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Admissible Controls in a PDE of Lurie Type

0.1 Introduction

We consider two forms of a Lurie system, the simplest of which is

u = Au+b(x)f(o)+ t p(s,u(s, X), Vu(s, X))ds

t—h

o = /QC(X)u(t,X)dX—rf(a),

u(t, X) = 0on 012, Qis a domain with smooth boundary, Au = uz,+uy+u.., X = (z,y, 2),
and where

of(o) >0 if o #0. (*)

The exact forms are given in (15a), (16a), and (46).
The goal is to give conditions to ensure that all solutions satisfy

|0(t)|—|—/u2(t,X)dX—>0 as t — 00
Q

without strengthening (*). That is, conditions are sought to ensure that every f satisfying
(*) is admissible.

This is a control problem, the first stage of which is to show that all solutions
are controllable to zero for every f satisfying (*) (this is absolute stability); the next
stage (which we do not consider) is to minimize a cost functional with the assurance that
solutions will tend to zero for the control function f which minimizes the cost functional.
(c.f. Curtain and Pritchard [4; p. 3] and Nakagiri[10; p. 175].)

Appropriate conditions are given to ensure absolute stability and these use a result
in [2] which gives a very surprising differential inequality for a Liapunov functional of the
form

V'(t) < aV(t)

derived from a standard inequality relating V"’ only to space variables.

0.2 Background

A classical control problem in ordinary differential equations, called the problem of Lurie,
has several forms, one of which is

{:E’ = Ax+bf(o) (1)

o = clx—rf(o)



where b and ¢ are constant column vectors, 7 is a positive constant, A is an n x n constant
matrix all of whose characteristic roots have negative real parts, f is continuous, and
of(o) > 0if ¢ # 0. The problem is to give conditions to ensure that every solution tends
to zero. Discussion of the problem may be found in [6], [7], [13], for example.

Lurie used the Liapunov function

V(z,0) = 2" Bx + /OU f(s)ds (2)

with BT = B and ATB 4+ BA = —D for B and D positive definite. That function has
played a major role in the problem, as is seen in the extensive survey book of Lefschetz [7].
The derivative of V' along a solution of (1) satisfies

V'(2(t),0(t)) = —2" Dz + f(0)[20" B + 'z — rf*(0) (3)
and Lefschetz [7] showed that this is negative definite if and only if
r > (Bb+¢/2)' D™ (Bb+ ¢/2). (4)

Still, unless [; f(s)ds — oo as |o| — 0o, one may not immediately conclude that solutions
are bounded (and, therefore, tend to zero).
The simple remedy is to ask that admissible controls satisfy

£(0) > [ f(s)ds (andso [ f(s)ds = +oo) (#%)

so that V' < —4V, from which we conclude that V() < V(0)e™"" and that ¢ is bounded
and tends to zero.
But LaSalle [6] showed that solutions of (1) are bounded if and only if

CTA b4+ 7 >0, (5)

and it is known that (4) implies (5), so (3) and (4) imply that all solutions of (1) tend to
zero.

There is a complete parallel between Liapunov functions for (1) and the PDE of
interest here, with the same difficulty of proving boundedness occurring. It was hoped
that (5) would prove central for the PDE case as well, but LaSalle’s idea does not seem
to extend to that case. It may be noted that (5) has attracted considerable attention.
For example, in [3] we showed that if f(o)/c — 0 as |o| — oo, then solutions of (1) are
uniformly ultimately bounded if and only if (5) holds. Somolinos [12] strengthened that
result to f(o)/o bounded as |o| — oo, among other results.

In [8] (see also [9] and [10]) Nakagiri introduced as a counterpart of (1) the equation

w=nut [ Oh dn(s, X)u(t + s, X)ds + c(X) f(o(1)) (6)

where o(t) = [od(X)u(t, X)dX and u = 0 on 02. This formulation is not parallel to (1),
but rather to

{:B’ = Ax+bf(o)

o = d'z,



as given by Lefschetz [7; pp. 39-40], so that
o =d'y' = d' [Ax 4+ bf(0)] = d* Az + d"bf (o)

which results in (1) when d¥A = ¢ and d'b = —r < 0. We discuss a form of (6) in the
last section.

