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Abstract

Two different definitions of an average for time-varying systems with inputs and a small parameter that were
recently introduced in the literature are considered: “strong” and “weak” averages. It is shown that if the strong
average is input-to-state stable (ISS), then the solutions of the actual system satisfy an integral bound in a semi-
global practical sense. The integral bound that we prove can be viewed as a generalization of the notion of finite-gain
Lo stability, that was recently introduced in the literature. A similar result is proved for weak averages but the
class of inputs for which the integral bound holds is smaller (Lipschitz inputs) than in the case of strong averages
(measurable inputs).

1 Introduction

Averaging is an important tool used in the analysis of time-varying systems. An auxiliary time-invariant dynamical
system & = f,,, (), called the average, is used to investigate properties of a time-varying dynamical system & = f (E, :c)
that depends on a small parameter €. Averaging has been instrumental in solving a wide range of important control
problems, such as vibrational control or adaptive control (for classical results on averaging see [1, 4, 9] and for some
more recent results see [15] and references therein). We emphasize that classical averaging results apply only to input-
free systems although systems with inputs are prevalent in control theory. In this paper we concentrate on averaging
of systems with inputs.
Among many different stability notions for analysis of properties of systems with inputs, Lo, and Lo stability play
a central role for their practical importance and intuitive appeal: the former captures the notion of “bounded inputs
imply bounded outputs” whereas the latter guarantees that “bounded energy inputs imply bounded energy outputs”.
A recently introduced notion of input-to-state stability (ISS) [10] provides a particularly useful framework for analysis
of Lo, stability of nonlinear systems that is fully compatible with Lyapunov theory [5, 10, 11]. ISS was originally
defined for systems of the form
&= f(z,w), (1)
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where f is locally Lipschitz, using the L., framework (see [10]). A necessary condition for a system to be ISS is that
the origin of the system is globally asymptotically stable in the absence of inputs. Hence, systems that exhibit limit
cycles, multiple equilibria or chaotic attractors in the absence of inputs cannot be ISS. One way to overcome this is to
consider ISS with respect to compact sets [13]. Another possibility is to consider the so called input-to-state practical
stability (ISpS) first considered in [2] and which is shown to be equivalent to set-ISS in [13]. ISpS is defined in the
following way [2]:

Property I;: There exists ! v € K,8 € K£ and A > 0 such that the solutions x(t) of the system (1) satisfy
z(t)] < B(1=(0)] 1) + v(llwllo) + A, VE > 0. O
It was proved in [13][Section VI] that ISpS is equivalent to the following property:

Property Iy: There exist o, ag, 3,7 € Ko, A > 0 and a smooth function V : R* — R>( such that

ax(fal) < V(2) < as(la) )
)2 9(wl) = 2 few) < ~as(a) + A, Ve R ucR™ )

(equivalently there exist ai,a2,d3,5 € Koo, A > 0 and a smooth function V' : R®™ — R such that (2) holds and
W f(z,w) < —as(lz]) + 7(w]) + A, Vo € R",w € R™). O
Recently, yet another important integral characterization of ISS was proved in [14] (see Theorem 1). Although ISpS
was not considered in [14], it can be shown that an appropriate integral version of ISpS for forward complete systems
(1) is given by the following property:

Property I3: There exist a,k,7 € Ko and A > 0 such that the solutions of the system (1) exists and satisfy:
Ji allz(s))ds < s(2(O)]) + i 2 (w(s))ds + M, ¥t > 0. 0
Note that if the state is regarded as the output of the system, then Property I; represents a generalization of finite-gain
L, stability, Property I3 represents a generalization of finite-gain Ly stability and Property I provides a tool for
simultaneously verifying both of these important properties.

