on G and, for each x € G, F(x) is nonempty
and compact.
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In continuous time the “basic conditions” also require convexity of F(z) for each
x € G. This is necessary to guarantee solutions of the differential inclusion & € F(x)
(see [5]). Obviously, solutions to the difference inclusion z* € F(z) will exist so long
as F(z) is nonempty.

With all the necessary definitions in hand, we may state under what conditions
robust stability is equivalent to the existence of a Lyapunov function. The following
is the discrete-time analogue of [22, Theorem 1] and is proved in section 6.

THEOREM 2.7. Let F(-) mapping G to subsets of G satisfy the basic conditions
on G. Then, for the difference inclusion x= € F(z), there exists a smooth Lyapunov
function with respect to (w1, ws) on G if and only if the inclusion is robustly KL-stable
with respect to (w1, ws) on G.

Remark 1. We note that (2.4) and (2.7) were not required in the corresponding
definitions of robustness and a Lyapunov function in [22]. The addition of (2.4) to
the definition of robustness significantly simplifies the proof. In order to maintain the
equivalence of robustness and the existence of a Lyapunov function, one would then
expect that an extra property is required of V(-). This property is (2.7). This is not
unreasonable as, in the case of a single measure, we see that the upper and lower
bounds (2.5) actually imply (2.7). ad

It is possible to weaken the conditions of Theorem 2.7 and still maintain the ne-
cessity. This means that, in order to demonstrate robustness, it is only necessary to
exhibit a continuous Lyapunov function (rather than a smooth one). Furthermore,
note that we can drop the regularity requirement on the set-valued map. This al-
lows application of the theorem, for example, to the consideration of discontinuous
difference equations.

THEOREM 2.8. Let F(-) mapping G to subsets of G be compact and nonempty,
and suppose we have a continuous Lyapunov function. Then = € F(x) is robustly
KCL-stable with respect to (wi,ws) on G.

Since Lyapunov functions can sometimes be difficult to find, we would like a
sufficient condition for robustness that is independent of having a Lyapunov function.
Intuitively, if the set-valued map F(-) of (1.1) is sufficiently regular, robustness should
follow since small perturbations will lead to small deviations. In fact, continuity of
F(-) outside of the set A is sufficient.

DEFINITION 2.9. We say the set-valued map F(+) is continuous on (the open set)
O if, in addition to being upper semicontinuous on O, for each x € O and € > 0 there
exists 6 > 0 such that, for z € O satisfying |z — x| < 6, we have F(x) C F(z)+¢eB .

The following theorem is the discrete-time counterpart of [22, Theorem 2] and is
proved in section 7.

THEOREM 2.10. Let F(-) be a set-valued map from G to subsets of G satisfying
the basic conditions on G and continuous on an open set containing G\A. Under these
conditions, if T € F(x) is KL-stable with respect to (w1, ws) on G, then the inclusion
is robustly KL-stable with respect to (w1, ws) on G.

3. Smoothing functions. Frequently one wishes to prove that certain assump-
tions such as asymptotic stability of a set or asymptotic controllability to a set imply
the existence of a function satisfying certain boundedness and decrease properties, as
well as a given regularity property. Typically, one constructs a function which satis-
fies all the given properties (i.e., boundedness and decrease properties) excepting the
desired regularity property. One may then take the additional step of “smoothing”
the constructed function without destroying the boundedness or decrease properties.
Such techniques were first used by Kurzweil [13] and Wilson [23]. Throughout this
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section, we take O to be an open set.

We will smooth nonsmooth functions via an integration which involves a change
of variables. We will require the following assumption on the function we wish to
smooth.

ASSUMPTION 1. The function V : O — Rxq is such that

1. V(-) is upper semicontinuous and locally bounded on O,
2. V(x) > 0 implies that there exists 6 > 0 such that |z—x| < § implies V(z) > 0.

Define

(3.1) A:={xe€0:V(zx) =0}

We observe that, under the above assumption on V(-), the set O\ A is open. Note
that we need not assume that A is nonempty.
We will also require an assumption on the “smoothing perturbation.”
ASSUMPTION 2. The smooth function o : O\A — Rs¢ satisfies the following:
1. for each x* € A and € > 0 there exists 6 > 0 such that

(3.2) re€O\A, |z—z¥| <6 = o(x) <e,

(3.3) zeO\A — {z} +o(z)BC O.

Item 1 implies that the function o(-) can be continuously extended to the set A
by defining it to be identically zero on .A. For the case where A is empty, item 1 is
trivially satisfied.

We define V; : O — R as

Vs(z) := 0, x € A,

(34 Vo) i= [Via+ ol@u@)ds, x € O\A
where 1) : R™ — [0, 1] is smooth, vanishes on R™\B, and satisfies [ ¢(§)d¢ = 1.

The following theorem is a generalization of [11, Theorem 20], where the smooth-
ing was carried out on R™\{0}.

THEOREM 3.1. Under Assumptions 1 and 2, the function Vg : O — R defined
by (3.4) is well defined, continuous on O, and smooth on O\ A.

Proof. The properties of o(-) and ¥(-) and the upper semicontinuity of V(-)
guarantee that the (Lebesgue) integral in (3.4) is well defined.

Continuity at A. Since Vi(z) = 0 for € A, the function is clearly continuous
in the interior of A. It remains to check continuity at the boundary of A. Let x*
belong to the boundary of A so that Vi(2*) = 0. Let ¢ > 0 be given. Since V(+) is
upper semicontinuous, there exists d; > 0 such that V(z) < ¢ for all z € O satisfying
|z —2*| < 63. Since (3.2) holds, there exists § > 0 such that {z}+o(z)B C {z*} + 8.8
for all |z — 2*| < 6. Consequently, with the fact that [¢(£)dé =1, if [z —2*| < é and
x € O\A, then

V() = / Vet o@od@de<  sip V() <e

ze{x*}+628

i.e., Vi(z) is continuous for z in the boundary of A.
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Finally, if we can establish that V is smooth on O\ A, then it will be continuous
on O.

