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Discrete Filippov-Type Stability
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Abstract. We state and prove Filippov-type stability theorems for discrete difference
inclusions obtained by the Euler discretization of a differential inclusion with perturba-
tions in the set of initial points, in the right-hand side and in the state variable. We study
the cases in which the right-hand side of the inclusion is not necessarily Lipschitz, but
satisfies a weaker one-sided Lipschitz (OSL) or strengthened one-sided Lipschitz (SOSL)
condition. The obtained estimates imply stability of the discrete solutions for infinite
number of fixed time steps if the OSL constant is negative and the perturbations are
bounded in certain norms. We show a better order of stability for SOSL right-hand sides
and apply our theorems to estimate the distance from the solutions of other difference
methods, as for the implicit Euler scheme to the set of solutions of the Euler scheme. We
also prove a discrete relaxation stability theorem for the considered difference inclusion,
which also extends a theorem of G. Grammel (2003) from the class of Lipschitz maps
to the wider class of OSL ones.

Keywords: one-sided Lipschitz condition, strengthened one-sided Lipschitz condition,
set-valued Euler’s method, differential inclusions
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1 Introduction
We regard the differential inclusion
i(t) € F(z(t)) CR" (ae. tel:=[ty,T]), xz(to)=2"¢c X (1)
and its (set-valued) Euler discretization
Pt e +hF (), j=0,1,..,N-1, n®=2"¢ X, (2)

where the initial set Xg C R™ is compact and nonempty, the step size is given by h := T;Vto for
some N € N and the grid points t; := to + jh, 7 = 0,1,..., N, form a grid G, and a partition

of I in N subintervals Ij := [tj,tj+1], j = 0,...,N — 1. For the sake of simplicity we consider
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here the autonomous case, although the results may be reformulated also for maps F' depending
additionally on the time t.

We denote by S the set of solutions of restricted to the grid G, and by Sy, the set of the
solutions of . These sets are considered in the space of grid functions ny := {1’ é‘V:o with the
usual Euclidean norm (see below).

In the classical Filippov Theorem [20] it is supposed that the map F' is Lipschitz in the state
variable and existence and exponential Lipschitz stability of the set of solutions of with respect
to perturbations in the initial condition and the right-hand side is derived. The perturbed inclusion
studied by Filippov in [20] is

y(t) € F(y(t) +2(t) (ae tel), ylto) =1 € Xo 3)

with £(¢) € R™. For Lipschiz continuous multifunction F', the same stability rate as for the pertur-
bations £(t) in (3), called here ’outer’ (set) perturbations, holds also for the inclusion with ‘inner’
(state) perturbations

y(t) € F(y(t) +6(1), (ae. tel), ylto)=y"€ Xo, (4)

where 0(t) € R™. Removing the Lipschitz continuity usually leads to the loss of stability with respect
to these perturbations. Fortunately, if the map F' is one-sided Lipschitz (OSL), the stability in the
problem with inner and outer perturbation

y(t) € F(y(t) +6(t) +2(t) (ae. tel), ylt) =y" € Xo, (5)

is preserved, possibly in a weaker form [15, [16].
The OSL condition for single-valued functions f : R” — R" with constant p € R,

(& —y, f(x) = f(y)) S ple -y (z,y eRY), (6)

is known in numerical analysis (see e.g., [I1}, 3] and in [23], Sec. IV.12]), where | - | denotes the usual
Euclidean norm in R™. In Hilbert and Banach spaces this concept was already known under the
name dissipative respectively monotonic/accretive operators (see e.g., [34, [, [8, 37]).

Here are the definitions of the two one-sided Lipschitz properties for set-valued maps investigated
here.

Definition 1.1 ([15]) A set-valued map F : R™ = R" is called one-sided Lipschitz (OSL) with
(OSL) constant p € R, i.e., for all x,y € R™ and all £ € F(x) there exists ¢ € F(y) with

(x—y,&—C) < plz—yl*. (7)

For set-valued maps the OSL condition was first introduced in a stronger (uniform) form by Kastner-
Maresch and Lempio in [26, 29], and in a weaker (relaxed) abstract form in Banach spaces by
Donchev (and Ivanov) [12, [I8]. The condition of [26, 29], called here uniform one-sided Lipschitz
(UOSL), requires that (7)) is satisfied for all z,y,§ € F(z),( € F(y). This condition implies
uniqueness of the solution of (1) and allows convergence order 1 for 1d problems ([29]) or, provided
that the solution is piecewise smooth, for implicit Runge-Kutta methods with special stability
properties ([26l, 27]).

In [I5] the most used explicit form of the OSL condition for set-valued maps in R™ was coined
and the Filippov theorem [20] (with outer perturbations) was extended to the case of OSL right-
hand side of the inclusion. In [16] a more general Filippov theorem is proved for the inclusion
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with OSL right-hand side and with both outer and inner perturbations. Then, Hoélder one half
rate of stability with respect to the inner perturbations is obtained. This result is applied there to
obtain order of convergence O(v/h) for the Hausdorff distance between the sets of solutions of
and . The same order appears first in [33] for an OSL map F(-). Various generalizations of the
OSL condition and of this important theorem may be found in [I7]. We also refer the reader to the
overview papers on OSL [33] [13] 14], 5].

Definition 1.2 ([33]) A set-valued map F : R™ = R" satisfies the strengthened one-sided Lips-
chitz (SOSL) condition with a (SOSL) constant p € R, if for all z,y € R™ and all £ € F(x) there
exists ¢ € F(y) such that whenever x; > y; for some i € {1,...,n} we have the inequality

& — G < plr -yl (8)
and whenever x; < y; for some i =1,...,n we have the inequality

G—& < plr—ylo- (9)
Here, |-|oo is the maximum norm and z; denotes the i-th coordinate of a vector z := (21,...,2,)! €

R™.

The maximum norm in f@ can be replaced by another vector norm, although it is a rather
natural choice here. In [33], n SOSL constants p; € R were introduced separately for each coordi-
nate. Here, we use p := max;—1,. 5, it; for simplicity.