In this paper we investigate properties of time-varying systems with inputs via averaging. The systems we consider
are of the form & = f (2, z, w), where € is a small parameter. We make use of “weak” and “strong” averages recently
introduced in [8] for dealing with systems with inputs. In [8] it was shown under appropriate conditions on inputs
that if Property I holds with A = 0 for the weak or strong average, then Property I; holds for the actual time-
varying system in a semiglobal practical sense (e is the parameter that we need to adjust). This showed that ISS
Lyapunov techniques for the time invariant strong and weak averages of [8] provide a set of tools for the analysis of
“Loo-stability” (more precisely ISpS) of time-varying systems with inputs. A related result proved in [16] shows that

under appropriate conditions on inputs, solutions of the weak or strong average can be made arbitrarily close to the

1A function ~ : R>¢ — R>g is of class-G (y € G) if it is continuous, zero at zero and nondecreasing. It is of class-KC if it is of class-G
and strictly increasing. It is of class-Koo if it is of class-KC and is unbounded. A function 8 : R>g X Rx>g — Ry is of class-ICL if B(-, 1) is
of class-K for each ¢t > 0 and (s, -) is decreasing to zero for each s > 0.



solutions of the actual system on bounded time intervals if the parameter € is sufficiently small (the result is derived
without assuming that Property Iy holds for the strong or weak average).

We emphasize that Properties I3, Is and I3 can be shown to be equivalent for forward complete time-invariant
systems (1). Some results in this direction for general time-varying systems & = f(¢, 2, w) were shown in [6]. The
implication “I for weak or strong average = I for the actual time-varying system” was proved in [8] for a class
of time-varying systems for which averages (strong or weak) exist. It is the purpose of this paper to show that if
Property I holds for the strong or weak average, then Property I3 also holds for the actual time-varying system in a
semiglobal practical sense and under appropriate conditions on inputs. Hence, the results of this paper show that the
combination of strong and weak averages of [8] with ISS Lyapunov functions provides also a tool for “Lo-stability”
analysis of time-varying systems. (For related results see also [7, 17].)

The paper is organized as follows. In Section 2 we present definitions and the main assumption. The main results

are presented in Section 3 along with some related comments. All proofs are presented in Section 4.

2 Preliminaries

Given a measurable function w, we define its infinity norm [[w|| := esssup;~q [w(t)|. If we have [[w|| < oo, then
we write w € Loo. If w(-) is Lipschitz, its derivative is defined almost everywhere and we can write w(t) — w(t,) =
ftto w(7)dr. Consider the time-varying system:

i = f(t,2,0) (1)

where x € R” is the state and w € R™ is the input. We will use the following:

Assumption 1 f is locally Lipschitz in x,w, uniformly in t, and there exists ¢ > 0 such that |f(¢,0,0)] < ¢, Vt > 0.

a

Hence, we are guaranteed the existence of solutions and can use certain results on continuity of solutions with respect
to initial conditions. The solution of the system (4) at time ¢, starting from an initial condition z, at initial time ¢,
and under the action of input wy, ; is denoted as x(t) (since to, o, Wy, ¢ are usually clear from the context). We also

investigate the time-varying system that depends on a small parameter € > 0:

. t

z=f ST (5)
We recall the definition of strong and weak averages for time-varying systems with inputs [8]:

Definition 1 (strong average) A locally Lipschitz function fs, : R™ x R™ — R™ is said to be the strong average of

[ if there existBy, € KL and T* > 0 such that ¥t > 0, VI' > T* the following holds:

1 T
T/ [fsa(w7w(s)) _f(87$7w(3))] ds §ﬁav(maxﬂx\7||wHOO,1},T), Va ER”,’LU € LOO' (6)
t
The strong average of system (4) is then defined as & = fqo(z,w). O



Definition 2 (weak average) A locally Lipschitz function f,q : R™ x R™ — R™ is said to be the weak average of f
if there exist By € KL and T* > 0 such that VT > T*,Vt > 0 we have?

< Baw(max{|z|, |w|,1},T), Vo € R",w € R™.

t+T
ualo) =3 [ fGs. i

The weak average of system (4) is then defined as & = fiq(z, w). a

It was shown in [8, 16] that weak averages exist for a strictly larger class of systems than strong averages, but using
strong averages we can prove stronger results for the actual time-varying system. However, we emphasize that both

definitions have been found to be useful in different situations (for more details see [8, 16]).

