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Preface

Hard constraints are represented by inequalities. Hard constraints occur frequently
in practical systems and their models; these hard constraints are often used in optimization
since optima are frequently found at these hard limits. In optimal control theory, this can
be seen in the prevalence of “bang-bang” solutions—the “bang” represents a control at a
hard limit.

In spite of this, hard limits are eschewed in most dynamical models. There are a
number of reasons for this. One is the lack of a suitable or “nice” theory for such systems.
Another is that numerical methods do not handle this situation well. A third is that it is
often not clear what should happen in a differential equation when a hard limit is reached.

Most commonly, when researchers in the sciences, engineering, or economics come
across a dynamic system with a hard constraint, the usual instinct is to smooth out the hard
constraint, often by adding a “penalty” term for either violating, or approaching, the hard
constraint. There are several reasons why this is not necessarily wise:

e This complicates an otherwise simple model, and furthermore, the strength of the
penalty is a new parameter that should somehow be calibrated to fit the situation.
And if the calibration indicates that the value should be zero (or infinity) for all
practical purposes, then we are back to a system with a hard constraint.

e Numerically solving a penalized differential equation with a small penalty term (so
as to well approximate a hard constraint) results in a stiff differential equation, which
must be solved either with extremely small step sizes or using implicit methods that
require the solution of nonlinear equations that are nearly equivalent to the hard
constraint.

This book aims to fill this gap: hard limits are natural models for many dynamic phenom-
ena, and there are ways of creating “differential equations with hard constraints” that are
natural and provide accurate models of many physical, biological, and economic systems.
The models that are described here have roots in optimization theory, and so we will see
Lagrange multipliers and complementarity principles not only as methods to enable us to
minimize functions subject to constraints but also as ways of formulating dynamic models
to systems with hard constraints.

A central idea here is the idea of index. This represents the number of differentiations
between a hard constraint and the state variables of the dynamic system. The higher the
index, the more difficult it is to solve. This index is closely related to the index used in the
area of differential algebraic equations (DAEs), which can be seen as differential equations
with equality constraints. This will provide an organizing principle for much of this book.

Xi



Xii Preface

Connections to related dynamical systems with hard constraints will be mentioned,
such as linear complementarity systems (LCSs), projected dynamical systems (PDSs), dif-
ferential inclusions, and more general concepts such as hybrid systems and variable struc-
ture systems. In contrast to hybrid and variable structure systems, the systems described
here are more limited, but they do not suffer from the same theoretical limbo where solu-
tions might or might not exist or be meaningful depending on the precise structure of the
system.

Differential variational inequalities (DVIs) form a focal point in this book. These are
not the most general class of dynamics that can represent hard constraints or impacts. Dif-
ferential inclusions (also discussed) can be more general. But with such great generality it
becomes difficult to turn the abstract formulation into a practical or computationally useful
form. DVIs, on the other hand, provide a general means both of modeling and of carrying
out computations. The connections with more abstract theories, such as differential inclu-
sions, are fleshed out so that the reader can compare the properties and strengths of the two
means of modeling such systems.

I have tried to make this book mathematically self-contained, so that it is accessible
to engineers, economists, and others with a strong mathematical background. The ma-
terial contained in this book, however, does involve considerable technical development,
especially for problems involving partial differential equations, as these involve spaces of
functions with infinite dimensions. Results are given which include infinite-dimensional
cases wherever possible. If the reader does not have a background in functional analysis,
regarding statements such as “... X is a Banach space ...,” “... X is a Hilbert space ...,”
“... X has the Radon—Nikodym property ...,” the reader should think of R", the space of n-
dimensional (column) vectors. The dual space X’ would then be the space of n-dimensional
row vectors. The duality pairing between a vector x € X and y” € X"is (y7, x) = y7 x, the
usual inner product for n-dimensional vectors. The mysterious function Jx (which takes
vectors in a Hilbert space X to the dual space X”) can be thought of as the transpose oper-
ation for R". Weak and strong convergence are identical for finite-dimensional spaces, but
they can be different in important ways in infinite-dimensional spaces. The relevant con-
cepts and theorems are detailed in the appendices, along with relevant material on convex
analysis and differential equations.

The results of mine here are often improvements of my published results. While I
have aimed for generality, I have often not given the most general possible formulation. As
this is a book, the target is readability and ease of understanding as well as completeness
of the technical results.

I would also like to take this occasion to thank the many people who have con-
tributed to this work or commented on it, including (in alphabetical order) Jeongho Ahn,
Mihai Anitescu, Kendall Atkinson, Bernard Brogliato, Kanat Camlibel, Alan Champneys,
Marius Cocou, Muddappa S. Gowda, Lanshan Han, Weimin Han, Jodo A. C. Martins
(who has sadly passed away), Manuel Monteiro-Marques, Boris Mordukhovich, Jong-Shi
Pang, Laetitia Paoli, Adrien Petrov, Michelle Schatzman, J. M. (Hans) Schumacher, Roger
Temam, and Theodore Wendt. Suely Oliveira also contributed ideas which have strength-
ened the presentation of this work. I would also like to thank the Instituto de Ciéncias
Matematicas e de Computacdo at the Universidade de Sdo Paulo, Sdo Carlos, for their
hospitality while I stayed there, especially José Cuminato, Alexandre N. Cavalho, and An-
tonio Castelo. The University of lowa Mathematics Department has been my mathematical
home for many years, and I would like to thank many people there including Ken Atkinson,
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Weimin Han (who also works on contact mechanics and has helped improve the book), Yi
Li, and Lihe Wang, for supporting me in my work over many years. The University of Iowa
also has allowed me to take a leave which I have used to finish this book.

David Stewart lowa City and Sdo Carlos, 2010.



Chapter 1

Some Examples

there is no philosophy which is not founded upon knowledge of the
phenomena, but to get any profit from this knowledge it is absolutely necessary
to be a mathematician.

Daniel Bernoulli

In this chapter we see how a number of differential equations with inequalities arise. The
inequalities that arise are naturally in the form of complementarity problems or in varia-
tional inequalities. These may arise from variational principles or from simple principles of
the form “if this is positive, then that must be zero.” There are more general formulations
of hybrid systems which consist of a system of differential equations together with rules
of the kind “when we are in this (discrete) state and we reach this set, then we change our
state to another and continue with the corresponding differential equation.” Such models
may appear attractive to engineers, because this corresponds closely to how a system might
be programmed. But there are a number of problems with this approach.

Often hybrid systems like this chatter; that is, they cross and recross the sets that de-
fine the transitions of the (discrete) state variable(s) in arbitrarily short times. For example,
a bouncing ball might be modeled like this with a transition whenever the ball touches the
ground. We would probably use Newton’s rule, where the upward velocity just after con-
tact is a constant multiple (designated e) of the downward velocity just before contact. If
0 < e < 1, then there will be infinitely many bounces in finite time. Discrete-state systems
cannot handle this. Alternatively, a popular approach to controller design has been to use
sliding mode controllers. These controllers deliberately build discontinuities into the con-
troller in order to force the system into a particular subset of state space. However, if there
is any delay in the controller, then the system will jump from one side of the discontinuity
to the other and back again with a frequency inversely proportional to the response time
of the controller. Trying to model these systems from the point of view of general hybrid
systems is at best misleading.

Rather, the purpose of this chapter is to show how the apparently special structure
of rules based on complementarity problems or variational inequalities are in fact very
common and natural. Complementarity problems typically have the following form: Given



2 Chapter 1. Some Examples

a function f: R" — R", find a vector z € R”, where
0<zl f(z)=0;

note that “a > b” for vectors a and b means that “a; > b; for all i”” and that “a L b” means
that a” b = 0. Variational inequalities have the following form: Given f: R” — R" and a
closed convex set K, find a vector z such that

zeK & (F-2Tf(z)=0 forallZeK.

Both complementarity problems and variational inequalities are closely related to optimiza-
tion and variational principles. More will be said about this in Chapter 2.

1.1 Mechanical impact
1.1.1 Ball and table

Consider a rigid ball falling onto a rigid table, as illustrated in Figure 1.1.

The equations of motion of the ball, assuming no air resistance, are given by New-
ton’s second law of motion:

d?y N
m— 5 =-mg +N(@),

where m is the mass of the ball, and g (downward) is the gravitational acceleration. But
sooner or later we must face the hard constraint that y(t) —r > 0 for all times 7.

What happens at the time t of impact when y(t) = r? Then we must have a reaction

force N(t) to prevent penetration. In fact, since we expect that dy/dt(t ™) < 0 at that time,

y(t)

N(t)

Figure 1.1: Ball and table example.
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we must have a jump discontinuity in the velocity so that dy/dt(z ™) > 0. This means that
N(t) must contain a Dirac-§ function, or impulse, at time 7: N(¢t) = N*§(t — t) + g(¢),
where g(¢) is “nice,” or at least “nicer” than a §-function near ¢t = 1.

When there is contact, we expect the normal contact force to be upwards. Downward
normal contact forces N(7) < 0 would indicate some kind of “glue” stopping the two bodies
from separating. So we assume that N(¢#) > O for all 7, and in particular, our impulse should
also be upward: N* > 0.

The relationship between the position y(¢) and the normal contact force N () is given
by the following relations:

0<y@®)—r for all ¢,
0<N®) for all ¢,
0=((#)—r)N() forallzr.

This is a complementarity condition. It can be written more succinctly in the form
O<y@®)—r L N@=>0 for all 7. (1.1)

The “a L b” sign means that a and b are orthogonal as vectors; that is, the dot product of a
and b is zero. For scalar a and b, this amounts to saying “ab = 0.”

Unfortunately, these conditions together with initial conditions are not sufficient to
determine the trajectory uniquely. Even in this simple model we need an extra condition,
usually given in terms of a coefficient of restitution 0 < e < 1. The value of e determines
how much “bounce” we expect to see in a collision. The standard (Newtonian) version is
like this: if y(r) —r =0, then

dy .= dy _
E(t )= eE(t ).

That is, the postimpact normal velocity should be —e times the preimpact normal velocity.
On a superficial level this is necessary to distinguish between the behavior of (for example)
Play-Doh, which exhibits nearly completely inelastic behavior (e =~ 0), and solid rubber
“superballs,” which are nearly perfectly elastic (e & 1). Deeper investigation of these ques-
tions has pointed out a number of difficulties with these models (such as impacts resulting
in increased energy) and a proliferation of alternative models (such as Poisson models and
energy-based models of restitution). Ultimately, these issues should be resolved by a better
understanding of elastic bodies in impact (which shall be introduced in Section 1.1.3).

With a coefficient of restitution e given we can determine the impulse strength N*:
dy/dt(x) =dy/dt(x7)+ N*/m = —edy/dt(t™), and so N*/m = —(1 +e)dy/dt(t7).
Even with a given coefficient of restitution, solutions are not necessarily unique, although
finding such examples is not easy [24].

1.1.2 More complex rigid-body systems with impact

Dealing with more complex situations we might have many bodies which can potentially
make contact with many others at any point on the boundary. The equations of motion
are also more complex, as the orientation of the body can change, and we need to take
account of quantities such as angular momentum as well as ordinary momentum. There are
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different ways of representing the orientation of a body (some use Euler angles, some unit
quaternions, some orthogonal matrices, and some more obscure systems such as Rodriguez
coordinates). The configuration of a hinged body, such as our arms and legs, or of robots,
can often be expressed most efficiently in terms of the angles of the hinges. To avoid
making the treatment dependent on a particular choice, we will take the configuration of
the body to be represented by a vector g € R” which contains all the necessary information
to describe the configuration of the mechanical system.

If we use Lagrangian mechanics to describe a mechanical system, then we would
write the Lagrangian

L(g,v)=T(q,v)—V(q),

where v = dg/dt is the (generalized) velocity, T (q,v) is the kinetic energy function, and
V(g) is the potential energy function. Typically T'(q,v) = %UTM (g)v, where M(q) is a
symmetric positive definite matrix referred to as the mass matrix. The mass matrix will
often contain quantities such as moments of inertia as well as actual masses, though. The
constraints on the configuration of the system can be represented by means of a system of
inequalities ¢;(q(¢)) > 0,i = 1,2, ..., m, for all . Adding this to the Lagrangian by means
of Lagrange multipliers A(¢) gives

1 m
Lig,v,2) = 20" M(@v=V(g) =) »i9i(9)

i=1
|
- EUTM(q)U —V(g)—2Tp(g).

However, since we have inequality constraints, we should not use the Lagrange multiplier
principle itself, but we should use the corresponding principle for inequality-constrained
optimization: the (Karush—)Kuhn—Tucker condition. Doing this formally with the principle
of least action gives the following conditions:

dv -~
M(CI)E = —VV(‘I)‘Fk(C],U)—Xl:)\i Voi(q), (1.2)
1=
dq
L —y, 1.3
7 =V (1.3)
0<A;i Lgi(g)=0 forall i and . (1.4)

The function k(g,v) gives the pseudoforces (for example, Coriolis forces) that arise in the
system, and this has the form

1 omir Odmjs  Omyg
ki(g,v) = —= E — .
z(q v) 3 - |: aqs + aqr aqi :|ers

If this model is analyzed, we again see that we must have impulses in the solution in
general. Also, we need to have a coefficient of restitution for each pair of bodies that
impact each other.