In 30} BI] the uniform version of the latter condition requires that holds for all ( € F(y)
with x; > y; (we call this version S-UOSL as in [5]). Due to the symmetry for £ € F(x) and
¢ € F(y), (9) is automatically fulfilled.

The strengthened one-sided Lipschitz condition (SOSL) essentially requires the OSL condition
for each coordinate (in a given basis). Although it is stronger than the OSL condition, it does not
imply continuity, but provides better stability than the OSL condition. It appears first in [30, [31]
in an uniform form (S-UOSL, analogous to the UOSL condition). First order convergence of the
Euler scheme for differential inclusions is derived for the S-UOSL right-hand side in [31, Sec. 4].
Lempio and Veliov formulated in [33] the weaker form as stated in Definition analoguous to
Definition [I.I} and proved that it ensures the first order convergence of the Euler scheme. The
SOSL condition is stronger than the OSL condition and it has some interesting consequences which
are not proved for general OSL maps as the order convergence O(h) of the Euler scheme instead
of O(vh) known for OSL maps. Also, the local existence of solutions of the differential inclusion
is shown in [19], provided the negation —F is SOSL with zero constant. The latter property of
the negation —F' defines a special type of monotonicity of F.

Here we prove a Filippov-type stability theorem for the solutions of a discrete inclusion of the
form with perturbations in the right-hand side, both in the state and the set, for OSL and
SOSL maps and present some applications. Similarly to the ’continuous’ Filippov-type theorem for
OSL map F' [16], we show in the case of an OSL mapping F' stability of the discrete solution set
which is of order one half with respect to inner and outer perturbations and with respect to the
time step h. For infinite time interval, we obtain stability (boundedness) of the discrete solutions
if the OSL constant is negative. In the case of OSL map F we show first order of stability with
respect to all perturbations and h. We apply these results to study the rate of convergence of the
implicit Euler scheme in [6] for OSL (not necessarily continuous) maps F. In particular, we show
that the iterates of the implicit Euler method are O(v/h)-close to some iterates of the explicit one
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and even O(h)-close for SOSL maps. An important possible application of the discrete Filippov-
time theorems, together with the 'continuous’ ones is to derive convergence rate of various discrete
approximations of differential inclusions. Such discrete approximations like set-valued Euler and
Runge-Kutta methods are studied in [40, 41, 45], and may be useful also for investigation of
discrete approximations of control systems. Detailed analysis of such discretizations may be found
in [42], 43, 39, 144, [24].

Let us remark that in [9, Proposition 2.2.3] a discrete Filippov-type theorem is proved in the
Lipschitz case for the explicit Euler scheme and outer perturbations. In [6, Theorem 14] another
discrete Filippov theorem is proved for the implicit Euler method and for outer perturbations in
the case of time-dependent, jointly continuous and one-sided Lipschitz right-hand side.

We note that a discrete Filippov-type theorem can be deduced indirectly by continuous one
[16], and the approximation estimate of the continuous trajectories by the discrete ones [15] [16].
We prefer the direct proofs to obtain more precise approximation estimates. The presented discrete
Filippov theorems may be useful for investigation of the stability also for discrete systems obtained
by one-step set-valued Runge-Kutta methods or some multistep methods as the leap-frog scheme,
as well as for infinite time behavior, in particular in the case of negative OSL constant.

The paper is organized as follows. The next section contains some preliminaries and the basic
assumptions. In Section [3| we prove the stability in the case of OSL mappings. The case of SOSL
maps is discussed in Section [4 The applications are given in the last subsection of each section.

2 Problem and Preliminaries

In this section the notation and some preliminary results used further in the text are stated. We
also present the problem formulation, the continuous differential inclusion and its discretization,
the discrete Euler iterates.

2.1 Preliminaries

We denote by R, := {z € R|z > 0} and vectors in R” by x := (x1,29,...,2,)' € R™. The
closed unit ball in R™ is denoted by Bj(0), the usual scalar product of two vectors x,y € R™ is
denoted by (x,y). The corresponding Fuclidean norm is denoted by |z|2 or by |z| for brevity, while
the sum norm and the mazimum norm of a vector z € R" are denoted by |z|; := >, |z;| and
|z]oo := maxj<i<p |z;|. For a real number p we denote py := max{0, u}.

We denote by K(R™) the set of compact, nonempty subsets of R™. The Hausdorff distance
between two sets X,Y € IC(R") is

dp(X,Y) := max{dist(X,Y), dist(Y, X)},

where dist(X,Y) := sup,cx dist(z,Y) and the distance from a point to a set is dist(z,Y) :=
infycy |v — y|. The convex hull of a set A is denoted by co A, the norm of a set is defined by
[A] := dm (A, {0}).

For a L, function f : I — R™ we denote ||f|z, as its Ly-norm and for a grid function 7, =
{n ;y;()l we define its discrete L,-norm for p € {1,2,00}, by

N—-1
Il =1 107l lnsll2 ==
§=0

. 1 1
(L0 i, e := min{{}a [, ﬁ\\nhllz, ml!nhHoo} (11)

N—-1
Y IR, allee = sup ], (10)
= 0<j<N
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We summarize the equivalence of the discrete L,-norms for later reference.

Lemma 2.1 Let h = % a given step size for N € N and let np, = {ni};\fz_ol be a grid function.
Then,

Valnullz < lnnlh < VT —tollnnll2 (12)
Rlmalloo < lInnllt < (T = to)lnnlloo (13)
Valnullse < lmnllz < VT = to |71]lco - (14)

We denote the Hausdorff distance between two sets S, S of grid functions, using the || || o nOrm
for the distance between the functions, by df(S,S).

Next we present some notation and auxiliary inequalities used further in the text.

