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Abstract

In the present work, the notion of equilibrium and pre-equilibrium of vari-
ational inequalities (but also some for some quasi-variational inequalities)is
developed in Weighted Hilbert spaces, in strictly convex and smooth Banach
spaces and in reflexive Banach spaces. The concept of Weighted variational
inequality is introduced, some associated questions as regularity,delayed
equilibrium and Lagrangian duality are developed and applied to the traffic
equilibrium problem. The more recent notion of pre-equilibrium very im-
portant in time dependent equilibrium must be understood as the optimal
path from an arbitrarily point to reach the equilibrium (critical point of
the system). The notion of Non pivot and Implicit Dynamical system is
introduced, an existence result is given (in Hilbert spaces with linear dual-
ity mapping) as application an existence result is given also for a specific
quasi-variational inequality (translated set) without using the classical as-
sumption for the projection (Lipschitz) [This assumption is wrong a very
simple case and a counter example is provided]. The notion of projected
dynamical systems is extended to strictly convex and smooth Banach spaces
and reflexive Banach spaces and the equivalence between critical points of
such PDS and equilibrium of Variational inequalities is proved. Some appli-
cations will also be given to the traffic equilibrium problem, an elementary

design of an industrial application will be also illustrated.
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Chapter 1

Introduction

The aim of this thesis is to provide a detailed study of the traffic equilibrium problem
focusing the attention on the management of the major and minor congestions of the
traffic flows and on the choose of the more convenient distribution of the traffic demand
on the paths.

The congestion on the network can be modeled by introductions some weights acting
on the paths and on the path cost functions. This model will let to the introduction of
weighted variational inequalities and weighted projected dynamical systems. Moreover,
a more realistic model of the weighted traffic equilibrium problem requests the use of
the delay because the transmission of the data does not happen with infinity speed.
Therefore this characteristic justifies the introduction of retarded weighted variational
inequalities and retarded weighted projected dynamical system (this last point point
has not been included into this thesis because it is still under investigation). The
study of the new models has requested a generalization of existing theories. Moreover,
for a more complete analysis of the problem, computational methods has been also
generalized and a new visualization method as been set up. Since the critical points to
projected dynamical systems are the solutions to evolutionary variational inequalities,
our study starts generalizing the known results on the projected dynamical systems.
Precisely, our extensions regards the use of non-pivot Hilbert spaces and Reflexive
Banach Spaces. In Banach Spaces we have no inner product but only duality pairing
and apparently we have no projection concept that can be considered as an extension of
the usual projection operator. But looking more deeply some interesting results Alber

(1996, 2000) regarding an extension of the projection operator into Strictly Convex and



Smooth Banach Spaces have been found. Strictly Convex and Smooth Banach Spaces
seems to be the nearest subclass of Banach Space to Hilbert Spaces (LP spaces for
1 < p < 400 are strictly convex and smooth Banach spaces). In fact the unit Ball of an
Hilbert space is round (and the duality mapping J = Id and the space can be identified
with its dual space) the unit ball of a Strictly convex and smooth Banach space is not
round (the duality mapping is an Isometry but J # Id and J is nonlinear). It has been
possible to obtain in this framework interesting results in the sense of an existence
result for Projected Dynamical Systems (see section 3.3) but the non linearity of the
duality paring coupled with the non linearity of the generalized projection operator
seems to be a non banal obstacle at least using constructive methods used in Cojocaru
(2002). A new problem appeared indirectly, if the J # Id and J is linear, to treat that
case, it is necessairily to introduce the framework of Non pivot spaces and therefore
with M.G. Cojocaru the problem of the existence of a solution in such spaces, has
been tackled. Also implicit Projected dynamical Systems are analyzed and the result is
used to obtain an interesting existence result for quasi-variational inequalities (see 3.2).
As it has been said Projected Dynamical Systems are strictly related to Variational
inequalities theory (see Proposition 3.2.6) in the sense that a critical point of a PDS is
an equilibrium point of a Variational Inequality and vice versa.

The new framework, Non Pivot Hilbert Spaces, opens the path to the study of dif-
ferent aspects to variational inequality (such has the regularity and numerical methods)
but also to go further in detail on this enhanced traffic equilibrium problem (the study
of weighted traffic equilibrium with delay and the study of the duality of the traffic
equilibrium problem). We propose during WICOM 08 (see Cojocaru & Pia (2008)) an
industrial application of this research to Intelligent GPS systems. Even if we extend
the theory of PdS and Variational inequality to Weighted Hilbert Spaces there is still
some very interesting work to do as some new aspects of the theory jump up from these
“old” problems. Recently the primary goal to enhance the PDS theory to a subclass of
Banach spaces found new possibilities to be attained. A very hidden paper (military
research) produced by Eduardo Zarantonello (see Zarantonello (1977)) change the pa-
ternity of the generalization of projection operator in Banach spaces. In fact, even if
Yakov Alber introduced this concept in Alber (1996) and he gave some very interesting
properties for the restricted framework of Strictly convex and smooth Banach spaces,

actually widely used, Zarantonello introduced a projector in Reflexive Banach spaces



in order to use this notion in an unachieved study, basically to develop the spectral
synthesis on cones (an extension of his well known paper Zarantonello (1971)) .

This work has three Chapters an two Appendixes. In Chapter 2, the relationship be-
tween Projected Dynamical System and Variational Inequalities are discussed and this
first discussion has the goal to clarify the concept of equilibrium and the concept of
pre-equilibrium. In Chapter 3 the theoretical results are exposed and among others we
have, existence results, regularity result for weighted Hilbert spaces and equivalence
theorem between critical points and equilibrium points moreover in this Chapter we
present also open problems and possible directions for future researches. In Chapter
4 we present the results obtained looking more deeply into one specific application:
Traffic Equilibrium problem. Of course the results obtained in this section can be
easily transposed to other networks as for example Financial Network but to avoid
dispersion we focus only on traffic equilibrium problem and develop different aspects
(how weights can be obtained, problem with delay, numerical method, analysis of the
dual problem and industrial application). To facilitate the reading and to separate in
a clear way the results obtained, published and pertinent with the thesis topics, major
results for existing theory of Variational Inequalities and Projected dynamical Systems
(and some results obtained but not enough pertinent with the scope of the thesis),
have been grouped in two Appendixes. Even if sometimes it is difficult to separate in
a clear manner the results, the intention has always been to offer a clear reading and

to communicate guiding ideas of the research process.



Chapter 2

Notions of Equilibrium and

Pre-Equilibrium

2.1 Variational Inequalities

2.1.1 Variational Inequalities and the concept of Equilibrium

Variational Inequalities (VI) are a powerful generalization of a fundamental basic
fact in Analysis: The study of stationary point. This statement is of course an extreme
simplification but useful to have an intuitive understanding of the importance of the
theory and all possible applications. A very good introduction is given in Stampacchia
(1997), but for an easier reading we will remind some basics facts. For an overview of

the theory of (VI), the reader can refer to Appendix B.

Example 2.1.1. Let f € @' with f : [a,b] — R. We wish to determine those points x
for which:

f(zo) = a?fglb f(z).

It’s clear that there exists at least one such point xg.

The following cases can occur.
o Ifa < xzy<b, then f (x0) =0,
o If zg = a, then f'(x9) >0,

o Ifxg=0, then f/(aco) <0.



2.1 Variational Inequalities

Therefore it is clear that for any such xo we have, for all x € [a,b],

’

f(@o)(z —20) 20

this is the first example of variational inequality.

Example 2.1.2. Let K be a closed, convex set in R"™ and let
f:K—R, feCR)

Let zy € K be such that f(xg) = mingeg f(x). Since K is convexr we have for each
y € K that
Mg+ (1=NyeK, 0<A<1.

Define
F:[0,1] — R,

FX) = f(Azo + (1 = N)y).

Then F(1) = ming f. It follows from (2.1.1) that FY(A\—1) >0 for all 0 < X\ < 1; but
this is equivalent to F' < 0. Therefore, for xqg € X,

lgrad f(z0)|(y —z0) >0, Vy €K
becomes the variational inequality for this example

Example 2.1.3. Now let V' be a real Hilbert space and let K be a closed convex subset
of V. Let f € V. If ug € K such that

g — f1] = min [[u /I
we will say ug = Px(f) and call ug the projection of f onto K. Now clearly
luo = fIl < [lv =[], Vo e K
Let us define
F(A) = (Aug + (L= Xv — f, xug + (1= Ao — f) = [[dug + (1 = v — fI[{

where (.,.) denotes the inner product of V.
Then F : [0,1] — R. From example (2.1.1) we have F'(1) < 0. That mean we have

up € K, (ug,v —ug) > (f,v—1ugp), Yv € K. (2.1.1)

We can rewrite the previous inequality as (ug — f,v —ug) > 0. In fact (2.1.1)implies

ug = Px(f). Here also an existence result exist.



2.2 Projected Dynamical Systems

From these classical examples, up to now, a lot of directions has been explored and
a lot of applications has been given.

The usage of VI in specific infinite dimensional (functional) spaces permits to prove
interesting results as done for example in Daniele & Maugeri (2001) with the intro-
duction of the concept of evolutionary equilibrium (applied to the traffic equilibrium
problem). Using these framework, the equilibrium (the solution of the variational in-
equality) it is not anymore a “point” but a functional (i.e a point in the functional
space), which means that the solution of the VI is time dependent. Of course a specific
focus on this “evolutionary” set up open a full range of new problems as, regularity or
the differentiability of the solution with respect to the time variable, but also a large

number of applications (see for example Nagurney & Dong (2002)).

2.2 Projected Dynamical Systems

These systems are non-smooth dynamical systems and are defined as the solutions
to a class of ordinary differential equations with a discontinuous right-hand side. We
refer to this class of equations as projected differential equations. The word projected
indicates the use of a projection operator in defining a projected differential equation.
This operator restrains the whole Hilbert space X onto a non-empty, closed and convex
subset K C X. Suppose to be in a non equilibrium situation, i.e based on the definition
we give in Chapter 3 (section 3.1.3), we have the variational inequality not satisfied
but using an existence theorem we know that under certain conditions, the equilibrium
exists. The study of the optimal trajectory to reach the equilibrium starting from an
arbitrary point into our constraints set (the convex K) is precisely one of the purposes

of PDS. the projected differential equation is given in Hilbert case by

dx
i Pry2)(=F(z(t))), a.a. t €l
Where K is a closed convex set and F a vector field.

If we are dealing with time dependent functions, that is if for instance if the varia-
tional inequality is defined on a functional space, the study of desequilibirum behaviour
is described using a different timescale. Solving the PDS means in that case to find and

Absolutely Countinuous function for [0,7[, 7' > 0 with values in a functional space X.

dz
d—; = PTKM (—F(z4(t))), aa. t el


http://en.wikipedia.org/wiki/Projected_dynamical_system

2.2 Projected Dynamical Systems

and our trajectory is in a certain dependent of the time parameter + depending on the
choice of the functional space in which we set up the Variational inequality problem.
The coexistence of two times scales has been called double-layered dynamics in Co-
jocaru et al. (2006) , check also A.3.3.
The concept of the double time scale emerge naturally, from an historical point of view
in fact PDS theory has been introduced to study the dynamical part of Variational
inequality, when the variational inequality were only treated in R".
The motivation for studying a projected dynamical system is that it can be used in
the study of dynamics of perturbed steady states of problems arising from Economic
Theory, Physics and Engineering A micro-time scale which is used to describe the pre-
equilibrium situation using the projected Dynamical system setting and a macro-time
scale which is used to describe the evolution of the equilibrium situation. We can even
affirm that this is the more interesting problem as in most applied problem condition
changes so quickly that it is very difficult to maintain the equilibrium state on evolu-
tionary problems but the possibility to have the optimal path to the equilibrium can

represent a valid alternative to follow.

2.2.1 Projected Dynamical Systems and the concept of Pre-Equilibrium

When we deal with time dependent problems, equilibrium states have to be con-
sidered as we said before as time dependent. So the question to answer is, how looks
the time dependent functional that describes equilibrium? Answer to that question is
the main goal when we treat a variational equilibrium problem. Obviously in general
it is very difficult to have an exact solution, and the approximation of a solution can
be also far from reality. The reason is simple: In general it is very difficult to forecast
the variables we have to deal with.

This simple fact justifies by itself the introduction of the Projected Dynamical systems
(PDS). We will see later on 3.2.4.2, 3.3.2.3 and 3.4.4 that PDS (associated to a VI) and
Variational Inequalities have as a contact point the equivalence theorems. Therefore
we can say that the solution of PDS is the “best” trajectory to reach an equilibrium
point from a given point in the constraints set. In abstract, in an infinite constraints set

there are an infinity of possible states that precede an equilibrium if we start from an



2.2 Projected Dynamical Systems

arbitrary point in such set. Nevertheless we can prove under certain regularity condi-
tions that among all possible trajectories the is one better that others, in the sense that
finding the solutions of a PDS is equivalent in finding the “slow” solution (the solution
of minimal norm) to a differential variational inequality (see Section 3.3.2.4) The study
of this exceptional trajectory is the main goal of PDS theory, but several difficulties are
difficult to by-pass in Banach spaces, nevertheless we provide some elements to built a

solution to this problem.



Chapter 3

Results in Weighted Hilbert
Spaces and Reflexive Banach

Spaces

This chapter is mainly dedicated to abstract results. We illustrate the results ob-
tained in Giuffré et al. (2006b), Cojocaru & Pia (2008), Giuffré & Pia (2008), Giuffré
et al. (2006a), Barbagallo & Pia (2009b) and Barbagallo & Pia (2009a). Basically we
focus on existence and regularity results in Weighted Hilbert spaces for Variational
inequalities and PDS including some extensions of this concept. Then we introduce
some options to set up the Problem for Strictly Convex and Smooth Banach spaces.
Intuitively a weighted Hilbert Space is an Hilbert Space in which not all the ‘directions’
are equivalents, and this basically means that the unit ball is not round. This frame-
work offer the possibility to extend, let’s say by compensation, the existence domain
of functional on some directions if singularity a appears (to be understood as a point
in which a given class of functions is not L?(Q,R", (.,.)), where  C RP is open and
(.,.) denotes an inner product). Of course this enhancement works if we can switch
from one space to another by multiplying the components by a continuous and strictly
positive function defined on €2. In addition to the weights on the functional space we
introduce also weights for the bilinear form, this setting will be used in next chapter
for an application to traffic equilibrium problem, but has potentially a large number of
applications. It seems that weighted bilinear forms can be used to treat conservative

equations (Gao (2000)) but nothing has been explored in such direction in this thesis.



3.1 Weighted Variational Inequalities in Weighted Spaces

It is divided in the following sections.

In 3.1 we treat Variational Inequalities in Weighted spaces and in order to do that, we
recall some basic material (subsection 3.1.1) then we provide some existence (subsection
3.1.2) and regularity results (subsection 3.1.4) all that notions will be used in chapter
4, mainly dedicated to applications.

In section 3.2 we extend the known results on PDS to non-pivot Hilbert spaces and
in 3.2.4 to introduce implicit PDS and provide and existence results for a particular
quasi-variational inequality with weaker assumptions than the one used in Noor (2003),
basically without using Lipchitz conditions on the projection operator . In section 3.3
we set-up PDS in strictly convex and smooth Banach spaces an equivalence theorem
3.3.2.3 between critical points of PDS and solutions of VI, in that way it is possible
to justify the notion of pre-equilibrium. We provide also some results that permits to
make a bridge between PDS theory and Differential inclusions theory 3.3.2.4. In the last
section 3.4, some results given in Zarantonello (1977) are exposed. They offers a large
potential for future research. This last section has been included in this thesis because
the paper Zarantonello (1977) introduce for the first time the notion of projection in
reflexive Banach spaces and give very interesting results (in particular a decomposition
theorem) use in Section 3.4.4 to prove an equivalence result. Paper Zarantonello (1977)
is almost forgotten and the introduction of the projection operator in Banach Space
and the decomposition theorem (only in strictly convex and smooth Banach space)
is attributed to Yakov Alber Alber (1996, 2000). Even if Alber obtained very inter-
esting estimates and as developped, several applications of the projection concept in
SCS Banach space, we think It is important to point out when such concepts has been

introduced for the first time.

3.1 Weighted Variational Inequalities in Weighted Spaces

3.1.1 Dual realization of a Hilbert space

Each time we work with a Hilbert space V, it is necessary to decide whether or not
we identify the topological dual space V* = L(V,R) with V. Commonly this identifi-
cation is made, one of the reasons for this being that the vectors of the polar of a set of

V are in V. In some cases the identification does not make sense (see Example 3.1.8).

10



3.1 Weighted Variational Inequalities in Weighted Spaces

Bu(0.1)

H Pivot space, H=H*,

BL(0,1)=Bn (0,1) V non pivot space, V#V*, V*=J(V), By-(0,1)=J( Bx(0,1)),

J linear

Bx(0,1)

XX, X*=J(X), Bie(0,1)=J( B(0,1)), J non linear, X
reflexive strictly convex and smooth (SCS)

Figure 3.1: A simple view of Balls

11



3.1 Weighted Variational Inequalities in Weighted Spaces

For clarity of presentation, we remind below the basic results regarding the dual re-

alization of a Hilbert space. The readers can refer to Aubin (1987) for additional details.

First, consider a pre-Hilbert space V' with an inner-product ((z,y)), and its topolog-

ical dual V* = L(V,R). It is well known that V* is a Banach space for the classical dual

norm (|| f|lx = sup,ecy ‘Jﬂ(;if‘ ). It is also known that there exists an isometry J : V — V*
[

such that J is linear and for all x € V, J(z) = grad(HxT). This mapping J is called

a duality mapping of (V,V*). The gradient formulation of the duality mapping allows

to easily determine the mapping from the norm, as shown by the following examples.

Example 3.1.1. R? endowed with the norm

[(@r,22)]| = (21” + Twa’)2, T > 0
s a reflexive, uniformly convex and uniformly smooth Banach space. And we have:

J((z1,22)) = (21, Txp)
R3 endowed with the norm
(@1, 22, 23) | = (212 + 222)% + (2” + 252)>

is a reflexive, strictly convex and smooth Banach space. And we have:
x% + m%

x3 + 23 22 + 223 + 23

w

J((l’l,l‘z,xg)) = ($1(1 +

),ZL‘Q(l‘F ),1'3(1+

)

where

1

w= ((:Blz + $22)(5L‘22 + 1632))5
Example 3.1.2. If X = LP(Q,R) with 1 < p < oo then
J(x) = ||z[*7P|=[P~ sgn ()

and

p—2 1
(@) = ||| 7= |z 77 sgn(x)
where sgn(x) = X[z>0] — X[z<0]-
we remind also that the duality mapping J enjoys the following properties:

e J is monotone in arbitrary Banach space.

12



3.1 Weighted Variational Inequalities in Weighted Spaces

e J is strictly monotone in strictly convex Banach spaces.
e J(x) = grad(||z||*/2) in smooth Banach spaces.
e J is continuous in Uniformly smooth Banach spaces.

o J=1I1dx < X is an Hilbert space

Theorem 3.1.3 (Theorem 1 page 68, Aubin (1987)). Let V' be a Hilbert space with
the inner product ((z,y)) and J € L(V,V*) the duality mapping above. Then J is a
surjective isometry from V to V*. The dual space V* is a Hilbert space with the inner

product:
(fs9)« = (7', T g)) = F(T ")

Theorem 3.1.4 (Theorem 2 page 69, Aubin (1987)). Let V be a pre-Hilbert space.
Then there exists a completion 1% of V, that is, an isometry j from V to the Hilbert
space V' such that j(V) is dense in V.

Definition 3.1.5. Let V be a Hilbert space. We call {F,j}, where
i) Fis a Hilbert space and
it) jis an isometry from F to L(V,R)
a dual realization of V. We then set
(fiz)=jo f(x),VfEF, VreV,
where (f,x) is the duality pairing for F x V.

Remark 3.1.6. The duality pairing is a non degenerate bilinear form on F XV and

| fllF = supgev |<|]|c;l|7|>|. These properties permit us to prove that F' is isomorphic to V™.

We deduce from Theorems 3.1.3 and 3.1.4 that k = j71o.J € L(V, F) is a surjective

isometry such that
(z,y) = (k(z),y)

We use the following convention here: when a dual realization {F,j} of a space has
been chosen, we set F' = V* and jo f(z) = (f,x). We say that the isometry k& : V — V*
is the duality operator associated to the inner product on V and to the duality pairing

on V* x V by the relation
(z,y) = (k(z),y)

13



3.1 Weighted Variational Inequalities in Weighted Spaces

A special but most frequent case is to choose as a dual realization of V' the couple
{V, J}; in this case the Hilbert space V is called a pivot space. To be more precise, we

introduce the following definition.

Definition 3.1.7. A Hilbert space H with an inner product (x,y) is called a pivot space,
if we identify H* with H. In that case

H"=H, j=1J, (z,y) = (x,y)

Sometimes it does not make sense to identify the space itself with its topological

dual, as the following example shows.

Example 3.1.8. Let us consider V.= L*(R, (1 + |z|)) € L*(R) (dense subspace of
L?(R)) endowed with the inner product:

(u,v)y = /R(l + |z))u(z)v(z)d

an element ¢ € L*(R)* is also an element of V*. If we identify o to an element
f € L3(R), this function does not define a linear form on V and the expression o(v) =
(f,v)v has no meaning on V. In this situation it is necessary to work in a non-pivot

Hilbert space.

We provide now some useful examples of non-pivot H-spaces.

Let Q C R™ be an open subset of, a : Q@ — R\ {0} a continuous and strictly positive
function called “weight” and s : 2 — R*\{0} a continuous and strictly positive function
called “real time density”. The bilinear form defined on Cy(2) (continuous functions

with compact support on 2) by
@ )os = [ a(ly@)alw)s(w)ds

is an inner product. We remark here that if a is a weight, then ¢! = 1/a is also a

weight. Let us introduce the following

Definition 3.1.9. We call L*(Q,a,s) a completion of Co(Q) for the inner product
(*,Y)as-

14



3.1 Weighted Variational Inequalities in Weighted Spaces

We now introduce an n-dimensional version of the previous space. If we denote by
Vi = L*(Q,R, a;, 8;) and V;* = L?(Q, R, a;l, si), the space

v=][v (3.1.1)
is a non-pivot Hilbert space with the inner product
(F,G)y = (F,Glas =Y /Q Fi(w)Gi(w)ai(w)si(w)dw.
i=1

The space
m
=1Iw (3.1.2)
i=1

is clearly a non-pivot Hilbert space for the following inner product

B o Ui Fi(w)Gi(w)si(w) W
(F.Q)v- = (F.G)yr, ZI/Q aw@)

and the following bilinear form:

V*xV =R

(Fadvey = ()= 3 [ Flwhai(e)siw)ds (313)
i=1
defines a duality between V and V*. More precisely we have:

Proposition 3.1.10. The bilinear form (3.1.3) defines a duality mapping between V* x
V, given by
J(F) = (alFb .- 'aamFm)'

Proof. By Definition (3.1.9), for each i, V;(Q2) = C'O(Q){ai’si} and V' is complete if and
only if for each 4, V; is complete. Then it is enough to take F and G in CJ'(€2). Using

Cauchy-Schwartz inequality for fine sums and integrals we get

15



3.1 Weighted Variational Inequalities in Weighted Spaces

= [FllasllGlla-1

where ||.[|a,s and [|.|[,-1 s denote respectively the norm in V' and V*.
But if ' € V then alF' = (a1 F1,...,a,F,) € V* and ||aF||,-1 4 = ||F||a,s that means

b [(F, G)s|

Gll,-14 = sup ———.
H ”a 7S FEV HFHa’S

So (-, -)s is a duality pairing and

(F,G)as = ; /Q F () Gi(w)ai (w)ss(w)dew = (aF, Gs.
OJ

For applications of these spaces, the reader can refer to Giuffré & Pia (2009) or

Chapter 4.

3.1.2 Variational analysis in non-pivot H-spaces

Let X be a Hilbert space of arbitrary (finite or infinite) dimension and let K C X
be a non-empty, closed, convex subset. We assume the reader is familiar with tangent
and normal cones to K at v € K (Tk(x), respectively Nk (z)), and with the projection
operator of X onto K, Pg : X — K given by ||Px(z) — z|| = zlng(Hx — z||. Moreover
we use here the following characterization (called Variational Principle) of P (x) (see
Alber (1996));

T=Pg(x)e (Jx—2),y—2) <0, Vye K (3.1.4)

The directional derivative of the operator Pg is defined, for any € K and any

element v € X, as the limit (for a proof see Zarantonello (1971) or in a more general

case Lemma 3.1.16):

Pg(x+6v) —x
§—07t 0

; moreover mx (¥,v) = Pr () (v).

