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On input-to-state-stability and integral input-to-state-stability for
parabolic boundary control systems

Birgit Jacob! Robert Nabiullin'

Abstract— This work contributes to the recently intensified
study of input-to-state stability for infinite-dimensional systems.
The focus is laid on the relation between input-to-state stability
and integral input-to-state stability for linear systems with a
possibly unbounded control operator. The main result is that
for parabolic diagonal systems both notions coincide, even in
the setting of inputs in °°, and a simple criterion is derived.

I. INTRODUCTION

The concept of input-to-state stability, introduced by
E. Sontag in 1989 [1], is a well-studied stability notion of
control systems with respect to external inputs. For a survey
on input-to-state stability for finite-dimensional systems we
refer the reader to [2]. A variant of classic input-to-state
stability is the notion of integral input-to-state stability, see
e.g., [3]. We note that for linear, finite-dimensional systems
input-to-state stability and integral input-to-state stability are
equivalent and hence, the interest in different types of input-
to-state stability lies in the study of nonlinear systems then.

For infinite-dimensional systems, input-to-state stability
and integral input-to-state stability have been less studied, but
more intensively in the recent past, see [4], [5], [6], [7], [8],
[9], [10], [11], [12]. See also [13] for a study on the failure
of equivalences in infinite-dimensions, which are known to
hold true for finite-dimensional systems. In contrast to finite
dimensions, even the case of linear systems is still not fully
understood. This contribution aims to shed more light on
the latter situation. In most of the references mentioned
above, general nonlinear systems are studied, however, in
such a way that the special case of linear equations is only
covered when bounded control operators are considered.
Concerning applications, this is a major restriction, see e.g.
[14]. Moreover, if the system is linear and the control
operator is bounded, then is easy to see that input-to-state
stability and integral input-to-state stability are equivalent.
Therefore, the focus of this paper is to allow for unbounded
control operators and to address the question how these
stability concepts are related. For linear, infinite-dimensional
systems, the notion of admissibility, [15], [16], has proved to
be very useful for the study of unbounded control operators.
It is known that input-to-state stability is equivalent to
admissibility (together with exponential stability). We will

1B. Jacob and R. Nabiullin are with Functional Analysis group, School
of Mathematics and Natural Sciences, University of Wuppertal, 42119
Wauppertal, Germany {jacob,nabiullin} @math.uni-wuppertal.de,

2Jonathan Partington is with School of Mathematics, University of Leeds,
Leeds LS2 9JT, Yorkshire, United Kingdom j.r.partington @leeds.ac.uk

3F. Schwenninger is with Department of Mathematics, Univer-
sity of Hamburg, BundesstraBe 55, D-20146 Hamburg, Germany,
felix.schwenninger @uni-hamburg.de

Jonathan Partington?

Felix Schwenninger?

show that integral input-to-state stability in fact implies zero-
class admissibility [17], [18], which is slightly stronger than
admissibility.

In this paper we study systems Y(A, B) of the form

x(t) = Ax(t) + Bu(t), z(0)=mz9, t>0, (1)
where A generates a Cp-semigroup on a Hilbert space X and
B is a linear, unbounded operator defined on the input space
U. This class of systems covers in particular linear partial
differential equations with boundary control. Furthermore,
will restrict our study to input-to-state stability and integral
input-to-state stability with respect to L°°. We remark that
the corresponding questions for LP, p € [1,00), are less
interesting as the notions coincide then, see e.g. [19].

By the relation to admissibility, input-to-state stability
follows from integral input-to-state stability. We prove that
integral input-to-state stability moreover implies zero-class
admissibility, Proposition 2.9.

We then consider parabolic diagonal systems, that is, we
assume that A possesses a Riesz basis of eigenvectors with
eigenvalues lying in a sector in the open left half-plane and
that the input space U is one-dimensional. Our main result
states that, for such systems, integral input-to-state stability
is equivalent to input-to-state stability and equivalent to the
fact that B is a linear bounded operator from U to the
extrapolation space X _i, see Theorem 3.1.

Finally, we illustrate the obtained results by an example of
a heat equation with boundary control.

II. DEFINITIONS

We study systems X(A, B) of the form in (1) where B
is a linear and bounded operator from a Hilbert space U
to the extrapolation space X_;. Note that B is possibly
unbounded from U to X. Here X_; is the completion of
X with respect to the norm ||z|x_, = [|[(8 — A)~lz|x
for some S in the resolvent set p(A) of A. The semigroup
(T'(t))e>0 extends uniquely to a Cp-semigroup (T_1(t))¢>0
on X_; whose generator A_; is an extension of A, see
e.g. [20]. Thus we may consider Equation (1) on the Hilbert
space X_1. For u € L}, (0,00;U) the mild solution of (1)
is given by the variation of parameters formula

(1) = T(H)zo + /0 T \(t—$)Bu(s)ds, 1>0. ()

The notion of admissibility of the system (A, B) guarantees
that the state x(¢) lies in X.