Denote 1j, := {1}§y:_()1 and set for v, = {v}h, C Ry

7—1
(s s vm) =Y (L4 phY Py gnp, §) = gnlp, 5; Tn).
k=0

Note that gn(u, j; C"y;, + C"y,) = C'gn(p. 33 73) + C"gnlp, 33 77,)-
Remark 2.2 Recall the simple claim that if s; € R, 7 =0,1,...,k, satisfy
sgr1<a-sg+0k, a>0, k=0,1,....,5—-1,
then s; < al - sy + Zi;%) " EBL. Thus, for a =14 ph and By, = hy,, k=0,...N — 1, we get
s; < (14 ph) so+ gn(p, ji ), 7=0,1,..,N—1. (15)
We now estimate gp,(u, j; ) and gp(p, J)-

Lemma 2.3 Let p € R, 1+ ph > 0, v, = {’yk}g:_ol C Ry, tj=toy+jh, j=0,...,N. Then for
7j=0,...,N,

9h(#aj§7h) < et+(ti=to) U’Yhﬂ min,p - (16)

In particular,

ti—ty 1
1, J < ekt t=t0) min { ¢ — to, J ,— . 17
) = f Wl 1

Proof: The case “u = 07 is trivial (we assume % = oo in the right-hand side).
Let ¢ # 0. Note that since e* > 1 4 z, we obtain for g > 0 that

(14 ph)? —1 < (1+ ph)! < kil = errih, (18)
For 1 < 0 we have

|(L+ph)! — 1) =1— (1+ph) <1 =ertil, (19)
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Thus we obtain

-1 J_ J_
DS (1 gyt = p Y =1 [y 1]

‘ pih |l Iul

<.

e+l (20)

i

To show that gp (i, j;71) < et+E=t0)||y,[|1, we bound as in (I8)-(T9) for k < j,
(1+ ,uh)j_l_k < et U—1=Rh < opijh _ ont(ti—to) (21)

To show that gp, (11, 7;7n) < ——et+E=t0) ||, ||2, we use the Holder inequality

hE B < (hTIh(307) (b)) 1o get

=3

\_/
(S

1
j—1 j—1 2
WY (1 ph) ™y < (hz 1+ ph)? > 2 -

Then, using the formula for the geometric progression, the fact that 2 + ph > 1 and 7, we

get
Jj—1 3 ) 1 ] 1
G (L+ph)* —1\* _ ((1+ph)¥ — 12
(hkzzo(uuhﬁ) §<h(1+uh)2—1> _< Lot >

. 1 ,
< <’(1 + ,LLh)2.7 — 1’) 2 < <e“+2]h> _ 1 €#+(tj7t0) .
JZEn |l Vil
The inequality gp(p, j;vn) < %H%Hoo follows directly from |

2.2 Basic assumptions

For definitions of notions as upper semi-continuity (usc) or measurability of set-valued maps and
their properties which we do not define or formulate here in details, the reader may consult [2], [1]
r [10].

The reachable set at time T for the differential inclusion , starting from the set Xy, is denoted
by R(T tO,Xo). For a given step-size h := T]*Vto and grid points t; := tg + jh, 7 = 0,..., N, let

= {p} Y J=0> ' € R™, be a discrete solution of the Euler inclusion . The discrete reachable
set at time T for the Euler inclusion , called Ry (T, to, Xo), is defined as the set of all end points
n™N € R™ of admissible grid functions starting from points of the set X.

Additionally we allow outer and inner perturbations of the discrete inclusion

W +h(FP+F) +F), =0 N -1 e Xo, (22)

where the inner perturbations Sh::{gj };\771 C R™ are uniformly bounded by a given constant Ky,

=0
while the outer ones 2}, := {&/ };V:_Ol C R™ are bounded in some discrete norm by a given constant
K..

For the rest of the paper we demand some of the following four assumptions:

(A1) F(-) has nonempty, compact images.
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(A1’)F(-) has convex images.

(A2) There are constants Cg, Cr > 0 such that all solutions of satisfy

[74]l0 < Cn Ry |F()|| < Cr.

At places where the solutions of are involved we assume also

(A2’) There exist solutions of on I and there are constants Cp, C'r > 0 such that all solutions
of satisfy

2]l <CB, sup|F(z(t))] < Cr.
tel
Sufficient conditions for (A2’) are discussed in the next remark.
Denote S := CgB1(0) such that () € S for t € I and 7/ € S for each j =0,...,N.

(A3) F(-)is one-sided Lipschitz (OSL) with constant p € R, i.e., for all z,y € S and all £ € F(x)
there exists ¢ € F(y) with

(x—y, &= () < plz—yl*.

(A3°)F(-) is strengthened one-sided Lipschitz (SOSL) with a constant p € R, i.e., for all z,y € S
and all £ € F(z) there exists ¢ € F(y) such that if z; > y; we have the inequality

& — G §M|$_y|oo

and whenever z; < y;,
G —& < plr —yloo -

Additionally, we sometimes require the assumption

(A0) F : R"™ = R™ is upper semi-continuous (usc), i.e., for all x € S and all ¢ > 0 there exists
d > 0 such that for all y € R"” with |[x —y| <, F(y) C F(z)+eB1(0).

Remark 2.4 The assumption (A2’) can be guaranteed by assuming a linear growth condition,
ie., |F(t,x)|| < C(1+|z|) for all x € R™ (see [15, Lemmas 3.1 and 4.1], [{, Lemma 2.6]), or by
the weaker assumption of boundedness of F(-) on bounded sets together with the OSL condition on
R™ (see [16, Lemma 3.2 and Remark 3.1]). To guarantee the ezistence in (A2°) one can require
additionally e.g., (A0), (A1) and (A1)’ see [10, Ch. 2]. For simplicity we do not formulate the
weakest possible assumptions.

3 Discrete Filippov-Type Theorems for One-Sided Lipschitz Maps

Here we discuss the stability with respect to inner and outer perturbations separately, for reader’s
convenience.
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3.1 Outer perturbations

We consider perturbed initial values and outer perturbations. A discrete counterpart of the con-
tinuous Filippov theorem for OSL maps in [16] with §(¢) = 0 is obtained.

