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Preface

These lecture notes are based on a series of lectures given at the XXIX Seminar in
Differential Equations which took place in Moninec, April 14 - 18, 2014. Main goal
is to provide an introduction to differential variational inequalities, which seem to
be a sufficiently general framework for modeling various problems beyond equations.
For example, this can be useful in contact mechanics, when one considers friction
and impacts; in electronics when the diodes appear in the circuit. However, one uses
many facts from other branches of mathematics such as convex analysis, variational
analysis, non-smooth analysis, differential equations, differential inclusions, measure
theory, numerical methods, etc. Since this work is not a book, rather than devoting
a separate section to one of the previously mentioned topics, we prefer to introduce
the definitions and notions precisely when they are needed for the first time. We
try to explain the key ideas and illustrate them on examples instead of going into
full generality. Although, we work in finite dimensions, almost all results are valid
in (or can be extended in an obvious way to) Hilbert spaces or even in (reflexive)
Banach spaces. Sections 1, 3, and 4 correspond to a single lecture while Section 2
was presented in two lectures. It should be noted that, usually, the order of the oral
presentation was different. Section 5 contains convergence results for generalized
equations obtained during last two years and has not been discussed during the
seminar.
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1. WHAT, WHERE, WHY?

This section will hopefully answer the following questions:
What is a differential variational inequality?

Where such a model arises from?
Why should one consider this model instead of other ones?

1.1. Basic Notions. First, let us mention the notation used in the rest of this note.
By R and R4 we denote the set of real numbers and non-negative real numbers,
respectively. The space of (column) vectors x = (1, Z2,...,7,)7 having n real
coordinates will be denoted by R™. The scalar product in R™ is for each x =
(r1, 22,y 2)T €R™ and y = (y1, Y2, -, Yn) L € R™ defined by

n
(x,y) =x"y =@1y1 + Baya + -+ Tnln = Y Tl
=1

The symbol x | y indicates that (x,y) = 0 and x <y means that x; < y; for each
1 € {1,2,...,n}. The scalar product induces the Euclidean norm on R™ which is
defined by

1

Ixll = V%) = (D7) foreach zeR".
i=1
The closed and open ball around x € R™ with radius r > 0 are the sets

Blx,r]:={y eR": |ly—x|]| <r} and B(x,r):={yeR": |y — x| <r},

respectively. Given any two subsets A and B of R", the Minkowski sum A+ B and
the Minkowski difference A — B of A and B are defined by

A+B={a+b:acA beB} and A-B={a—b :acA be B}
If A= {a}, we will write a 4+ B instead of {a} + B. Geometrically, this is nothing
else but a shift of the set B in the direction of a. Clearly,
A+B=|J@@+B)=JA+Db).
acA beB

For any scalar o € R, the a-multiple « A of the set A is defined by
aA={ca: ac A}.
Finally, the set A is convex if
aA+(1-—a)A = A foreach «€]0,1],

and A is a cone if «A C A whenever o > 0.
A set-valued mapping (correspondence) F : R™ = R™ associates with any x € R™
a subset of R™, denoted by F(x) and called the value of F at x. For such a map,
the set
(i) domF :={x € R™: F(x) # 0} is the domain of F;
(i1) rgeF :={y € R": y € F(x) for some x € R™} is the range of F;
(i9i) gphF := {(x,y) e R™ x R": y € F(x)} is the graph of F.



If F(x) is a singleton, we say that F is single-valued at x. If F is single-valued at
each x € domF, then such a mapping will be denoted by f : domf — R"™ and we
write y = f(x) instead of y € F(x). For a subset M of R™, the image of M under
F is the set

F(M) = | F(x).
xEM

Although we work in finite dimensions, from time to time, infinite dimensional
spaces will appear as well. The space of all linear bounded mappings acting from
a Banach space X to another Banach space Y is equipped with the standard ope-
rator norm and denoted by £(X,Y). We set R"*"™ = L(R™,R"), i.e. we identify
a linear bounded mapping from R™ to R™ with its matrix representation in the
standard canonical bases. Given an interval I in R and K C R™, by C*(I, K) we
mean functions from I with values in K possessing derivatives of arbitrary order. If
m=1and K := R, we write C*°[a, b] and C*(a,b) for I := [a,b] and I := (a,b), re-
spectively. Finally, C5°(R) denotes real valued functions of one real variable having
derivatives of arbitrary order and a compact support.

1.2. Variational Inequalities. Given a function h : R™ — R™ and a non-empty
closed convex subset K of R™, the variational inequality (VI) is a problem to
(1.1) find ue K such that 0 < (h(u),v—u) whenever ve€K.
The set of all solutions to (1.1) will be denoted by
(1.2) SOL(K,h).
There are various (equivalent) ways of writing (1.1). Let us start with its geo-
metric form.
Definition 1.1. Let K be a closed convex subset of R™ and u € R™. The normal
cone to K at u is the set
{PpeR™:(p,v—u) <0 foreach v e K} if uek,
Nk (u) := .
1] otherwise.

In view of the above definition, solving variational inequality (1.1) means to find
u € R™ such that
(1.3) —h(u) € Ng(u) or equivalently 0 € h(u) + Ng(u).
Note that any u € R™ satisfying (1.3) has to be an element of K (see also Figure 1).
The domain of the normal cone mapping u = Nk (u) is K.

Recall that for a subset C' of R™ and a point u € R™ the distance from u to C
and the projection of u on C are defined by

d(u,C)=inf{|lv-ul: veC} and Po(u)={veC: ||[v-u|=duC)},

respectively. Let us gather well-known properties of the above three notions (see
also Figure 2 and Figure 3).

Lemma 1.2. Let K be a non-empty closed convex subset of R™ and u € R™. Then

(1) Px(u) contains the only point, p, (u) say. Moreover,

(z—pi(u),u—p,(u)) <0 whenever zé€ K,



uy + Ni (u2)

* Niwg)={0)
K
u; + Nk ()

FIGURE 1. Normal cones associated with a rectangle K in R2.

FIGURE 2. Geometric meaning of Lemma 1.2 (i).

(#i) Nk (u) is a non-empty closed convex cone. If, in addition, u is an interior
point of K, then Nk (u) = {0};
(i4i) p € Ng(u) if and only if p,,(u+p) = u.

Proof. Clearly, (iii) is trivial once (i) is proved.



FIGURE 3. Geometric meaning of Lemma 1.2 (iii).

(¢) If u € K, then Pg(u) = {u} and we are done. From now on, assume that
u ¢ K. Let (vy,)nen be a sequence in K such that

1
d(u,K) <||vp, —u|| <d(u,K)+ — foreach neN.
n

As (vp)nen is bounded, it has a cluster point, v € R™ say. The above inequalities
give that d(u, K) = ||v — ul| =: r. Clearly, the closed set K must contain v. Hence
v € Pk (u), thus Pxg(u) is non-empty.
We claim that (z — v,u — v) < 0 whenever v € Px(u) and z € K. Indeed, given

€ [0,1], the point z; := (1 — t)v + tz is in K thanks to the convexity. Then, for
any t € (0,1), we have

= K) < Ju-z)?=llu-(1-tv—ta]® = |[(u-v) -tz - V)|

= -2z —v,u—v)+t’z —v|?

whence (z —v,u—v) < (t/2)||z — v||*. Taking the limit as ¢ | 0, we get the desired
claim. Fix any v,V € Pg(u). Using the claim twice with (z,v) := (v,v) and
(z,v) := (v, V), respectively, we infer that

[v-v[|?P=F-v,u-v+v-u)=(Fv-v,u-—v)+{¥-v,u-v) <0.

So v = v, which means that Pg(u) is singleton.
(i4) Given u € K, one has that

Ng(u)= () {p€R™: (p,v—u) <0},
veK

therefore Nk (u) is a closed convex cone containing zero (at least). Suppose that u
is an interior point of K. Let p € Ni(u). Find a > 0 such that v:=u+ap € K.
The very definition of Nk (u) implies that « (p,p) < 0 as well as —a (p,p) < 0.
Hence ||p|| = 0. O

Let us mention some examples of the normal cones.

Example 1.3. (1) If K is a linear subspace of R™ then Nk (u) is nothing else
but the orthogonal complement of K;



(2) Given u € R™ and r > 0, let K := B[, r]. Then

0} i u—af <,
Ng(u):=<¢ {AMu—-1): A >0} if |lu—1|=nr,
0 otherwise;

(3) Given a differentiable convex function h : R™ — R, let
K :={ueR": h(u) <0}.

Then
{0} if h(u) <
Ng(u):=<¢ {AVh(u): A >0} if h(u) =
0 if h(u) >
In particular, for K := R™, we see that the model (1.3) (respectively (1.1)) covers

equations h(u) = 0.

Definition 1.4. Let K be a non-empty closed convex cone in R™. The set
K :={peR":(p,v)>0foralvekK}

is called the dual cone to K.

Next, let us establish the relationship between the dual and the normal cone.

Proposition 1.5. If K is a non-empty closed convex cone in R™, then so is K*.
Moreover, (K*)* = K and
(1.4) KsulpeK" & —peNg(u) & —ué€ Ng«(p).
In particular, when K = R, then
0=xulp=z=0 << -pENpr(u) < -—u€cNpr(p)
Proof. By the very definition,
K* =Nver{p € R™: (p,v) > 0},

so it is a non-empty closed convex cone as the intersection of closed half-spaces.

To prove (1.4), it suffices to prove the first equivalence. Indeed, using symme-
try together with (K*)* = K, one immediately obtains the latter one. Suppose
that the first assertion in (1.4) holds true. Let v € K be arbitrary. Then the
complementarity relation along with p € K* yields that

(p,u) =0 < (p,v).
Therefore the second assertion in (1.4) is proved. On the other hand, assume that
the second assertion in (1.4) is valid. Since u lies in the cone K, so do v := 0 and
v := 2u. Therefore
0< <p7 —ll> and 0 < <p7u>v
which means that u L p. Now, for a fixed v € K, we have that (p,v) > (p,u) = 0.
Thus p € K*.
Now, we prove that (K*)* = K. By the very definition,

(K*)":={veR":(v,p) >0forallpe K*}.



Fix any v € K. For any p € K* we have (p,v) > 0. Hence v € (K*)*. Thus
K C (K*)*. On the other hand, fix any v ¢ K. Set u=p,(v) and p =u—v.
Then p is non-zero and p,. (u—p) = u. By Lemma 1.2 (iii), we have —p € Nk (u).
The first equivalence in (1.4), gives that p € K* and (p,u) = 0. Therefore, (v,p) =
(u—p,p) = —||p||? < 0. This reveals that v ¢ (K*)*.

To conclude the proof, observe that (RT)* =R7. O

Example 1.6. Given v € R™, suppose that one wants to find u € R™ such that
0O<ulv+uro0.

Fix any ¢ € {1,2,...,m}. Then v; + u; > 0 and u; > 0. The complementarity
relation implies that w;(v; + u;) = 0. If v; = 0, then u; = 0. If v; < 0, then
u; > —v; > 0, which means that u; = —v;. Finally, when v; > 0, then v; + u; > 0,
and thus u; = 0. To sum up, u; = max{—v;,0} =: (v;)~. Therefore

u=v" = (max{—vy,0}, max{—vy,0},..., max{—v,,,0})T.
Also

v+u=v" = (max{v,0}, max{vs,0},..., max{v,,,0})".

One can derive various calculus rules concerning the normal cones. Let us men-
tion the obvious one here.

Proposition 1.7. Consider two non-empty closed convexr sets Ki C R! and Koy C
R?. Then

NK1><K2(u) = NKl(ul) X NK2(u2) fOT each u= (111,112) € Ky x K.

Proof. A vector p = (p1,p2) belongs to N, i, (u) if and only if, for every v =
(Vl,VQ) € K1 x K9 we have

0> (p,v—u) = (p1,vi —uy) + (P2, Vo — u).

In particular, letting vi := uj, we get pa € Nk, (ug). Similarly, the choice va := uy
yields that p; € Nk, (u1). The reverse implication is trivial. O

Example 1.8. Let u = (u1,...,u,)T € R?*. Then

p; <0 for j with u; =0,

_ T
P = (proeeen)? € Nep(w) o= { D Z 0 P d it =0

1.3. Problem Formulation. Suppose that functions f : R x R® x R™ — R"
and g : R x R" x R™ — R™ are continuous, that K is a closed convex subset
of R™ and that b > a. Differential variational inequality (DVI) is a problem to
find an absolutely continuous function x : [a,b] — R™ and an integrable function
u : [a,b] — R™ such that for almost all ¢ € [a,b] one has:

(1.5) x(t) = £t x(t),u(t)),
(1.6) 0 < ({g(t,x(t),u(t)),v—u(t)) whenever v e K,
(1.7) u(t) € K,

where x(t) is the derivative of x(-) at t. Of course, one has to prescribe additional
initial (or boundary) conditions, but we will come to this issue later. The above
model was formally introduced and studied by Jong-Shi Pang and David E. Stewart
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in [24]. The name (DVI) is based on the fact that an ordinary differential equation
(1.5) is linked together with an algebraic constraint represented by the inequality
(1.6). Note that the derivative of u(-) does not appear in (1.5), therefore u is called
an algebraic variable. On the other hand, x is called a differential variable. The
requested “quality” of x(-) and u(-), we are searching for, depends on a particular
application. Very often, our setting is too strong especially when impacts come into
play (see Example 2.7). First, we will focus on the algebraic constraints.

If (1.6) and (1.7) hold for a fixed t € [a, b], then u(¢) solves variational inequality
(1.1) with h := g(¢,x(t), -), that is,

u(t) € SOL(K, g(t,x(t),)).

Therefore the properties of the solution mapping (t,x) = SOL(K, g(t,x,-)) will
play a key role in our consideration.

For K := R™, Lemma 1.2 (ii) implies that the problem (1.5) - (1.7) boils down

to the so-called differential algebraic equation (DAE), which is a problem to find
functions x : [a,b] — R™ and u : [a,b] — R™ such that

(1.8)  %x(t) =£f(t,x(t),u(t)) and 0 = g(¢t,x(t),u(t)) for almost all ¢t € [a,b].

Therefore differential algebraic equations are special cases of differential variational
inequalities. In view of Lemma 1.2 (iii), one can always convert a DVI to a particular
DAE. Indeed, (1.6) — (1.7) are equivalent to

Pk (u(t) — g(t,x(t),u(t))) —u(t) =0 for almost all ¢ € [a,b].

However, since the projection mapping is non-smooth, one looses nice properties
(such as smoothness) of the function g.

By Proposition 1.5, if K is a non-empty closed convex cone, then (1.5) - (1.7)
reduce to the differential generalized complementarity problem (DGCP), i.e. one
wants to find functions x : [a,b] = R™ and u : [a,b] — R™ such that

x(t) = £t x(t),u(t)),
(1.9) K > wu(t) Lgtx(t),u(t)) € K* for almost all ¢ € [a,b].

In particular, when K = R’ and both f and g are affine, we arrive at the differential
linear complementarity problem (DLCP), which is also called the linear complemen-
tarity system (LCS) in the literature. More precisely, this model reads as

x(t) = Ax(t) + Bu(t) + p,
(1.10) y(t) = Cx(t) + Du(t) +q,
0=<u(t) Ly)=0 for almost all ¢ € [a, b],

for given matrices A € R*"*"™ B € R"*™ C € R™*", D € R™*™ and vectors
p<R" qeR™.
On the other hand, DVI means that

x(t) € £(t,x(t), SOL(K,g(t,x(t),-))) for almost all ¢ € [a,b].
Let us define F : R x R™ = R” for each (¢,x) € R x R™ by
F(t,x) = f(t,x, SOL(K, g(t, ;"))

11



We arrive at
x(t) € F(t,x(t)) for almost all ¢ € [a,b].

The above problem is known as differential inclusion (DI) in the literature. When
F has closed graph, non-empty compact convex values and satisfies certain growth
properties then the theory of differential inclusions can be applied (see Section 3.1).
However, this can be a non-trivial task. The importance of understanding the
behavior of the solution mapping emerges again.

In summary, the differential variational inequalities occupy a niche between diffe-
rential algebraic equations and differential inclusions and one can profit from the
special structure of the problem (1.5)—(1.7). However, one can find a different
model called “differential variational inequality" in [1]. Namely, given h : R™ — R”
and a closed convex subset C' of R", the problem to find an absolutely continuous
function x : [a,b] — R™ such that:

(1.11) x(t) € —h(x(t)) — Neo(x(t)) for almost all t € [a,b],
(1.12) x(t) € C forall t¢€]la,b].

Such a model is called variational inequality of evolution (VIE) in [24]. When C' is
a cone, then Proposition 1.5 implies that

Cozluel" <& —u€ N¢g(z).
Therefore, (1.11)—(1.12) can be equivalently rewritten as
x(t) = —h(x(t)) +u(t) and C 3x(t) L u(t) e C*,
which is (1.9) with K := C*, f(¢,x,u) := —h(x) + u, and g(t,x,u) = x.

For a general closed convex set C, introducing an additional variable, (1.11)-
(1.12) can be reformulated as

x(t) = —h(x()+w(),

0 = x(t) -y,

0 < (w(t),v—y(t)) foreach veC,
y(it) € C.

This is DVI with K := R"xC, u:= (w,y), f(t,x,u) := —h(x)+w, and g(¢,x,u) :=
(x—y,w). Hence, in general, DVIs cover a broader class of problems. Nevertheless,
one can study both DVIs and VIEs in the following unified framework

x(t) = f(t,x(t),y(t),w(t)),

0 = g(tx(t),y(t),w(t),

0 < (w(t),v—y(t)) foreach veK,
y(t) € K,

withgivenf(CRm,f:RxR"xR7’Lme—>R" and g : RxR® xR™ xR™ — R™.

12



1.4. Application in Electronics. In this section, we discuss some examples ap-
pearing in the theory of electrical circuits. The electrical circuit consists of wires
connecting the other elements such as voltage sources, resistors, capacitors and in-
ductors. There is a current (usually denoted by ¢) flowing through each branch that
is measured by a real number. A node is a junction (connection) within a circuit
were two or more circuit elements are connected or joined together giving a connec-
tion point between two or more branches. A node is indicated by a dot. A loop is
a simple closed path in a circuit in which no circuit element or node is encountered
more than once. The state of the circuit is characterized by the currents in each
branch together with the voltage or, more precisely, the voltage drop across each
branch (usually denoted by v). It is a convention that the voltage in the branch (ele-
ment) is oriented in the opposite direction than the corresponding current flowing
through it, i.e. voltage decreases in the direction of positive current flow.

There are two basic laws from physics. The first is Kirchhoff’s current law which
says that the total current flowing into a node is equal to the total current flowing
out of that node. This means that current is conserved. The other is Kirchhoff’s
voltage law which says that the sum of the voltages in any closed loop is zero. This
idea is known as the conservation of energy. The direction of a current and the
polarity of a voltage source can be assumed arbitrarily. To determine the actual
direction and polarity, the sign of the values also should be considered. For example,
a current labeled in left-to-right direction with a negative value is actually flowing
right-to-left.