3 Main results

In this section we state in Theorems 1 and 2 the main results of the paper.

Theorem 1 Let Assumption 1 hold and suppose f(t,x,w) has the strong average fsq(x,w). If there exists a differen-
tiable function V : R™ — R>(, whose gradient %—‘; 18 locally Lipschitz with %—‘;(O) =0, a1, qz, a3 € Ko, with as locally

Lipschit?®, and vy € G such that, for all (z,w):

ov

B fral@w) < —as(lz]) +y(jwl), (7)

then given any strictly positive real numbers Q,Qy, v, there exists € > 0 such that for all € € (0,€*) and for all

t >t, > 0 the solutions of (5) exist and satisfy:

t

[ aallz(o)ds < as(lot)) + [ A(u(s)lds + vt o) ®

to t()

whenever |x(to)| < Qq, |w|| o < Q- O

Theorem 2 Let Assumption 1 hold and suppose f(t,z,w) has the weak average fyq(x,w). If there exists a differen-
tiable function V : R™ — R>q, whose gradient %—‘; is locally Lipschitz with %—Z(O) =0, a1, a2, a3 € Ko, with ag locally

Lipschitz, and v € G such that for all (z,w):

By Jwal@w) < —as(fz]) +y(lw)), 9)

and if only Lipschitz inputs w are acting on the system (5), then given any strictly positive real numbers Qg Qoy, Qup, v,
there exists € > 0 such that for all € € (0,€*) and t > to > 0 the solutions of (5) exist and satisfy (8) whenever

[2(to)] <, Wl < Qus [[0]] 1 < i .

2Note that w in the integral is a constant vector.

3Without loss of generality we may assume that a3 is locally Lipschitz since if it is not, we can always find a locally Lipschitz function
a3 so that —ag(s) < —as(s),Vs > 0 (see footnote on pg. 139 in [4]) and replace a3 in (7) with &3. Moreover, the proofs can be carried
out with some additional work if we use only the continuity of as instead of the local Lipschitz assumption.



Remark 1 The condition on derivatives of inputs in Theorem 2 cannot be relazed, as the following example shows
(the ezample is taken from [8]). The system & = —cx® + cos (1) z3w, where c € (0,0.5), has a weak average & = —ca®
which is ISS. However, with the input w. := cos (é) the actual system exhibits finite escape times from xo, =1 and for

any to > 0,e > 0 and hence does not satisfy (8) in a semiglobal practical sense. a

Remark 2 The bound (8) that we prove in Theorems 1 and 2 contains the offset term v(t — to) which indicates
that system (5) may contain a “finite power source” such as a limit cycle. The “finite power gain property” (with
linear gains and in the input-output setting) was introduced and analyzed in [3] and the bound (8) can be viewed as its
nonlinear generalizations for the case when the whole state is the output of the system. Moreover, similar results can

be proved when the weak or strong average systems are ISpS instead of ISS. a

4 Proofs

We start with a set of “continuity of solutions” results whose proofs are standard and are omitted (see [4, Section

2.5)).

Lemma 1 Under Assumption 1, given any pair of strictly positive real numbers (r,11), there exists d > 0 and M > 0
such that, for each € > 0 and for each to > 0, if |x(to)| <7, ||w|| < ri then the following property holds:

Property A: for allt € [to,to + d] the solution x(t) of (5) exists and satisfies |x(t) — x(to)] < M(t —to). O
For notational convenience, we state an obvious corollary:

Corollary 1 Under Assumption 1, given any continuous V and any quadruple of strictly positive real numbers
(7,71, po, 1), there exists d > 0 such that for each € > 0 and for each to > 0, if |x(to)] < v, |lw| < 71 then
the following properties hold:

Property B: for all t € [to,to + d] the solution x(t) of (5) exists and satisfies |x(t)| < |z(to)| + Lo-

Property C: for all t € [to,to + d] the solution z(t) of (5) exists and satisfies V(z(t)) < V(z(to)) + p1. ]

