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We are interested in the existence of solutions of the differential inclusion
& € F(t,x) (1)

on the given time interval, say [0, 1]. Here F is a set-valued mapping from [0, 1] x R™ into R™ (we shall
write F': [0,1] x R® = R™ in what follows) with closed values which will be assumed nonempty whenever
necessary.

The classical theorems of Filippov and Wazewski use, as the main assumption characterizing the depen-
dence of F' on z, the standard Lipschitz condition

h(E(t,x), F(t,2) < k(t)||z — 2],
where h(P, Q) stands for the Hausdorff distance from P to Q.

This condition, quite reasonable when F' is bounded-valued, becomes unacceptably strong if the values of
F can be unbounded. Meanwhile unboundedness of the values of the right-hand side set-valued mapping
is a fairly natural property of differential inclusions which appear in optimal control problems, e.g. when
we deal with a Mayer problem obtained as a result of reformulation of a problem with integral functional.
The main purpose of this note is to provide an existence theorem with a weaker version of the Lipschitz
condition which is “more acceptable” when the values of F' are unbounded. This condition which could be
characterized as a “global” version of Aubin’s pseudo-Lipschitz property is very close to that introduced
by Loewen and Rockafellar in [3].
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1. Introduction

We are interested in the existence of solutions of the differential inclusion
e F(t,x) (1)

on the given time interval, say [0, 1]. Here F' is a set-valued mapping from [0, 1] x R™ into
R™ (we shall write F': [0,1] x R* = R"™ in what follows) with closed values which will be
assumed nonempty whenever necessary.

The classical theorems of Filippov and Wazewski [2, 4] use, as the main assumption
characterizing the dependence of F' on x, the standard Lipschitz condition

h(F(t, x), F(t,2')) < k)]l — 2],

where h(P, Q) stands for the Hausdorff distance from P to Q.
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This condition, quite reasonable when F' is bounded-valued, becomes unacceptably strong
if the values of F' can be unbounded. Meanwhile unboundedness of the values of the right-
hand side set-valued mapping is a fairly natural property of differential inclusions which
appear in optimal control problems, e.g. when we deal with a Mayer problem obtained as
a result of reformulation of a problem with integral functional. The main purpose of this
note is to provide an existence theorem with a weaker version of the Lipschitz condition
which is “more acceptable” when the values of F' are unbounded. This condition which
could be characterized as a “global” version of Aubin’s pseudo-Lipschitz property is very
close to that introduced by Loewen and Rockafellar in [3].

To briefly describe this property, we first mention that getting rid of any Lipschitz-type
property is probably impossible in principle. A possible way to ease the limitation imposed
by the Hausdorff-Lipschitz condition (2) is to make the estimate dependent on #, e.g. as
follows:

y € F(t,x) = dly, F(t,2") < o(t,y)lle — 2|,

where d(y, Q) is the distance from y to (). The global version of Aubin’s pseudo-Lipschitz
condition would then correspond to

o(t,y) = k(t) + Bllyll,
where 3 >0, k() € £
In geometric terms this property can be formulated as follows.

Definition 1.1. Let @ C [0,1] x R*. We say that F' satisfies the global pseudo-Lipschitz
condition on Q if F(t,x) # () and there are 3 > 0 and k(-) € £ such that for all N > 0

F(t,x)(\NB C F(t,2') + (k(t) + N)|lz — 2’| B,

provided (t,z) and (¢,z’) belong to (). Here B stands for the unit ball in R™.

The plan of the paper is the following. We first prove a “local” existence theorem which
guarantees the existence of the solution of the Cauchy problem on a sufficiently small time
interval. The structure of the proof is very similar to that in Filippov’s original paper
2] and even the construction of iterations is exactly the same. What is different is the
technique of the convergence analysis which is based on a different and no longer linear
(in the absence of the possibility to use Gronwall lemma) estimating process (see Lemma
2.1 in the next section). It is actually the first theorem that should be considered an
extension of Filippov’s existence theorem. The second theorem about the existence of a
solution defined on the entire segment, which is actually the principal result of the paper,
is a much less automatic consequence of the local theorem, than the corresponding result
with (2). The existence of an exact solution on the given interval is proved here under
the assumption that that there is a certain sufficiently good approximate solution. The
second theorem is further applied to study the relaxation problem and to get an extension
of Filippov-Wazewski relaxation theorem to differential inclusions with unbounded values.