Proposition 3.1 Let the assumptions (A1)-(A3) and 1 + 2uh > 0 be satisfied. Consider g, =
{Ej}?{:—ol C R™ with ||Ep||lec < K. and let {yj}j-v:[) be a discrete solution of the perturbed inclusion

Yt ey +n(Fy)+&), j=0,....N—1, y°€ Xy be given. (23)
Then there exists a discrete solution {xj}é-vzo of with

/T — TP < (L4 2uh) |y’ — 27 P 4 4Cpejh 4 2(e5 4+ 4CF)R? (24)
|y’ — 7| < (V1+2ph ) [y° — 2% + C1 /gn (2, s en) + Co /9n (20, )V, (25)
where e, = {e;}2", €j = [F], C1 = ACE +2C;, Cy =2v2Cr, C.= (T —to)K-..

j=

Proof: By (A2), y/ € S for each j = 0,...,N. Given a solution {yj}j-vzo of , there is
w! € F(y’) with

Y=y +h(w +8), j=0,...,N-1.

Suppose the iterates 2* are constructed for 0 < k < j. By the OSL condition choose v/ € F(z7)
such that (y/ — 27, w/ —v7) < ply? — 27]%. Then,

<yj — gl w3 — Uj> — <yj —zd Wl — vj) + <yj — xj’gj>
<ply’ =P+ 1y —al| e (26)

We set 271 := 27 + hod which yields

Yyt — It = (yf — 7)) + h(w! + & —07).
Using the inequality (a + b)? < 2(a? + b?) and (A2), we get

jw? +& — 7P <2(|w! — o7 > + |F7|?) < 8CE + 265 .
We use this inequality and in the estimate of the norm difference:
|yj+1 _ xj+1|2 — |yj — $j’2 + 2h<yj — 2w+ — Uj> + |wj +e vj|2h2

< (14 2uh)|y? — 27 |? + 2e;h|y’ — 27| + 25?h2 + 8C%h?
We apply (A2) to estimate the second term in the right-hand side,

2ejhly’ — 7| < 2¢5h(|y’| + [a7]) < 4Cpejh.

The last two inequalities imply (24). Denoting s; := |y/ — 27 ]2, €7 := {sj2 ;V: _01 and using ([15)), we
obtain
s; < (14 2uh) so + gn (2,u,j; 4Cpgep, + 2h5% + SC%hTh)
= (1 + 2ph) 50 + 4CBgn(21, ji 1) + 2hgn(2u, j; €3,) + 8CHhgn(2u, 7) - (27)
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To simplify the estimate (27), we note that since by (A2) y/,y’*!, F(y’) are uniformly bounded,
hej is uniformly bounded too. Let C; be a bound of hej, then

gn(2u, 5 7) VI < Cegn(2p, js en)
and C; < 2Cp + hCF. Applied to , this yields
sj < (1+2uh) so + (4Cp + 2C2)gn (24, ji n) + 8CEhgn(2p1, 5) (28)
Taking the square root we obtain the following estimate
Iyl — 27| < (\/m)jIyofﬂfOHC& Voan(2u, jien) + C2 v/ an(2u, j)Vh (29)

with the constants Cy := 4Cg + 2C%, Cy := 2v/2Ck. [
Then, applying Lemma to we get

Theorem 3.2 (discrete Filippov theorem with outer perturbations) Assuming the condi-
tions of Proposition with a step size h = % such that 1+ 2uh > 0.

Then, for a discrete sglution yn = {y’ }évzo of the perturbed Euler inclusion , there exists a
discrete solution xp = {x’ }j-V:O of the Euler inclusion with

W — 9| < (VI+2uh )]y — 2
+eu+<tj—t°>{cl LLen ) min 2 + Ca Ulhﬂmm} .

with ep = {63'}?]:_01, €5 = ‘?j‘, C1:=v4Cg 4+ 2C,, Cy:= 2\/§CF, Ce = (T —tg)Ke.

Remark 3.3 A similar but coarser estimate than (with the norm ||ep||1 and bigger constants)
follows in an indirect way, applying the continuous Filippov theorem for the OSL case (Theorem 3.1
in [16]) and the error estimate for the Euler approzimation (Theorem 4.1 for convex-valued maps
in the same paper). In the theorem above we provide a direct proof with a refined estimate.

Note that gn(2u,7;epn) in corresponds to the Riemann sum of the integral error term
e?(t=)e(.) in the above cited continuous-time Filippov theorem in [16].

Corollary 3.4 If we additionally assume in Theorem[3.9 that
uEhU min,p S Caha
with a > 0, then, since 1+ z < e?, we may find a constant C' such that
ly — 2| < erltito)|y0 — 20) 4 '3 min{a,1}
with C' depending on p and, for p =0 additionally, on t; — to.
To obtain stability estimate for an infinite time (when N — oo, h > 0 is fixed), we define
the infinite-time discrete norms for €7° := {¢;}52, as in f by replacing N — 1, N by oo

and suppose that 1 < 0. Then we get from a discrete version of the stability result in [16]
Corollary 3.2], [21].
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Theorem 3.5 Assuming the conditions of Proposition[3.1) on I = [to, 00), especially ||g7°||cc < K-,
and let the OSL constant p < 0. For a fized step size h > 0 with 1+ 2uh > 0 we consider infinitely
many steps with the Euler method.

Then, for a discrete solution of the perturbed Euler inclusion yp°® = {yj}‘j?‘;o there exists a
discrete solution x3° = {acj}]o-';o of the Euler inclusion with

. . — 1
ly/ — 2] < ettt — 20 4 ¢y \/Lt{ﬁu}i:BJJ minu + Co —=Vh. (31)

VIl

The Hausdorff distance between the original and the perturbed reachable sets is

) c 1
limsup du(Rn(t;,t0, Xo), R} (tj,t0, Xo)) < C1y/ 1€7° ) miny + C2 Vh.

j—00 vard

Thus, if |[£3°]|minu = O(h), in particular if 372 e; < 0o, the estimate is

limsup du(Rn(t;,t0, Xo), R5"(t;,t0, Xo)) = O(Vh).
Jj—00
3.2 Inner perturbations

Here, the right-hand side contains only inner perturbation of the state variable.