Nakagiri solves his problem using semigroup theory and frequency domain tech-
niques. It is very interesting to note that some of the same questions arise for (6) as for
(1). In particular, Nakagiri asked conditions similar to (**) and required that

of(0) < ko® and / s)ds — oo as |o| — oo (<)

in order for a control to be admissible. We will not need such conditions.
To bring into focus the work here and to introduce the main boundedness technique
that we use, we summarize the analysis of a one-dimensional problem. Consider

w = g(ug)e +b(x)f(o)+ /Z_hp(s, u(s, ), uz (s, z))ds
(7)

o = /c(:v)u(t,x)da:—rf(a),

0

u(t,0) = u(t,1) =0, (8)

where 0 < a < dg(z)/dz for some a > 0, [y p*(t,u, uz)dx < § [y uds for some > 0, and
b and c are at least L? functions. Under certain conditions the Liapunov functional

Vi(t) :/01[(%)u2+k:/_0h /tispz(v,u,um)dvds]dzz%—/ng(s)ds (9)

will satisfy
1
VI() < —A/ W? + 2o / (5, u, ug)ds]de (10)
0

If |7 f(s)ds does not diverge with o, then the question of boundedness raised concerning
(1) occurs once more.

And a major point of this paper is to show that o(t) is bounded without any condition
on f except (*).

In order to prove that solutions of the PDE are bounded we need a result in [2]
which may be stated as follows. Let

7 = F(t,z) (11)

and suppose that Vi, P : [0,00) x R"™' — [0,00), U : [0,00) X R — [0,00), and Q :
0,00) x [0,00) X R"™ — [0, 00) are continuous functions with

Vi(t,z) = P(t,z) + U(t, 2), (12)
where = = (x1,...,%,, 2), and we also suppose that

Vi(t,x) < —Q(P(t,x),t,x) (13a)



with Q(P,t,x) > 0 if P > 0 and @ increasing in P. (In [2], this last condition was
inadvertantly left out, but was used in the proof.)

Theorem B. Let (12) and (13) hold and suppose there is an L > 0 such that if
t, — oo and z, — oo then

Ultp,zn) — L, U(t,z) <L for all (t,z) with z > 0. (14)
If V=V, — L and if z(t) is a solution of (11) on [t,, c0) with limsup,_, . z(t) = oo, then
V'(t,x) < —Q(V(t,x)/2,t,z) for z(t) > 0. (13b)

Our application will have (13b) as V' < —¢V', ¢ constant.

In this result the connection of z(t) to (11) is immaterial. If x(¢) is any function on
[to, 00) for which (13) holds, then the result is valid.

We have discussed two formulations of the Lurie problem in terms of (1) and (6).
There is yet a third standard formulation (c.f., Lefschetz [7]) of the form

w, = Aw+ /z_hp(s,u(s,X),Vu(s,X))ds+b(X),u(t),

W) = flo),

o = / d(X)w(t, X)dX — rp.
Q
This formulation can be transformed into a system closely related to (6). We do not consider

it here.

0.3 Absolute stability

In this section we consider two systems, the first of which is
u = Au+b(X —I—/ (s,u(s, X), Vu(s, X))ds, (15a)
o = /c(X)u(t,X)dX—rf(a),
Q
u(t,X) = 0 for X € 09, (16a)
uw(0,X) = ¢°(X),u(s, X) =g'(s,X) ae. s€[-h0,XeQ,
where f is continuous, (*) holds,
/ Ip(s, u, Vu)|?dX §ﬁ/Q|Vu|2dX for some 3 > 0,
Q

c(X) and b(X) are at least L*(2), 7 and h are positive constants, and p is at least continuous.
The Sobolev estimates which we will need also work with the quasi-linear term in