Let us mention several common circuit elements (see Figure 4). A basic element

g

R R

1 WA
M%C%

FIGURE 4. Schematic symbols of circuit elements (voltage sources,
resistors, an inductor, a capacitor, and a diode).

is a (linear) resistor. It has two terminals across which electricity must pass, and
it is designed to drop the voltage of the current as it flows from one terminal to
the other. Resistors are primarily used to create and maintain known safe currents

13



within electrical components. In this case, Ohm’s law says that
’UR(t) = RiR(t),

where R > 0 is a given resistance. In general, we may have vg = (ir) with a given
(non-linear) function ¢ : R — R. The graph of ¢ is called the (Ampere-Volt)
characteristic of the resistor. Another important element is an inductor with the
relationship
dig,
vL(t) = L3 (0),

where L > 0 is a given inductance. An inductor is typically made of a wire wound
into a coil. When the current flowing through an inductor changes, a time-varying
magnetic field is created inside the coil, and a voltage is induced. The third basic
element is a capacitor described by

vol(t) = % /0 io(r)dr,

where C' > 0 is a given capacitance. The capacitors contain at least two electrical
conductors separated by an insulator. A wvoltage source is a circuit element where
the voltage across it is independent of the current flowing through it. Finally,
one can come across various types of diodes which have Ampere-Volt characteristic
described by a non-smooth function or even set-valued function, e.g. ideal diode
can be described by

UDENR+(Z'D) & 0<—vplip>0 < —iDENR+(—’l}D).

The above non-smooth law describes the fact, that the current can flow in one
direction only, i.e. the diode is blocking in the opposite direction. In practice, the
above model is not appropriate because the diode blocks unless the voltage exceeds
some value called breakdown voltage V3, > 0. This value depends on the diode (e.g.,
it may be 100 V). More appropriate model could be

*Vba y < Oa
Up € F(ZD)a where F(y) = [_%70]7 y=0,
0, y > 0.

Example 1.9. Let us consider the circuit involving a series connection of a load
resistance R > 0, an input-signal source generating the voltage v(t) at time ¢ > 0,
an inductor with inductance L > 0, a capacitor with capacitance C > 0, and an
ideal diode (see Figure 5).
Then the current, denoted by ¢, is the same for all the elements. Using the
Kirchhoff’s voltage law, we have
di 1

v(t) = vg(t) + vi(t) + ve(t) + vp(t) = Ri(t) + L&(t) + 5/0 i(r)dr +vp(t),

with vp(t) € N, (i(t)). Setting

u(t) = —vp(t), x1(t) ::/0 i(r)dr  and  xo(t) := @1 (t) = i(t),

14
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FIGURE 5. The circuit from Example 1.9.

we have

Lis(t) = féxl(t) — Rao(t) + v(t) + u(t).

Hence, dividing by I, we arrive at the dynamic system
- )G (o ()
—u(t) € Na, ((o 1) <2g§>) .
Set x = (11, 22)7,

Az:(—l/(LC()J —R/é)’ b::<1?L>’ and Cz:(?)'

As —u € Ng, ({(c,x)) if and only if —(c,x) € Ng, (u), one arrives at the differential
variational inequality with

f(t,x,u) :=bo(t) + Ax+bu, g(t,x,u)=/(c,x), and K :=R,.

with

Consider a practical diode instead of the ideal one, with V}, = 100 V say. Put u = vp
and K = [-100,0]. Then

—100,  y<o,
u € F({c,x)) with F(y):=4{ [-100,0], y=0,
0, y > 0.

So (¢, x) € F~!(u) = Ng(u). One obtains a differential variational inequality with
f(t,x,u) :=bv(t) + Ax —bu and g(t,x,u) = —(c,x).

Example 1.10. Let us consider the four diodes bridge full-wave rectifier involving

four diodes (supposed to be ideal), a resistor with the resistance R > 0, a capacitor

with the capacitance C' > 0 and an inductor with the inductance L > 0 (see
Figure 6).
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FIGURE 6. The circuit from Example 1.10.

This circuit allows unidirectional current through the load during the entire input
cycle; the positive signal goes through unchanged whereas the negative signal is
converted into a positive one.

The Kirchhoff’s laws can be written as:

v = Ve,

UL = UDF1 — UDR1;

vpr2 + VR +vpRr1 =0,

ic +ir +ipr1 —ipr2 =0,
tpF1 + iDR1 = IR,

ipr2 +1DR2 = iR.

Setting x = (ZC) this can be rewritten as a differential linear complementarity
L

problem (1.10) with

—VUDR1
(0 -1/C (0 0 -1/C 1/C | —vome
A_<1/L 0 )’B_<0 0 0 0)’”_ ipr1 |’
IDR2
0 0 1/R 1/R -1 0
0 0 |1yr 1R 0 -1 B B
C=1-1 of'P=[ 71 o o o] P70 a=0
1 0 0 1 0 0
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2. REDUCTION TO AN ODE

In this section, we start to investigate the existence of a solution to a differential
variational inequality. First, we focus on the possibility to apply standard results
on ordinary differential equations.

2.1. Index for DAEs. To motivate our consideration, suppose that we want to
reduce a differential algebraic equation

(2.1) x(t) =f(t,x(¢),u(t)) and 0=g(t,x(t),u(t)) forall t¢E€a,bl],

to an (equivalent) ordinary differential equation. The indez of (2.1) measures its
singularity when compared to the ODE. This key concept has evolved over several
decades, and today a number of definitions with different emphasis exist. The
minimum number of differentiation steps required to transform a DAE into an ODE
is known as the differential/differentiation index of (2.1) [31]. Index 0 corresponds
either to the case of an ODE without any algebraic constraint or to the case when
one can neglect this constraint without differentiation.

Example 2.1. Suppose that g : R x R” x R™ — R™ is continuously differentiable,
and also that both x(¢) and u(t) exist for all ¢ € [a,b]. Differentiating the second
equation in (2.1) one gets, for each t € [a, b], that

Vxg(t, x(t),u(t)) %(t) + Vug(t, x(t), u(t)) a(t) + Vig(t, x(t), u(t)) = 0,
where Vxg(t,X,0) € R™*™ is the partial Jacobian of g at ({,%,0) € R x R" x R™
with respect to x (similarly for V,g(%,%,1) € R™*™ and V,g(f,%,a) € R™). If
Vug(f, X, 1) is non-singular (regular) for each (£,%,@) € R x R™ x R™ then, setting
y = (x,u)T, we arrive at the ordinary differential equation

y(t) = £t y (1)),
where, for each (t,y)7 := (t,x,u)” € R x R"* x R™,
~ o f(t,x,u)
f(t.y) = (— [Vug(t, x, u)]_1 (ng(t, x,u) f(¢, x,u) + Vig(t, x, u)) ) ‘

We completely eliminated the algebraic constraint and therefore such a DAE has
the index 1.

Having an implicit function theorem in mind, the key idea emerges immediately.
Given (#,%,1) € R x R™ x R™, suppose that V,g(t,%, ) is non-singular. Then
there is » > 0 and a differentiable function s from W := B(¢,r) x B(x,r) to R™
such that

0 =g(t,x,s(t,x)) whenever (t,x)e€ W.
Hence (2.1) can be (locally) converted to an ODE of the form
x(t) = f'(t,x(t)) = £(t,x(t),s(t, x(t))) for all ¢ close to t.

Clearly, if f is Lipschitz continuous, then so is fina vicinity of the reference point.
An easy but not simple question arises: Is there an analogue of the implicit function
theorem for inequalities (inclusions) which ensures the existence of a function s
which is at least locally Lipschitz continuous a neighborhood of the reference point?
Fortunately, there is a positive answer as the Section 2.4 shows. Under quite strong
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monotonicity assumptions, it is possible to reduce a DVI to an ODE even globally.
Let us address this issue first.

2.2. Global Reduction. Recall several well-known but useful properties of the set
of solutions to a non-parametric variational inequality (for a comprehensive reading
on this topic see [15]).

Proposition 2.2. Consider the solution set
S:={ueR™: 0€h(u)+ Ng(u)},

where h : R™ — R™ is defined on a non-empty closed convex subset K of R™.

(i) If h is continuous on K then S is closed (possibly empty);
(ii) If h is continuous and monotone on K, i.e.

(h(x) —h(y),x—y) > 0 whenever x,y € K,

then S is convex (possibly empty);
(iii) If h is strictly monotone on K, i.e.

(h(x) —h(y),x—y) > 0 for any distinct x,y € K,

then S is at most singleton;
(iv) If h is both continuous and semi-coercive on K, i.e. there is 1 € K along
with r > 0 such that

(h(w),w—1u) >0 foreach weK with|w| >r,
then S is a non-empty subset of B[O, r].

Proof. Note that (i)—(iii) are trivial if S is empty. Until the proof of (iv) assume
that this is not the case. The set S contains those u € K such that

(2.2) (h(u),w —u) >0 foreach weK.

(i) Let (up)nen be a sequence in S convergent to some u € R™. The continuity
of h implies that

0 < lim (h(uy),w—u,)=(h(u),w —u) foreach we K.
(2.2) n——+oo

As K is closed, u € K and thus u € S.
(ii) To see the convexity, pick any u, v € S and any A € (0,1). Then

(2.3) (h(u),w —u) >0 and (h(v),w—v)>0 foreach weK.

Let x := (1—A)u+Av. Then x € K by convexity. Fix any w € K. We have to show
that (h(x),w —x) > 0. Taking ¢ € (0,1) as a parameter, let w(t) := X + (W — X).
As K is convex, it contains any w(t). The monotonicity of h on K and the first
inequality in (2.3) imply that
0 < (h(w(t)) —h(u),w(t) —u) + (h(u), w(t) - u)
= (h(w(t)), w(t) — ).
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Similarly, 0 < (h(w(t)), w(t) — v). Therefore

0 < (1=MNh(w(t),w(t) —u) + Ah(w(t)), w(t) = v)
(h(w()),w(t) = (1 = Mu—=Av) = (h(w(1)), w(l) = %)

= t(h(w(?)),w —X).

As w(t) — x as t | 0, dividing by ¢ and using the continuity of h, we arrive at
(h(x),w — x) > 0, as required.

(iii) Pick any two distinct uy, uy € S. Since both u; and uy are in K, writing
down (2.2) for them (with w := us and w := u; respectively), one infers that

0 < <h(ll1) — h(LIQ), u; — 112>
= —(h(w),uz —uy) — (h(uz),u; —uz) <0+0=0,

which is impossible.

(iv) Suppose that there would be some u € S with |lu|| > r. As a € K, the
very definition of a solution and the semi-coerciveness with w := u yield that
0 < (h(u),a —u) < 0, a contradiction. Therefore S C B[O, ].

To prove the non-emptiness, suppose that K is bounded first. Lemma 1.2 (i)
says that the projection mapping px : R™ — K is well-defined and that

(z—pxr(u),u—pg(u)) <0 whenever z e K and u e R™.

Fix any two distinct uy,us € R™. As both z; := px(u;) and zs := pg(uz) are in
K, the above fact and the Cauchy-Schwarz inequality imply that

|21 — z2|> = (21— 22,21 —2)
= (21 —2Z2, Uy — 22) + (21 — 22, U1 — U2) + (Z2 — 21, U1 — 21)

< 0+ lz1 — z2| [Juy —ugl| +0 = |z1 — z2| [Ju; — uzl.

This means that pg is Lipschitz continuous on the whole of R™. The mapping x
Pk (x—h(x)) maps K continuously into itself as it is a composition of a continuous
function from K into R™ with a Lipschitz function from R™ into K. By Brouwer’s
fixed-point theorem it has a fixed point, u say. Lemma 1.2 (iii) reveals that

prx(u—h(u))=u <= —h(u) € Ng(u) < ucs.

Second, assume that K is unbounded. Clearly, an intersection of K with any
closed ball centered at the origin is a compact convex set which is also non-empty
if the radius is sufficiently large. The first part of the proof implies that one can
find an infinite subset N of N in such a way that, for each n € N, there is u,, € K
verifying

(2.4) (h(u,),v—u,) >0 for each v € K with ||v| < n.

Then (u,),en has to be bounded. Indeed, suppose, on the contrary, that there is
an index n € N such that both ||u,| > r and n > ||a||. Then semi-coerciveness
with w := u,, and (2.4) with v := @ would yield that 0 < (h(u,),a —u,) < 0,
a contradiction. Let ¢ > 0 be such that ||u,|| < ¢ for each n € N. Pick n > ¢. We
will show, that u,, € S. In view of (2.4), it suffices to show that for any w € K with
|lw| > n we have (h(u,),w —u,) > 0. Fix any such a point w. Find X\ € (0,1)

19



such that v := u,, + A(w — u,,) has the norm less than n. As both w and u,, are in
K so is v thanks to the convexity. Therefore (2.4) reveals that

0 < (h(u,),u, + A(w —u,) —u,) = A(h(u,),w —u,).
The proof is finished. O

Given a non-empty closed convex subset K of R™ and h : R? x R™ — R™,
consider a parametric variational inequality:

(2.5) Fora peR? find ueR™ such that 0 € h(p,u) + Ng(u).
Let us define the solution mapping S : R* = R™ by
(2.6) RYS p s S(p) :={ucR™: usolves (2.5)}.

From the previous theorem one gets sufficient conditions for the Lipschitz conti-
nuity of the solution mapping.

Theorem 2.3. Let h : R? x R™ — R™ be defined on a non-empty closed convex
subset K of R™ and let V' be a non-empty closed subset of R%. Suppose that

(i) h is continuous on V x K;
(i) there is L > 0 such that, for each u € K, the mapping h(-,u) is Lipschitz
continuous on V with the constant L;
(iii) there is p > 0 such that

(h(p,u) —h(p,w),u—w) > pullu—w|*> whenever u,w e K andp € V.

Then the solution mapping S in (2.6) is single-valued on all of V and Lipschitz
continuous on V with the constant L/u.

Proof. Fix any p € V. We will apply Proposition 2.2 with h := h(p,-). Clearly,
the monotonicity assumption (iii) implies the one in Proposition 2.2 (iii). Hence,
S(p) is at most singleton. Pick any @ € K such that r := ||a|| + ||h(p,a)||/x > 0.
Note that this causes no loss of generality, because otherwise the origin is the only
point of K and h(p,0) = 0 and we are done. Fix any w € K with ||w]| > r. Then

(h(p,w),w —1w) = (h(p,w)—h(p,u),w — )+ (h(p,a),w —a)
> pllw —al* ~ [h(p, )| w - a
> w —a (u(llwll = l[al) — [Ih(p, @)

a
[w —afl (ur — pllall — Ih(p, w)]) = 0.

\

By Proposition 2.2 (iv), S(p) contains exactly one point, s(p) say.

We showed that S is single-valued on V. Finally, to show that V 3 p — s(p) € K
is Lipschitz continuous, fix arbitrary p;, p2 € V. Let u; :=s(p1) and uz := s(p2).
Then

(h(p1,u1),w—u;) >0 and (h(p2,uz),w—ug) >0 foreach weK.
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Taking w := uy and w := u; respectively, one sees that (iii) together with Cauchy-
Schwarz inequality imply the following chain of estimates

pllur — sl < (h(pr,w) — h(p1,u),us —us) = —(h(pr,u1), us — uwy)
+(h(p2,uz2) — h(p1,uz), u; — uz) — (h(p2, uz),u; —uy)
< 0+ [|h(p2,u2) — h(p1, w2)|| [lur —uzf[+0
< Ljpz — pil [luz — ]
If up # u; then, dividing by p||lu; — ug|| > 0, we obtain that

L
[ — || < —|p1 — p2f|-
I
As the above inequality holds trivially when us = uy, the proof is finished. O

Example 2.4. Given a € R, consider the problem:

Fora peR find weR suchthat peau+ Ng, (u)=:P(u).
Then this is a parametric variational inequality with A(p,u) := au—p and K := R,.
Then L =1 and p = a provided that a > 0 (see Figure 7).

We are going to apply the previous statement to an autonomous DVI:
x(t) = f(x(t),u(t)),

0 < (g(x(t),u(t)),v—u(t)) whenever veK,
u(t) € K.
Assume that

(A) g is Lipschitz continuous with respect to the first variable on a closed subset
Q of R™ uniformly in the latter one, i.e. there is Lg > 0 such that

Ig(x1,u) — g(x2, W)|| < Lgllx1 — x|

whenever (x1,u), (x2,u) € Q x K;
(B) there is pu > 0 such that, for each uy, us € K and each x € Q, one has

(g(x,11) — g(x,u2),u; — w2) > pflur — ua|%;

(C) f is Lipschitz continuous on  x K, i.e. there are positive Ly and L,, such
that

[£(x1,u1) — f(x2,u2)|| < Lxllx1 — X2 + Lulug — uz|

for each (x1,u1), (x2,uz) € Q x K.

Theorem 2.3, implies that there is a function s : 2 3 x — s(x) € SOL(K,g(x, ))
which is Lipschitz continuous on Q with the constant Lg/p. Let

f(x) := f(x,s(x)), xeQ.
Then, for any x1, x2 € (2, we have that
1F(x1) = E(x2)| = [If(x1,8(x1)) = £(x2,8(x2))|
Ly [[x1 = Xa|| + Lu [Is(x1) — s(x2)]|
(L + LuLg/n) %1 — %ol

VARVAN
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FIGURE 7. Mappings from Example 2.4.

We arrived at x = f (x), which is an ODE with the Lipschitz continuous right-hand
side. Hence, the classical theory may be applied.

The same can be done for a general non-autonomous DVI in (1.5) — (1.7). Fix
d >0 and let V := [a, ] x B[O, §]. Instead of (A) — (C) suppose that

(A’) there is an integrable function lg : [a,b] — (0, 00) such that

gt x1, 1) — g(t, X2, u) || < lg(t) [Ix1 — 2|

whenever (t,x1,u), (t,x2,u) €V x K;
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(B’) there is p > 0 such that, for each uy, uy € K and each (¢,x) € V, one has
<g(t,X7 ul) - g(tvxv u2)7u1 - u2> > /J’Hul - u2||2;

(C’) there is an integrable function Iy : [a,b] — (0,00) along with L,, > 0 such

that
(£, x1,u1) = £(8, %2, 12) || < I (t)]|x1 = X2f| 4+ Lulur — us|

for each (t,x1,u1), (t,%x2,u2) € V x K;

(D) there are integrable functions 1, @9 : [a,b] — (0,00) along with a € K
such that

||g(t707ﬁ)H < ‘pl(t) and Hf(t7070)|| < @2(t)'
As in the proof of Theorem 2.3, there is a function s : V' 35 (t,x) — s(t,x) €
SOL(K, g(t, %, )) such that

I (t)

Is(t,x1) — s(t,x2)|| < ngxl —Xg|| whenever (¢,x1), (t,x2) € V.

Let ~

£(t,x) :=f(t,x,s(t,x)), (t,x)€V.

) = Ix(t) + lg(t) Lu/p, t € [a,b], is integrable on [a, b].
1), (t,x2) € V, we have that

Then the functlon l (¢
Moreover, for any (t,x
I1£(t, x1) — f(t,XQ)H = Hf(t x1,8(t,x1)) — (¢, %2,8(t,x2)) |
Le(t) %1 = Xl + Lu [[s(f,x1) = s(t,x2)]|
(lx(t) +1g(t) Lu/p) 11 — %2l = 1(1) [Ix1 — %2
Finally, fix arbitrary (¢,x) € V. Then

—~

<
<

r

[[al| + *Hg(t x, )| < fluff+ — (Hg(t x,u) — g(t,0,u) + [lg(t, 0, w)[)

< Juf+ %(lg(t) %I+ ¢1(8)) <l + — (51 () +1(t))-

As in the proof of Theorem 2.3 we get that the assumptions in Proposition 2.2 (iv)
hold. Using the estimate for the norm of the solutions therein, one infers that

IE(t, %) £ (2, %, s(t,x)) — £(,0,0)] + [|£(2,0,0)|
Le(OIx] + Lu [ls(t, )] + ¢2(t)

Olx(t) + Lul[u]| + % (0lg(t) + @1(t)) + @2(t) = o(t).