Definition 2.1: System X(A, B) is called admissible if
t
Vit > 0,u € L™(0,t;U) : / T_1(s)Bu(s) ds € X. (3)
0

It follows that if YX(A, B) is admissible, then all mild
solutions (2) are in X and by the Closed Graph Theorem
there exists a constant ¢(¢) (take the infimum over all possible
constants) such that

‘ /ot T_1(s)Bu(s) ds

If (3) holds for ¢t = oo, then X(A, B) is called infinite-time
admissible.

If the semigroup (7'(¢)):>0 is exponentially stable, that is,
there exist constants M, w > 0 such that

< c(@)l[ull Lo o.60)-

IT(@#)] < Me™*, t>0, )

then ¢ = sup,~ ¢(t) < oo, and it is easy to see that infinite-
time admissibility is equivalent to admissibility. Beside clas-
sic admissibility, we are also interested in the following
refinement.
Definition 2.2: We call the system X(A, B) zero-class
admissible if the system is admissible and lim;_,q c¢(t) = 0.
Remark 2.3: If £(A, B) is zero-class admissible, then for
every zo € X and every u € L°(0, 00; U) the mild solution
of (1), given by (2), satisfies = € C([0,00); X). This is
proved similarly to Proposition 2.3 in [15], see [19].
We will need the following well-known function classes from
Lyapunov theory.

K ={u:R{ — R{ | 1(0) = 0, 1 continuous,
strictly increasing},
Ko ={0€ K| lgn 0(z) = oo},
L={y:Rf — R |~ continuous,
strictly decreasing, 1klim ~(t) = 0},
—00
KL={B:RI? =R |B(-,t) € KVtAB(s,) € L Vs}.

Definition 2.4: 1) A system X (A, B) is called input-
to-state stable if the mild solution z(t) lies in X for
every t > 0 and there exist functions § € KL and
1 € Ko such that

@ < Blzoll, ) + p(lull) (5)

for every t > 0, g € X and u € L>(0, 00; U).

2) A system X (A, B) is called integral input-to-state
stable if the mild solution z(t) lies in X for every
t > 0 and there exist functions 8 € KL, 6 € K, and
€ K such that

ImwﬂéﬁmmWﬂ+9<A/MW®HM% (6)

for every t > 0, g € X and u € L*(0, 00; U).
It follows immediately that A generates an exponentially
stable Cy-semigroup if the system X(A, B) is (integral)
input-to-state stable. The following results are easily seen

from the definition of admissibility and input-to-state stabil-
ity. Proofs and related results can be found in [11, Thm. 4,
Thm. 6 and Prop. 7] and [19].

Proposition 2.5: Suppose B is a bounded operator from U
to X and A generates an exponentially stable Cj-semigroup.
Then the system ¥ (A, B) is input-to-state stable, integral
input-to-state stable, infinite-time admissible and zero-class
admissible.

Remark 2.6: Let (A, B) as in Proposition 2.5. Then the
system X(A, B) is input-to-state stable with the following
choices for the functions 8 and p

M
B(s,t) ;== Me “'s and pu(s):= —| B|s,
w
and integral input-to-state stable with

B(s,t) == Me s, wu(s):=s, and 6(s):=sM|B]|.

Here the constants M and w are given by (4).
For unbounded B, we still have the following result.

Proposition 2.7: Suppose A generates an exponentially
stable Cp-semigroup. Then the following statements are
equivalent.

1) System X (A, B) is input-to-state stable,

2) System X(A, B) is infinite-time admissible,

3) System (A, B) is admissible.

Remark 2.8: If one of the equivalent conditions of Propo-
sition 2.7 hold, then the system X(A, B) is input-to-state
stable with the following choices for the functions 5 and p

B(s,t) ;== Me “'s and pu(s):= cs,

where M and w are given by (4) and ¢ = sup,~ c(t).
Proposition 2.9: 1f the system (A, B) is integral input-

to-state stable, then (A, B) is zero-class admissible.

Proof: There exist § € Ko and p € K such that

1 T )l
[ somene] ol -1

Tl /0 T_1(s)Bu(s)ds

forall t > 0, u € L*(0,t;U), u # 0. Since the function p
is monotonically increasing and ||u(s)||y < ||u||c a.e., the
right-hand side of (7) is bounded above by 6(tx(1)) which
converges to zero as t \, 0. |

By the above results, it is clear that integral input-to-state
stability implies input-to-state stability.