Lemma 2 Under the assumptions of Theorem 1, given any quadruple of strictly positive real numbers (A, Ay, py, o)
and po = 1, there exists d* > 0 such that for any fized d € (0,d*), there exists € > 0 such that for all € € (0,€),
fo >0, [2(ts)] < A, Jull, < A,

(i) Property A holds with some M > 0;

(ii) Property B holds for py = 1;

(#ii) Property C holds for p;

(iv) the following property holds:

Property L: for allt € [to,to + d] the solution x(t) of (5) exists and satisfies

ot V(e to+d
Viat+4) ”(”>gﬂmumm+;1; (s )ds + po. (10)




Proof of Lemma 2: Let (A, Ay, p1, u2) be a given quadruple of strictly positive real numbers and let pg = 1. Let
L > 0 be a (uniform) Lipschitz constant for 9%, f(%,z,w), fsa(z,w) over the set where |z| < A+ 1 =: A w| < A
Define 7 := A and 7, := Ay and K := 2LA + LA, + ¢. With the pair (r,71) and the quadruple (r, 1, s, 11), apply
Lemma 1 and Corollary 1 to generate M and dj > 0 such that Properties A, B and C hold for any d € (0,d}). Let

Bav € KL and T* > 0 be such that (6) holds for all T > T*. Let T > T* be such that

LABay(max {A, Ay, 1},T) < % . (11)

Throughout the rest of the proof we assume that |z(t,)] < A and ||w]|,, < A;. Let dj := 7 and define d* :=

min{d;,d3}. Fixd € (0,d*) and define ¢* := 4. Let € € (0,€*). Given any ¢, > 0 we can write that for all t € [to, to+d]:

S ns (La.u) = Gl fulalt) (o)
Tl fealto) wlt) + G (e (£a(t). (o)
5o (La000)) - Gos (Late) . 02)
Integrate both sides of the inequality (12) along the solution z(t) over the interval [to, ¢, 4 d] and divide by d to obtain
x(ts _ x(ts to+d
V( (t + d)) V( (t )) < Cli/tO Z—Z(x(to))fsa(x(to),w(t))ds (13)
to+d s
w0 T e atatte) w(s) = Gt (2ate) () | ds
2
totd s S
w0 |G s (e u) = Fens (2 at).u(s) | ds
3
Now we turn to bounding each of the terms on the right-hand side of (13).
1 : From ISS of the strong average we can write:
to+d to+d
o] Gt wids < g [T Faaet) +a(lu(s))] s
to+d
= —oallet)+ 5 [ Aulds (14

2 : Since |%—¥(m(to))‘ < Llz(to)| £ LA and d = €*T, Term 2 can be bounded above by:

/t:OJrTE* (fSa(x<to)a w(s)) — f (z’ x(t°)7w<s))) d (f)

€

eLA
e*T




Introduce the change of variables 7 = s/e in the above integral and introduce wi(7) := w(er) (note that |lwi|,, =

*

T

lw||l < A1) and T := > T. Then by the definition of strong average we have:
€
1 W47y
LA ﬁ/ (fsa(a(to), w1 (7)) = f(T,2(to), w1 (7)) dr| <  LABgy(max{|z(ts)], w1}, T1)
< LABa(max{A,A1,1},T) < % . (15)

which follows from the fact that €77 = d and (11).

3: Using Assumption 1 and the definition for L > 0, for all z, w with max{|z;|, |za|} < A, |w| < A; we have?:

ov ov N

%(xl)f (z,wl,w) - %(xg)f (i,mg,w)’ < (2LA+ LAy +c¢)L|z; — 22| = KL |21 — 2] . (16)
Using Properties A and B it follows that we can over bound the term 3 by %Md. Finally, from our choice of d* (in
particular the choice of dj), we can bound Term 3 by £2. From the bounds on terms 1-3 on the right-hand side of

(13), it follows that (10) holds, which completes the proof. O

Lemma 3 Under the assumptions of Theorem 2, given any 5-tuple of strictly positive real numbers (A, Ay, Ag, p1, fi2)
and po = 1, there exists d* > 0 such that for any fivred d € (0,d*), there exists € > 0 such that for all € € (0,€*),
to > 0, Ja(to)] < A, lwll,, < A, i, < As,