2. Existence of solutions on small intervals

Lemma 2.1. Consider the following recursive system of inequalities:

Gn+1 — Qn < T'n+1; Tn+1 < gnrn; gn =K+ BQna dn > 07 Tp 2> 07
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where k and 3 being nonnegative parameters. Suppose the initial values q;, r1 and & are
given satisfying

£ <A fn2s @

for some A € (0,1). Let finally (gn,7n,&n) be a corresponding solution of the recursive
system. Then

[e.o]

™
Zrng —

n=1

Proof. We claim that under the assumptions &, < A for all n. Indeed, & < A. Assume
that & < X for i = 1,...,n. We have

Sn—i—l =K+ ﬁQn—i-l S K+ ﬁ(Qn + rn—i—l) S gn + ﬁrn—i-l

Applying this estimate recursively, we get

o1 K&+ P(ra+ o+ rpgr) &G+ (A4 .+ AT §§1+5T11 Y <A
which proves the claim.
Consequently, 7, < A"~'r;, and the results follows. n
Observe that r; < 1 by (2) and
max [A — fr A J=Q0—Br)’=X-pr A where A\=1—+/8r.  (3)
0<A<1 T ! TN a

Let us turn to the inclusion (1). We shall assume throughout that
(A1) Fis L) B-measurable;
(Ag) Graph F(t,-) is a closed set for almost every ¢.

These assumptions are satisfied in all situations of practical interest. Let us fix fur-
thermore a certain absolutely continuous Z(t), and for o > 0 let Q(«) = {(¢t,z) : t €
0,1], ||z — z(t)|]| < a}. We shall assume that

(Aj) there is an a > 0 such that F' is globally pseudo-Lipschitz on Q(2«).
This means in particular that there are $ and k(-) such that

y € F(t,x) = ye F(t,a") + (k) + BllylDllz — 2’| B, (4)
provided both (¢, z) and (¢, z’) belong to Q(2«).

As the values of F are closed, it follows from (A;), (A3) through the standard measurable
selection arguments that whenever the graphs of x(t) and 2/(¢) lie in Q(2«a) and y(t) €
F(t,z(t)) almost everywhere, there is a measurable y/(¢) such that ¢/(t) € F(t,2/(t))
a.e. and |ly(t) — ' (@®)|| = d(y(t), F(t,2'(t))) a.e.. Moreover (As) implies that y/(-) is
summable if so is y(-).
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Theorem 2.2. Let x(t) be an absolutely continuous R™-valued function on a certain
la,b] C [0,1] with its graph in Q(«). Assume that the function t — d(&(t), F(t,z(t)))
is summable and set

n()= [ s Falods a0 = [ i)]d

and
aw:/k@w, £(t) = w(t) + Baa(t).

Let finally 7 € (a,b] be such that ri = (1), 1 = q1(7) and k = &(T) satisfy (2) and
r1 < (1 = XN)a with some A € (0,1). Then there is a solution u(t) of (1) defined on [a,T]
and such that u(a) = x(a) and

| 1 e

Remark. The assumptions impose little restriction on F. The only requirement that
d(z(t), F(t,z(t))) is summable holds for any x(-) € W (with graph in Q) if, say
d(0, F(t,z(t))) is summable (and, actually only under this condition - as will follow from
the inequality (12) in the next section).