The relations of the different stability notions discussed
above are illustrated in the diagram depicted in Figure 1.

III. DIAGONAL SYSTEMS

In this section we assume that U = C and that the operator
A possesses a Riesz basis of eigenvectors (ey)neny with
eigenvalues (\,,),en lying in a sector in the open left half-
plane C_. More precisely, let (e, )necn be a Riesz basis of
X, that is, a basis such that, for some constants cq,cy > 0
we have

2
oY P < <o Yl
k k

E L€
k




S V4

admissible

Fig. 1. Relation between the different stability notions for a system
3(A, B) (where we assume that the semigroup is exponentially stable).
ISS refers to input-to-state stability, iISS to integral input-to-state stability,
“zero-class” to zero-class admissibility and “admissible” to admissibility.

for all sequences (az) in £2. Thus without loss of generality
we can assume that X = ¢2 and that (e, ),en is the canonical
basis of £2. We further assume that the sequence (\,,)nen lies
in C with sup,, Re(\,) < 0 and that there exists a constant
k > 0 such that |[Im \,,| < k|Re A, |, n € N. Then the linear
operator A : D(A) C £2 — ¢? is given by

Ae, = Mpén, n €N,

and D(A) = {(xn) € 2 | Y |znAn|? < 00}. A generates
an analytic, exponentially stable Cy-semigroup (7'(¢));>0 on
/%, which is given by T(t)e, = e'*re,. The extrapolation
space (¢?)_; is given by

{CL’— mnneN|Z|)\n|2 }7

lzlx_, = A7 2] .

(%)

Thus any linear bounded operator B from C to (¢?)_; can
be identified with a sequence (bn)neN in C satisfying

IAnI2
Thanks to the sectorlallty condition for (A,)nen this is
equivalent to
Z 7|bn|2 < 0
= [ReA,|? '

The following result shows that, under these assumptions,
the system (A, B) is integral input-to-state stable. Thus
for this class of systems all stability notions introduced in
the prev10us section are equivalent to B € (62),1, that is, to
PN ||§\ \|2 < .

Theorem 3.1: Let U = C, and assume that the operator
A possesses a Riesz basis of X consisting of eigenvectors
(en)nen with eigenvalues (\,,),en lying in a sector in the
open left half-plane C_ and B € L(U,X_;). Then the
system Y (A, B) is integral input-to-state stable, and hence
also input-to-state stable and zero-class admissible.

Lemma 3.2: Let ¥(A,B) be as in Theorem 3.1. Then
there exists M > 0 and u € K, such that

for all £ > 0 and all u € L'(0,) with [ u(Ju(s)|) ds < co.
Proof: We may assume that X = ¢? with the canonical
basis (en)nen-. Let f: (0,00) — [0,00) be defined by

[bn |2
Z|Re)\|

Then it is easy to see that f is smooth, strictly decreasing,
belongs to L*(0,00), and satisfies lims\ o f(s) = oo and
limg_, o f(s) = 0.

We remark that boundedness of (Re \,),en implies bound-
edness of (Ap)nen. Thus if the sequence (ReA,)nen is
bounded or b,, = 0 for all but finitely many n € N, then B is
a bounded operator from C to ¢? and therefore X(A, B) is
integral input-to-state stable by Proposition 2.5. Moreover,
the series defining the function f is absolutely convergent
and

[bn |2
| Re Ay |

2

/T_l(s)Bu(s)ds §M+/ w(lu(s)])ds,  (8)
0 0

Ro An S

[bm

[bn | + [bm |
| Re A |

|Re Ay |

ReAms

Re )\, s

Re )\, s +

if Re A\,, = Re A,,,. Thus without loss of generality we may
assume that Re A, < Re A, for m < n, b, #0 forn € N
and B is unbounded. By Remark 178 in [21] there is a strictly
increasing unbounded sequence (h,,)nen Of positive numbers
such that the series

converges. We define the smooth, strictly decreasing function
g: (0,00) = [0,00) by

Z h |b Re)\”s
< |Re Ay ’

for s > 0. Clearly, g € L*(0, 00). The function 7: [0, 00) —

(0,00), n(s) = g'(s)/f'(s), is strictly decreasing, see [19].
In particular the following limit exists
!
a:= lim 2 () >0
s—oo f/(s)

We define the smooth function ®: [0,00) — [0,00) by
®(0) = 0 and P(f(s)) = g(s) — af(s). D is a Young
function, that is, ®'(0) = 0, lims_,o, ®'(s) = oo and P
is strictly increasing and strictly convex, see [19].