The theoretical questions that arise with these models having impulsive solutions
which satisfy complementarity conditions are formidable, and they will be discussed later
in Chapter 6.
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rigid obstacle x=0 <j "0 x=1L
%
Nt)
%
u
0

Figure 1.2: Routh’s rod problem.

1.1.3 Elastic bodies in impact

The problems of elastic bodies in impact without friction are partial differential equations
with complementarity conditions. These can either be “boundary thin” obstacle problems
where the complementarity conditions apply to the boundary conditions or “thick” prob-
lems where the complementarity conditions apply over part of the domain of the solution.

For fully three-dimensional elastic bodies, contact occurs over the boundary, so this
problem is a “boundary thin” problem. The simplest example of an elastic impact problem
was first investigated over 150 years ago by Routh [216, pp. 442-444]. He considered the
problem of a rod impacting a rigid obstacle (see Figure 1.2) and two elastic rods colliding.
The equations of motion consist of the wave equation in the domain, complementarity
conditions at the contacting boundary, and zero force on the free end. The equations of
motion inside each rod are given by the wave equation

9%u 5 9%u
R
ar? 9x?

The boundary conditions are

forO<x <L, t>0. (1.5)

ou
ax

o1 =0
ax 9’ - 9’
0< N(t) L u(0,1)> 0.

Note that our contact conditions are again complementarity conditions. These contact con-
ditions are examples of Signorini conditions which were first proposed by Signorini [225]
to describe contact between a static elastic body and a rigid obstacle.

In addition there are the initial conditions u(x,0) = ug(x) and du/9t(x,0) = vo(x)
with ug and vo given functions. In his treatise, Routh gave the exact solution for this
problem with uo(x) = ugj and vo(x) = —v;: once contact is made, an elastic compression
wave travels from x = 0 to x = L; on reflection at x = L the wave becomes an expansion
wave which then travels back to x = 0. When the expansion wave reaches x = 0 the entire
rod has velocity +v(, and the rod then separates from the obstacle. During the period in
which the rod is in contact with the obstacle, the normal contact force N(t) is constant.
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Note that even though this is a second order problem in time, the contact force does
not have any impulses; instead the normal contact force has a jump discontinuity at the
time of impact and a jump discontinuity at the time of separation.

The rod problem of Routh is just the beginning of problems involving impact for
elastic and viscoelastic bodies. Usually these involve three-dimensional bodies with contact
possible on part or all of the boundary, with elastic or viscoelastic behavior of the material
of the body. Furthermore, Coulomb friction may occur at the contact region. All of these
variations make for a range of interesting and difficult problems.

1.2 Coulomb friction

A second example of how inequalities arise is in dry or Coulomb friction. The basic prin-
ciples of friction, that

e the force of friction is directly proportional to the applied load, and
e the force of friction is independent of the apparent area of contact,

were first noted by da Vinci [70] in the late 1400s, but da Vinci never published these results
(see [82, p. 99]). It was not until Amontons [9] in 1699 that these principles were published.
Coulomb’s experimental observations extended Amontons’ and da Vinci’s laws to dynamic
friction [71], although with a different and smaller coefficient of friction. Incidentally, the
two-coefficient model of friction (one for static friction where there is no slip, and another
for dynamic friction where there is slip) was considered by Euler [92, 93]. The currently
used “Coulomb friction laws” are actually a simplification of Coulomb’s experimentally
derived results which allowed for a small but nonzero adhesive term in the friction force,
and Coulomb also noted that the coefficient of friction tended to increase as two surfaces
stayed in contact without slip.

The engineering tribology literature has numerous modifications and additions to
Coulomb’s basic laws, but however they are formulated, the basic Coulomb laws of friction
are taken to be the starting point for any theory of dry or unlubricated friction.

Coulomb’s basic laws can be summarized as follows:

e the magnitude of the friction force is proportional to the load (the normal contact
force) when there is slip;

o the friction force is bounded by a quantity proportional to the load when there is no
slip; and

e the direction of the friction force during slip is opposite to the direction of slip.

The constant of proportionality of the friction force to the normal contact force is usually
denoted by u, a convention that dates back to Kotel’'nikov, a student of Euler in Saint
Petersburg [82, p. 213]. If we wish to distinguish between dynamic and static friction
coefficients, we write w for the static coefficient and w4 for the dynamic coefficient. More
modern theories assume w = u (||v]]), where v is the slip velocity with a graph similar to
that shown in Figure 1.3.

For simplicity, we will assume that p (||v||) is constant. With this simplification,
consider a simple system of a brick on a ramp, as shown in Figure 1.4.
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Figure 1.3: Possible dependence of the friction coefficient on the slip velocity.

Figure 1.4: Brick on a ramp with dry friction. This figure first appeared in [239].

The system of equations to solve is

d’x F +mg siné
m—s =— mg sind,
dt? g

|F| <uN =pumg cos6

with F having opposite sign to the velocity v = dx /dt. A simple way of writing this uses

the sgn function:
dv

m—

dt
where sgn(v) = +1 if v > 0, sgn(0) = 0, and sgn(v) = —1 if v < 0. The trouble with this
differential equation is that it has a discontinuity at dx /dt = 0; furthermore, if [tanf| < w,
the discontinuity is reached in finite time. If we take sign(0) = 0, and siné # 0, there is no

= —pumg cosfsgn(v)+mg sinb,
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solution to this differential equation [235, 236]. However, there is a solution in the sense
of differential inclusions [19, 102, 104] if we replace sgn(v) with

{+1}, v>0,
Sgn(v)=14 [-1,+1], v=0,
{—1}, v <0.

The problem with taking sign(0) = 0 is that we should be allowing F to be any value in the
range [—uN, +uN] if v =0, and not just F = 0.

An alternative is based on optimization principles, specifically the principle of maxi-
mum dissipation [91, 248]: the friction force F' should be the force that maximizes the rate
of energy dissipation:

maxy —v F
subjectto |F| < uN.

Since the problem is a linear program, the friction force is the solution to a variational
inequality

v-(F=F)=0  forall F € [-uN, +uN],
F € [—uN, +uN].

Alternatively, using the Kuhn—Tucker conditions (see Appendix B), F is the solution of a
mixed complementarity problem

UZ)\.+—)\._,
0<i, LuN+F=>0,
O0<Ai_LuN—-F=0.

A difference between the Coulomb friction problem (with N given) and the friction-
less impact problem is that there are no impulsive forces unless N(¢) has impulses. Also,
the friction force depends on v = dx /dt, so that there is only one differentiation needed
to go from the velocity to the acceleration and the friction forces. This means that these
problems have index one, while impact problems have index two.

One of the most important, and often surprising, aspects of friction is the possibility
of frictional instabilities. This can arise with velocity-dependent friction coefficients (as
illustrated in Figure 1.3). The reduction of the friction coefficient with increasing slip
velocity means that once slip starts, it tends to accelerate. This phenomenon means that
when car brakes begin to skid, it can be important to release the brake and then reapply it.
But if you have an ABS system in your car, you should not release and reapply the brake,
as the ABS system already does it for you.

If variations in the normal contact force have to be taken into account, there can be
feedback effects between the friction and normal contact forces. While the normal and
frictional contact forces can each be considered to be “monotone” in that the forces behave
monotonically in the normal displacement and the slip separately, this no longer holds when
they are linked. This effect can be so strong as to require the notion of solution to change to
allow impulsive forces even without collisions. This is an example of the Painlevé paradox
(see Section 6.1.6). If you push a stick of chalk the “wrong way” on a blackboard and see
the chalk jittering along, leaving a trail of dots, you have witnessed the paradox in action.



1.3. Diodes and transistors 9

V(t)

1(t)
NN
LT

current flow

Figure 1.5: Diode configuration.

1.3 Diodes and transistors

1.3.1 Diode circuits

Diodes are passive electrical devices that allow current to flow in one direction but not the
other. They are very useful for rectifying alternating current: changing electrical current
from alternating its direction to always going in the same direction. Modern diodes are
usually made of semiconductors, in which case they are created by joining together an n-
type and a p-type semiconductor [251]. The junction allows current to pass easily only in
one direction, as illustrated in Figure 1.5.

Transistors are active devices that are used to amplify signals and for other reasons.
There are several different types of transistors, but we will focus on bipolar junction tran-
sistors. These are formed by layering n-type and a p-type semiconductors to form either an
npn or a pnp sandwich. Each junction is a diode-type junction, but a small current flowing
to the middle of the sandwich can control much larger currents flowing between the ends
of the sandwich.

For a diode the standard Shockley model [251] gives a relationship between voltage

and current of
=1, (e‘IV/kT - 1),

where ¢ is the magnitude of the charge on an electron, k is Boltzmann’s constant, and T
is the absolute temperature. The parameter Iy is dependent on the specific details of the
diode but is usually very small. For ordinary temperatures k7 /q ~ 26 mV, which is quite
small. A simple model that approximates this well for voltages where V /26 mV is large is
the complementarity formulation:

0>=v L1 I1>0, (1.6)

which can be considered an ideal diode characteristic: if the diode is reverse biased (the
voltage is trying to push current the “wrong” direction through the diode), then no current
flows; if the diode is forward biased, then the effective resistance of the diode is zero. This
model can be improved by allowing a “threshold voltage” Vr & 0.7 volts, where there is no
current until the diode is forward biased by at least Vr:

0O>vV-vy L1 I>0. (1.7)

Related to diodes and transistors are thyristors, which are used in large power systems
such as for inverters (which turn direct current into alternating current). In such systems the
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Figure 1.6: Half-wave rectifier.

thyristors can behave either as diodes or as short circuits; the precise model is hysteretic, as
once it enters a “short circuit” it can resume its state as a diode only if the current passing
through it goes below a threshold value.

The simplest interesting class of circuits that can be analyzed using complementarity
approaches are circuits made from passive components (linear resistors, capacitors, and
inductors, and perhaps transformers) and diodes. Complementarity formulations of such
circuits have been analyzed [47, 122].

For example, Figure 1.6 shows a half-wave rectifier for converting alternating current
into direct current with smoothing by a capacitor and an inductor.

The full system of equations and complementarity conditions for this half-wave rec-
tifier is

dV:
c d—tz(t) = 11(t) — I(1),

th(r)—v 1) — Va(t)
7 D= 1(t) — Va(t),

Vo(t) = R Ix(¢),
0<NL(t)LVi(t)— V(@) >0.

Furthermore, we can incorporate threshold effects into this model by replacing “V;(#) —
V(t)” in the last line with “V{(¢t) — V(t) + V7.”

The equations for the half-wave rectifier are an example of a linear complementarity
system (LCS) [48, 124, 223]. These have the form (allowing for external inputs f(t))

2—:0) =Ax(t)+Bu(t)+E f(1), x(10) = xo, (1.8)
y(@)=Cx(t)+ Du(t)+ F f(1), (1.9)
0<y@) Lu@)=0 for all 7. (1.10)

Circuits with linear passive components and diodes have index one or index zero regardless
of the number of circuit elements or how they are connected. This makes their analysis
much easier.
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Figure 1.7: Ebers—Moll transistor model (npn transistor).
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Figure 1.8: Simplified transistor model (npn transistor).

1.3.2 Bipolar junction transistors

As yet, complementarity models of bipolar junction transistors have not yet been properly
analyzed, but these have a form similar to the diode models. For example, an npn bipolar
junction transistor can be modeled using a diode model, as shown in Figure 1.7.

Typically ar, ar = 1, so that provided the transistor is forward biased (V¢ > Vp >
Vi) weassume ipg =0andsoip+ic = —ig = aripc = agic. Thusic =ip/(1 —aR)
and —ig = agip/(1 —ag). The coefficient ¢r /(1 — ag) is denoted Br and is the nominal
current gain of the transistor. The value of B is the main parameter of a simplified transis-
tor model shown in Figure 1.8. This simplified model ignores the problems of saturation
that can occur when the current source (8gip) results in the voltage of the collector ex-
ceeding the supplied voltage at the collector (C). This can be especially important when a
transistor is used as a switch, as is the case in transistor power or digital circuits.

Models of bipolar junction transistors clearly can be based on diode models, and
so we can use complementarity-based models for transistors. However, this introduces a
new element: current sources. This means that we have some new feedback in transistor
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Figure 1.9: Segment of transmission line (Heaviside’s model).

circuits that cannot occur in diode circuits, and some additional analysis is needed to make
sure that this does not cause problems in existence or uniqueness theory, or in numerical
methods used to solve the problem. In particular, there are static circuits (that is, without
either capacitors or inductors) that do not have unique solutions, such as “flip-flops”—
bistable circuits made up of two transistors which are normally in a state with one transistor
conducting and the other not. Complementarity problems have already been found to be
very useful in enumerating the possible steady states of circuits with transistors [265]. But
this lack of uniqueness of solutions for the static problem has important consequences for
both the theory and computation of solutions to problems with active elements.