—1- )\

Proof. We shall construct inductively a sequence (z,(-)) of summable functions converg-
ing in W to a desired u(- ) Set wo(t) z(t), vo(t) = @(t). If x; € W and v; = 2; have
been already found for i = 0, ...,n, and ||z;(t) — z(¢)|| < « for all ¢ € [a, 7] and 4, then we
set

Tnﬂ(t):/ d(vn(s), F(s,2n(s)))ds; qn(t)z/ [on(s)llds;  &a(t) = K(t) + Ban(t)

and define z,,+1 and v, as follows: v,41(t) € F(t,2,(t)), |[vns1(t) — va(t)]| = d(vn(t),
F(t,z,(t)) a.e. and

Tni1(t) = x(a) +/ Upt1(8)ds.

Clearly, this can be done. As x,(t) is within « of z(t) for every ¢, the (Aj) related as-
sumption of the theorem implies that the distance from ,,(¢) to F(t, x,(t)) is a summable
function. The existence of a v,,,1(¢) with the claimed properties now follows through the
standard measurable selection argument from the fact that I is closed-valued.

By (Aj3), we have for n > 1

1 (8) = ()] = llvnta(t) = vn(B)]] = d(vn(t), F'(E, 2a(t))
< (k) + Bllua(®) D llzn(t) = zna(D)]]

< (k(t)+5!|vn!|(t))/ [on(s) = vn-1(s)||ds ()

= (k(t)+ﬁan(t)H)/ d(vn-1(s), F'(s, 2n-1(s))ds
= (k) + Blloa@))ra(t).
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Integrating the inequality and taking into account that r,(¢) are non-decreasing, we get

ra(t) < (K(1) + B (t))rn-1(t). (6)
On the other hand, (6) together with the upper equality in (5) gives
n+1(t) = @n(t) < T (1) (7)

In particular, setting r, = r,(7), ¢, = ¢.(7), we get

Tn S (k + ﬁQn)rnfl; dn+1 — Qn S T'nt1-

Applying Lemma 2.1, we get in view of the choice of 7

00 r
2 mlm) < 775

n=1

< a. (8)

By definition of v,(-)
/ lnsa () — En(®)dt = roea (7) (9)

which implies along with (8) that ||z,+1(t) — z(t)|] < « for all t € [a, 7], so that the
induction can be continued, and consequently, that @, (-) converge in £4[0, 7]. Therefore
(as x,(a) = z(a) for all n), z,(-) converge uniformly on [a, 7] to some u(-) with a(t) =
lim @,,(t). By definition (and (8))

/ d(z, (1), F(1,2,(7))dT = 11 01(t) — 0, Vt € [a,T]

which, according to (Ay) means that u(t) € F'(¢,u(t)), that is u(-) is a solution of (1) on
la, 7]. It remains to refer to (8) and (9) to get the final estimate. O

3. Existence of solutions on the entire segment

In what follows we denote by & the collection of all solutions of (1) defined of [0, 1] and
considered along with the W'l-metric. As follows from (Aj) this is a complete metric
space.

Theorem 3.1. Assume that there are « > 0, § > 0 and a nonnegative summable k(t)
defined on [0, 1] such that (Ag) holds. Then for any ~y > 1, and N there is a 6 > 0 such
that the inequality

1
dla(), ) < A EOPEONE [ a(i(0), Pt afe))i (10)
0
holds for any z(-) € W such that

Je(t) — (0] < . Vi € [0, / d(i(t), F(t, 2(t)))dt < / lé(@)llde < N. (1)

(The d in the left-hand side of (10) is the distance in Wh1.)
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Remark. The conclusion of Theorem 3.1 is much stronger than that of Theorem 2.2
but so is the assumption (11), basically, its second part which says that there is a good
approximate solution of the differential inclusion. A possible estimate for ¢ as a function
of a, v and N will be given in part 3 of the proof.

Proof. 1. To begin with we mention the following simple fact: if 7(¢) is a nonnegative
summable function on [0,1] with [ n(¢)dt < p and € > 0, then there are k < [p/e] points
(square brackets mean the integer part of the number) 0 < 77 < ... < 7 < 1 such that
(setting 7o = 0, 741 = 1)

Ti+1
/ n(t)ydt <e, i=0,.. k.