Define ®*: [0,00) — [0,00) by

and y: [0,00) — [0,00) by u(s) := ®*(s?). The function
®* is continuous, strictly increasing and unbounded. Thus
B € Koo



Let u € L'(0,t) such that fot wu(

that
Azﬂm>

<Z|b |2 </ ReAns

neN

u(s)]) ds < co. We have

/ Mmu(s) ds

2

= loal?

neN

u(s)] ds>

2

2

|b |2 Re\A,s
= E Re M) |Re)\ e lu(s)|ds
|b |2 ReAps 2
< Re A |Re)\ le™e % |u(s)|” ds

(/ |Re ), |efteAns ds)
0

<> e (j/ R e uf) ds
/jzréx

=/ﬂﬂ@w@Wd&
0

where we have used Cauchy-Schwarz with respect to the
measure given by | Re A\, |eR¢*" ds. By Young’s inequality
(see e.g. [22, Page 264]), we can further conclude that

\szm> ‘/f (o) ds
g/o (/Of( )<I>( )dr—l—/ou(b (<I>')—1(r)dr> ds

=A@mmw+émwmm&

This shows (8) with M := |lg — af| £1(0,00)- |

Remark 3.3: Lemma 3.2 shows that X(A, B) is uniformly
bounded energy bounded state (UBEBS), a weakened form
of integral input-to-state stability introduced in [23].
Proof-sketch of Theorem 3.1: By Lemma 3.2, the following
choice for 6: [0,00) — [0,00) seems to be a suitable
candidate to show (6).

0(0)2 = sup {‘ /0 "\ (5)Bu(s) ds

t>&AUMM$D@<a}.

In fact, f(«) < oo for all & > 0 and 6 is non-decreasing. It is
easy to see that there exists a continuous, strictly increasing
function 6 such that § < 6 pointwise. Then the definition of

0 yields that
<o ([ wtutsrp as)
(t

RE)\"S‘U(S)‘Q ds

2
cu € L>(0,00),

‘ /O T (s)Bu(s) ds

for all £ > 0, u € L*°(0,00). To conclude that ¥(A4, )
integral input-to-state stable, we need that lim o 6(t) =

admissible

Fig. 2. Relations between the different stability notions for parabolic
diagonal system (assuming that the semigroup is exponentially stable).

As it is not clear whether lims o 6(t) = 0, the choice of 4
and 6 has to be revisited. In fact, the issue can be resolved
by a slight adaption in the choice of ;1 and incorporating the
theory of Orlicz spaces. We refer to [19] for details. ]

The relations of the different stability notions for parabolic
diagonal systems are summarized in the diagram shown in
Figure 2.

IV. AN EXAMPLE

Let us consider the following boundary control system
given by the one-dimensional heat equation on the spatial
domain [0, 1] with Neumann boundary control at the point
17

0

&.I(f, ) 852 (E t) € € (Oa 1)7t > Oa

0 0

Fe 00 =0, Zea(Ln) =u), >0,
(570) = 1’0(5),

see e.g., [24, Example 3.6]. It can be shown that this system
can be written in the form (A4, B) in (1). Here X =
L?(0,1) and
82
92
D(A) = {f € L*0,1): f, (%f are absolutely continuous,

Af = 55f feD(4),

0 0
20,1 = —f(1)=0p.
S € L0.1), 20 = i) =0
Moreover, with \,, = —72n?,
Ae, = A\pen, mneEN,

where the functions ey = 1 and e,, = v/2cos(n7-), n > 1,
form an orthonormal basis of X. With respect to this basis,
the operator B = b can be identified with (b, ),en for b, =
1, n € N. Therefore,

PRI
[ Anl? ’
n



which shows that b € X_;. By Theorem 3.1, we conclude
that the system is integral input-to-state stable.
A choice of functions 3, u, 8 satisfying (6) is given by

B(s,t) = e s, wu(s):=s?, and 6(s):=c- s%,

forp > 2

3 and some constant ¢ = c(p) > 0. This follows
from the fact that ¥(A, B) is even LP-admissible for p >
%, see [24, Example 3.6]. However, we remark that there
exists examples of parabolic diagonal systems satisfying the
assumptions of Theorem 3.1, but such that they are not LP-

admissible for any p < oc.

V. CONCLUSIONS AND OUTLOOK

In this paper we have studied the relation between input-
to-state stability and integral input-to-state stability for linear
infinite-dimensional systems with an unbounded control op-
erator and inputs in L°°. We have shown that for parabolic
diagonal systems and scalar input, both notions coincide and
are equivalent to admissibility.

Among possible directions for future research are the
investigation of the non-analytic case and the relation of zero-
class admissibility, input-to-state stability and admissibility
with respect to Orlicz spaces. Some of these topics are
addressed in the [19].
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