Let mx : K x X — X be the operator given by (z,v) — 7mg(z,v). Note that mx is
nonlinear and discontinuous on the boundary of the set K. In Dupuis & Ishii (1990);
Isac & Cojocaru (2004) several characterizations of wx are given.

The following theorem has been proved in the framework of reflexive strictly convex

and smooth Banach spaces. It express the possibility to decompose any element of base

16



3.1 Weighted Variational Inequalities in Weighted Spaces

space (or its dual) into the sum of elements belonging to mutually polar cones. We will
use it to obtain a decomposition theorem in non-pivot Hilbert spaces (for a proof see
Alber (2000), Th. 2.4).

Theorem 3.1.11. Let X be a real reflexive strictly convex and smooth Banach space,
and C a non-empty, closed and convexr cone of X. Then VYxr € X and Vf € X* the

following decompositions hold:

x = Po(z) + J MlpoJ(z) and (TpoJ(z), Po(z)) =0
f = Peo(f) + JUcJ H(f) and (Poo(f), e L(f)) = 0. (3.1.5)

Here Po is the metric projection operator on K and o is the generalized projection
operator on the polar cone of C that is C° (for a definition of Il see Alber (1996)).

Remark 3.1.12. It is known that that P and Ilg coincide whenever the cone C

belongs to a Hilbert space. This observation implies the following the result.

Corollary 3.1.13. Let C' be a nonempty closed convex cone of a non-pivot Hilbert
space X. Then for all x € X and f € X* the following decompositions hold:

z = Po(z) + J ' ProJ(x) and (PpoJ(z), Po(z)) =0
f = Peo(f) + JPcH(f) and (Peo(f), PoJ = (£)) = 0

We highlight that Zarantonello has shown in Zarantonello (1977) a similar decom-

position result in reflexive Banach spaces, see also Corollary 3.4.29.

Lemma 3.1.14 (Zarantonello (1971), Lemma 4.5). For any closed convex set K,
Prg(x+h)=x+4+h+o(|h]]), z € K, h € Tk(x)

where o(||h]])/||h]| — 0 as h — 0 over any locally compact cone of increments.

Remark 3.1.15. To prove Lemma 3.1.14 only the properties of the norm in Hilbert

spaces are used, therefore the proof is valid in the non-pivot setting.

The following lemma as been proved in the pivot case in Zarantonello (1971). We

give below a similar proof in non-pivot spaces.

Lemma 3.1.16. For any z € K,
Pg(x+h) =2+ Pry(z)(h) + o(||h]])

where o(||h]])/||k|| — 0 as h — 0 over any locally compact cone of increments.

17



3.1 Weighted Variational Inequalities in Weighted Spaces

Proof. Clearly,
Iz + = Pic (@ + h)|* = ||z + b = Poyre (o) (@ + B)I° + || Pory ) (2 + B) = Prc (2 + h) |2

+2(x + h — Py ric (@) (x+h),x+h— P Ty () (x+h))

but
(x+h— Pa:—i—TK(a:)(x +h),z+h— Px+TK(w)($ +h))

= <J($+h - Px+TK(I)<x+h))7x+h - Px+TK(I)<‘r+h)> >0

using the variational principle (3.1.4) applied to P, 7, (»)(z + h). By definition of the

projection operator we have
lz +h = Pr(z + h)||* < ||z + h = Pr[(Poyr @ (@ + )|
therefore we have
lz+h =Py 7y () (@HR)P | Pry i (2 (2 +h) = Prc (24+h) |* < [lath—Pic [(Pyy i (2 (z+1)] 1

As Ppy7y () (T +h) = Pry(2)(h) (just apply the definition and the variational principle
(3.1.4)), we have

1h = Prye @y (WI* + |2 + Pryc (o) (h) = Prc(z + h)|* < ||z + h = Pr (@ + Pry ) ()],
but using the Corollary 3.1.13 we have h = Py, (;)(h) +J ' Py, (1) (J(h)) and therefore,
1P (2 +h) =2 = Pryc oy (W* < 177" Payye 0y (J () @+ Pryc (2 (h) = Pic (24 Pry ) (R)) ||

~ 1T Py, () (T (R)) 12
< ||z + Pry()(h) — Pg(x + Pry (o) (h))]?
+2[| T Py (o) (T (W) || + Prye 2y (R) — Prc(z + Py () (R)) |

But by Lemma 3.1.14, 2 + Pp, (z)(h) — Px(z + Pry(2)(h)) = o([| Pry 2)(h)|]) so we can

write

[P (2 + h) — & = Pry oy (M)? < QI Puye @) (T + oI Pry 2y (h))) oI Pryc 2y (B
Therefore we have,

1Pk (2 + h) = 2 = Py (W)I* < o(||R])?

18



3.1 Weighted Variational Inequalities in Weighted Spaces

3.1.3 Variation Inequality in Non Pivot Hilbert spaces

Let us consider two vector a,s € R", and let a;,s; be the components, for i =
1,...,n. Denoting by V; = L?(Q,R,a;,s;) and V;* = L?(Q,R,a; !, s;), the space V =
[1;=, Vi is a Hilbert space with respect to the inner product

(F,G)y = (F,Glasg =Y _ / Fi(w)Gs(w)ai(w)si(w)dw, VF,GeV,
i=1 7%

and the space V* = [[;", V;* is a Hilbert space with respect to the inner product

“ Fi(w)Gi(w)si(w)
F = (F 1y = d F *.
(F,G)y+ = (F,G)a14 z;/ﬂ o) w, VF,GeV
Moreover, the following bilinear form, defined into V* x V by
foa)vexy = (fia)s =3 / fi@)zi(w)si(w)dw, Vf €V, Ve eV,
=17

represents a duality between V' and V* and the duality mapping is given by J(F) =
(a1 Fy,. .. an ).

Let us introduce weighted variational inequalities defined into a non-pivot Hilbert
space V.

Let K be a nonempty, convex and closed subset of V and let C' : K — V* be a
vector-function. The weighted variational inequality is the problem to find a vector
x € K, such that

(C(x),y—x)s >0, VyeK. (3.1.6)

3.1.4 Regularity of Variational Inequalities in Non pivot Hilbert Spaces

In order to prove a continuity result our methodology needs to introduce the
finite-dimensional weighted variational inequality associated to the infinite-dimensional

weighted variational inequality (3.1.6). Let us introduce the following norm in R™

m
2 2
HJ"Hm,a,S = Z Z; ;S5
i=1
where a,s € R'. We introduce the following bilinear form:

(R Mlm,a-1,8) X (R™ [+ [lm.as) — R
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3.1 Weighted Variational Inequalities in Weighted Spaces

m
<y7 5U>m,s = Z YiZiSq,
=1

it is easy to prove (same method that the one used in for Proposition 3.1.10) that it is

a duality pairing between (R™, [ - ||, a-15) and (R™, || - [|;n,a,s). We set
Kt)={ft)eR™: feK},

and we remark that K(t) is closed and convex, then we can introduce the finite-

dimensional weighted variational inequality associated to (3.1.6)
Find z(t) € K(t) : (C(z(t)),y(t) — 2(t))ms@) =0, Vy(t) € K(t), ae. in Q. (3.1.7)
Under our hypothesis we can prove the following result
x is solution of (3.1.6) < x(t) is solution of (3.1.7) for almost every t € Q.

In fact, we suppose that the integral form of the variational inequality problem

holds. If the pointed form is false, we have
I CQ, p(I) >0, Fyt) € K(t) : (C(x(1),y(1t) = x(t))ms@) <0, Vtel.

Setting

we obtain

/ (C(x(),y"(t) — 2()mspydt = (Cx(t)), x(t) — x(t))m,s(r)dt
Q Q\I

+ [(C@0).910) = 2Ot <0
1

that is a contradiction.
We can now show the following regularity theorem, we can observe that the point

to point variational problem is a finite-dimensional problem.

Theorem 3.1.17. Let V be as in 3.1.1, let Q C RP, let t € Q and let K(t) be a
nonempty, closed, convex and bounded subset of R™ verifying Kuratowski’s convergence
assumptions, let C': Q@ x K — V* be a continuous function and C(t,-) strongly pseudo-
monotone with degree o > 1. Then the solution map x : Q >t — z(t) € R™ of (3.1.7)

s continuous on €.
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3.1 Weighted Variational Inequalities in Weighted Spaces

Proof. Let z(ty) be the unique solution of the weighted variational inequality

(Cltn 2(t)) y(tn) — 2(tn))ms(en) > 0, Vy(tn) € K(ty), Yn € N (3.1.8)

Fixingt = (t1,...,tp) € Q, it suffices to verify that for any {t,}nen = {(t7, ..., 1)) }nen C
Q such that ¢, — t, we have that x(¢,) — z(t). Under our hypothesis the generalized
version of Minty-Browder Lemma (see for instance Maugeri et al. (1997)) holds, that

is, for any t € €2 we have

(Cty), y(t) = x(t))mse) = 0, Vy(t) € K(1).

Using the set convergence by Kuratowski, we know that for z(t) € K (t), there exists a
sequence {v(t,) }nen such that v(t,) € K(t,) for n large enough and, moreover, v(t,) —
x(t). It follows that C(t,,v(t,)) — C(t,x(t)) because of the continuity hypothesis on
C. Setting, for n large enough, y(t,) = v(t,) in (3.1.8), we have

(C(tn, x(tn)), v(tn) — x(tn»m,s(tn) > 0.
From the strongly pseudo-monotone with degree v > 1 assumption we obtain
V[o(tn) = 2(tn)llmag.) st < (Cltn, v(tn)), v(tn) = 2(tn))m st

< NC s v(E))lm,a=1 (t0),st) 1V En) = 2(E0) I a(tn).s(tn)

and, consequently,

1
[v(tn) — JJ"(tn)||m,a(tn),s(tn) <vi-e|[C(ty,v (tn))H ol a—1(tn)s(tn)’

It follows that

A

2 (tn)llm.at)stn) < IIfC(tn)—v(tn)llma(tn) sitn) T 10(En) lmat,) scen)

< vi- "Ho(tnﬂ)( ))Hma L(tn),8(tn) + Hv(tn)Hm,a(tn),S(tn)’

so that {z(t,)}nen is bounded. There exists v € R™ and there exists a subsequence
denoted again by {z(t;)}nen, such that z(t,) € K(t,), and, moreover, x(t,) — v.
Using again the sets convergence by Kuratowski we get that v € K(t). Now we prove
that v = z(¢). Applying again the generalized version of Minty-Browder lemma to any

x(ty,) we obtain

(C(tnsyn), y(tn) — x(tn»m,s(tn) >0, Vy(t,) € K(tn).
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3.1 Weighted Variational Inequalities in Weighted Spaces

Using again the proprieties of the Kuratowski’s convergence,for any y(t) € K(t), one can
find {y(t,) }nen such that y(t,) € K(t,) for n large enough and, moreover, y(t,) — y(t).
As

<C(tnay(tn))ay(tn)_x(tn»m,s(tn) = <S(tn)c(tn>yn)7y(tn)_x(tn)>m >0, Vy(ta) € K(tn)

where (-, ), is the standard inner product of R™, letting n — +oc it follows that:

(C(ty(), y(t) = vV)msr) 20, Vy(t) € K(1).

Applying the generalized version of Minty-Browder’s lemma once more we obtain

<C(t,2}),y(t) - U>m,s(t) >0, Vy(t) € K(t)

From the uniqueness of solution to (3.1.7) it follows that v = z(t) and that z(¢,) —
x(t). O

Now, we want to prove that the unique solution to a variational inequality related
to a strictly pseudo-monotone operator, in a non-pivot Hilbert space, is a continuous
mapping on §). In order to obtain this result, it is necessary to make a remark concerning

generic variational inequalities with strictly pseudo-monotone operators.

Remark 3.1.18. Let V be asin (3.1.1) and let K (t) C R™ be a given nonempty closed
convex and bounded set for any fixed t € Q. For every € > 0 and for any fixed t € ,

let us consider the following perturbed variational inequality
(C(t2(t)) + (@), (1) — 2(Dhms = 0, Vy(t) € K (1), (3.1.9)

where J,, is the duality mapping between (R™, |- [|;,a,s) and (R™, [[- ||, a-1 5). We note
that the map J,, is a monotone operator. If this inequality admits a unique solution

Ze, then by virtue of Theorem 3.1.17, this solution is continuous on 2.

With this in mind, we can now prove the continuity result for variational inequalities
with strictly pseudo-monotone operators. For any fixed ¢ € (), let us consider the

variational inequality

(Ct, (), y(t) = 2())msw) = 0, Vy(t) € K(b). (3.1.10)

We suppose that the operator C(t, -) is strictly pseudo-monotone and all the hypotheses
that guarantee the existence and uniqueness of a solution to (3.1.10) are satisfied, refer

for this purpose to Section B.4. Then, the following result holds.
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3.1 Weighted Variational Inequalities in Weighted Spaces

Theorem 3.1.19. Let V be as in (3.1.1), let Q C R", let t € Q and let K(t) be a
nonempty closed convexr and uniformly bounded with respect to t € € subset of R™,
verifying the Kuratowski’s convergence. Let C : Q) x K — V* be a continuous function
such that C(t,-) is strictly pseudo-monotone uniformly with respect to t € Q. Then the
solution map x : Q@ >t — x(t) € R™ of (3.1.10) is continuous on €.

Proof. Let us consider the solution x(t) to weighted variational inequality (3.1.10) and

the solution z(t,) to the following variational inequality
(C(tn, 2(tn)), y(tn) — 2(tn))mstn) = 0, Yy(tn) € K(t,), Vn € N. (3.1.11)

Fixing t € Q, it suffices to verify that for any {t,}nen € Q such that ¢, — ¢, it results
x(ty) — x(t), as n — +oo.

Let z-(t) be the unique solution of perturbed strongly pseudo-monotone variational
inequality (3.1.9), namely x.(t) € K(t) and

(O(t,22(0) + e (e(t). 4(0) — 2e(Dmsie) = 0. Vylt) € KD, (3112)

Taking into account Theorem 3.1.17, it results that z.(¢) is a continuous function

on . Then the solutions z.(t,) to the following weighted variational inequalities

(C(tn, <(tn)) + eJm(@c(tn)), y(tn) — $6(tn)>m,s(tn) >0, Vy(tn) € K(tn), (3.1.13)

Vn € N, converge to z.(t), as n — +o0.
Moreover, we remark that z.(t) — z(t), as ¢ — 0, in Q. In fact, let z.(¢) be the

unique solution to (3.1.9), namely z. € K(t) and
(Ot 2o(D) + T (@ (). y(t) = 2e(Ohmsi = 0. Vy() € K1), (3.114)
Setting y(t) = 2(t) in (3.1.12) we get
(Ot 7)), 2(8) = 2o (hmsity + & (@(0),2(8) = 2o() sy 2 0. (3.1.15)
Moreover, setting y = z.(t) in (3.1.10) we have
(C(t, (1)), 22 (t) — (t))ms(e) > 0- (3.1.16)

From the strict pseudo-monotonicity of C(t,-), uniformly with respect to ¢t € Q, and
relation (3.1.16) it follows that

(Ot ze(t)), 2e(t) — 2())ms) > 0.
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3.1 Weighted Variational Inequalities in Weighted Spaces

Then, by (3.1.15), we obtain

e(Jm(xe(t)), 2(t) — 2(t))ms) = 0,

and dividing by € > 0, we have

(Jm(2e(t)), 2(t) — Te(t))m,s(t) = 0. (3.1.17)

Taking into account (3.1.17), one has

(D)2 asy = D ai)si(®)(a(t)”
=1
< 5Z
B =1 )

< (Im(@e(t)), 2(8))ms(o)

(stt)a@-(t)(xé(t))z) (stt)ai(t)(xi(t))?)
3 =1

12(8) a5t |12 (2)

1
2

IN

,s(t)s

which implies
[2e()lm,ae),st) < 1Z(O)]lmace).s)-

Since z(t) € K(t), and K(t) is a family of uniformly bounded sets of R™ it results

Hx( )Hma (),s(t) <(y,

with C7 a constant independent on ¢, so that {z-(t)}. is bounded therefore there
exists v € V and there exists a subsequence denoted again by {z.(t)}., such that
ze(t) € K(t), and, moreover, x.(t) — v. Taking into account the closeness of K(t) we
get that v € K (t).

Now we prove that v = z(t), therefore we consider the following variational inequality
(C(ty(t) + edm(y(t)), y(t) — 2e(t))ms) 2 0, Vy(t) € K(t),
and letting € — 0, it results
(C(ty(0),y(t) = V)ms@y) 20, Vy(t) € K(t). (3.1.18)

From the generalized version of Minty’s Lemma, we have that (3.1.18) is equivalent to

the following variational inequality

(C(t,v),y(t) = V)mse) =0, Vy(t) € K(1). (3.1.19)
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Hence (3.1.19) implies that v is a solution to (3.1.10). Since the solution to (3.1.10)
is unique, then we concluded that the sequence {z.(t)}. converges strongly to z(t), as
e — 0.

Now, we set y(t,) = z(tn), Yn € N, in (3.1.13),

(C(tn, 2c(tn)), ©(tn) = 2e(tn))m s(t,) T E(Im(2e(tn)), 2(tn) — 2 (tn))ms(t,) = 0, (3.1.20)
and y(t,) = x:(t,), Yn € N, in (3.1.11) it results, Vn € N
(C(tn, x(tn)), ve(tn) — l‘(tn»m,s(tn) > 0,

but, from the strict pseudo-monotonicity assumption on the function C(t, -), uniformly
with respect to t € [0,T7], it follows that

(Cltn, 3=(tn)), 2(tn) — T(tn))ms(en) >0, ¥n € N.
Then, from (3.1.20) we have

e(Im(Te(tn)), (tn) — T(tn))ms(t,) = 0, Vn €N,
and proceeding as above, we have

|z (tn) lm,a(tn)s(tn) < C2, (3.1.21)
where (s is a constant independent on € and on n € N. Therefore we have
ze(ty) — Z(ty), ase—0, Vn €N,
with Z(¢,) € K(t,) and such that
(Ctn, Z(tn)), y(tn) = T(tn))ms(ta) = 0, Vy(tn) € K(tn), Vn €N.

Since the solution to (3.1.11) is unique, it results
Z(ty) = x(ty), YneN,

therefore we have
2(t)llmagt.) s < C2,  VneN.

Then, the sequence {x(t,)}nen is bounded, that implies the existence of a subsequence
denoted again by {z(t,) }nen, such that x(t,) € K(t,), Vn € N, converging strongly in
Q to an element Z(t) of K(t), namely

x(t,) — T(t), asn — 4oo.

25



3.2 Projected Dynamical Systems in Weighted Hilbert Spaces

Taking into account the variational inequality

(Ctn,y(tn)), y(tn) — 2(tn))msea) = 0, VY(tn) € K(tn),

and passing to the limit as n — +oo, it follows

<C(t7 y(t))v y(t) - f(t)>m,s(t) > 07 Vy(t) S K(t)

For the generalized version of Minty-Browder Lemma, we have that Z(t) is a solution

to (3.1.10), since this variational inequality has a unique solution, it results

The same result holds for each subsequence and therefore
z(tn) — x(t),

namely our assert. The proof is now complete. ]

3.2 Projected Dynamical Systems in Weighted Hilbert

Spaces

In this section we study the existence of solutions for a class of differential equa-
tions with discontinuous and non-linear right-hand side on the class of non-pivot Hilbert
spaces. This class of equations (called projected differential equations) was first intro-
duced in the form we use in Dupuis & Ishii (1990), however it has been other studies
of a similar formulation has been known since Aubin & Cellina (1984); Brezis (1967);
Henri (1973). The formulation of the flow of such equations as dynamical systems in R"
is due to Dupuis & Ishii (1990); Dupuis & Nagurney (1993) and it has been applied to
study the dynamics of solutions of finite-dimensional variational inequalities in Dupuis
& Nagurney (1993); Nagurney & Zhang (1996).

Finite-dimensional variational inequalities theory provides solutions to a wide class
of equilibrium problems in mathematical economics, optimization, management science,
operations research, finance, etc. (see for example Aubin & Cellina (1984); Dafer-
mos (1980); Nagurney & Siokos (1997); Nagurney & Zhang (1996) and the references
therein). Therefore there has been a steady interest over the years in studying the sta-

bility of solutions to finite-dimensional variational inequalities (and consequently the
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stability of equilibria for various problems). In general, such a study is done by associ-
ating a projected dynamical system to a variational inequality problem, however in the
past few years the applied problems, as well as the theoretical results, have progressed to
a qualitative study of stability of solutions to variational inequality problems on Hilbert
spaces and even on Banach spaces. Examples of the kind of variational problems (and
their applications) can be found in (see Cojocaru (2007)-Cojocaru (2005),Barbagallo
(2007a); Barbagallo & Cojocaru (2009a,b); Cojocaru (2006); Daniele (2006); Isac &
Cojocaru (2002b); Johnston & Cojocaru (2008)) and the references therein).

In this paper we present a new step in this study: we show that a projected differ-
ential equation has solutions on a non-pivot Hilbert space of any dimension. We prove
the existence and uniqueness of integral curves and show they remain in a given con-
straint set of interest. As in the finite-dimensional case, a dynamics given by solutions
to a projected differential equation is interesting because it describes these problems as
dynamical systems. Moreover, as shown in this section, new results as been developped
for the study of the weighted traffic equilibrium problem (see Cojocaru & Pia (2008);
Giuffré & Pia (2009)). Our goal in this section is to present the mathematical tech-
niques involved in proving the existence of solutions to projected differential equations
in a non-pivot setting, which is in fact similar to the one in Cojocaru & Jonker (2004),
but adapted to a non-pivot space; in addition, there are a number of preliminary results
needed prior to obtaining our main result, which are remarkable since they also hold
in a larger setting, namely that of a reflexive Banach space (see the results in Giuffré
& Pia (2008); Giuffré et al. (2006b)). Last but not least, we also present a projected
system formulation called implicit. These kinds of systems have been introduced in
the literature in Noor (2003), but without any existence result being presented in their

case. We thus solve this additional problem as well.

3.2.1 PDS in pivot H-spaces

Let X be a pivot Hilbert space of arbitrary (finite or infinite) dimension and let
K C X be a non-empty, closed, convex subset. The following result has been shown

(see Cojocaru & Jonker (2004)).

Theorem 3.2.1. Let X be a Hilbert space and K be a non-empty, closed, convex subset.
Let F : K — X be a Lipschitz continuous vector field and xog € K. Then the initial
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value problem associated to the projected differential equation (PrDE)

dz(T)
dr

=ng(x(r),—F(z(r)), (0) =29 € K (3.2.22)
has a unique absolutely continuous solution on the interval [0, 00).

This result is a generalization of the one in Nagurney (1993), where X := R", K

was a convex polyhedron and F' had linear growth.

Definition 3.2.2. A projected dynamical system then is given by a mapping
¢ : Ry xK — K which solves the initial value problem: ¢(t, ) = g (p(t, ), —F(H(t, z)))
a.a. t, (0,x) =xp € K.

3.2.2 Existence of Solutions

In this subsection we show that, with minor modifications, the existence of PDS in
non-pivot H-spaces can be obtained. We first introduce non-pivot projected dynamical
systems (NpPDS) and then show their existence. In analogy with Cojocaru & Jonker
(2004) we first introduce

Definition 3.2.3. A non-pivot projected differential equation (NpPrDE) is a

discontinuous ODE given by:

dx(t)
dt

= 1 ((t), ~(J " o F)(2(1))) = Pry(a) (—(J " o F)(x(1))). (3.2.23)

Consequently the associated Cauchy problem is given by:

dz(t)
dt

= mx(2(t), —(J ' o F)(x(t))), z(0) =z € K. (3.2.24)
Next we define what we mean by a solution for a Cauchy problem of type (3.2.24).

Definition 3.2.4. An absolutely continuous function x : J C R — X, such that

{ a(t) € K, 2(0) =z € K, Vt €7 (3.2.25)

i(t) = ng(x(t), —(J Lo F)(z(t))), a.e. on]
is called a solution for the initial value problem (3.2.24).