Smoothness on O\A. For each x € O\ A, we perform a change of variables under
the integration with z = x + o ()¢ so that

Vi(z) = o(z) ™ / V(2)(o(@) ™ (z - 2)) d.

For notational purposes, we define h(x,z) := v¥(o(x)"*(z — z)) so that, for each
x € O\A,

Vi(x) = o(z) " / V()h(z, 2) dz.

For z,z € O\A such that |z — x| > o(x) we note that h(z,z) and all of its higher
order partial derivatives with respect to x vanish. From this, (3.4), and the fact that
¥(-) and o(-) are smooth (the latter on O\A) it follows that each of these partial
derivatives is continuous in x uniformly in z.

Because of the properties of o(-), to establish smoothness of Vi(-) on O\A it is
enough to establish smoothness of

Ws(x) := /V(z)h(x,z) dz.

We note that, using the mean value theorem, for each z € O\ A, € > 0, and v € R",
there exists A € [0, 1] such that

Wi(x +ev) — Wy(zx) h(z +ev,z) — h(x, z)
€ B /V(Z) 5

dz
:/V(z)(Vh(x+€)\U,2)7v> dz
=r(z,&,v)+ /V(Z)<Vh(xv 2),v) dz,

where r(z,e,v) := [ V(2)(Vh(z + eXv, z) — Vh(z, 2),v)dz.

Using that V(+) is locally bounded on O, (3.3), the fact that Vh(x,z) = 0 when
|z—x| > o(x), and the continuity of Vh(:, z), which is uniform in z, for each p > 0 and
M > 0 there exists ¢* > 0 such that if ¢ € (0,¢*] and |v| < M, then |r(z,e,v)| < p.
It follows that W(+) is (Fréchet) differentiable (hence continuous) and

(VIWq(x),v) :/V(z)<Vh(x,z),v> dz.

Repeating this argument for higher order derivatives, we conclude that Wy(-) is
smooth on O\ A. O

The following lemma can be applied to the function Vi(-) obtained from Theo-
rem 3.1 in order to obtain a function that is smooth on the entire domain O. The
lemma appeared as [22, Lemma 17], which derives from [15, Lemma 4.3] and [13,
Theorem 6].

LEMMA 3.2. Let A C O be a closed set, and assume that Vs : O — Rxq is
continuous, the restriction of Vs to O\A is smooth, Vi(x) = 0 for all x € A, and
Vs(z) > 0 for all x € O\A. Then there exists a strictly convex function p € Koo,
smooth on (0,00), such that V := po V; is smooth on O.
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Frequently, to construct the function o(-) used in the integral smoothing of The-
orem 3.1, we will first specify a constraint which o(-) must satisfy and then take a
smaller smooth function.

LEMMA 3.3. Given a function os : O — R bounded away from zero on compact
subsets of O there exists a smooth function o1 : O — Rsg, also bounded away from
zero on compact subsets of O, such that, for all x € O, o1(z) < oa(x).

Proof. We let {U;};=, be a locally finite open cover of O with U; a compact subset
of O and let {k;};-, be a smooth partition of unity on O subordinate to {U/;}. Define
g; = infeey, 02(§),

o1(x) = Z Ki(x)es,

=1

and, for each z € O, I, := {j : « € U;}. The set Z, is finite for each 2 € O. We also
note that

o0

axe; = max inf < .
maxe; = max Inf 02(¢) < 02(e)

Since U; is a compact subset of O for each i and o3(-) is bounded away from zero on
compact subsets of O, we have ¢; > 0 for each i. Thus o;(x) > 0 for all x € O. Also,

< i < .
o1(x) < %2{6] < og9(x)

Finally, o1 is smooth on O, inheriting this property from the ;. O

4. Set-valued maps. Prior to stating our novel results for difference inclusions,
we require certain facts from set-valued analysis. Our primary sources for set-valued
analysis include the books by Aubin and Cellina [2], Aubin and Frankowska [3], Fil-
ippov [5], and Kisielewicz [12].

Given a set-valued map F'(+) from an open set O C R™ to subsets of R™, we define
the mapping of a compact set M by

F(M):= ] F(9).

eM

We also define the composition of two set-valued maps F'(-) and G(-) to be

FG@) = |J Flu).

weG(x)

and we denote the n-times composition of F(-) with itself by F"(-) (e.g., F(F(x)) =

The following is well known. See, for example, [12, Proposition 2.3].

CrLAaM 2. Let F(-) be an upper-semicontinuous set-valued map from O to subsets
of R, let M C O be compact, and let F(x) be compact for all x € O. Then the set
F(M) is compact.

For 6§ > 0, we define the §-perturbation of the set-valued map F(-) by

Fs(z) .= F ({«} + 63) + 6B
and the é-inflation of a set M by
Mg := M + 6B.



786 CHRISTOPHER M. KELLETT AND ANDREW R. TEEL

The following claim, which is not difficult to prove, extends the concept of upper
semicontinuity to the consideration of compact sets rather than merely points.

CraM 3. Let F(-) be an upper-semicontinuous set-valued map from O to subsets
of R™ and let M C O be compact. Then for every € > 0 there exists 6 > 0 such that

Fs(Ms) C F(M)+€B .

CrLAM 4. Let F(-) be an upper-semicontinuous set-valued map from O to subsets
of R". Let k € Zg, i €{1,2,...,k}, and S; compact subsets of O. Then there exist
p € Koo and ¢ > 0 such that for every § € (0, c]

F5(S;,) C F(S;) + p(8)B.

Proof. For a particular S;, let € > 0. Then, from the result of Claim 3, there
exists §; > 0 such that Fy,(S;;) C F(S;) + eB. For fixed ¢ > 0, let §;(g) be the
supremum of all applicable 6;(¢). Therefore,

Fs,)(Sis. ) € F(Si) + €B.

We note that &;(¢) is positive and nondecreasing, but not necessarily continuous.
Choose a; € K such that a;(r) < ké&;(r) for all 7 € R with k € (0,1). Let
¢; = lim, o0 s (1) and p;(r) := ai_l(r) for all r € [0,¢;). Then p; is continuous, zero
at zero, strictly increasing, and is defined on [0,¢;). Given é; < ¢;, let € = p;(6;).
Then §; < 6;(¢) and

Fs,(Si;) € F(S:) + pi(8:)B.

