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Abstract

This paper continues the study of the integral input-to-state stability (11ss) property. It
is shown that the 11SS property is equivalent to one which arises from the consideration of
mixed norms on states and inputs, as well as to the superposition of a “bounded energy
bounded state” requirement and the global asymptotic stability of the unforced system. A
semiglobal version of 11SS is shown to imply the global version, though a counterexample
shows that the analogous fact fails for input to state stability (1ss). The results in this note
complete the basic theoretical picture regarding 11Ss and 1Ss.

1 Introduction and Basic Definitions

We consider continuous time nonlinear systems of the following form:

i = f(z,u) (1)

with states x evolving in R™ and inputs v taking values in R™. Inputs u are measurable, locally
essentially bounded functions of time. The map f : R® x R™ — R" is assumed to satisfy
£(0,0) =0, and to be locally Lipschitz. Given any state £ € R™ and any input « : [0,00) — R™
we denote by z(t, £, u) the unique maximal solution of the system (1), which is defined on some
maximal interval [0, tmax(§,u)). The system is said to be forward complete if tmax (&, u) = +00
for all £ and u. We use the notation || for Euclidean norm of vectors ¢, and |ju||, for (essential)
supremum of a function of time.

This paper continues the study of the input-to-state stability (1ss) property (cf. [4, 6, 7,
8,9, 10, 11, 15, 14, 16, 17, 19, 20, 21, 22]) as well as its variant, the integral input-to-state
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stability (11Ss) property (cf. [1, 2, 12, 18]). Recall that the first of these is the natural extension
to nonlinear systems (under arbitrary coordinate changes in states and inputs) of the notion of
external stability known as “finiteness of £! gain” (that is, finite operator norm from £ to
L£>°), while the second one extends to nonlinear systems the notion of finite “Hy gain” (that
is, finite operator norm from £? to £°°). Precise statements will make use of the standard
terminology of comparison functions® (K, s and KL ).

It was shown in [18] that the 1SS property is equivalent to the following “integral to integral”

stability concept: the system (1) is forward complete, and there are some «, x, and o € Ko, such
that, for all initial states & and inputs u, the following estimate holds for all ¢ € [0, tymax (&, u)):

/ allz(s.€.w)) ds < x(E]) + / o([u(s)]) ds. (2)
0 0

In particular, for example, a system which has “finite ., norm” (i.e., operator norm from L2
to £?), meaning that an estimate such as

(/ t<|m<s,£,u>|>qczs>; < (1er + [ otuisir ds>% ®

holds with p = ¢ = 2, is necessarily 1sS. (Actually, in a sense every ISS system satisfies an
estimate of this form, under coordinate changes; see [5].) The estimate (3) with p = ¢ =2 (or,
more generally, for any p = ¢) gives rise to an estimate as in (2) simply by raising both sides
to the pth power. However, mized norms p # ¢ give rise, after raising to the pth power, to the
more general type of estimate:

([ et cmpas) < ) + [ ouisias ()

with all comparison functions of class K. Alternative ways of stating such a condition arise
by taking 7!, leading to an estimate such as

t

/ Ca(le(s. € u)) ds < »y(x<|s|> - a<ru<s>|>ds) (5)

1

(we wrote v+ again as 7y), which could also be written as

t

/ “alla(s & w)l) ds < (E]) + 7 ([ otunas) (©)

(just let x(r) := v(2x(r)) and (r) := v(2r)), or even as:
[ atetscamas < x (1 + [ otutsas) )

holding for some «, x, and 0 € K (take x := x + 7). Note that an estimate of this type in
turn implies again an estimate as in (4), if one takes v := x~! (and “x” is the identity in (4)).

*We use standard terminology, cf. [9]: K is the class of functions [0,00) — [0,00) which are zero at zero,
strictly increasing, and continuous, K is the subset of K functions that are unbounded, £ is the set of functions
[0, +00) — [0, +00) which are continuous, decreasing, and converging to 0 as their argument tends to +oo, KL
is the class of functions [0,00)> — [0,00) which are class K on the first argument and class £ on the second
argument. A positive definite function [0, 00) — [0, c0) is one that is zero at 0 and positive otherwise.



Given the apparent similarity between on the one hand (2) and on the other (4) and its equiv-
alent versions (5)-(7), it seems natural to conjecture that this latter property is also equivalent
to 18s. Surprisingly, however, and this is one of the main results of this paper, this equivalence
turns out to be false, and (4) is in fact equivalent to integral input-to-state stability (11S). Recall
that a system is said to be 1Iss if there exist functions «, o of class Ko, and 3 of class KL, such
that

a(lzt, & uw)]) < Bl t) + /O a(lu(s)]) ds (8)

holds along all trajectories. Observe that any I1ISS system is necessarily forward complete,
because «(|z(t, &, u)|) is bounded by 8(|¢],0) + fOT o(Ju(s)]) ds on any interval [0,T), with T <
tmax(&,u), on which the trajectory is defined (so maximal trajectories stay bounded, and are
therefore everywhere defined).

The concept of 1ISS is very natural; among other characterizations, it was shown in [2] that
11SSs is equivalent to the existence of a proper and positive definite smooth function V' which
satisfies a dissipation inequality of the following kind:

DV (z)f(x,u) < —p(|z]) + o(Ju|]) Vz eR", YueR™, (9)

for some positive definite function p and some o of class K. (In contrast, the strictly stronger
ISS property is equivalent to the existence of a dissipation inequality of this general form, but
where p is required to be class Ko.)