Finally, assuming problem (3.2.24) has solutions as described above, then we are

ready to introduce:
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Definition 3.2.5. A non-pivot projected dynamical system (NpPDS) is given
by a mapping ¢ : Ry x K — K which solves the initial value problem:
¢(t’ I) = HK(QZ)(t,SC), _(J_l o F)(¢(t7$)))v a.a. t, (,ZS(O, I) =x9 € K.

To end this section we show how problem (3.2.24) can be equivalently (in the sense
of solution set coincidence) formulated as a differential inclusion problem. Finally, in
subsection 3.2.3 we show that solutions for this new differential inclusion problem exist.

We introduce the following differential inclusion:

i(t) € JN(=F(x) — Ni(x)), z(0) = 0 € K, (3.2.26)

and we call z : J C R — X absolutely continuous a solution to (3.2.26) if

z(t) e K, x(0) =29 € K,Vt el (3.2.27)
i(t) € JTH(—F(z) — Ng(x)), a.a. t. -
We introduce also the following differential inclusion:
i(t) € JTY(=F(z) — Ng(x)), 2(0) = o € K, (3.2.28)

where

Ni(x) = {n € Ng(z) | |[nl| < [|F(2)[]}.
Obviously, we call z:J C R — X absolutely continuous a solution to (3.2.28) if

{ 2(t) € K, 2(0) =z € K, Vt €T (3.2.29)

i(t) € J-Y(—F(x) — Ng(z)), a.a. t.

Proposition 3.2.6. The solution set of problem (3.2.2]) coincides with the solution
set of problem (3.2.29).

Proof. (3.2.24) = (3.2.29). Let z(.) be an absolutely continuous function on K such
that z(.) is a solution to (3.2.24). Then z(t) € K, Vt € T and #(t) = mg (z(t), —(J 1o

F)(x(t))), a.e. on J, therefore using (3.1.13) we get &(t) = —J 1 (F(2))—J Py, () (—F (x)),

a.e € I. Evidently, Py, () (—F(z)) € Ni(x). Moreover as N () is a closed, convex

cone, we get that
1PN () (= F (@)l x+ < || = F2)]|x-

(NY.(z) = Tk (x) and both contains 0). Therefore I () € Nk (), g (2) := Pny () (—F())

such that () = —J 1 (F(z(t)) —fig (z)) for a.at € I so we have i(t) € —J H(F(x(t))—
Ng(z)) for a.at € I and z(.) is a solution to (3.2.29).
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(3.2.29) = (3.2.24).
As the trajectory remains in K it is clear that @(t) € Tk (z(t)). First we show that

for almost all ¢ € I we have

i(t) € N (z(t)) (3.2.30)
Let us consider three different cases, first suppose that z(t) € int(K), we have then
Ni(z(t)) = {0x+} and then Nz(z(t)) = X* and (3.2.30) is automatically satisfied.
Suppose now that z(t) € 0K and in z(t), 0K is smooth. In that case Tk (z(t)) is flat
and Nz (z(t)) € Tk (x(t)) with Ni(z(t)) not reduced to {Ox~}, if 2(t) ¢ Nz (x(t)) then
in a neighbourhood V(t) the trajectory x(t'), t' € V(t) goes in int(K) so we are in the
first case and we can exclude time t. Suppose now that z(¢) € 0K and z(t) is in a corner
point. In that case N (x(t)) = {0} therefore if () = 0 (3.2.30) is satisfied. If &(t) # 0
it means that x(t') # x(t) for ' € V(t), with (') in one of the tow previous cases, as
we can “exclude” time ¢, we have (3.2.30). As we can write @(t) = J 1 (—F(x) —fix (z))

we have

(J(@(t) = JTH(=F()),(t)) = 0

Using the polarity between Ng (x(t)) and Tk (x(t)) and the variational principle (3.1.4)
we deduce (3.2.24). O

3.2.3 Existence of NpPDS

In this section we show that problem (3.2.24) has solutions, and consequently that
NpPDS exist in the sense of Definition 3.2.4, by showing that problem (3.2.28) has
solutions, in the sense of (3.2.27). To obtain the main result of this paper, we need

some preliminary ones, according to the following steps:

1) we first prove the existence of a sequence of approximate solutions with “good”

properties such that
Vk > ko, (24(t), 3k (1)) € graph(J ™! (=F — Ni)) + M,
for any neighbourhood M of 0 in X x X. This step constitutes Theorem 3.2.9;

2) we prove next that the sequence obtained in the first step converges to a solu-
tion of problem (3.2.28), and that it has a weakly convergent subsequence whose

derivative converges to (.).
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The methodology of the proofs is completely analogous to that used for pivot Hilbert
spaces in Cojocaru & Jonker (2004). Therefore we present the results with summary
proofs, pointing out where the they need to be updated for the case of a non-pivot H-
space. The main difference in all proofs is made by the presence of the linear mapping
J.

The main result can be stated as follows:

Theorem 3.2.7. Let X be a Hilbert space and X* its topological dual and let K C X
be a non-empty, closed and convexr subset. Let F': K — X™* be a Lipschitz continuous
vector field with Lipschitz constant b. Let xqg € K. Then the initial value problem
(3.2.24) has a unique solution on R .

Proof. Existence of a solution on an interval [0,], | < oco.

For this part of the proof, we need two major results, as follows:

Proposition 3.2.8. Let X be a nonpivot H-space, X* its topological dual and K C X
a non-empty, closed and convexr subset. Let F : K — X* be a Lipschitz continuous
vector field with Lipschitz constant b, so that on KN Bx(xg, L), with L > 0 and xy € K
arbitrarily fived, we have |F(x)|| < M := ||F(xo)| + bL.

Then the set-valued mapping N, : K N Bx (z9, L) — R given by

x+— (F — Ng(x),p)
has a closed graph.

Proof. The proof is similar to the one in Cojocaru & Jonker (2004). We show first
that the mapping N, : K N Bx(zo, L) — R given by z — (—Ng(x),p) has a closed
graph. It is clear that for each p € X, the set-valued map N, : K N Bx(zo,L) —
R maps K N Bx(x, L) into 2-MIPL=MIPIL " Tet {(2,,,2,)}n € graph(N,) such that
(Tn, 2n) — (7,2) € X x 20MIPl=MIPIl - We want to show that (z,y) € graph(N,).
From z, € graph(N,), for all n, we deduce that there exists y, € —Ng (2,,) such that
Zn = (Yn,p). Since the set —Ng(z) C Bx-(0, M) and Bx~(0, M) is weakly compact,

then there exists a subsequence y,, and y € X* such that

Yny — Y

by reflexivity
_= o’(

for the weak topology o(X™*, X**) X*, X)), which is equivalent to

<ynkaﬁ> - <y7ﬁ>7vﬁ eX
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Suppose now that y ¢ -N kx(x). This implies that at least one of the following two

alternatives should be satisfied:

1) There exists w € K such that (y,w —z) <A <0

2) llyll > p > |[F ()]

In the first case as (yn,,0) — (y,05),V0 € X for k > ko we have (y,,,w —z) < %

But (yn,, w — Tn,) = (Yn,, W — ) + (Yn,,, T — Tp,,) and as x,, — x, there exists k1 > 0
such that Vk > ki, we have (yp,,x — zpn,) < || — 2, || lyn,. || < %M = %‘. Thus
(Yngs W — T, ) < 3 < 0, for all k > max(ko, k1). But this contradicts the fact that
Ynp € —Nic(2n,).

In the second case as (yn,,0) — (y,0),V8 € V, we have (Brezis (1993a), Propo-
sition II1.12) ||F(z)|| < |ly|| < liminfy_o ||yn,|| which is a contradiction because
UYn € -N Kk (zn), Yn € N. The continuity of F and the first part of the proof implies
that

2 (F — Nic(2), )

has non-empty, closed and convex values for each x € K and has a closed graph.
O

The next result is constructing the sequence of approximate solutions for Problem
(3.2.28).

Theorem 3.2.9. Let X be a Hilbert space and X* its topological dual, let K C X be
a non-empty, closed and convexr subset. Let F : K — X* be a Lipschitz continuous
vector field so that on K N Bx(xo, L), with L > 0 and z9 € K, we have ||F(z)| <
M := ||F(zo)|| + bL. Letl:= £ and J:=[0,1]. Then there exists a sequence {zj(.)}
of absolutely continuous functions defined on J, with values in K, such that for all
k>0, z,(0) = o and for almost all t € I, {zk(t)} and {zk(t)} (the sequence of its
derivatives) have the following property: for every neighbourhood M of 0 in X x X
there exists ko = ko(t, M) such that

Vk > ko, (z1(t), k(1)) € graph(—F — Ng) + M

Proof. The proof, based on topological properties of the space X, can be found in
Cojocaru & Jonker (2004). However, given we are now working in non-pivot H-spaces,
then instead of

zp := Pg(z — hypF(x)) we now construct z, := P (z — hyJ ! o F(z)). O
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Next we show that the sequence {xj(.)} built in Theorem 3.2.9 is uniformly con-
vergent to some x(.). Again, following closely Cojocaru & Jonker (2004), by Theorem
3.2.9 there exists a pair
(ug, —F(ug) — ny) € graph(—F — Ng) such that

2p(t) — ug(t) = e1,(t) and g (t) + J 7 (F(up(t) + ni) = eap(t)

where eLk(t) and EQ’k(t) are vector functions, not necessarily continuous, satisfying
ler k()| < e and |le2 ()] < e where ¢, — 0 as k — oo and ny € Ng(ug) and
N € Ni ().

Let k, m be two indexes. Then we evaluate
5 llzr(®) = 2@ = (T (@) = 2m (1)), 21 (t) — zm (1))
= (—F(up(t)) + Fzi(t)) + Fum(t)) — F(@m(t)), z(t) — zm(t))
H(=F(zx(t)) + F(zm(t), 2 (t) — zm(t))
(=1 + Ny u () — U (8)) + (—1k + 1y, —up(t) + 2x(t) + um () — 2m(t))

H(J(ek(t) = e2m(t)), 2x(t) — 2m (1))

But using the monotonicity of x — Ng(x), the isometry property of J and the b-
Lipschitz continuity of F' we get that

1d
5 g 1ok =2m @)1 < bl () —2m ()]*+ (ex+em) 1k (6) = um ()| +(14) (ek-+em) 2 (8) —2m (£)]
We now let ¢(t) := ||z (t) — ,(t)|| so from the previous inequalities we get

S(1)d(t) < bd(1)* + (er + €m)[(1 + b)(t) + 2M]
Using the same technique as in Cojocaru & Jonker (2004) we get

Cb(t)? < %(ek + em)(e—th —1) < —(e + fm)(€_2bl ~1)

@
b
where [ is the length of J. So the Cauchy criteria is satisfied uniformly and we get the

conclusion.

From the previous step we know that {zj(.)} is uniformly convergent to z(.) and
as (z(t),4(t)) € graph(—F — Nx + M), we now deduce that there exists a 6 such
that ||2(t)|| < 0. Using the arguments in Cojocaru & Jonker (2004) and the result of

S.Heikkila (1994), we deduce the existence of a subsequence of {xj } weakly*-convergent
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to @(.) € L>®(I, X).

Finally, we finish this part of the proof by showing that x(.) is indeed a solution of
the differential inclusion (3.2.28). From Theorem 3.9, for each k£ > k¢ and almost every

t € J there exists a pair
(ug(t), vk (t)) € graph(—F — Ni)

such that ||zx(t) — ux(t)|| < ex and ||Zx(t) — ve(t)|| < €, where ¢, — 0 when k — oo.
Let p € X arbitrarily fixed. Then for almost all t € J

(ur(t), (vk(t),p)) € graph((~F — Ni,p))

and
[{2x (), p) = (v (t), P)I| < Ipllex-

So ug(t) — x(t) for every t € J and (vg(t),p) — (@x(t),p) for almost all t € J. By
Proposition 3.8, we know that graph((—F — N i,Dp)) is closed, so it follows that for
almost all t € J,

(a(t), (Ex(t),p)) € graph((—F — Nk, p)).
Since the set F(z(t)) — Ng(x(t)) is convex and closed it follows that

i(t) € J7H(=F(x(t) — Ng)(x(1)).
By Proposition 3.2.8, x(t) is a solution of Problem (3.2.25).
Uniqueness of solutions on [0, ]

Step 4: z(.) is the unique solution. Suppose that we have two solutions x(.) and z2(.)

starting at the same initial point. For any fixed t € J we get
5l (t) — w1 = (J(@1(t) — 2(1)), 21(t) — 22(t))
= (J(21(2)) — J(@2(t)), 21 (t) — z2(2))

< ITH=F(21(8) + F22(t))), 21(t) — 22(t) >< bllaa(t) — ()]

because the metric projection is a nonexpansive operator in X, J is a linear isometry
and F is b-Lipschitz. By Gronwall’s inequality we obtain ||z1(t) — z2(t)||?

have x1(t) = zo(t) for any ¢t € J.

< 0, so we

Existence of solutions on R,.

From above we can assert the existence of a solution to Problem (3.2.24) on an interval
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[0;1], with b > 0 fixed and L > 0 arbitrary. We note that we can choose L such that

[ > %er in the following way: if ||F(zo)|| = 0 we let L = 1 and if ||F(xo)|| # 0, then

we let L > ||F(xo)||. In both cases we obtain [ > %er. Therefore beginning at each

initial point zy € K problem (3.2.24) has a solution on an interval of length at least

[0; l%rb] Now if we consider problem (3.2.24) with zo = x( %H)), applying again all the

above, we obtain an extension of the solution on an interval of length at least %er . By

continuing this solution we obtain a solution on [0, c0). O

3.2.4 Implicit Projected Dynamical System

3.2.4.1 Introduction and Existence

In this section we consider a generic Hilbert space X, where generic is taken to
mean that the dimensionality could be either finite or infinite, and the space could be

either a pivot or a non-pivot space. Let us introduce the following definition:

Definition 3.2.10. Let X be a generic H-space and K' C X be a non-empty, closed
subset. Consider a pair (g, K) such that K is conver and g : K' — K =r(K') C X, is
continuous, injective, and g—!
(Fog)(y) = Fl(y), Yy € K'. Then the pair (g, K) is called a convexification pair of

(F,K").

1s Lipschitz continuous. Consider F : X — X* satisfying

Example. Here is an example of such a convexification pair in R%. Let K’ =
{(z,y) eR? |0< 2 <1, 0<y <z} and g be the map of K’ into K = [0,1] x [0, 1],

namely
2 1—2z

S It i

)

We can easily check that g is continuous and monotone. Now take F' to be F(z,y) =

g(z,y) = (

(z,a), where a is an arbitrary constant in R. Then we have Fog(z,y) = (z,a) = F(z,v).

We now introduce another type of a projected equation as follows:

Definition 3.2.11. Let X be a generic H-space and K' C X be a non-empty, closed
subset. An implicit projected differential equation (ImPrDE) is a (PrDE) given
by (5.2.23) where z(t) :== g(y(t)), g: K' - K C X, i.e.

dg(;?ft)) = Pry gy (=" 0 F o g(y()). (3.2.31)
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The motivation for the introduction of such an equation comes from the desire to
study the dynamics on a set K’ C X, where K’ could be non-convex, and to study as
well some dynamic problems on a so-called translated set (see Application 3.2.21).

Considering now an equation (3.2.31) and a convexification pair (g, K) of a nonempty,
closed K’ C X, then the Cauchy problem associated to (3.2.31) and the pair (g, K) is
given by:

dg(y(t))
dt

Next we define what we mean by a solution for a Cauchy problem of type (3.2.32).

=7k (9(y(t), —(J "o F [g)(y(t), g(y(0)) =0 € K. (3.2.32)

Definition 3.2.12. An absolutely continuous function y:J C R — X, such that

{ y(t) € K', g(y(0)) =z0 € K, Vt€J
WWO) — 1 (g(y(t), —(J o F i) (y(t))), ae. on?d

1s called a solution for the initial value problem 3.2.32.

(3.2.33)

We claim that problem (3.2.32) has solutions by Theorem 3.2.9. It is obvious that
by a change of variable z(.) := g(y(.)), problem (3.2.32) has solutions on K, in the
sense of Definition 3.2.4. But since g is assumed continuous and strictly monotone,
then g is invertible and so y(.) = g~ *(z(.)); moreover, we see that such a y is a solution

to problem (3.2.32) in the above sense.

Now we are ready to introduce:

Definition 3.2.13. An implicit projected dynamical system (ImPDS) is given
by a mapping ¢ : Ry x K' — K which solves the initial value problem:

ot g(y(t))) = T (o(t, g(y(1)), —(J " o F)(¢(t,y(1))), a-a. t, $(0,9(y(0))) = zo € K
(3.2.34)

where (g, K) is a convezxification pair.

Theorem 3.2.14. Let X be a generic Hilbert space, and let K' be a non-empty closed
subset of X. Let K be non-empty, closed and convex, g : K' — K be continuous and
strictly monotone, and F' : K' — X be Lipschitz continuous such that (F o g)‘K, =F.
Let also xg € K and L > 0 such that |zo|| < L. Then the initial value problem (3.2.32),

has a unique solution on the interval [0,1], where | = m

Proof. The proof consists in the modification of a few easy steps of the proof given in
Cojocaru & Jonker (2004) combined with the results exposed in section 3.2.2 of the
present Chapter. O
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3.2.4.2 Applications

The relation between an ImPDS and a VI problem is more interesting, as has been
considered before in the literature, but with superfluous conditions on the projection
operator Pg.

We describe this relation next.

Definition 3.2.15. Let X be a generic H-space and K' C X be a non-empty, closed
subset. Let F': X — X™* be a mapping. Then we call g-variational inequality on the set
K’ the problem of

finding y € K', < Fog(y),z —g(y) >>0,Vz € K (3.2.35)
where (g9, K) is a convezification pair of (F,K').

We highlight the importance of the relation F o g(y) = F(y) from Definition 3.2.10
in order for the inequality (3.2.35) to make sense. Under (3.2.10) we can rewrite (3.2.35)

as
findye K', <F(y),z—g(y) >>0,Vz € K (3.2.36)

Remark 3.2.16. In Noor (2003), inequality (3.2.36) is considered in an usual Hilbert
space (pivot) and is called a “general variational inequality”. We prefer to use the term
“g-variational inequality” in relation to (3.2.36), in order to avoid confusion with the

commonly accepted “generalized variational inequality” which involves multi-mappings.

Theorem 3.2.17. If the problems (3.2.36) and (3.2.32) admit a solution, then the
equilibrium points of (3.2.56) coincide with the critical points of (3.2.32).

Proof. Suppose z* € K is a solution of (3.2.36); then by definition we have
<Fy),z—gy") >>0, Vz€ K

so by multiplying by a strictly positive constant A and using the bilinearity of the inner
product we get
<—F(y"),z><0, Vy € Tk(9(y"))

so we deduce that —F (y*) € Nk (g(y*)); using the decomposition theorem (3.1.11) we
get Pr(g(y+))(—J ' F(y*)) = 0 and so y* is a critical point of (3.2.32).
Now suppose that y* is a critical point of (3.2.32); then by definition we have

PTK(g(y*))(_J_lF(y*)) =0
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and by the decomposition theorem we get —F(y*) € Nk (g(y*)). By the definition of

the normal cone to K in g(y*), the following inequality is satisfied
<-F(y),z—g(y") ><0,Vz € K
which is exactly (3.2.36). O

Let X be a generic H-space, D closed, convex, nonempty in X. Let K : D — 2%
with K(z) convex for all z € D and F :— 2% a mapping. Let us introduce the

following variational inequality:
find x € K(z), (F(z),y —z) >0, Yy € K(x). (3.2.37)

Note that in this case the set in which we are looking for the solution depends on x.
For problem (3.2.37) we can refer to Tian & Zhou (1991) or to Section B.6.2 for an
existence result. In order to study the disequilibrium behavior of (3.2.37), we introduce

now the following projected differential equation.

Definition 3.2.18. We call projected dynamical system associated to the quasi-variational

inequality (3.2.37) the solution set of the projected differential equation

dm(t) . Pg((x) (w — 5J71F(.%')) —x
= lim
dt §—0t 1)

= Pryy (@) (= F(2)), 2(0) =0 € X

Remark 3.2.19. In general there are no existence results for problem (3.2.18). An
existence result for a particular case of (3.2.18) has been given in Noor (2003), assuming
the following fact:

Assumption 3.2.20. Let X be a pivot H-space. For all u,v,w € X, Pg{(u) satisfies
the condition
1 Pcuy (w) = Pociy (w)l| < A = v (3.2.38)

where A > 0 is a constant.

Howewver, this assumption fails to be true. One counterexample is as follows. We
denote by C' a closed convex set and we take u,v € C; we denote by K(u) = T (u) and
by K(v) = T (v) the tangent cones of C' at u and v.

In fact, w € X can only be chosen in one of the following four situations:

1. we X(u)K(v)
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3.2 Projected Dynamical Systems in Weighted Hilbert Spaces

2. we K(u) \ K(v)
3. we K)\ K(u)
4. we X\ (K(u) UK(v))

Suppose now that we have w € K(u)\K(v); then by Moreau’s decomposition theorem

we get
[ Pac(uy (w) = Pocoy (w) | = [Jw = Pacg) (W)l = | Prg oy ()| < M =0l (3.2.39)

where N (v) is the normal cone of C atv. Consider now X =R?, C = [0,¢€]?, u = (0,0)

and v = (e,€). It is clear that we have the following:

To(u) = R2 (3.2.40)
To(v) = R (3.2.41)
Nc(v) =R2 = Te(u) (3.2.42)

So for any w € N¢(v) we get
lwll < Mu —v]| = v2eA.
Since w is arbitrary, let now w = pw, for any p > 0. Then
lnwll < Mlu— vl = v2eA
should be true for any pu > 0. However this does not hold.

Application 3.2.21. Consider now the special case of a set-valued mapping X which

1s the translation of a closed, convex subset K :
K: z— K+ov(x)

where v(x) is a vector linearly dependant on x, then problems (53.2.37) and (3.2.18)
can be studied, under certain conditions, respectively as a g-VI and an implicit PDS as
shown bellow.

If X(z) = K + p(z) as done by Noor in Noor (2003) we have the following equivalent
formulations:

dfiit) - PTK+p<x>(m)(_
= Pr.(g(z))(—J'F(x)), 2(0) =x0 € K (3.2.43)

JIF(z))
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where g(x) = x—p(z), assuming F(g(x)) = F(x—p(x)) = F(x). We can observe that if
dzzl(tx) =0, then (3.2.43) is equal to the implicit projected differential equation (3.2.51),
and therefore Theorem 3.2.14 provide an existence result without assuming any kind of

Lipschitz condition of the projection operator.

Flow -C(.)

Xoo+—

Ni(X*) Nk(Xo")

-C(X")

Ni(X1*)

Figure 3.2: Simple Representation of Existence results

3.3 Extensions to Strictly Convex and Smooth Banach

Spaces

3.3.1 Introduction to Generalized Projection

We denote by X a Banach space with dual space X* and by |.|| and ||.||« the
respective norms. We denote also the duality pairing between X* and X by < f,x >
for f € X* and z € X, < x, f > the duality pairing between X* and X for f € X*
and z € X.

We define the duality mapping J : X — X* by

J(x)={f e X*:< fre >=|fI} = l|2[I*}, ve e X
In the same manner we have the duality mapping J* : X* — X defined by:

J(f)={r e X <z f>=|z® = IfIIF}, Vf e X"
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3.3 Extensions to Strictly Convex and Smooth Banach Spaces

The existence of J and J* is a corollary of the Hahn-Banach analytic form (see for

instance Brezis (1993Db)).
Remark 3.3.1. If X is an Hilbert space, we have J = Idx = J*.
Example 3.3.2. If X = LP(Q,R) with 1 < p < oo then

J(@) = a|* 7Pl sgn(x)

and

=2 1
J*(x) = ||z][»=T |z[ -7 sgn(z)

where Sgn(x) = X[z>0] — X[z<0]-
This result could be usefully applied to Time Dependent Traffic Equilibria problems (see
Daniele et al. (1999a)).

Now we recall two definitions we need in the sequel.

Definition 3.3.3 (see Diestel (1975)). A space (X, ||.||) is strictly convez if
Ve X, Vye Xzl =yl =1, 2 #y = [to+ (1 -t)yll <1,vt €0, 1]

Let us denote by S(X) ={z € X : ||z]| = 1}.