(i) Property A holds with some M > 0;

(i) Property B holds for po = 1;

(iii) Property C holds for pi;

(iv) Property L holds for us. O

Sketch of proof of Lemma 3: The proof of Lemma 3 is very similar to the proof of Lemma 2 and we only point

out the differences. The main difference comes form the fact that instead of (13) we use the following inequality:

T\lo — Lo o
Vil 4 &)~ Vielie) . L / O (1)) Fuala(t) (1)) s (a7)
1 to+d 8‘/ 3V
+E/t 5 (@(t0)) fua (2 (to), w(s)) = 2 ((to)) fua (2(to), w(to)) | ds
2
to+d S
+;/to g—‘;(x(to))fwa(x(to)aw(to)) - g‘;(x(to))f (e,x(to),’w(to))‘ds
3
to+d s S
+ é /t Z—Z(az(sw (E,CL’(S),w(s)> - %(m(to))f (e,x(to),w(to))’ds :
4

4The Lipschitz assumption on %‘; may be relaxed to continuity with some additional work.



Term 1 is bounded in the same way as in proof of Lemma 2 and since |w(s) — w(ts)| < Qy | — to], we can bound Term

to+d

2 by é . L2A|w(s) — w(to)| ds < L2AQ,;d/2. Term 3 is bounded in a similar way as Term 2 in proof of Lemma

2 but we use the definition of the weak average. Term 4 is bounded using the fact that:

ov

ov -
. (1) f (z,xhwl) — %(arg)f (z,xz,wz) < KL |z — mo| + L*A |wy — wa,

where K, L, A are defined in proof of Lemma 2 and then using calculations similar to bounding the above given Term
2 and Term 3 from Lemma 2. The proof is then completed in a similar way as proof of Lemma 2 (with appropriate

modifications). O

Remark 3 Let d* be as in Lemma 2 (respectively Lemma 3). Then we can prove that given any strictly positive
numbers §1 and d2 such that &1 < 02 < d* there exists an €* > 0 such that for all € € (0,€*) Property L holds uniformly
for any d € [01,062]. This is immediate from the proof of Lemma 2 (Lemma 8) if T is defined in the same way as in

Lemma 2 (respectively Lemma 3) and we take €* := 2.

First, we use a continuity of solutions argument in Lemma 4 to show that the required integral bound on solutions of

the actual system holds on small time intervals. Then the proof is extended to arbitrary large time intervals.

Lemma 4 If the strong average (respectively weak average) exists and (7) (respectively (9)) holds, then given any
triple of strictly positive numbers (r,r1,v), there exists d* > 0 such that for any d € (0,d*], e > 0 and any to, > 0, if
|x(to)| < 7, |w|loo < 71 then the following property holds:

Property D: for all t € [to, 1o + d] the solution of (5) exists and satisfies (8). O

Proof of Lemma 4: In this Lemma, f, denotes either strong or weak average (the proof relies on continuity of f,). Fix
any to > 0. Let z(-) and y(-) denote respectively the solutions of the time varying system (5) and the corresponding
average given respectively by x(t) = x(t,) + ftto f (2, 2(s),w(s)) ds and y(t) = y(to) + f:o fa(y(s),w(s))ds. Let df
denote the maximum sampling interval allowable for Properties A, B, and C to hold with pg = 1. Property B and
(7) imply that for any d € (0, d7], the following inequalities hold for any ¢ € [to,to + d], ||[w|0o < 71, |2(ts)| < r where
z(to) = y(to): z(t)] <741, [y(t)| < B(r,0) +7(r1), where 8 € KL and 7 := a; ' o ag 0 a3 ' (py) with p > 1. Define L
to be the maximum of the Lipschitz constants of asz and f on the set x| < A; := max{r + 1, 5(r,0) + 9(r1)}. Define
d* :=min (d}, %), where B := max|s|<a, jw|<r +>0 max{|f(t, z,w)],|fa(z,w)|} (note that B < co by Assumption 1
and Definition 1). Let d € (0,d*]. Then, integrating inequality (7) or (9) along the solution of the average ¢ = f,(y, w)