We may weaken the requirements in the 11Ss definition by not asking that the effect of initial
conditions decay, replacing 5(|£|,t) by just an upper bound ~(|{|), and even by allowing an
additional additive constant. This leads to the following notion: a system is uniformly bounded
energy bounded state (UBEBS) if, for some «, 7, and o € K, and some positive constant ¢, the
following estimate holds along all trajectories:

aflz(t, &,u)]) < ~(€]) + /0 o(lu(s)])ds + c. (10)

Another apparently weaker notion of stability, which will be used in Section 3 in order to
deal with semi-global versions of 1ISs, is given by estimates of this type, which mix integral and
Sup norms:

t
alz(t, &, w)]) < B(EL 1) + /0 o(lu(s)]) ds + y(llup,glleo) (11)

understood as holding for some 3 of class KL and some «, o, and vy of class K.

Our main equivalence results, to be proved in Section 2, can be summarized as follows. In
addition to the “integral to integral stability” equivalences, we also state a sort of “separation”
theorem for 11Ss, which allows to decompose the property into global asymptotic stability of the
zero-input system & = f(x,0) (the 0-GAS property) plus the “bounded input-energy bounded
state” property UBEBS.

Theorem 1 For any system (1), the following facts are equivalent:
1. The system is 11SS.
2. The system is O-GAS and UBEBS.

3. The system is forward complete and satisfies an estimate as in (7).



4. The system satisfies an estimate as in (11).

We turn now to a “semiglobal” version of the 1ISs property, in which estimates are only
required to hold for bounded initial states and inputs.

Definition 1.1 A system (1) is semiglobally 11sS if for each M > 0 there are functions 3y € KL,
and v and apy in Ko, such that the following estimate:

an(lz(t, & u)]) < Bu(lElt) + /0 on(lu(s)]) ds (12)

holds for all initial states { and inputs u such that || < M and |jul|,, < M, for all ¢t €
[0, tmax (&, u)). U

Note that such a system is clearly 0-GAS, because when u = 0, Bi¢/([],1) — 0 as t — o0
implies that x(¢,£,0) — 0 (attractivity), and applying with M = 1 one establishes stability.

The main result in that respect will be as follows.
Theorem 2 A system (1) is semiglobally 11SS if and only if it is 11SS.

This is proved in Section 3. Interestingly, the respective result does not hold for the 1SS
property, in so far as initial states are concerned; see Section 4.

2 Proof of Theorem 1

We will first show that 1 < 2. It is obvious that 1 = 2, but the converse requires the following
steps: first we establish the existence of a lower-semicontinuous Lyapunov-like function V,
under the assumption that an UBEBSs-like estimate holds, and then we combine this V' with a
function as in the characterization of 0-GAS given in [2] to obtain a non-smooth dissipation
inequality; the final step is to show that the 11SS property can be deduced from this inequality.

Next we establish that 1 = 3. This implication makes essential use of the Lyapunov char-
acterization of 11Ss given in [2].

We then turn to showing that 3 = 2. The proof of the implication is heavily based upon
the Lyapunov characterization of forward completeness which was recently given in [3]. (As
a matter of fact, the original motivation for that paper was in trying to provide the main
technical step required in this proof.) The fact that (7) together with forward completeness is
a sufficient condition for 0-GAS was already shown in [19] (see the proof of Theorem 1 in that
paper, applied to the special case when u = 0). Hence, we are only left to show that a UBEBS
estimate holds.

Since it is clearly true that 1 implies 4, we are only left to show that the converse is also
true; we do this in Section 2.4.
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The implication 1 = 2 follows easily simply considering that 5(|¢],¢) < £(|¢|,0) and recalling
that 3(-,0) is a K function. The converse implication is more interesting.

As a preliminary step, we show that, if a system is O-GAS and UBEBS, we may always reduce
to the special case ¢ = 0. Moreover, we show that a weaker estimate is also possible.



Lemma 2.1 Suppose that a system (1) is 0-GAS. Then the following properties are equivalent:

e The system satisfies along all trajectories an estimate of the following type, for suitable
maps of class Koo

t
ar(|z@t, & u)) < as(lE]) + x (/0 r(lu(s)]) d8> : (13)
e The system satisfies along all trajectories an UBEBS-like estimate with ¢ = 0:
t
aflz(t, §,u)]) < ~(€]) + /O o1(|u(s)]) ds. (14)

e The system is UBEBS.

Proof. If an estimate of the type (13) holds along all trajectories, we simply introduce ay4(r) :=
x~1(r/2), so that (14) holds with a = a4 0y and ¥(r) = a4(2as3(r)). Clearly, if an estimate of
type (14) holds, then the system is UBEBS (just take ¢ = 0). Thus, all that we need to prove is
that any 0-GAS and UBEBS system satisfies an estimate of type (13).

By virtue of Lemma 4.10 in [2], we have that O-GAS implies the existence of a smooth
function V' : R™ — R>, two class K functions a; such that (18) holds, and some 6, § of class
Koo, s0 that

DV (z) f(x,u) < 0(|z])0(Ju]) VzeR", Vue R™. (15)

Taking the integral of this inequality in both sides yields the following estimate:

V(a(t, €, u) /e 125, £, u)]) 6(|u(s)]) ds (16)

along all possible solutions corresponding to initial states £ and controls u. We now exploit the
UBEBS property in order to show that we can always reduce ourselves to the case ¢ = 0.