Definition 3.3.4 (see Diestel (1975)). A Banach space X is said to be smooth at
xo € S(X) whenever there exists a unique f € S(X*) such that f(xo) = 1. If X is
smooth at each point of S(X) then we say that X is smooth.

From Diestel (1975) we have also the following characterization criteria: A Banach
space (X, ||.||) is smooth if and only if the norm ||.|| admits a Gateaux derivative in

each direction.

Remark 3.3.5. Hilbert spaces and LP spaces (1 < p < o0) are reflexive, strictly convex

and smooth.

From Barbu & Precapanu (1978) we know that if we have X reflexive, strictly
convex and smooth then .J, J* are one-to-one single-valued operators and J~1 = J*.

More precisely we have:
e X is reflexive if and only if J is surjective;

e X is smooth if and only if J is single-valued;
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3.3 Extensions to Strictly Convex and Smooth Banach Spaces

e X is strictly convex if and only if J is injective.

Besides the notion of projection operator in Hilbert space, it is possible to give an
effective projection operator definition in a more general framework. Let us recall the

following definition of metric projection operator (for more details see for instance Song
& Cao (2004)).

Definition 3.3.6 (see Song & Cao (2004)). Let X be a Banach space and K a closed
convex subset of X. We call the metric projection operator from X on K the set valued
mapping 7(K|.) : X — C defined by

v —m(Klz)={y e K: |z -yl = dx(2)}
where dg(z) = inf e ||z — 2]

Note that for x € K, n(K|z) is the set of optimal solution of the following mini-
mization problem:

inf ||z — y|? 3.3.44
Inf Jlo =yl (3.3.44)

From now on and unless otherwise stated, we make the following assumptions: X re-
flexive, strictly convex and smooth Banach space.

Then these additional assumptions ensure that m(K|.) = Pk(.) is single valued and Pk
is called the best approximate operator. Moreover we have the following characteriza-

tion of Pk (x):

Kl

=Pi(r) o< J(xz—2),y—x><0, Vy e K (3.3.45)

As an extension of what we have on Hilbert spaces, (3.3.45) is called the basic varia-
tional principle for Px in X. This characterization plays a fundamental role for our
application.

Another possibility to generalize the notion of projection is to use, as done by Alber
in Alber (1996), the Lyapunov function.

The Lyapunov function is the strictly convex function in y, V' (z,y) given by:
Vi(z,y) = llz)* — 2 < J(z),y > +]yl
We remark that if K is a closed convex subset of X and if x € K then the problem
min V(zx,
min V(z, y)

is uniquely solvable (apply for instance Brezis (1993b),Corollary I11.20), then we can

give the following definition:
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3.3 Extensions to Strictly Convex and Smooth Banach Spaces

Definition 3.3.7 (see Alber (1996) or Song & Cao (2004)). We call generalized pro-

jection of © on C the following value:

II = inV
K () arg min (z,y)

Remark 3.3.8 (see Alber (1996)).

o The operator Il : X — K C X is the identity on K, i.e. for every x €
K g(z) =z.

e In a Hilbert space, V(z,y) = ||z — y||?, Uk coincides with the projection operator
Pr.

As stated in Alber (2000) we have the following characterization of IIx (z).

Lemma 3.3.9. Assume that K is a closed convex subset of X, then:
T =1g(x) o< J(x)—J(@),y—2><0, Vye K (3.3.46)

Here again the variational characterization plays a fundamental role for our appli-
cation.

From Corollary 1, page 22, Diestel (1975) we know that if X is reflexive then:

X strictly convex < X* smooth,

X smooth < X* strictly convex.

3.3.2 Set-up the problem on Strictly convex and smooth Banach Spaces
3.3.2.1 Set-up

Our aim is to introduce in the framework of Reflexive, smooth, and strictly convex
Banach space an operator with a lot of properties of wx (z, —F(x)) and apply this new

framework. We propose the following new definitions:

Definition 3.3.10. We call the Metric Projected Dynamical System the operator
AR KxX*— X

defined by setting:
AR (x,h) = Pry(z)(J"(h))
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Some Geomeltrical implications

]

. s

Figure 3.3: Geometrical Relationships
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So we can define as done in Nagurney (1993) and in Cojocaru et al. (2005) the

differential equation with a discontinuous right hand side.

Definition 3.3.11. We call M-Projected Dynamical System (m-PDS), the discontinu-
ous right hand side differential equation given by:
dx
dt
where F is a mapping from K — X*.

= A2, —F(2)) = Pryo)(J*(=F(@))) (3.3.47)

Consequently the associated Cauchy problem is given by:

% — APz, —F(2)) = Ppo (o) (J*(=F(2))), 2(0) = 2 € K (3.3.48)

Definition 3.3.12. We call the Generalized Projected-Dynamical System the operator
A, K x X" — X
defined by setting:
Afe(@, h) = Tgye () (J*(h))
Definition 3.3.13. We call Generalized Projected Dynamical System (g-PDS), the

discontinuous right hand side differential equation given by:

Cc% = Mg (2, =F(2)) = Uy (o) (J* (- F(2))) (3.3.49)

where F' is a mapping from K — X*.

The associated Cauchy problem is given by:

CCZT:; = A (2, —F(2)) = Tlgy (@) (" (= F(2))), 2(0) = wo € K (3.3.50)

3.3.2.2 Decomposition Theorem

In this section we provide a result proved in (Alber (2000)) which generalize Moreau’s

Theorem (see Moreau (1962)).

Theorem 3.3.14. [Alber (2000), Theorem 2.4] Assume that X is a real reflexive strictly
conver and smooth Banach space, and C' a non-empty, closed and convex cone of X
then: Vr € X and Vf € X* the decompositions

x = Po(x) + J o (z) and < pod(z), Po(x) >=0
F = Poo(f) + JUoJ*(f) and < Peo(f),Tled*(f) >=0 (3.3.51)

hold.
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Remark 3.3.15. If X is an Hilbert space the decomposition x = Po(x) + J*IcoJ (x)
reduces to v = Po(x) + Poo(z).

Corollary 3.3.16. For each v € X* we have:
AR (z,v) = J*(v) = T My, (2)(v) (3.3.52)
Proof: From Theorem 3.3.14 with K = Ty (z) and K° = N (z), we get:
J*(v) = Pry(2)(J"(v)) + T My (1) (S (v))
as JJ* = Idx+~ and Pr, ;) (J*(v)) = AR (x,v) we deduce immediately the result.
Corollary 3.3.17. For each v € X* we have:
Afe(z,v) = J*(v = Pry(a)(v)) (3.3.53)
Proof: From Theorem 3.3.14 with C = Tk (z) and C° = Nk (), we get:

v = Py (2)(v) + Jpy ) (7 (v)).

As My, (2)(J*(v)) = A% (2,v) we deduce immediately the result.

3.3.2.3 Equivalence Theorems

We present the main results of our work, namely we show that the critical points
of m — PrDS (3.3.47) and g — PrDS (3.3.49) are the equilibrium points of following

variational inequality:
reK:<F(zx),v—z>2>0, Ywe K (3.3.54)

where F': K — X*.

Let us recall some results regarding the existence of equilibria for (3.3.54). There are
two standard approaches to the existence of equilibria, namely, with and without a
monotonicity requirement.

We shall employ the following definitions.

Definition 3.3.18. (see Daniele et al. (1999a)) Let E be a real topological vector space,
K C E convex. Then F: K — E* is said to be:
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(1) pseudomonotone iff, for all z, y € K, < F(z),y —x >>0=>< F(y),z —y ><0;

(ii) hemicontinous iff, for all y € K, the function & —< F(&),y — & > is upper semi-

continous on K;

(iii) hemicontinous along line segments iff, for all z,y € K, the function { —< F(&),y—

x > is upper semicontinous on the line segment [z, y].

Then we have the following result, se also Section B.4

Theorem 3.3.19. (see Daniele et al. (1999a)) Let E be a real topological vector space,
and let K C E be convex and nonempty. Let F : K — E* be given such that:

(1) there exist A C K, compact, and B C K compact, convex such that, for every
x € K\ A, there exists y € B with < F(z),y —x ><0;
either (ii) or (i) below holds:

(ii) F is hemicontinous;
(iii) F is pseudomonotone and hemicontinous along line segments.
Then, there exists & € A such that < F(Z),y — & >> 0, for ally € K.

Theorem 3.3.20. Assume that the hypotheses of Theorems (3.3.14) and (3.3.19) hold.
Then each equilibrium point of (3.3.54) is a critical point of (3.3.47) and, if (3.3.47)
admits critical points then they are equilibrium points of (3.3.54).

Proof. Let x* be a solution of (3.3.54), since J is bijective there exists an unique u,~ € X
such that —F(z*) = J(ug~).
So we have

< —=J(ug),x —a2* >>0, Ve € K

and then
< =J(ugs), ANz —2¥) >>0, Ve € K VA >0

which is equivalent to write:
< J(uzx —0x),y — 0x ><0, Vy € Tx(z")
So using the variational principle (3.3.45) for Pp, (,+) we get

Pry(2+)(Uzr) = 0x = Ppy (o) (J* (= F (7))
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and we deduce that z* is a critical point of (3.3.47).00

Now suppose that z* is a critical point of (3.3.47).
We have Prp, o+ (J*(=F(z*))) = 0x and by Corollary 3.3.16 we get

JH(=F(z%) = J' e (o) (= F (7))
as (J*)7!1 = J we get
—F(27%) =y, (o) (= F ("))
If #* € ri(K): then Ng(xz*) = 0x+ so we get:
HNK(CL‘*)(w) = Hox* (’LU) =0x- = —F(l'*), Yw e X~
so we deduce that z* is solution of (3.3.54).
If 2* € rb(K) and J*(—F(z*)) ¢ Tk (x*) we get Ng(z*) # Ox+ and taking into

account that —F(z*) = Ty, (o+)(—F(2*)), we deduce that —F(z*) € Nk(z*) and so,
using the definition of Nx (z*) we obtain

< F(z*),z—2">>0, Ve € K

which implies that z* is solution of (3.3.54).

If x* € rb(K) and J*(—F(z*)) € Tk (z*) we derive immediately
Pric@(JH(=F(27))) = 0x = J*(=F(z7))
but J* is an isometry and so —F(z*) = Ox-. Then again z* is solution of (3.3.54). [

Remark 3.3.21. In the previous proof, it is possible to avoid the use of ri(K), but this

notion permits to have an easier approach to geometrical aspects of the theorem.

Theorem 3.3.22. Assume that the hypotheses of Theorems (3.3.14) and (3.3.19) hold.
Then each equilibrium point of (3.3.54) is a critical point of (3.5.49) and, if (3.3.49)
admits critical points then they are equilibrium points of (3.3.54).

Proof. Let x* be a solution of (3.3.54), since J is bijective there exists an unique u,« € X
such that —F(z*) = J(ug~).
So we have

< —J(ug),x —z* >>0, Ve € K
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and then
< =J(ug+), AN(x —2*) >> 0, Yo € K VA >0,

which is equivalent to write:
< J(ugs) — J(0x),y — 0x ><0, Vy € T (z").
So using the variational principle (3.3.46) for Il7, (.« we get
Iy, (o) (Ua+) = 0x = Lgy (o) (J* (= F(27)))

from which we deduce that z* is a critical point of (3.3.49).

Now suppose that z* is a critical point of (3.3.49).
Uz (o) (J*(=F(2*))) = 0x and by Corollary 3.3.17 we get

J(=F(2%) = Pry(a) (= F(27))) = Ox & —F(27) = Py (a0) (= F(27))

If F(x*) = 0x- then (3.3.54) is trivially verified. Now we suppose that F'(x*) # Ox-.
Then as —F(2*) = Py, (o) (= F(2")) we get —F(z*) € Nk (x*) which means

< —F(z%),y—a*><0, Vye K

and this is exactly (3.3.54). O

3.3.2.4 Projected Dynamical Systems, Unilateral Differential Inclusions

We consider also the two following differential inclusions:

—i € JY(F(x) + Ny (a)(2)) (3.3.55)

—i € J*(F(z) + Nk (z)) (3.3.56)

Proposition 3.3.23. Let C' be a non empty closed convex cone of X. For any s and v

in X the following relations are equivalent:

s =T (v) (3.3.57)

J(v) — J(s) € Ne(s) (3.3.58)
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seC, Jw)—J(s)eC’ < Jw)—J(s),s>=0 (3.3.59)

J(v) = J(s) € C°, and Vv € C°, |s||* << J(v) —v,5 > (3.3.60)

Proof. : Using the variational characterization of the generalized projection operator
(3.3.46) we get that (3.3.57) is equivalent to:

seC, <Jw)—J(s),y—s><0,YyeC

and by definition of a normal cone we get (3.3.58). Before the next step, first let us
prove that Ng(s) = C°n {s}+.

By definition of Ng(s), C° and {s}* we get immediately that C° N {s}* C Ng(s).
Now suppose that y € N¢(s) then we have

<y,nm—s><0, Vnel

If <y,m>>0,as C is a cone, we get VA > 0, < y,A\n ><< y,s > which implies a
contradiction. Then < y,n >< 0 and y € C°. As s € C we get < y,s >< 0 and as
0 € C we conclude that < y,5 >= 0 and y € {s}*. From the previous result we can

conclude that
J(w)—J(s) € No(s) & seC, Jv)—J(s)eC’ < Jw)—J(s),s >=0

Now suppose that (3.3.59) holds, take v € C° as < v,s >< 0 =< J(v) — J(s),s > we
get < v, 5 ><< J(v),s > — < J(s),s > and by definition of J we get:

s[> << J(v) —v,5 >, Vv € C°
Now suppose that (3.3.60) holds, in particular we get
<v,s><< J(v),s > —|s||>, Vv € C°

If < v,s >> 0 we have a contradiction. In fact < v,s > is bounded by < J(v),s >
—||s]|?> and C? is a cone, so we get that < v,s >< 0, Vv € C°

But J(v) — J(s) € C° then < J(v) — J(s),s >< 0 if we take v = 0 in (3.3.60) we get
exactly (3.3.59). O

Remark 3.3.24. A proof of the previous result in R™ space can be found in Acary et al.
(2004).
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Corollary 3.3.25. The following statements are equivalent:

& = Ty o) (J*(—F(x))) (3.3.61)

—i e J(F(x)+ NTK(I) (%)) (3.3.62)

—i € J*(F(x) + Ng(z))
—i = J"(F(z) + Py () (—F(x)) (3.3.63)
—i = J*(Pny (@) +P()(0))
Proof. We apply Proposition 3.3.23 with C = Tk (x), v = J*(—F(x)) and s = &, so we
get immediately (3.3.61) from (3.2.23). From (3.3.58) we get

I (=F(x)) = J(&) € Npye (@) (%)

As JJ* = Idx~ we have the equivalence with (3.3.62).
From Albert’s theorem we deduce that (3.3.61) is equivalent to

&= J(=F(z) = Pyy(a)(—F(x)))
so using the variational principle for metric projection we get:
< JN(=F(x)+ J(&) + F(x)),y + J(&) + F(z) >< 0, Yy € Ng(x)
and this is equivalent to

—1 = J*(Pyy (2)+F()(0))

And this means that the vector J(—z) is of minimum norm in (F(z) + Nk (x)). O

3.4 Extensions to Reflexive Banach Spaces

In July 1977, in Zarantonello (1977), the author introduces the concept of projectors
on convex sets in reflexive Banach spaces, in the report an extension to Reflexive Banach
spaces of the results obtained in Zarantonello (1971) is explored but unfortunately
the theory obtained is it not satisfactory as in Hilbert spaces. In fact in the report
Zarantonello explores the possibility to extend the process of compounding canonical
projectors through integration (i.e. Spectral synthesis) to bigger spaces than Hilbert
spaces, but the path is not easy at all, nevertheless the paper contains very interesting

results such as the definition of the projectors on convex sets in Reflexive Banach
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spaces and also interpretations of such projectors, decompositions theorems and other
interesting results which has been obtained independently (but in a subclass of Banach
spaces as remind in the previous section 3.3.2 in Alber (1996). The main goal of
this section is to remind (and provide some proofs) and see how we can set up a pre-
equilibrium analysis in reflexive Banach Spaces. The section contains only a part of the
work done by Zarantonello which primarily goal was to extend his theory of spectral
synthesis onver cones to reflexive Banach spaces . The criteria for the selection is
based on the actual knowledge of PDS theory, that means we have included the results
that we think are useful to prove some existence theorem. Sometimes we compare the
results obtained by Zarantonello and we rewrite them in the context of strictly convex
and smooth Banach spaces. As the goal of Zarantonello and Alber were different it is
difficult to compare their work. Roughly speaking we can say that the work done by
Alber is more analytic (he obtained very interesting estimates) and the work done by
Zarantonello is more geometric. Anyway what we can say, is that Alber’s contributions
have more impact on existing literature. At last but not least, the decision to dedicate
a section to the work of Zarantonello is not only guided by a functional need, but we
sincerely hope this will contribute in a certain way to rediscovered part of Zarantonello’s

work.

3.4.1 Introduction to Projectors in Reflexive Banach Spaces

Let X be a reflexive Banach space, J denotes as previously the duality mapping of

X onto X*, therefore we have:

J:X — 2% (3.4.64)
J(x) = {z* € X*|(z*,z) = [||* = || X*|[%-} (3.4.65)

we introduce also J~! the duality mapping of X* onto X,

Jlo X - 29X (3.4.66)
J ) = {z € X|(z*, z) = |[a]]* = || X"}~ } (3.4.67)
and we have in that case
1
Jw) = 03l
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and

— * 1 *
T @) = 07|

where 0 denotes the set of all subdifferential.

We remind the definition of a subdifferential

Definition 3.4.1. A subdifferential of a function f : Q C X — R in xg € Q is an
element | € X* such that

f(x) = fzo) = l(z — x9)
The subdifferential play a fundamental role in nonsmooth analysis.

Remark 3.4.2. Mappings even when single valued (always if the Banach space is
strictly convex ad smooth), are considered here in the context of multivalued mappings,

therefore the inverses always exists.

The conjugate of a proper lower semicontinuous function f : X —| — oo, +0o0] is

denoted f* and it is given by:

Definition 3.4.3. Let X be a real normed space, and let X* be the dual space of X.
For a function
f: X —>RU{+o0}

the convex conjugate is given by
ff: X* - RU{+o0}

fr(@") = sup{(z*,z) — f(z)|z € X}
or equivalently

fA(z*) = —inf{f(z) — (", x)|z € X}

We denote with @ the function z — 3|[z[|*> and with Q* its conjugate given by

z* — |z*||>. If K is a convex set, U denotes its indicator function defined by:

foifzeK,
\I’K(m)_{ tooif z ¢ K.

Definition 3.4.4. The projector on a closed convex set K in X is the mapping

7« X* — 2%
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assigning to each x* the set of points minimizing the function
1 1
Sl + Slel? — 2%, 2
over K, i.e.
B/ * 1 2 * 1 2 *
R (@) = {o € KI5 llell? — ") < SllplP — (2*,5), ¥y € K) (3.4.68)

Remark 3.4.5. The difference between the definition given in 3.3.7 is that as in strictly
convexr and smooth Banach spaces the duality mapping J is single valued we can define
the generalized projection operator directly as a mapping from X into 2X. In SCS
Banach spaces, the relationship between (3.3.7) and (3.4.4) is the following:

As for each x* there exist an unique x such that x* = J(x),
g (¢*) = T (J () = Nk ()

This is true for all x € X.
therefore we have
nEJ =g

Remark 3.4.6. Definition 3.4.4 is given in Zarantonello (1977) using instead of HIEé
the standard notation for projection Py but we prefer to use Py for the operator of
minimum norm. As this operator still exists. In fact we can use Example 3.4.7 to see

that “generalized” and “metric” projection can coexist and be different.
Example 3.4.7. As shown by the following example, Metric Projection and the Gen-

eralized Projection normally do not coincide in a non Hilbert space.

In R3 endowed with the norm
1 1
(@1, 22, 23) | = (21 + 22%)2 + (22° + x5°)2

taking
K= {2z € R¥ag =23 =0}
We get Pk ((1,1,1)) = (1,0,0) but Ik ((1,1,1)) = (2,0,0)

Remark 3.4.8. Since ||z||*> — (x*,2) is a lower semi continuous convex function of x

tending to +oo with ||z||, the infimum is always attained and Pg(x*) is never empty.

Theorem 3.4.9. IIZ(z*) = {z € K|(Q + Vg)z + (Q + ¥k)*z* = (z*,2)} = (J +
a\I/K)_lx*
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3.4 Extensions to Reflexive Banach Spaces

Proof. From (3.4.68) we obtain

relB ()

s _ -
{@%,2) = (5= + Uk (2)) = sup{{z”, 2) — (75— + Uk (2))}
yeK

< (Q+Yg)r+ (Q+Vg)'zr = (" x)

Using Theorem 23.5 in Rockafellar & Wets (1998) we get that z € 0(Q + V)" (z*)
and z* € 9(Q + ¥k )(x) but the domains of @ and ¥ g have of course a common point,
therefore using Moreau-Rockafellar theorem, we have z* € 0Q(x) + 0V (x) which is
equivalent to x* € J(z) + OV (z) or x € (J + OV )~ (x¥) O

Corollary 3.4.10. Hﬁ is a subdifferential

Remark 3.4.11. This result is important. If we look at Lemma 3.1.16, we can notice
that in Hilbert spaces the projection operator is a differential. This property plays a
crucial role to prove an existence result. In further research we foresee to study the

relationship between (3.4.10) and (3.1.16).
Corollary 3.4.12. The function 3||z||?> — (z*,z) remains constant over P (z*)

Remark 3.4.13. This corollary justifies the notation (z*, Px(z*)) — || Px(z*)||? for

the common value of (z*,z) — L||z|[* on Pk(z*)

Corollary 3.4.14. For each x* € X*, we have
* * 1 * YR
(2", g (7)) = SR EI* = (Q + ¥r)" (") (3.4.69)

Proof. The left hand side coincides with the supremum of (z*,y) — (3||y||> + Yk (y))
which is (Q + Vg )*(z*). O

Remark 3.4.15. In SCS Banach Spaces, we can rewrite (3.4.69) in the following way:

1 o)
(J (@), Tk (2)) = 5 [Tk (2)[[* = (Q + W) (J () (3.4.70)
Corollary 3.4.16. Hﬁ satisfies the subdifferential equation

B HH;'?(J?*)HQ]
2
Remark 3.4.17. In SCS Banach Spaces we can rewrite (3.4.71) in the following way

2 (2%) = 9[(2*, TIE (%)) (3.4.71)

g () = O[(J (2), Ik () — %HHK("T)W] (3.4.72)
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Corollary 3.4.18. For each x*,y* € X* we have
2 () NnOE (y*) c DR (tz* + (1 — t)y*) (3.4.73)
Where t € [0,1]

We present now the variational principle proved by Zarantonello

Corollary 3.4.19. We have
reNB(z") ez e J(z) | (" =352 —y) >0,Vy e K (3.4.74)

Proof. As we have,

r e B (z*) & 2" € J(z) + 0Vk(2),

we can write 2* € J(z) + 0¥k (x) < Iz* € J(z) | 2* — &% € V()

sre K,z elJ(x) | (zF—2%2—y) >0,y K O

Remark 3.4.20. In SCS Banach spaces, setting ©* = J(x), (3.4.74) can be rewrote:
t=Mg(x) < (J(x)—J(&),z—y) >0,Vye K (3.4.75)

therefore we have exactly (3.53.46).

3.4.1.1 Conical Projectors

Projectors on closed convex cones with vertex at the origin (Tangent and Normal
Cone are examples of such cones) are called conical projectors. It is clear that a
projector on a convex set is positive homogeneous when the set is a cone with vertex
at 0, and only then so the class of conical projectors coincides with the class of positive
homogeneous projectors.