wo= gue b))+ [ bl uls, ) unls,2))ds
(15b)
o = /c(:c)u(t,x)da:—rf(a),

0



u(t,0) = wu(t,1)=0
{ o)

w0,z) = ¢%x),u(s,z) =g'(s,z) ae. s€[—h,0),0<z<1,

I3 1p(s, u, ug)|?de < B [ uldx for some 3 > 0, c(z) and b(x) are at least L?(0,1), r and h
are positive constants, p is at least continuous, dg(z)/dx e g'(x) > « for some a > 0.

Not only will the Sobolev estimates work for this system, but we will conclude
absolute stability in the supremum norm for (15b), while we can only prove absolute stability
in the L?>norm for (15a). Nakagiri’s stability is also in the L?-norm. An existence result
will be sketched in the next section, but our primary goal here is to establish strong a priori
bounds on solution which do not require strenghthening of (*).

Theorem 1. Suppose that b(X) and ¢(X) are in L*(2), b(X) + ¢(X) is bounded,
g'(r) > a >0, A is the first eigenvalue of —A on H} and k — (3) = v > 0 with

A(L—EhB) — (h/2) >0, (19)
and
[ (0(X) + (X)X < 4y (20)
Then for each solution of (15a), (16a) on [0, 00) there is an M > 0 with
/ |vu|2dX+/ ds+/ / |AuPdXds < M
and
|—|—/[ (t, X) —|—|Vu|2—|—/ suVu)ds]dX—N) as t — oo.

Also, for each solution of (15b), (16b) on [0, 00) there is an M > 0 with

|u||+/ ta:d:v+/ ds+// Lt x)dedt < M

(where || - || is the supremum norm in x for fixed ¢) and |u(t, )|+ [o(t)| — 0 as t — oc.
Proof. Most of the proof of the nonlinear case (b) parallels that for the linear case
(a). We focus mainly on (15a). For this solution, define

Vi(t) = Jo [(3)u?(t, X) +k %, Jly, pP(v,u(v, X), Vu(v, X))dvds| dX

[ f(s)ds 21)

so that
Vi) = /{u [Au+ b(X / (s,u(s, X), Vu(s, X))ds]
+hkp*(t,u, Vu) — k:/ (s,u(s, X), Vu(s, X))ds

+f(0)e(X)ult, X)}dX —rf*(o)
= [{=IVul + b+ c)uf(0) + hkS|Tul + (h/2)u?

(k= () [ Pl uls X), Vuls, X))ds — (r/190) (o)



(where |Q] = [, dX and we have used the divergence theorem to say
/ uAudX = —/ |Vul?dX)
Q Q
< [{=M = kRB) + (h/2)) + (b4 Juf (o)
—(r/191)f*(0)

(k=) [ (s, Vudshax

2
= [+ b+ s () — (/12 £ (0)
—7/ (s,u, Vu)ds}dX

B /Q{‘“{“ +[(b+c)/uuf(o) + [(b+c) /20 f* (o)
+ ((/120) = [(b+ o) /2u]) £2(0)}
—7/ (5., Vu)ds |
= _A/{ u+[(b+¢)/2u]f(0))* + f*(0)
+/ (8,u, Vu)ds}dX

g—)\/{u—l—f2 —I—/ *(s,u, Vu)ds}dX

(by completing the square again starting with f2(c) and using b+ ¢ bounded) for A\, A > 0.
Indeed, we can argue with a different A\, A > 0 that

Vi< —)\/ {u® + |Vul* + f*(o / (s,u, Vu)ds}dX (22)
Q

by taking a sightly smaller ;1 when we replaced |Vu|* by u?. We will also arrive at |Vul|?
in another way.
Now define

= /Q |Vul|?dX = /Q(ui +ul + ul)dX (23)
so that
W'(t) = /QQ(Umumt + Uy Uy + Utz )dX