initialized at y(t,) = z(t,) and adding ftto as(|z(s)])ds to both sides yields

/t as(le(s))ds < as(la(te)]) + / A(fw(s)])ds + / (s (2(5)]) — a5 (y(s)])]ds
< anllet)]) + / A(lw(s))ds + L / j2(s) — w(s)\ds . (18)

to



Using the definition of B and z(t,) = y(t.), we can write

[z(s) —y(s)| =

/ts[f (%,z(o),w(a)) — faly(o),w(o))|do

< [ [ (Zsto)wie)|+ futoto) wien] do

< / 2Bdo = 2B(s —t,). (19)

to

Combining inequalities (18) and (19), noting that ¢t —t, < d and using the definition of d* (in particular v > LBd) we

have

[ asteias < st + [ (s +208 [ (s—t)ds = alia(t) + [ alhuts)ds + LBt
< aa(o(ta) + [ 2(wNds + LB —1) < axla(t) + [ (s + (610

for all t € [to,to + d] thereby completing the proof. O

Lemma 5 Let (Qy,8y,v) be given and W := {w : ||w]leo < Qu}. Let Wy be an arbitrary subset of W. Let V' be
a continuous function such that a1 (|z]) < V(x) < ag(|z|) for all x € R™, where aq,as € Koo. Let a3 be a locally

Lipschitz Ko function and define

A := max {afl (ag oaz! (2v() +v) + g) ,arto ag(Qz)} . (20)

Suppose the following property holds:

Property E: There exists d* > 0 and such that for any 61 € (0,d*) and d2 € (61, d*], there exists an €* > 0, such that
for all d € [01,02], € € (0,€*), to >0, |x(to)] < A, w € Wy:

(i) Property A holds with some M > 0;

(ii) Property B holds with po = 1;

(iii) Property C holds with ji; = % ;

(iv) Property D holds;

(v) Property L holds with as and pp = %.

Then the following property holds:

Property F: For all € € (0,€*), |x(to)] < Qy, w € Wy and t > to > 0 the solution x(t) exists and satisfies (8). O

Proof of Lemma 5: Let the triple (Q, ., ) and W; C W be given. Let A be defined by (20) and let Property
E hold for some d*. Denote L, > 0 a number that satisfies |a3(s1) — as(s2)| < Lo |s1 — s2|, Vs1,s2 € [0,A 4+ 1].
Define df := min {d*, ﬁ}, where M > 0 comes from (i). Let 6; = % and Jy = di determine €* using Property E.
Consider arbitrary € € (0,€*), |z(to)| < 2, (note that this implies |x(t,)| < A), w € Wy and ¢, to, such that ¢ > ¢, > 0.

Define® ¢ = {(to,t) ;== min{n > 1:nd} >t —t,}.

SInteger £ is the minimum number of intervals of length d} required to cover the interval [to, t].



Case 1, £ =1: £ = 1 implies that ¢ € [to, t, + df], which by (iv) implies that Property F holds. This completes the
proof for Case 1.
Case 2, £ > 1: Define the sampling interval d = d(t,t) := ‘5. Using the definition of £ we have (¢ — 1)dj <t —t,

and since ¢ > 1, we can write

d= t;t‘) > d; (621) > dg, V> 1.
That is, d € (%, dy] for arbitrary ¢t > t, +di. From (v) it follows that for all € € (0, €*), inequality (10) holds uniformly
for any sampling interval d € [%, d;] and hence uniformly for all ¢ > t, + dj.