In general, for any class-KC map «, we have that a(a + b+ ¢) < a(3a) + a(3b) + a(3¢).
Applying this observation to (10), we obtain the following estimate along all solutions:

O(lx(s, 6. 0)) < a(3y(eD) + a ( A 3a<ru<f>r>df) T a(30), )

where &(r) := foa~1(3r). Majorizing 6(|x(s)|) in the right hand side of (16) according to (17),
we obtain:

V(‘T(ta 57 u)) - V(f)

< [ t {aoten +a ([ aturnar) + e} sueas
\ }



where r(r) = max{o(r),d(r)} and x(r) = r? + a(c)r + a(r)r. Now let a; and as be such
that (18) holds. Then we have an estimate of the type (13) holding along all trajectories, with
with ag = as + [a(v(+))]% n

Thus, we assume from now on that an estimate (14) holds. The next step is to obtain a
Lyapunov-like property.

Lemma 2.2 Suppose that system (1) satisfies an estimate (14). Then, there exist functions
a1, o, and o of class Ko, and a lower semicontinuous function V' : R® — R>( such that

ar(lz]) < V(z) < aa(lz]) (18)

holds for all x, so that along all trajectories the following estimate is satisfied:
t
V(z(t, & u) = V() < /0 o1(lu(s)]) ds . (19)
Proof. Take as V' the following function:

vie = sw {aletten)) - [ tol<\u<s>r>ds} | (20)

t>0,u(+)

Lower-semicontinuity of V' follows by a routine argument from the continuity of a(|z(¢, -, u)|).
By definition of UBEBS in (10), V is finite-valued and (18) is satisfied with a1 = o and ag = 7.

We show next that, along trajectories of the system, V satisfies (19). In fact

Vie(t.ew) = sup |a(rz(t,€u),v)] - /O o1(Ju(s)]) ds

7>0,0(-)

t
= sw falr -t &uto) [ (o) ds

7>0,v(-)

t+1 t
_ [sup (7 4 1, €, utbv)| — /0 o1(Juso(s)]) ds| + /0 o1(ju(s)]) ds

7>0,v(-)

sup [2(7,€,3)| /Offn(w(s)nds + [ oa(uts)) ds

7>0,5(-)

< Ve + /0 o1 (Ju(s)]) ds,

where u#v denotes the concatenation input: u#v(t) = u(t) for t < 7 and v(t — 7) otherwise. i

To complete the proof that the system is 11SS, we take a function Vi as in Lemma 2.2.
In [2], it is shown that, for each O-GAS system there exists some smooth, positive definite, and
“semi-proper” function V5 : R"™ — R>¢ so that, for some o9 € K and some continuous positive
definite function p : R>g — R>,

DVa(2) f(z,u) < —p(|z]) + oa(|ul) (21)

holds for all € R™ and all u € R™. (Semiproper was defined in that paper as: for each r in the
range of V5, the sublevel set {x|Va(x) < r} is compact.) Consider the function V := V; 4 V5.



This function is such that (18) holds for all z, for suitable a;, o of class K, and also there is
a o of class Ko, (namely, we may pick o = 01 + 02) and a continuous positive definite function

p, such that
t

Vi(x(t,§u)) < V(§)+/0 U(IU(S)DdS—/O p(|z(s, & u)l) ds (22)

holds along all trajectories. (Note that V' (z(¢,&,u)) is Lebesgue measurable as a function of
t, because V is lower semicontinuous, so the integral makes sense.) Thus the proof will be
completed once that we show the following non-smooth version of the sufficiency condition for
11Ss established in [2].

Lemma 2.3 Consider a system (1), and suppose that there exists a function V' : R” — Rx,
functions ay, ag, o of class K, and a continuous positive definite function p, such that (18)
holds for all z, and so that V (z(¢, £, u)) is Lebesgue measurable as a function of ¢, and (22) holds
for all £ € R™, all input signals u, and all ¢ > 0. Then the system is Integral Input-to-State
Stable.

Proof. We apply Lemma 3.1 in [2] to the continuous positive definite function p, to conclude
the existence of p; € Ko and p2 € £ such that:

p(r) = pr(r) pa(r) (23)
holds for all » > 0. We define
p(r) = pilay'(r)) paag ' (r))
and we pick a continuous positive definite and locally Lipschitz p* such that
p*(r) < pi(r/2) pa(r)

for all r, where p; € Ko and ps € L are as given by Lemma 3.1 in [2] applied to p.

Thus, for all z € R™ we have:
p(lz) = pr(le)pa(lz]) = prlag (V(@)p2(ar ' (V(2) = V(). (24)
From (22), taking into account (24), we have that
Viattéw) < VO + [ ol ds = [ V(g ds (25)

along all trajectories. We also note for future reference, that V satisfies the following “no upper
jumps” properties:

limsup V(z(t)) < V(z(to)) (26)
t—td
liminf V(x(t) > V(a(to)) (27)

along all trajectories, for all ¢ty > 0.