Theorem 3.6 (discrete Filippov theorem with inner perturbations) Let ‘the assumptions
(A1)-(A3) and 1+ 2uh > 0 be satisfied and consider a grid function &), := {SJ };V:O C R™ with

0j = ’3‘7 ,Jj=0,...,N, dp = {5]-};-\[:0 and ||0p]|co < K5 . Let {3/ j-V:O be a discrete solution of the
perturbed FEuler inclusion

Yl ey +hF(y +8) (j=0,....N—1), 4’ € X, given. (32)

Then for every x° € X there exists a discrete solution {a:j}é-vzo of with

ly? — 27| < (V14 2uh)’ [y° = 2°) + Ci/gn (21, 4, 6n) + Ca /9n 2, j)Vh, (33)
v — 27| < (V1+2uh) |y° - 2°)

T eitrts—to) {01 VLo Lmin s + a3/ LTal mm,gwﬂ} (34)

for 5 =0,..., N with constants C1 := 2 \/CF +(2Cp + %K5)|M|, and Cy := 2Cp.

Proof: Assume that we have constructed the sequence {z¥}}, up to the index j. Let y/*! =
Y+ hw!, wi e F(y + gj). The OSL condition assures the existence of v/ € F(z7) such that

<(yj +gj) —zd W _Uj> < N‘ (yj +gj> —wj‘Q
and we define 27! by

It = gl
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By assumption (A2) the sequence {v’ };V: o {w }jV: ! are uniformly bounded by Cp. Hence,

/T =2 = (Y hw?) = (@ )P = (Y a) b =)
< |y’ —:L‘j|2+2h<(yj+3j) — a2 w? — o)
— 2h(5 ,w? — v7) + ACER2
J_ i R A W] P - ST 2 12
< |y — 2| +2,uh‘<y +5>—x) + 28] | - jw — o] + 4CZR2,

since the difference |w’/ — v7| can be bounded by 2Cr. We estimate

ul(y? +3') — " = /~‘<|yj — I+ 20y - F) + ’5”2)

<y’ = I+ 2pl - |y = a7 5] + pf8[? (35)
< ply’ —@7” +4C|plo; + [pl - 0
The last inequalities and the bound 6]2- < K505 lead to
/T = 2T <y — 2P 4 2phly’ — 20 P+ 2| o
+ 8Cp|u|hd; + ACEhS; + ACER?
: ‘ 1
< (14 2uh)|y’ — 272 + 4<CF + <2CB + 2K5> yuy> hé; + 4CEh2.
We set A7 := |3/ — 27|? and as in Remark get
A . 1
AT < (14 2uh) AT + 4<CF - (203 - 2K5> w)msj +4C%h?,
j—1
A< (1+2ph) A+ (14 2uh) 1 F (cfh(sj - 40%h2>
k=0
Taking the square root yields
[y — 27| < (VI+2uh)|y" —2°| + C1 v/gn (20, 5, 6) + 2Cw/ 91 (20, 5) V.
We complete the proof applying Lemma [2.3 |

Corollary 3.7 Let all assumptions of Theorem[3.6 are fulfilled and let

I_L(Shﬂ min,p S Caha

be fulfilled for the inner perturbation.
Then, for each solution {y’}¥ o of the perturbed inclusion there exists a discrete solution

. J=
{xj}évzo of with

ly? — 2| < eltit0)|y0 — 0| 4 Cet+(T—to) 3 minfal}

where the constant C may be easily estimated from Cy,Co in Theorem and does not depend on
the time length whenever p # 0.
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3.3 Both perturbations and applications

The general theorem for inner and outer perturbations may be obtained combining the last two
theorems. In the estimate the square root of the discrete norms of the inner and outer perturbations
as well as an error term O(v/h) will appear.

Theorem 3.8 (discrete Filippov theorem with both perturbations) Let the assumptions (A1)-
oL R with 65 = |9,

(A3) and 1+ 2uh > 0 hold and consider grid functions 6, = {gj};\/:o
j=0,...,N—1, and g, = {éj};\!ol CR", g; := |&] satisfying ||6n]|oc < Ks, [|Enlloc < K-.
Let {yj}j»vzo be a discrete solution of the perturbed Euler inclusion
eyl —l—h(F(yj +5j) —I—éj), j=0,....,N—1, ¢°e Xy is given. (36)
Then for every x° € X there exists a discrete solution {;Uj}é-v:o of with
v — 2’| < (V1+20n)"ly" — 2% + CLV/gn(20, 4, 01)
+ Cor/gn (20, 3, €n) + Csv/gn (21, §) Vh

for j = 0,...,N with constants Cp := 2\/CF+ <2C’B + %K(;) lu|, Co = 4Cp +2C., C5 =
(24 2v2)Cr and C: := (T — to)K-.

Next we study the distance between the iterates of the explicit and the implicit set-valued
Euler’s method. The following proposition shows that each iterate of the second is close to some
iterate of the first one, and thus provides convergence results for the implicit method whenever
the corresponding convergence result for the explicit method is known. A more elaborated study

for continuous right-hand sides can be found in [6]. It is also shown in [6] that if F' is usc and
1 — ph > 0, then the implicit inclusion has a solution.

Proposition 3.9 Let the step size h be so small that hCr < Ks, 1 — ph > 0 and choose 2° € Xj.

In addition to (A0)-(A3), assume that (A1) is fulfilled and (A2) also holds for the implicit Euler
method.

Then there is a constant C' such that for each implicit Euler iterate {y’ ;-V:o of
Yt ey +hF (YY), j=0,1,.,N-1, 3°=2°, (37)
there is an iterate {:cj}évzo of the explicit scheme with
]yj—a:j\ SC’\/E, j=0,...,N,
and the distance from the reachable set of to the one of satisfies
dist (R}"™N(T, to, Xo0), R (tj, to, Xo)) < CVh.

Proof: The restriction on the step size h and (A0), (A1’), (A3) guarantee the existence of iterates
of the implicit Euler method by [6, Theorem 4].
Consider an iterate of the implicit scheme, i.e.,

Y =y 4t Wit e Pyt
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We can rewrite it as perturbed Euler iteration with 5 = Yyt — 47, since
y ey +hE(yY), F(y ) =F(y +7).