<
<

IN

We arrived at x(t) = f(t,x(t)). Since ¢ is integrable on [a,b], theory of the
Carathéodory differential equations may be applied.

Now, let us discuss a higher-dimensional version of Example 2.4. We will need
an easy lemma from linear algebra.

Lemma 2.5. Let A € R™*™. [f (Ah,h) > 0 for any non-zero h € R™, then there
is 1 > 0 such that (Ah, h) > u|h||?> whenever h € R™.

23



Proof. Fix any non-zero h € R™. The matrix A is the sum of its symmetric part
A, := (A + AT) /2 and its anti-symmetric part A, := (A — AT) /2. Then

2(A,h,h) = (Ah,h) — (ATh,h) = (h, Ah) — (ATh,h) = (ATh,h) — (A"h, h) =0,

which means that (Ah,h) = (A;h, h) + (A h,h) = (A;h h). By the assumption,
A is not only symmetric but also positive definite, let p be its least eigenvalue.
Then properties of the Rayleigh’s quotient yield that

(Ah,h)  (A;h h)

= >pu>0.
[h[? [h[?

Example 2.6. Let A € R™*"™ be fixed. Consider the problem:
Given p €R™ find u€R™ suchthat p€ Au+ Ngyp(u).

Let h(p,u) := Au—p for p, u € R™. The first two conditions of Theorem 2.3 hold
(with L := 1 and V := R™), and the last one requests the existence of p > 0 such
that

2 m
(A(u—w),u—w) > pllu—w||* whenever u,w e R}

In view of Lemma 2.5, this condition holds provided that (Ah h) > 0 for each
non-zero h € R™. In particular, for any positive definite matrix A which restricts
ourselves on the class of symmetric matrices.

The above derived condition is unnecessarily strong especially when the local
reduction is considered as we will see later.

2.3. Problems without Friction in Mechanics. One of main goals of the classi-
cal mechanics is to describe how things move. The motion of a system is determined
by the coordinates of all its constituent particles as functions of time. For a single
point particle moving in three-dimensional space, we want to know its position (co-
ordinates) as a function of time, i.e. we want to find a function x : R — R? which
is called the trajectory of the system. In case of n particles, the motion is described
by a set of functions x; : R — R3, where i € {1,2,...,n} labels which particle we
are talking about. Roughly spoken, we are able to predict where a particle will be
at any given instant of time. Knowing the trajectory, we can compute its derivative
and obtain a velocity
d
v(t) = &x(t) = x(t)
at any time ¢ as well. Taking the second derivative of the trajectory, we obtain an
acceleration
d
a(t) .= av(t) = x(t).
The complete motion is encoded in a system of differential equations, called the
equations of motion. Newton’s three Laws of Motion may be stated as follows:

1. A body remains in uniform motion unless acted on by a force;
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2. Force equals the rate of change of momentum p, defined by p(t) = mv(t),
t € R, where m > 0 is particle’s mass. If we suppose that the mass does
not depend on time (which is true in case of low velocities compared to the
speed of light), this law can be written as an equality

£(t) = < (mv(1) = me (1) = ma(t);

3. Any two bodies exert equal and opposite forces on each other.

To convert the second Newton’s law into a meaningful equation, one has to know
a force law describing how the force f depends on the coordinates or velocities
themselves. This is an empirical law given by physicists which approximates well the
reality in a particular situation. For example, I. Newton deduced the gravitational
force law, which says that the force f;; exerted by a particle ¢ by another particle j
is

— Xi — Xy
(2.7 fi; Gmym; =%,
where G := (6.6726 £ 0.0008) x 10~** Nm?/kg? is the Cavendish constant. In
particular, for a particle of mass m near the surface of the Earth with the mass m,
and the radius ., taking m; = m and m; = m,, with x; — x; := —r.r, we obtain

f = —mgr = —mg,

where r is a radial unit vector pointing from the Earth’s center and g := Gm, /r? ~
9.81 m/s? is the acceleration due to gravity at (near) the Earth’s surface. Newton’s
second law says that a = —g, i.e. objects accelerate as they fall to the Earth.
Hence, if we want to describe the motion of a particle of mass m near the surface of
the Earth, we may reduce the original tree-dimensional problem to one-dimensional
one and assume a uniform gravitational field, with f = —myg.

As in electronics there are several basic elements (with appropriate force laws)
used in mechanics (see Figure 8 for graphical representation). Denote f and z
the force and the displacement, respectively. Then for the spring we have fs(t) =
—kx(t), where k > 0 is a given stiffness. Similarly, the damper can be described by
fp(t) = —ci(t), where ¢ > 0 is a given viscous damping coefficient (often denoted
also by b).

k c

A

FIGURE 8. Representation of spring and damper.

Example 2.7. Consider a rigid ball of mass m and radius r falling downward onto
a rigid table due to the gravitational acceleration g. Assume that there is no air
resistance and denote the height of the center of the ball above the table at time
t > 0 by y(t) (see Figure 9). Let v(¢) := ¢(t) be the velocity of the ball at a given
time. Sooner or later we must face the hard constraint that y(¢t) —r > 0. When
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| J{ mg
y(t) .

FIGURE 9. A bouncing ball.

y(t) = r, there has to be a reaction force n(t) to prevent penetration of the table.
This and the Newton’s second law of motion imply that

mo(t) = —mg+n(t) and 0<y(t)—r Ln()>0 forall ¢t>0.

Unfortunately, these conditions together with initial conditions do not determine
the trajectory uniquely. Even in this simple case one needs an extra condition,
usually given in terms of a coefficient of restitution 0 < e < 1. Its value determines
“bouncing” after a collision, e.g. if y(¢) = r then the relationship between pre-impact
and post-impact velocities is given by

v(t+) = —ev(t-).

Again this is only a model of impact and the value of e is not easy to determine.
Moreover, as v has a discontinuity at the time when the impact occurs, the reaction
force n(-) must contain a Dirac-§ function, or impulse, at this time. Instead, a com-
mon approach is to use normal compliance, which assumes that there is a slight
interpenetration of the ball and the surface. The contact is represented by a stiff
spring applying no force when there is no interpenetration. But when there is inter-
penetration, the force in the spring is proportional to the depth of interpenetration
(see Figure 10). Let k > 0. Consider the following model

FIGURE 10. Normal compliance approach

26



mo(t) =—mg+At) and 0<y(t)—r+At)/kLAt)>0 foral t>0.

As in Example 1.6, then A(t) = k[y(t) — ] = kmax{r — y(t),0}. Proposition 1.5
implies that

—y(t) +7— A(t)/k € Ng, (A(t)) whenever ¢> 0.

Clearly, the function g(y,v,A) := y — r + \/k is strongly monotone in the third
variable uniformly with respect to the first two ones with the constant p := 1/k.

In general, the state of a rigid body, at time ¢t € [a,b], can be represented by
a vector q(t) € R™ of the so-called generalized coordinates (angles, positions of
centers of mass, angular and ordinary velocities, ... ). Then m is the number
of degrees of freedom. Let v(¢t) = q(t). Friction-less impact problems contain
inequality constraints on the generalized coordinates:

(2.8) hi(q(t)) >0, i€{1,2,...,m}, t € a,b],

where h; : R™ — R are given. Then the motion of the system can be described by
a system of ODEs:

ait)y = vit),
Mv(t) = —Cv(t)—1'(a(t) + [0 (a®)]” u(t),
0=<u(t) L h(q®)) =0, t € la,bl],

where

- M is the mass matrix (which may depend on q in general);

- C is the viscous damping matrix;

- II represents the potential energy of the system. Often, we assume that
I(x) = (Kx,x), x € R™, where K is the symmetric stiffness matrix (so
IT' (x) = Kx);

h(q) := (h1(q), ha(@), -, hm(@))”, @ € R™; and

u(t) € R™ is a vector of Lagrange multipliers.

Using the normal compliance, one may approximate the above system by:

ait)y = v,
Mv(t) = —Cv(t)—1II'(q(t) + [W(a(t)]" u(®),
0=u(t) L h(q®)+ktut) =0, tela,b),

In this case, g(q,v,u) := h(q) + k¥ 'u and the reaction forces are given by

k[0 (q)]" [h(q) "

Main advantage of the normal compliance approach is that the equations of
motion are just ordinary differential equations. However, most bodies are stiff,
which means that k is large. The question what happens when £ — +oo we leave
open here. This together with a more general model can be found in [32].

27



In Example 2.7 we have seen that when modeling an impact, one arrives at the
following DVTI:

x(t) = f(t,x(t))+u(t),
0 < (g(t,x(t),u(t)),v—u(t)) whenever ve K,
u(t) € K.

Without using a normal compliance approach, we need to allow u(:) containing
Dirac-0 functions or more general distributions. Assuming that u(-) is a distribu-
tional derivative of some measurable function p(-) which is bounded on each finite
interval, we have that p(-) is an integral (Perron, Denjoy, Denjoy-Khintchine) of
u(-). Then via a substitution x =y + p, one can transform the above differential
equation to the Carathéodory equation

y(t) =£(t, y(t) + p(t)).

The inequality constraint, can be replaced by
b
0< / (g(t,x(t),u(t)),v(t) —u(t))dt whenever v(-)e€ C*([a,b],K),

which is under certain integrability condition equivalent to the original one, see
[32, Lemma 3.1]. The last remaining question is what means that u(t) € K for
(almost) all t € [a,b] as the point-wise values are meaningless in general. This can
be interpreted as

J73 e(tyu(t) dt
J1Z () dt
2.4. Local Reduction. Suppose that h : R x R™ — R™ and H : R™ = R™ are
given. The parametric generalized equation is a problem:
(2.9) For pcR? find u€R™ such that 0 € h(p,u) + H(u).

Since we are interested in “local continuity properties" of the solution with respect
the parameter around a fixed reference point, we need the following definition (see
Figure 11).

€ K for all non-negative ¢(-) € C5°(R) \ {0}.

Definition 2.8. Given a set-valued mapping S : R = R™ and (p,1) € gphS, a
(local) selection for S around p for @ is any single-valued mapping s : R? — R™
defined on a neighborhood V' of p such that

s(p)=u and s(p) € S(p) foreach peV.
A (graphical) localization of S around p for u is a set-valued mapping S:R:I= R™

such that for some neighborhoods U of u and V' of p we have

~ S(p)nU it peV,
S(p) =
(P) { ] otherwise.

The existence of a localization, which is single-valued and Lipschitz continuous
in a vicinity of the reference point, is also known as the strong metric reqularity
of S™1. This notion was introduced by S. M. Robinson in [29]. Clearly, for any

28



gph S

FIGURE 11. Difference between a selection and a localization.

S : R? = R™ a graphical localization of S around p for @1, which is both single-
valued and Lipschitz continuous, is a Lipschitz continuous local selection for S
around p for u. The converse is not true in general.

Example 2.9. Let S : R = R be defined by S(p) = {—p,0,p}, p € R. Then
s(p) := 0, p € R, is one possible (global) selection for S around 0 for 0 which is
Lipschitz continuous (on whole of R). However, there is no localization of S around
0 for 0 being single-valued.

The equivalence holds true if S : R™ = R™ is locally monotone at (p,u) € gph S,
that is, there is a neighborhood W of (p,u) such that
(2.10) (G—ua,p—p) > 0 whenever (p,u),(p,u) € gphSNW.
If W = R™ x R™, then S is called (globally) monotone. Clearly, S is (locally)

monotone at (p, ) if and only if so is S™! at (1, p).

Example 2.10. The local monotonicity of a continuous function s : R — R at
(p, s(p)) means that there is 7 > 0 such that

(s(p) —s(p)).(p—p) >0 foreach p,pe(p—T7,p+7),
S0 s is increasing on a neighborhood of the reference point.

Example 2.11. Let A € R™*™ be positive semi-definite and K be a closed convex
subset of R™. Then

S(p) := Ap + Nk(p), peR™,
is (globally) monotone. Indeed, let i € S(p) and & € S(p) be arbitrary. Find
W € Nk (p) and w € Ng(p) such that @ = Ap+w and @ = Ap + w. As both p
and p lie in K, the definition of the normal cone reveals that (w,p — p) < 0 and
(w,p —P) <0. Since A is positive semi-definite, we have

(@-—u,p-p) = (A(P-p),p—DP) +(W—-wW,p—D)

kol
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Theorem 2.12. A set-valued mapping S : R™ = R™, which is locally monotone
at (p,0) € gph'S, has a localization around p for @ which is both single-valued and
Lipschitz continuous if and only if it has a local selection around p for u which is
Lipschitz continuous.

Proof. We shall imitate the proof of [13, Theorem 3G.5]. Find W such that (2.10)
holds. Let s be a local selection for S which is both defined and Lipschitz continuous
on B(p,r) for some r > 0 such that B(p,r) x B(a,kr) C W, where x > 0 is the
Lipschitz constant. Fix any p € B(p,r). As s(p) = u, we have s(p) € B(u, kr).
Therefore, the point s(p) lies in S(p) NB(w, xr). It suffices to show that the latter
set is singleton. Suppose that this is not the case. Find u € R™ such that

u € S(p) NB(u,xr) with u #s(p).
Let b := |jlu — s(p)|| and ¢ := (u — s(p))/b, which means that
(2.11) b>0, |c||=1, and (u,c)=0+ (s(p),c).

Find 7 > 0 such that k7 < b and that p + 7c € B(p,r). Since |c|| = 1, the
Cauchy-Schwarz inequality and the Lipschitz continuity of s imply that

(212)  (s(p+7e)—s(p).c) < [Is(p+7e)— s e| < w7
Since (p 4+ 7¢,s(p + 7¢)) and (p,u) are in gph S N W, (2.10) reveals that
(2.13) 0 <(s(p+7c)—u,p+7c—p) = 7(s(p+7¢c)—u,c).
Now, we may estimate

b+ (s(p),c) = (uc) < (s(p+7c)c) < (s(p),c)+rr < (s(p),c)+b.
(2.11) (2.13) (2.12)

We arrived at a contradiction, therefore S(p) N B(a,xr) = {s(p)} for each p €

B(p, ). The opposite direction is trivial. O
We will investigate the existence of a Lipschitz continuous selection for the so-

lution mapping S : R = R™ corresponding to (2.9) defined by

(2.14) S(p) :={ueR™: 0ch(p,u)+H(u)}, p € R

First, we reduce this problem to a “linear" one.

Theorem 2.13. Given H:R™ = R™ and h: R? x R™ — R™, let S be a solution
mapping defined in (2.14) with u € S(p). For a given mapping 1 : R™ — R™ | define
e:RYIxR™ — R™ by e(p,u) = h(p,u) —1(u). Suppose that

(i) e(p,u) = 0;
(i) (1+H)~! has a selection around O for @ which is Lipschitz continuous
with a constant K > 0;
(#it) there are p € (0,1/K), a > 0 and 7 > 0 such that

le(p,u) —e(p, V)| < plu—v| whenever u,veB(u,a), pe B, 7);
(iv) there is v > 0 such that
le(p,u) —e(P,u)|| <v|p-—p| whenever p,pe<B(P,7), ucB(u,a).

Then S has a selection around p for @ which is Lipschitz continuous.
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Proof. We shall imitate the proof of [13, Theorem 5F.4]. Use (i7) to find ay > 0
and a function § which is Lipschitz continuous on B(0, a;) with the constant x and
such that

(2.15) $(0)=1u and 5(y)€ (1+H) '(y) foreachy € B(0,a;).
Fix a > 0 such that
(2.16) a < min{a, ko }.

By (iv), the mapping h(-, u) is continuous at p. As ux < 1, we can make 7 smaller,
if necessary, to have

(2.17) Ih(p,a) — h(p,0)| < a(l — px)/k  for each p € B(p, 7).

We claim that ||e(p,u)| < a/k for any u € B[a, a] and any p € B(p, 7). Indeed,
fix any such u and p. Note that B[, a] C B(a,«) by (2.16). Thus

le(p,w)l = lle(p,u) - e(p. 1)+ (e(p, 1) — e(p, ))||

K2

< pllu—ul +|h(p,u) - 1(u) — (h(p,w) — 1(u))||

(44%)

—~
a2

1—
< e dTeR) e
(2.17) K

The claim is proved. Now, fix p € B(p, 7) and consider a mapping
O, : B[a,a] > ur— §(—e(p,u)).

Pick any u € B[a, a]. Then ®,(u) is well-defined, because the claim together with
(2.16) implies that —e(p,u) € B(0, «;). Using the claim again, one gets

[0 — ®p(u) T 15(0) —s(—e(p,u))[| < slle(p, v)|| < a.

I,
Therefore &, maps B[a, a] into itself.

Finally, pick any u,v € B[a,a]. Then u and v are in B(@, «) thanks to (2.16).
Moreover, the claim implies that both —e(p, u) and —e(p, v) lie in B(0, o1 ), hence
we get that

[Pp(u) —@p(v)[ = [5(—e(p,u)) —8(—e(p,v))|| < xlle(p,u) —e(p, V)|
< prfu—vl.
(iid)
This reveals that ®, is a contraction from B[Q, a| into itself, so it has a unique fixed
point.
For any p € B(p, ) denote by s(p) the (unique) point in B[, a] such that s(p) =
@, (s(p)). Since

_ ~ _ (i) -
Dp () = 5(—e(p, 1) < 5(0)
the uniqueness of the fixed point implies that s(p) = u. Also, note that

s(p) = ®p(s(p)) o I(s(p)) + H(s(p)) > —e(p,s(p)) = I(s(p)) — h(p,s(p))

< 0¢€h(p,;s(p)) +H(s(p)) < s(p) € S(p).

b

(2.15) _
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Therefore s is a local selection for S around p for u. To prove the Lipschitz con-
tinuity, fix any p, p € B(p, 7). Note that s(p) and s(p) lie in B(w@, «) because of
(2.16). The claim combined with (2.16), implies that e(p,s(p)), e(p,s(p)), and
e(p,s(p)) are in B(0, 7). Thus

Is() —s®)I = [5(—e(®,s(p))) —5(—e(,s(p)))
+ 8(—e(p,s(p))) — s(—e(p,s(p)))ll
< rlle(®,s(p)) —e®,s(D))ll + ~ e, s(p)) — e(P,s(p))ll
(gi) r|le(p,s(p)) — e(p,s(p))ll + ur [|s(P) — s(P)||
(5) wv b = Pl + pr[ls(P) — s(P)|l-
So s is Lipschitz continuous on B(p, 7) with the constant xkv/(1 — ku). O

Example 2.14. Suppose that h : R x R™ — R™ is continuously differentiable at
(DP,1) € gph S. Let

l(u) :==h(p,u) + Vyh(p,0)(u—1), ueR™

Then the conditions (i), (#47) and (iv) in Theorem 2.13 are satisfied. The first one
is trivial. To show the rest, let us prove a (stronger) claim that for any u > 0 there
is 0 > 0 such that for each u,v € B(u, ) and each p € B(p, d) we have

(2.18) Ih(p, w) — h(p, v) — Vyh(p, )(u - v)| < selJu—v].
Fix any ¢ > 0 and then find § > 0 such that
IVuh(p,w) — Vyh(p,0)|| < u  for each (p,w) € B(p,d) x B(w, ).
Pick any u,v € B(u,d) and any p € B(p,d). Put
¢ = h(p7 u) - h(pv V) - vuh(pa ﬁ)(u - V).
If ¢ = O then there is nothing to prove. Assume that ||c|| > 0. Consider the
function ¢(t) = (c,h(p,tu + (1 — t)v)), t € [0,1]. Then ¢(0) = (c,h(p,V)),
¢(1) = (¢, h(p,u)), and
¢'(t) = (¢, Vuh(p,tu+ (1 —t)v)(u—v)) foreach te (0,1).
By the Mean Value Theorem, there is 7 € (0, 1) such that ¢(1) — ¢(0) = ¢'(7), in
other words
(c,h(p,u) —h(p,v) = Vuh(p,7u+ (1 - 7)v)(u—-v)) = 0.