1.3.3 Transmission lines with diodes

Partial differential equations can arise in diode models if they are connected to transmission
lines, for example. The equations describing the behavior of the transmission line can be
taken from Heaviside’s model:

oV al
L —

— +L—=—RI, (1.11)
0x Jt

8I+C8V_ GV (1.12)
dx ar ’ ’

where R, C, L, and G are the resistance, capacitance, inductance, and leakage conduc-
tance! per unit length of the transmission line (see Figure 1.9).

Consider the circuit shown in Figure 1.10. Taking Laplace transforms in time of
(1.11)—(1.12) gives an ordinary differential equation in x to solve for the Laplace transforms
of the voltage and current, LV (s,0) and LI(s,0),

Cs+G
Ls+ R

LV(s5,0)= tanh (E\/(CS T G)(Ls+ R)) LI(5,0)+3(s), (1.13)

IConductance is the inverse of resistance.
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Figure 1.10: Circuit with diode and transmission line.

where g(s) is obtained from the initial conditions and the voltage source V (¢). The solution
of the differential equations can then be expressed in terms of a convolution giving V (¢,0)
in terms of I(7,0) for0 < v < ¢:

t

V(,0)= / k(t—0)I(t,0)dt +q(t) = (k*1(-,0))+q(1), (1.14)
0

k() = %S(I)—l—kl(t), k1 bounded. (1.15)

The model for the circuit in Figure 1.10 is then

Vp(t) =V (t,0)+ Rp 1(1,0)
= Rp I1(t,0)+ (k*I1(-,0)) +¢q(1),
Ip(1) = 1(1,0),
0= Ip(r) L Vp(r) <0.
This is an index-zero convolution complementarity problem (CCP), which has solutions

as shown in Section 4.6 on CCPs. These solutions can be found by numerical methods
directly based on the CCP or by using an implicit time-stepping method.

1.4 Queues and resource limits
1.4.1 Queues

A simple continuous deterministic model of a queue is to have a queue length £(¢), with
service rate s(¢) > O (the rate at which customers are served and then leave the queue) and
arrival rate a(¢) > O (the rate at which new customers arrive at the queue). If £(¢) > 0, then
we can model the dynamics of the queue by

de
E(I) =a(t)—s().
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However, if a(t) drops to zero and s(¢) remains high, then eventually we will reach €(¢) = 0.
The length of the queue clearly cannot go negative, so it stops at £(¢) = 0. Once this
happens, if the (maximum) service rate exceeds the arrival rate, no queue can develop:
each customer is served as soon as they arrive. To model this, we set r(¢) to be the actual
rate at which customers are served at time 7. Clearly the actual rate of service cannot exceed
the maximum rate of service, so r(t) < s(z). If £(t) > 0, then we have r(t) = s(t), as the
servers are (or should be!) trying to help the waiting customers as fast as possible. This
leads to the following complementarity formulation:

de
E(t) =a(t)—r(),
0<e(t) Lst)—r(t)>0.

Naturally, we expect that if £(r) = 0 and a(¢) < s(¢), then r(¢) = a(¢); that is, the actual
service rate matches the arrival rate, but this is not immediately apparent from this model.
In fact, it is true for this model, as if r(¢) < a(¢) for any length of time, then we will
have £(t) > O for any t > ¢ shortly afterward. This in turn means that r(t) = s(r) for
T > t shortly afterward, which would drive £(7) to zero in an arbitrarily short time. Thus
r(t)=a(t)if £(t) = 0 and a(t) < s(1).

Models of this kind can also model the flow of inventory through a factory: the
queues are items waiting to be processed by a particular machine. Factories viewed in this
way can be seen as a network of queues: when items are processed and leave one queue,
they join another for further processing. After final processing, they leave the factory, to be
used or sit on a shelf (as part of another queue).

Stochastic models of this kind can also be developed. In fact, these models are known
as Skorokhod problems. While the theory of stochastic differential equations is beyond the
scope of this monograph, they can be applied to this problem. We can, at least formally,
write these problems in complementarity form: for a single queue with random arrive
rate given by a random process dA;, we have the stochastic differential complementarity
problem

st = dAt - R([)dl,
O0<L; LS#—R(@)=>0.

Although stochastic problems are beyond the scope of this book, there are plenty of inter-
esting issues regarding the deterministic versions, as can be seen in Chapter 5.

1.4.2 Traffic flow

Traffic flow is an example of an economic network [83, 187]. It is an economic network
because each person in the network is trying to optimize something, typically the time to
get to work or the time to get home. The combined action of each individual in the network
drives the behavior of the network as a whole, and it can lead to such things as congestion
and traffic jams, where individually optimal choices can lead to behavior that is far from
optimal for the system as a whole.

Traffic modeling involves a network or roads or transportation links connected to a
graph or network, which consists of nodes together with edges connecting these nodes.
Each edge is a road or transportation link, while each node is an intersection of roads, or
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a point where different transportation links meet. Graphs or networks are a basis for many
models of economic behavior [255, 186].

Most analyses of traffic flow are essentially static. The most common models are
based on the notion of a Wardrop equilibrium [267]: each person in the network takes the
quickest path home given the prevailing conditions, while the time needed to pass through
an edge is a function of the number of cars attempting to do so. This has the features ex-
pected of an equilibrium formulation: it is static, where participants have complete knowl-
edge of the properties of the network. It is reasonable to assume drivers have complete
knowledge after having an infinite amount of time to explore alternatives or hearing of
other routes. Such systems can be made dynamic to reflect the fact that traffic conditions
do change with time (yes, traffic jams do eventually end, at least in most cities). The
knowledge that a person has about the state of the network can (and does) change with
time. Various assumptions can be made about the knowledge that an individual has about
the state of the network: Are they all listening in to the traffic reports on the radio? Or is
it only when they get to an intersection that they can see how congested the exiting roads
are? Knowledge of the traffic flow is nonanticipative: individuals cannot infallibly predict
future network conditions.

Whatever models are used for determining network flows, there are a number of
important issues that must be addressed by any dynamic traffic model:

e flow quantities must be preserved at each node: nodes (such as intersections) cannot
“store” a significant amount of traffic;

e flow quantities must be conserved along each edge: although edges can “store” a
significant amount of traffic, the total number of vehicles in an edge must balance
the number of vehicles entering and leaving the edge;

o traffic flows in an edge cannot become negative, nor can the number of individuals
on an edge;

e cach individual in the network has the opportunity to make decisions at nodes and
will presumably use some optimality principle to decide what edge to leave on.

The optimality conditions for each individual in the network can be expressed in comple-
mentarity or variational inequality form. The resulting dynamic system is a differential
equation with complementarity or variational inequality conditions imposed and is there-
fore a differential complementarity problem or differential variational inequality. For more
on this topic, see Section 5.5.

1.4.3 Biological resource limits

There are a number of ways in which hard resource constraints can lead to differential
equations with inequalities. Consider, for example, a tissue of cells in, say, a human body
as illustrated in Figure 1.11. The cells in the tissue will take up oxygen for the cell’s
metabolic processes and release waste products such as CO; to be taken away by nearby
blood vessels or capillaries.

One model is that the rate of oxygen uptake is essentially constant until the concen-
tration of oxygen in the tissue reaches very low levels. In such a case, the cells could be
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Figure 1.11: Oxygen diffusion in biological tissues.

assumed to “turn off” most of their metabolic processes. This can be modeled as a dif-
fusion process with absorption rate which becomes zero when the concentration becomes
zero. These are typically partial differential equations of a diffusion kind to reflect the de-
pendence of the oxygen concentration on position as well as time. Let u(#,x) be the oxygen
concentration at time ¢ and position x. Then the evolution of the oxygen concentration can
be modeled as

U (DY) —r(t.x)
= ° u)—ri,x,
ot

r(t,x) =arg max ru(t,Xx).

r€[0,rmax]

Note that D is the coefficient of diffusion of oxygen in the tissue, and 7,4, is the maximum
rate of uptake of oxygen by the tissue. The optimality principle used here, that cells take
up oxygen as rapidly as possible up to the limit r,,y, can be turned into a variational
inequality:

r(t,X) € [0,7max] & @FE,X)—7)ut,x)>0 for all 7 € [0, Fnax]-

Such problems can also be treated as parabolic variational inequalities (see Section 4.7).



Chapter 2

Static Problems

...a utopia is always static; it is always descriptive and has no, or almost
no, plot dynamics.
H.G. Wells

In this chapter we set out the main ideas and tools for static complementarity and variational
inequality problems, as well as for set-valued functions. The first section is on basic tools
and deals with aspects of convex analysis and set-valued functions. Readers may wish to
review the material in the appendices for background information on abstract spaces, and
convex sets and functions.

2.1 Basic tools

The spaces in which we look for solutions are Banach or Hilbert spaces, with the particular
example of finite-dimensional spaces R" of n-dimensional vectors. All Banach and Hilbert
spaces considered here are defined over the real numbers R. Properties of these spaces can
be found in Appendix A. The n-dimensional Euclidean space R" of n-dimensional vectors
has the usual inner product (x, y)g: = xTy and norm ||x||g: = +/x7 x. We use the notation
Bx ={x € X | ||x|lx < 1} for the open unit ball in a Banach space X.

Vectors in R” are usually considered to be column vectors, but the dual space (R")’
can be considered as the space of corresponding row vectors and identified with R” if
desired (so that F: X — X’ includes the case F: R" — R").

The notation (#, v) g is used for inner products if # and v are elements of the same
Hilbert space H. We drop the subscript and write (u, v) if H is understood. For example,
ifu,veR", (u,v)=ulv= Dol uiv;.

The dual space X’ of a Banach space X is the vector space of continuous linear func-
tions X — R, which are called functionals. Similar notation is used for duality pairing
between a Banach space X and its dual space X’: (u, v) is the result of applying the func-
tional u € X" to v € X: {u, v) = u(v) explicitly uses the fact that u is a function X — R. If
the space X is ambiguous, or the interpretation is unclear, we denote the duality pairing by
(u, v) xr x to indicate that u € X" and v € X.

17
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Many readers may be used to identifying X and its dual space X’ if X is a Hilbert
space. They are, after all, isometrically isomorphic under the map Jyx: X — X’ given by
Jx(u) = (u, -)x. If we consider R” to be the space of n-dimensional column vectors and
(R™Y to be the space of n-dimensional row vectors, then Jx(u) = u”. However, in many
applications this is not appropriate to identify the two spaces. Consider, for example, the
real weighted Hilbert space

o
63,: X =(x1,X2,Xx3,...) | X:w,-xi2 < 400

i=1

for a positive weight vector w = (w1, w2, w3, ...); this has the inner product

oo
(X Yy = D wi Xi yi-
i=1
The dual space to £2, is most easily identified not with £2,, but with £2, where v; = 1 /w;. If
w; — +00 as i — 0o, then €2, is a much smaller space than ¢2. The map Jx for X = €2 is
far from the identity map:

Jx(x)=u, where u; = w; x;.

This choice of representation (Z%V)/ = Z% is chosen to make the duality pairing

o
(x,u) = inui
i=1

natural and independent of the weight vector, the relationship between these being that
(x, Jx(y)) =X, y)y forallx,y € X.

Most often we will deal with Hilbert spaces, but there are occasions to work with
Banach spaces that are not Hilbert spaces. Most of these are reflexive spaces where we can
naturally identify a Banach space X with its second dual X”. This identification uses the
natural map t: X — X" given by

(B(x). &) xrux = (& X)xxx- 2.1

Note that : X — X” is one-to-one and continuous for any Banach space X it is surjective
if and only if X is a reflexive space. Reflexive spaces include all Hilbert spaces, L?(€2) for
1 < p <00, and R”, but not LY, L®(RQ), or the space of measures of bounded variation
over a set Q: M(Q).

2.1.1 Convex analysis

Convex sets are sets C, where for any x, y € C and 0 <6 < 1, we have 6x + (1 — 0)y € C;
convex functions are functions f: X — RU {oco}, where

FOx+(1—0)y)<0 f(x)+(1—0)f(y) forallx,yand0<6 <1,
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but we assume that f is proper; that is, f(x) < oo for some x. Usually we assume that f
is also lower semicontinuous, so that if x; — x, we have liminfy_,  f(xx) > f(x). Every
convex function has an associated epigraph:

epi f={(x,5) s> f(x)}. (2.2)

If f is convex, then epi f is a convex set; if f is lower semicontinuous, then epi f is a
closed set. The main results of convex analysis that we need are given in Appendix B. We
summarize some of the results here. In a Hilbert space X containing a closed convex set
K, we have projection operators [1x : X — X, where I1k (x) is the point in K closest to x.
If K is a subspace of X, then [1g(x) is the orthogonal projection of x onto K. In Hilbert
spaces, [1g is characterized by

(x—Mgx),z—Tgx)x <0 forallze K.