The inner perturbations are bounded by O(h), since iterates of both schemes (and hence velocities)
are bounded:

7] = Iy — ] = HJu | < Crh < K
Corollary for the explicit Euler can be applied so that
Iy — 7] < C1/|10nlL + Covh = (C1\/Cr + Co)Vh.
|

Corollary 3.10 Let the assumptions of Proposz'tz'on here and of Theorem 4.1 in [16] be fulfilled.
Then, there exists a constant C' with

dist(R}"\(T, to, Xo), R(T, to, X)) < CVh.

Proof: Since F' is convex-valued, we can apply the convergence result for the explicit Euler in [16]
Theorem 4.1] so that

du (Ri(T, to, Xo), R(T, to, Xo)) < CVh.
The rest follows by Proposition and the triangle inequality. [

Remark 3.11 Similarly, (’)(\/E)—estimates for other Runge-Kutta methods may be obtained apply-
ing Corollary if F'is OSL. As one example we mention the improved Euler scheme in [30]

) . R . .
el ¢+ hF (x]+2vj>, v € F(z7).

Here, 5j| =2l < %h and the order of the distance is O(V/h).

Remark 3.12 We can formulate Proposition [3.9 and Corollary with the same assumptions
and the Lipschitz condition replacing the OSL one provided that (A1’) also holds. Then, explicit and
implicit Euler iterates can be found that are O(h)-close by applying the discrete Filippov theorem
for the explicit Euler in [9, Proposition 2.2.3] as well as the corresponding Filippov theorem for the
implicit Euler in [0, Theorem 14]. Therefore, the convergence of the implicit Euler is the same as
for the explicit one, i.e., O(h) on a finite time interval. But, the OSL condition with a negative
constant provides contractivity of the reachable set mapping and (exponential) stability at an infinite
time interval.

Both mentioned convergence results for the implicit Euler method for OSL maps with additional
continuous right-hand sides do not deliver the preferrable stability results for p < 0 as stated in [6].
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3.4 Discrete relaxation stability theorem
Consider the (set-valued) Euler discrete inclusion

Wt en +hF(y),  j=0,1,.,N-1, n°=2"€ X, (38)
and its convexified counterpart

Wt en +heoF(y?), j=0,1,..,N—-1, n°=a°. (39)

In [22], an estimate of order O(v/h) is obtained for the Hausdorff distance between the solutions
sets of the relaxed differential inclusion (with coF' at the right-hand side in (L)) and the Euler
difference inclusion (38).

We denote by S the set of solutions of and by &3¢ the set of solutions of . Here,

these solutions are considered in the space of grid functions 7, = {nj }j.V:O and are studied under
the weaker OSL condition.

Theorem 3.13 (discrete relaxation stability) Let the assumptions (A1)-(A3) hold.
Then, there is a constant C such that

du(Sp, S°) < CVh.
Proof: For a solution {yj}é-v:o of and all 0 < j < N — 1 there is w’ € co F(y’) with
Y=y 4+ hw!, j=0,...,N—1.

We construct a solution {2/ };-V:O of which is at the required distance from (i )é\;o. Suppose
x¥ are constructed for 0 < k < j. We recall that since F(z) is OSL, then also the map co F'(x) is
OSL with the same constant (this can be easily verified by the definition).

By the OSL condition there is 77 € co F(27) such that

(=t =) < ply? — a7, (40)
Then,
[yt — (27 + ) 2 < |y — 2P + 2h(y — 2f w? — o) + R w! — ). (41)
We note that the linear function p(v) = (y/ — 2/, w’ — v) achieves its minimum on the convex
compact set co F(z7) at some extremal point v/ € F(z7), since the compact F(z7) contains all
extremal points of its convex hull (see [36, Sec. II1.2, Lemma 1]). Hence, we may choose v/ € F(z7)
to replace ¥/ in .
We set 2771 := 27 + hv! and obtain from ({41)), and (A2)

P — 22 < (14 2ub)|y — 27| + 4CZR2. (42)
Applying and Lemma we get the estimates:

) . 1
) — 27)? < 4C%e2+(T—10) min {T —ty, —}h,
1

’yj _ wj’ < 20F6H+(T—to) min {, /T —to, \/1|T} Vh.
L

[

Denote by S the set of solutions of the convexified differential inclusion (1|) in which F(z) is

replaced by co F'(z). The following corollary extends a theorem of Grammel [22] from Lipschitz to
OSL mappings F.
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Corollary 3.14 Under the assumptions of Theorem and of Theorem 4.1 in [16], there is a
constant C' such that
dgi(Sh, S%) < CVh.

Proof: The convergence result for the explicit Euler ([16, Theorem 4.1]) yields
du(8°,8%) < CVh.

The rest follows by Theorem and the triangle inequality. B Let us mention the conjecture
of Veliov in [45] that for the Lipschitz map F' the above rate is O(h). This conjecture is proved in
some important special cases.

4 Discrete Filippov-Type Theorems for Strengthened One-Sided
Lipschitz Maps

Let us recall that the SOSL condition is stronger than the OSL, but it also provides stronger
stability. In its earlier uniform version (with “for all” instead of “there exist” in its definition)
in [30, 31} B2] it is implemented to gain the order of convergence 1 for the Euler method (instead
of 3 for UOSL). Several classes of discontinuous right-hand sides in applications (see [35, 38] and
[25] 26], 27, 28] as well as references in [25]) fulfill the SOSL condition (see [31], [33]).