(Indeed, define 7; consecutively starting with 7o = 0 by
Ti+1 p
[ =

2. We can assume losing no generality that z(¢) = 0. Observe next that (Aj) implies the
following inequality, provided ||z|| < « and ||z + w]|| < «:

dy, F(t, x +w)) < (14 Bllwl))d(y, F(t,2)) + (k) + Bllyl)[[w]. (12)
Indeed, take z € F(t,z) such that ||y — z|| = d(y, F(t,z)). Then by (Aj)
z € F(t,z +w) + (k(t) + G|z[))[[w]| B
which means that
d(z, F(t,x +w)) < (k(t) + Bl wll < (k) + Byl + dly, F(t,))))lwl]
so that

dy, F(t,z +w)) < |ly—z||+d(z F(t,z+w))
d(y, F'(t,z)) + (k(t) + B[yl + d(y, F'(t, ))))[Jw]|

and (12) follows.

3. So suppose that a v > 1 and an N be given. We shall assume that v < 2 which of
course is not a restrictive assumption. Take an € € (0, «/8) to make sure that

1+ Be <7,

set

1 y—1
M:/ k(t)dt + fN; n=-——
0 2y

and finally choose § be so small that

Y1 +20M)5 <2 and fy6 < g (13)
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4. Now fix an z(-) € W! satisfying (11) and a sufficiently small A > 0. The theorem will
be obtained as a result of limit calculation with A — 0. It will become clear in the course
of the proof how small the starting A should be but in any case not greater than 1/2.

Set
. _ o T
p=nplz() = /0 (k@) + Bllz@)[Ddt;  n=n(A) = [7] '

By (11), p < M.

According to the first step of the proof, we can find n = [yp/A] points 0 < 74 < ... < 7, < 1
such that

g}:[f%ﬂ@+mm@mﬁg$,ﬁﬂywh (14)
where we have set 7o =0, 7,11 = 1.
Since A < 1/2, we have
1—&>1—2n=1—77_1=%
so that
6 <2 <A-npty SA-pits (15)

5. At the next step of the proof we apply Theorem 2.2 with a = 0 7 = 7y, xo(t) = z(t),
a/4 instead of o and

m:Aﬁ@@f@mmﬁ<&

As py < 0, it follows from (15) that (2) is satisfied, provided 71 < p;. On the other hand,
for the same reason p; < /8 < (1 — \)(a/4) since A < 1/2. Thus Theorem 2.2 is indeed
applicable and there is a solution u(t) of (4) defined on [0, 7] and satisfying

T1 5

w0) =a0) [t - a0l < 1 [ d. Fea@ni< 5 00

6. Assume now that after i-th step we have a solution u(t) of (4) (an extension of the u(-)
found at the previous step) defined on [0, 7;] and satisfying

e . Y o
[ a0 a0l < i [ a0

We obviously get from the definition of n(A) that for any i

i A n(A)
(1—5)2(1——> —e? asA—0
8 Y

Hence for w(t) = u(t) — z(t) we have if A is sufficiently small

gl 70 << telo,n). (18)

Jw(®)| < (1— N1 %)H S (1-\)(1— %)n(x) 4
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We claim that (in case i < n) we can apply Theorem 2.2 with a = 7, 7 = 7341, 2o(t) =
x(t) + w(7;), a/4 instead of a and

Tit+1 Tit+1
- / d(io(1), F(t, zo(t))dt = / d(i (), F(t o(t))dt.
Indeed, as follows from the definition of ¢, (12), (13), (14) and (18)

s [, P ([ 00 + 810 Dl
b ; (19)

A
< 4042 7 5 <6+

< . PE < (y+2eP)0 < €
i ¢ v
YL =2 1=A) 1—A

Again, for sufficiently small A the inequality (2) will be satisfied (by (15)) along with
r1 < (1 —=X)(a/4) (the latter because r; < e < a/8 and A < 1/2), so Theorem 2.2 can be
applied.