= — /Q 2( Uty + Uyytty + Uzpuy)dX

(by the divergence theorem and the boundary conditions)
= —2/AuAu+fb +/ p(s,u, Vu)ds|dX
< [ {2+ (0/K) + (1)) (Aw)* + KB (X) f(0)

—I—K/ (s,u, Vu)ds}dX



for K > 0. Thus, since b is in L?, if K is large and m is small then for
Z(t) = Vi(t) + mW (t) (24)

we have (for a new A > 0)
Z'(t) < —A/Q[(Au)2 IVl + 2o / (5,4, Vi) ds]dX. (25)

In fact, under these boundary conditions, Simpson and Spector [11: p. 26] show that there
is a v > 0 with

v /Q Vul2dX < /Q (Au)%dX. (26)

(This argument would allow us to delete the condition that b + ¢ is bounded, but would
complicate subsequent arguments.) Thus, an integration of (25) will yield the inequality
involving M of the theorem.
The case for (15b) uses the same V; where Q is now (0,1) and W (t) = [; [i* g(s)dsdz.
We will now show that V;(t) actually tends to zero. Suppose that

limsupo(t) = oc.

t—o0

Then it is clear that [j f(s)ds is bounded for o > 0 since V] (¢) < 0; thus, we can define

L:/Ooofsds

V(t)=VWi(t) — L.
Review (12) - (14) and Theorem B, letting

and

P(t,x) = /{ 2(t, X) +k:/ /+ (v, u, Vu)dvds}dX,
Uts) = [ fls)ds

and
Q(P(t,x),t,x) = P(t,z)[\/(hk + 1)]

when we notice that

//+s vuVudvds<h/ *(s,u, Vu)d

Note also that P is a function of ¢ alone; this means that Theorem B will be valid in this
setting.

Lemma. If limsup, . o(t) = oo, then o(t) — oc.

Proof. Note that

|/ u(t, X)dX|? < (/QCQ(X)dX)Q+(/Qu2(t,X)dX)2



so the term on the left is bounded since ¢ € L?. As the right-hand-side of ¢’ in (15a) is
bounded for o bounded, if there is a point oy # 0 and a sequence {t,} — oo such that
lo(tn) — 09| — 0 as n — oo, then there is a 7' > 0 such that if 0 < § < (3)|oo | then
lo(t) —oo| < 6§ fort, <t <t,+T and n large. An integration of (22) will then show that
Vi(t) — —oo as t — oo, a contradiction. We therefore conclude that o(t) — 0o as t — oo
and the lemma is proved. (This argument is part of a general theorem in [1].)

Hence, by Theorem B there is a ¢, > 0 and a constant ¢ > 0 such that V'(¢) <
—oV (t) for t > to. But

Vi) = =(VDRVDE < —(@V)E(IVD®
< —KVi(lo')E = —KVHo
for some K > 0. That is
O = ([ eX)ult, X)dX —rf(0))?
2 /Q (X )ult, X)dX)? + 22 (o)
2 /Q A(X)dX /Q W3(t, X)dX) + 22 (o)

cl(/ﬂ W2t X)dX + f2(0))
co| VY|

IN - IA

IN

IN

for constants ¢; and ¢,. We then have
VIV < —K|o|
SO
VE(t) < VE(to) = (K/2)[o(t) = o(to)]

Thus o(t) is bounded. We can then integrate (22) and conclude that o(t) — 0so [5 f(s)ds
— 0 as t — oco. (Here, we have used our previous argument with ¢, and 7'.)
We now have

Vi) < —)\/ [/ ?(s,u, Vu)ds +u*(t, X)| dX
< —AVA(E) + H(2)

where A > 0 and H(t) — 0 as t — oo. Hence,

t
Vi(t) < Vi(0)e™ —I—/ e M) (5)ds
0

and that integral tends to zero since it is the convolution of an L!-function with a function
tending to zero.