Now pick any initial state £ and any input u, and consider the (unique, since p* is locally
Lipschitz) solution of the following initial value problem:

b = ollu)) = p*(w), w(0)=V(E). (28)



Claim:
V(z(t, & u) < w(t) VE>0. (29)

In order to prove this, we first fix an arbitrary ¢ > 0, and we consider the initial value
problem

w = o(lu]) = p*(w), w(0)=V(E)+e. (30)

We will we show that (29) holds for this modified problem, for each such €. Then the result
will follow for the original problem by letting ¢ — 0 and using the fact that, for each ¢, the
solution w(t) depends continuously on €. Note that, since w(0) > 0 for the modified problem,
also w(t) > 0 for all ¢, by a comparison principle: w(t) > —p*(w(t)) for all ¢, and the equation
0 = —p*(v) has unique solutions and has zero as an equilibrium.
Assume, by way of contradiction that there would exist some ¢ > 0 such that V(x(¢,&,u)) >
w(t). Let:
7= inf{t >0 : V(z(t,&u)) > w(t)}. (31)

To simplify notation, we write from now on x(t) instead of z(¢,&,u). By definition of 7 and
(26), we have
w(r) < limsup V(z(t)) < V(z(r)). (32)
t—7t
Since V(§) < w(0), necessarily 7 > 0.
Observe that V(x(t)) < w(t) for all ¢ < 7, so in particular, using (27) and continuity of
w(t):
w(r) > limsup V(z(¢t)) > lminf V(z(t)) > V(z(7)). (33)

t—T— t—7™

Putting together (33) and (32) gives
w(r) = V(z(r)) = lim V(xz(t)),
t—T1~
so there exists some J > 0 such that @ < V(x(t)) < w(t) for every t € [T — d,7). We also
have the fact that
Br) > mniar) > puls/2(s) > p(s)
whenever s/2 < r < s. We thus obtain a contradiction:

T

Vie(r) < Vie(r—5)+ /

[ ot ds— [ sviat) ds
< =0+ [ aueds— [ ) ds
= w(r).

This completes the proof of the claim.

By Corollary 4.3 in [2], associated to the positive definite continuous function p* there is
some function 3 of class KL with the following property: if u is an input and w is the solution
of w = o(Ju]) — p*(w) with initial condition wy, then w(t) < B(wo,t) + fota(\u(s)]) ds for all t.
It follows from our claim that

or(|e(t.€,u) < V(e(t.6,w) < w(t) < BV(E)1) + /0 o([u(s)]) ds. (34)

This proves that the system is 11SS. |



22 1=3

We show next that 1 implies 3. We must show the estimate in (7). By virtue of the converse
Lyapunov characterization of 11SS cited earlier, there exists a smooth function V' : R" — R>q
so that (18) holds for suitable oy and aw, such that (9) holds. Integrating, we obtain that (22)
holds along all solutions. In particular, |z(t,£,u)| < k1([€]) + /i2(fg o(|u(s)|)ds), where we have
defined 1(s) = o ' o2az(s) and ka(s) = a; ' 02s. We apply Lemma 3.1 in [2] to the continuous
positive definite function p, to conclude the existence of p; € Ko and p2 € L such that (23)
holds for all » > 0. Then,

Vit e ) < V(O + / o(|u(s)]) ds

_ [/Otm(lx(s,g,u)!)ds] [m (Ii1(|§’)+l€2 (/Ota(\u(s)!)ds»]. (35)

Define now the function v as

1 1
v(r) = - : (36)
p2(r)  p2(0)
Notice that « is of class K. Moreover, we also to define the following class K functions:
x1(r) = max{yo2kri(r),ax(r)}
x2(r) = max{yo2ka(r),r}. (37)

It follows from (35) and (37) that

/ pr(|(s,€,u)]) ds
0

g+ (mle e ([ ta(\u(smds)ﬂ v [ o (lus)) a

< |t @l + o2 /Otouu(s)\)ds)] aalle) + /Otauu(s)r)ds}
< D TR () s ([ otuion) )

t
< an((€D)/2(0) + 231 (€1 + (xa/p2(0) + 243) o < / a<ru<s>|>) |

This is an estimate of type (6), as wanted.

23 3 =2

As mentioned earlier, the fact that (7) together with forward completeness is a sufficient con-
dition for 0-GAS was already shown in [18]. So we must show that a UBEBS estimate holds.

We start by recalling a result in [3]. It is shown there that forward completeness of (1)
implies (and is, in fact, equivalent to) there being an estimate of the following type along all
trajectories:

t
2t 60)] < ma(t) + rallE]) + ma ( / 'V(U(S)I)d«S) e (38)



holding for some k1,k9,k3,7 of class Ko and some ¢ > 0. We choose functions like this, and let
a, X, and o be as in the estimate (7). We also introduce

d = max{y,0}.

We also define, for each r > 0:

+o00
m(r) = sup{]x(t,{,u)] 2 t>0, )¢ <r, /0 5(]u(s)\)ds§7"} .