Let ¢* := min;eqy,... yy{ci} and, for each r € [0, c*), let p(r) := max;eqq,.. xy pi(7).
Then, for each i € {1,2,...,k}, Fs(S;,) C F(S ) p(8)B for all § € (0,c*). Finally,

let p € Ko be such that p(r) > p(r) for all r € [0, 3¢*]. Therefore, with ¢ := Jc*,

Fg(Siﬁ) - F(SZ) + p(é)E V6 € (O,C]. 0

CLAIM 5. Suppose F(-) is an upper-semicontinuous set-valued map from O to
subsets of R™ and that, for each x € O, F(x) is nonempty and compact. Let M be a
compact set in O and K € Z~g. Assume FF(M) C O for all k € {1,...,K}. Then
there exist p € Koo and é > 0 such that, for every 6 € (0,¢] and k € {1,..., K},

FE(Ms) € F*(M) + 3(5)B.

Proof. Define the compact sets Sy := M, Sy := F(M),..., S := F¥(M). Let
p € Ko and ¢ > 0 come from Claim 4. Without loss of generality, assume p(s) > s
for all s € R>q. Let & > 0 be such that p*~1(¢) < ¢ and define j(r) := p*(r) for all

€ [0,¢) (where p*(-) is the k-times composition of p(-) with itself). From Claim 4
we may write

Fs(Ms) = Fs(So + 6B) C F(M) + p(8)B.
Since § < ¢, we have that p(8) < c. B
Assume the result holds for k —1; i.e., FF ' (Ms) C F*~1(M)+ p*~1(6)B. Noting
that § < p*~1(8) < ¢ we may write

Ff(Ms) = Fs (Ff " (Ms)) C Fs (FFY(M) + p"1(8)B)

C Fr(sy (FE71 (M) + o571 (8)B) € F*(M) + p*(8)B
= F*(M) + 3(6)B,
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where the final subset is obtained by appealing to Claim 4. |

We will need to apply the lemmas in the following section to the difference inclu-
sion defined by 2T € F,(z) with F,(-) as in (2.2). To do this, we need to know that
F,(-) satisfies the basic conditions.

CLAM 6. If F(-) is a set-valued map from G to subsets of G satisfying the basic
conditions on G, and 0 : G — Rxq satisfies item 1 of Definition 2.3, then F,(-)
satisfies the basic conditions on G.

Proof. That F,(z) is nonempty follows from F'(x) nonempty. Similarly, F,,(z) be-
ing compact follows from F(x) compact, the compactness of the closed unit ball, F'(-)
upper semicontinuous, and the fact that upper-semicontinuous maps send compacts
to compacts (see Claim 2).

Appealing to Claim 3 with M := {z} + o(z)B and any & > 0 there exists § > 0
such that F'(Ms) = F ({2} + (o(z) + 6)B) C F ({z} + o(z)B) +B. Let e, = § > 0.
Then, since o(-) is continuous, there exists &, € (0, §] such that if [z — z| < &,, then
lo(z) — 0(2)| < g5 = §. Therefore, {2} + 0(2)B C {z} + (o(x) + ¢)B and

F ({z} +0(2)B) C F ({z} + o(2)B) + ¢B;

i.e., F,(-) is upper semicontinuous on G. 0

5. Difference inclusions. In this section we present three new results for dif-
ference inclusions which will be necessary for the proofs of the results presented in
section 2.

The first result makes use of a perturbed difference inclusion. Let F(-) map an
open set O C R” to subsets of R™, let 6 > 0, and consider

(5.1) 7 € Fs(z) .= F(z + é6B) + 6B, z€O.

We denote the solution set of (5.1) from the point z € R™ by Ss(z). This result is
similar to a result on closeness of solutions for differential inclusions (see, for example,
[5, section 8, Corollary 2]).

LEMMA 5.1. Let O be open, w : O — Rxq be continuous, and F(-) map O to
subsets of R™ satisfy the basic conditions on O. Let the triple (K,e, M) be such that
K € Zso, e >0, M C O compact, and FF(M) C O for all k € {1,...,K}. Under
these conditions, there exists 6 > 0 such that for every x € Ms

1. every solution ¢ € Ss(x) satisfies ¥(k,z) € O for k€ {0,...,K}, and
2. for every ¥ € Ss(x) there exists T € M and ¢ € S(x) such that for all
k€ {0,...,K} we have

(5.2) w(th(k, z)) = w(o(k, 7)) <e.

Proof. The first item follows from Claim 5 and the fact that F*(M) is compact
for each k € Z~g.

If the second item is not true, then no matter how small we pick ¢, there is an
initial condition in Ms and a solution to 1 € Fs(x) starting at this initial condition
such that, no matter which initial condition in M and solution of zt € F(z) we pick,
the condition (5.2) is violated for some k € {0,...,K}. In particular, there exist
sequences x; € My; and v¥; € Sy ;(2;) such that, no matter which initial condition
in M and solution of 2™ € F(z) we pick, the condition (5.2) is violated for some
k € {0,...,K}. The sequence z; has a subsequence, which we will not relabel,
converging to a point f5 € M. Associated with this subsequence is a sequence of



788 CHRISTOPHER M. KELLETT AND ANDREW R. TEEL

points ¥;(1,z;) € Fy/;(x;). This sequence has a converging subsequence and, from
the upper semicontinuity of F' and compactness of F(fy), its accumulation point,
denoted f7, belongs to F(f;). Continuing in this way we get a sequence of initial
conditions 2; € M;/; and a sequence of solutions ; € Sy ;(2;) such that z; — f5 € M
and ¥;(k, ;) — fi € F(fi_;). Now with the solution ¢ € S(f3) given by ¢(k, f5) =
i e F(p(k—1,f;)) for all k € {1,..., K}, and using the continuity of w, condition
(5.2) holds for all ¢ sufficiently large. This is a contradiction and thus proves the
lemma. ]

We will require the following lemma on closeness of solutions for difference inclu-
sions defined by continuous set-valued maps.