From (25) and (26), together with V() — 0, it is the case that along any solution
we have

Z'(t)

IN

—)\/ - |Vu|2—|—/ (s, u, Vu)ds|dX
< =MZ(t)+ D(t)



where D(t) — 0 as t — oo. Just as in the case of V} in the last paragraph, we argue that
Z(t) — 0 ast — oo and so [o[u?(t, X) + |Vu|*]dX — 0 as t — oo. A parallel argument for
(15b) yields || u(t, z) [|< [y u2(t, z)dz — 0 as t — oo. This completes the proof of Theorem
1.

0.4 Remarks on Existence

As mentioned earlier, our work was motivated by a paper of Nakagiri [8] concerning

= Aut /_Oh dn(s, 2)u(t + 5, 7) + ¢(o(t))e(x),t > 0,2 € O, (6)
o(t) = /Q d(z)u(t,z)dz for t >0, (27)
u(t,z) = 0 on ANt > 0, (28)
w(0,2) = ¢°(x), u(s, z) = g'(s,2) ac, s€[—h,0)z€ L. (29)

The system is written as an abstract ODE
0
u'(t) = Au(t) + /h dn(s)u(t + s) + ¢(o(t))e, t = 0, (30)

with (27) and (29) holding. Under certain additional assumptions, if 7'(¢) is the semigroup
generated by A and if W (¢) is the unique fundamental solution of (c.f., [10; p. 175])

W(t) = { TE) + T = 8) Sy (€W (€ + 5)s 20 -
and if
Ui(s) = /_ OhW(t—s+g)dn(g) a.e. s € [—h,0], (32)

then there is at least one solution u(t) of

ut) = Wt + [ Uils)g'(5)ds

(33)
—I—/tW(t — s)gb(/ d(z)u(s,z)dz)cds, t >0
0 Q ) ) — )
and it is the strong solution of (6) when ¢ € D(A) and
g" € D(A),g" € WH¥([=h,0]; L*(2)), 4" (0) = ¢". (34)

There are at least three distinct ways of linking a control and these are discussed in
Lafschetz [7]. Nakagiri’s formulation will not yield our system. However, existence theory
for our system is now readily obtained from his work. Here is a sketch.

The linearity in the delay yields a global solution of (31) and the form of (33) is well
suited to contraction mappings. Indeed, the term involving U;(s) in (33) drops out in the
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contraction mapping argument and modification of the Nakagiri scheme to fit a linear form
of (15a) can be seen by considering the system

U = e +b(2)f(0)

) (35)
o = /Oc( Ju(t, x)dx — rf(o)
u(t,0) =u(t,1) =0 (36)
u(0,7) = ¢°(x),0(0) = g (37)
Write
Ut = Uz, u(t,0) = u(t,1) =0 (38)
u'(t) + A(u(t)) =0 (39)
and then write the system as
ult) = e () + [ ;e‘A(t‘s)b(:c) F(o(s))ds
(40)

o(t) = 00+/ / u(s, z)dz — rf(o(s))]ds.

When ¢°(z) € L*(0,1), then e Atgo(:z) € D(A) for t > 0; and when b(z)f(o(t)) is Holder
continuous and locally integrable, then the integral in the first equation of (40) is in the
D(A) (c.f., Henry [5; p. 50]). If f satisfies a local Lipschitz condition, then (40) will define
a contraction mapping with a unique fixed point which will then solve (35).