Definition 3.4.4 for projectors on cones can be expressed in the following way
Theorem 3.4.21. IIZ(z*) = {z € C|(z*, ) = ||z||* = [sup,cc, Jul<1 (2%, w)]?
Proof. If x minimizes %|ly||> — (z*,y) over C, then

1 2 2 *
L Sl — e )
attains its minimum on the positive real axis at ¢t = 1, and hence ||z|* = (z*, z).
Therefore = € 112 (2*) if and only if ||z||> = (z*,z) and

l=li* _ Jlzll®

2 2

* _ 1 2 %
(@) = inf (P — (o, 9)
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3.4 Extensions to Reflexive Banach Spaces

1
= inf inf(Z#%||y||® — t{z*
520%20(2 lyll (z*,y))

1
= inf inf(=

R 2—-t *
inf (G20 1P — (e ))

. 0, if (z*,y) <
:ylgg —l(x* N2 (2 y)
2\ T/ Y
1
=—= sup (2% ,u)?
2 uec,ull<1

O

Remark 3.4.22. Any element x # 0 in I15(z*) is of the form (z*,u)Tu, where u is
a vector in C mazimizing (x*,u)", so Hg(x*) is obtained by looking for the directions
in C making the smallest angle with x* and projecting them in the ordinary sense. In
Hilbert spaces there is coincidence between the least angle mapping and the minimum

norm mapping.

Remark 3.4.23. Remark 3.4.22 is very important because this geometric approach
(least angle mapping), offers, from an intuitive point of view the possibility to affirm
that there exists conditions to guarantee, at least in Strictly convex and smooth Banach

Spaces, existence of solution to PDS.

Definition 3.4.24. Let f,h : X — R U {400} be proper functions, i.e. there exist
points in X such that f and h are finite: We call epi-addition or inf-convolution of f
and h at x € X the following operation:

(fOR)(x) == inf (f(y)+h(z))

Yy+z=x

The inf-convolution has many important properties for non-linear problems it seems

to be also a very useful tool for integration of subdifferentials.

Properties 3.4.25. We have
(fOR)" =f"+h"
Theorem 3.4.26. If we denote by dc+(x*) the distance from x* to C*, we have

G (") |1* = (@ TE(a*)) = [ sup (2% u)]* = 6 (a*)
uel, [lul|<1
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3.4 Extensions to Reflexive Banach Spaces

Proof. Using previous result we only have to prove the last equality. Using Theorem
3.4.9 and 3.4.14.

(o (")) — T = (Q+ Wo)' () = (@ DY) (")
= (@"0¥¢+)(z")
: E§ : : EE
et (e () = b inf ()
* k|2 2 *
P A N A
y*eC* 2 2
Since (z*, 115 (z*)) — w is equal to both w and (z*, 1153 (z*)) the the-
orem is proved. ]

Corollary 3.4.27. We have

B (,.x\[|2 2 *

Proof. Using (3.4.16) and previous result we get the result. O

3.4.2 Decomposition Theorems and Applications

Establishing the relationship between the conical projector and the nearest point
mapping we will optain as Corollary 3.4.29 the decomposition theorem. Which is
both a generalization of Moreau’s decomposition theorem and Albert’s decomposition
theorem. Corollary 3.4.29 is fundamental to establish the equivalence between critical
point of PDS (see 3.4.3) and equilibrium point of Variational inequalities. If an existence
result for PDS is extended to Reflexive Banach spaces we can describe the dynamic of

pre-equilibrium (seen as the more efficient path to the equilibrium).
Theorem 3.4.28. (Idx+« — JIIB)(z*) N C* is the set of point in C* closest to x*
Proof. If z* € (Idx» — JIIB)(2*) N C* then z* — z* € JIB(2*) and

lz* — || = |JIE (=) | = [|Pig:(2")]| = de- (z*)

this shows that z* minimizes the distance from z* to points in C*.

Conversely, if 2*1 € C* realizes the minimum distance from z* to C*, then

08 (%) = lla™ — =*||?
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As we have
5o (y) = lly* = %)%, vy € X*

and using (3.4.27),
0g+ ()

07

=I5 (a")

we get
ly" =212 lla* = 2*)® 02 (v) 02 (27)

2 2 = 2 2
> (y* — " G (")), Vy € X

Using the definition of subgradient

lo* — 2% _

¢ (") € 00—

J_l(l'* _ Z*)
therefore we have
2* € x* — JUB (x*)
O

Let us denote by Po« : X* — 2% the nearest point mapping on C* we can express

the previous theorem to get a generalization of the theorems proved by Moreau and
Alber.

Corollary 3.4.29. For any x* € X™* there are vectors uw and v* such that
¥ =Ju+0v*, ueC, v' e C* (v,u)=0 (3.4.76)

Moreover if (5.4.76) holds then u € I1Z(x*) and v* € Pos(x*)

3.4.3 Projected Dynamical Systems in Reflexive Banach spaces

Our aim in this section is to propose a Projected Dynamical System which can be a
generalization of the concepts exposed earlier in the chapter (see sections 3.2 and 3.3).

We will proceed in an analogous way, therefore we set-up:

Definition 3.4.30. Let K be a close convex set of a Reflerive Banach space X. A
Projected differential equation in Reflexive Banach spaces (PDS-RB) is a dis-
continuous ODE given by:
dx(t)
dt

€ Hgk(x(t))(—F)(l'(t))- (3.4.77)
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Consequently the associated Cauchy problem is given by:

dx(t)
dt

€ TE, (a(ay) (= F)(2(1)), x(0) =z € K. (3.4.78)

Next we define what we mean by a solution for a Cauchy problem of type (3.4.78).

Definition 3.4.31. An absolutely continuous function x : J C R — X, such that

{ z(t) € K, z(0) =z € K, vt €7 (3.4.79)

z(t) € H?K(I(t))(—F)(m(t)), a.e. onJ

is called a solution for the initial value problem (3.4.78) if there exist v € L (J, X) such
that v € H?K(x(t))(—F)(x(t)).

Remark 3.4.32. No ezistence results as been proved for problem (3.4.78), therefore
we don’t know if Definition 3.4.31 is set up correctly.

Finally, assuming problem (3.4.78) has solutions as described above, then we are

ready to introduce:

Definition 3.4.33. A projected dynamical system in Reflexive Banach Space
(PDS-RB) is given by a mapping ¢ : Ry x K — K which solves the initial value

problem:

o(t,x) € IE(p(t, ), —F)(o(t,))), a.a. t, p(0,z) =20 € K.

3.4.4 Equivalence Results

Even if we don’t provide in this work an answer regarding the existence of solution
for PDS-RB, we investigate how far the analogy to the situation present in Hilbert
spaces can be pushed on. Another advantage to illustrate the basis of the theory in
Reflexive Banach Space is that the results presented by Zarantonello are very promising.
The goal of this section is to establish a contact point between the theory of Variational
Inequalities and PDS in reflexive Banach spaces.

We remind the following:

Definition 3.4.34. Let K be a nonempty, convexr and closed subset of X, reflexive
Banach space and let F : K — X* be a vector-function. A variational inequality is the

problem to find a vector x € K, such that

(F(x),y—xz) >0, VyeK. (3.4.80)
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Definition 3.4.35. Let call M, = H?K(x))(—F(x)).
A critical point of (3.4.78) is a point x such that

inf =0 3.4.81
ot Iyl ( )
In an equivalent way we can say that xq is a critical point of (3.4.78),

Remark 3.4.36. It is important to note that the notion of critical point is weeker that
the one used in strictly convex and smooth Banach spaces. This definition is of course

a generalization of the previous one.

Theorem 3.4.37. Assume that the hypotheses of Theorem 3.3.19 hold. Then each
equilibrium point of (3.4.80) is a critical point of (3.4.79) and, if (3.4.79) admits critical
points then they are equilibrium points of (3.4.80).

Proof. Let xp be a solution of (3.4.80), by hypothesis we have
(F(z0),y —x0) >0, VYyekK. (3.4.83)

since X is reflexive, J is surjective, therefore there exists an element u € X such
that —F(z9) = J(u).
So we have
< —=Ju),r—x90>>0, Ve € K

and then
< =J(u), ANz —x9) >>0, Vo € K VA >0,

which is equivalent to write (J is an Isometry):
< J(u) = J(0x),y — 0x ><0, Yy € Tx(x0).
So using the variational principle (3.4.74) it is equivalent to,
Ox € TIF () (J(w) = TIE, () (—F (20)))

from which we deduce that xg is a critical point of (3.4.78).
Now suppose that x¢ is a critical point of (3.4.78).
By absurd, if (3.4.80) is not satisfied there exists yg € K such that

(F'(z0),y0 — wo) <0 (3.4.84)
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As there exists u € X such that J(u) = —F(z9), we can write (3.4.84) in the following
way
< J(u)—J(0x),y0—0x >>0

But as zp € K, we have yp € K C Tk (zp). as by hypothesis
Ox € H%((a;o)(J(U)) = H%((xo)(—F(%)))
using (3.4.74) we get a contradiction. O

The previous result confirm that Reflexive Banach spaces are a good to study Pro-
jected Dynamical system, as they have in this context the propriety to have an equiva-
lence between their critical points and equilibrium point as previously proved in easier
frameworkos.

Nevertheless still no existence results has been obtained in such spaces.

The difficulties can be shortly listed as follow:
e J is not linear

e There are no results about the differentiability of the generalized projection oper-
ator (projector). The only result we have is given by (3.4.71). A result analogous
to (3.1.16) should be very usefull.
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Chapter 4

Applications to Weighted traffic
equilibrium problem in Weighted
Hilbert Spaces

4.1 Introduction

The weighted traffic equilibrium model has been presented in Giuffré & Pia (2009),
moreover, its retarded formulation in Barbagallo & Pia (2009a). This problem extends
the dynamic traffic model (see Daniele et al. (1998, 1999b)) as regards the operator
involved in the description of the equilibrium and the spaces used. In particular, we
remark that a very important difficulty in the dynamic traffic equilibrium problem is
related to the real time cost determination of the flow over the links in the transporta-
tion network. More precisely, it is fundamental to know how the distribution of the
traffic flow is over routes connecting the same origin-destination pair in order to obtain
the optimal distribution of the flow in the transportation network. For this reason,
we have to be able to determinate the traffic density over each route. The collection
of this information could be very costly and moreover it is very difficult and almost
impossible to aggregate data on a real time basis. The smart idea developed by the
SENSEable City laboratory at MIT is that this information can be roughly collected
using mobile devices connection data. As explained in Ratti et al. (2006), it is possible
to compute these data in order to estimate the traffic repartition over a monitored area.

The authors introduce this information in the duality pairing (cost/flow) involved in
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the model described in Daniele et al. (1999b), so that the operator could act on a more
appropriate way. Moreover, it is possible to study the traffic equilibrium problem in
more complex situations, for example in the presence of a congestion. In fact, we con-
sider Hilbert spaces not identified with their topological dual, that allow us to examine
the problem for a wider class of flows. More precisely, let us consider the non-pivot
Hilbert space L?(2,R™, a,s) and observe that a system of wireless communications
allows to obtain information in real time about traffic congestion in the paths. Then,
it is necessary to indicate to the user what are the more preferable paths. The novelty
is that can happen by means of a system of weights on the paths and on the path cost

function. In fact, considering a term of the bilinear form which underlines the problem:

m
> [ BWVailo)Val)Giw)—~— Vsl
=179 Vai(w)
we can see that if (/a;) ™! is the weight acting on the path G;(w), then \/m is the
weight acting on the path cost function. In such a way, it is guaranteed the following
behaviour if (a;(w))~! is very large then G;(w) must be very small. We can obtain
this we observe that a;(w) is very small and then the path cost very large. Then the
objective to reduce the flow in this path on the weight acting in a reciprocal way.
Moreover, the vector-weight s is connected with the traffic density on paths of the
network. This means that if we fix an Origin-Destination pair w; on the network and
we consider two paths p and ¢ that connect w; and have the same cost trajectory and
two different weights s, < s,, then the user discards the path g.

In this section we consider a variant case of the model described in Daniele et al.
(1998, 1999b). The framework of non-pivot Hilbert spaces allows us to solve some
“congested” traffic problems, namely problems that have no solution in L?(£2,R™).
The introduction of a new bilinear form permits to apply the recent research done by
the SENSEable City laboratory directed by Carlo Ratti to improve the optimal solution
of a traffic problem taking into account a real time observation (for more details see
Ratti et al. (2006) and Giuffré & Pia (2009)).

Let us introduce a network N, which is represented by a graph G = [N, L], where
N is the set of nodes (i.e. cross-roads, airports, railway stations) and L is the set of
directed links between the nodes. Let a denote a link of the network connecting a pair

of nodes and let r be a path consisting of a finite sequence of links which connect an
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Origin-Destination (O/D) pair of nodes. In the network there are n links and m paths.
Let W denote the set of O/D pairs with typical O/D pair w;, |W| = [ and m > I.
The set of paths connecting the O/D pair w; is represented by R; and the entire set
of paths in the network by R. Let © be an open subset of R, let a = {a1,...,an}
and a=! = {a7!,...,a;'} be two families of weights such that for each 1 < r < m,
a, € C(Q,RT \ {0}). We introduce also the family called real time traffic density
s = {s1,...,Sm} such that for each 1 < r < m, s; € €(Q2,RT\{0}). We associate to each
path r, r = 1,2,...,m the components a, and s, of the weights a and s, respectively.
By means of these components, we define the spaces V and V*, as introduced in
Section 3.1.3. Let F € L?*(Q,R™, a,s) denote the path flow vector-function. Let
A\ € L2(Q,R™ a,s) be the capacity constraints functions, such that A < p and
for all r € R and for almost all t € €2,

)‘T(t) < Fr(t) < Nr(t)‘

Let ® be the O/D pairs-paths incidence matrix, whose typical entry ¢;, is 1 if path
r connects the pair w; and 0 otherwise. We denote by «; the family of indices r
such that ¢j = 1, for j = 1,...,1, let & = |ay|, for j = 1,...,1, then we set
aj = max(a(aj)l,...,a(aj)dj)l, for j =1,....,1, and s} = max(s(aj)l,...,s(aj)dj), for
j =1,...,1 and we group the weights into the vectors a* = (aj,...,q;) and s* =
(s1,---,5/). Let pj € L*(,R, aj, s}‘), for j =1,...,[, represent the travel demand asso-
ciated with the users travelling between O/D pair w; and let p = (p1,...,pj, ... o)t e
L*(Q, Rl a*, s*) = Hé‘:1 L?(Q, R, aj, s;“) be the total demand vector-function. The traf-
fic conservation law is

m
Zd)err(t) = p;(t), a.e. in(,
r=1
which can be written in matrix-vector notation as
OF(t) = p(t), a.e. in .

Furthermore, we give the cost trajectory C which is a function belonging to L?(Q, R™ a~!,s).

"Where we denote by A(aj) for k=1,...,d; and j = 1,...,1, the k-th element of the family «;,
forj=1,...,L
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The set of feasible flows is the set K of all the path flows in the network which

satisfy the capacity constraints and the conservation law:
K = {F € L2 (QR™,a,8): A(t) < F(t) < u(t), ae. inQ,
OF(t) = p(t), a.ein Q}
It is to prove that K is a nonempty, convex, closed and bounded subset of L2(Q, R™, a,s).
The following result holds (see Barbagallo & Pia (2009b)).

Proposition 4.1.1. Let A\, u € L*(Q,R™, a,s) N C(Q,RT), let p € L*(Q,R!, a*, s*) N
C(Q,Rﬂr) and let {t, }nen C Q be a sequence such that t, — t € Q, as n — +oo. Then,

the sequence of sets
K(tn) = {F(ta) €R™ : Atn) < Flta) < pi(tn), ®F(ta) = pltn) }.
Vn € N, converges to
K(t) = {F(t) e R™: A(t) < F(t) < lt), OF (1) = p(t)},
as n — +00, in the Kuratowski’s sense.

In the following, we continue to make use of the weighted norm on R™

[EIQI }:x

The next uniformly boundedness result holds (see Barbagallo & Pia (2009b)).

Proposition 4.1.2. Let A\, u € L*(Q,R™, a,s) N C(QL,RT), let p € L*(Q,RY, a*, s*) N
C(LRY) and
H:U’()”ma)s()<M vt € Q.

Then the set
K(t) = {F(t) € R™ : A(t) < F(t) < u(t), ®F(t) = p(t) ],
is uniformly bounded for all t € Q2.

Now, we define the equilibrium condition by means of a weighted variational in-

equality (see Giuffré & Pia (2009)).
Definition 4.1.3. H €V is an equilibrium flow if and only if

HeK: (C(H),F—H);>0, VF e K. (4.1.1)
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4.1 Introduction

It is possible to prove the equivalence between condition (4.1.1) and a condition

that we call the weighted Wardrop condition (see Giuffré & Pia (2009)).

Theorem 4.1.4. H € K is an equilibrium flow in the sense of (4.1.1) if and only if

Yw € W, Yg,m € R(w), a.e. in Q,

sq(t)Cq(t, H(t)) < sm(t)Cp(t, H(t)) (4.1.2)
= Hy(t) = pq(t) or Hm(t) = Am(t).
Proof. Assume that (4.1.2) holds. Let w € W and
A={qgeR(w): Hy(t) < py(t) a.e.in}

B={m e R(w): Hp(t) > \p(t)a.e.inQ}

From (4.1.2) it follows
Sq(t)Cq(H(t)) > sm(t)Cr(H(t)) Vg € A, Ym € B, a.e.in .
Then there exists a function v, () : [0,7] — R such that a.e. in Q

inf s4(4)Cy(H(t)) = 7y (t) = sup sm(t)Cm(H(1)).
qeA meB
Let F' € K be arbitrary. For every r € R(w) such that s,(¢)C,(H(t)) < vw(t) a.e.in €,
it results r ¢ A, that is H,(t) = p,(t) a.e.in Q. This implies F,.(t) — H,(t) < 0a.e.in
and then
(sr(t)Cr(H(t)) — v (t))(Fr(t) — Hy(t)) > 0 a.e.in €.

Likewise for every r € R(w) such that s,(¢)Cy(H(t)) > Yu(t) a.e.in Q, it results r ¢ B
and
(sr(t)Cr(H (L)) — () (E-(t) — Hp(t)) > 0a.e.in Q.

It follows

n n

> seOCHHD)FH () = Hy(1)) = 70 () Y (Fr(t) = Hr (1)) = 70 () (pu(t) = pu(t) = 0

r=1 r=1

and finally we may conclude

(C(H),F - H)s = / > 5i(w)Ci(H (W) (Fy(w) — Hi(w))dw > 0

Q=1
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that is (4.1.1) holds.
Now assume that (4.1.2) does not hold. Then there exists w € W and ¢,m € R(w)

together with a set E C () having positive measure such that
5¢(t)Cq(H(t)) < sm(t)Cr(H(t)), Hy(t) < pg(t), Hpn(t) > An(t), a.e.in E.

For t € E let 6(t) := min{py(t) — Hy(t), Hm(t) — Am(t)}. It results 6(t) > 0 a.e. on E.
We construct F': €2 — R in the following way:

Fy(t) := Hy(t) + 6(t), Fin(t) := Hp(t) — 6(t) a.e.in E,
F.(t):= H.(t) forr # q,m, a.e.in E, F.(t) := H.(t)a.e.inQ \ E.
It results that F' € K and

(C(H),F—H)s = / > Ci(H(w))(Fi(w) — Hi(w))si(w)dw =
Q=1

[ 8sy)CH (@) = 50 @) H ) < 0

Thus H is not an equilibrium. O

4.2 Retarded Weighted traffic equilibrium problem

We suppose now for an easier reading that Q =]0,7[ and for h > 0 we define
Qp, =]0, T+h|[. We consider a variant case of the model described in Maugeri (1998) and
Raciti (2001). Let us introduce a network N, that means a set W of origin-destination
pair (origin/destination node) and a set R of routes. Each route r € R links exactly
one origin-destination pair w € W. The set of all » € R which link a given w € W is
denoted by R(w), we consider vector flow F(t) € R™.

Let us denote by n = card(R), a = {ai,...,a,} and by a=! = {afl,...,agl} two
families of weights such that for each 1 <i < n, a; € €(Q,R*\ {0}). We introduce also
the family of real time traffic densities s = {s1,...,s,} such that for each 1 < i < n,
si € C(Q,RT \ {0}). We use the framework of a non-pivot Hilbert space which is a
multidimensional version of the weighted space L?(Q, R, a, s). To each element of a and
s, let us say a; and s;, corresponds a route that we denote by ;.

As done in Section 3.1.3, we denote by V; = L*(€, R, a;, s;) and V,* = L2(Q,R,a;1, Si)s

the space
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4.2 Retarded Weighted traffic equilibrium problem

is a non pivot Hilbert space for the inner product
n
(F,Glas = / () Gi(w)ai ()5 (w) do.
=174

The space
n
i=1

is a non pivot Hilbert space for the following inner product

B - Fi(w)Gi(w)si(w) "
<F7 G>a—1,s - Z_Zl/Q ai(w) d

and the following bilinear form defines a duality between V* and V:

(f,x)s = Z_; /Q fi(w)zi(w)si(w)dw (4.2.3)

We suppose that the traffic demand at time ¢ is satisfied after a delay A > 0. So if
the set of all delayed feasible flows is given by

Ky :={F € V| A(t) < F(t) < p(t), a.e. in Qp, (4.2.4)
OF(t+h)=p(t), aeinQ}

where Vi, = [T, L2, R, a;, 5;).

Definition 4.2.1. H €V}, is an retarded equilibrium flow if and only if
HeKy: /(C’(H(t)),F(t +h) = H(t+h))gmdt >0, VE € K. (4.2.5)
Q

We remark that weighted variational inequality (4.2.5) is equivalent to the pointed

weighted variational inequality
HeKy: (C(H(t)),F(t+h) = H(t+h))gy =0, VE(t) € Kp(t), a.e. in Q,
where
Kn(t) :={F(t) e R"| A(t) < F(t) < p(t), PF(t+h)=p(t)}

It is possible to prove the equivalence between condition (4.2.5) and what we will

call a weighted retarded Wardrop condition (4.2.6). More precisely we have:
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4.2 Retarded Weighted traffic equilibrium problem

Theorem 4.2.2. H € K}, is an equilibrium flow in the sense of (4.2.5) if and only if

Yw e W, Vrqg,rm € R(w), a.e. inf2,

$q(t)Cq(H (1)) < sm(t)Cm(H (1))
= Hy(t+ h) = pg(t +h) or Hy(t +h) = Ap(t + h). (4.2.6)

Proof. Assume that (4.2.6) holds. Let w € W and
A={qgeR(w): Hy(t+h) < pg(t +h), a.e. in Q}
B={meRw): Hy(t+h)>Ap(t+h), ae. in Q}
From (4.2.6) it follows
sq(t)Cq(H(t)) > sm(t)Cr(H(t)), Yqg € A, YVm € B, a.e. in Q.
Then there exists a function v,,(¢) : (0,7) — R such that a.e. in

inf sg(C,(H(0) 2 30(t) 2 51D 50 (1) (H (1)

Let F € K}, be arbitrary. For every r € R(w) such that s,(¢)C,(H(t)) < vw(t), a.e.
in Qp, it results r ¢ A, that is H,(t + h) = u,(t + h), a.e. in Q. This implies
F.(t+h) — H.(t+h) <0, a.e. in Q and then

(50 ()Cr (L (£)) — Yo () (Fr(t + h) — Hy(t + h)) > 0, a.e. in Q.

Likewise for every r € R(w) such that s,(¢)C,.(H(t)) > vy(t) a.e. in Q, it results r ¢ B
and
(sr(t)cr(H(t)) - '7w(t))(Fr(t + h) - Hr(t + h)) > 0, a.e. in ).

It follows
i s, (t)Cr(H(t))(Fr(t+h) — H.(t + h)) >
r=1
Yu(t) D (Fe(t+ ) — He(t+ 1)) = 7u(t) (pw(t) — pu(t)) = 0

r=1
and finally summing up Yw € W we get the result by integration on (2.
Now assume that (4.2.6) does not hold. Then there exists w € W and ¢,m € R(w)

together with a set E C () having positive measure such that

$q(t)Cq(H (1)) < 8m(t)Crn(H (1)),
Hy(t+h) < pg(t+h), Ho(t+h) > An(t+h), ae.inE.
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4.2 Retarded Weighted traffic equilibrium problem

For t € E let §(t) := min{pq(t + h) — Hy(t + h), Hy(t + h) — A (t + h)}. It results
d(t+h) >0 a.e. on E. We construct F': Q — R in the following way:

Fy(t+h) = Hy(t+h)+d(t+h),

Fn(t+h) = Hp(t+h)—9(t+h), ae. in E,
F.(t+h) := H.(t+h), forr#q,m, ae. in E,
F.(t+h) = Hy(t+h), ae. in Q\ E.