LEMMA 5.2. Suppose F(+) is a set-valued map from O to subsets of R™ continuous
on an open set Oy C O and that, for each x € O, F(x) is compact and nonempty.
Furthermore, suppose w : O — Rxq is continuous. For each triple (K, e, x¢) such that
K €Z<o,e>0, and zg € O, and for each solution ¢ € S(xq) such that ¢p(k,xo) € O
for all k € {0,..., K} there exists a § > 0 such that, for every x € {xo} + 6B, there
exists a solution ¢ € S(x) such that, for all k € {0,..., K + 1},

w(e(k,z0)) —w(¥(k,z))| <e.
Proof. Define the compact set
C:={¢p(k,20)} CO1 CO VEke{0,...,K}.

For the given € > 0, since w(+) is continuous, there exists §,, > 0 such that r € C and
|s —7] < b, imply |w(s) —w(r)| < e. Without loss of generality, we also impose 6, < €
and C + 6,8 C O;.

From the continuity of F(-) at ¢(K, x¢), there exists 6k € (0, 8,,] such that for all
z € O satistying |z — ¢(K,z¢)| < 0k we have F(¢(K,zg)) C (z) + 8,B. Similarly,
from the continuity of F(-) at ¢(K — 1,z0), there exists 6x—1 € (0, é,,] such that for
all z € O satisfying |2 — ¢(K — 1,2¢)| < 61 we have F(¢(K —1,20)) C F(2)+ 6xB.
We repeat this procedure until we reach the initial point zo. From the previous step
we will have a 61 € (0,6,]. Then, from the continuity of F(-) at zg, there exists a
8o € (0, 6] such that, for all z € O,

(53) |Z — 1‘0| <éby = F(Io) - F(Z) + 61?
From (5.3), for any = € {0} + 6oB there exists a point ¢(1,z) € F(x) such that
(5.4) [6(L, o) — ¥ (1,2)] < 61

This follows from (5.3) since |z — xg| < 8o, so that ¢(1,2¢) € F(x) C F(x) + 61 B.
Since (5.4) holds, we see that there exists a point ¥(2,z) € F(¢(1,z)) such that

|6(2,20) — (2, 2)| < b

This follows from (5.4) since ¢(2,z0) € F(¢(1,70)) € F(¢(1,2)) + 62B. That is, for
the point ¢(2, zg), there exists an element in F(¢(1, z)) (which we have called (2, x))
that is no more than 8y away from ¢(2, zg).

We can repeat this procedure at each step until we get to ¢(K + 1, ).

Since, for each ¢ € {0,..., K}, we imposed 6, < 6, we see that, with ¢ € S(x)
constructed as above,

|w(p(k,x0)) —w(W(k,z))| <e Vke{0,...,K+1}. 0
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We present a lemma regarding sequences of solutions. This lemma is similar to
the continuous-time results found in [22, Lemmas 4 and 5], which derived from [5,
section 7, Theorem 3].

LEMMA 5.3. Let F(-) mapping O to subsets of R™ satisfy the basic conditions
on O. Let x € O be given and suppose that all solutions ¢ € S(x) are defined and
belong to O for all k > 0. Then each sequence {¢,}22, of solutions in S(x) has a
subsequence converging to a function ¢ € S(x) and the convergence is uniform on
each finite time interval.

Proof. From Claim 2 we know that for each k € Zxq the set F¥(z) is a compact
set. Since for all n and k, ¢,,(k,z) € F¥(x), it follows that {¢, }°; has a converging
subsequence {¢1,,}5°_; such that ¢1,,(1,2) — ff =: ¢(1,2). Similarly, {¢1m 0,
has a converging subsequence {da,, }°°_; such that ¢q,,(2,2) — f5 =: ¢(2,2), and so
on. In this way, we construct a subsequence which converges to a solution ¢ € S(x),
and, for a finite time interval, this convergence is uniform. 0

6. Proof of Theorem 2.7. We demonstrate that robust L-stability is a nec-
essary and sufficient condition for the existence of a smooth Lyapunov function with
respect to (wy,ws).

6.1. Sufficiency. One of the most useful lemmas regarding comparison functions
is frequently referred to as Sontag’s lemma on K L-estimates [19, Proposition 7]. This
lemma allows us to view asymptotic stability as exponential stability via a suitable
nonlinear scaling. The following lemma is a slight refinement of Sontag’s original
lemma wherein we specify the required regularity property of one of the K, functions.

LEMMA 6.1. For each 8 € KL and X > 0, there exist a1, an € Koo such that oy ()
is Lipschitz on its domain, continuously differentiable on (0,00), a(s) < saf(s) for
all s > 0, and a1 (B(s,t)) < az(s)e™ for all (s,t) € Rsg x Rxg.

6.1.1. Bounds. Given , € KL from the assumption of KL-stability with re-
spect to (wy,ws) for 2T € F,(x), Lemma 6.1 yields G, G € Koo such that

(6.1) a1 (Bo (s, k) < Ga(s)e 2 Vk € Zsg, Vs > 0.
For each x € G we define the function V; : G — R>¢ by

(6.2) Vi(z):=  sup  dn(wi(é(k,x)))e".
k€Z>0,¢E€ESs(z)

We claim that
(6.3) Vifz) =0 <<= zeA,=A

To see this, note that if € A,, then, by definition (2.4), Vi(x) = 0. Furthermore,
Vi(x) = 0 implies that

0= sup ar(wi(o(k, x))),
keZZ(mbESa (;C)

and, since & € Ko, v € A, = A.
It is easy to see that, for all z € G,

(6.4) Vi(z) > sup a1(wi(9(0,2)))e’ = @ (wi(x)), and
$€So(2)



790 CHRISTOPHER M. KELLETT AND ANDREW R. TEEL

Vi(z) < sup ai(By(w2(x),k))er
kE€Zso

(6.5) < sup dalwa(z))e ™ = dglwa(x)).
kEZ>o

For each € G and ¢ € S,(z) we may write

Vl(¢(.77 x)) = sup aq (w1(¢(ka¢(]a x))))ek

k€Z>o0, YvE€Ss(9(j,x))

< sup by (w1 (Y (k, )"
k€Z>;, V€S, (x)

< sup Ay (w1 (Y(k,x)))ere™
k€Z>o, YES, ()

= Vl(x)e*j .