Note that m is a nondecreasing function. The main technical step is in showing that m(r) < oc:

Lemma 2.4 For each r > 0,

m(r) < ki <X(2T)> + Ka(r) + Ka3(r) + c. (39)
a(r)

Proof. Pick any r > 0 and denote for simplicity the right-hand side of (39) as M(r). Pick

any state £ and input u so that |{] < r and fOJrOO d(Ju(s)])ds < r. We need to show that,

for all ¢, |z(¢t,&,u)| < M(r). Assume that is not the case, so there is some 7' > 0 so that

|x(T,&,u)| > M(r). Let

ri= sup{t<T ¢ Ja(t,&u)] <),
so that |z(t,&,u)| > r for all ¢ € [1,T]. It follows from (7) that

T
()T —7) < / (|5, €, u)]) ds

< [ atetscas
< (e [ otutnas)
< x(2r).

With the notations

we have that
(T, & u)| = |(T,&,a@)| < wi(T)+ ra(r) + ks(r) +c = M(r),
a contradiction. (]

Now pick any & and u, and let

i max{ie [ auts)) ds )

z(t,&,u())| < m(r) < x(r)+c
for all ¢ > 0, where x is any class-K function and ¢ is any constant such that m(r) < x(r
for all 7 (such x and ¢ exist because m is nodecreasing and finite-valued). With «a := (
we conclude that

By definition of m,

(r) +
2)!

alz(t, &u(-)))) < r+ a2,

for all ¢, which gives us a UBEBS estimate, as wanted.

10



24 4=1

In order to prove the result, we need to appeal to the “small gain” argument used in the proof
of the converse Lyapunov theorem for 11SS in [2]. We review here the key technical steps needed
from that argument, in a manner not stated explicitly in [2].

In general, for any system (1), and any given smooth K., function ¢, we consider the
following auxiliary system:

& = f(z,dp(]z]), (40)

where we restrict the inputs d to have values in the closed unit ball, i.e. d(-) : [0, +o0) — B,
where B denotes the set {y € R™ : |u] < 1}. We let M denote the set of such inputs. For
each & and d, we use z¥(t, &, d) to denote the trajectory of (40) corresponding to initial state £
and input d, defined in some maximal interval [0, tmax (&, d)).

Suppose given, for the system (40), maps &, 7, and ¢ of class K, such that v is smooth,
and denote, for each £ € R, each t > 0, and each d € M3,

2(1,6,d) = alla® (€ d)]) - /0 V(1) ¢ (129(s,€, D)) ) ds

and for each &,
g(&) = sup{2(t,£,d) : t €0, tmax(§,d)), d € Mz}
(possibly = +00). Suppose also given a (§y € Ko so that
z(ta§7d) < ﬁ0(|§|) Vfa da te [0>tmax(§>d)) . (41)

Notice that, under this assumption, ¢ is finite-valued, and

a(lgl) < g(&) < BollED)

for all £ € R™. Finally, assume that for each 0 < r; < ry there is a T'(ry,72) > 0 such that the
following property holds:

r<l|fl<re = g = sup{z(t,&,d) : 0<t<T(r1,r2),d € Mz}. (42)
Then, the proof of the main theorem in [2] contains a proof of this fact:

Proposition 2.5 If the system (1) is 0-GAS, and if the above assumptions hold, then the
system (1) is 11sS. O

We now apply this result to show that a system which satisfies an estimate (11) is necessarily

11ss. Note that such a system is 0-GAS. Assume without loss of generality that o =+ in (11),
i.e., the system satisfies the following estimate:

aflz(t, &,v)]) < A&l 1) + /O Y(lu(s)l) ds + v(|lupo, o) (43)

for all ¢ > 0, all initial conditions £ € R™, and all measurable locally essentially bounded u(-).
Let ¢ be any smooth K function such that




We will establish the properties needed for applying Proposition 2.5 with the same v and ¢,
a = «/2, and [y := ((-,0). (The only minor technical problem in applying the result is the
requirement that v be smooth; smoothness at the origin is needed due to the method of proof
used in [2]. It is possible, however, to assume this fact with no loss of generality, employing the
same trick as in [2] to produce a related system for which (11) holds with smooth ~.)

We start by establishing (41).

Lemma 2.6 For all £, d, and ¢ € [0, tmax(§, d)),
t
allz#(t &, d)l) < 2P0(lE]) + 2 /0 Y (1) e(la* (5. €, d)))) ds . (44)

Proof. For all T € [0, t], write u(7) := d(7)p(|z?(1,§,d)|), so that

a(|z?(r, €, d)])

Y(u(m)) < A(le(z?(r, € d)]) < 5

for all 7, and thus also
adllaf 1)
2

for all 7, where we are denoting by Hx‘[‘(’] ” || the sup norm of z#(-, &, d) over the interval [0, 7].

Y(luprlle) <

Now applying (43) with this u, we have

. . a(llaf) lloc)

a(la* (&) < 80 + [ Au)) ds + ——50=. (16)

Now taking the supremum over 7 € [0, ] we obtain:
t ([l 4 lloc)
alllafy o) < Bo(lél) + /0 Yu(s)]) ds + ——E—
so that we conclude .
a(llzfy yllee) < 260(€]) + 2/0 V(lu(s)) ds .

Equation (44) follows from a(|z?(t,§,d)|) < a(Hx‘[p l|oo)- ]

0,t)

In order to obtain the T'(r1,72)’s as in (42), we need a simple observation. For each & and
d, we let G(§,d) denote the set of ¢ € [0, tax(§, d)) for which

22t & )| = llaf ylloe

where we again use Hx‘[% t)Hoo to indicate the sup norm of z%#(-, &, d) over the interval [0, ¢].