Set w =71u+ (1 —7)v. Then w € B(q, §). Taking into account the definition of c,
we get

0 < Jlef*={e.c) = (e, h(p, u) — h(p, v) = Vuh(p, w)(u—v))
+(¢, (Vuh(p,w) — Vuh(p, u))(u - v))
= (c,(Vuh(p,w) -V h(p, u))(u—v)) < pleffu-v|.

Dividing this inequality by ||c||, we arrive at (2.18).
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To end the proof, fix v > ||Vph(p,0)|| =: 5. As in the above claim, there is r > 0
such that for each p,p € B(p,r) and each u € B(q,r) we have

[h(p,u) —h(p,u) - Voh(p, @)(p - p)| < (v~ B)b - Bl
Hence for such points, the triangle inequality yields that
[h(p,u) —h(p,w)| < (v—8)[Ip-bll+4Ip-bll=vp-bl

Then the conditions (ii¢) and (iv) in Theorem 2.13 are satisfied with « := min{J, r}
and 7 := a.

A mapping satisfying (2.18) is called strictly differentiable with respect to the
second variable uniformly in the first one at the reference point. Inspecting the
proof, one sees that Theorem 2.13 is valid when the word selection is replaced by
localization. This is [13, Theorem 5F.4| extending a pioneering work by S. M.
Robinson [29], where H is the normal cone mapping to a closed convex set K. The
whole problem boils down to a problem how to check that the solution mapping of
a linear problem has a locally Lipschitz selection [localization| around the reference
point. Let us investigate in detail the case when K := R!'. We have already touched
this issue in Section 2.2, but here we want to profit from the local properties only.

As before, consider an autonomous DVI:

f(x(t),u(t)),
(g(x(t),u(t)),v —u(t)) whenever v eRT,
R, t € |a,bl,

x.
o =
m IA

where g : R” x R™ — R™ is continuously differentiable. Let us prescribe initial
conditions x(a) = X and u(a) = u with —g(x,a) € Ngy (1). We want to show that
there is a neighborhood © x U of (x,u) along with a Lipschitz continuous function
s: Q5 x> s(x) € SOL(RT,g(x,-)) NU. In view of Theorem 2.13, it suffices to
show that the inverse of the mapping

G:ur g(x,u) + Vug(x, u)(u—u) + Ngy (u)

has a Lipschitz continuous selection [localization] around 0 for @. Note that (@, 0) €
gph G, since

G(u) = g(x,1) + Ner (1) 3 g(x, 1) + (-g(x,1)) = 0.

Let A := V,g(X,u) and a := g(x,u) — Vyug(X,u)u. We have to consider a “linear”
generalized equation:

Given y close to 0 find u close to @ such that y € Au+a+ Ngr(u).
Reorder the indices, if necessary, to find j, s € N with j 4+ s < m such that
(Au+a); =0 and @; >0 for i=1,...,7,
(Au+a);=0 and @ =0 for i=j54+1,...,5+s,
(Au+a); >0 and 4;=0 for i=j+s+1,...,m.
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Partition u € R™ as (uy, uz, u3) with u; € R/, uy € R*, uz € R™ /=% and partition
A, in the same way, as
A A Ag
A= Asr Ax Aps
A3z Az Ags
By Proposition 1.7, we have

m

N]RT (u) = HNRJf (uz) = NR{I%— (ul) X NRi (112) X N]Ritfjf‘s(u?)).
=1

Therefore the above generalized equation falls into three pieces

yi € Ajpu+Apur+ Ajguz +ag + N]Ri (1),

y2 € Aziui+ Agup + Agzug + as + Npy (u2),

y3 € Azju; + Aszuy + Azzuz +az + NRT—J‘—S (u3).
Fixanyi € {j+s+1,...,m}. As (Au+a); is positive, so is (Au+a—y); provided
that (u,y) is sufficiently close to (@,0). Therefore u; = 0. So ug = 0,,—;_, and

the last inclusion holds trivially. Similarly, fixing arbitrary i € {1,...,;} and using
that 4; > 0, we get u; > 0. This means that Ng; (u;) = {0;}. Therefore the above
+

system reduces to

yi = Apur+Apu+a
y2 € Agiur+ Agyup +as + Nes (uz).
Since both @2 and 3 are zero vectors and (Au+a); =0 for each i € {1,...,5+ s},
one has
0; A a;
Aua+a= 0, =| A |u+ | a
Azt + a3 Az az
Using the first two rows and uy = 0y, we infer that a; = —Aj;t; — Aj20s and ag =

—Asju; — Agoniy. Plugging this into the reduced system of generalized equations
and setting w = (u; — ug,up — 1’12)T7 we arrive at

yi = Apwp+Apws

y2 € Aawi+ Agywy + Nps (W2).
From now on, assume that A;; is non-singular and denote its Schur’s complement
in A by

B:=Ayp— A21A;11A12 c R%*5,
Then solving the first equation, one gets
y2 € Aot AN (y1 — Aawa) + Agows + N (wa).
For z .= y5 — A21Af11y1 € R®, we obtain a reduced problem in its final form
z € Bwy + NRi (Wg)
Note that if the inverse of the mapping
Gy i wy — Bwsy + ]\]']Rs+ (WQ)
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has a Lipschitz continuous selection [localization] so around 0 for 0, (with a con-
stant Lo > 0 and a neighborhood Va, say) then so does the original mapping G
around O for u. Indeed, choose a neighborhood V' of 0 such that yg—AglAﬁlyl eV
for any y € V. Fix any y, y € V. Then both z = y, — A21A1_11$71 and
Z=Yyo — A21A;11511 are in V5, hence let Wy := s9(z) and Wy := s9(2), and then
Wi = A7 (F1 — AjaWwe) and Wy := A (F1 — AjaWa). Thus

0= (W + 0y, Wo + 02,0, j_5) € GT(Y)
and

0= (W + 01, Wa + 12,0,,—j—s) € GTH(F).
Moreover, for K := Ly(1+ ||A7}'[||A12]|)|| one gets that

[a—al < [[W1—Wi|+ W2 — Wl <|[[W1— Wi + L2z — z
< JAG (51 = 91l + Az ]| [[W2 — W) + La|z — 2|
= ALy =yl + La (L + AL [ Ave]]) 12 - 2]
< (|AG ]+ KllA2 AT D151 — 91l + K2 — 52|

We have already seen in Example 2.6 that a sufficient condition for the existence
of so is that
(Bh,h) >0 for each non-zero h € R".

In fact, this means that G5 ! is a globally Lipschitz continuous function.

Let us discuss a weaker notion. Recall that a matrix B € R%*® is called the
P-matriz provided that, for all & € {1,...,s}, any k-by-k principal minor (the
determinant of the matrix obtained by deleting s — k rows and the s — k columns
with the same numbers) is positive. It is well-known, that B is a P-matrix if and
only if for any non-zero h € R® there is j € {1,...,s} such that h;(Bh); > 0.
It is obvious that any positive definite matrix is a P-matrix. On the other hand,
a symmetric P-matrix is positive definite.

The following statement is well-known in the theory of linear complementarity
problems.

Proposition 2.15. A matriz B € R**® is a P-matriz if and only if for each q € R®
there is a unique u(q) € R® such that

0 <u(q) L Bu(q) +q > 0.

Moreover, the mapping s : R* 2 q — u(q) € R® is piece-wise linear, i.e. it is
continuous on whole of R® and there is a finite set of linear mappings {l1,...,1;}
acting from R® into itself such that

s(x) € {li(x),...,1x(x)} for each xeR".

Clearly, a mapping s in the above proposition is Lipschitz continuous globally.
To sum up, we are able to reduce (uniquely) the autonomous DVI to an ODE
around the reference point (determined by the initial conditions) provided that
A1 is non-singular and Agy — A21A1_11A12 is a P-matrix. It can be shown that
these conditions are also necessary for G5 ! to be a Lipschitz single-valued mapping
defined on all of R® [29, Theorem 3.1]. Moreover, [13, Theorem 2E.6] shows that
the same consideration goes through when K is any polyhedron in R™.
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Defining a suitable “derivative" of a set-valued mapping, one obtains conditions
for checking that (1+H) ™! in Theorem 2.13 has a localization around 0 for u which
is Lipschitz continuous [13, Theorem 4D.1].

Robinson’s theorem [29] mentioned above can be stated as follows:

Given H : R™ = R™ and a continuously differentiable h : R® x R™ — R™, let
S:RY = R™ be defined by

S(p) :={ueR™: 0ch(p,u)+H(u)}, peR’
and let u € S(P) . Suppose that the inverse of the mapping
h(f), ﬁ) + Vuh(pa ﬁ)( - ﬁ) +H

has a localization around O for w which is Lipschitz continuous. Then S has a lo-
calization around p for w which is Lipschitz continuous.

The same was obtained for a non-smooth mapping h by A. F. Izmailov [18] in
finite dimension and in [9] in general Banach spaces. For simplicity, let us state
a non-parametric version.

Theorem 2.16. Let X and Y be Banach spaces, let h : X —'Y be continuous at
T e X, letyeY, and let H: X = Y. Suppose that there is a compact convex
AC L(X,Y) and ¢ > 0 such that

(i) there is r > 0 such that for each u, v € B(Z,r) one can find A € A such
that

[h(v) = h(u) = A(v — w)|| < cllo — ulf;
(ii) for every A € A, the inverse of the mapping
hz)+A(-—z)+ H

has a localization around y for T which is Lipschitz continuous with the
constant strictly less than 1/c.

Then h + H has a localization around iy for T which is Lipschitz continuous.

Consider a locally Lipschitz continuous h : R™ — R?, that is, for any 1 € R™
there is a neighborhood U of u along with a constant Lg > 0 such that

lh(d) —h(a)|| < Lg|[a—1u| whenever u,ueU.

Rademacher’s theorem says that there is a dense set D of points u € U where h
is differentiable. Hence there exists a sequence (u,)nen in D converging to u such
that the corresponding sequence (||Vh(u,)|[)nen is bounded. Thus (Vh(u,))nen
has at least one cluster point. This leads to the definition of the Bouligand’s limiting
Jacobian of h at i, which is the set dgh(i1) consisting of all matrices A € R4*™ for
which there is a sequence (u,)nen converging to @ such that h is differentiable at
each u, and Vh(u,) — A asn — +oo. The Clarke’s generalized Jacobian of h at u,
denoted by dch(a), is the convex hull of dgh(n). It is well-known that A := dch(a)
satisfies the condition (i) of the preceding statement while A := dgh(u) not. We
will investigate the properties of these objects later in the last chapter. Very often,
the authors call dgh(a) the Bouligand (sub)differential or B-(sub)differential in
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F1GURE 12. Clarke’s and Bouligand’s subdifferential of h := | - |.

short. We argue that this terminology is misleading since we work with vector-
valued mappings in general and the notion “(sub)differential" should be used only
when d = 1, that is, when one works with real-valued functions h : R™ — R.

Example 2.17. Let h(u) := |u|, u € R. Then (see also Figure 12) we have
0ph(0) = {-1,1} and Jch(0)=[-1,1].

A non-smooth non-parametric Izmailov-Robinson theorem can be stated as fol-
lows.

Theorem 2.18. Let h : R™ — R™ be locally Lipschitz continuous at 1 € R™ and
let H:R™ = R™. If for every A € Och(u), the inverse of the mapping
h(a)+A(-—a)+H

has a localization around O for @ which is Lipschitz continuous, then so does the
inverse of h + H.

For H = 0, the above result was proved by F. H. Clarke [12| and the above
assumption means nothing else but that all the matrices in dch(u) are non-singular.

To conclude this section, let us comment on the existence of a Lipschitz conti-
nuous selection briefly.

Remark 2.19. Given S : R = R™, assume that there is £ > 0 along with closed
convex neighborhoods U of @ and V of p such that
(i) S(p)NU is closed and convex;

(ii) S(p)NU C S(p) + ||p — p|| B[O, 1] for each p,p € V.
By [13, Theorem 3E.3|, there there is k1 > 0 together with closed convex neighbor-
hoods U; of  and V; of p such that

(i) S(p)NUy is closed and convex;

(i) S(p) N Uy C S(p) NU; + x1]|p — p|| B[O, 1] for each p,p € V1.
Using Steiner selection, the remark following [2, Theorem 9.4.3] implies that S has
a Lipschitz continuous selection around p for u.

The property in (ii) is known as Aubin/pseudo Lipschitz/Lipschitz-like continuity
(property) of S, or equivalently, as the metric regularity of S~1 at the reference point.
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3. DVIs AND DIs

3.1. Existence and Uniqueness Results on DIs. Given an open subset D of
R"™*! containing a point (a,x,) and a set-valued mapping F : R**! = R" the
differential inclusion (DI) is given by
(3.1) { x(t) € F(t,x(t) for t>a,
x(a) = Xg.

A function x(-) is called a solution of (3.1) if there is ¢ > 0 such that

(i) x(-) is absolutely continuous on [a,a + o];

(i) x(t) € F(t,x(t)) for almost all t € (a,a + 0);

(iil) x(a) = x,.
The following theorem, due to A. F. Filippov [17], provides sufficient conditions for
local existence and uniqueness of a solution. It will be presented with a sketch of
the proof because it gives an insight to the numerical methods discussed in the last
chapter.

Theorem 3.1. Let D be an open convex subset of R"*! which contains a point
(a,x,) € R*"L. Suppose that F : R**! = R" satisfies for each (t,x) € D the
following conditions:
(i) the set F(t,x) is non-empty, bounded, closed, and convez;
(ii) F is Pompeiu-Hausdorff outer semi-continuous at (¢,x) meaning that for
each € > 0 there exists 6 > 0 such that

l(s,y) — (t,x)|| <&  implies that F(s,y) C F(¢t,x) +B(0,¢).

Then differential inclusion (3.1) has a solution.
If, in addition, F satisfies one-sided Lipschitz condition in D, that is, there is
a non-negative Lebesgue integrable function I : R — R such that

(u-—v,x—y) < I(t)|x-y|?
whenever (t,x), (t,y) € D, u € F(t,x), v € F(t,y), then the solution is unique.
Proof. As (a,x,) is an interior point of D, one may find the constants ¢ > 0 and
d > 0 such that

Z :=la,a+ c] x B[x4,d] C D.
We divide the proof into several steps.

STEP 1: There is m > 0 such that for each (t,x) € Z and each'y € F(t,x) we have
Iyl <m.

Suppose on the contrary that there is a sequence (z)ren in Z and a sequence
(Yk)kEN such that

vi € F(zy) for each k € N and |lyx|| = +o0 as k — +oo.

Since Z is compact, we may choose a convergent sub-sequence (zg,);en of (2k)ren,
with the limit z € Z say. As F(z) is bounded, there is o > 0 such that for each
u € F(z) we have ||u]| < a. By the outer semi-continuity of F at z, we may find
ig € N such that

F(zr,) C F(z) + B(0,«) whenever i > ig.
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So, for any fixed i > i, find u; € F(z) and b; € B(0, @) such that yx, = u; + b;.
Hence
lye || < llwil + ||bi]] < o+ a =2« whenever i > ig.

We arrived at a contradiction with the assumption that ||yg,| — +oo as i — +oo.

STEP 2: Put ¢ := min{c,d/m}. For any fixed k¥ € N we will construct a broken
line xj(+) defined on [a, a + o] by an inductive process (see Figure 13). Let

g
7

Assume that for some ¢ > 0 the value xy, ; := x5 (t;) has already been defined and

hy = tpi:=a+ihy for i=0,1,....k and =xx(tro0) = Xq.

T3 | | | |
I I I 7
T tdpn-oeooooe- beemeeoe- R
| | |
| | | |
| | | |
ot | | |
‘ ‘ x3,1 + h3vs,2 |
D AT .
| | | |
| | | |
a a+ hs a+ 2hs a+o t
T4 | | | |
| | | A
To+dt----l------- S bemee-- beeee-- —
|
|

Tg —

F1GURE 13. Two broken lines from STEP 2 for k = 3, 4.

satisfies

(3.2) Xk,i — Xal < mltr; — al.
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As (tri,Xk:) € Z, take any vi; € F(tg,, Xg,i), and define

Xp(t) =xXpi + (t — thi)Ves for t€ [tp,trit1].
Since ||vg;|| < m, (3.2) implies that for each ¢ € [t;, txi+1] we have
(3.3) Ixk(t) — %ol < m|tk; — al +mlt — tg;| = m|t — al.

Therefore xi, ;11 := Xp(tr,i+1) satisfies (3.2) with ¢ replaced by i+1. We constructed
X (+) successively on the whole interval [a, a + o].

STEP 3: A suitable sub-sequence of (xx(-))ren converges to an absolutely continuous
function X(+) on [a,a + o] the graph of which lies in Z.

Indeed, fix any & € N. By the very definition, [|%x(¢)|| < m for almost all ¢ €
(a,a + o). Hence, for each t1, ty € [a,a + o], one has

[k (t1) — %k (t2)|| =

to
t1

Taking into account this and (3.3), one sees that (x;(-))ren is a sequence of uni-
formly bounded and equi-continuous functions. Therefore, using Arzela-Ascoli
Theorem, one can select a uniformly convergent sub-sequence of it. Denote its
limit by %(-). As all the functions xj(-) are Lipschitz continuous on [a,a + o] and
their graphs lie in Z, the limit X(-) has the same properties. In particular, it is
absolutely continuous.

STEP 4: Clearly, X(a) = x,. So, it remains to prove that
x(t) € F(t,x(t)) whenevert € (a,a+ o) is such that X(t) exists.

To do so, pick any such a point ¢ and put X = %(f). Let € > 0 be arbitrary. As F
is outer semi-continuous, there is n > 0 such that

F(t,x) CF(t,x) + B[0,c] =: Q whenever (¢,x) € [t —n,t+n] x B[x,n].

Being the sum of two closed, convex and bounded sets, the set € is closed, convex
and bounded. By the very definition, there is kg € N such that the derivative X (t)
(whenever it exists) is in Q for each k > kg. Therefore

Xk(f-i- h) - Xk(t_) _ 1

t+h
—/ Xp(t)dr € Q for he(—n,n),
h hJ;

because this mean value can be viewed as a limit of a convex combination of function
values xj(7;) at appropriately chosen points 7; € (£ — h,?+ h) corresponding to the
partition of the interval [t — h,t + h]. Hence

sy e Xe(t ) —x(D)
X(E)_kgglooflll—ino h

€Q=F(f,%)+B0,e].

Since € > 0 was arbitrary, we get x(f) € F(,x(t)).

This establishes the existence part. To prove the rest, suppose that the one-sided
Lipschitz condition holds true.
STEP 5: The solution is unique.
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Suppose that there is ¢ > 0 such that there are two solutions x(-) and y(-) of (3.1)
on the interval [a,a + ¢]. Put z(-) := x(-) — y(:). Define a non-negative function

V(t) = ||lz(t)||2e 2/ 1Tt e [a,a+ 0.

As z(-) is absolutely continuous, so is V. Hence for almost all ¢ € (a,a + o), we
have

2z(t), 2(t)) e 2Ja LD _ 91 (1) ||z (t)||2e~ 2 Ja LT)AT
9e=2 [ U(r)dr ((x(t) —y(t),x(t) —y(t)) — 1#)||x(t) —y(t) ||2)~

Moreover, for almost all t € (a, a+0), we have x(t) € F(¢,x(t)) and y(t) € F(¢,y(¢)),
the one-sided Lipschitz condition yields that

V(t)

V(t) <0 for almost all ¢t € (a,a+ o).