We note that w € F,(x) implies the existence of ¢ € S,(x) such that ¢(1,z) = w.
Therefore, we may write

(6.6) sup Vi(f) <e 'Vi(z) Vzedg.
feFﬂ(fE)

6.1.2. Smoothing V;. We proceed to smooth the function Vi(-) without de-
stroying the nature of the upper and lower bounds (6.4) and (6.5) and the decrease
condition (6.6). To do this, we will appeal to Theorem 3.1, which requires Assump-
tions 1 and 2 and uses a set A defined in (3.1) that, as a consequence of (6.3), is the
same as the set A of (2.3). Assumption 1 requires that V;(-) be upper semicontinuous
and that if V3(x) > 0, then Vi(z) > 0 for z near x.

Vi(+) is upper semicontinuous: We first show that for each z € G\ A there exists
a solution such that the supremum defining V;(+) is attained for some solution and
over a finite time interval.

CLAIM 7. Let x € G be such that Vi(x) > 0. Define

(6.7) K(z) = — {m (OM)J Y

Then there exists ¢ € S,(x) such that, for every k > K (z),

(6.8) Vi) = max én (wi(d(k,2)

Proof. 1t is obvious that

(6.9) sup a1 (w1 (o(k, x))) ek < Vi(x).
ke{0,...,x},pES, (z)

We note that, for all x € G\ A,

Vi(z) s

e R < e—K(z) < -
- bz (w2())
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Therefore, with (2.1) and (6.1), we may write

Vi(z) = max sup Gy (wi(o(k, x))) €”,
ke{0,...,x}, €S, ()

sup Ay (wi(g(k, x))) e’“}

kE€Zs ., pES, (x)

~~75}7¢650 (:C)

<max{ sup  ag (wi((k, @))€, @M(m»e-”}
ke{0,.

< max sup Q1 (w1(¢>(k,x)))ek, Vl(x)efl ,
ke{0,...,k},pESs (z)

which, together with (6.9), implies
Vi(z) = sup ar (wi(g(k,z))) e
ke{0,...,kx},0ES, (x)
= sup max & (wi(d(k,x)))e”,
G (o (0(8)

where we can pass to the “max” since the supremum is taken over a finite number of
elements. Now let {¢,}72, be a maximizing sequence of solutions in S, (z); i.e.,

Vi(z) = li ax G k, k.
(@) = fim max  aq (wi(e(k, ) e
Since F,(-) satisfies the basic conditions (see Claim 6), we may appeal to Lemma 5.3
to see that a subsequence of {¢y(-, z)}32, converges uniformly on {0,...,x} to some
solution ¢ € Sy (x). Since the functions &;(+) and wy(+) are continuous, we may write

Vil) =, max (wi(@k,a)) " O

We now prove that Vi () is upper semicontinuous. In order to obtain a contradic-
tion, suppose that there exist 2 € G and a sequence {z,}7°, of points in G converging
to x € G such that

limsup V4 (z¢) > Va(z) > 0.

{— 00

Without loss of generality, for all £ and some n > 0
(6.10) Vi(ze) = 1.

Define « := sup, K(z¢). From (6.10), the continuity of dg o ws(-), and the definition
of K(-) in (6.7), we see that k < co. Let ¢ € S,(z¢) come from Claim 7 so that
Vi(z) = A ( Bk, ) k.
1(xe) = max G (wi(0(k, ) ) e
Let € > 0. Since F, () satisfies the basic conditions, we appeal to Lemma 5.1 with

the triple (k, ¢, ) and the continuity of &; ow; (+) to assert the existence of . so that,
for all £ > /., there exists 1y € Sy(x) such that

i) = a0 (@) £ S ek a1 bl

<e+Vi(z).
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This implies limsup,_, ., V1 (z¢) < Vi(x), which is a contradiction. In addition, it
also establishes continuity of Vi(-) at each point x € {£ € G : V1 (§) = 0} since, for
each such x, we may write

0 <limsup Vi(z) < Vi(x) = 0.

Next we establish item 1 of Assumption 1.

CLAaM 8. If Vi(z) > 0, then there exists 6 > 0 such that |z — x| < & implies
Vi(z) > 0.

With this claim, we see that the set G\ A is open.

Proof. If x € G\A is such that wy(z) > 0, then the result follows from the
continuity of wy(-), the lower bound (6.4), and the fact that &; € Ko. So we just
need to consider points € G\ A such that wy(z) = 0. We first assert that

(6.11) sup Vi(f) > 0.
feF(x)

If this were not the case, then with the lower bound (6.4) and the fact that d; € Koo
we would have max ¢¢ p(,) wi(f) = 0. Furthermore, with the decrease condition (6.6)
and F(z) C F,(z) we would have, for all f € F(z),

sup Vi(g) < e 'Vi(f) =0,
geF(f)

Tterating and using the condition wy(xz) = 0, we would have

sup  wi(@(k,z)) = 0;
k€Z30,6€8(x)

i.e., x € A, which is a contradiction.

We also have, according to the definition of robust ICL stability, o(x) > 0 for = €
G\A. Using the continuity of o(-), there exists 6 > 0 such that 6 < min .z 0(z+q).
It follows that

0€ ﬂ {2} +o(z+2)B

2€6B

and thus, for any z € 6B, we see that F(x) C F(x + z+o(x+ z)B). Now, using (6.6)
and (6.11), we have, for z € 65,

e Wiz +2)> sup  Vi(f)> sup Vi(f) >0,
fEF, (z+2) fEF(z)

which establishes the claim. 0

Finally, we need to construct a function oy : G\\A — R+ satisfying Assumption
2 and such that the smooth function V(-) of Theorem 3.1 retains bounds like (6.4)
and (6.5) and the decrease condition (6.6).