Lemma 2.7 For each &, d, and t € [0,tmax(§,d)), there is some 7 € G(&,d) such that
|x#(t, &, d)| = |x¥(7,&,d)| and T < ¢.

Proof. Just let 7 := min{s € [0,t] : |z%(s,&,d)| > |2%(t,&,d)|}. By definition of 7, |z¥(s, &, d)| <
|x¥(7,&,d)| for all s € [0, 7). |
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We use this remark as follows. Given any & and d, and any ¢, we pick 7 as in the Lemma.
As 7 <t and 7 is nonnegative,

—/Otv(ld(s)so(lx@(svﬁad)!))ds < —/OT'V(Id(S)sO(!w“’(s,E,d)I))ds,
and it follows that z(t,¢,d) < z(r,&,d). Thus, for each &,
9(&) = sup{2(t,§,d) : t € G({,d), de Mp}.
For ¢ € G(¢,d), the estimate (46) gives

a2 1)
2

< BeLt) + /0 (ld(s)p (2% (s, £, d)])) ds

a(le?(t, &, d)) = a(je?(t, €, d)]) —

ie., z(t,&,d) < B([¢],t). Since g(&) > a(|£]), we may pick as T'(r1,72) any ¢ such that G(re,t) <
a(ry). This completes the verification of the conditions needed in order to apply Proposition 2.5.

3 Proof of Theorem 2

For technical reasons, it is convenient to introduce properties separating semiglobal behavior
with respect to inputs or states respectively.

We say that a system is semiglobal 11SS with respect to inputs if, for each M > 0 there are
functions By € KL, and vy and apy in Ko, such that the estimate (12) holds for all initial
states £ and all those inputs u for which ||ul|, < M. The system is semiglobal 1SS with respect
to initial states if, for each M > 0 there are functions Gy € KL, and vjs and ajps in Ko, such
that the estimate (12) holds for all inputs u and for all those initial states £ such that |£]| < M.
We could ask in these definitions “Vt € [0, tmax(§,u))” or V¢t > 07; it amounts to the same
thing since either property implies forward completeness, i.e. tmax(§,u) = +00. Note also that
if a system satisfies either of these properties then it is 0O-GAS (the argument is exactly the same
as the one given earlier for semiglobal 11sS).

The property of being semiglobally 11Ss with respect to inputs can be equivalently restated
as the requirement that every saturated-input system

& = f(z,satpy(u)), (47)

where satys(u) indicates the projection of w into the ball of radius M in R™, be 118s, for each
M > 0. Indeed, asking for each such system to be 1ISs amounts to asking that the required
estimation functions exist.

We will first prove this:

Proposition 3.1 The following facts are equivalent:

1. System (1) is 11ISS.

2. System (1) is semiglobally 11Ss with respect to inputs.

13



3. System (1) is semiglobally 11Ss with respect to initial states.

Then, we shall prove a variant of the equivalence of 4 and 11SS in Theorem 1. We replace
the estimate (11) by an estimate as follows:

aflz(t, &,u)l) < BollE]) + /0 o(fu(s)]) ds + y(llupglle) (48)

understood as holding for some fy, a, o, and v of class K, along all trajectories. Of course,
an estimate (11) implies also an estimate of this type, just using Go(r) := 3(r,0). So an 1ISS
system always satisfies this. The converse is less obvious:

Proposition 3.2 System (1) is 11Ss if and only if it is 0-GAS and it satisfies an estimate (48).

The key calculation is contained in the following fact, to be proved after we show how the
main conclusions follow from it.

Lemma 3.3 Assume given three families of functions
{Bar, M eNYCKL, {63, M eNYCKs, {7ar.M €N} C Koo,
as well as two nondecreasing functions
a;:[0,00) — [0,00), i =1,2.

Then, there are a class-CL function § and class-Ko, functions vq, 2, 41, and o such that, for
all T > 0,

T
Brar (R)+az(sN (B T)  + Aoy (R)+as(S)] </O 6[a1(R)+a2(s)]((p(3))d5>

T
< BRT) + n(a(R) + 1(ax(S)) + b ( JREL) ds)
0
for all R > 0, all S > 0, and all measurable functions ¢ : [0,7] — Rx>.

Here we are using [r] to denote the “ceiling” of r € R, i.e. the smallest integer larger or
equal than 7. In the following we will also make use of the “floor” function, |r|, defined as the
largest integer smaller or equal than r.

Let us see how Proposition 3.1 follows from this. Suppose first that the system is semiglob-
ally 118s with respect to inputs. Thus there are families ap; and (7 so that (12) holds whenever
ul|, < M, for all ¢ and t. Applying o} to both sides, we obtain:

t

l2(t, &, w) < Bu(l€],t) + T </0 5M(|U(S)|)d8> : (49)
where we defined Ja(r) = o/ (2r) and Bas(r,t) = ay} (28a(r,t)). We apply Lemma 3.3 to
these families of maps (restricting attention to integer values of M), with a1 = 0 and a(S) = S.

With the functions given by that Lemma, take now any &, u, and t. Let S := ||ul| ., M = [5],
and R := [£]. As v1(a1(R)) = 71(0) = 0, we have

2.0 < BUEL D) + ra(lull) + & ( / 52<ru<s>|>ds) |
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Applying to both sides «(-), where a(3d1(r)) = r, we get rid of the d; function and recover the
estimate in part 4 of Theorem 1, so that the system is indeed 11SS.