The projection operator is Lipschitz with Lipschitz constant one: |[ITx(x)—TIx(y)| <
llx =yl

A cone C is a set such that whenever x € C and o > 0, we have ax € C. Convex
cones are important for understanding both local and global structure of convex sets and
even functions. Given a closed convex cone K, the dual cone K* and the polar cone K°
are defined by

K*={yeX |(y,x)>0forallxe K} S X', (2.3)
K°=—K*. (2.4)

If X is areflexive space, then K = K** = K°°, identifying X and X” via the natural map. If
X is a Hilbert space and we identify X with its dual space X', we say a cone K is self-dual
if K = K*. For example, K = R, (the nonnegative orthant of n-dimensional vectors with
nonnegative entries) is a self-dual cone.

A convex cone K is pointed if K N(—K) = {0}. In finite dimensions, K is pointed
if and only if K* (or K°) contains an open set. In infinite dimensions this may not hold;
instead we say K is strongly pointed if K* (or K°) contains an open set.

Another cone associated with a closed convex K set is the recession or asymptotic
cone K, given by

Kooz{ lim fexg |6 4 0, x¢ € K forallk}. (2.5)
k— 00

Recession cones give information about the K “at infinity.”
The tangent cone of a convex set K at a point x € K is

Tx(x) = {kl_i)n;o(xk —x)/te |t 1 0, xx € K forall k} , (2.6)

which is also a closed convex cone as illustrated in Figure 2.1. Closely associated with this
cone is the normal cone for a convex set at a point x € K:

Ng(x) =Tk (x)°. 2.7

Polyhedral sets are closed convex sets that are the intersection of a finite number of
half-spaces ﬂ,iwzl {x | (dk, x) > ax } € R". Polyhedral cones are polyhedral sets that are
also cones. Polyhedral sets have the important property that every real linear function over
such a set either is unbounded below or has a minimum. Related to this, the sum of two
polyhedral sets P+ Q ={x+y|x € P, y € Q} is also a (closed) polyhedral set.
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Figure 2.1: Tangent and normal cones.

2.1.2 Set-valued functions

Set-valued functions are functions ®: X — P(Y), where P(A) is the collection of subsets
of A. These generalize ordinary functions since any ordinary function ¢: X — Y can be
represented by ®(x) = {¢(x)} for all X. The domain of a set-valued function is

dom® = {x | D(x) £ 0}. (2.8)

Often the values ®(x) have some special characteristics (such as being closed and convex),
and often the graph of ®, given by

graph® = {(x,y) | y € ®(x)}, (2.9)

should be a closed subset of X x Y. A closely related concept to @ having a closed graph
is that of upper semicontinuity (see Section 2.1.3). Questions of integration of set-valued
functions involve issues of measurability, which are discussed below. Here we will concen-
trate on some of the issues for set-valued functions ®: & — P (X), where X is a Banach
space and 2 a metric space. An essential reference for set-valued analysis is Aubin and
Frankowska [21].

Later we will consider maximal monotone operators which are a special class of
set-valued functions that generalize monotonicity for ordinary functions:

0 < (¢(z2) — p(z1), 22 — 21) forall z1,z2 € X.

Maximal monotone operators are closely connected to subdifferentials of convex functions:
for a lower semicontinuous proper convex function ¢: X — R U {oo}, the subdifferential
d¢ generalizes the gradient function, and it is a maximal monotone operator. See Sec-
tion 2.3.6 for more details.

Unlike single-valued functions ¢: € — X, there are several notions of continuity
for set-valued functions ®: Q2 — P(X). The simplest is to use a metric, and the most
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commonly used metric for sets is the Hausdorff metric: suppose A and B are bounded sets;
then we define

dy(A, B) = max(supd(a, B), supd(b, A)), (2.10)
acA beB
d(x,C)=infd(x,c)=inf ||x — c|. (2.11)
ceC ceC

Note that this can really be a metric only for closed sets A and B, as the distance between
an open interval and its closure is dy((a,b), [a,b]) = 0. This definition ensures that dy
satisfies the requirements of a metric for closed and bounded sets:

1. dy(A, A)=0and dy(A, B) =0 implies A = B;
2. du(A, B)=du(B, A);
3. dy(A,C)<dn(A, B)+du(B, C).

We say that ®: Q — P (X) with nonempty closed bounded values is continuous with re-
spect to the Hausdorff metric if for any x € € and € > 0 there is a § > 0 such that

d(x,y)<é implies dg(P(x), P(y)) <e€.

In addition, there is upper and lower semicontinuity.

Upper semicontinuity of ®: Q — P(X) means that if )V is an open set containing
®(x), then there is a neighborhood U/ of x where ®(y) C V for all y € 4. This can be
defined in terms of the “one-sided metric”

S8g(A, B) =supd(a, B). (2.12)
acA
If ®(x) is compact, upper semicontinuity at x then means that for any € > O thereisa § > 0
such that for all y,

d(x,y) <6 implies &y (P(y), P(x)) <e.

Lower semicontinuity of ®: Q — P(X) means that for any z € ®(x), if V is an open
set containing z, then there is a neighborhood U/ of x where ®(y)NV # @ forall y e U. In
other words, if xy — x in Q and z € ®(x), then there is a sequence z; € ®(xx) such that
Uk —> 2.

Similarly, lower semicontinuity then means that for any x € 2 and € > 0 we have
6 > 0 such that

d(x,y) <46 implies g (P(x), P(y)) <e€.

A related concept to upper semicontinuity is that of having a closed graph. A set-
valued function ®: Q — P(X) has a closed graph if the graph of ®

graph® ={(x,2) e 2 x X |z € O(x)} (2.13)

is closed in 2 x X.

A set-valued function ®: 2 — P(X), where X is a reflexive Banach space, is hemi-
continuous if graph® is closed in the strong x weak topology of € x X. That is, if
vk € ©(xg), xy — x strongly, and y; — y weakly, then y € ®(x). Hemicontinuity is equiv-
alent to having a closed graph if X is finite dimensional, as the weak topology of R" is
equivalent to its strong topology.
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2.1.3 Upper semicontinuity and closed graphs

An alternative condition that a set-valued function ®: X — P(Y) is upper semicontinuous
at x € X is that for any € > 0 there is a 6 > 0 where

lx —zll <é implies &(z) € P(x)+€ By, (2.14)

By being the open unit ball {y € Y | |y|| < 1}. This condition can be expressed more
succinctly as

®(x +8 By) € ®(x)+ € By,

where for a set A,

D(A) = U D(a).

acA

Upper semicontinuity can be represented in terms of a type of inverse to a set-valued
function. For set-valued functions there are two kinds of inverse functions:

O (U)={x|dx)NU #£0?}, (2.15)
dTWU)={x|dx)CU}. (2.16)

Note that ®~(U) is called the weak inverse image of U while ®*(U) is called the strong
inverse image of U. Then @ is upper semicontinuous if and only if ®+(U) is open for all
opensets U C Y. Since @~ (Y\U) = X\®1(U), by taking complements of this definition
of upper semicontinuity, we see that & is upper semicontinuous if and only if ®~(C)
is closed for all closed sets C € Y. These inverse functions have some, but not all, the
properties of inverses of the standard (set-valued) inverse to single-valued functions:

Uy ={x| fx)eU}. (2.17)

If @ is the set-valued version of a single-valued function f (where ®(x) = { f(x)} for all x),
then f~1(U)=®~(U)=dH(U)forallU C Y. The following properties hold for the weak
inverse images:

O (UNV)=d (U)NDd (V),
PT(UUV)S P (U)UD (V).
Corresponding properties hold for the strong inverse image ®* by taking complements.
If f: X — Y is a single-valued function, then ®(x) := {f(x)} is upper semicon-

tinuous if and only if f is continuous. However, other set-valued functions are upper
semicontinuous, such as

(+1}, x>0,
Sgn(x)=1{ [-L,+1], x=0, (2.18)
{—1}, x <O0.

This is the usual set-valued version of the sgn function sgn(x) = +1 forx > 0, —1 forx <0,
and zero for x = 0. To ensure that Sgn is upper semicontinuous it would be sufficient to
have the value {—1, +1} at x = 0. However, it is desirable to have set-valued functions
which have closed convex values, as will be seen in Section 4.1.
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The property of ®: X — Y being upper semicontinuous is closely related to the
property that the graph of @ is closed.

Lemma 2.1. If a set-valued function ®: X — Y is upper semicontinuous with closed
values, then it has a closed graph. If ® is upper semicontinuous with closed convex values,
then it is hemicontinuous provided X is a reflexive Banach space. Conversely, if : X — Y
has a closed graph with ®(X) compact, then ® is upper semicontinuous.

Proof. Suppose ®: X — Y is upper semicontinuous. Suppose we have a sequence
(Xm»>Ym) € graph® where (x;,,ym) — (x,y). By upper semicontinuity, for any € > 0
there is a § > 0 such that ®(x +6Bx) € ®(x) +e€By. Thus for m sufficiently large,
Ym € ®(xp) € P(x +8Bx) € ®(x)+€By. Thus the limit y € ®(x) + € By € ®(x)+€By.
Since this is true for all € > 0 and ®(x) is closed, y € ®(x) and so (x,y) € graph ®. That
is, ® has a closed graph.

Now suppose that ® is upper semicontinuous with closed convex values, and that
2k € D(xg), and xy — x in Q and zx — z in X. For every € > 0 there is a § < 0 such that
d (xx, x) < 8 implies that ® (x;) C ® (x)+ € Bx. Since By is weakly compact in a reflexive
Banach space and @ (x) is weakly closed (as it is a strongly closed convex set), ® (x)+€ By
is weakly closed. Thus z € ®(x)+ € By, or equivalently, d(z, ®(x)) < €. Since this is
true for all € > 0, and ®(x) a closed set, z € ®(x). So if ® is upper semicontinuous
with closed convex values, graph® is closed in the strong x weak topology; that is, ® is
hemicontinuous.

Now suppose that ®: X — Y has a closed graph and ®(X) is compact. Let x € X.
First note that ®(x) is closed since {x} x ®(x) = (graph®) N ({x} x Y), the intersection
of closed sets, is closed; furthermore, ®(x) is compact since it is a closed subset of the
compact set ®(X). Let € > 0 be given. If there is no § > 0 such that ®(x +5Bx) € O(x)+
€ By, there must be a sequence (xx, yx) € graph ® such that x; — x but yx & ®(x)+ € By for
all k. Since ®(X) is a compact set, there is a convergent subsequence yy — y as k — 00
in the subsequence. Since ® has a closed graph, (x,y) € graph®, and so y € ®(x) and
Yk € ®(x) + € By for sufficiently large k, contradicting our assumption. Thus ® is upper
semicontinuous. [

Without having compactness, the converse, that closed graph functions are upper
semicontinuous, is, however, false. A simple example with closed graph but not upper
semicontinuous is the “lighthouse function” as illustrated by Figure 2.2:

®(0) = Ry (cosb, sind). (2.19)

This is a ray going from the origin at angle 8 to the horizontal. The graph can be seen to
be closed. The graphis {(6,x,y) | x =acosf, y = asinf, « > 0}. Suppose that graph ® >
(O, xk, yr) = (0,%,3) as k — oo. Since o = /x2+ y? on the graph, then we get oy =

2,2 . 2,29
Xi + Yy —> @ :=+/X=+y So
X = lim x;y = lim oy cosf; =& cosb,
k— 00 k— 00
y= lim y; = lim a; sinf = a sinf.
k—00 k—00

Thus (@f,?) € graph @, and so graph ® is closed.
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D(9)

D(0)

\ X

Figure 2.2: Lighthouse function: a set-valued function that has a closed graph but is not
upper semicontinuous.

On the other hand, ®(0) + Bp2 is an open set containing ®(0); but for any 6’
6 (mod 27), ®(0') £ ®(0) + By2. Thus P is not upper semicontinuous.

Even though having a closed graph is not enough to imply that a set-valued function
is upper semicontinuous, there are other approximation properties that can be shown, at
least under some mild assumptions. Our particular concern is with set-valued functions
®: Q2 — P(X) which have closed, convex values.

Pointed cones and strongly pointed cones are important for approximating cones.
For the case of closed convex cone-valued functions ®: 2 — P(X) with a closed graph, if
Ko = ®(xo) is a strongly pointed cone, then there is a family of cones K, for n > 0 (also
strongly pointed) with Ko = ﬂn>0 K. Furthermore, for every n > 0 there is a § > 0 where
d(x, xo) < § implies ®(x) € K. These cones K, can be constructed as follows. Let Sx be
the unit sphere in X:

Sx={xeX|lx||=1}. (2.20)

Lemma 2.2. If Ky is a strongly pointed cone in a reflexive Banach space X, then we have
that d (0,co(KoNSx)) > 0, and for any 0 < n < d(0,co(KoN Sx)),

Ky:= cone([E(Ko NSx)+ WB_X] N SX)

is a nested family of closed pointed cones, and

Ko=)k,

n>0
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Proof. 1f Ky is strongly pointed, then co(KoN Sx) does not contain zero. To see this,
suppose we have a sequence x; € co(KoNSx) where x;, — 0 as £ — oco. Now x; =
it 6eize,i, where 0; > 0, > 't 6p; =1, and z; € Ko N Sy for all £ and i. Now Ko
is a strongly pointed cone, so there is a v € K* where (v, x) > ||x||x for all x € K by
Lemma B.3. Now ||x¢|| <1 for all £, so by Alaoglu’s theorem there is a weak™* convergent
subsequence, which is weakly convergent if X is reflexive. Let X be the weak limit of this
subsequence. Then

(v,x)= lim (v, x;) (in the subsequence)
£— 00

ne
> Kl_i)rgo;@,i ”Zz,i ” =L

Thus X # 0. Thus x; — X # 0 in the subsequence, which contradicts the strong convergence
of xp > 0 as £ — oo.