Construction of og:

CLAIM 9. There exists a smooth function o1 : G\A — Rso such that, for all
z € G\A,

(6.12) o1(x) < o(x), and
se

<
(6.13) sup Vi(f) U oinf Vi(z+2) .
fch'l (I),ng\.A Zedl(z)B
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Proof. We define a function o1 : G\\AA — R by associating to each z € G\ A
one-half the supremum over all values 71 satisfying

(6.14) 261 < min o(x + q).
The existence of o1 (+) follows from continuity of o(-) and the fact that o(z) > 0 for all
x € G\A. These properties for o(-) also guarantee that oy(-) is bounded away from

zero on compact subsets of G\ A.
It follows from (6.14) that

(6.15) o1(z) <o(x) Vreg\A,
i.e., (6.12) holds. We further see that

o1(x)B C ﬂ {z} +o(z + 2)B,

z2€01(x)B
so that
(6.16) F(x+o1(2)B) C m F(z+z+o(x + 2)B).
z€o1(z)B

With the definition of F,(-), (6.15), and (6.16) we see that, for any z € o1 (x)B,
(6.17) F, (2) C Fy(z + 2).
From the decrease condition (6.6), we have

eilvl(x—f—z) > sup  WVi(f).
fEF, (z+2)

Taking the infimum on both sides and appealing to (6.17) we have

> s V().

inf e 'Vi(x+2)> inf sup i(f)| =
fE€Fs (@) (2)

z€o1(x)B z€01(x)B fEFg(atz)(x+2)

It is clear that this inequality and (6.15) hold for any function smaller than o (+), and
so we can smooth o1 (-) using Lemma 3.3 to prove the claim. d
Let the function o, : G\\A — R>¢ be given by

1 1
(6.18) 04(z) ;= min {1, 5 Sup {77 lr—x < = jwe(z) —wa(z)| < ng(x)}}
and the function o3 : G\\A — R>( be given by
. 1 — . 1
(6.19) op(2z) := min {1, 5 Sup {77 : Vi(zx+nB) > a <2w1(x)> }} .

We then define, for each x € G\ A,

(6.20) go(x) := min{o,(x), op(x), 01(2), |24}
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Before proceeding, we demonstrate that the function &2 () is bounded away from
zero on compact subsets of G\\A. Since o;(-) and |- |4 are continuous and positive on
G\ A, we need to establish this property only for o,(-) and o(-).

We first note that wo(z) > 0 for © € G\\A. Suppose not. If © ¢ A, then there
exists a solution ¢ € S,(z) and a time k € Z>o such that wq(é(k,x)) > 0. However,
from the stability estimate we see that 0 < wy(¢(k,x)) < B,(w2(x),0) = 0, which is a
contradiction.

First we demonstrate that o,(-) is bounded away from zero on compact subsets
of G\\A. Suppose not. Then there exists a compact set D C G\ A, a sequence {z;}2,
in D, and a sequence z; € {z;} + 04(2;)B C {z;} + 1B such that

(621) ICUQ(ZZ') — wz(aci)| > %WQ((EZ').
The sequence x; has an accumulation point * € D. Now, since * € D, we have
wa(x*) > 0. Since wo(+) is continuous we have, as i — 00, |wa(z;) — wa(x;)| — 0 while
fws(x;) — Swa(z*) > 0. This contradicts (6.21).

Next we demonstrate that o(-) is bounded away from zero on compact subsets
of G\\A. Suppose not. Then there exist a compact set D C G\ A, a sequence z; € D,
and a sequence z; with |z; — z;| < 1/i such that

(6.22) Vi(z) < éy (;wl(xi)> .

The sequence z; has an accumulation point * € D. Henceforth we use z; to denote
the converging subsequence, and z; the associated subsequence. Suppose w(z*) > 0.
Using the continuity of wy (-), there exists i* such that wy(z;) > Fwi(z;) for all ¢ > i*
and thus

Vi) 2 () 2 o (o) )

which contradicts (6.22).
Alternatively, suppose wq(z*) = 0. We make the following claim.
CrAM 10. There exists ¢ > 0 such that

(6.23) Vi(z* +o1(z*)B) > c.
Proof. Suppose not. Then, for all ¢ > 0

inf Vi(a*+2) <ec
z€o1(z*)B

We note that this implies that if f € F(a*), then f € A. Suppose not. Then, since
" € D C G\A, (6.13) implies that sup e, Vi(f) = 0. However, appealing to
(6.3), we see that V4 (f) = 0 if and only if f € A.

From (6.6), we see that if f € A, then

sup Vi(f1) < sup Vi(f1) <e 'Va(f) =0.
f1EF(f) f1EF-(f)

In other words, any solution starting from a point f € F(z*) is such that Vi(-)
remains identically zero and, from (6.4), we see that wi(-) also remains identically
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zero. Furthermore, with wy(z*) = 0, it follows that any solution starting at z* is such
that wy(-) remains identically zero so that «* € A, which contradicts z* € G\ A. d

For sufficiently large i we have z; € {z*} + o1(2*)B and, since w;(z*) = 0, we
have &1 (4w1(z;)) < c so that, with (6.23),

which contradicts (6.22).

Let the function o9 : G\\A — Rs( come from the application of Lemma 3.3 to
the function G3(-) defined in (6.20) so that o3 () is smooth and positive on G\.A. We
see that oa(+) is such that, for a sequence of points x; € G\ A such that z; — z* €
A, we have oo(x;) — 0, since oo(z) < |x|4. We also note that z € G\ A implies
{2z} +09(x)B C G. This follows from the fact that = € G\A implies {x} + 01 (z)B C G
(which stems from the fact that oo(z) < o1(x) < o(z) and the definition of robust
KL stability). Consequently, oo(-) satisfies Assumption 2.

Let ¢ : R® — R be smooth, vanish outside R"\B, and satisfy [(£)d¢ = 1.
For x € G\ A we define

Vi(z) = / V(e + oa(2) €0 (€) de.