Introduce the following sequence of numbers t;, :=t, + kd,k = 0,1,2,... and the following notation z(k) := x(ty),
V(k) == V(z(tg)) and w[k] := {w(t) : t € [tg,tx4+1]}. First, we show that if we have V(0) < a1(A), then V (k) <
a1(A),Vk > 0. Indeed, consider arbitrary k > 0, arbitrary x(k) such that V (k) < a;(A) (which implies |z(k)| < A)
and arbitrary w(-) € W;. Then, we have either that |z(k)| > a3’ (2y() + v), in which case (from (v) and our

supposition that V (k) < a;(A)) we have
d
V(k+1) = V(k) < —5as3(jz(k)]) = V(k+1) <V(k) <ai(4), (21)
or we have that |z(k)| < az ' (27(Q4) + v), which implies (from (iii) and the definition of A)

Vk+1) < V) +5 < aslak))+5 < azoaz' (29(Qu)+v)+5 < ai(d). (22)

2

[VIIN

By induction, we have that if V'(0) < aq(A) then V (k) < a1 (A), ¥k > 0. Using the above discussion and (ii), it follows

that for all |z(k)] < A,k >0 and w € W, the following inequalities hold for all & > 0:

lz(k)| < A, Vk=0,1,2,... (23)

lz(@)] < [z(k)|+1, V€ [tr, trt] (24)

V() < V() +3, V€t tin] (25)
VEXDZVIR < (et + 5 / Wuw(s))ds + 5 (26)

Hence, (23) and (24) guarantee existence of solutions of the actual system for all ¢t > ¢, > 0. Tteratively add (26) for

k €10, — 1]. Noting that t; — t, =t — to, = ¢d and using (7) we obtain:
-1 te v ¢ v
dY aulz®l) < VO -V + [ (s + 5t < asllalte)) + [ A(wl)ds+ 5t to)
k=0 to to
Hence, adding j;to as(|z(s)])ds to both sides of (27),

t t t -1
[ aallatslds < asllatec)) + [ v(lw(S)l)ds+;(t—to)+< / a3<x<s>>ds—d2a3<|x<k>>> -
to to to =0

Term 1

10



We now bound Term 1 in (27). Since |z(t)] < A+ 1,Vt > ¢, and using the definitions of M in (i) and L, we can write

lz(s) — z(ty)| < M(s —tx),Vs € [t, tk+1], k € [0,£ — 1], and hence we have:

-1
/ta3 |z(s) ds—dzag |z(k ‘ Z{
to

k=0

tr

tht1 -1 tht1
[ foalieto) ~ aaloias} < 223 [ lnts) - a(i)las
k=0"tk

trt1

Lo M{d?
< LMZ/ |s—tk|ds:LM£/ Tdr = =t
< 5(t—to). (28)

Combining (28) with (27), we have that (8) holds. Since this holds for arbitrary t > t, + d7, this proves inequality (8)
for all ¢ > t, > 0 and hence completes the proof. a

Lemma 5 can now be used to prove the main results.

Proof of Theorem 1: Let the triple (Q, Q,,v) be given. Fix Wy = W = {w : ||[w]ec < Qw}. Let V be the
differentiable Lyapunov function with locally Lipschitz gradient for the strong average, as per (7). Let A be defined
by (20), po = 1, p1 = §, p2 = 5. Let the quadruple (A, Qy, pt1, 2) define di > 0 using Lemma 2. Let (A, Q,,v)
determine d3 > 0 using Lemma 4. Take d* := min{d}, d5}. Then, from Lemmas 2 and 4 and Remark 3 we have that
Property E holds. Using Lemma 5 we have that Property F holds, which completes the proof. a

Proof of Theorem 2: Let the quadruple (2, 4y, 4y, v) be given. Let Wy = {w : ||w]lco < Qu, [|[W]lc < R} C
W={w: |w]e < Qw}. Let V be the differentiable Lyapunov function with locally Lipschitz gradient for the weak
average, as per (9). Let A be defined by (20), po = 1, 1 = %, p2 = 5. Let the 5-tuple (A, Qy, Quy, i1, p12) define
di > 0 using Lemma 3. Let (A,€Q,,v) determine d5 > 0 using Lemma 4. Take d* := min{dj,d5}. Then, from
Lemmas 3 and 4 and Remark 3 it follows that Property E holds. Using Lemma 5 we have that Property F holds,

which completes the proof. a
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