It follows that there exists an extension of u(t) to [7;, 7;11] such that (by (19), (14))

T 1

/+ la(t) =2@lldt < 7 =17 /+ d(@(t), F(t, xo(t)))dt

1—

>

< (0 [ G0, Fit, )it + ()]
< 50 o Fsonar+ 3 [ - o))

1—

>~

Together with (17) this implies

/0 (e — )t

v Tit1 . N\ [T ‘
< (1_A)(1_%)i1/0 d(a:(t),F(t,a:(t)))dH—;/o i) — (t)]]dt,

or

/onﬂ la(t) — @(t)|dt < )i /0+ d((t), F (¢, x(t)))dt

gl
(1-=M(1-2

which means that (17) holds if we replace i by i + 1. Thus, after at most n(\) steps we
shall have a solution u(t) of (1) satisfying

w(0) = 2(0), /0 la(t) — i (8)]|dt < (14)(3_ 3)71@)/0 d(i(t), F(t, (t))dt.

It follows that

v o
d(z(), X) < (1_”(1_%)”(”/0 d(i(t), F(t, 2(t)))dt.
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The left-hand side of the latter inequality already does not depend on A and passing to
the limit when A — 0 we get

1
da()X) <9 [ dGale), F(t.a(0))de
0
as claimed. The proof has been completed. O]

4. Relaxation
We need an additional condition to prove a relaxation theorem for unbounded differential

inclusions.

(A,) there are ki(+) € £; and 3; > 0 such that
|z —z(t)|| <« = (conv F(t,x)) ﬂ NB C (conv F(t,x)) ﬂ(kl(t) + 41N)B.

Theorem 4.1. Assume (A;)-(Ay). Assume further that z(-) € Wb satisfies ||z(-) —
z()|le < a/4 and i(t) € conv F'(t,z(t)) a.e. on [0,1]. Then there is a sequence (zx(-)) of
solutions of (1) weakly (in W'1) converging to x(-).

Proof. By (A,) (and standard measurable selection arguments) there are measurable
21(4)y oy Znga (+) and Aq (), ..., Apya(¢) such that A; >0, Y-\ =1

a(t) € F(t,a(t): #(t) = Y N(D)zt), [l < ki(8) + Bill& (@)l = p(t)  (20)

almost everywhere on [0, 1].

From this (again using standard argument based on the Lyapunov theorem) we deduce
the existence of sequences (A;(+)) (m = 1,2, ...) of measurable functions assuming only
values 0 and 1 and such that

n+1
Z)\im(t) =1 ae,Vm=1,2,.. and X,,(-) = N(-) weakly" in L.

=1

Set
t n+1

um(t) = x(0) + /0 Z Aim (8)zi(s)ds.

The derivatives of u,,(-) are bounded on [0, 1] by the same summable function and weakly
converge in £y to &(-). It follows that w,,(-) — x(-) uniformly. We observe further that
for each m the derivative of u,,(-) assumes one of the values z1(t), ..., zx41(t) for almost
every t. Therefore

lum ()] < p(t), ae., Vm & n(t) € F(t,z(t)) a.e.. (21)

On the other hand, since ||, (t)|| < p(t), we have by (Aj)

|d(m (£), F'(E, um(t))) — d(im(t), F(t, 2(1)))]
< (k@) + Blltm (@) [[um(t) = 2@ < p)[[um(t) = z()]];
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so that .
/0 (i, (1), F (£, ()t — 0. (22)
Take an
M = / ) + Bp(t))dt
and

5= min{%, (2¢23)11.
Assuming without loss of generality that 2exp(2M) > 16, we can easily check that 0
satisfies the requirements specified in the third part of the proof of Theorem 3.1.

Therefore, if m is sufficiently big to make sure that

i) =70 < 5 [ dlin0) F )i <5,

then by Theorem 3.1 there is a solution z,,(:) of (1) such that

Tm(0) = um(0) = x(0); /0 |Zm (t) — U (t)||dt < O(/0 A (U (), F(t,um(t)))dt) — 0

as m — 0. Thus z,,(-) — u,,(-) norm converge to zero in Wh! and, consequently, z,,(-) —
z(-) weakly in Wi, O
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