For € A we let Vs(z) = 0. That V;(+) is smooth on G\A and continuous on G follows
from Theorem 3.1.
Using (6.18) and o2(x) < 0,(x) for all € G\ A, we see that
3

Vi(z) < max _ Go(we(2)) < o <w2(a:)> .
z€{x}+o2(z)B 2

From (6.19) and o3(z) < op(x) for all z € G\ A, we have

Vi) 2 a1 (o).

We now check that an appropriate decrease condition holds for V(). Suppose
r ¢ Aand f € F(z) is such that f € A. Then it is obvious that Vi(f) < e 1V,(x).
If x € A, by definition of A this implies that f € A for all f € F(z). Therefore,
Vs(f) =0 = e 1V (z). It remains to check the decrease condition for z, f ¢ A.

Making use of (6.6), the result of Claim 9, and the fact that oa(-) < o1(+), we
may write

max Vi(f) = max / Vi(f +oa(O0(E) de < [ max Vi(Hw(e) de

feF(x) JeF(z) fE€Fs, ()
<et [ min Wi+ 0@t < e [Vilo+ oala)e)ule) de
z€o2(z)B
(6.24) =e W, (x).
Let p € Ko come from Lemma 3.2 and define V(z) := p o V,(x). Then we may
write

V(z) < poéy (gwg(x)) =: ag(wa(x)), and
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Since p € K« is convex, p(e7's) < e 'p(s) for all s € R>g. Consequently,
following (6.24), we may write

max V() =p ( max Vs(f)) < p(Val@)e™) < p(Vi(a))e™

feF(z) fEF(x)
=V(x)e . 0

6.2. Necessity. We note that in order to demonstrate that robust L-stability
follows from a smooth Lyapunov function, we actually only make use of a continuous
Lyapunov function. Furthermore, the upper semicontinuity of the set-valued map
F(-) is not used. This, then, is the result of Theorem 2.8 as well as the necessity of
Theorem 2.7

We assume we have a continuous function V' : G — R>( and functions oy, €
Ko such that, for every x € G,

(6.25) ar(wi(z)) < V(z) < as(wa(x)),
(6.26) frerlgé)‘/(f) <e V(x),

and V(z) = 0 if and only if x € A. Since V(-) is continuous on G and bounded away
from zero on compact subsets of G\A, we see that G\ A is open.

Let ¢ > 0 satisfy (1 +¢)%e~! < 1. Since V(-) is continuous, for each 2 € G\ A
there exists §; > 0 such that for all £ € G
(6.27) z—€ <& = |V(z)-V(E)| <eV(x).
For each x € G\A let 6; () be one-half the supremum over all §; < 1 such that (6.27)
holds and, for x € A, let 6;(x) = 0. Then 8;(+) is bounded away from zero on compact
subsets of G\.A. Suppose not. Then there exists a compact set D C G\ A, a sequence
of points z; € D, and an accumulation point z* € D such that 6 (z;) — 0 as x; — x*
and

(6.28) [V (z;) = V(x;)| > eV (x;),

where z; € {2;} + 6(2;)B. Since §(x;) — 0 we may pick a subsequence (which we do
not relabel) such that 6(z;) < %, which implies that |z; — ;] < }. Since z* € D,
V(z*) > 0. With the continuity of V(-), as i — oo, |V (z;) — V(x;)| — 0 while

Vix;) = V(z*) >0,

which contradicts (6.28).

For every x € G let 62(x) be the supremum over all 5 < 1 such that {a:}—|—25§ cgq.
Since G is open, ) always exists and satisfies 6 > 0. Moreover 82(+) is bounded away
from zero on compact subsets of G. Suppose not. Then there exists D C G compact
and a sequence {z;}32, such that z; € D and the sequence has an accumulation point
z* € D such that 65(x;) — 0, and for each i there exists z; € {z;} + 262(z;)B so
that z; ¢ G. We pick a subsequence (without relabeling) such that §(z;) < 3. Since
G is open and D C G is compact, * is in the interior of G, and consequently, for 4
sufficiently large, {z*} + %E C G. Therefore, again for i sufficiently large, we see that

1o 1
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which is a contradiction.
For each x € G we define

6(z) := min {61 (x), 62(x), |z| 4}

and note that © € A implies §(x) = 0. That §(-) is bounded away from zero on
compact subsets of G\ A follows from the fact that é2(x) is bounded away from zero
on compact subsets of G and that é;(x) and |z|4 are bounded away from zero on
compact subsets of G\ A.

Let the function o : § — R>( come from the application of Lemma 3.3 to the
function é(-) on G\A and define o(x) = 0 for € A. The restriction of o(-) to G\ A
is smooth and, for all x € G\ A, o(x) > 0, satisfying item 2 in Definition 2.3. Since
6(x) < |x|4 for all x € G, it follows that o(-) is continuous on G. Since §(x) < (),
{z}+o(z)B C G for all x € G, satisfying item 1 of Definition 2.3. It remains to check
items 3 and 4 of Definition 2.3.

Since o(x) < é1(x) for all x € G\ A, we may write
(6.29) V(E+a(B) < (1+e)V(E) .

Then, using the definition of F,(x) in (2.2), the bound (6.29), the decrease (6.26),
and (6.27) we may write, for x € G\ A,

max V(f) < (1+¢) max V(f) € (A+e)e ™t max V(2)

fe€F,(z z40(z)B ze{z}+o(x)B
feg\(A) feFJgngr\ﬁ‘ YB) e{z}+o(2)B
(6.30) < (1+e) e V().

We can see that (6.30) holds for all z € G by considering the two remaining cases.
First, suppose « € A; then, by the definition of A and the fact that o(x) = 0 for
x €A, feA, (630)is trivially satisfied. Second, suppose = ¢ A and f € A, then
(6.30) is again satisfied since 0 < (1 + ¢)%e~ !V (x). Let A := (1 +¢)%e~! < 1. From
(6.30), we see that, for any x € G and ¢ € S,(z), we may write
V(p(k,2)) < XNV (z) VE € Zs,.
If z € A, then V(x) = 0 and, using (6.25), we may write, for any ¢ € S,(z),
a1 (wi(g(k, 2))) < V(d(k,2)) < V(2)A* =0 Vk € Zxo,
which implies that = € A,; i.e.,

sup wi(d(k,z)) =0 Vze A
k€Zs0,$€5, (x)

Furthermore, if x € A,, then « € A as a consequence of S(x) C S,(x). Consequently,
A = A, and item 3 of Definition 2.3 is satisfied.