Suppose now that, instead, the system is semiglobally 11Ss with respect to initial states.
Thus there are families oy and fas so that (12) holds whenever |{| < M, for all w and t.
Applying a&,l to both sides, we obtain again an estimate like (49). This time, we apply the
Lemma with ag = 0 and «1(R) = R. With the functions given by the Lemma, take any &, u,
and t. Let S := ||ul|, R := [¢], and M := [R]. As y2(aq(S)) = 0, we have

t
2w < B0 + (e + o ( / 52<|u<s>|>ds)
< A€ + & ( /0 52<ru<s>|>ds) ,

where ¥(r) = B(|r|,0) +~1(|r|). Applying to both sides a(-), where a(2d1(r)) = r, we get rid of
the §; function and recover an UBEBS-estimate; together with the fact that the system is 0-GAS,
Theorem 1 guarantees that the system is indeed 11Ss. This ends the proof of Proposition 3.1.

Let us now prove Proposition 3.2. Suppose an estimate (48) holds for all trajectories.
Because of Proposition 3.1, it is sufficient to show semiglobal 11SS with respect to inputs, or
equivalently that each system (47) is 11ss. Fix any M. The estimate (48), applied to inputs
bounded by M, gives us that the UBEBS property holds, with ¢ = y(||lujglloc) and v = Bp.
Thus the system (47) is 11Ss, as follows from Theorem 1 applied to that saturated system.

Finally, we prove Theorem 2. We assume that there are families ap; and ()7 so that (12)
holds whenever |¢| < M, |jul|,, < M, and all t. Applying a;; to both sides, we obtain again
an estimate like (49). We apply once more Lemma 3.3, now with a1(R) = as(R) = R. With
the functions given by the Lemma, take now any &, u, and t. Let S := |ul|, M := [S], and
R :=|¢|. Then we obtain an estimate as follows along all solutions:

(¢, & u)] < [B(IE],0) +n(€D] + r2(lullee) + 61 </0 52(\U(8)!)d8> :

Applying to both sides a(-), where «(361(r)) = r, we once more eliminate the d; function and
recover an estimate (48), so Proposition 3.2 gives us that the system is indeed I1SS.

To summarize, we are only left with proving Lemma 3.3.
3.1 Proof of Lemma 3.3
Let us state several facts about KL and K functions, to be proved below.

Lemma 3.4 Let {ﬁM} men be a family of class KL functions. Then there exist functions
A1 € Koo and 8 € KL such that

Bu(r,t) < 41(M) B(r,t)
for all ,t > 0 and all M > 0.

Lemma 3.5 Let {:YM}MGN and {Gar} men be two families of class Ko functions. Then, there
exist three functions 45, d1, and s of class K, such that, for all 7' > 0 and measurable functions

¢ [0, T] — Rxo,
oy ' e as) < 200 & ! sapls)) s
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Lemma 3.3 follows immediately from these two lemmas, since [a1(R) + a2(S)] < a1(R) +
a2(S) + 1 and using the facts that

Yi(ar(R) +a2(5) +1) < H1(3ar(R)) + %1 (3a2(S)) +41(3)
(and similarly for 42) and ab < a? + b?. One gets
BR,T) = %(3) B(R.T) + 2[B(R,T)*,

n(r) = mer? + F6r)7,
81(r) = 42(3)01(r) + 2[5 (r))°
and the same &5.

So we must prove these two lemmas. Let us collect first three useful facts about KL and
Koo functions.

Lemma 3.6 (Corollary 10 and Remark 11 in [18].) For each v € K there is a 0 € K such
that y(rs) < o(r)o(s) for all r,s > 0. O

Lemma 3.7 (Proposition 7 in [18].) For each § € KL there exist #; and 63 in Ko such that
B(r,t) < 61 (f2(s)e™") for all r,t > 0. O

Lemma 3.8 (Corollary 4.5 in [2].) Suppose that ~ : Rzzo — R is such that 7(+, s) € K for each
s € Ryg and 7(r,-) € K for each r € Rs(. Then, there exists some function o € K such that

(rs) < a(r)o(s)

for all (z,y) € (Rx0)”. O
We prove one more result of this type:

Lemma 3.9 Let {7y }aen be a family of class Ko functions. Then, there exists a ¢ in K such
that
Y (r) < o(M)o(r) Vr >0, VM € N.

Proof. We first make {75/} into a monotonically increasing family of functions, by defining
I (r) = max (7). (50)

We then let 4 : Réo — R>¢ be as follows

As(r) ifseN
A(s,m) =9 sy (M)([s] =) + 15 (r)(s = [s]) ifs>Tands¢N (51)
H(r)s  ifsel0,1).

By construction. % is a function of class KIC, so we may apply to it Lemma 3.8, obtaining ¢ so
that

(r) < Am(r) < A4(M,r) < o(M)o(r) (52)
holds for all M, r. [ |
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Let us prove Lemma 3.4. Let {BM} MeN be a family of class KL functions. We ap-
ply Lemma 3.7 to each (y7, obtaining families {6},} and {63,} in K such that Bar(r,t) <
0]1\4 (G%J(r)e*t) for all r,¢t > 0 and all M. Next we apply Lemma 3.9 to each of the families
{6},} and {63,}, obtaining functions oy and o9, and to o1 we apply Lemma 3.6 to get 0 € Koo
such that:

ﬁM(T, t)

IN A

as desired.