This establishes the fact that K strongly pointed implies d (0, co (Ko N Sx)) > 0. For
any 0 < n < Nax :=d (0,c0(Ko N Sx)), we set

K, = cone([c0(KoNSx)+nBx]).

Clearly K, is a convex cone, as it is a cone generated by a convex set. To show that
K is closed, suppose that x¢ € K;; and x — x in X. If x =0, then clearly x € K.
Otherwise, for sufficiently large £, x; # 0 and so x¢/ || x¢|| € €6(KoN Sx)+ nBx. The set
€0 (Ko N Sx)+nBy is a weakly closed set, as it is a sum of two weakly compact sets (being
bounded closed convex sets in a reflexive Banach space). Since xy — x # 0, x¢/ || x¢|| —
x/||x|| strongly, we have x/ ||x|| € [¢0(Ko N Sx)+ nBx |. Thus x € K, as desired.

We now show that Ko = [, K;. Now KoN Sx C [c6(KoN Sx)+ nBx ] and Ko
is a cone, so Kg = cone(KoNSx) C K, for all n > 0. We then have to show the reverse
inclusion: (), Ky is a nested intersection of closed convex sets, and so it is a closed
convex set. It is also a cone, as it is an intersection of cones. Suppose x* € ﬂn>0 K. Since
ﬂ,]>0 K, and Ky are cones, we can assume without loss of generality that |x*|| = 1 by
scaling. Then

x* e () (K,NSx)

n>0

=) [eo(KoNSx)+nBx N Sx
n>0

C m [E(Ko NSx)+ WB_X] .
n>0

Thusd (x*,co(KoNSx)) <nforalln > 0. Now Ky is closed and convex, so co (Ko N Sx) C
Ko, and thus d (x*, K¢) < n for all n > 0. This implies that d (x*, K¢) =0, and x* € Kj.

Thatis, Ko =(,~ Ky, as desired. [
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Without pointedness, this result fails in finite dimensions. Consider, for example, the
half-space Ko := {x =[x, y]" eR? x>0 } The only convex cone that strictly contains
a half-space is the whole space, so K, = R? for any n > 0.

Without strong pointedness, this result fails in infinite dimensions. For example,
we could take Ko := {x € ¢?|x; >x;/jfor j=2,3,...}. Now 0 €co(KoNS2) since
Xj= (el/j + ej) /v 1+ 1/j%2€ KoNS,2, which converges weakly to zero in £2. By Mazur’s
lemma (Lemma A.3), there is a strongly convergent subsequence in co (Ko N S,éz) which
converges to zero, and so 0 € co (K oN S,éz). The cone generated by any open set containing
0 (Ko N S;2) would then contain the entire space.

It would be tempting to believe that if ®: Q2 — P(X) has closed convex values and
has a closed graph, then the recession cone function x = @ (x)., also has a closed graph.
However, this is not the case, even in finite dimensions with & (x),, (strongly) pointed.
Consider, for example, the set-valued function ®: R — P(R) given by ® (x) = [1/x, 00)
for x > 0 and ® (x) = {0} for x < 0. It can be easily checked that the graph of ® is closed,
with closed convex values. However, ® (x),, = [0,00) = R4 for x > 0 and ® (x),, = {0}
for x <0, so x — ®(x),, does not have a closed graph.

Part of the problem with this example is that the minimum norm point of @ (x),
[Ma(x) (0), is unbounded as x | 0. If min{|ly|l | y € ®(x)} < R for some real R, then we at
least have a closed graph for the recession cone if ® has a closed graph and convex values.

Lemma 2.3. I[f ®: Q — P(X), X a reflexive Banach space, and ® is hemicontinuous with
closed convex values and minyeo) ||yl < R for all x € Q, then the map x + ®(x)q, is
also hemicontinuous.

Proof. Suppose that x; — x in  and wi € ® (xx), Where wy — w. Suppose also that
Vi € P (x¢) with Hyk || < R. Since ®(xi) + P (xx)oo S D(xk), for any T > 0 we have y; +
Twy € O (xy) for all k. Since the y; are bounded and X is reflexive, by Alaoglu’s theorem,
there is a weakly convergent subsequence (which we also denote by ¥, ) such thaty, — .
Thus y;, + twy — Y+ tw. By hemicontinuity, y 4+ 7w € ®(x). Since this is true for

all T > 0, it follows that w € ® (x),,. Hence x > ® (x), is hemicontinuous. [

Hemicontinuity by itself is not a strong condition. For example, consider the convex
cone-valued map ®: R — P(£?) given by

Ryej, tiv1 <t <tj,
O(1)=Rie; +Ryejp1, =141,
{0}, t<0,

where ¢; | 0 as j — 00 and #; = +o00. This is a hemicontinuous set-valued map at zero
since for any sequence y; € ®(sx) with s — 0 and yy — y we must have y = 0. And yet,
@ (0) = {0} gives essentially no information about ®(¢) for small nonzero ¢. In particular,
outer approximations to ®(¢) for small + must use more information than can be found
in ©(0). Strong pointedness of ®(0) in particular is insufficient to construct suitable outer
approximations for ®(¢). However, if we know that ®(¢) has a suitable outer approximation
(no matter how “big”), we can use this to give arbitrarily close approximations (in a suitable
sense).
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Define Hg o for £ € X" and o € R to be the half-space
Heo={yeX|( y)+a=0}.

Our basic result for outer approximations of set-valued functions is as follows, using the
support function ok (1) = sup, g (1, x).

Theorem 2.4. Suppose that ®: Q — P(X) is hemicontinuous with closed convex values
in X, a reflexive Banach space. Suppose also that for any xo € 2 and a neighborhoodU of
X0,

®(x)C L+ RBx

with L a strongly pointed closed convex cone and R > 0, and that minyecax) |yl < R for
allx elU. Let K = O(xp). Then for any —& € intdomog and o > og(—§), thereisa é >0
such that

d(x,x0) <8 = ®(x) € Heq.

Proof. Suppose otherwise. Then there is a sequence x;y — xo as k — oo in € and y; €
D(xi) with y; € He o for some —& € intdomog and o > ok (—§). Since —& € intdomog
and oy is a convex lower semicontinuous function, there is a closed neighborhood of —& +
6 By on which ok is continuous. By choosing # > 0 sufficiently small, we can ensure that
for —&' € —& + 6By we have

1
ok (=€) — ok (=€) < 5 @—ok(=5),

and so og(—&") < %(a + 0ok (—£€)) < aforall such &'. Leta’ := %(a +og(—§)) <a.

Since yx & Hg owe have (&, y) +o < 0 for all k.

Suppose first that yj is a bounded sequence. Then by Alaoglu’s theorem and reflex-
ivity of X, there is a weakly convergent subsequence (also denoted yi) such that y; — y.
As @ is hemicontinuous, y € ®(xp) = K.

From weak convergence,

E,yi)+a— (¢, y)+a =<0 for k — oo.

So

(=&, y) > a > og(=§)
= sup (=&, w) > (-£,y),

wekK

which is a contradiction.

Now suppose that yy is an unbounded sequence; by choosing a suitable subsequence
we can ensure that ||y || 1 oo as k — co. By Lemma B.3, pick ¢ € int L* such that (¢, w) >
|lw]| for all w € L. We will need this later.

Suppose that n € X’ with |||l ys <0, sothatox (—& +n) <a’. Thus (§ —n, yx) +o’ >
0. Now yi/|lykll is a bounded sequence in a reflexive Banach space X, and so it has a
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weakly convergent subsequence yi/ || vk || — . So taking limits, in the subsequence, of

a/
<§ -1, i > > gives
el /— Nyl

Since this is true for all n € X’ with ||n|lx < 6, we have (§,) > 0 ||7] for some 6 > 0.

If y = 0, we would not be able to obtain a contradiction. We need to use ®(xz) C
L+ RBx and strong pointedness of L to show that y # 0. For each k write y; = uy + vg,
u € L, and ||vg]| < R. Now

(€, k) =&, uk) + (¢, vg)
> lugll =R NIy
> llyell =2R1IZ NIk -

Thus

<;,i>z Ml e o sk o o
llyxll llyel

in the subsequence. Taking weak limits, (¢, yx/ |vkll) = (¢, ¥) > 1,s0 |71 > 1/l x > O.

For each k we can choose y; € ®(x;) with Hik || < R. By Alaoglu’s theorem and
reflexivity of X, there is a weakly convergent subsequence to which we restrict our attention
so that y;, — ¥ in the subsequence. By convexity of ®(x;) for all k, for any 0 < B; <
1 we have ¥ + B (yk — i) € ®(xx). In particular, for a given T > 0 we can set f; =
min(1, t/||yk|]). Then as ||yx|| — oo, for sufficiently large k,

_ T _
Vi +— (k= V) € Plxp).
Il vkl

Taking weak limits on the left and using hemicontinuity of ®, we see that
Y+1y € D(x0).

As this is true for all T > 0, € ® (x0)oo- Since ®(x0) = K € He o,y € (He o) = Heo;
that is, (£,5) < 0. However, we have already seen that (£,5) > 6 |||l > 0. This is a
contradiction.

Thus there must be a § > 0 such that

d(x,x0) <= P(x) S Heo. U

In finite dimensions, hemicontinuity is equivalent to having a closed graph. The
condition “®(x) € L + R By, L strongly pointed, for all x in a neighborhood of xp” looks
like a difficult condition to check, but in finite dimensions this can be reduced to simply
requiring that “® (x(), is a pointed cone.”

Lemma 2.5. Suppose that ®: Q@ — P(R") has a closed graph with closed convex values
and minyco(x) |yl < R for all x € U, U a neighborhood of x¢. If, in addition, ® (x0), is a
pointed cone, then there is a (strongly) pointed cone L, R > 0, and § > 0 such that

d(x,x0) <8 = ®(x) C L+ R Bpn.
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Proof. Take K = ®(x0)o, and L = K, for some > 0 as given in Lemma 2.2. We prove
the result by contradiction. Suppose that x; — x¢ in €2 and there exist y; € ®(xx) such that
vk — T (yx)|| = oo as k — oo. Then ||yx|| = co. Now yi/ || vk || are in a bounded closed
set, and so there is a convergent subsequence. Restrict attention to this subsequence, and
let yx/ |lykll = ¥ in the subsequence. By the same arguments as in Theorem 2.4, y € K.
Now L = K, contains a neighborhood of K N Sg» > y. Thus yi/ [lyk |l € L for sufficiently
large k, and thus y; € L for sufficiently large k. Hence ||yx — Iz (yx)|| = O for sufficiently
large k, which contradicts || yx — [Tz (yx)|| = co. O

These approximations will be particularly useful in dealing with measure differential
inclusions (MDIs). See Section 4.4.

2.1.4 Measurability considerations

For matters of integration and differential equations, it is necessary to deal with matters
of measurability of set-valued functions. Measurability is such a common property that
these considerations tend to be rather technical with little practical impact. Nevertheless,
for the existence of solutions, it can be important that the desired functions are shown to be
measurable so that their integrals are meaningful. Section A.4 contains basic material on
measurability for single-valued functions and on o -algebras.

Let X be a measure space (with its own o-algebra of measurable sets .4) and Y
be a topological space with a o-algebra of measurable sets B. Recall that f: X — Y is
measurable if f _1(E ) is measurable in X for every measurable set E in Y; that is, for all
E € B, f~(E) € A. Often we consider ¥ merely a topological space, in which case we
take B to be the o-algebra of Borel sets in Y. In that case, f: X — Y is measurable if
f~1(U) is measurable in X for every open set U in Y.

We say a set-valued function ®: X — P(Y) is strongly measurable if ®~(C) is
measurable in X for every closed set C in Y; we say ® is weakly measurable if ®~(U) is
measurable in X for every open set U in Y. We define A ® B to be the o -algebra generated
by the Cartesian products E x F with E € A and F € BB. Then we have the characterization
theorem of measurability (see, for example, [21, Thm. 8.1.4] or [129, Thm. 2.4]).

Theorem 2.6. For a set-valued function ®: X — P(Y), where X is a measure space and
Y a complete separable metric space with A the o-algebra of measurable sets of X and B
the o -algebra of Borel sets of Y, the following are equivalent:

1. ® is strongly measurable.

2. ® is weakly measurable.