Now, x(a) = y(a) = X, yields that V(a) = 0. Therefore, for each ¢ € [a,a + o] one
has

¢
0<V(t)=V(a) +/ V(r)dr < 0.
Hence, V (t) = 0 for each ¢ € [a,a + o], which means that x(-) = y(-). O

The Pompeiu-Hausdorff outer semi-continuity is often called just outer semi-
continuity or upper semi-continuity in the literature. Note that this property does
not imply that the mapping in question has closed graph. Similarly, if a mapping
has closed graph, then it does not need to be outer semi-continuous (see Figure 14).

Lemma 3.2. (i) Any outer semi-continuous set-valued mapping F : R™ = R"
with closed domain and closed values has closed graph;
(ii) Any locally bounded set-valued mapping F : R™ = R"™, meaning that for
each x € domF there is r > 0 such that F(B(x,7)) is bounded, having
a closed graph is outer semi-continuous.

Proof. (i) Take any sequence (Xj,yx) in gph F which converges to some (x,y) €
R™ x R™. As x; — x for £k — +o00 and domF is closed, one has x € domF, so
F(x) # 0. Moreover, since yj € F(xy) for each k € N, by outer semi-continuity and
passing to a sub-sequence, if necessary, we infer that

vi € F(x) +B(0,1/k) for each ke N.
So, d(y,F(x)) = kgrfoo d(yi, F(x)) = 0. As F(x) is closed, one gets that y € F(x).

Therefore (x,y) € gph F.
(ii) Let x € domF be arbitrary. Suppose on the contrary that there is € > 0 along
with sequences (xj)ren in R™ converging to x and (vi)gen in R™ such that

vi € F(x;) and d(vi,F(x)) >¢e foreach keN.

As (xk)ken converges to x and F is locally bounded, (vg)gen is bounded. Find
a sub-sequence (vy, )ien of it which converges, to a point v € R™ say. Then

d(v,F(x)) = z_l}inoo d(vi,,F(x)) >e>0.
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FI1GURE 14. Counterexamples illustrating Lemma 3.2.

Since F(x) is closed, v ¢ F(x). On the other hand, vy, € F(xy,) for each i € N,
hence the closeness of the graph of F implies that v € F(x), a contradiction. [

Example 3.3. Let D = (a,b) x Q be a domain in R x R”, let f : D — R™ be
a mapping for which there is a Lebesgue integrable function [ : (a,b) — R such that

I1£(t,x) = £(t, )| < U(H)[x —yll whenever (t,%),(t,y) € D,
and let G : R®™ = R™ be a monotone mapping with Q C dom G. Then
F(t,x) :=f(t,x) - G(x), (t,x)€ D,

satisfies one-sided Lipschitz condition in D. Indeed, take any (¢,x), (t,y) € D, u €
F(t,x), and v € F(t,y). Find px € G(x) and py € G(y) such that u = f(¢,x) — px
and v = f(t,y) — py. The monotonicity of G and the Cauchy-Schwarz inequality
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yield that

(u-v,x—-y) = (f(t,x)-f(t,y),x—-y) - (Px —Py;X—Y)
< (ft,x) —f(t,y),x—y) < [[f(t,x) —£&y) x - vl
< U)x -yl

Recall that a monotone mapping G : R™ = R" is called mazimal if there does
not exist other monotone mapping whose graph strictly contains the graph of G.
This means that for each (x,u) € R” x R™ we have

(3.4) (x,u) €gphG & (u—v,x—y) >0 foreach (y,v)€ gphG.

We have the following well-known result, the last statement of which was proved
by R. T. Rockafellar.

Lemma 3.4. If G : R" = R" is mazimal monotone then

(i) G(x) is closed and convex for each x € R™;
(ii) the graph of G is closed;
(iii) G s locally bounded at each interior point of its domain.

Proof. (i) An empty set is both closed and convex. So take any x € R™ with
G(x) # (. Then (3.4) reveals that G(x) is equal to

ﬂ {ueR": (u—v,x—y) >0},
(y,v)€gph G

(an intersection of closed convex sets), hence it is closed and convex as well.
(ii) Take any sequence ((x, uk))keN in gph G which converges to some (x,u) €
R™ x R™. Pick any (y,v) € gph G. Then
(u—v,x—y)= lim (uy—v,x;,—y)>0.
k——+o0
As (y,v) € gph G was arbitrary, using (3.4), one infers that (x,u) € gph G.
(iii) See any standard book on convex analysis, e.g. [30]. O

Remark 3.5. Let h : R®™ — R be a locally Lipschitz continuous function. In
Proposition 4.5, we will see that Bouligand’s sub-differential mapping x = dgh(x)
and the Clarke’s sub-differential mapping x = dch(x), defined in the previous
chapter, are non-empty-valued and locally bounded on whole of R™; and have closed
graphs. In particular, they are both Pompeiu-Hausdorff outer semi-continuous. The
latter mapping has even closed convex values. None of these mappings is (maximal)
monotone in general (unless h is a continuous convex function).

Very often, one has to address the existence and uniqueness of a solution for a DI
on the whole prescribed time interval which may even be unbounded. This is the
case, for example, when a question of (asymptotic) stability is on stage. The proof
of the next statement follows the same pattern as the one of Theorem 3.1.

Theorem 3.6. Given (a,x,) € R X R™ and b > a, let D := [a,b] x R™. Suppose
that F : D = R"™ satisfies the following conditions:

(i) F(t,x) is non-empty, closed, and convex for each (t,x) € D;

(ii) F is Pompeiu-Hausdorff outer semi-continuous at each (t,x) € D;
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(iii) F has a linear growth on D, that is, there are a > 0 and B > 0 such that
lz|| < «a|x|| +8 whenever z e F(t,x) and (t,x) € D.

Then there is x : [a,b] — R™ such that
(i) x(-) is absolutely continuous on [a, b|;
(ii) %(t) € F(t,x(t)) for almost allt € (a,b);
(iii) x(a) = x,.
If F satisfies the one-sided Lipschitz condition in D, then the solution is unique.

Remark 3.7. As any set-valued mapping with a linear growth is locally bounded,
one can assume that F has closed graph instead of its outer semi-continuity.

3.2. From a DVI to a DI and Back. Since the conditions in Theorems 3.1
and 3.6 are very restrictive, the same will be the case for differential variational
inequalities which can be studied via a transformation to a differential inclusion.
Consider the following DVI:

(3.5) x(t) = f(t,x(t) +B(t,x(t)) u(t),
(3.6) 0 < (g(t,x(t)+h(u(t)),v—u(t)) whenever vekK,
37 ult) e K,

where K C R™ is closed and convex, f : [a,b] x R™ = R", B : [a,b] x R™ — R"*™,
g :[a,b] x R" = R™, and h : R™ — R™ are given functions. Set D := [a,b] x R".
From now on, assume that

(A1) both f and g are continuous and have a linear growth on D meaning that
there are positive constants o and S such that

Ift,x)| <alx||+8 and |gt, x)|| <alx||+ 8 whenever (t,x)€ D;
(A2) B is continuous and bounded on D with

o:= sup |B(tx)| < +oc;
(t,x)eD

(A3) h is both continuous and monotone on K, and there is u € K such that

lim inf M > 0.
weK, w00 [[wl[?
Define the solution mapping S : R™ = R™ corresponding to (3.6) by
S(p):={ue K: (p+h(u),v—u)>0foreach ve K}, peR™
Consider F : D = R"™ defined by
(3.8) F(t,x) = {f(t,x) + B(t,x)u: ue S(g(t,x))}, (t,x)€D.

We have to address two issues. First, how are solutions for DVI (3.5)—(3.7) related
to solutions for a DI in the form

(3.9 x(t) € F(t,x(t)) for almost all ¢ € [a,b].

Second, does this F satisfy the conditions in Filippov’s theorems? Let us start with
the latter question.
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Proposition 3.8. Suppose that h verifies (A3). Then S has non-empty closed
convex values, its domain is whole of R™, and there is o > 0 such that

(3.10) llul] < o(1+|pl) whenever u € S(p) and peR™.

Proof. Fix any p € R™. We are going to use Proposition 2.2 with h(-) := h(-) + p.
Indeed, as h(:) + p is continuous and monotone on K, the set S(p) is closed and
convex (possibly empty). To prove its non-emptiness we have to show that h(-) +p
is semi-coercive on K. Let @ be as in (A3). We find » > 0 such that

(h(w)+p,w—1u) >0 foreach we K with |w| >r.
Observing that

— w—1| — [|w
(3.11) |Wu||_1’: ||| ” H H| < HUH 50 as HWH — +o00,
[[wl [w] [[w]
one infers that
h —u h — 1
lim inf M: lim inf < (W)7W2 11> HWH_ HWH — 400,
wWeRK wl|—+oo  [[w — 1 weK [wlotoo  [|W]] [w —
Let r > ||| be such that
h o
<(|Tv),w_|u> > |lp|] foreach we K with |w| >r.
w—1

For any such w, we have
(h(w) +p.w—1) = (h(w),w— )+ (p,w—1)
Ipll[w —all = [pll |w —ul| = 0.

V

Hence, S(p) is non-empty.
To prove the rest, suppose that there is no ¢ > 0 such that (3.10) is valid. Find
sequences (px)ken and (ug)rey in R™ such that

llug| > k(1 + |lpx]]) and wug € S(px) for each ke N.
Then ||ug|] = +o0 as k — +o0. Since all uy together with u lie in K, we have
(pr +h(ug),u—ug) >0 foreach keN.
Since ||px||/|luk| — 0 as k — +oo, the above inequality and (3.11) imply that

b - o o
limsup P BEZW gy oy PR B8 gy Il e =0l
k=400 | k—too  |[ukll k—too [kl [ugl]

a contradiction. O

Theorem 3.9. Consider a DVI (3.5) — (3.7) under the assumptions (A1) — (A83)
with D := [a,b] x R™. Given (a,X,) € D, the mapping F defined in (3.8) satisfies
all assumptions of Theorem 3.6.

Proof. Fix any (¢,x) € D. Then Proposition 3.8 implies that S(g(¢,x)) is non-
empty, closed, and convex; hence so is the set F(¢,x) because B(t, x) is a fixed
matrix in R™*™. Let v € F(¢,x) be arbitrary. Then

v =f(t,x) + B(t,x)u for some u € S(g(t,x)).
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This, (A1), (A2), and (3.10) reveal that, setting 3 = S+0o(1+8) and @ = a(140p)
, one has

£t )] + Bt x)[[[[u] < alx][ + 8 + ol|ull

allx[| + 5+ oe(l + [g(t, x)[) < allx||+ 5+ oe(l + alx| + 5)
allx|| + .

In particular, F has a linear growth on D. In view of Remark 3.7, to prove outer
semi-continuity of F, it suffices to show that gphF is closed. Let ((tx,Xx))ren be
a sequence in D converging to (¢,x) € R x R™ and (vg)ren be a sequence in R™
converging to v € R" such that vi € F(t,x;) for each k € N. We have to show

that v € F(¢t,x). As D is closed, it contains (¢,x). Let (ug)ren be a sequence in
R™ such that

(3.12) vy = f(ty,xi) + B(tr, xi)ur, and ug € S(g(tg,xx)) for each k € N.
Combining (3.10) and (A2), for each k € N, one has
k|| < o1+ [lg(tr, xx) ) < o(1 + e[xk[| + 5).

As (xg)ken is bounded, so is (ug)ren. Find an infinite subset N of N such that
(ug)ren converges, to u € R™ say. Fix any w € K. Note that

(g(tr,xk) + h(ug),w —ug) >0 foreach keN.

Passing to the limit as N 5 k — 400 and using the continuity of both g and h, we
arrive at

vl =
<

(g(t,x) + h(u),w —u) > 0.
Since w was an arbitrary element of K, we conclude that u € S(g(¢,x)). By the
equality in (3.12), we have v = f(¢,x) + B(¢,x)u thanks to the continuity of f and
B. This means that v € F(t,x). O
Taking into account the above statement, we proved that, for any x, € R", there
is a solution x : [a,b] — R™ of DI (3.9) with F defined in (3.8), which means that
(i) x(-) is absolutely continuous on [a, b];
(ii) %(t) € F(t,x(t)) for almost all t € (a,b);
(iii) x(a) = xq4-
Now, we have to show that there is an integrable u : [a,b] — R™ such that the pair
(x(-),u(-)) solves DVT (3.5) — (3.7). We need a measurable selection lemma [24,
Lemma 6.3].

Lemma 3.10. Suppose that
(i) U: D =3 R™ has closed graph and there is v > 0 such that
[lu]] < v(1+ |x]) whenever (t,x) € D and u e U(t,x);

(ii) @ continuous x : [a,b] — R™, a measurable v : [a,b] — R™, and a continuous
o: D xR™ — R"™ are such that

v(t) € o(t,x(t), U(t,x(t))) for almost all t € [a,b].
Then there is a measurable u : [a,b] — R™ such that

u(t) € U(t,x(t)) and v(t)=o(t,x(t),u(t)) for almost all t € [a,b].
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Theorem 3.11. Consider a DVI (3.5) — (3.7) under the assumptions (A1) — (A3)
with D := [a,b] x R™. Given (a,x,) € D, there is an absolutely continuous x :
[a,b] = R™ and an integrable u : [a,b] — R™ solving (3.5) — (3.7) with x(a) = X,.

Proof. Clearly, a single-valued mapping
D xR™ 3 (t,x,u) — o(t,x,u) := f(¢,x) + B(t,x)u e R”
is continuous. As implicitly showed in the proof of Theorem 3.9, a set-valued map-
ping
D> (t,x) = U(t,x):=S(gt,x)) CR™
has closed graph and a linear growth in D. We already know, that there is an
absolutely continuous function x : [a, b] — R™ such that
x(t) € F(t,x(t)) = o(t,x, U(t,x(t))) for almost all ¢ € [a,b].
Let v(-) := %(-). Proposition 3.10 provides a measurable u : [a,b] — R™ such that
u(t) € S(g(t,x)) and x(¢t) =f(¢,x(t)) + B(t,x(¢))u(t) for almost all ¢t € [a, b].
Denote by M the maximum of ||x(-)|| on [a,b] and let ¢ > 0 be as in (3.10). The

linear growth of g implies that, for almost all ¢ € [a, b], one has

[a @)l (3%0) o(1 +[lg(t,x(®)l) < o1+ B+ alx(@®)]) < o1 + B + aM).

So u is integrable on [a, b], and hence the pair (x(-),u(-)) solves (3.5) — (3.7). O

3.3. Mechanical Problems with Friction. In this section, a consideration on
mechanical applications is continued. Namely, we add friction in the model.

Example 3.12. Consider a body of a mass m > 0 being dragged across a rough
surface by a time-dependent external force f(t) (see Figure 15). Denote by ¢(t) the
position of the center of mass at time ¢t > 0. Then the Coulomb friction model says
that a friction force is equal to ufnsgn(¢(t)), where
- p > 0 is a friction coefficient depending on a material which the surface is
made of;
- fn = myg is the normal force and g = 9.81 m/s?;

1 for x>0,
sgnr :=<¢ 0 for =z =0,
—1 otherwise.

Let z(t) := ¢(t) be the velocity at time ¢. The Newton’s law of motion says that
mi(t) = f(t) — mgusgna(l)

the sum of external forces

Clearly, it may happen that ¢(¢) remains constant for ¢ in some interval [t1, 2] C Ry
although f(t) # 0 for each t € [t1,t2]. Thus @(t) = x(t) = 0 whenever ¢t € (t1,12).
But no classical solution can satisfy this. One can handle this issue by considering
a differential inclusion instead of the above differential equation in form

(3.13) @(t) € %f(t) - G(z(t)), t>0,
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FicUure 15. Illustration of Example 3.12.

where
for x>0,
g,u gu] for x=0,
otherwise.
Setting F(t,x) := f(t)/m — G(x), (t,z) € Ry x R, one gets
#(t) € F(t,z(t) for t>0,
z(0) = =xo,

with o € R being the initial velocity. Suppose that f is continuous. As G is
monotone, globally bounded, has closed graph and also non-empty closed convex
bounded values, F satisfies the assumptions of Theorem 3.1.

Note that G = 9c¢, where ¢ := gu| - |. So G is the Clarke’s sub-differential
of a (globally) Lispchitz function. More precisely, as ¢ is convex, its Clarke’s
sub-differential coincides with the Fenchel-Moreau-Rockafellar sub-differential from
convex analysis. The non-smooth and, in general, non-convex function ¢ is called
Moreau-Panagiotopoulos super-potential because it generalizes the notion of poten-
tial energy used in the classical physics which is usually assumed to be smooth.

There are various (equivalent) formulations of a particular problem. For example,
Filippov’s inclusions can be formulated as differential variational inequalities or even
as differential linear complementarity problems.

Example 3.13. Consider the inclusion (3.13). First, let us reformulate this problem
as a DVI. Set K := [—pug, +ug]. Then, for (almost) all ¢ > 0, we obtain

i) = %f(t) b
0 < ax(t)(v—u(t)) whenever veK,
u(t) € K.

Indeed, —u € G(z) if and only if z € G~ (—u) = —Ng (u).
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To obtain an equivalent differential linear complementarity problem, write x =
2t —z7. Then G(z) = gu — y with y satisfying

0<ylat™>0 and 0<2gu—y Lz~ >0.

When also the impacts come into play, then without a normal compliance ap-
proach, we arrive at the framework of measure differential inclusions.
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4. NUMERICAL METHODS FOR DVIs

4.1. Time-stepping Schemes. Throughout this chapter, an interval I := [a, ],
a point x, € R™ and NV € N are given. For simplicity, we consider the uniform grid
with the step-size

b—a

h: N

>0

defined by

tr =a+kh with £=0,1,2... N.
For any function w : I — RY, we set

wy = w(ty) foreach k=0,1,2..., N.

In the previous chapter, we focused on the possibility to reformulate a differential
variational inequality as a differential inclusion. Let us start with a brief discussion
on numerical schemes for solving the latter problem.

Given a set-valued mapping F : I x R” = R", we want to find an absolutely
continuous function x(-) : I — R™ which solves the initial value problem

(4.1) { x(t) i F(t,x(t)) for almost all te I,

x(a) X

Denote by X the set of solutions to (4.1) which, in general, consists of more than
one element or can even be empty. There are various approaches to approximating
solutions x(-) € X. Using a finite difference scheme together with a suitable selection
procedure, we want to obtain a sequence (yn(-))ven of grid functions (piece-wise
linear for example) such that one can choose a sub-sequence of it which converges
to a solution x(-) € X. In the proof of Theorem 3.1, we have seen the explicit
(forward) Euler scheme.

Example 4.1. Put yg = x, and compute yiy1 from
Yi+1 €Yk + hF(tg,yx) for k=0,1...,N—1.
The above algorithm can be for £k =0,1,..., N — 1 written in the following way

Yit1 — Yk = hvy,
vi € F(ty, yi)-

At each step, one has to choose an element vy, in the set F (¢, y), which is called
a selection procedure.

Another way how to proceed is an implicit (backward) Euler scheme.
Example 4.2. Put yg = x, and, for each £k =0,1..., N — 1, compute yx,1 from
Vi1 € Ve + hF(tha1, Yis1)

or equivalently

Vi1 — Yk = hvigq,
Vit1 € F(tht1, Yot1)-
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In both the cases, the corresponding piece-wise linear approximation (a broken
line joining the points yo, y1, ..., yn) is given by

1
yn() =yr + E(t —te)(Yk+1 — Y&), t € [tg,te+1] foreach k=0,1,...,N—1.