Now, using the upper and lower K, bounds (6.25) on the Lyapunov function we
may write, for all z € G, ¢ € S(z), and k € Z>,

ar(wi(d(k,2))) < V(o(k,z)) < AV (2) < Naz(ws(z)).
Inverting a4 () we obtain
wi(9(k,2)) < a7’ (az(wa(x))A*) =t Bo(wa(@), k);

ie., 27 € F,(z) is KL-stable with respect to (w1,ws2) on G, satisfying item 4 of
Definition 2.3. Therefore 1 € F(z) is robustly KL-stable with respect to (w1, ws) on
g. O
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7. Proof of Theorem 2.10. If we can demonstrate that there exists a con-
tinuous Lyapunov function, the result of Theorem 2.8 yields that the KL-stability
is robust. Toward this end, we will define a (Lyapunov) function that is similar to
(6.2), with the only difference being that the solution set under consideration in (6.2)
is for the perturbed difference inclusion z* € F,(z). Here, however, we are not as-
suming robust KL-stability. Rather, we are assuming KL-stability of % € F(z) and
continuity of F(-) on G\ A.

In particular, we apply Lemma 6.1, with A = 2, to the function 5 € KL defining
the stability estimate in order to obtain functions oy, ae € Koo such that aq(8(s, k)) <
as(s)e™2F for all (s, k) € R>g X R>g. We define our Lyapunov function as

(7.1) V(z) = sup a1 (w1 (p(k,z)))ed Vo eg.
k€Zs0,p€S(x)

We can then obtain appropriate upper and lower bounds, the required decrease
condition, upper semicontinuity of V'(-) on G, and continuity of V(-) on A by following
the proof given in section 6.1. We note that the result of Claim 7 also holds. Therefore,
in order to appeal to Theorem 2.8 it remains to show that V(-) as defined by (7.1) is
lower semicontinuous on G\.A.

Lower semicontinuity of V() on G\ A: Let € G\ A. Appealing to Claim 7, there
exists ¢ € S(z) and K(x) € Zs such that

Viz) = a (wl(cﬁ(k,x))) ek

= max
ke{0,..., K(z)}

Let £ € {0,...,K(z) — 1} be the smallest integer such that ¢(k + 1,z) € A or, if

o(k,z) € G\Afor all k € {0,...,K(x)}, let K = K(z). We see that

max (wl(qg(k‘,x))) e =  max }al (wl(cﬁ(k,x))) ek

ke{0,....K(x)} ke{0,....x

since, if K(z) # k, then ¢(k,z) € A for k € {x,..., K(x)}, which implies that, for
those k, wi(p(k,z)) = 0.

Since F(-) is continuous on G\A and since ¢(k,z) € G\ A for all k € {0,...,x},
given any ¢ > 0, Lemma 5.2 yields a § > 0 such that, for any Z € {z} + 6B, there

exists a solution ¢ € S(Z) such that we may write

V(z) = max oy (wﬂé(k,x))) ek

keE{0,. o}

< max o (wl(w(k,j)))ek

" ke{0,...,x}
7 _ - k
tomaxfon (@a(@(k,2)) — o (a((h,2)) |e
< sup oy (wi((k, 7)) e +
kEZZO
<V(z)+e.
Therefore, V(-) is lower semicontinuous at z; i.e., liminf, ., V(z) > V(x). ad

8. Proof of Claim 1. In order to simplify the presentation, we define

VHt(z):= sup V(f) Vxeg.
feF(x)
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We will use W, and W+ for the same purpose.
Let g € Ko be such that ¢'() is nondecreasing, ¢'(s) > 1 for all s > 0, and such
that there exists v € Ko such that

We define p(s) := exp(g(s)) — 1 and note that
p'(s) = (p(s) + 1) g'(s) = p(s) -

The equality shows that p’(-) is nondecreasing, so that, by the mean value theorem,

p(VI(2)) = p(V(x)) < p/ (VT (@) [V (2) = V(2)] Vzeg.

For all x € G we define Wi (z) := p(V(x)). Tt is obvious that Wi(z) = 0 if and

only if x € A. For all s > 0 let (5) émm{syopl (s)} so that p € Ko

With this definition we observe that (Id — p) € . Now, for every z € G either
p(VH(z)) < 1p(V(x)) or p(VF(z)) > $p(V(2)). In the first case

(81) W) =p(VE@) < 5

while, in the latter case, we may write

Wi (z) = Wi(z) = p(V' (2)) — p

A
|
O |
=
=
B
=
=
B
A
|

(8.2) = 5o (M) < —p(Wi(x)

Combining (8.1) and (8.2) we have Wi (z) < Wi (z) — u(Wi(z)) for all x € G.

We require the following lemma, which appeared as [9, Lemma 2.4].

LEMMA 8.1. If £ > 1 and ¢ € Ky satisfies (¢ — Id) € Ko, then there exists
G € Koo such that & o p(s) = La(s) for all s > 0.

Define ¢ € Koo as ¢(s) := (Id — p)~!(s) for all s > 0. We note that o(-) is
well defined by virtue of (Id — u) € K. From the definition of ¢(-) we see that,
for all s > 0, s — o~ 1(s) = u(s) or, equivalently, ©(s) —s = o p(s). Therefore,
(p—1d) € Koo. Let £ =€ > 1 and let & € Ko come from Lemma 8.1. For all z € G
we define W(x) := &(Wi(z)). We may then write

W (z) = a(Wy' (x)) <d(W1( ) p(Wi(z)))
= (¢~ (Wi(2))) = e7'a(Wi(2)) ='W (z) Vzeg.

Finally, we define the functions &1, &e € Koo by &1 := dopoay and ég := @opoay
so that (2.9) holds. 0
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