3. Graph® is measurable in X x Y, that is, graph® € AQ B.
4. ®7(E) is measurable for all Borel E C Y.

5. Forall y € Y, the function x — dy(y, ®(x)) is a measurable function X — R.

Theorem 2.6 can be used to create an “arithmetic” of measurable functions: unions,
intersections, Cartesian products, and compositions of measurable set-valued functions to
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separable spaces that are also measurable. Also, upper semicontinuous and lower semi-
continuous functions are measurable. If the conditions of Theorem 2.6 hold, we drop the
qualifiers “weak” and “strong” and simply say that ® is measurable. An important conse-
quence of measurability of a set-valued function is the existence of a single-valued selection
of .

Lemma 2.7. If &: X — P(Y)\ {0} is measurable and Y is a separable metric space, then
there is a measurable selection f: X — Y such that f(x) € ®(x) forall x € X.

A proof can be found in, for example, [21, Thm. 8.1.3] or in [4, Cor. 18.14]. Another
important consequence of measurability of set-valued functions is the Filippov lemma be-
low. If A is a measurable space and X and Y are topological spaces, then a function
fi Ax X — Y is a Carathéodory function if for each a € A, x — f(a,x) is continuous
and for each x € X, a — f(a,x) is measurable. Carathéodory functions are measurable
functions on A x X with the o -algebra of measurable sets A® B, where A is the collection
of measurable sets of A and B is the collection of Borel sets of X (see, for example, [4,
Lem. 4.51]). From this it is easy to show the following lemma.

Lemma 2.8 (Filippov implicit function lemma). Suppose that A is a measurable space,
X and Y are separable metric spaces, ®: A — P(X) and g: A — Y are measurable, and
f: Ax X — Y is a Carathéodory function. Then the set-valued function V: A — P(X)
given by

V(a)={x € P(x)| f(a,x) =g(a)}

is a measurable function, and so it has a measurable selection h: A — X, h(a) € V(a) for
alla € A.

Proofs can be found in, for example, [4, 21, 101, 167]. This lemma is important to
avoid problems of nonmeasurability when there is nonuniqueness in a representation, such
as in differential inclusions (see Section 4.1).

2.2 Complementarity problems
Complementarity problems (CPs) have the following form: Given F: R" — R", find z €
R”" such that

0<z L1 F(=0. (2.21)

Note that “a > 0” for a vector a means that the components @¢; > 0 for all i, and “a L b”
means that a” b = 0, or that the inner or dot product of @ and b is zero. For all our CPs, we
will assume that F is a continuous function. We denote the problem (2.21) by CP(F).

If F is an affine function F(z) = Mz+q, then we call (2.21) a linear complementarity
problem (LCP) [67]: Given M € R"*" and g € R”, find z € R" such that

0<z L Mz+4+g=>0. (2.22)

This is denoted LCP(g, M).
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Generalized complementarity problems (GCPs) replace the componentwise inequal-
ity “a > 0” with a more general condition “a € K,” where K is a closed convex cone. The
GCP is the problem of finding z satisfying

K>z 1 FieK* (2.23)

Here K* is the dual cone to K (see (B.8)).

We denote the problem (2.23) by CP(F, K). Note that CP(F) = CP(F,R") for
F:R" — R". Again, if F is affine (F(z) = Mz + q), then we have a generalized linear
complementarity problem (GLCP), which is denoted by LCP(g, M, K).

CPs date back to the early 1960s with the work of Lemke and Howson [157] and Cot-
tle and Dantzig [66], who worked essentially with LCPs. The connections with quadratic
programming with inequality constraints were soon identified [271].

CPs can be obtained from constrained optimization problems via the Kuhn-Tucker
conditions. For example, consider the problem of minimizing f(x) subject to ¢;(x) > 0
fori =1,2,...,m. Then if we write L(x,A) = f(x)— Z;"Zl Xici(x), the Kuhn-Tucker
conditions become

0= V,L(x,}), (2.24)

0<Xi Lcix)=0 for all i, (2.25)

provided a suitable constraint qualification is satisfied. One possible constraint qualification
is that {Vc¢;i(x)|i=1,2,...,m, and ¢;(x) =0} is a linearly independent set for any x.
This is known as the linear independence constraint qualification (LICQ). A refined version
is the Mangasarian—Fromowitz constraint qualification (MFCQ), which for the case of only
inequality constraints requires that for any x there be a vector d where V¢;(x)d <0 forall i,

where c;(x) = 0. In the case where —c; is convex for all i, there is the Slater constraint
qualification which simply requires the existence of a point x¢, where ¢;(xg) > 0 for all i.

2.2.1 Lemke’s algorithm

For an LCP with K = R’} , Lemke’s method is the most common method of computing a
solution. It is also an excellent technique for proving the existence of solutions. Let us
consider LCP(g, M): Given M € R™*" and g € R", find z € R" such that

0<z 1 Mz+4+g=>0.

This can be solved using methods similar to the simplex method for linear programming.

A quick outline of the simplex method

Linear programming is the problem of minimizing a linear function subject to linear in-
equality constraints. This can be put into the standard form:

minc’x+d  subject to (2.26)
X
Ax=b, x>0. (2.27)

As usual “a > b” for vectors a and b means that “a; > b; for all i.” We will assume that
x € R" and b € R™ so that A is an m x n matrix (n > m). The simplex method uses a
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simplex tableau, which is a representation of the linear program:

b| A

CT

This tableau has a basis B which is a subset of m indexes of the variables x;: B C
{1,2,...,n}, where for each i € B, the ith column of A is a column of the identity ma-
trix, and the matrix [a;; |i € B, j =1,2,...,m] is a permutation matrix (that is, a ma-
trix formed by permuting either rows or columns of the identity matrix). Writing B =
{i1,i2,..., i} sothat the i jth column of A is the jth column of the identity matrix, we can
read off the values of x; associated with the simplex tableau: x; = bjforj=1,2,...,m,
and x; = 0if i € B. For this to be a feasible point (x; > 0 for all i) we need b; > 0 for all j.

To deal with the cost vector ¢ associated with the linear program, we suppose that
ci=0foralli € B. If ¢; <0 for some i ¢ B, then we have an opportunity to reduce the
cost associated with the simplex tableau by means of an operation called pivoting. Let us
suppose that b; > 0 for all j; the other case will be considered later.

If ¢; < 0, then the point x associated with the current simplex tableau has x; = 0, and
i € B. If we increase x; from the value zero, then we will have to change the values of the
Xy variables for k € B, but we will leave the values of x; for k ¢ B and k # i unchanged.
For k € B we will have to change x; from x; = by to

Xk = by — agix;.

The value of the objective function decreases by c;x;. If a;; <0 for all k, then there is no
limit to how much we can increase x; while staying feasible, and so there is no limit to how
much we can decrease the objective function. Such a linear program has no solution: it has
just an infimum of —oo.

If some ay; > 0, then we cannot increase x; without limit. Instead, we have to ensure
that by — ax;x; > 0. That is, we cannot make x; larger than by /ay; for ax; > 0. Since this
must hold for all k =1, 2, ..., m, then the most we can make x; iS miny.q,,~0bx/ax;. Pick
£ as the minimizing value of k, and let j be the index, where ag; = 1; that is, x; is the
£th basis variable. We will assume that this is unique for now. If we increase x; to this
upper limit, then we have x; = 0 after the increase, and we should take £ out of the basis B.
Bringing i into the basis and taking j out of the basis can be carried out by means of adding
multiples of row £ to other rows, which bring to zero all rows of column i except row £, and
we scale row £ to make a;p = 1. At the same time, in order to keep the same feasible set,
whatever row operations we do to the A matrix should also be done to the vector b. Finally,
for the cost vector c to reflect these changes, we should subtract a multiple of row ¢ from ¢
to set ¢; = 0. Finally the objective value at the new point must be updated: d < d +c¢;x;.

If we always have b; > 0 for all j, then at each stage of the simplex method, either
we strictly reduce the objective function value ¢; > 0 for all j and we are at a minimum, or
we discover that there is no minimum. Since there is only a finite number of possible basis
sets B, and the basis set determines the simplex tableau, then the simplex method cannot
cycle, and so it must terminate. If we get b; = 0 for some j during the simplex method,
then there is the possibility that there is no reduction in the objective function value. This
is known as degeneracy. In this case the method can cycle. Even though degeneracy is
destroyed by small, random perturbations to the data, this is an important practical issue,
and cycling can occur in practical problems using practical implementations of the simplex
method unless steps are taken to prevent this. The most commonly presented method for



2.2. Complementarity problems 33

handling degeneracy is lexicographical degeneracy resolution. Although this is not the
best performing method computationally, it at least resolves the theoretical questions of
existence of minima. Details of how lexicographical degeneracy resolution works can be
found in, for example, [106]. More practical methods can be found in, for example, [192].

The basic idea of lexicographical degeneracy resolution is that for determining the
variable to remove from the basis, instead of choosing k = € to be the minimizer of by /ay;,
where i is the index of the variable entering the basis, we use the lexicographical ordering
of the vectors [ by, ak1, aka, - -, akn ] /aki for ag; > 0: in the lexicographic ordering u <, v
for vectors u, v € R" if u # v and for p =min{j |uj #v; }, up <v,. We say u < v if
u < voru =v. Note that “<” is a complete ordering of R"; that is, for any two vectors
u,v € R" either u <y v, oru = v, or v < u. If we arrange for the initial tableau to have
b > 0 and the initial variables in the basis to be x1, x2, ..., x;;, then the tableau has the form

[b11,A]
and the rows of the initial tableau are lexicographically positive. That is,
0 < [bg, akt, axo, - .., agnl for all k.

By choosing the lexicographical minimizer of [ bk, ak1, ax2, - .., akn] /ax; over k with ay; >
0, we ensure that the subsequent tableau has lexicographically positive rows. Furthermore,
for there to be a tie (two rows giving the same lexicographical minimum), two of the rows
of the tableau have to be linearly dependent, which is impossible since at each stage A
contains an m X m permutation matrix associated with the columns in the basis B.

The lexicographical degeneracy resolution method enables us to prove the following
reversibility lemma for simplex tableau pivoting.

Lemma 2.9. Suppose [b| A] is a simplex tableau with lexicographically positive rows
and basis B if we perform a simplex pivot to bring a variable x, (p & B) into the basis,
removing x4 according to the lexicographical rule and producing tableau [b/ | A ] with
basis B' = (B\{q})U{p}. Then bringing variable x, into the basis for tableau [b’ | A’]
produces tableau [ b | A] with basis B.

This result turns out to be essential for understanding the Lemke method described
in the next section.

Proof. For 1 <i <m,let (i) be the index of the basic variable x ;) associated with row i
in tableau [b | A]. Let k be the row associated with variable x, which is removed from the
basis B in tableau [b | A]; (k) = g. Thus az, > 0 and

[bk, a1, .. aknl Jaxp <L [bisair, aiz, ..., ainl /aip foralli # k.

After the simplex pivot step, A’ has entries al’(p =1, atfp =0 fori #k, and

/ / /
[bk’akl""’ak}‘l] z[bk’ ak19""akl’l]/akp9
dip
[bz{’azfl""’az{n] :[bl”a“’""ain]__[bk’akla""akn]'
akp

If 7/(i) is the index of the basic variable associated with row i in tableau [b’ | A’], then
7'(k)=pand 7'(i) = 7 (i) fori # k.
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Now we want to show that if we bring variable x, into the basis B’ of tableau
[b/ | A’ ], we must remove x, from the basis; that is, we want to show that row k gives

. . .. ;o , , . , .
the lexicographical minimum of [ b}, a/,, ...,ain]/aiq over i, where a/, > 0. To do this,
. /
nlote that a,/{q = kg /akp = l/akp > 0, and for i # k, a;, = diq — Qipayq/akp = —aip [ arp
since ayy =1 and a;y = 0if i # k. Then
/ / / /
[Dks gy -5 apy | Jary = Uors ks - agn 1,
ag
/ / / / P
[bi’ai]"”’ain]/aiq = [bk’akla""akn]___[bhaila""ain]
ip

for i # k. But we consider such rows for the lexicographical minimum only if a; 0=
—ajp/arp > 0. Since [ b;, a;1, ..., aiy ] is lexicographically positive, it follows that

[b,/{,a,’d, ...,a,’m]/a,’(q <L [b;,alfl, ...,a;n]/al{q

whenever a/ ;> 0. Thus if we bring x, into the basis in tableau [b'| A’], we must remove
xp. Elementary calculations show that the resulting tableauis [b | A], as desired. [

Lemke’s method via simplex tableaus

Lemke’s method is based on the simplex method, but without the cost vector c. Instead we
rewrite the LCP as

Tw—Mz=q,

zZ,w >0,

ZTw=0.
So we start with an initial simplex tableau with the variables x; = w; fori =1,2,...,n,
and x,4+; = z; fori =1,2,...,n. If the vector g > 0, then the point associated with the

tableau w = ¢, z = 0 is feasible and we have a solution of the LCP. Unfortunately, this is
rarely the case: usually some ¢g; < O.