The latter scheme is more stable in sense that it prevents oscillations around discon-
tinuity surfaces. However, in general, there is no hope to solve the implicit inclusion
effectively. One can also use a mixture of the previous schemes.

We have seen that differential variational inequalities form a special subclass of
differential inclusions and one can profit from their special structure. To illustrate
this, consider matrices A € R"*"™" B € R"*™ C € R™*"™ D € R™*™ along with
the corresponding differential linear complementarity problem which reads as

x(t) = Ax(t)+ Bu(t),
y(t) Cx(t) + Du(t),
0 y(t) Lu(t) = 0, for tel,

where x(-) : R = R™ y(-) : R = R™, and u(-) : R = R™. The backward Euler
scheme reads as

PN

Xk+1 — Xk
h
Yit1 = Cxpqq1+Dugy

= Axpy1 +Bug

0=yrt1 L ups1 =0

For h small enough, the matrix I,, — R A is non-singular. Computing xj1 from the
first relation and plugging it into the latter ones, one infers that the next step ug41
has to solve a standard complementarity problem

0=<up; L C(I, —hA) 'x; + (hC(I—hA)"'B+D)us,; = 0.

ak M

Thanks to Proposition 2.15, the necessary and sufficient condition guaranteeing the
existence of a unique uyy; is that M is a P-matrix.

Let 6 € [0,1] be given. A combination of the forward and the backward Euler
method is called Moreau’s time-stepping scheme which reads as

Xkg+1 — Xk
h
Vi1 = Cxpq1+Dugyq

= Axpi9 + Bugg,

0=<yrr1 L upy1 =0,

where Xp40 := 0xg41 + (1 — 0)xi. Again, for h small enough, the matrix I,, — h6A
is non-singular. Setting
W = (I, — h6A) 1,

one sees that the next step ug41 solves

0= wp L CW(In T h(l— 9)A)xk + (hRCWB + D) ug; & 0.
| S ——

M
Ak
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Having ug4; in hand, we compute the new state x;1 by
X1 = W (L, + h(1 = 0)A)xp + EWBugy 1.

The above discussion reveals that, at each step, one has for given q € R™ find
a solution u € R™ of
(4.2) 0<ulq+Mu?>0,

where the matrix M € R™*™ depends on a particular choice of the scheme. We
also know, by Proposition 1.5, that this is equivalent to the generalized equation

0e Mu+q+NRT(u).
4.2. Newton’s Method for Non-smooth Equations. In view of Lemma 1.2
(iil), using a projection mapping, we are able to transform (4.2) into an equation
(4.3) h(u) =0,
with a non-smooth h(u) := PR (u—Mu —q) —u, u € R™. Nevertheless, we show

one of many other possible choices of h which is frequently used in the literature.
Recall, that Fischer-Burmeister function ¢ : R? — R is defined by

(44)  o(x) =Vx12 222 —x1 —xo = x| = (1, DT, %), x=(21,22)7 € R%
This function is an example of the so-called complementarity function/C-function.

Lemma 4.3. The function ¢ in (4.4) is

(i) continuously differentiable off the origin with

X 1
Vo) = - (1) xR (o)
I\l
(ii) Lipschitz continuous on R?;
(iii) p(x) =0 if and only if 0<xzy L xs >0.

Proof. (i) follows from elementary calculus. To prove (ii), fix any two distinct x,
y € R2. The triangle and Cauchy-Schwarz inequality imply that

lo(x) = ()| =[xl = llyll = (1, )T, x = y)| < [x =yl + V2|x ~ .
To see (iii) we have the following chain of equivalences:
p(x) =0 & Voi?+a?=a1+,
& 4 2>0 and 22+ 202 = 212 + 20120 + 252

S 14+ 29>0 and zyxe = 0.

This simple statement enables us write (4.2) as (4.3) with

(P(Ul, (q + Mu)l

¢ (u2, (q+Mu),

(4.5) h(u) := , ueR™

©(Um, (q +Mu),,
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At the end of Section 2.4, a definition of the Bouligand’s limiting Jacobian of a map-
ping h : R™ — R? which is locally Lipschitz continuous at @ € R™ was mentioned.
Recall, that this is the set dgh(i) consisting of all matrices A € R4*™ for which
there is a sequence (ug)gen in R™ converging to @ such that h is differentiable
at each u; and Vh(u,) — A as k — +oo. Based on this, Clarke’s generalized
Jacobian dch(a) of h at u is the convex hull of dgh(u).

Example 4.4.

) — % , if ueRz\{O}’
Il - [/(a) {é[;é[071]\3(0’1)7 if u=0,

and
_u 3 2
acll - (u) = {H“H}’ if ueR*\ {0},
B[()? 1}7 if u=0.
Indeed, the first expressions for Og|| - ||(u) and O¢|| - ||(u) follow from the fact that
V| - |[(u) = u/|lu|| at any non-zero u € R2. To see the latter ones, note that

9| - ||(0) C S because V|| - ||[(n) € S whenever u # 0 and S is closed. Let a € S be
arbitrary. Then uy := a/k, k € N, is a sequence converging to 0 and

VIl llug) = ;ﬁ’jk -

Thus a € dg|| - ||(0). Hence 95| - ||(0) = S, and consequently d¢|| - ||(0) = B[0, 1].

a, foreach k€N.

Let us gather several fundamental properties of the objects above.
Proposition 4.5. Suppose that a function h : R™ — R? is locally Lipschitz conti-
nuous and let x € {B,C}. Then

(i) if h is continuously differentiable at u € R™, then 0,h(u) = {Vh(u)};
(ii) if h = hy +hy for a continuously differentiable hy : R™ — R? and a locally
Lipschitz continuous hy : R™ — R?, then

O0:h(u) = Vhy(u) + 0,hy(u) for each ueR™;
(iii) O.h(u) is non-empty and compact for each u € R™;
(iv) gph (0.h) is closed;
(v) 0:h is locally bounded;
(vi) 0.h is Pompeiu-Hausdorff outer semi-continuous.

Proof. Fix any u € R™ for a longer while. By the very definition, (i) is valid. To
show (ii), (iii), and (v), find positive constants §, and L, such that

|h(v) —h(w)|| < Ly ||v—w]| whenever v,w € B(u,2d,).

Let D be a set of points v € B(u,2d,) at which h is differentiable (Rademacher’s
theorem says that this set is dense B(u, 2dy,)).
First, we claim that

IVh(v)|| <1+ L, whenever v € B(u,d,)ND.
Fix any such a point v. Find r € (0, d,) such that
|h(v+y)—h(v)— Vh(v)y| < |y| foreach y e B|0,r].
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Since both v +y and v lie in B(u, 24,), for any y € B[O, r], one has that
IVh(v)yll < |h(v+y)—h(v) = Vh(v)y| + |h(v) - h(v +y)|
< Ayl =+ Lullyll.

Hence, for any non-zero w € R™, taking y := MW7 we get

ivnwl = M oney) < My oyl = 0+ Lol
This proves the claim.

To show (iii), note that there exists a sequence (uy)ren in D converging to u such
that the corresponding sequence (||Vh(uyg)||)xen is bounded. Thus (Vh(uy))ken has
at least one cluster point, which lies in dgh(u) by the very definition of this set.
The claim also reveals that dgh(u) C B[0,1 + L,]. Note that taking the closed
convex hull does not change anything. The justification that dgh(u) and dch(u)
are closed is postponed since this follows directly from (iv).

Since the sum of a continuously differentiable function and a locally Lipschitz
one is again locally Lipschitz, the standard sum rule for the derivatives yields (ii).

From the claim, we also get that

J 9sh(v) cB[0,1+ L] and lJ dch(v) cB[0,1+ Ly,
veB(u,dy) veEB(u,dy)
which proves (v).
To show (iv) for * = B, pick any sequence (uy)ren in R™ converging to u € R™
along with a sequence (Aj)gen in R¥X™ converging to A € RY*™ such that

Ay € Ogh(u) for each keN.
For each k € N, find v, € D (where D is as above) such that
Ve —ugl] <1/k and |[Vh(vg) — Ak < 1/k.

Then 0 < ||vip —u|| < ||[vi — ug|| + ||lux —u|| = 0 as k — 400, and similarly,
0 < |[Vh(vg)—Al < ||Vh(vi)—Ag||+|[Ax—A| = 0as k — +oo. So A € dgh(u).

As any set-valued mapping with closed graph has to have closed values, we get
that Oph has closed values. In view of the above consideration, the values of dgh
are compact. Since the convex hull of a compact set is always closed, we fully
established (iii).

Let * = B. Then (vi) follows from (iv) and (v) by Lemma 3.2 (ii). Summarizing,
we proved the whole statement for * = B and (i), (ii), (iii), (v) for * = C. From
now on assume that x = C.

Suppose that (vi) fails. Find u € R™ and e > 0 such that for each k € N there
is uy € B(u,1/k) such that

dch(ug) \ (Och(u) +B[0,]) # 0.

For each k € N, there is A € dgh(uy) such that A, ¢ dch(u) + B0, €]. Indeed,
the set on the right-side is convex because it is the Minkowski sum of two convex
sets. Hence, if dgh(ug) C dch(u) + B[O, €], then, as Och(uy) is the convex hull of
dph(uy), one would obtain that

Och(ug) C ach(u) + B[O, 5].
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Since (Ay)ren is bounded by (v), passing to a sub-sequence, if necessary, we may
assume that it converges to an A € R*™. Taking into account that dgh has closed
graph, one infers that A € dgh(u) C dch(u). The choice of Ay’s, implies that

0=d(A,dch(u)) = kmf d(Ag,dch(u)) > e >0,
—+o00
a contradiction. Therefore (vi) holds.
Lemma 3.2 (i) says that (vi) and (iii) imply (iv). O
Note that the sum rule in (ii) fails if both the functions are locally Lipschitz only.

Indeed, is suffices to consider a function h(u) := |u| + (—|u|) =0, u € R.

Example 4.6. A combination of Lemma 4.3 (i), Example 4.4, and Proposition 4.5
yields that, for the function ¢ in (4.4), one has

u 1 : 2
aB@(u) _ {|u| - 12 s if uelR \ {0},
B[(_]-?_]-) al]\B((_la_l)Tv]-)a if 1120;

u 1 )
o[ {5 ()} vemin
B[(—1,-1)7T,1], if u=0.

and

We are going to use following assumptions:
(S1) h: R™ — R? is locally Lipschitz at u € R™;
(S2) There is H : R™ = R¥*™ such that
(a) H(u) is compact;
(b) H is Pompeiu-Hausdorff outer semi-continuous at u, the interior point
of dom H;

()

 SWback(aim B8 +v) — h(@) - Av] _
0#4v—0 vl

0.

Example 4.7. For any u € R?, the function ¢ in (4.4) satisfies (S2) for H := O,
with * € {B,C}. In view of the previous consideration, it suffices to prove (S2)
(c). If @ is non-zero, then ¢ is continuously differentiable at . Which means that
Opp(u) = dcp(u) = {Ve(u)} for any u in a vicinity of . Then (S2) (c) holds
trivially (see the steps in Example 2.14). Suppose that @ = 0 and fix any non-zero

v € R2. Then dcp(v) = {I:'II — (1) } Thus

sup[lo(v) vl = vl = (1,27 = (52 < 079 ) | <o,
acdcp(v) HVH

Conditions (S1) and (S2) hold if h is semi-smooth at @, which means that, in
addition, it is directionally differentiable in any direction. This additional assump-
tion is not needed in the proof on the speed of convergence of the iterative scheme
for solving (4.3) . One cannot avoid (S2) (c) in general. Let us point out, that this
condition should not be taken as a definition of “differentiability" without imposing
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additional requests on H. Xu [33| defined this class as functions having a point-
based set-valued approximation, while in his recent book J.-P. Penot [28] used the
name slantly differentiable functions. In [7], A. L. Dontchev named this kind of
differentiability after B. Kummer, with the intention to give credit to the individual
who introduced it. As it turns out, however, every function acting between Banach
spaces is Kummer/point-based/slantly differentiable. This simple fact is explicitly
shown in the proof of [28, Lemma 2.64], but perhaps well-known much earlier since
a finite-dimensional version of it was given in [33] and credited there to a referee of
that paper.

The class of semi-smooth functions includes, for example, smooth functions (see
the proof of Example 2.14), convex functions, piece-wise smooth functions and tame
functions [4]. Moreover, compositions and products of semi-smooth functions are
again semi-smooth. In particular, the function in (4.5) is semi-smooth. Also, [13,
Exercise 2D.9] says that a projection mapping on the set

K:={ueR™: ¢;(u) <0, i=1,2,...,d},

with twice continuously differentiable convex functions v; : R™ — R, is piece-
wise smooth on a neighborhood of @ € K provided that the gradients of active
constraints at this point are linearly independent. Therefore, in this case, the
projection mapping is semi-smooth at u.
Algorithm 1. (non-smooth Newton’s method)

STEP 1. Choose a starting point ug € R™ and set k = 0;

STEP 2. Until a stopping criterion holds continue;

STEP 3. Given uy € R™ compute an element Ay € H(ug);
STEP 4. Find ug41 € R™ such that

h(ug) + Ag (1 —ug) = 0;
STEP 5. Set k:=k+ 1 and go to STEP 2.

Let us point out, that we are not going to discuss possible choices of stopping
criteria. We are interested in showing the speed of the convergence only, therefore
our stopping criterion will be simply h(uy) = 0 which is a nonsense in any practical
implementation of this algorithm on the computer. Recall that a sequence (ug)gen
with uy # U is g-super-linearly convergent to a when

Werr — i
I =l
k—+o0 ||uk — 11||
and g-quadratically convergent to u when there exist v > 0 and kg € N such that
lupsr —al| < vllup —a|*  for all k > k.
A detailed discussion on the topic can be found in [16]. The following statement
goes back to L. Qi and J. Sun [19].

Theorem 4.8. Given a solution € R™ to (4.3) such that (S1) — (S2) hold with
d :=m, assume that all matrices A € H(u) are non-singular. Then there is a neigh-
borhood U of u such that, for any starting point ug € U, Algorithm 1 either termi-
nates after a finite number of steps or generates a sequence which converges to u
q-super-linearly and this sequence is unique in U.
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Proof. First, we claim that there are positive § and ¢ such that A is non-singular
and ||[A~Y|| < ¢ whenever A € H(u) and u € B(t, d). Suppose on the contrary that
there is (ug)gen in R™ converging to @ along with (Ag)reny in R™*™ | satisfying
A}, € H(uy,) for each k € N, such that either all A}’s are singular or ||A;, ™| — +o0
as k — +oo. The conditions (a) and (b) in (S2) imply that passing to a sub-
sequence, if necessary, one has that

Ay € H(u,) C H(u) +B(0,1/k) for each k€ N.

In particular, (Ak)ken is bounded. Extract a sub-sequence of it which converges to
an A € R™*™_ By the assumption, this A has to be singular. The last inclusion
reveals that

d(AH(®) = lim d(Ar H(@) =0,

Since H(u) is closed, it contains A which is singular, a contradiction.
In view of (S2) (c), shrinking &, one can suppose that

1
(4.6) sup |h(u) — A(u—10)|| < —|lu—1| whenever u € B(u,).
AcH(u) 2¢

Let U := B(u,d) and take any uy € U. Assume that the Algorithm 1 has already
generated ug, Uy, ..., ug in U for some k € Ny and has not stopped. Choose any
Ay € H(ug). As Ay is non-singular, there is a unique ug1q € R™ such that

h(uk) + Ak(uk+1 - uk) =0.
Then

[ug 1 — | [k — Ax~"h(uy) —all < AR [|Ak(uy — @) — h(ug)]|

s a] = g
<S C—||Ur — Uu|| = < ||Ug — ujf.
(4.6) 2c 2
This means that ug41 € U. Hence the algorithm either stops after a finite number
of steps or generates an infinite sequence (uy)reny with elements in U which are
uniquely determined by the previous iterate and all are different from @. The last
chain of inequalities also implies that

1
lup —af| < 2—k||u0 —1u| foreach keN.

Therefore (uy)ren converges to u (in a ¢-linear way). Using (S2) (c) together with
the very definition of ugy1, we see that

[ clA () ()|

0 < limsup —— < limsup —
kotoo Uk — 0 T kSie [y, —all
su A(up —u) — h(u
e SPAckn A W) b
k—r+o00 ||uk - u||
Hence the convergence is, in fact, g-super-linear. O

To perform the third step in the algorithm, one wants H to have large values.
On the other hand, Theorem 4.8 says the smaller H (@) is the better.
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Remark 4.9. (i) In the proof of the previous result, the gist is that the set
of non-singular matrices is open in R™*™. Indeed, fix any non-singular
A € R™*™ equivalently, the matrix A with a non-zero determinant det A.
The function R™*™ 35 B +— det B is continuous. This can be easily seen
either by the very definition or via induction on the dimension. As the
statement clearly holds for m = 1, suppose that for & € N we have that
REXE 5 B 5 det B is continuous. Given B € RETDX(+1)  det B is a sum
of k 4+ 1 terms being scalar multiples of determinants of k& x k matrices,
hence it is continuous. We conclude that det B is non-zero for any matrix
B sufficiently close to A;
(ii) If the condition (S2) (c) is replaced by a (stronger) request that there is
~v > 0 such that

i SUPAen(atv) [R(a+v) —h(a) - Av|
1m sup 3 <,
0#£v—0 (vl

then the convergence is g-quadratic as can be seen immediately from the
last chain of inequalities in the proof. This condition is satisfied for strongly
semi-smooth functions, for example, if h is continuously differentiable at @
and its derivative is locally Lipschitz continuous at this point (modify the
proof of Example 2.14 in an obvious way);

(iii) When h : R™ — R? with d < m, then the assumption that all matrices
A € 7H(u) have full rank guarantees the existence of a g-super-linearly
convergent sequence lying in U. However, this sequence is not unique.

The proof of the above statement works even in general Banach spaces for gene-
ralized equations with a non-smooth single-valued part. The matrices Ay can be
chosen close to H(uy) (not necessarily inside), and ug41 € R™ does not need to be
an exact solution of

h(ug) + Ax(ugs1 —ug) =0.
Inexact Newton methods for solving equations
h(x) =0,
where h is continuously differentiable, were introduced by Dembo, Eisenstat and

Steihaug [6]. Specifically, they defined the following iteration: given uy find ugyq
such that

(4.7) h(ug) + Vh(ug) (e — )] < gxfh(ug)l],

that is, ug41 is obtained by a Newton iteration “only approximately and in some
unspecified manner," as Dembo et al. say in [6]. They proved among other results
that if h is continuously differentiable in a neighborhood of @, a zero of h, the
Jacobian Vh(@) is nonsingular, and the forcing sequence 1y 0, then any sequence
(ug)ren generated by (4.7) which is convergent to @ is convergent g-super-linearly.
Moreover, to cite Martin Vohralik: Statements as Theorem 4.8 are nice from
the theoretical point of view but totally useless in practice. The reason is that the
conditions guaranteeing convergence are imposed at the unknown solution we are
searching for. All the above mentioned issues are discussed in the next chapter.
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5. ITERATIVE METHODS FOR (GENERALIZED EQUATIONS

In this chapter, which is taken from [11] and [10], we study iterative methods of
Newton type for solving a generalized equation in Banach spaces in the form

(5.1) f(z)+ F(x) 30,

where f : X — Y is a function and F : X = Y is generally a set-valued mapping
but may also be another function. To simplify some of the arguments used, we
adopt the standing assumption that f is continuous on X and F' has closed graph.
Observe that Dembo-Eisenstat-Steihaug inexact Newton iteration (cf. (4.7)) can
be also written as the inclusion

(5.2) f(@r) + Vf(@r)(xrs1 — ox) € B0, e[| f () []]-

As in the previous chapter, we introduce a mapping H : X = L(X,Y) viewed as
a generalized set-valued derivative of a (non-smooth) function f, and consider the
following iteration: given x; € X choose any Ay € H(xy) and then find x4 € X
to satisfy

(5.3) (f(zr) + Ap(zpg1 — 21) + F(zre1)) 0 Ry(ay) # 0.