It results that F' € K;, and

/ZC Fi(w + h) — Hi(w + h))s(w)dw

= /E5(W)[Sq(W)Cq(H(W)) = $m(w)Cn (H (w))]dw < 0.

Thus H is not an equilibrium. O

4.2.1 Existence of Equilibria

In this Section, we obtain an existence result for the retarded weighted model, we

can state the following theorem:

Theorem 4.2.3. Fach one of the following conditions is a sufficient condition for the

existence of solutions for problem (4.2.5).

i) VH, F € K} we have
/ (CH(8)), F(t+h)—H(t+h))ypdt > 0 = / (C(F(£)), H(t-+h)—F(t+h))pdt < 0
Q Q
it) VF € K}, the function:

HH/ F(t+h) — H(t + h))ydt

1s weakly upper semicontinuous.

i) VF,G € Ky, the function:
- / F(t+h) — G(t + ) gyt

is weakly upper semicontinuous on the segment [F,G]|.
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4.2 Retarded Weighted traffic equilibrium problem

Proof. We remark that Ky is closed , convex and bounded, hence weakly compact.
setting t + h = y from (4.2.5) we get the following problem: Find H € K" such that

/Q (C(H(y — 1)), Fy) — H(y))sdy, VF € K (4.2.7)

where

K" :={F e V" A(y) < F(y) < puly), ae. in Qy,
OF(y) =p(y—h), aein Q}

where V" = [T, L3(Qap, R, a;, s;) and Qap, =]0,t + 2h[ We denote by C), the mapping
such that:
C(H(y — h)) = Cn(H(s)),Yy € Q,

So (4.2.7) can be written

H e Kh7 0 <Ch(H(y))7F(y) - H(y)>s(t)dy > 0,VF € Kh (4'2'8)

we can now apply Corollary 5.1 of Maugeri (1998) and give sufficient condition for the
existence of a solution to (4.2.8). But if C satisfies condition (i) on K, VH, F € K,

we have
/Q<C(H(t)), F(t+h) — H(t+h))gdt > 0= /Q<C’(F(t)), H(t4+ 1) — F(t+h))gdt < 0

is pseudomonotone which implies the pseudomonotony of Cy on K. If C satisfies
condition (i7) on Ky, VF € K,

o / (CAH (1)), F(t+ h) — H(t + h))gqpdt
Q

is hemicontinuous which implies the hemicontinuity of C}, on K". And if C satisfies
condition (7i7) on Ky, VF € K},

- /Q(C(H(t)), F(t+h) — Gt + h))s(oydt

is upper semi-continuous on the segment [F, G| which implies the semi-continuity of C},
on [F,G|. Therefore we get the theorem. O
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4.3 Study of Equilibrium

4.3 Study of Equilibrium

4.3.1 Existence and Regularity

The feasible flows have to satisfy the time-dependent capacity constraints and de-

mand requirements, namely for all » € R, w € W and for almost all ¢ € Q,

Ar(t) < Fr(t) < pr(t)

and

S Flt) = pult)

reR(w)
where \(t) < u(t) are given, p(t) € R!, F,., r € R, denotes the flow in the route r. If
® = (®y,,) is the pair route incidence matrix, with w € W and r € R, that is

Dy 1= XR(w) (T)a

the demand requirements can be written in matrix-vector notation as

The set of all feasible flows is given by

K:={FeV|At) <F(t) <u(t), ae inQ,
OF(t) = p(t), a.ein N}

We will use again the following norm on R™

() 70,08 = Z:c

Proposition 4.3.1. Let A\, u € C(Q,R™), let p € C(Q,R,) and
1168, e, s6) < M VE € Q.

Then the set

is uniformly bounded in Q.
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4.4 Lagrangian theory

Proof Let us take an arbitrary H(t) € K(¢) therefore we have for i = 1,..m
N(t) < Hi(t) < jut), i e Q.

We have

HH( )Hmas = ZH aZ SZ SZ t)

= HM( Hma(t) s(t) = M?%, Vteq.

that implies the claim. O

It is simply to prove that K is a nonempty, closed and bounded subset of V, so
we can apply Theorem B.4.3 and Theorem B.4.4 to obtain necessary conditions for
the existence of the equilibrium solution to the weighted traffic equilibrium problem.
Moreover, from Proposition 4.1.1 and Theorem 3.1.19 we deduce that under continuity

assumptions of the data, the equilibrium solution to (4.1.1) is continuous.

4.4 Lagrangian theory

This section is devoted to show duality results for the weighted traffic equilibrium
problem. In particular, the infinite-dimensional duality theory will be applied in order
to obtain the characterization of the weighted traffic equilibrium conditions by means of
the Lagrange multipliers. The duality theory has been introduced to solve the unsolved
problem of finding, in the infinite dimensional case, the Lagrange multipliers associated
to an optimization problem or to a variational inequality subject to possibly nonlinear
constraints.

In the papers Daniele et al. (2007), Daniele & Giuffré (2007) and Maugeri & Raciti
(2009) the authors present an infinite dimensional duality theory which, with the aid of
a generalized constraint qualification assumption related to the notion of quasi-relative
interior, guarantees the existence of strong duality between a convex optimization prob-
lem and its Lagrange dual. The use of quasi relative interior, introduced by Borwein
and Lewis Borwein & Lewis (1991), and the notions of tangent and normal cone, allows
to overcome the difficulty that in many cases the interior of the set involved in the
regularity condition is empty. This is the case of all optimization problems or varia-

tional inequalities connected with network equilibrium problems, the obstacle problem,
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4.4 Lagrangian theory

the elastic-plastic torsion problem Barbagallo & Maugeri (appear); Daniele & Giuffré
(2007); Daniele et al. (2007, to appear); Donato et al. (2008); Maugeri & Raciti (2008)
which use positive cones of Lebesgue spaces or Sobolev spaces. Then it is not possible to
apply the usual duality theory and separation theory which require the Slater assump-
tion. The obstacle was overcome by introducing a new qualification condition called
Assumption S which allows us to solve the problem of finding the Lagrange multipliers.

First of all, we introduce the concept of cones generated by sets and of tangent

cone.

Definition 4.4.1. Let C be a nonempty subset of a real linear space. Then, the set
cone (C)={ z:x e C,AeRy}
is called the cone generated by C.

Let X denote a real normed space, let X™* be the topological dual of all continuous

linear functionals on X and let C be a nonempty subset of X.

Definition 4.4.2. Given an element x € X, the set:

To(z) = {heX: h= lim A(2n — ), Ay € R and A, > 0¥n € N,

n—oo

n—0oo

r, € C'VneNand lim xn:x}
is called tangent cone to C at x.

It results T (x) C cl cone (C—{x}) and, if C'is convex, we get Tc(x) = cl cone (C—
{z}) (see Jahn (1996)).

Following Zarantonello Zarantonello (1971) and Borwein and Lewis Borwein &
Lewis (1991), we give the following definition of quasi-relative interior for a convex

set.

Definition 4.4.3. Let C' be a convex subset of X. We define quasi-relative interior of
C, the set

qri C ={zx € C:cl cone (C —x) is a linear subspace of X'}
or, equivalently,

qri C ={x € C : Tc(x) is a linear subspace of X} .
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4.4 Lagrangian theory

We define normal cone to C' at x € X the set
Ne(z)={{e X" : {({,y—z) <0, Vy e C},

then, the following result holds:

Proposition 4.4.4. Let C' be a conver subset of X. Then x € C belongs to the quasi-
relative interior of C, in short, x € qri C, if and only if Nc(x) is a linear subspace of
X

Using the notion of qri C, in Daniele et al. (2007), the following separation theorem

is proved.

Theorem 4.4.5. Let C' be a convex subset of X and xg € C'\ qri C. Then, there exists
& # Ox« such that
(&, x) < (& o), Vxel.

Viceversa, let us suppose that there exists € # Ox+ and a point xg € X such that
(€, x) < (& x0), Yo € C, and that Cl(Tc(xo) — To(zo)) = X. Then xo ¢ qri C.

Finally, we remind the definition of convex-like function.

Definition 4.4.6. Let S be a nonempty subset of a real linear space X and let Y be
a real linear space partially ordered by the cone C. A function f : S — Y s called
convez-like if the set f(S)+ C is convex.

For the reader’s convenience we present the statement of the duality theorem. Let
X be a real linear topological space and let S be a nonempty convex subset of X; let
(Y, ||-|ly) be a real normed space partially ordered by a convex cone C and let (Z, |||/ 2)
be a real normed space. Let f : S — R and g : S — Y be two functions such that
the function (f,g) is convex-like with respect to the cone Ry x C' of R x Y and let
h:S — Z be an affine function.

Let us consider the optimization problem

Izneiﬂg f(z) (4.4.9)

where

K={xeS: g(x) e —C, h(z) =10z}
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and the dual problem

max inf {f(z) + (u, g(2)) + (v, h(2))}, (4.4.10)
veZ*

where

C*'={ueY": (u,y) >0Vy € C}

is the dual cone of C.

We will say that Assumption S is fulfilled at a point ¢ € K if it results
To(f(x0), 0, 07) N (] - oo,@[x{ey,ez}) =0, (4.4.11)
where
M = {(f(z) = f(x0) + . g(x) + 9, h(x)) - € S\K, a>0, y&C},
The following theorem holds (see Daniele & Giuffré (2007)):

Theorem 4.4.7. Under the above assumptions, if problem (4.4.9) is solvable and As-
sumption S is fulfilled at the extremal solution xo € K, then also problem (4.4.10) is
solvable, the extreme values of both problems are equal and if (xo,w,v) € K x C* x Z*

is the extremal point of problem (4.4.10), it results:
(@, g(x0)) = 0.

Using Theorem 4.4.7, we are able to show the usual relationship between a saddle

point of the so-called Lagrange functional
L(z,u,v) = f(x) + (u,g9(x)) + (v, h(z)), VresS, YuecC* Yve Z*, (4.4.12)

and the solution of constraint optimization problem (4.4.9) (see Daniele & Giuffré
(2007)).

Theorem 4.4.8. Let us assume that the assumptions of Theorem 4.4.7 are satisfied.
Then xo € K is a minimal solution to problem (4.4.9) if and only if there exist u € C*
and T € Z* such that (xo,w,v) is a saddle point of Lagrange functional (4.4.12), namely

L(zo,u,v) < L(xo,u,v) < L(x,u,0), VYVreS, uelC* velZ*

and, moreover, it results that

<ﬂ7 Q(SU())> =0.
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4.5 Duality results for weighted traffic equilibrium prob-

lem

Let us apply the infinite dimensional duality theorems presented in the previous
section in order to characterize the weighted traffic equilibrium conditions in terms of
the Lagrange multipliers. At this end, let us consider H € K a solution to weighted

variational inequality (4.1.1) and let us set
U(F)=(C(H),F - H)s, VFcK.

Let us remark that
U(F)>0 VFeK

and

min U(F) = ¥(H) = 0. (4.5.13)

Before showing the main theorem, we prove some results making use of additional
assumptions on the constraint functions of the weighted traffic equilibrium model, more
precisely, we suppose that A = 0 and g = +o00. Let us show the following preliminary

lemma having interest in itself.

Lemma 4.5.1. H € K s a weighted traffic equilibrium flow if and only if there exist
C e L*(Q,R™ a ") and x € L*(Q,R™, a~ ') such that

C(H)-dTC=x, (x,H)=0, x>0.

Proof. Let us assume that ;4 = 400 and A = 0, then from Theorem 4.1.4 we have that
H € K verifies variational inequality (4.1.1) if and only if for all i = 1,...,[, all ¢, s
such that ¢;; = ¢is = 1 and a.e. in §2

sa(O)Ca(t, H(t)) > s5(t)Cs(t, H(t)) = H,(t) = 0. (4.5.14)

Setting C;(t) = min{s,(t)C,(t, H(t)) : ¢jr = 1} € LQ(Q,]R,aj_l), j=1,...,1, we can
rewrite (4.5.14) in an equivalent form a.e. in ) as:
(sq(t)C’q(t,H(t)) - @(t)) Hy(t) =0 Vg such that ¢jq=1, j=1,...,0. (4.5.15)

In fact, if (4.5.14) holds true and s4(t)Cy(t, H(t)) — C;(t) > 0, then Hy(t) = 0, since
Cj(t) is equal to some s,(t)Cs(t, H(t)). Vice versa, we suppose that (4.5.15) holds. We

78
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assume by contradiction that (4.5.14) does not hold, namely there exists ¢ and s such
that ¢j, = ¢;s = 1 and

sq(t)Cq(t, H(t)) > s4(t)Cs(t, H(t)), Hgy(t) >0, a.e. in Q.

From (4.5.15), it follows
sq(1)Cy(t, H(1)) = C5(1),
that is a contradiction, because C;(t) = min{s,(t)C,.(t, H(t)) : ¢jr = 1}.

Let us set

(4.5.16)

. . . T
Denoting by C(t) the vector [Cl t),..., C’l(t)} , X the vector [x1(t), ..., xm(t)]" and
taking into account that in each column of the incidence matrix ® there is only one

entry different from zero, we can rewrite condition (4.5.16) in the form
sC(H) — oTC =y,
(x, H) =0,
with x > 0, x € L2(,R™,a™1). O
Now, we are able to prove the following result.
Theorem 4.5.2. Problem (4.5.13) verifies Assumption S at the minimal point H € K.

Proof. Now, assuming that H € K is a solution to (4.1.1), we can rewrite the problem
in the form (4.5.13), then we want to prove that Assumption S at the minimal point
H € K is fulfilled. In fact, we have to prove that if (I,0y,0z) € T37(V(H),0y,0z),
where Y = L?(Q,R™, a,s) and Z = L?(Q, R}, a*,s*), namely if

I = lim A (U(Fy) + an — U(H)),
Oy = lim Ay (—F), + Gy), (4.5.17)
07 =lim A\, (PF,(t) — p(t)),

with A, > 0, lim, (¥ (F,)+an,—Y(H)) = 0, lim,(—F,+G,) = Oy, lim, (PF,(t)—p(t)) =

0z, | must be nonnegative. In virtue of Lemma 4.5.1 we have
W(E,) — U(H) = /Q (C(t H (1)), Fa(t) — H(#))sgo dt
— / (s()C(t, H1)), Fult) — H(b)) dt
Q

= /Q<<1>Té(t) +x(t), Fu(t) — H()) dt
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and, taking into account that ®H (t) = p(t) and (x, H) = 0, we get:
A (Y (Fn) + oy — ©(H))
=n / (®TC(t), Fu(t) — H(t)) dt + Ap / (x(t), Fp(t) — H(t)) dt + An an
Q Q
— [(COM@E@) — pO))de+ [ (O M (FuD) — Gult))
Q Q

+A@@J&MW&+M%-

By means of conditions (4.5.17), we obtain:

117131/Q<C~'(t),>\n(‘1>Fn(t) —p(t))) dt =0, 1171}1/Q<x(t)’>\n(Fn(t) — Gn(1))) dt =0,
and, being x > 0, A\, > 0, G,,(t) > 0, a,, > 0, we get:
1111111 M (Y(E,) +ap, —Y(H)) >0,
namely our claim. 0

In the following, we obtain the main theorem under the assumptions that the con-

straint functions are two generic functions belonging to L?(€2, R™, a, s) such that A < p.

Remark 4.5.3. We note that if H is a solution to weighted variational inequality
(4.1.1) Theorem 4.2 in Giuffré € Pia (2009) holds, and, moreover, the following con-
dition is fulfilled: for every w € W, there exists a real-valued function v.,(-) on Q such
that, for all v € R(w) and a.e. on Q,

sr(1)Cr(t, H(t)) < yu(t) = He(t) = pr(t),
sp(t)Cr(t, H(t)) > vw(t) = Hy(t) = A\ (). (4.5.18)
Theorem 4.5.4. Problem (4.5.13) verifies Assumption S at the minimal point z* € K.
Proof. Let us set
A = {teQ: s@)Cr(t,H(t))

(teQ: s.()C(t, H(t)
C = {teQ: s, ()0t H(t) = vu(t)}).

w

[
VoA
g
=
-
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Let us consider the weighted variational inequality

(C(H),F — H)y = / (C(t, H(t)), F(t) — H())sdt

_ /}: £ H () [F(t) — Hy(1)]at

weW reR(w

=2 X { /A e ()C, (8 20(0) [ (6) = pur (1)

weW reR(w)

+ [ 500 o) () = A (0] a
o [ 2u0]nt) - x9<t>]dt}. (45.19)

Let us consider, for every w € W, for all r € R(w) and a.e. on (2,

Yo (t) — Co(t, H(t)), on A,

sr(t)Cr(t, H(t)) = {
Yw(t) + CH(t,H(t)), on B,

where C,.(t, H(t)) and C(t, H(t)) are positive functions.

Making use of the previous statement, (4.5.19) and the traffic conservation law, it

follows

. F-H. = Y % { /Q w(t)[Fr(t)—Hr(t)}dt

weW reR(w)

/ ~Co(t, H(t (ﬂd

ﬁé@@ﬂ@ﬂﬂ@—M@p*

wGW TefR

4 /B Cr (e H@)[F(1) —Mt)}dt}.
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Now, we suppose that H € K is a solution to (4.1.1), we can rewrite the problem as the
optimization problem (4.5.13), we show that Assumption S at the minimal point H € K
is fulfilled. In fact, we have to prove that if (,0x,0y,0z) € T (V(H),0x,0y,0z),
where X =Y = L?(Q,R™,a,s) and Z = L?(Q, R}, a*, s*), namely if

l—hm)\ (U(F,) 4+ an — Y (H)),
Ox —thn)\n( Fo+ X+ Gp),
fy = lim M(Fn — p+ Gr), (4.5.21)
07 = 1im Ay (PFu (1) — p(1)),
with Ay > 0, lim, (®(E,) +an—U(H)) = 0, limy, (— Fy+Gy) = Oy, limy, (0 F (£)—p(t)) =

07, |l must be nonnegative. Taking into account (4.5.20) we have

V(R) = W) = [ (COHO),Fult) = HE)sot

2:}:{/ ~Cy(t H (1)) [ () — (1)

weW reR(w)

+ /B c:(t,H(t))[F:(t) —Ar(t)]dt}.
Hence, it results

M(U(F) +an = W(H) = > Y A”{ / tH ()| FE (L) — o (1) dt

weW reR(w)

+ [ cxeman[Fro - Ar<t>}dt} + Anctn

= > > /\”{/ —C,(t, H(t F”() ()+G?(t)}dt

weW reR(w)

+Acr(t, H()G™(t)dt
+ [ creman[Fe -0 - Grola
- c:<t,H<t>>G:f<t>dt} £ Au
From (4.5.21), we get for every w € W, for all 7 € R(w) and a.e. on ©
lim /A Gt HOMM (1) — pur(6) + G2(0) ] dt = 0,

lim /B C* (¢, H () An [F;;(t) —A(t) — Gf(t)} dt =0,
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4.5 Duality results for weighted traffic equilibrium problem

and, since A\, > 0, G, (t) > 0, C’T(t,H(t)) >0, CHt,H(t)) > 0, a, > 0, we have
lim A\, (V(F,) + ap, — V(H)) >0,
n
this completes the proof. O

Now, we can prove the next result.

Theorem 4.5.5. H € K is a solution to variational problem (4.1.1) if and only if there
exist o*, 3* € L2(,R™, a1, s) §* € L?(Q,R™, (a*)~!, 8*) such that:

(i) o*(t),B*(t) >0 a.e. in Q;

(ii) o*(t)(A(t) — H(t)) =0 a.e. inQ,
B*(t)(H(t) — u(t)) =0 a.e. in Q;

(iii) s(t)C(t, H(t)) — s(t)a*(t) + s(t)3*(t) + ®Ts*(t)p(t) = 0 a.e. in Q.

Proof. From Theorem 4.4.8 there exists (o, 5%, %) € C* such that (H,a*, 3*,0%) is a
saddle point of the Lagrange functional L:

L(H,a,3,0) < L(H,a", 3%,0%) < L(F,a*, 3,07, (4.5.22)
Y(a, 3,0) € C* and YF € L?(2,R™, a,s), and furthermore
(e, A= H)s = 0,
(0" H —pu)s = 0. (4.5.23)
Since a, 3,0 > 0, \— H,H — u < 0, PH — p = 0, by means of (4.5.23) we obtain
a*(t)(\t)—H(t)) = 0, a.e. in,
B (t)(H(t) — u(t)) = 0, ae.in Q.
From (4.5.22) it follows, VF € L?(Q,R™, a,s),

L(F,a*,3%,0%) = (C(H),F—H)s+ (", A= F)s+ (6", F — p)s + (0", PF — p)g~

> 0=L(H, o 3% 6%, (4.5.24)

Taking into account conditions (4.5.23) and that it results
(6%, ®F — p)g= = (6, ®F — pYgr — (6", ®H — p)g» = (®Ts*6* F — H),
from the right-hand side of (4.5.24), we get

(sC(H) —sa* +s3* +®T6* F — H) >0, VF e L*(Q,R™ a,s),
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4.5 Duality results for weighted traffic equilibrium problem

Now, we assume
F'=H+e, F)=H—¢, VeelLl?(Q,R™a,s),

then, it results, for all ¢ € L?(Q,R™, a,s),

L(FY a*, B%,6%) = —(sC(H)—sa* +sf* + &6 ¢) >0,
> 0,

L(F2, 0%, 5%,6%) = (sC(H)—a*+ 3"+ &Ts*6",e) >0
Moreover, taking into account (4.5.25), we get, for all € € C§°(£2):
(sC(H) —sa* +sB3* + ®16%,¢) = 0,
namely, we obtain
s(t)C(t, H(t)) — s(t)a*(t) +sB*(t) + ®Ts*0*(t) = 0, a.e. in Q.
Conversely, if there exists

HeK, o, " e L2(Q,R™, a1 s)

and
0* e L2(Q,Rm, (a*)_l,s*)

(4.5.25)
(4.5.26)

(4.5.27)

that satisfy the condition @), i), iii), one has that (H,a*, 3*,0*) is a saddle point of
the Lagrange functional £. Then, taking into account Theorem 4.4.8, it results that H

is a solution to weighted variational inequality (4.1.1).

O]

Remark 4.5.6. The importance of such Lagrange variables is their capacity to describe

the behavior of the weighted traffic equilibrium problem. In fact, let us remark that from
i1) and if a*(t) > 0, we have that H(t) is given by the flow vector \(t), and if 3*(t) > 0

then H(t) is given by p(t); vice versa if o*(t), B*(t) = 0, it results
dT's*(1)6%(t) = —s(t)C(t, H(t)), a.e. in Q.
Moreover, assuming that 3*(t) = 6*(t) = 0, we get
C(t, H(t)) = a*(t),

namely, o represents the equilibrium cost.
Analogously, if a*(t) = 6*(t) = 0, we obtain
Ct, H(t)) = —p7(1),
namely, — 05

5 s the equilibrium cost.
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4.6 Some considerations about Weights

In this section we propose a way to define the Real Time Traffic Density (RTTD)
for a route. This data will be the “weight” of the route considered and it will be used to
define the corresponding element of the duality mapping. To define the RTTD we use
the smart idea of the Senseable Labo at MIT directed by Carlo Ratti (see Ratti et al.
(2006) and Ratti et al. (2005)). In various contests, using mobile phone connections
data, they were able to interpolate and represent graphically, in a continuous way,
the density of mobile phone connected over a monitored area. The principle can be
generalized to other wireless devices, for instance instead of using mobile phone data it
is possible to use also RFID or WiFi devices. It is clear that to weight properly a link
is really difficult and it is at least necessary to take into account network’s geometry,
which means for us the position of network’s elements.

We can suppose to have I C R? closed and large enough to include the monitored

area and a parametric continuous function ~; with ¢ €  such that:
v I — RY

Yt (2, y) — (T, y)

This function represent a normalized interpolation obtained using the communication
data. We suppose now to have a network that means a set W of origin-destination pair
(origin/destination node) and a set R of routes. Each route r € R links exactly one
origin-destination pair w € W.

For each route we construct a weight in the following way: let us fix ¥ € R \ {0},
a strict positive number called “resolution”. We introduce the set ¥ = r x 9, r? C I.

We propose now a definition of weight which does not pretend to be exhaustive,
all the contrary. We think that the weights should be calibrated case by case. For
example one can decide to take into account very exceptional events that are not visible
by mobile connection data adding to the definition given below terms that will increase

or decrease the weight.