To handle this we add an extra variable s > 0 and a vector d with d; > 0 for all i
called the covering vector, and s is called a slack variable. The system of the tableau then
becomes

Iw—Mz—sd=q,

5,2, w =0,

ZTw=0.
To start Lemke’s algorithm, we do the operations to bring s into the basis and make the
tableau feasible so that the vector on the right (¢ + sd) is nonnegative. That is, we increase
s until ¢ +sd > 0. In fact, we increase s until we reach the smallest value where this is
true: s = ming.q, <0 —qk/dx > 0. The value £ = k which gives the minimum indicates that

the variable wy must be removed from the basis.

Complementarity is then used to decide which variable must next be brought into
the basis. After bringing s into the basis and removing wy, the only variable that can be
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brought into the basis without violating complementarity (z” w = 0) is z¢. In general, if
z;j is removed from the basis in one simplex step, then we must (try to) bring in w; in the
next step; conversely if w; is removed at the end of one simplex step, then we must (try
to) bring in z; in the next step. There are two ways in which this process can stop. One
is if s is removed from the basis in a simplex step. In the resulting simplex tableau, the
associated point has w — Mz =¢, z, w > 0 and z'w = 0. In other words, we have found
a solution to the LCP. The other is if we find that we have an unbounded ray of feasible
points: (s, z, W) = (50, 20, W) + A(Soo, Zoo» Woo)s (Soos Zoos Woo) 7 0, and

Iw—Mz—sd=gq,

s,z,w >0,

Tw=0  foralla>0.

Since we have not brought s out of the basis, we must have sy > 0 in this case. Clearly
(taking o = 0), 59, 20, wo > 0, and also (taking & — 00) S0, Zoo, Weo = 0. Also, wg =
Mzo+ sod + ¢, and weo = MZso + Sood. From the complementarity conditions ZTw=0,
we see that (20 + @0 ) (wo 4+ ¢wss) = 0 for & > 0. Since all vectors in this inner product
are nonnegative, this implies that zg wo = zgo wo = zg Woo = zgo Weo = 0.

If we focus on what happens as o« — oo, we remove ¢ from consideration and focus
only on the matrix. In linear complementarity theory, there are a wide range of matrix
classes that are important. We will have a look at these in the next section.

Matrix classes and Lemke’s algorithm

Some LCPs do not have solutions, and those for which we can guarantee existence usually
have some kind of “positivity” property. The first is the property of being copositive: A
matrix M € R™" is copositive if

2>0=2z"Mz>0. (2.28)

The matrix M being copositive is not sufficient to ensure the existence of solutions of
LCP(g, M) for all g. Two conditions are known to be sufficient for this in addition to
copositivity. A matrix M € R™" is strictly copositive if

[:20&z£0]=z"Mz>0. (2.29)

A matrix M € R" " is copositive plus if it is copositive and
[c20&"Me=0]= (M+MT)z=0 forallz. (2.30)

To compare with other well-known matrix classes, note that any positive semidefinite
matrix is copositive and any positive definite matrix is strictly copositive. However, matri-
ces with nonnegative entries are copositive; if, in addition, every row or every column of M
has a strictly positive entry, then M is strictly copositive. Symmetric positive semidefinite
matrices are copositive plus.

The set of copositive n x n matrices is a closed convex cone in the space of n x n
matrices.
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To see how these matrix classes relate to Lemke’s algorithm and the solution of LCPs,
note that if Lemke’s algorithm terminates at an unbounded ray (s, z, w) = (so, 20, Wo) +
(S0, Zoos Woo) = 0 with o > 0, then we have the following properties:

wo = Mzo+sod +q,

Woo = MZoo + Sood,
O:zgwo = zgowo = Zgwoo = zgowoo.
Recall that 0 < (Sc0, Zoo, Weo) 7~ 0 and sp > 0. So, for copositive M,

0= zgowoo = zgo (Mzoo + S00d)

> S0 20d > 0.

Since d is a vector of strictly positive entries, this means that either sooc = 0 or zoo = 0. If
Soco > 0, then zoo = 0, and S0 Weo = Sood, and our unbounded ray corresponds to the first
feasible basis of the tableau. By the reversibility lemma (Lemma 2.9), this is impossible.
Thus we must conclude that s, = 0.

If M is strictly copositive, then we have zgoM Zoo = 0, which implies that 7o, = 0.
With both s, and z« zero, we see that ws, = 0, and so we do not really have a ray at all:
(S00s Zoos Woo) = 0. So if M is strictly copositive, then Lemke’s method cannot terminate at
an unbounded ray. The only possibility left is that Lemke’s method finds a solution of the
LCP.

If M is copositive plus, then the arguments are a little more complicated, and we
prove a weaker result: Lemke’s algorithm finds a solution if and only if a solution exists.
So we start out by assuming that Lemke’s algorithm fails. Again, we have soo = 0 and
zgoM Zoo = 0 for terminating at a ray. Thus weo = M2z > 0. Again, note that we cannot
have zoo = 0, for then (so0, Zoo, Weo) = 0 and there is no unbounded ray. For M copositive
plus, 2L Mzoo = 0 implies (M + M7 ) zoo = 0. Thus M7 250 = —Mzoo = —woo < 0. Then

0= zgwoo = z({ (-MTZOO) =z Mz,

0=zl wo =2zl (Mzo+s0d +q)=sozl,d+zL q.

Since sg > 0 and zgod > 0, then zgoq < 0. It then turns out that the feasible set { (z, w) | w =
Mz +¢q, z,w > 0} must be empty. Suppose that there is a feasible z and w. Then 0 <
Lw=zl, (Mz+q)=(~Mzo0)" z+21,g = —wl z+zL g <0, which is impossible.

Another important class of matrices related to Lemke’s method is the class of P-
matrices. A P-matrix M € R"*" is a square matrix where every principal submatrix has
positive determinant [67, Def. 3.3.1]. That is, for every subset I C {1, 2, ..., n} the subma-
trix My = [m,- jli,jel ] has positive determinant. An equivalent (and for our purposes
more useful) characterization of P-matrices [67, Thm. 3.3.4] is that

zi(Mz); <0  foralli implies z=0. (2.31)

For every P-matrix we can easily show that solutions must be unique: If z() and z® are
two solutions to CP(M (-) 4 ¢, R’} ), then

0§Z§1>J_<MZ(1)+Q)_20 forall i,
1

OSZ?)L(MZ(DJFQ)ZO for all i.
1
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Figure 2.3: Illustration of homotopy methods for solving nonlinear equations.

Subtracting and cross-multiplying give
() 0-2),
1
P 44) P (0 +),
—o (M2 +q) +27 (M2 +q)
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Then it is clear that if M is a P-matrix, then z(") —z® = 0 and solutions are unique. Further,
the solution can be computed via Lemke’s algorithm.

2.2.2 Lemke’s method and homotopy methods

Despite its appearance, Lemke’s method has behind it an important topological idea, which
relates it closely to homotopy or continuation methods for solving nonlinear systems of
equations [5, 6, 108, 109]. The basic idea of homotopy methods is that to solve a difficult
system of equations f(x) =0 with f: R” — R", we find an easy-to-solve system g(x)
with g: R” — R" and a sufficiently “nice” homotopy #: [0, 1] x R* — R", where

h(0, x) = g(x),
h(l,x)= f(x).

We then follow the solution of (X, x) = 0 from A =0to A = 1, as illustrated in Figure 2.3.
When we reach A = 1, we have a solution of the problem.

To make things more concrete, we can assume that f is smooth and take, for example,
g(x) = x — a with a piecewise linear homotopy

h(h, x)=A f(x)+ (1 -1 (x—a).
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Assume that the (n 4 1) x n Jacobian matrix V(;_ x)#(A,x) has full rank whenever h(A,x) =
0. Then the set {(%,x) | h(A,x) =0} is a union of smooth curves in R**!. The idea then
is to follow one of these smooth curves from A = 0 until A = 1. The older continuation
algorithms had the simpler strategy of increasing A by a small amount AA and then solv-
ing h(A + AXx,x) = 0 for x, using Newton’s method, for example. If Newton’s method
failed, then AA is reduced, and the process is repeated; otherwise, update A <— A + AA and
continue following the curve.

The trouble with continuation methods is that sometimes the curve “doubles back”
and to follow the curve, A must be reduced rather than increased. So the more modern
homotopy algorithms were developed [231, 268] which treated the curves in terms of arc-
length continuation: (A(s), x(s)) and ||(dX/ds(s), dx/ds(s))|| = 1. Care must be taken to
prevent the algorithm from reversing direction along the curve that it is tracking and to
avoid jumping from one curve to another. In general, curves given by equations h(x,A) =0
are not necessarily smooth and can have bifurcations. The way to avoid this is to note that
if we have an extra parameter such as @ in h(x,A; a) = A f(x)+ (1 —A)(x —a), provided the
Jacobian matrix V,h(x,A; a) is nonsingular, then for almost all a, the curves h(x,1; a) =0
are smooth and V(y 3)h(x,A; a) has full rank on these curves. This can be proved from a
generalization of the Morse—Sard theorem [7, 272].

These methods can be very effective for highly nonlinear systems of equations and
even for LCPs [269]. However, Lemke’s method does not involve smooth functions.

Lemke’s method is a piecewise affine version of homotopy path following. In Lemke’s
method, s takes the role of A, although s does not go from zero to one. Instead, s goes from
a large value (such that sd + ¢ > 0) down to zero to obtain a solution to LCP(g, M). In-
deed, s is not guaranteed to be reduced at each step of Lemke’s method, but it may increase
at times before eventually being brought to zero when Lemke’s algorithm succeeds. The
homotopy can be considered as changing LCP(q, M) to LCP(s d +q, M), which is easy for
large s > 0 because sd 4 ¢ > 0 implies that z = 0 is a solution. The reduction of Lemke’s
method to a homotopy method for a piecewise linear functions can be carried out by using
an equivalent nonlinear system of equations, such as

z solves LCP(g, M) <= min(z, Mz+q) =0,
since for any vectors a, b € R",
0<alb>0<+= min(a,b)=0.
The minimum is understood to be a componentwise minimum:
min(a, b); = min(a;, b;).

The connection with homotopy methods has also been used in other contexts, such as
to prove the existence of solutions to linear and nonlinear complementarity problems and
GCPs [137, 138, 140, 197].

2.2.3 Polyhedral cones

Polyhedral cones are cones generated by a finite number of vectors. These are important
for many applications, and the standard cone R’} is an example of a polyhedral cone.
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The general form for a polyhedral cone is

K =cone{vi, vy, ..., v}

m
= {Zaivi la; >0 foralli }. (2.32)

i=1

For K C R", if we let V be the n x m matrix [vy, va, ..., Uy ], then K = V(R'j_). We would
like to use Lemma B.8(2) to find the dual cone, but V need not be invertible, especially if
m > n. A general formula for the dual cone can be found using the ideas of Lemma B.8(2).

Lemma 2.10. If L is a closed convex cone in X and V: X — Y is a linear operator, then
the dual cone V(L)* ={x | V*x € L*}.

Proof. This is a straightforward calculation:

V(LY ={zeY |(z,Vw) =0 forallw e L}
={zeY' |(V'z,w)>0forallwe L}
={zeY’|V*z€L*},

as desired. 0O

In the particular case where L = R” , we can use the Moore—Penrose pseudoinverse
V*tof V to get

(VR™)" = (VT)+ RY +null (V7).
If m <n and V has full rank (that is, rank(V) = min(m,n)), then null (V7) = {0}, so
(VRL)" = (VT)+ R".
LCP(g, M,V R’}r) becomes the following: Given g, M, and V, find z such that
VR 571 Mz+4qe (VT)+ R".

Writing z = Vx, x € R’l, we have Mz4+q=MVx+q = (VT)Jr w, where w > 0. If V is
square and nonsingular, then w = VI (MVx +¢) with x, w € R’ . We can then represent
the CP over V R’ as a standard CP over R",..

2.2.4 Special structure

Copositivity can be generalized to general closed convex cones:
M is K-copositive if (z, Mz) > 0forallz € K. (2.33)

Existence for GCPs CP(M (-)+¢, K) can be shown if M is K -copositive and (M +M T) 7=
0 implies (z, g) > 0.
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A strongly K -copositive matrix M is one where there is an n > 0 such that for all
z € K we have (z, Mz) > n ||z||2. This echoes the definition of strongly monotone, but it is
restricted to the cone used for complementarity. Strong copositivity can be used to obtain
bounds on the solution of an LCP K 3z 1 Mz+qg € K*: 0= (z, Mz+q) >n ||z||2 —
llgll lIz]l so llzIl < llgll /n. However, strong copositivity does not guarantee uniqueness.

Uniqueness for K =R’ occurs for all ¢ € R" if and only if M is a P-matrix (see, for
example, [67, Thm. 3.3.7]). Related properties can be developed for other structures, such
as where K = K1 x K is a Cartesian product. Suppose that if we break up M and g in a
consistent way, they have the form

My M q1
=[] e=[n]
Provided LCP(g2, M2>, K2) has a unique solution zp, then we obtain the subproblem
LCP(q1 — M12z2, M11, K1). If this in turn also has a unique solution, then we have found
the unique solution of LCP(q, M, K| x K3). Conversely, if LCP(q, M, K1 x K>) has a
unique solution, we see that these subproblems must also have unique solutions.