0.5 Nakagiri’s Equations

We turn now to

up = Au+ /_Oh dn(s, X)u(t + s, X)ds + f(o(t))c(X), (41)
o(t) = /Q d(X)u(t, X)dX, (42)
u(t,X)=0 on 002 and d(X) =0 on 0f. (43)

Following the lead of Lefschetz [7; pp. 39-40] for systems of ODEs, we write
o'(t) = / d(X )ug(t, X)dX
Q

= /Qd(X)[Au - /0 dn(s, X)u(t + s, X)ds + f(o(t))c(X)]dX
= / d(X)AudX —I—/ /Oh dn(s, X)u(t + s, X)dsdX

+/ X)dX f (o).
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Existence results were stated with (33) and (34). Using the divergence theorem we
suppose there is a function b(X) with [, d(X)AudX = [,b(X) - VudX (that is, b(X) =
—Vd(X)) and we ask that

/Qd(X)c(X)dX = —r<0,b€ L*c and b are bounded. (44)

Our work is based on construction of Liapunov functionals and different ones must
be used if the delay is discrete. For brevity, then, we replace the delay term by

/Oh dn(s, X)u(t + s, X)ds — t p(s, X)u(s, X)ds (45)

— t—h

where p is continuous. Our main concern here is to show absolute stability without strength-

ening (*).
Our system will now be

u = Au+ /Z_hp(s, X)u(s, X)ds + c(X) f(o)
(46)

t

o = / b(X) - VudX + / d(X) / (s, X)u(s, X)dsdX —rf (o),

u(t,X) =0 on 0f. (47)

Theorem 2. Let \; be the first eigenvalue of —A on HJ, o and (3 positive, a+3 = 1,
k>1,

B — (h)2) — khp*(t,X) > v > 0, (48)

4 /Q [d(X)e(X) + (h/2)d?(X)]dX > (49)
LI/ 0) + () /))X + g
for some 1 > 0 and let (44) hold. Tf (u, o) is any solution of (46) - (47) on [0, 00), then
o)+ [ w?(t, X)aX — 0 as t — o0,
Proof. The analog of (21) is
Vi) = [, [(%)uz(t,X) vk Oh /; P (0, X (0, X)dodslax + [ f(s)ds
and its derivative along a solution of (46) satisfies
Vi) = [f(But [ pls X)uls, X)ds +e(X) (o)}

+f(0)b(Xz) - Vu+ f(o)d(X) /tih p(s, X)u(s, X)ds]dX
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—rf2(0) + kh /Q PR, X )2 (t, X)dX
—l{:/ﬂ/tihpz(s,X)uz(s,X)dst

< [1-1ul + (/20 + () [ 5, X (s, X)ds

+e(X)uf(o) + f(0)b(X) - Vu+ (h/2) f*(0)d*(X)

—l—(%) /t_h p*(s, X)u*(s, X)ds + khp*(t, X)u*(t, X)

—k t (s, X)u*(s, X)ds}dX — rf*(0)

t—h

(using the divergence theorem)

< /Q {—a|Vul® + (h/2)u? — B\ + e(X)uf(o) + khp?(t, X)u?

FF)b(X) - T~ (k= 1) [ " (s, Xu2(s, X)ds)dX

t—h

~lr = (h/2) [ *(X)ax]f*(0)

(using (48))
< /Q{—a|Vu|2 —yu’ 4 e(X)uf(o) + | f(o)|b(X)||Vul
(k=) [ ih (s, X)u2(s, X)ds}dX
~lr = (h/2) [ *(X)ax]f*(o)
< /Q{—a[|Vu|2 — | F(@)|([6(X)]/a)[Vul
+[2(0) /4] b(X)[?]
—[u? = (e(X)/7) f(o)u + (4(X)/47%) f*(0)]
—(k—1) /t (s, Xu(s, X)ds
r—(h/2) [ d*(X)dX = (p(X)*/4a)
—(*(X)/47)]f*(0)}dX.
Using (44) and (49), we can find a 7 > 0 with
Vi) < = [ [+ 190l + f2(0) + [ 5, Xt (s, X)dsldX (50)

The identical argument as was given in the proof of Theorem 1 will show that V;(t) — 0
as t — oo and we complete the proof in the same way.

Remark. Theorem 2 does not seem to be comparable to that of Nakagiri. His 7 is
more general than ours and his stability conditions and techniques are different. On the
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other hand, our class of admissible functions f(¢) is much larger than his and includes all
those for the ODE counterpart.
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