Definition 4.6.1. Given ¥ a resolution and N a finite network, we call weight of the

route r, the real positive number 3,(t) such that

5y (t) = /19 Ve (, y)[Xrﬂ\(UpiTpﬁ)('xa y) + mﬂ($> Y, t) Z Xro N p? (iL‘, y)]dl’dy (4628)
" p#T
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4.7 Computational Procedure and convergence Analysis

where my : I x Q — RT is continuous and called prozimity contribution weight and x

1s the standard characteristic function.

Remark 4.6.2. The function my should be calculated case by case. It has been intro-
duced to balance the action due to the proximity of intersections, roads, etc. In a first

approzimation we can suppose that my(z,y,t) =1, Y(z,y,t) € [ x Q

Remark 4.6.3. The time derivative of v in a fized point (x,y) and/or the variation
of v+ with respect of to a standard situation 7y, in a same point (x,y) could be a very

useful information to take into account to set up the real time traffic density.
Assumption 4.6.4. We assume that for each r € R, 5.(t) # 0 for all t € .

Definition 4.6.5. A given family of weights {5,(t)},cx, is called Normalized Family
of Weights if
Y &) =1Vt €Q

reR
It is clear that each family of weights can be normalized. To define the inner product

(-,")a,s we use a normalized family of weights s.

4.7 Computational Procedure and convergence Analysis

In the present section, we consider the work of Solodov-Svaiter (see Solodov &
Svaiter (1999)) developed for Euclidean spaces endowed with the standard inner prod-
uct in order to extend it in our context. Even if the modifications strictly related to
the extension are few but we provide some proofs for reader’s convenience. For the
detailed description of the method see Solodov & Svaiter (1999).

In particular, to solve a weighted variational inequality we first discretize the time
interval, then solve a set of variational inequalities and at least we get the solution by
interpolation (the procedure is explained later on). It is clear that the solving method
for the variational inequality should be as computationally inexpensive as possible
therefore we found the method described by Solodov-Svaiter in Solodov & Svaiter (1999)
reduces the computational time because only two projection by iteration are needed.
Moreover, this method converges under common assumptions, instead other methods,
as extragradient method, request the Lipschitz continuity (see for example Konnov

(2001)).
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4.7 Computational Procedure and convergence Analysis

In the following, we will show three steps:
Step 0: We present the Solodov-Svaiter method for the non-pivot setting and we give
a convergence result, in R™ endowed with a weighted norm.
Step 1: We discretize the time interval and we obtain N 4 1 variational inequalities.
Step 2: Then, we apply the Solodov-Svaiter method to N + 1 variational inequalities.
Step 3: We interpolate the solutions and prove a convergence result of the approximate

solution to the exact solution.

Step 0: The purpose is to solve the following weighted variational inequality
(C(x),y—x)s >0, VyeK. (4.7.29)

where K is a closed convex subset of V' = R"” endowed with a weighted norm, as for
example the set that we introduce in Section 5, and we suppose that the norm is given
by

|x||mas Zl‘ Q;Si.

It was shown in Auslender & Teboulle (2000) that the projection methods admit dif-
ferent distance functions, although the usual norm distance is the simplest, in this case
it is necessary to use the previous one because the problem is modeled by means of
weights.

We suppose that the function C': V' — V* is strictly monotone and hemicontinuous

with respect to (-,-)s (as in Definition B.2.3). If we denote by
r(z) =z — Pg(x — J,'C(z))

we can note that
r(z)=0<ze€ SVI(C,K),

where SVI(C, K) is the set of solutions to weighted variational inequality (4.7.29).
For an easier reading we denote by ' the iteration of order i to find an element of

SVI(C, K).

Algorithm 4.7.1. Choose 2° € K and two parameters y €]0, 1[ and o €]0,1[. Having

xt, compute r(z). If r(z') = 0 stop. Otherwise, compute 2* = x* — n;r(z?), where

ni = Y%, with k; the smallest nonnegative integer k satisfying

(Ca" —Afr(@))),r(zh)s = o)} (4.7.30)
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4.7 Computational Procedure and convergence Analysis

Compute

i+

= PKmHi(l‘i)

where

H; = {:1: € V| (C(),x — %), < o}

As done in Solodov & Svaiter (1999) for the finite-dimensional variational inequal-
ities, we need to remind some proprieties of the metric projection operator. We state
them for a not necessarily pivot Hilbert space (instead of an Euclidean space), but
the proof remains the same. For further details see Solodov & Svaiter (1999) and

Zarantonello (1971).

Lemma 4.7.2. Let V be a non necessarily pivot Hilbert space. Let B be any nonempty
closed convex subset of V. For any x,y € V and any z € V the following properties
hold.

e (x— Pp(x),z— Pp(z))y <0.
o [1Ps(z) = P} < llv —yll} — 1Ps(z) — = +y — Pe)I},
where (-,-)y and ||.||v are respectively the inner product and the norm of V.

Lemma 4.7.3. Suppose that the linesearch procedure (4.7.30) of Algorithm (4.7.1) is
well-defined. Then it holds that

xiJrl —_ PKI’WHZ- (a—:z)

where

We also use the following lemma state in an even more general context.

Lemma 4.7.4. Let X be strictly convex and smooth Banach space, if we denote by f
an element of X* \ {0}, by o a real number and by

Ky={ze V| (f,z)s <a},
we have
Pg (z) =z’ — maa:{O, <JC’CL‘>X—*§X_O[}J_l(f). (4.7.31)
1F 11
Proof. See Theorem 4.2 in Song & Cao (2004). O

Now, we are able to prove the following result.
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4.7 Computational Procedure and convergence Analysis

Corollary 4.7.5. For x' construct as specified in Algorithm (4.7.1) and V a not nec-

essarily pivot Hilbert space, if
H;, = {x eV| <C’(zi),x — zi>v*7v < 0},

then ©( ) , >
— ; ; 2'),x" — 2" )vrxy
T' = Py, (2') = 2" — .
1O}

Proof. A not necessarily pivot Hilbert space is a strictly convex and smooth Banach

JHCOEY). (4.7.32)

space, and the metric and the generalized projection coincide in V' because J is linear,
by Lemma 4.7.4 we obtain immediately the result taking a = (C(z%),2%)y+y and
observing that ' ¢ H; which implies that (f,z%)y«y —a > 0. O

We can present now the modified convergence theorem, where V= R" endowed
with a weighted norm. This implies that we have to deal with J the duality mapping
between V and V*.

Theorem 4.7.6. Let C(-) be a continuous and monotone (with respect to (-,-)s as in
Definition B.2.3) function. Suppose SVI(C,K) is nonempty. Then any sequence {x'}
generated by Algorithm (4.7.1) converges to a solution of VI(C, K)

Proof. First we show that the linesearch (4.7.30) is well-defined. If r(z*) = 0, then we
have that z’ is a solution to the problem. Now, we suppose that [|r(z)||y > 0 and

that, for some 4, (4.7.30) is not satisfied for any k, this implies
(C(a' —AFr(ah), r(2)))s < ollr(z")|7, Vk (4.7.33)

Applying Lemma 4.7.2, we get

0 > (2" = J HC(2") = Pr(a' = T H(C(a")), 2" — P(a' = JH(C(2))))v
= (r(a") = J 1 (C(@@"), r(@")v
= |r@)[lf— < C@@"), r(@") >v-v
Hence

(C(a),r(="))s = |Ir(@")I5 (4.7.34)

Since 2! — v*r(2') — 2’ as k — +oo, and C(.) is continuous, passing to the limit as
k — 400 in (4.7.33), we get

(C(a),r(2"))s < allr(z))}
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4.7 Computational Procedure and convergence Analysis

So we have a contradiction because o < 1 and ||r(z?)||y > 0, that means there exists
an integer k; such that (4.7.30) is satisfied. As 2°*! = Pgnp.(2?), where ¥ = Py, (z%).
Using Lemma (4.7.2) for B= KNH;, 2 =z and y = 2* € SVI(C,K) C KN H;
we have by definition of the projection on K N Hi, (i‘Z — 2ttt p* — 2y, <0, but
(z° — 2 2* — 2y = |l — 22 — (2™ — 2% 2" — ')y, it follows that
(CL‘* . .CEi,.’EH_l _ i,i)v > ||xi+1 _ iz”%/
Moreover,
lz™ =2} = 7° = 2[5 + o™ = 2| + 2" - 2,2 - 2"y
therefore, we get
lz™ = 2|} < ll@* = 2*(If — 2™ - 2|17 (4.7.35)

Using Corollary 4.7.5, we get

72l = - 2l + o — a2 ot 2 - %)
_(mfC(z D, 7("))s C(5))|I12 D
- (Yieon I CEDIE + -
WO, P@Ns 1y ot o
ICGIE. 2(J7HC(2Y), ) (4.7.36)
 RECEL NS e i s
= TeEe ICEDIT- + | I
WO Ns o iy o
G, (R
Moreover, it results
(C(2Y),2* — 296 <0 (4.7.37)
then, from (4.7.37) we obtain
(C(2)), 2" — %) = (O(2Y),2" — 2% — (C(2%), 2% — 2')g (4.7.38)

> ni{C(2),r(a"))s.

Now, using (4.7.36), (4.7.38) and (4.7.30), we are able to establish the following in-
equality

2 ((C(2), r(a?))s)”

[z =25 < o' —a*F - ~
v v 1CE)F-
2 V2 )2
i (ollr(z)3)
< 2t =25 — - . (4.7.39)
v 1CEOT-
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Finally, from (4.7.35) and (4.7.39) we get

n2(ollr(z1))2)°
ICEIR.

Iz = 2|} < fla* = 2§ = ll=™ = 2}, - (4.7.40)
From the last inequality we can deduce that the sequence {||z' — z*||y }ien is non
increasing, so we deduce that the sequence {r'};cy is bounded, the same holds for
{z'}ien. So there exists a constant M > 0 such that ||C(2")||y« < M for all i. We

deduce that

. . } . . 2 }
o™ =2} < lla* = | — 2" = & = (52) lr(a) - (4.7.41)

Since {||#* — 2*||v }ien converges, we deduce
lim 7; r () ][y = 0
1—00

Now supposing that lim sup,_, . 7; > 0, we must have in that case lim inf; . [|r(z?)|v =
0. Since {2'};cn is bounded there exists # an accumulation point of {z};cy, moreover,
being r(-) continuous, we deduce that r(Z) = 0. Then, it follows that = € SVI(C, K)
and applying the previous step we deduce that {||z° — 2|y} converges necessarily to 0,
which means that 2! — & € SVI(C, K).

Suppose now that lim;_,, 7; = 0, by definition of n; = 'yki, we have Vk < k; — 1

(C(a' —~Fr(a?)), r(z"))s < ollr(a")II

again as {7'};cn is bounded there exists a subsequence again denoted by {z’};cn which

converges to Z. So passing to the limit in the previous inequality we get
(C(@),r(@))s < alr@)F,

taking into account (4.7.34) we have
(C(@),r(2))s = Ir@)]}

as 0 < 1 this is possible only if 7(Z) = 0 which mean & € SVI(C, K). Using the same
method than before we obtain that {z'};cn converges to # € SVI(C, K). O

Step 1 and Step 2: To solve the dynamical case we discretize the open set

Q =)0, T, in particular we fix € > 0 and we consider the following partition of :

O<tog<ti<..<ti<...<ty<T
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where ¢ < € and T' — t§; < e. For each value of ¢} for » = 0,1,..., N we apply the
Solodov-Svaiter method, to solve the finite-dimensional weighted variational inequality
given by:

(Ot y(t) = 2t maey ooy = 0, Fy(tS) €K(E).  (4.7.42)

Let us denote by VI(C, K (t¢)) the variational inequality defined by (4.7.42) and SVI(C, K (t%))
the corresponding set of solutions. It is clear that SVI(C, K(tS)) coincide with the
points that satisfy:

Prey(x = J'C(x) == (4.7.43)

where P (s is the metric projection operator associated to the norm induced above,

and it is characterized by the following variational principle:
T=Pgx)e (J(x—2),y—T)s <0, Vy € K, (4.7.44)

where J is the duality mapping (linear) given in (3.1.10). It results that a point
x e SVI(F,K(t)) if and only if 7(2) := Pge)(z — J ' (F(z)) —z = 0.

Generally it is well-known that x(t) solves the variational inequality (4.7.29) if and only
if we have z(t) = Pk (z(t) — AJ1(C(x(t)))) for all A > 0. Where Pk is the metric

projection operator on K related to the norm || - ||as. But from the definition,

P (z(t) = A HC(a(t) = arg min [l — A THC()) —vllz
1

= arg vmelir{l (§<v,v>s —(z — /\J_l(C(x)),v)sQ4.7.45)

In order to solve infinite-dimensional weighted variational inequality (4.7.29) defined
into 0,7, we consider a partition of the time interval and the finite-dimensional
weighted variational equalities (4.7.42) associated to every point of the partition and we
apply the generalized Solodov-Svaiter method to compute the solutions, then, by means
of an interpolation procedure, we obtain the solution to infinite-dimensional weighted

variational inequality, as it has been done in Barbagallo (2006, 2007b, 2009a,b).
Step 3: We interpolate the stationary equilibrium solution, in order to do that,

we assume that all hypothesis to have the continuity of the solution to (4.7.29) and

the convergence of the method to compute solutions to finite-dimensional variational
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inequalities hold. Let us introduce a sequence of {m, },en of partitions of time interval
10, T[ such that

=0, ...t ... thn)
where

O<en=10<...<th <..<thh=T—¢,<T

where {€, }nen is a strictly positive and decreasing sequence. We consider a sequence

of equidistant partitions, such that
Ep i= maz{th —t" Yr=1,2,...,N,}

approaches zero for n — 4+00. We consider an approximation of the solution by mean
of piecewise constant functions.
We denote by || - ||m,a,s the norm associated to the inner product before introduced.

Under some additional conditions on the weights, we can show the following result:

Theorem 4.7.7. Assume that the conditions of Theorem 3.1.19 and Theorem 4.7.6

are satisfied, then the approzimate solution, given by

0 if t€]0,en|
uk(t) = ZT 1 ’U,( ) T 1,t2[<t) Zf t e [t%, t]kvk[

0 if t €]T — e, T|
converges to u(t) in L2(J0, T[,R™, a, s) sense

Proof. Let us estimate the following integral

T
Hu—wﬁ§=A lalt) — i (£)]2 ot

T—ep, T
= [ IOt [ ) Ot [ 0,

T—ep

€L tr
SAHurmﬁ+Z/ Jut ﬂmmmﬂ+/ lu(®)[2, o ot

T—ep

< 2€k”uHa,S te€
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Py Ps

Py Py

Figure 4.1: A network model.

because u is uniformly continuous on [ex, T — €x] , we have that for every e > 0 there
exists § > 0 such that if ¢ € [t7~1;¢"] satisfies the condition |t — ¢7| < §, it results

||lu(t) — u(t;)H?naS < %, forr=1,2,... ,N,,VneN

Choosing n large enough in such way that &k, < J, we get

Ny tz
S [ )~ ulth) it <
r=1"t

therefore we get the result. O

4.7.1 Computational methods to solve Projected Dynamical Systems

Actually there are no published work regarding a computational analysis of a scheme
in order to determine the trajectory of the pre-equilibrium, it will be object of a future
publication by the author. There exists indeed computational methods in order to
calculate critical points of a PDS which is equivalent to calculate the solutions of a
variational inequality.

The first difficulty that we have to overcome is that calculation of the tangent cone
related to a convex K in a generic point x. In a large quantity of problems the convex

K is quite simple and even if multidimensional it is possible to calculate it .

4.8 Numerical Example

Let us consider a network as Figure 4.1. The network consists of four nodes and
five links. The origin-destination pair is w = (Py, P3), which is connected by the paths
Ry = (Pl,Pg), Ry = (Pl,PQ) U (PQ,Pg) and Rg = (Pl,PQ) U (PQ,P4) U (P4,P3). Let us
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consider the cost operator on the path C' defined by

il H ) = 2 o,
Colt, H(t) = %%%wa+1, (4.8.46)

C3(t, H(t)) = tHy(t)+ (2t +3)Hs(t) + 3t + 1.

The set of feasible flows is given by

K:{FEL%M2HQ%(Qamg(ﬂ&%&@%&@»g@m@m+32w+®,

E@+R@+&@=#+&aﬁmMﬂ}

We compute the solution for two different real time densities (using 20 nodes in

the interval ]0, 2[) using two different real time densities. The first real time density is

given by:

Sl(t) =

Sg(t) =
s3(t) =

221, (4.8.47)

The cost function is strictly monotone with the previous weight, in fact for all

F(t) # H(t), a.e. in ]0, 2] it results

(C(t, F(t)) = C(t, H(t)), F(t) — H(t))s()

AV

si(t)(Ci(t, F(t)) — Ci(t, H(t)))(Fi(t) — Hi(t))

NE

1
(14 2)(Fy(1) — Hol0))* + (¢ + B)(Fa(t) — H(0))
FH(Fe) — Ho(t)) (F5(t) — Hi(0)) + (21 +3)
(F3(t) — Ha(t))?
) 7 18)

(
S+ 2)(F () — B0 + (35t + 5

(Falt) — Ha(t)” + (51 +3) (Fa(t) — Hs(1))* > 0.

<.
Il

ol o

We get the graphical distribution of the traffic flows in Figure 4.2.

The second real time density used is given by increasing the previous one by the

real time density (RTD) on the first path by 25% and the RTD on the third path by
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— H,0

* Hy®

Numerical solution
(&)
T

R S N SR

Figure 4.2: Curves of equilibria.

50%. Therefore the RTD that we consider now is

Sl(t)

592 (t) =

s3(t) =

3
—t,

6
—(2—-t
5( )’
3

5"

(4.8.48)

In the following, we prove that the cost function is also strictly monotone with the

weight above, in fact for all F(t) # H(t), a.e. in ]0, 2[ it results

(C(t, F(t)) = C(t, H(t)), F(t) — H(t))sr)

v
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4.8 Numerical Example
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Figure 4.3: Curves of equilibria.

We obtain the equilibrium distribution of the traffic flows in Figure 4.3.

We can visualize the densities and the flows in the following way: We present

Densities Flows

Coord.
Coord.

+ 100 200 300 400 500 GH0 + 100 200 300 400 500 GH0
Coord. ¥ Coord. X

Figure 4.4: Densities and Flows £ 1

also this more suggestive visual representation. The graphics has been generated by

Mathlab. It is possible to observe that when the density is high on a route, then the
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flows are redistributed in an equivalent route with lower density.

Densities Flows

Coord. ¥
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100 200 300 400 500 GO * 100 200 300 400 500 GHO
Coord. ¥ Coord. X

Figure 4.5: Densities and Flows f 2
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Figure 4.6: Densities and Flows { 3
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Figure 4.7: Densities and Flows § 4
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Figure 4.10: Densities and Flows § 7
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Figure 4.11: Densities and Flows § 8
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Figure 4.12: Densities and Flows § 9
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Figure 4.13: Densities and Flows # 10
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Figure 4.14: Densities and Flows § 11
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Figure 4.15: Densities and Flows f 12
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Figure 4.16: Densities and Flows § 13
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Figure 4.17: Densities and Flows § 14
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Figure 4.18: Densities and Flows § 15
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Figure 4.19: Densities and Flows # 16
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Figure 4.20: Densities and Flows § 17
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Figure 4.21: Densities and Flows # 18
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Densities Flows
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Figure 4.22: Densities and Flows § 19

We can observe, as foreseen, a redistribution of the traffic flows with a clear increase
on the flow on the path Ry. We can highlight also a new and interesting problem to
study, the sensitivity of the equilibrium with respect to the real time density, and this

point will be part of our future publications.

4.9 Industrial Application - Intelligent GPS

It is quite difficult to foresee all the necessarily steps to make productive an in-
dustrial project. There are many unknown factors that can convert an idea into a
successful application or into something unusable. The decision to include a possible
industrial application is in our work as been induced by the willing to prove that even
well studied domain as for instance the traffic equiibrium problem can be renewed from
a theoretical and practical point of view, integrating an interdisciplinary knowledge.
We know that portable GPS systems have a capillary diffusion in modern societies, as
well as portable wired devices. The idea is therefore to integrate previous work into
portable GPS devices, producing in a certain sense an intelligent GPS device, which is

able to propose “the best” routing according preferred criteria.
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Figure 4.23: Basic design of Intelligent GPS systems.
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Chapter 5

Conclusion

In the following work, we present some achievements in the two main directions.
First we extend the notion of Projected Dynamical Systems in Weighted Hilbert Spaces,
and, as the projection operator is strictly related to the inner product (or the duality
paring and the duality mapping), the work done generalizes existing results. We intro-
duce then a framework to extend PDS theory to Banach spaces proving an equivalence
theorem in Reflexive Banach spaces. Nevertheless we still don’t have an existence result
in such spaces, even if the think there are good perspective of results in that direction.
Implicit Non pivot PDS has been introduced, and using them we prove and existence
result for a quasi-variational inequality with any assumption on the projection operator.
A generalization of the traffic equilibrium model has been introduced to manage flows
according to the real time urban density (obtained from mobile device connexion data).
Moreover some problems have been studied related to this weighted traffic equilibrium
model, among others, regularity of solution, dual problem, retarded traffic equilibrium
model. There are numbers of paths still to be studied. In particular we can highlight
the needs to develop a model for very large Networks (as urban Network) in order to
design in a concrete way a prototype for industry. There are several ideas to make that
possible, using exactly this model but mapping only critical routes, trying to describe
the complex network using a topological approach or using a stochastic approach. On
the other hand, it is necessarily to get an existence result for PDS in Banach space:
this point is still a big challenge, but recently some interesting perspectives can be in-
vestigated . There are also some on going activities related to a deeper analysis of the
double layered phenomena. On the VI front line, some generalizations are under study,

to include for example a relationship between densities and flows. Finally we hope that
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our contribution is useful to show how a classical problem can be renewed both theo-
retically and from the point of view of applications following advances (technological

for instance) of real life.
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Appendix A

Variational Geometry and PDS

A.1 Tangent Cones, Normal Cones

Definition A.1.1. Let be C C X convex, we call General Tangent Cone to C at &

the set given by:

1
Te(z) = liril sgp X(C — )

Remark A.1.2. The definition A.1.1 is valid also if C is non convez. If Cis a convex

subset of X, the definition A.1.1 is equivalent to:

To(z) = |J MC - 2)

A>0

Definition A.1.3. We call Regular Tangent Cone to C at T the set given by:

1
To(®) = liminf _ <(C-3) (A.1.1)

This cone is also called Clarke Tangent Cone.

Remark A.1.4. We always have To(Z) C To(Z). If C is convex then To (%) = To(T).

Definition A.1.5. We call Regular Normal Cone to C at T the set given by:

A~

Ne(z) ={v| <v,z —x ><o(||x — Z||) per z € C} (A.1.2)
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A.1 Tangent Cones, Normal Cones

({9
O

Where ||.|| is the norm on X and means

<v,x—T >

<0 (A.1.3)

lim sup —
e—zaeCarts T — 7

Definition A.1.6. We call General Normal Cone to C at T the set given by:
N¢(z) = {v| 3z¥ € C, v € No(z"), con (2¥,v") — (&,v)} (A.1.4)

Note: As done in Rockafellar & Wets (1998) we use v indexes to indicate the

elements of a suite.

Definition A.1.7. We call Clarke normal Cone the set given by:
Nc(z) = Closed convex hull of N¢(Z) (A.1.5)

Remark A.1.8. No(Z) and No(Z) are closed and convex.

Ne(z) is convex if C' is conver.

The following inclusions are always true:

Nc(i') C Nc(i') C Nc(f) (A.1.6)

Proposition A.1.9. We have:

Ne(z) = {v| < v,w >< 0, Yw € Te(2)}, (A.1.7)
To(#) = {w| < v,w >< 0, Yo € No(z)} (A.1.8)

We recall for readers utility the following basic definitions and properties.

Definition A.1.10. Let be C C X convez, we call Normal cone to C in x the set given
by:

Neo(x)={{e X", <&y—x><0,YVye C}
Definition A.1.11. Let M be a cone of X, the polar set of M, noted M° is defined

by:
M°={¢ec X* <& x><0,Yo € M}
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A.1 Tangent Cones, Normal Cones

If X is reflexive, then the following relationships hold:

(Te(2))° = Ne(z),Va € C
(No(2))° = To(z), Vo € C
(A.1.9)

Tc and N¢ are always closed and if C is non empty and convex they are non empty
and convex. These cones are used to introduce the relative interior (see Danicle et al.