4.1 Both perturbations

The analysis of the convergence of the Euler scheme made in [31] and [33] lies in the basis of
our proofs here. Let us stress that the uniform condition of [31], as the UOSL condition, implies
uniqueness of the solution of the differential inclusion which does not hold in general if the
right-hand side is OSL or SOSL. In [33, Remark 2.1 and Theorem 2.4] convergence order 1 is
proved for the Euler method. In the following we state discrete Filippov theorems and stability
results for infinite time with estimates of order 1 improving the estimates obtained for the OSL
case in Section [l

Proposition 4.1 (local estimate, discrete Filippov theorem for SOSL with both per-
turbations)

Let the assumptions (A1)-(A2), (A3’) be satisfied with the SOSL constant 1 € R and choose a step
size with 1+ ph > 0. '

Consider {5]};.\[:_01 C R™ with ¢; = {SJ‘OO, 7 =0,...,N, &, = {Ej}év:_ol C R", g = ‘Ej|,
{ej}j.vzf)l C Ry satisfying ||0n]lce < K5, |[Enllee < K: and let {3’ é-V:O be a discrete solution of
the perturbed Euler inclusion

eyl —|—h(F(yj —i—gj) —i—?j), j=0,....,N—1, y"e Xy be given. (43)
Then for every 20 € Xq there exists a discrete solution {:cj}é-vzo of with
|yt — 27t < max {(1+ ph)|y? — 29| + |u|hd; + hej, 2Crh + 6, + hej} . (44)

Proof: By (A2), we know that all discrete Euler solutions are bounded. We denote the selections
by {w’ }é-\f:_ol such that

Yyt =y 4 hw! +hE, Wl € F(yj—kgj).
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For one iterate 4/ € R™ or selection w’/ € R", we denote yf resp. wg as the ¢-th coordinate, where
1=1,...,n

By assumption (A2) (the boundedness condition), the sequence {w’ }éV: _01 is also uniformly
bounded by CF.

(i) construction of the sequence {z7 };V: o
Assume that we have constructed the sequence {z7 };?:0 up to the time step k. We denote the

corresponding selections by {v7}*Z i 5, e,
T =29 el v € F(ad).

By the SOSL condition (assumption (A3’)) there exists v* € F(z*) such that we have the SOSL
inequalities as stated in (A3’) in the two case: yF +3§ > ¥ (case al below) and y —I—Ef < zF (case
a2 below).

Other cases have to be dealt separately, e.g., case c).

(ii) local error estimate with previous error term
We set z¥+1 := 2F 4 ho® with suitable v¥ € F(2*) and consider the following cases:

case a) sign((yF + hwl) — 25) = sign ((yF +3§) —aF) #0
case al) (yF + hwf) — ¥ >0, (yF —l—gf) —ak >0
By the SOSL condition (assumptlon (A3")), we find v* € F(z*) with

~k
wk = of <l + ) - o]
In this case we distinguish two subcases, ¢ > 0 and p < 0. If 4 > 0, we estimate
<k <k
wf —of < pl(y*+87) =2k < plyt — 2Pl +ufdT]
If u < 0, we use the estimate
—k
‘(yk—xk)—&—d‘ >|y y— |5‘
so that
—k ~k
wi —vf <pl(yF+6") =2 <plyt —aFleo — 07|,
Hence, we have in both subcases the common estimate

<k
wi —of < ply* — 2o + |l - 07|

o

so that
it — 2T < |y + hwf) — 2f T + e
< ((ylC + hwf) — (mf + hvf)) + hep = (yfC — atf) + h(wk —; ) + heg
—k
< Iyt — o]+ bl = ¥l - (3] 20
<(1+ uh)]yk — xk]oo + |p| oy + heg

a2) (yk + hwk) — 28+ <0, (yF +07) — 2k <0
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By the SOSL condition in (A3’) and, as above, we have the other inequality
of —wk < pla® —yFloe + 1l - [8°] . -
Similarly to subcase al), we get similarly
i = 2 < (uf + hwf) — Y+ RIEY

= (af = yf) + h(vf — wf) + hey

< Jaof — g+ h (ly" — o loo + lul - [3"] , + k)

< (L4 ph)ly* — oo + |ulhdy + hey
case b) sign((yF + hw?) — 25+1) = —sign ((yF —l—gf) —zF) #0
In these cases, we have an error reset, since the past estimates are not used.

<k
b1) (yf +hwf) —2i ™ > 0, (yf +6;) —af <0
Here, we first proceed as in subcase al) but do not use the SOSL condition and simply neglect
negative terms:

it = 2 < (uf + hwf) — Y RIEY
< (g — o) + h(wf —of) + hey
= (yF +5f) — 2k h(wk — oF) —3F + hey
T
< |5%| + hlwF — vF| + hey, < 2Cph + 6k + hey
b2) (v + hwk) — 251 <0, (yF +58;) — 2k > 0
Again, we first proceed as in subcase a2) and then neglect negative terms:
it = 2 < hwf) = 2+ BJE
= (af —yi) + h(vf — wf)) + hey
=2 — (yF +55) +h(vF — wh) + 5 + hey,
T
< |5%| + hlwF — vF| + hey, < 2Cph + 6k + hey
case ¢) (yF + hwk) — ¥ =0 or (yF —f—gf) —2F =0
c1) (yf + hwf) — ™t =0
This is the simplest case, since the essential term is zero and simply disappears.

i = <] @ 4 ) = o IR < e

)

=0
c2) (yF+8;) —ak =0
Here we have
it — 2 T < |(yf + hawf) — 2T + hlg"|
= ‘ (yf—kgf) —mf —Ef —l—h(wf-C —vf)‘ + heg
—_—
< |87 | + hlwk — vf| + hey < 2Cph + 6 + hey..



R. Baier and E. Farkhi: Discrete Filippov-Type Stability

To summarize, in the subcases al) and a2) we have
it = < (U )y — Moo + [l héy + her,
while in all other cases we have

|y].€+1 — x§+1| < 2Cph + 0y, + hey, .

7

Hence, holds.

We now deduce a global error estimate from the local one of Proposition

18

(45)

(46)
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Proposition 4.2 (global estimate, discrete Filippov theorem for SOSL with both per-
turbations)

Assume the conditions of Proposition [{.1].

Let {3y j‘V:o be a discrete solution of the perturbed Fuler inclusion

y/ Tt Eyj—i—h(F(yj—i-gj) —i—?j), j=0,....,N—1, "€ X, be given. (47)

Then for every 2° € X there exists a discrete solution {a:j}évzo of with

7 = 9 < e (L Y = ol (1 P (200 + o) + 9002 |
+ |1l gn(ps 3 0n) + gn(p, Js €n) (48)
for =0,...,N and a step size h > 0 with 1+ ph > 0.