Our convergence results for the method (5.3) utilize three groups of assumptions.
The first group concerns the non-smoothness of the function f. Namely, we associate
to the function f and to the reference point £ € X a mapping H : X = L(X,Y)
defined in a vicinity of Z, which will be required to satisfy one of the following
conditions:

(A1) For every € > 0 there exists a neighborhood U of Z such that

If(z) = f(Z) — A(z — Z)|| <¢|lz —Z|| whenever z €U and A € H(x).
(A2) There exist a positive 8 and a neighborhood U of Z such that

|f(z) = f(z) — A(x — 2)|| < B||lz — Z|*> whenever z € U and A € H(z).

(A3) For every € > 0 there exists a neighborhood U of Z such that for every
x,2’ € U there exists A € H(Z) satisfying

1f(z) = f(2) — Alx — )| <elle — 2.

Clearly, (A2) = (Al). If f is Fréchet differentiable around Z, then H(z) can be
identified with the derivative D f(x); in this case both (A1) and (A3) hold when D f
is continuous at Z and (A2) holds when Df is Lipschitz continuous around Z. In
finite dimensions, with H identified with Clarke’s generalized Jacobian, condition
(A1) holds if f is semi-smooth; condition (A2) is valid when f is strongly semi-
smooth; while (A3) holds automatically (a proof of the last claim can be traced
back to [14] if not earlier). Note that for H identified with Bouligand’s limiting
Jacobian, the same is true in case of both (Al) and (A2); while (A3) fails (see
Example 2.17). In Banach spaces condition (A3) enters the definition of the strict
prederivative in the sense of Ioffe [20], which is a set-valued generalization of the
usual strict derivative. Other extensions of the notion of generalized Jacobian to
infinite dimensions are given in [26], [27].

The second set of our assumptions concerns the mappings Ry representing the
inexactness in (5.3). First, we always assume that 0 € Ry (Z) for every k € Ny and
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when the mapping Ry appears together with #, the point Z lies in the interior of
domH N (ﬂkeNo dom R;,). Furthermore, we utilize some growth conditions for Ry,
that are implanted in the statements of the theorems presented.

The third set of conditions revolves around metric regularity properties of map-
pings (two of them have already been mentioned in the previous chapters). The
following notions are (local) extensions to nonlinear and even set-valued mappings
of three basic properties of linear mappings in linear algebra and analysis: sur-
jectivity, invertiblity, and injectivity. Let us start with surjectivity. A mapping
F: X =Y with (%,7) € gph F is said to be metrically regular at T for § when
there is a constant x > 0 together with neighborhoods U of z and V of  such that

(5.4) d(z, F~'(y)) < kd(y,F(z)) forall zeUyeV.

A mapping A € L(X,Y) is metrically regular at any point if and only if it is
surjective; this is one of the statements of the Banach open mapping principle. The
infimum over all £ > 0 such that (5.4) holds for some neighborhoods U and V is the
regularity modulus of F at T for § denoted by reg(F;Z|j). We use the convention
that a mapping F' is metrically regular at Z for g if and only if reg(F; Z|j) < +o0.
If a mapping F' : X =2 Y is metrically regular at z for § and moreover its inverse
F~1 has a single-valued graphical localization around 7 for Z, meaning that there
are neighborhoods U of Z and V' of ¢ such that the mapping V 3 y + F~(y)NU is
single-valued, then F is said to be strongly metrically reqular at T for . Equivalently,
amapping F is strongly metrically regular at Z for ¢ if and only if its inverse F~! has
a single-valued graphical localization around 7 for & which is Lipschitz continuous
around g with Lipschitz modulus at § equal reg(F'; Z|g). Clearly, this is an extension
of invertibility because a mapping A € L(X,Y) is strongly metrically regular at any
point if and only if it is invertible. Finally, a mapping F' : X = Y is said to be
strongly metrically sub-reqular at Z for § when (Z,§) € gph F and there is a constant
Kk > 0 together with a neighborhood U of Z such that

(5.5) |z — Z|| < kd(g, F(x)) forall xe€l.

The infimum over all £ > 0 such that (5.5) holds for some neighborhood U is the
sub-regularity modulus of F at T for §j denoted by subreg(F;z|y). For A € L(X,Y)
we have subreg A < +o0 if and only if A is injective.

5.1. Local Convergence. In the proofs of Theorems 5.2 and 5.3 we utilize the
following result given in [13, Theorem 5G.3].

Theorem 5.1. Consider a mapping F' : X =3 Y with closed graph and a point
(Z,9) € gph F at which F is metrically reqular, that is, there exist positive constants
a, b, and K such that (5.4) holds with U = B[Z,a] and V = B[y,b]. Let v > 0 be
such that kv < 1 and let & > k/(1 — kv). Then for every positive a and B such
that

a<a/2, 2va+2B<b and 2x'B<a
and for every function g : X — Y satisfying

(5:6) llg(@) <B and |g(x) —g(z')| <vllw —2"|  for every z,a" € B[z,2al,
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the mapping g + F has the following property: for every y,y' € B[y, f] and every
z € (9+ F)~Y(y) N B[z, a] there exists 2’ € (g+ F)~'(y') such that

lz = " < K'lly = ¥/l

In addition, if the mapping F is strongly metrically reqular at T for y; that is, the
mapping y — F~1(y) N B[z, a] is single-valued and Lipschitz continuous on B[y, b]
with a Lipschitz constant k, then for v, k', a and B as above and any function g
satisfying (5.6), the mapping y — (g + F)~1(y) N B[z, ] is a Lipschitz continuous
function on B[y, 8] with a Lipschitz constant k’.

Given a set A in £(X,Y’), the measure of non-compactness x(A) of A is defined
as

X(A) = inf{r >0 AcJ {IB%(A,T) | Ae B}, Bc A ﬁnite}.
Our first result shows linear convergence of the method (5.3).

Theorem 5.2. Consider the inexact Newton-type method (5.3) applied to the ge-
neralized equation (5.1) with a mapping H : X = L(X,Y) which is outer semi-
continuous at T, a solution of the generalized equation (5.1), and satisfies condition

(A1). Define

(5.7) Ga:x— f(Z)+ Az —T) + F(x) for Ae H(T)

and assume that

(5.8) c:=x(H(Z)) and m:= sup reg(Ga;Z|0)
AeH(z)

are finite constants that satisfy

(5.9) me < 1.

Furthermore, suppose that the sequence (Ry)ken, satisfies

(5.10) limsup —— sup sup |jul|<1l/m—rc.
TAT—T HJ? - QL‘H k€Ng u€Ry(x)

Then there exist t € (0,1) and r > 0 such that for every x € X with0 < ||[z—Z| <,
every A € H(x), every k € Ny, and every uy, € Ri(x) there exists o', which depends
on the choice of x, A, k and uy, such that

(5.11) fx)+ A2’ —x) + F(2') > ug,
and
(5.12) |z — z|| < t||x — Z]|.

Consequently, for any starting point xo € B[Z,r] there exists a sequence (xy)ken
generated by (5.3) which is g-linearly convergent to T.

Proof. In the first part of the proof we show for the mapping G 4 defined in (5.7)
that there exist positive 4, b and © such that for every A € H(B[z, §]) and for every
y € B[O, b] there exists x € Gzl(y) satisfying

(5.13) [ — 2| < Ollyll
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On the basis of (5.10), pick any v > 0 such that

(5.14) limsup —— sup sup J|jul] < v < 1/m—c.

TATT ||3j - x|| k€eNg u€Ry ()
Utilizing (5.9) and (5.14), one can find g > ¢, Kk > m, ¢ > 0 and t € (0,1) satisfying
(5.15) uk <1, c+2e<pand k(e+7y) <t(l—ku).
From the first inequality in (5.14), there exists § > 0 such that
(5.16) ||v|l| < ||z — Z|| whenever =z € B[z, ]\ {Z}, k€ Ny, and v € Ry(z).
Make 6 > 0 smaller if necessary to obtain

B[Z, 0] C domH N (Nkgen, dom Ry,),
and also
(5.17) H(z) C H(z) + B[0,e] for each =z € B[z, ).
By the definition of measure of non-compactness, there is a finite set Ap C H(Z)
such that
H(z) C Ap + B0, x(H(Z)) + €.
Hence, from (5.17), for any x € B[z, ] we get
H(z) C Ap + B0, x(H(Z)) + ] + B[0,¢] = Ap + B[O, ¢ + 2¢],

that is, from the second inequality in (5.15),
(5.18) H(z) C Ap +B[0,p] for every =z € B[Z,4].

Choose O to satisfy
m/(1—pm) <O < k/(1l—puk)

and then choose 7 € (m, &) with 7/(1—pu7) < ©. Pickany A € Ap, any A’ € B[0, ).
Then there exist oy > 0 and B; > 0 such that G ; is metrically regular at z
for 0 with the constant 7 and neighborhoods B[z, a 4] and B[0, 3;]. Let g(z) :=
Al(x — ), z € X; then Gz, 4, = G 5+ g. Observe that g is single-valued, Lipschitz
continuous with Lipschitz constant p such that ur < 1, and g(Z) = 0. We can
apply Theorem 5.1 with F =G4, k=7, v=p,y =y, y=y =0, and z = z,
obtaining that there is ,8:4 > 0 (independent of A’) such that for each y € B|0, ,8:4]

there is z € (GA;+A,)_1(y) such that ||z —Z|| < ©||y||. Summarizing, given A € A,
there exists 8; > 0 such that for each A" € B0, y] and each y € B[0, 8’;] there is
x € (GA+A/)_1(Q) satisfying [lz — z[| < ©[|y||. Let b = ming_,, A%. Taking into
account (5.18) one has H(B[z,d]) C Ap + B[O, u], hence we obtain that for every
A € H(B[z,0]) and for every y € B[0,d] there is € G;'(y) satisfying (5.13).

Coming to the second part of the proof, first we make the constant § smaller if
necessary so that (Al) is satisfied with the already chosen € and U = B[z, ], that
is,

(5.19) sup ||f(z) — f(z) — Alx — Z)|| < e|lz — z|| for every z € B[z, J].
AcH(x)

Fix r such that

(5.20) 0 <7 < min{b/(e +),d}.
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Fix z € X satisfying 0 < ||z — Z|| < r. Choose any A € H(x), any k € Ny, and any
ug € Ry(x); then from (5.16) and (5.20) wuy, satisfies ||ug|| < v||x — Z||. Denote

(5.21) yr = f(2) = f(7) — Az — 7) — up.

If y, = 0 then 2’ := T satisfies (5.11) because —f(Z) € F(Z) and (5.12) holds
trivially. Assume that y; # 0. Using (5.19), and (5.20), we get

lyrll < 11f(2) = £(7) = A(z = )| + [lugll < (e +Y)llz — 2] <b.

Applying (5.13) with y = —y;, and taking into account the last inequality in (5.15)
and that © < k/(1 — uk), we obtain that there exists 2’ € G;'(—yx) such that

o' =zl < Oyl < (e+7)Ollx— 2|

t(l—pur) kK

< |z — Z|| =tz — Z|.

K 1-—- ;m|
Hence ||z’ — Z|| < r because t € (0, 1). Furthermore,
—f(@) + f(2) + Az — T) + up, € Gala') = f(T) + A(2’ — 2) + F(2').

Thus, 2’ satisfies (5.11) and (5.12).

To finish the proof, consider the iteration (5.3) and choose any k € Ny, any
xy € BZ,r] and any Ay € H(zy). If 2 # T, applying (5.11) and (5.12) just proved
with @ = xj, we obtain that for any uy € Ry(x) there exists zp41 := ¢’ € B[Z, 7]
such that

(5.22) flag) + Ag(zr41 — xx) + F(!Ek+1) S Uk
and
(523) laker — il < el — 2.

The inclusion (5.22) yields that xjy; satisfies (5.3). If xp = Z, then ap4q := T
verifies (5.3) because 0 € Ri(Z). It remains to choose any xy € B[Z,r] to obtain
in this way an infinite sequence (xj)reny with xp € B[Z, 7] generated by (5.3) and
satisfying (5.23) for all k € Ny. Since t € (0,1), (zx)ren converges g-linearly to
z. ]

The next theorem shows that under stronger conditions every convergent se-
quence, in particular those whose existence is claimed in Theorem 5.2, is actually
convergent ¢-super-linearly, or g-quadratically, depending on the assumptions for
the mappings Ry.

Theorem 5.3. Consider the inexact Newton-type method (5.3) applied to the gene-
ralized equation (5.1) and suppose that the assumptions of Theorem 5.2 are satisfied.
In addition, suppose that for every A € H(Z) the mapping G4 defined in (5.7) is
strongly metrically reqular at T for 0. Then every sequence (xy)ren generated by
(5.3) which is convergent to T is in fact g-linearly convergent.

Assume that the sequence (Ry)ren, Satisfies

1
(5.24) lim  ———= sup sup |[[ul| =0.
TH#T—T ||l‘ - Jj” k€No u€Ry (x)
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Then every sequence (xk)ken generated by (5.3) which is convergent to T is in fact
q-super-linearly convergent.

Finally, suppose that the mapping H : X = L(X,Y) satisfies condition (A2) and
the sequence (Ry)ren, satisfies

(5.25) lim sup —= sup sup |lul| < +oo.

THETHT |z — Z||? ken, uERy (z)
Then every sequence (xk)ken generated by (5.3) which is convergent to T is in fact
q-quadratically convergent.

Proof. Consider a sequence (xy)ren generated by (5.3) which converges to Z. Then
there are sequences (Ag)ken, and (ug)reny, with Ay € H(xzx) and uy € Ry (xy) for
each k € Ng such that (5.11) holds. In parallel to the proof of (5.13) and based on the
strong regularity part of Theorem 5.1 we obtain that there are positive a, b, §, and ©
such that for each A € H(B[z,d]) the mapping B[0,b] > y + 04 := G (y) N B[z, d]
is a Lipschitz continuous function on B[0, b] with a Lipschitz constant ©.

For each k € Ny define y;, by (5.21). We will show that for sufficiently large k
we have

(5.26) [2k41 — 2| < Ol|ye-

Fix r € (0,min{b/(¢ +v),d,a}). Since z;, — T as k — +oo, we have z; € B[Z, ]
for all sufficiently large k. Fix any such an index k. As in the proof of Theorem 5.2
we get that ||yx|| < b. Noting that zx+1 € B[Z,r] C B[Z, a, the single-valuedness of
o4, on B[0,b] implies that x441 = 04, (—yk). Taking into account that Z = o4, (0)
we get (5.26).

Using exactly the same steps as in the proof of Theorem 5.2, one shows that
(5.26) and (5.10) imply (5.23) which yields ¢-linear convergence.

Instead of (5.10), suppose that a stronger condition (5.24) holds. To show ¢-
super-linear convergence, let v > 0. From the fact that x;, — Z and from (A1), for
sufficiently large k, we have that

1f(zx) = £(Z) = Ar(x — 2)I| < v/(20)]|z), — |
and, from (5.24), also that
[ur]l < v/(20)||zx — 2.

From the last two inequalities and (5.26), for all sufficiently large k such that zj # Z
we obtain
e =2 Ollygwll _ Ollf(ze) = f(7) = A(wr =) | Olfuxl
o =z = o -zl T [z — 2|l (el
v/24+v/2=uw.

A

Since v can be arbitrarily small, this yields g-super-linear convergence of (zx)ken-

For the quadratic convergence claim, condition (5.25) yields that there exists
v > 0 such that ||ug|| < 7||xr — Z||? for any sufficiently large k € Ny. By repeating
the argument of the proof of the g-super-linear convergence by using (A2) and (5.25)
instead of (A1) and (5.24), we get

k1 — 2| < Ollyxll < Ol f(zx) — f(2) — Ar(zx —2)|| + Ollur]| < OB +7)|lzx —z||*.
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This yields g-quadratic convergence of (z)ken- a

If H were compact valued, which is the case when H is taken to be Clarke’s
generalized Jacobian in finite dimensions, then ¢ is just zero and (5.9) is always
satisfied when all mappings G4 with A € H(Z) are metrically regular at Z for 0. If
we deal with an equation in finite dimensions solved via Algorithm 1 (which means
that FF = 0 and Ry = 0 for each k € Npy) we get an extension of Theorem 4.8 (see
also Remark 4.9).

5.2. Dennis—Moré Theorems. Dennis-Moré theorem [5] characterizes g-super-
linear convergence of quasi-Newton methods of the form

(5.27) flzr) + Be(zpe1 — k) =0, k=0,1,..., = given,

for finding a zero of a smooth function f, where By is a sequence of quasi-Newton
updates constructed in certain way, which will not be discussed here. Throughout,
for a sequence (x)reny and a point Z, denote s = xi11 — xp and e = xp — T. We
start with a statement of the Dennis-Moré theorem for a smooth function f acting
in Banach spaces.

Theorem 5.4. Suppose that f : X — Y is strictly Fréchet differentiable at T and
the derivative D f(Z) is invertible, meaning that | D f(z)™!|| < 4o00. Let (Bk)ken,
be a sequence in L(X,Y), let Ex, = By — Df(Z), and let the sequence (xy)ren, be
generated by (5.27) and converge to T. Then x, — T q-super-linearly and f(Z) =0
if and only if

[ Erskll _

5.28 lim =0
( ) k—+o00 ||Sk||

In this section we focus on inexact nonsmooth quasi-Newton methods for (5.1),
of the form

(5.29) (f(l‘k) + Bk($k+1 — xk) + F($k+1)) N Rk(l‘k) £ 0,

where By, € L(X,Y) now represents a quasi-Newton update.

In the following theorem we use an immediate consequence of condition (A3): If
the mapping H : X = L(X,Y) satisfies condition (A3) at T and z, — T, Ti+1 # Tk
for all k, then there exists a sequence (Ay)ren, of mappings such that Ay € H(Z)
for each k € Ny and

(5.30) i @) = flar) = Awsell _

0.
k—+o00 ||5k||

The first result in this section follows.

Theorem 5.5. Let & € X be such that the function f and the mapping H satisfy
condition (A3) at T, the sequence (Ry)ren, satisfies condition (5.24), and let the
set H(Z) be bounded. Consider a sequence (xy)ren, generated by the method (5.29),
for a sequence (Bg)ken, n L(X,Y), which converges to T and such that xy, # T for
all k € No. Let (Ag)ken, be a sequence of mappings in H(Z) satisfying (5.30), and
let By, = By — Ay,

65



(i) If z, — T q-super-linearly, then
d(0, f(Z) + Egsk + F(zg11))

5.31 lim = 0.
( ) k—+o00 ||Sk||
(i) If
E
(5.32) lim VRSt

k—+o00 ||Sk||

then T is a solution of the generalized equation (5.1). If, in addition, the
mapping f + F is strongly metrically sub-reqular at T for 0 then xy — T
q-super-linearly.