(2007)).

Definition A.1.12. Let C C X be convex. We call the relative interior of C the
following set:

ri(C)={z e C:To(z) = X}

Definition A.1.13. Let C C X be convex. We call the relative boundary of C the
following set:

rb(C) = C'\ ri(C)

Proposition A.1.14 (Proposition 2.2 in Maugeri (1998)). Let us assume that X is a

reflexive Banach space and C C X convex. If x € C' we have:

x €ri(C) < No(x) = {0x+}
Proof: Let it be T¢(x) = X then we have:
Ne(z) ={{ e X" <& x><0,Vr € X}

sowe get Ve € X, < & x><0and <&,z >> 0 so we can deduce that £ = Ox~.
On the other side if No(z) = {Ox~} then using the polarity we get

To(z) ={{ € X :<{0x- ><0} =X

and by definition = € ri(C). B
These notions reveal to be very useful in infinite dimensions because many convex sets
used in Variational analysis have a topological interior void and a relative interior non

void (see Maugeri (1998)).

113



A.2 Projected Dynamical systems in R"

A.2 Projected Dynamical systems in R”

PDS theory in R™ has been developed in Dupuis & Nagurney (1993). One of the
notable features of this tool is its relationship to variational inequality problem. In
R™ it is clear how the the static study of VI is extended by PDS which introduced an
additional time dimension in order to analyze desequilibrium behavior that precedes
the equilibrium. Supposte to have K C R™ a closed convex set. Given z € K, and
v € R" define the the directional derivative of the operator Pk is defined, for any z € K
and any element v € X, as the limit (for a proof see Zarantonello (1971)):

. Pglx+dv)—=x
"k (@,0) ::515(% ! 5 )

; moreover T (z,v) = PTK(JC) (v).

Let 7 : K x X — X be the operator given by (z,v) — g (x,v). Note that mx is
nonlinear and discontinuous on the boundary of the set K.
The class class of ordinary differential equations of interest takes the form:
dx(T)
dr
K corresponds to the constraint set in a particular application, and F(x) is a vector

field defined on K. the right hand side of the ordinary differential equation A.2.10 is

=ng(x(7),—F(z(1)), x(0) =20 € K (A.2.10)

associated to an operator and hence it is discontinuous on the boundary of K therefore
we need to explicitly state what one means by solution to an ODE with discontinuous

right hand side.

Definition A.2.1. The projected dynamical system (PDS), Xo(t) : K x R — K is

the family of solutions to the initial value problem A.2.10 for all xg € K
Definition A.2.2. A Critical point of the PDS is point x* such that:

0 =mg(z*, —F(z¥) (A.2.11)

Let’s give now conditions for existence, we introduce for that purpose (Nagurney &

Dong (2002)) the linear growth condition assumption.

Assumption A.2.3. There exists a B < 0o such that the vector field —F : R* — R"”

satisfies the linear growth condition: |F(z)|| < B(1+ ||z||) for z € K and also

(—F(2) + P(y),x —y) < Bz —ylP, Yo,y € K (A2.12)
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Theorem A.2.4. Assume A.2.3, then for any xo € K, there exists a unique solution
Xo(t) to the initial value problem A.2.10 and if x, — x¢ as k — oo, then X*(t) — Xo(t)

uniformly on every compact set of [0, o).

Then second statement of this theorem is sometimes called the continuous depen-
dence of the solution path to A.2.10 on initial values The projected dynamical system
(PDS), zo(t) : K xR™ — K is the family of solutions to the initial value problem A.2.10
for all zg € K

A.3 Projected Dynamical System in Hilbert Spaces

In Cojocaru & Jonker (2004) the authors extends the theory of PDS to Hilbert
spaces, this extension is very important because instead of dealing with statics problems
it is possible to treat dynamic problems, the vectors are time dependent functions. This
new light on the problem is described in an excellent way in the paper Cojocaru et al.
(2006) in which the authors introduce the concept of double layered dynamic. The
formulation is exactly the same as before. But we need to define what is a solution for
a PDS in Hilbert Spaces.

Definition A.3.1. A solution for a PDS is an absolutely continuous function x : I C

R — X (X Hilbert space), such that x(t) € K, Yt € I and

dx

pri Tk (z(y)), —F(z(y)), a.a. t €1

A.3.1 Existence result

To obtain the following existence result it is necessary to activate an important
machinery (Cojocaru & Jonker (2004)) which is used also in the Chapter 3 to prove

the existence result in Non pivot Hilbert spaces.

Theorem A.3.2. Let X be a Hilbert space of arbitrary dimension and let K C X be a
non-empty, closed and convex subset. Let F' : K — X be a Lipschitz continuous vector

field with Lipschitz constant b. Let xo € K and L > 0 such that ||| < L.Then the
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A.4 Projected Dynamical Systems for non Convex subsets in Hilbert
spaces

initial value problem % = my(2(t), —F(x(t))), 2(0) = zy has a unique solution on the

interval [0,1], where I = L||F(zo)|| + bL.

A.3.2 Equivalence Results

In Cojocaru & Jonker (2004) an equivalence result is proven using Moreau’s decom-
position theorem. The result state that critical points of PDS and equilibrium point of

VI are equivalent.

A.3.3 Double layered time

The notion of Double Layered Time has been first time introduced in Cojocaru
et al. (2006). It is a quite surprising notion. In fact it states that there is a micro
time scale, that is the time scale used for PDS system and a macro time scale used
in Evolutionary variational Inequalities. The authors of Cojocaru et al. (2006) try to

answer to the following questions:

1. Is it accurate to expect that for almost all ¢ € [0, 7] given, the trajectories of the

PDS at t (which we denote by PDS;) evolve towards the curve of equilibria?

2. What is the relation between an arbitrarily chosen ¢ € [0,7] and the time it takes

for solutions to PD.S; to actually reach the curve of equilibria?
3. What is the interpretation of the double-layered dynamics for applications?

But we refer directly to the paper for the answers.

A.4 Projected Dynamical Systems for non Convex sub-

sets in Hilbert spaces

Remark A.4.1. This research has been included in this section even if it has been
developed in Giuffré et al. (2006a) because my consideration is that the following re-

sults are not really connected with the core subject of the thesis. Nevertheless there are
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spaces

interesting in the sense that they show that it is possible to set up projected dynami-
cal systems problems over cone that are more general that usual tangent and mormal

cone...in particular it is possible to set up the problem in non conver sets.

Let us start introducing the following concepts of projected dynamical system for

non convex subsets of an Hilbert space.

Definition A.4.2. We call the Clarke Generalized Projected-Dynamical System the
operator

A%:C’XX*—>X

defined by setting:

Al (w,h) =g, 0 (T (h))

Definition A.4.3. We call Generalized Projected Dynamical System (g-PDS), the dis-

continuous right hand side differential equation given by:

% = Ao (@, = F(2)) = Iz, () (J* (= F(2))) (A.4.13)

The associated Cauchy problem is given by:

% — AL (@, ~F(@)) = I, ) (J*(~F())), 2(0) = 20 € C (A.4.14)
Remark A.4.4. If C is convex then T (z) = Te(z) and we obtain the Projected Dy-
namical system defined in Giuffré € Pia (2009) and if in addition X is an Hilbert Space
then (A.4.13) is the Projected dynamical system used in (see Isac € Cojocaru (2002¢),
Isac & Cojocaru (2002a), Cojocaru (2002), Cojocaru & Jonker (2004), Cojocaru et al.
(2005)).

We also introduce a quasi-variational inequality or using a common used denomi-

nation (see Rapcsdk (2003)) a quasi-complementarity system.

Definition A.4.5. We call Quasi-Complementarity System based on Clarke tangent

cone, the problem given by a subset of a real Hilbert space H, a closed subset C and the
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A.4 Projected Dynamical Systems for non Convex subsets in Hilbert

spaces
set value mapping D : C — 28 such that :
D(w) = o + To(a)
and the following quasi- Variational inequality:
reC:<F(x),y—x>>0, Yy € D(x) (A.4.15)

Where F' is a mapping from C' — H.

Then we may obtain the following equivalence results.

Theorem A.4.6. Assume that X is an Hilbert Space. If (A.4.15) and (A.4.14) admits
a solution then each equilibrium point of (A.4.15) is a critical point of (A.4.14) and, if

(A.4.14) admits critical points then they are equilibrium points of (A.4.15).
Proof: If z* is an equilibrium point of (A.4.15), then we get:
o€ C:<a* — A\F(z) — 2,2 — 2" ><0, Vz € 2" 4+ Te(z*), YA >0
which can be written in the following way

z¥=P

z*+TC($*)(x* — AF(z")), VA>0

but as z* € z* + To(x*) we deduce that PTC(I*)(—F(ZE*)) =0.0
Now suppose that x* is a critical point of (A.4.14), using Moreau’s theorem we can

write that
—F(2") = Py (o) (=F(z7) + Py (o) (= F(2") = Py (o) (= F(27)

If F(z*) = 0 then (A.4.15) is trivially verified. Now we suppose that F(z*) # 0.
Then as —F(2*) = Py u+)(—F(z")) we get —F(z) € N¢(x*) which means by polarity

< —F(z*),w ><0, Yw € To(z*)

and this is (A.4.15).1
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Appendix B

Variational Inequalities

B.1 Historical development

Variational inequalities proved to be a very useful and powerful tool for investigation
and solution of many equilibrium type problems in Economics, Engineering, Operations
Research and Mathematical Physics. In fact, variational inequalities for example pro-
vide a unifying framework for the study of such diverse problems as boundary value
problems, price equilibrium problems and traffic network equilibrium problems. Be-
sides, they are closely related with many general problems of Nonlinear Analysis, such
as fixed point, optimization and complementarity problems. As a result, the theory
and solution methods for variational inequalities have been studied extensively, and
considerable advances have been made in these areas.

The theory of variational inequalities, born in Italy in the sixties, was introduced
to study elliptic problems with unilateral conditions at the boundary (the celebrated
Signorini problem Signorini (1959)), the obstacle problem, the elastic plastic problem,
and other similar problems of mathematical physics. The pioneer works in this field are
due to G. Fichera (see Fichera (1964)) and G. Stampacchia (see Stampacchia (1964))
were motivated by concrete problems, the first in mechanics (a problem in elasticity
with a unilateral boundary condition) and the second in potential theory (in connection
with capacity, a basic concept from electrostatics). A further study of a special case of

variational inequalities was done by J.L. Lions and G. Stampacchia in the joint papers,
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B.2 Preliminary concepts

Lions & Stampacchia (1965) and Lions & Stampacchia (1967), with applications to
elliptic and parabolic unilateral boundary value problems. In the same period, H.
Brezis (see Brezis (1967)) introduced evolutionary variational inequalities.

The existence theorem in the general form stated above (and its extension to semi-
monotone operators) was obtained by F.E. Browder (see Browder (1965a)) and P.H.
Hartman and G. Stampacchia (see Hartmann & G. Stampacchia (1966)) by using the
“monotonicity” approach to nonlinear problems previously developed for operator equa-
tions in Hilbert space by E.H. Zarantonello (see Zarantonello (1960)), G. Minty (see
Minty (1962)) and F.E. Browder (see Browder (1963c) and Browder (1963b)) and for
equations involving operators from a Banach space X to its dual X* by F.E. Browder
(see Browder (1963a) and Browder (1965b)), G. Minty (see Minty (1963)) and J. Leray
and J.L. Lions (see Leray & Lions (1965)).

In the following, many other authors worked on the theory of variational inequalities,
as D. Kinderleher and G. Satmpacchia (see Kinderleher & G. Stampacchia (1980)).

In the same years, A. Bensoussan and J.L. Lions in a series of papers (see, e.g., Ben-
soussan & Lions (1973)) introduced a more general mathematical tool, quasi-variational
inequalities, in connection with impulse optimal control problems. Then they have been
extensively studied in numerous publications, mainly from the viewpoints of existence of
solutions and numerical methods; see Baiocchi & Capelo (1984), Chan & Pang (1982),
Tan (1985) among others.

In the next sections we present various basic concepts in optimization and varia-

tional analysis and recall their properties.

B.2 Preliminary concepts

Let X be a real topological vector space and let S be a subset of X. Moreover let

X’ be the topological dual space of X.

Definition B.2.1. A functional f : S — RU{%o0} is said to be upper semi-continuous

(briefly u.s.c.) if for each x’, we have

limsup f(x) < f(a').

T—T
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Definition B.2.2. A functional f : S — RU{zxoo} is said to be lower semi-continuous

(briefly l.s.c.) if —f(x) is upper semi-continuous.

Definition B.2.3. An operator f: S — X' is monotone on S if

(f(x1) — f(z2), 21 —22) >0, Vay,29 €8S.

Definition B.2.4. An operator f : S — X' is strictly monotone on S if

(f(x1) = f(z2), 21 —w2) >0, Vry # xo.

Definition B.2.5. An operator f : S — X' is strongly monotone on S if for some
v>0

(f(w1) — f(22), 1 — 22) > V|1 — 22||%, V1,22 € S.

Definition B.2.6. An operator f : S — X' is pseudomonotone on S if for all z1,x9 €

S

(f(z1), 21 — 22) > 0= (f(x2), 71 — 22) <O.

Definition B.2.7. An operator f : S — X' is strongly pseudomonotone with degree

a>0 onS if and only if there exists v > 0 such that for all x1,x5 € S

(f(w2),21 — 22) > 0 = (f(71), 21 — 22) < V|21 — 22|

Let X be a real topological vector space and let K be a convex subset of X.

Definition B.2.8. An operator f : K — X' is hemicontinuous if for any x € K, the

function

K>¢— (f(§),z-8

18 upper semi-continuous on K.
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Definition B.2.9. An operator f : K — X' is hemicontinuous along line segments if

and only if for any x,y € K, the function

K>¢— (f(&)y—=x)

is upper semi-continuous on the line segment [z, y].

Let X, Y be two Hausdorff topological vector spaces and let S be a subset of X.
Moreover, let X’ denote the dual space of X.

Definition B.2.10. A set-valued map F : S — 2Y is upper semi-continuous (briefly
u.s.c.) in x’' € S if for any open subset Q of Y such that F(z') C Q, there exists a

neighborhood V' of x’ such that for all x € V
F(z) CQ.

Definition B.2.11. A set-valued map F : S — 2Y is lower semi-continuous (briefly
l.s.c.) inx’ € S if for any open subset Q of Y such that F(x') N Q # (0, there exists a

neighborhood V' of ' such that for allx € V
F(z)nQ # 0.

Definition B.2.12. A set-valued map F : S — 2Y is continuous if it is both u.s.c. and

l.s.c.

Definition B.2.13. A set-valued map F : S — 2 is called closed if its graph
G={(r,y): z€8, y€ F(r)}
is a closed subset of X xX Y.

Remark B.2.14. [t is easy to show that if X and Y are real topological linear locally

convexr Hausdorff spaces the following statements hold:
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B.3 Finite dimensional variational inequalities

1. F is closed if and only if for any sequence {xp}nen, Tn — x, and any {yn tnen,

yn € F(xn), yn — vy, then it results that y € F(x);

2. Fisl.cs. inx € K if and only if for any y € F(z) and any {zy}nen, n — T,

there exists a sequence {yn tnen such that y, € F(x,) and y, — y.

B.3 Finite dimensional variational inequalities

Now, we introduce finite dimensional variational inequalities and we recall some

existence results.

Definition B.3.1. Let K be a nonempty, convex and closed set of the m-dimensional
Euclidean space R™ and let C': K — R™ be a vector-function. The finite dimensional

variational inequality is the problem to find a vector x € K, such that

(C(x),y—z) >0, VyekK. (B.3.1)

Geometrical meaning (B.3.1) states that C(x)”is orthogonal to the set K at the
point x.
Now, we recall some classic conditions showed by Stampacchia for existence of

solutions to variational inequality (B.3.1).

Theorem B.3.2. (Hartmann & G. Stampacchia (1966)) If K is a nonempty, convex
and compact subset of R™ and C : K — R™ is a continuous operator, then variational

inequality (B.3.1) admits at least one solution.

Theorem B.3.3. (Lions & Stampacchia (1967)) If K is a nonempty, conver and
compact subset of R™ and C is continuous on K, then the set of solutions to the

variational inequality (B.3.1) is convex and compact.

Theorem B.3.4. (Mancino & Stampacchia (1972)) If C is strictly monotone on K,

then the solution to variational inequality (B.5.1), if it exists, is unique.
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B.4 Infinite dimensional variational inequalities

Whenever the set K is unbounded, the existence of solutions may also be established

under the coercivity condition, as shows the following result.

Theorem B.3.5. (Kinderleher & G. Stampacchia (1980)) If C' satisfies the coercivity

condition
(C(z) - C(@'),x — ")

lim ;
2]l —+o00 |z — 2||m

— 400 (B.3.2)

for x € K and some 2’ € K. Then variational inequality (B.3.1) admits a solution.

B.4 Infinite dimensional variational inequalities

In this section we give some results for the existence of solutions to variational
inequalities in infinite dimensional spaces.

Let X be a reflexive Banach space and let K C X be a convex and closed set. Let
us denote by || - || the norm in X. Let Br be the closed ball with center in O and radius
R and let us consider the closed and convex set Kr = KN Br. If R is large enough,
then Kp is nonempty. We have the following result.

Theorem B.4.1. (Stampacchia (1969)) Let C : K — X' be a monotone and hemicon-

tinuous along line segments function, the the variational inequality
zeK: (C(x),y—z) >0, VyekK, (B.4.3)

admits a solution if and only if there exists a constant R such that at least one solution

of the variational inequality
zr € Kg: (C(a:R),y—xR> >0, VyEKR, (B.4.4)

satisfies the condition

|zrll < R. (B.4.5)

Remark B.4.2. If the set K is unbounded, then the following conditions for the exis-

tence of solutions are provided:

'From here onward we always denote by || - ||m the norm in R™, for all m > 1.
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B.4 Infinite dimensional variational inequalities

1. let us suppose that 3xo € K and R > ||zo|| such that

<C(y)7x0 - y> <0,
Vy € K, |ly|| = R, then (B.4.5) is verified.

2. let us suppose that 3z such that C' satisfies the coercivity condition (B.3.2), then
(B.4.4) holds.

3. let us suppose that C' satisfies the weak coercivity requirement:

(Cl).y)

= +OO
lyl—+oo |yl

Vy € K, then (B.4.5) is fulfilled.
We recall Theorems 2 and 3 in Oettli & Schldger (1998).

Theorem B.4.3. Let X be a real topological vector space and let K C X be a nonempty

and convex set. Let C : K — X' be a given function such that:

(i) there exist A C K nonempty, compact and B C K compact, convex such that, for

every y € K\ A, there exists T € B with (C(y), T —y) <0);
(ii) C is pseudomonotone and hemicontinuous along line segments.
Then, there exists x € A such that (C(z),y —x > 0), for all y € K.

Theorem B.4.4. Let X be a real topological vector space and let K C X be a nonempty

and convex set. Let C : K — X' be a given function such that:

(i) there exist A C K nonempty, compact and B C K compact, convex such that, for

every y € K\ A, there exists * € B with (C(y),z —y) < 0);
(ii) C is hemicontinuous.

Then, there exists x € A such that (C(x),y —x > 0), for all y € K.
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B.4 Infinite dimensional variational inequalities

With a weakened coercivity assumption, we get the following theorem.

Theorem B.4.5. (Ricceri (1995)) Let X be a Hausdorff real topological vector space
and K C X be a closed and convex subset with nonempty relative interior (that is
the interior of K in its affine hull) and C : K — X' a weakly* continuous function.
Moreover, let K1 and Ko be two nonempty and compact subset of X with Ko C Kj

and Ko having finite dimension, such that Yz € X \ K, we have

sup (C(z),z —y) > 0.
yeKa

Then the variational inequality
(Clx),y—=2) >0, VyeK

admits solutions in K.

In particular, if X is a real Hilbert space and the operator C is affine, the next
result, due to Lions and Stampacchia (see Lions & Stampacchia (1967)), holds.
Theorem B.4.6. Let X be a real Hilbert space, let K be a nonempty, convex and closed,
subset of X and let A : K — X' a Lipschitz and coercive operator (not necessarily

linear), that is,

Az — Ay

IN

MHQ}—:I/H, V.’E,yEK,
<A:U—Ay,x—y> > V”‘I_y|’27 Vm,yEK,

for some constant M,v > 0. Then for each B € X', there exists a unique solution to

the variational inequality
reK: (Au+B,y—z) >0, VYyeK.

Moreover, the (nonlinear) solution mapping is Lipsichitz continuous, that is, if
x1,T9 € K are the solutions to the variational inequalities related to two different free

terms By, By € X', it results

1
||CL‘1 — ZEQH S ;HBl — BQH* (B46)
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B.5 Finite dimensional quasi-variational inequalities

B.5 Finite dimensional quasi-variational inequalities
Let us introduce finite dimensional quasi-variational inequalities.

Definition B.5.1. Let D be a nonempty subset of R™, let C: D — R™ and K: D —
2P be a function and a multifunction, respectively. The quasi-variational inequality is

the problem to find a vector x € K(x) such that

(C(x),y—x) >0, VyeK(x). (B.5.7)

Let us give some theorems concerning the existence of solutions to finite dimensional

quasi-variational inequalities.

Theorem B.5.2. (Harker & Pang (1990)) Let D be a compact and convex set. Let C
and K be a function and a multifunction, respectively, and, for all x € D, let K(z) be
a nonempty, closed and convex subset of R'. Then quasi-variational inequality (B.5.7)

admits a solution.

Theorem B.5.3. (De Luca & Maugeri (1992)) Let D be a compact and convex set.
Let K be a continuous multifunction such that, for all x € D, K(zx) is a nonempty,

closed and convex subset of R and let C satisfy the condition
{r e X: C(x)y <0} is closed Vy € D — D.
Then quasi-variational inequality (B.5.7) admits a solution.

Theorem B.5.4. (De Luca (1995)) Let D be a compact and convez set. Let K be
a continuous multifunction such that, for all x € D, K(z) is a nonempty, closed and
convex subset of R'. Let C': D — oY be a set-valued map (possibly discontinuous)

such that:
Vy € D — D the set Gy = {x eD: inf zy< 0} is closed.

zeC(z)

Then, there exist x € K(x)ND and z € C(y) such that z(y—x) > 0, for ally € K(z)ND.
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B.6 Infinite dimensional quasi-variational inequalities

We may present problem (B.5.7) in an infinite dimensional setting by replacing R™
with a real topological vector space X and assuming that C' is a operator from D to
X', where X’ is the topological dual of X.

In the following, we recall some results for the existence of solutions to the quasi-

variational inequality in infinite dimensional spaces.

Theorem B.6.1. (Tan (1985)) Let X be a topological linear locally convex Hausdorff
space and let D C X be a convex, compact and nonempty subset. Let C : D — 2X'
be an u.s.c. multifunction with C(y), y € C, convex, compact and nonempty and let
K : D — 2P be a closed l.s.c. set-valued mapping with K(y), y € D, convex, compact
and nonempty and let ¢ : D — R a convex l.s.c. function. Then, there exists z € C(x)

such that:
1. z € K(z),
2. there exists y* € C(x) for which
(y—2,97) +o(y) —p(x) 20, vy € K(z).

The following theorem relaxes the hypothesis of compactness of the set D requiring

the coercivity of the operator.

Theorem B.6.2. (Tian & Zhou (1991)) Let D be a convex subset in a locally convex

Hausdorff topological vector space X. Let us suppose that

(i) K : D — 2P is a closed l.s.c. correspondence with closed, convex and nonempty

values,
(ii)) C : D — 2X" is a monotone, finite continuous and bounded single-valued map,

(i1i) there exist a compact, convex and nonempty set Z C D and a nonempty subset

B C Z such that
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B.6 Infinite dimensional quasi-variational inequalities

(iii.a) K(B) C Z;
(11i.0) K(z)NZ # 0, for all z € Z;

(iii.c) for every z € Z \ B there exists z € K(z) N Z with (C(z),z — z) < 0.
Then there exists x such that

reK(x): (C(z),y—z) >0, VyeK(zx).
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