Proof: The sequence {2/ };VZO is constructed as in Proposition
We consider an index set Ja C {0,..., N — 1} for which the following holds:

e Ja consists of subsequent numbers, i.e., there are ¥’ < k”, k/, k" € Ja such that

Ja={k K +1,... K"},

e for all indices k € Jo we require that case a) in Proposition holds,
e the index set Ja is maximal with respect to inclusion within the set of numbers {0,..., N}.

Whenever k£ € Ja, we never encounter the estimate and can use . Hence, it follows by
Remark [2.2] that

k—1
lwf = 2i 1 < (U ph) Y = 2o + b Y (L4 ) (] - 6+ 20)

v=Fk'

If this index set Ja contains the element &' = 0, we can rewrite the term |y* — z*'|o as |y — 2°|0

and we have the estimate

y" — 2¥|oo < (14 uh)*|y® — 2% + |1l g, k., 6) + g1, ke, en) - (49)

If otherwise k' > 0, then we encounter an error reset due to so that the maximality of Ja
yields with a suitable index ig € {1,...,n}:

¥ — 2k = |yF — 2l | <2Crh+ 1 + hep
Thus, if ¥’ > 0, we have for ¥’ < k < k"
|yF — 2F|oo < (14 ph)F ¥ (2Ckh + 61 + hew 1)
+ |1l gn (u, k— K, {5V}IZ;;1«) + gn (m k=K, {e be)
< (14 ph) % (20Fh + Gpr—1) + h(1 + ph) e
lulgn (k= A0 ) + on (k= W e}k
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Thus, we obtain in case k¥’ > 0, k' < k < k",

15" = Floe < (1+ k)" (2Ckh + [9nlloo) + gn (1. k = K {en ik )

1l gn (ke = K ABNEZL) + gn (b = K ()b
< (14 ph)* (2CFh + ||6nlls0) + g1, k. 2n)

+ |1l gn (s &y 0n) + gn(ps ks en).- (50)
The maximum of the estimates — implies . |

An immediate consequence is the convergence order 1 with respect to the step size, if both
perturbations are O(h) (measured in different norms).

Theorem 4.3 Assume the conditions of Proposition[{.4 Then,

17 = 9] < e (e {1y? = o, 20+ [+ L}

. 1
+ || min {T — to, |M|} 10n |00 + ughﬂminvu> .

If max {|y° — 2%o0, [|0nllocs llEnli} < Ceh also holds, then there is a constant C with
ly — 29| <Ch, j=0,...,N.

A similar result as in Theorem [3.5| with O(h)-perturbations holds for infinite time in the SOSL
case.

Theorem 4.4 Assume the conditions of Proposition on I = [tg,00) especially that |0y, |lee <
Ks and ||E5°||o < K., and let the OSL constant satisfy p < 0. For a fized step size h > 0 with
14 ph > 0 we consider infinitely many steps with the Euler method.
Then, for a discrete solution y;© = {yj}]?’io of the perturbed FEuler inclusion there exists a
discrete solution x7° = {xj};?’;o of the Euler inclusion with
¥ — 7] < max {eﬂ“f—towyo — o, e (2 + {8, bl)
e e )
+ et ltato) (||{5 Y Zolloo + I{en 1 2olhn) - (51)

Hence, the Hausdorff distance between the original and the perturbed reachable sets satisfies

limsup dH(Rh(tj,to,Xo), Rlih (tj,t(],Xo)) S 2(”(5;010”& + Hé‘onl)

Jj—00
Thus, if max{[|0;°]| , [|€p°]l1} < Ceh, the estimate is

limsup dH(Rh(tj,to,X()), th(tj,to,Xo)) S 4Ceh,

Jj—ro0
where we have used Lemma and the inequalities

1 672 i < (6770 e+ [ Piminge < el
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4.2 Application

For SOSL right-hand side and for the implicit Euler method we show an analogous result to Propo-
sition but with first order estimate replacing the O(v/h) order in the OSL case.

Proposition 4.5 Let the step size h be so small that hCr < K5, 1+ 2uh > 0 and the assumptions
(A0)-(A1), (A1°), (A3’) as well as (A2) also for the implicit Euler method hold.
Then for all z° € X there exists a constant C' such that for each iterate {3y’ ;,VZO of the implicit
Euler scheme
Y ey +hF (YY), j=01,.,N-1, y°=2°
there is one iterate {Cﬂj};\fzo of the explicit scheme with
ly) — 29| < Ch, j=0,...,N.

The distance from the reachable set of the implicit Euler method to the one of the explicit Euler
and to the reachable set of respectively, can be estimated by

dist (R}"™!(T, to, Xo), Ru(T,to,X0)) < Ch,
dist (R}™!(T, to, Xo), R(T,t0, X0)) < Ch.
Proof: The proof is almost identical to the one of Proposition and Corollary Only [33,
Theorem 2.4] and Theorem replace [160, Theorem 4.1] and Corollary which guarantee
ly) — 27| < Ch.

|

This result is similar to the convergence order O(h) attained for the explicit Euler scheme in [31],

but the SOSL property for the right-hand side replaces the S-UOSL property. Also the implicit
Euler converges with O(h), if F'is S-UOSL.

Corollary 4.6 Let all assumptions of Proposition hold except that (A3’) is replaced by the
S-UOSL property of F, then all implicit Euler iterates converges to the (single) solution of with
convergence order O(h).

Similarly, if all assumptions of Proposition hold except that (A3) is replaced by the UOSL
property of F, then the convergence order for the same method to the (single) solution of 18
O(Vh) by [16, Theorem 4.1].

Proof: The UOSL property enforces the uniqueness of the solution z(-) starting from a given point
such that Proposition [£.5] yields

dist (RJ™\(T, to, {x0}), {x(T)}) < Ch,

dist ({=(T)}, Ry™ (T, to, {z0})) = ~inf l2(T) — ™|
N eRYP(T o, {0})
< sup 2(T) — ™| = dist (R}™ (T, to, {z0}), {=(T)}) < Ch.

N ER}mel (Tto,{zo})

Remark 4.7 The same O(h)-estimate may also be obtained for the improved Euler (cp. Re-
mark in the case if F' is SOSL.
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