Proof. First, observe that, by (A3), there is § > 0 such that for any z, y € B[z, J]
there exists A € H(Z) satisfying
1 (y) = fz) = Aly —2)[| < [ly — =]
Let > 0 be such that H(z) C B[O, u]. Fix any =, y € B[z, d]. Then
1f () = F@) < f(y) = f@) = Aly — 2)[| + [|Aly — o) < A+ p)lly — =],
which gives us Lipschitz continuity of f on B[z, d] with Lipschitz constant 1 + p.

Consider a sequence x, — Z with |leg| # 0 for all k& € Ny generated by (5.29) for
sequences of mappings (Bg)ren, and (Rk)ken,. For each k € Ny, set

sup ||ull.

=T
||ekH uERk(a:k)

By (5.24), we have that v, — 0 as k — +oo. From iteration (5.29), there exists
ug € Ri(x) such that

(5.33) f(zr) + Bisk + Fag+1) D ug and |lug]] < yxllex]| for all % € Ny.

Let x), — T g-super-linearly and let e > 0. In [5, Lemma 2.1] it is shown that

(5.34) el 1 ag & = oo,
llex |l

Indeed,

bl | sl loeall Bt _Qeil gy

llex]| llex]| llex]] llex]]
Therefore

Jeweall _ Bewsrll el o oo p s oo
skl llexll [Iskll

Then for k sufficiently large we get

(5.35) lextrll <ellsell,  llexll < 2[|skll and v <e.

Hence, from the inequality in (5.33) and the last two inequalities in (5.35),

(5.36) lJurll < 2vk sk < 2¢]|skl-

Adding and subtracting to the inclusion in (5.33) we have

(5.37) f(@) = flarsr) + flansr) — flan) — Arse + ur € f(2) + Epsp + Fre)-
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Then, from the first inequality in (5.35), for all sufficiently large k we get

(5.38) 1£(2) = flzre) | < (L4 p)llensll < (1 + pellskll-
Further, from (5.30), for large k,
(5.39) 1f(@r1) = f(@r) — Apsill < ellsil]-

Using (5.36), (5.38), and (5.39), we obtain

1£(Z) = f(@rg1) + f(xry1) — flzr) — Arsk + ugl]
< Mlugll + 1 £(@) = f(@r )| + [ f(@r41) — f(2r) — Agsil|
< 2¢||sgll + (1 + p)ellskll + ellskl-

Taking into account (5.37), this yields
d(0, f(Z) + Exsk + F(zr41)) < (44 pellsill.
Since € can be arbitrarily small, we obtain (5.31) and (i) is proved.

To prove (ii), let (Ag)ren, be a sequence of mappings in H(Z) satisfying (5.30)
and suppose that (5.32) holds. From (5.33), there exists a sequence (yx)ken, such
that for each k& € Ny we have

up = f(xx) + Brsk + Yk, Yk € F(zp41), and  uy € Ry(wy).
Then, from the inequality in (5.33),
l[ull < vellexl]l =0 as &k — +o0,
and, taking into account that the sequence (Ax)ken, is bounded, we get

||Bk5kH < HEkSkH + ”AkSkH —0 as k — +oo.

Therefore yr — —f(Z). Since the graph of F is closed, we obtain —f(z) € F();
that is, Z is a solution of (5.1).

Now, suppose that the mapping f + F' is strongly metrically sub-regular at the
solution Z for 0. From the strong sub-regularity, there exists a constant x > 0 such
that, for large k,

(5.40) ekl < KA, £ (zhs1) + Flwrsr)):
From (5.33) for all k € Ny we have
(5.41) Up — f(mk) — Apsy — Eysp + f(xk+1) S f(xk+1) + F(l’k+1).

Hence, from (5.40),
(5.42)  lersall Ellug = f(xr) = Arsk — Erse + f(zr41) |

Ellukll + 6l f (@rr1) = f k) — Awsill + 5l Brsgl].
Let € € (0,1/(2k)). From (5.32) we get

(5.43) |Eksk|| < e|lskl| forall k sufficiently large.

Using (5.39), (5.43), the last inequality in (5.35), and (5.42), we obtain

<
<

lensrll < mllexll + 2rellsell < rellerll + 2wellersal + 2rellex]-
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Hence,
lexall . 3we

lex|l — 1—2ke’
Since e can be arbitrarily small we get g-super-linear convergence of (x)ren,. U

When F = 0 we have f(Z) = 0 and then, taking R, = 0 for each k € Ny, we
come to Theorem 5.4. Theorem 5.5 is a generalization of [7, Theorem 3] for both
nonsmooth functions and inexact quasi-Newton methods.

Now, we will show that if the function f and the mapping H satisfy condition
(A1), H is outer semi-continuous at Z and H(Z) is a bounded set, then the particular
element Ay, of (%) in Theorem 5.5 which satisfies (5.30) can be replaced by any
Ay € H(xg) in the necessity part involving (5.31) and those Ay € H(xk) in the
sufficiency part involving (5.32) that are approximated by By in the same way as
the derivative D f(Z) is approximated in the classical Dennis-Moré Theorem 5.4.

Theorem 5.6. Letx € X be such that the mapping H s outer semi-continuous at T
and satisfies condition (A1) for f at T, that the sequence (Ry)ren, satisfies condition
(5.24) and also that H(Z) is a bounded set. Consider a sequence (xy)ken, generated
by the method (5.29), for a sequence (By)ken, in L(X,Y), which converges to T
and such that x # T for all k € Ny.
(i) Suppose that xy, — T q-super-linearly. Then, for every sequence (Ak)ken,
of mappings such that A, € H(xy) for all sufficiently large k € N, condition
(5.31) holds with Ek = Bk — Ak
(i1) If there exists a sequence (Ag)ren, such that Ay € H(xy) for all sufficiently
large k € N and that (5.32) is satisfied for Ex, = Brp— Ay, then T is a solution
of (5.1). If, in addition, for every A € H(Z) the mapping G4 defined in
(5.7) is strongly metrically sub-regular at T for 0 and
(5.44) c:=x(H(Z)) and m:= sup subreg(Ga;Z|0)
AcH(z)
are finite constants satisfying
(5.45) me < 1,
then x — T q-super-linearly.

Proof. Let x; — Z g-super-linearly and let € > 0. Choose a sequence (Ag)ren,
of mappings A, € H(xg) for all k& € N sufficiently large. Repeat the proof of
Theorem 5.5 starting from the second paragraph until formula (5.37) where we
write instead

(5.46) f(f) — f(LIZk) — Agsp +ug € f(f) + Eisp + F(xk+1).

From the assumed outer semi-continuity of H and the boundedness of H(Z), there
exists a constant A such that

(5.47) |Akl] <A for all k large enough.
For k sufficiently large, condition (Al) yields

(5.48) [f(xr) = f(Z) — Arerl| < ellex]].
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Then, from (5.36), (5.35), (5.47) and (5.48), for such k& we obtain
1£(Z) = flaex) = Awsk +unll < Jlull + 1 (2r) = £(Z) — Agerll + [ Axll[lersal
< 2eskll + ellerll + Allex+1ll < A+ 4)el|sk]l-
The inclusion (5.46) then implies
d(0, f(Z) + Exsp + F(xp41))< (A +4)e||sk-

Since € can be arbitrarily small, we obtain (5.31) and hence (i) is proved.

For the second part of the statement, consider a sequence (zx)gen, which con-
verges to T and is generated by (5.29) for a sequence (By)ren, in £(X,Y) and
a sequence (Rg)ren, satisfying (5.24). For each k € Ny, find ug € Ry (zy) verifying
(5.33). Observe that (5.32) implies that Z is a solution of (5.1) as in Theorem 5.5.

We show next that there exist positive a and © such that

(5.49) ||z —z| <0d(0,Ga(x)) whenever z € B[z,a] and A € H(B[z,a]).
Use (5.45) to find p > ¢, k > m and & > 0 satisfying

(5.50) puk <1 and ¢+ 2 < p.
Let © := k/(1 — uk) > 0. There exists § > 0 such that
(5.51) H(u) C H(z) + B[0,e] for each u € B[z, 4].

By the definition of measure of non-compactness, there is a finite set Ap C H(Z)
such that
H(z) C Ar + B[O, x(H(Z)) + €].
Hence, from (5.51), for any u € B[z, 0] we get
H(u) C Ap +B[0, x(H(z)) + €] + B[0,e] = Ap + B[O, ¢ + 2¢],
that is, from the second inequality in (5.50),
(5.52) H(B[Z,d]) C Ap + B0, y].
Pick any A € Ap, any A’ € B[0, u]. Then there exists a ; > 0 such that
|z — z|| < kd(0,G 4(x)) whenever z € B[z, ].
Fix any = € B[z, a4]. As G5, 4 = G;+ A'(z — T), one gets
|z —z| < kd(0,G4(x)) =rd(0,G4 4 (z) — A'(x —I))
= kd(A'(z—z), GA+A,(m)) < k[|A'(z — @)|| + kd(0, GAJrA,(a:))
< kpllr =zl 4 kd(0,G 44 4 (2)).
Summarizing, given A € Ap, there exists a 4 > 0 such that for each A" € B[0, u] we
have ||z — Z|| < ©d(0,G 4, 4 (x)) whenever = € B[Z, a 4].
Let a = min {6, ming_, oz} Taking into account (5.52) one has H(B[z,a]) C
Ap + B0, p], hence we obtain (5.49).
Observe that in (5.49) we do not assume that A € H(z). Fix any € € (0,1/0).

Let (vx)ken, be defined as in the proof of Theorem 3.2. Since vy, — 0 and x;, — T
for k — +oo, there is ky € N such that

(5.53) vk <e and xp € B[Z,a] whenever k > k.
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Taking into account (A1) and (5.32), we also have

(5.54)  ||f(xk) — f(Z) — Ager|| < ellex] and || Exsk|| < €||sk|| whenever k > k.
Then (5.33) and (5.53) imply, for & > ko, that ||ug|| < €||ex|| as well as that
(5.55) ug — f(zr) + Ager + f(T) — Exsg € f(T) + Apeps1 + F(xry1).
Therefore, for k > kg, one can estimate

lex+ill < ©d(0, f(Z) + Arert1 + F(zry1))

(5.19)
(5S55) Ollug — f(ok) + Arer + f(Z) — Egsi|
< Ollug|l + O\ f(zx) — Ager — f(T)]| + Ol Frskll
< Ocllex]| + Ocllexl| + Oc| skl
(5.54)
< 20¢|lex| + Oe(llersall + llexl]) = 3O¢e(lex|| + Ocllex+1ll.
That is
lexsall _ 36e
< h, k> ko.
el S1-0: whenever 0
Since e can be arbitrarily small, (zy)ren, converges g-super-linearly. O

To put Theorem 5.6 in the perspective of basic results for equations, let a function
h: R™ — R™ and a point ug € R™ be given. Consider the inexact quasi-Newton
method (cf. (4.7)): given u; € R™ find ugy; € R™ such that

(5.56) [h(ur) + Br(upsr — we)l| < nelfh(ug)|]
for a sequence of matrices By € R™*™ and for a forcing sequence n 0.

Corollary 5.7. Consider a function h : R™ — R™ which is semi-smooth at
4 € R™. Let x € {B,C} and suppose that all matrices A € 9,h(q) are non-
singular. Consider a sequence (up)gen generated by (5.56) which is convergent to
. Then u, — U g-super-linearly and h() = 0 if and only if there exists a sequence
(Ak)ken,, with Ay € 0.h(uy) for all sufficiently large k € N, such that

i VB = Ak)(ess —up)||

0.
k——+o00 ||uk+1 — uk||

5.3. Kantorovich-type Theorems. L. V. Kantorovich [21] was the first to obtain
convergence of the method on assumptions involving the point where iterations
begin. Specifically, Kantorovich considered the Newton’s method for solving the
equation f(x) = 0 and proved convergence by imposing conditions on the derivative
Df(xg) of the function f and the residual || f(zo)|| at the starting point zg. These
conditions can be actually checked, in contrast to the conventional approach to
assume that the derivative D f(Z) at a (unknown) root Z of the equation is invertible
and then claim that if the iteration starts close enough to Z then it generates
a convergent to & sequence. For this reason Kantorovich’s theorem is usually called
a semi-local convergence theorem whereas conventional convergence theorems are
described as local theorems.
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Theorem 5.8 (Kantorovich). Let X and Y be Banach spaces. Consider a function
f: X =Y, apoint xg € X and a real a > 0, and suppose that [ is continuously
Fréchet differentiable in an open neighborhood of the ball Blxg,a] and its derivative
Df is Lipschitz continuous in B[y, a] with a constant L > 0. Assume that there
exist positive reals k and n such that

IDf(xo) ' <k and ||Df(xo)"" flao)l < n.

If a :== kLna < % and a > qp = 1—Li=2a ;1520‘, then there exists a unique sequence
(zk)ken satisfying the iteration
(557) f(Ik)+Df(Ik)(I'k+171'k) :05 k:(),l,...,

with a starting point xo; this sequence converges to a unique zero T of f in Blxg, ag]
and the convergence rate is r-quadratic:

e — 2] < T20)%, k=0,1,....
(6%

In a related development, Kantorovich showed in [22, Chapter 18] that, under
the same assumptions as in Theorem 5.8, to achieve linear convergence to a solution
there is no need to calculate during iterations the derivative D f(xy) at the current
point xp— it is enough to use at each iteration the value of the derivative D f(x)
at the starting point, that is,

(5.58) f(zr) + Df(zo)(xpr1 —2k) =0, k=0,1,....

He called this method the modified Newton process. This method is also known as
the chord method in the literature. The work of Kantorovich has been extended in
a number of ways by, in particular, utilizing various extensions of the majorization
technique. We focus on a version of Kantorovich’s theorem due to R. G. Bartle
[3], which has been largely forgotten if not ignored in the literature. A version of
Bartle’s theorem, without referring to [3], was given recently in [8, Theorem 5.

Specifically, Bartle [3] considered a function f acting between Banach spaces X
and Y and the equation f(x) = 0 which is solved by the iteration

(5.59) f(zr) + Df(zi)(wp1 — 7)) =0, k=0,1,...,

where D f is the Fréchet derivative mapping of f and zj, are, to quote [3], “arbitrarily
selected points ... sufficiently close to the solution desired." For z; = xj one obtains
the usual Newton’s method, and for z; = zg the chord method, but z; may be chosen
in other ways. For example as x( for the first s iterations and then the derivative
could be calculated again every s iterations, obtaining in this way a hybrid version of
the method. If computing the derivatives, in particular in the case they are obtained
numerically, involves time consuming procedures, it is quite plausible to expect that
for large scale problems the chord method or a hybrid version of it would possibly
be faster than the usual method. We present here the following somewhat modified
statement of Bartle’s theorem which fits our purposes:

Theorem 5.9 (Bartle [3]). Assume that the function f : X — Y is continuously
Fréchet differentiable in an open set O. Let xg € O and let there exist positive reals
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a and K such that for any three points x1,zo,x3 € B[z, a] C O we have

(5.60) [[Df(x1) | < & and ||f(z1) = f(z2) — Df(23)(x1 — x2)| < i”ﬂfl — z3,
and also
a

(5.61) @)l < 5=

Then for every sequence (2 )nen, in Blzo,a] there exists a unique sequence (xf)ken
satisfying the iteration (5.59) with initial point xo; this sequence converges to a root
T of f which is unique in Blxo, a] and the convergence rate is r-linear:

lzr — z|| < 27%a, k=0,1,....
For a non-smooth function we get the following result.

Theorem 5.10. Let f : X — Y be a continuous function in a vicinity of xog € X
and let numbers a >0, K >0, § > 0 be such that

(5.62) k6 <1 and | f(zo)] < (1— ,%6)%.

Consider a sequence (Ag)ren, in L(X,Y) such that for every k € Ny we have
(5.63)
A < K and ||f(z) — f(2') — Ap(z — 2')|| < 8||x — 2| for every z,2" € B[z, al.

Then there exists a unique sequence (Tg)gen Satisfying
(564) f(xk)+Ak(xk+l *I‘k) 207 k:0717"'7

with initial point xo. This sequence remains in B(xo,a) and converges to a root
Z € B(xo,a) of f which is unique in Blxg,a]; moreover, the convergence rate is
r-linear: for each o € (k0,1) we have

lzr — | < oFa.
Proof. Without any loss of generality assume that « € (k6,1) is such that
[f@o)ll < (1 - ).
We will show, by induction, that there is a sequence (zj)reny with elements in
B[xzo, a] satisfying (5.64) with the starting point g such that
(5.65) zj41 — 25 < o/ k|| f(x0)|| < acd? (1 —a), jF=0,1,....

Let k := 0. Since Ay is invertible, there is a unique 27 € X such that Ag(z1 —x¢) =
—f(x0). Therefore,

lz1 = @oll = (|45 Ao (a1 — zo)|| = |45 f(wo)ll < &l f(z0)]| < a(l — ).

Hence z1 € B(zp,a). Suppose that, for some k € N, we have already found points
Zo, &1, .., 2 € B(xg,a) satisfying (5.65) for each 7 = 0,1,...,k — 1. Since Ay, is

invertible, there is a unique zj4; € X such that Ag(xp41 — 2x) = —f(2x). Then
(5.65) with j := k — 1 implies
leepr =l = AL Ak — 20l = AL f(@i)l| < sl f ()|

= Al () = F@nor) — Apoi(@r — 2em)]|
kil — zri ]| < okl f(zo)] < aak(1 - a).

IN

72



From (5.65), we have

k k [’}
lken —woll <Y lager — a5l <Y @k flao)l <a)_ol(1-a)=a,
j=0 j=0 7=0

that is, zx+1 € B(zg, a). The induction step is complete.
For any natural k£ and p we have

(5.66)
k+p k+p ) k
[2krprr — 2l Dz — 2l <) k[l f (o)l < il fo)ll < aa.
j=k j=k

Hence (x)ken is a Cauchy sequence; let it converge to T € X. Passing to the limit
with p — 400 in (5.66) we obtain

k
||i‘—xk||§1a K|l f(zo0)|| < ack  for each k € N.

In particular, Z € B(zg, a). Using (5.64) and (5.63), we get

0<If@I = Jim @)l = Jim |1F () ~ feeo) = Ao (o - @)
S lim (SH:L‘k - ",Ck,lH =0.
k—+o00

Hence, f(Z) = 0. Suppose that there is § € B[zg, a] with § # Z and f(g) = 0. Then
l5=al < wlAo(@—2)l = 5ll1@) - £(3) - Ao(5 - 2)]

< wdlly -zl <ally —z| < g —zl|,

which is a contradiction. Hence Z is a unique root of f in Blxg, al. ]
Extensions of Theorem 5.8 and Theorem 5.10 for a generalized equation together

with numerical experiments can be found in [10], where the following model of an
iterative procedure for solving (5.1) is considered. Given k € Ny, the current and
prior iterates z, (n < k) generate a “feasible" element A, € L£(X,Y) and then
choose the next iterate 41 € X according to the Newton-type iteration:

f(xk) + Ak($k+1 — Ik) + F(.T]H_l) 5 0.

As in the previous two subsections, the invertibility of linear mappings appearing
in iteration (5.64) is replaced by the (strong) metric regularity of mappings

f(xo) + Ap(- — o) + F, k€ Ny,

at zo for yo with a constant £ > 0 and neighborhoods B[z, a] and B[yo, b]. Here
a point zg € X is the starting point of the iteration and yo € f(zo) + F(z¢), which
plays the role of the initial residual, is supposed to have a sufficiently small norm.
Moreover, different rates of r-convergence are considered.
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