Finally, we prove Lemma 3.5. We apply Lemma 3.9 to each of the families {75/} ren and
{6} men, obtaining functions o1 and o2 and to o3 we apply Lemma 3.6 to get § € K such

that:
S < / " onil(s) ds) < o1(M)oy ( / a3 oa(p(s) ds)
T
< o1(M)oy (02(M) / a2<so<s>>ds)
< o000 0 " oa(ols)) is)

so the conclusions of Lemma 3.5 hold with with 4o(M) = o1(M)0 (09(M)), 6, := 6, and
0o := 09.

4 A Remark on Semiglobal 1ss

For 188, in contrast to 11Ss, the corresponding semiglobal property is strictly weaker, as shown
by a counterexample in Section 4.1. If only inputs are restricted, however, a positive result
exists, as we discuss next.

We say that a system is semiglobally 1SS with respect to inputs if for each M > 0 there are
functions Gy € KL, and vps in Ko, such that

(¢, & u)l < Bar(€], 1) + yar([Julloo) (53)

holds for all initial states £ and all those inputs u for which |lul|,, < M.
We will estabilish the following result:

Theorem 3 System (1) is 1SS if and only if it is semiglobally 18S with respect to inputs.

Proof. We will prove the result exploiting the “LIM property” characterization of 1Ss given in [19]:
1SS is equivalent to Lyapunov stability of the unforced system & = f(z,0) plus the following
asymptotic gain condition on all solutions of (1):

liminf |2(2, &, u)| < y([[ulloo) (54)

t——+o00
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for some function 7 of class K. Stability is clearly implied by semiglobal 1SS with respect to
inputs; in fact the unforced system is clearly 0-GAS. Suppose that, for all M, the functions
By € KL and 77 in Koo are as in the definition. We apply lemma 3.9 to the family {vas} to
obtain a o as there, and define

v(r) = A(r+1)(r),
which is clearly of class K. We claim that (54) holds. Indeed, pick any & and u, and let
M := [||lu|| |- Then, for all ¢,

(8, & w)] < Bu([€],t) + o(M)o([lull) < Bu(El 1) + v(llull)

from which (54) follows. n

4.1 Counter-example

We now provide a system which is “semiglobally 1SS with respect to initial states” in the obvious
sense but which is not 1ss. Consider the system:

1 = —z1(1 —sinxg),

To = —To+tu. (55)

Claim 1: The system is not ISS. Suppose that the system is ISS. Then there exists some 3 € KL
and some y € K such that

(¢, & u)| < B(IE] 1) + y([lulleo)

for all ¢ > 0, all initial states £ and all u. Consequently,

limsup |z(, §, w)| < v([|ull0) (56)

t—o00
for all £&. Consider the initial state & = (y(w/2) + 1,7/2) and the input given by u(t) = 7/2.
The corresponding trajectory is

o1(t) =y(n/2) + 1,  wa(t)=n/2,  Vt>0.

Property (56) fails to hold for this trajectory. This shows that the system is not ISS.

Claim 2: There is a KL-function g such that, for each M > 0, there is a C-function ~a; such
that

(8, &, u)| < BIEL ) +ne(lullc),  VE=0,
for all [{] < M and all u.

The trajectories of the system are given by:
l‘l(t) _ flefot —(1—sinz2(s)) ds7
t
zo(t) = Eet+ e_t/ e‘u(s)ds.
0

For the x5 part, one has the following estimation:

[w2(t)] < [&le™ + [Julloo- (57)
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The estimation for the x1 is a bit more complicated than the xzo part. First of all, we note that,

for all s > 0,

|sinza(s)] < sin[fges—i-es/ e’u(o) do]
0

= |sin[ee *+ € ° /s e’u(o) do]
0

< |sin(&e7%)| + sin(es/ e?u(o) do)
0
< J&] + [sin(e / e u(o) do)| |
0
SO
21 ()] < [&]etelo sinwa(s)lds
< &i|elelemtelo Isin(e™? [ eTu(o) do)lds

Observe that

sin (¢ [ eouto) )

Hence, when ||ul/co < 1/2, one has

t s
/|sin(e_5/ e“u(o)do)lds < / / €?||ul|co do ds
0 0

< /6_5—)d <t/2,
0 2

and when ||ul|oo > 1/2, one has

[

Consequently, when ||ul] < 1/2,

t
ds < / ds =t.
0

lz1(t)| < ’§1|6|£2| —tet/2 ‘51’€|€2\ t/2 ’

sin(e~* /0 e u(o) do)

and when ||u|| > 1/2,
lz1(t)| < !£1|e|52|e_tet — \51\e|52‘,

= |sin(&e” %) cos(e”? /OS e?u(o)do) + cos(§2e %) sin(e™?® /OS e’u(o)do)

t
< min{es/ e?|u(o)| do 1}.
0

Let B(s, t) = sese~t/2 and, for each M > 0, let 43; be any K function such that Aar(r) > MeM

for all » > 1/2. Then the above shows that

1 ()] < BUEL D) +An(lulle),  VE=0,

for all £ and u. Combining this with (57), one sees that Claim 2 is true.
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