Thus, e.g., if M1 and M>, are positive definite (so that (z1, M1121), (22, M2222) > 0
for all nonzero z1, z2), then solutions of LCP(q, M, K) exist and are unique, even though
M itself might not be positive definite.

A generalization of the P-matrix property can be applied to a general Cartesian prod-
uct of cones K = Ky x Ky x--- x K, = ]_[:"=1 K;. If we partition M into blocks M;;
consistent with this Cartesian product, we say that M is a P(K)-matrix if

m
> (zi, (Mz2);) Zz,, ijzj) implies
j=1

=0.

Other examples of special cones that have received particular attention include the
Lorentz cone (also called the ice cream cone) in R" with n > 2:

LnZH:);:||XGR,)’€R”_1,XZ”)’“2} (234)
This is a self-dual cone. To see this, suppose [u, vT]T € L%. Then
T 1’ T
[u,v ][x,y ] =ux+v' y>0

forall [x, yT]T € L,. Taking the minimum of ux + v’ y over all y satisfying || y|, < x, we

get ux — ||vllx =x (u—[lv[l2) > 0. Since x > 0 we have u > ||v]l, and s0 [u, vT]T €L,

Thus L} € L,. Conversely, it is easy to show that if [u, UT]T € L,, then [u, UT]T eL}:
1T

for [x, y ] eL,,

T
[u, UT] [x, yT] > ux — [[v]l Iyl

>ux—ux > 0.
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Another cone that has been considered is the cone of semidefinite symmetric n x n
matrices:
S, = { AeR™ | AT = A, A positive semideﬁnite} .

This is also a self-dual cone under the inner product (A, B) = trace(A” B) = Zf =1 AjjBjj.
This inner product is called the Frobenius inner product and is often denoted by A e B in
the optimization literature, or A : B in the continuum mechanics literature. The standard
nonnegative cone R” , the Lorenz cone L,, and the cone of semidefinite matrices S, are
all examples of symmetric cones. Symmetric cones are self-dual cones K that are ho-
mogeneous; that is, for every pair x, y in the interior of K there is a matrix A such that
AK = K and Ax = y. All such symmetric cones are generated by Euclidean Jordan al-
gebras [97, 114]. Euclidean Jordan algebras are finite-dimensional vector spaces V with
a bilinear product o: V x V — V and an inner product (-, -)y, on V with the following
properties:

Xoy=youx, (2.35)
xo(x2oy) =x2o(xoy), where x? = xox, (2.36)
(xoy, )y =(y,x02)y 2.37)

for all x, y, and z € V. The cone generated by the algebra is the cone of squares: K =
{x2 |xeV } For all such cones K generated by a Euclidean Jordan algebra, not only is
K convex, but K is self-dual (that is, K = K*) in the inner product (-, -)y for V [97].

For example, if K = R”, we can take x o y to be the componentwise or Hadamard
product (x o y); = x; y;. For the Lorentz cone L, we use

[’CO :|o|: Y }:[ xoyo +x7y } (2.38)
X y X0y + yox
For the cone of symmetric semidefinite » x n matrices we use Ao B = %(AB + BA). In
all finite-dimensional Euclidean Jordan algebras there is an element e where e o x = x for
all x in the algebra. For the Hadamard product e is the vector of ones of the appropriate
dimension. For the Lorentz product (2.38), e is [1,0]”. For Ao B = % (AB+ BA), eis just
the identity matrix /.

The effect of this structure on the solution of CPs is discussed in [114, 115], for
example.

There are two properties that are important for future developments. The first is that
amatrix M € R"*" is a GUS(K ) matrix, where K is a closed convex cone, if for all g € R”
the CP

K>zl Mz+qeK*

has a unique solution. A matrix M is an LS(K) matrix if the solution map g — z for
LCP(g, M, K),

K>zl Mz+qgeK?,

is well defined and single valued for all ¢ € K, and is a Lipschitz map. If M € LS(K), then
clearly M € GUS(K), since the solution operator is already single valued and everywhere
defined. For polyhedral cones, by a result of Gowda [113], if M € GUS(K), then the so-
lution operator is Lipschitz as well, so M € LS(K); thus GUS(K) = LS(K) for polyhedral
cones, but this is not necessarily true for general K.
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2.2.5 Complementarity in infinite dimensions

CPs in infinite dimensions arise in many situations, such as in connection with partial
differential equations. The framework for CPs starts with a Banach space X and its dual
space X’. Then for K a closed convex cone we have the dual cone given in terms of
the duality pairing between X and X’. We need the function F: X — X’ (rather than
F: X — X) to be continuous. Actually requiring F: X — X’ is an advantage, since for
second order elliptic partial differential equations we can take X = H () for Q to be a
bounded open set in R4, and X’ = H (). Then we can take F(«) = —V2u + a u, where
V2 is the usual Laplacian operator (32/dx> + 8%/dy? on R?).

If we consider the problem of preventing penetration into an obstacle given by u(x) >
o(x) for all x € €2, then we have the following obstacle problem: find N(x) and u(x) such
that

0<NEX) Lux)—px)=>0 with
—V2u+au=N(X)~|—f(x) in  and
u(x)=0 on 0€2.

Here we take X = Hol(Q), which incorporates the boundary conditions u(x) = 0 for x € 9€2,
and so X' = Hol(Q)’ is the dual space. Since the operator —V? is an elliptic operator
HOI(Q) — Hol(Q)’, we can show that there exists a unique solution to this CP. The tech-
niques to prove this are outlined in the next section. A more detailed example will be given
in Section 2.6.

2.3 Variational inequalities

Around the same time as CPs were being created and analyzed in finite-dimensional situ-
ations, variational inequalities (VIs) were being applied to infinite-dimensional situations.
The first application was to the frictionless contact of an elastic body with a rigid obstacle.
This problem was first posed by Signorini [225] in 1933 and first resolved in a theoretical
sense by Fichera [98] in 1963. The general idea and applications of VIs was developed
further by Lions and Stampacchia [160]. More information about VIs from the point of
view of partial differential equations can be found in [23, 84]. VIs can also be used for
finite-dimensional problems; see [95, 96].

The precise formulation of VIs requires a closed convex set K (but not necessarily a
cone) in a Banach space X (which can be R” or a suitable Hilbert space) and a continuous
function F: K — X’. The problem is then to find a z such that

z€ K and 0<(7—2z, F(z)) forall7eK. (2.39)
We denote this problem by VI(F, K). If K is a cone as well, then the VI is, in fact, a CP.

Lemma 2.11. If K is a closed convex cone, then
z€e K and 0<(Z7—2z,F(z)) forall7eK

if and only if
K>z 1 F(eK"

That is, if K is a closed convex cone, then VI(F, K) is equivalent to CP(F, K).
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Proof. Suppose z solves VI(F, K). We show first that F(z) € K*. Let w € K. We
want to show that (w, F(z)) > 0. This is obviously true if w = 0, so suppose that w # 0.
Then, for @ > 0, aw € K since K is a cone, and thus setting 7 = aw, 0 < (T —z, F(z)) =
a(w, F(z))—(z, F(z)). Dividing by @ and taking o — oo give (w, F(z)) > 0. Thus F(z) €
K*.

Now z L F(z): we can take 7 =0 € K to get (—z, F(z)) > 0; on the other hand,
since z € K and F(z) € K*, (z, F(z)) > 0. The only way both these inequalities can be true
is if (z, F(z)) =0, as desired. Thus z solves CP(F, K).

Now suppose that z satisfies CP(F, K). Thenz € K, and if 7 € K as well,

(-2, F(2))=(Z, F(2)) = (2, F(2)) = 0

since (z, F(z)) =0and F(z) € K*. Thus z solves VI(F, K). [

VIs are most useful in dealing with certain optimization problems over closed convex
sets. Consider the problem of minimizing f(x) over x € K. If f is continuously (or
Fréchet) differentiable, then

JOM=fx)+—x, Vi) +oly—xI) asy— x.

If x* minimizes f over K, then forany y € K,0y+(1—-0)x =x+60(y—x) € K, so
J)=fx+0(—x)=f)+0(y—x,Vf))+o@|y—xI).
Subtracting f(x), dividing by 8 > 0, and taking 6 | 0, we get
x €K and 0<(y—x,Vf(x)) foralyekKk, (2.40)

which is a VI. Conversely, if x satisfies (2.40) and f is convex, then as f(y) > f(x)+
(y—x,Vf(x)), fory e K we have f(y) > f(x)+ (y—x, Vf(x)) > f(x). Thus x is the
global minimizer of f over K.
There is a more geometric viewpoint to describe the solution to a VI. Consider again
(2.39):
ze K and 0<(Z—z, F(z)) forallZeK.

Since Tk (z) = cone(K —z) forz € K, (w, F(z)) > 0 for all w € Tk (z). Thus

F(z) € =Nk (2). 2.41)
That is, — F(z) points in the direction of the normal cone at z. Conversely, if F(z) € —Nk(z)
for closed convex K, then z € K and (Z — z, F(z)) > 0 for all 7 € K, so that z solves the VI.
2.3.1 VIs of the second kind

VIs of the second kind have the following form: Given F: X — X', K a closed convex
subset of X, and a convex and lower semicontinuous? function j: X — R, find z satisfying

z€K and (7—2z, F(2)) > j(z)— j(Z) forall7eK. (2.42)

2That is, if x, — x, then liminf, oo f(x,) > f(x). This is a weaker condition than requiring f to be
continuous. See also Appendix A.
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This problem is denoted by VI>(F, K, j). This formulation can be represented as a stan-
dard VI: Let

L:{[i}lzeK,szj(z)}, (2.43)
G(z,s)=|: F } (2.44)

Lemma 2.12. VIy(F, K, j) is equivalent to VI(G, L), provided j is convex and lower
semicontinuous and L and G are given by (2.43)—(2.44).

Proof. Suppose that 7 is a solution of VIo(F, K, j) and that j: X — RU{oo} is a convex
lower semicontinuous function, K is closed and convex in X, and F: X — X’. Since j
is convex, L is a convex set; since j is lower semicontinuous and K is closed, L is also
closed. Note that j(z) < oo. We show that x := [j(zz)] solves VI(G, L). Since z solves
VI,(F, K, j), z € K, then [j(zz)] € L. Now suppose that ¥ ;=[] € L. ThenZ € K and
5> j(2). So

<[ : }—[ i H @ D:(?—z, F@)+G - @)
> (T2, F@)+ /(D) j©) 20,

Thus x solves VI(G, L).
Conversely, suppose x = [?] solved VI(G, L). Then, for any 7 € K and 5 > j(2),

L)

=(7—z, F(2))+5—s.

0

IA

Note that if we choose 7 =z and 5 = j(T), then we get
0<j@x)—s and s > j(2),
so s = j(z). Now, for any 7 € K, choosing 5 = j(7) we have
0=<(7—z, F(2))+j(2)— j(2),
and z solves VIo(F, K, j), as desired. 0O

Thus the class of second kind Vs is actually no larger than the class of standard VIs.

2.3.2 Equivalent formulations

Existence of solutions can be shown by means of equivalent nonlinear (in fact, nonsmooth)
systems of equations. There are two equivalent equations ®(x) = 0 of particular impor-
tance: the normal map

Dpor(x; K, F) = F(ITg(x))+ Jx (x — g (x))
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and the natural map
Pua(s K, F) = x = T (x =I5 | (F(x).

If K and F are both understood from context, we drop these parameters from &, and
@, For both the normal and natural maps, ITg (x) is the nearest point in K to x. The
function Ilg is well defined and continuous, in fact Lipschitz continuous, where X is a
Hilbert space. After we have established the basic properties of I1x we will show that
solving VI(F, K) is equivalent to finding zeros of the normal and natural maps. First we
set out connections with more geometric properties. The proof uses the characterization of
[Tk (x) in (B.6).

Lemma 2.13. If K C X, with X a Hilbert space, is closed and convex, then
Jx (x =g (x)) € Nk (ITg (x))

holds for all x € X. Furthermore, for z € K, then Jx(y) € Nk(z) if and only if
Mk(iz+y) =z

Proof. Let z =TIlg(x). Then z € K and from (B.6), (x —z,z—w)yx <0 for all w € K.
Thus Jx(x —z) € Tk (2)° = Nk (z). Thatis, Jx (x — [1g(x)) € Ng(ITg (x)), as desired.

For the second statement, suppose first that z € K and that Jx(y) € Nx(z). Then
forany w e K, (z+y)—z,z2—w)x = (y,z—w)x <0. Thus by (B.6), z =g (z+y).
Conversely, if z =Tlg(z+y), then (y,z—w)y =((z+y)—z,z—w)y <Oforallw € K.
By (B.14), this implies that Jx(y) € Nx(z). O

Now z € K is a solution of VI(F, K) if for all w € K, (w—z, F(z)) > 0, or equiv-
alently that (w —z, —F(z)) <0 for all w € K. Then by (B.14), this is equivalent to
—F(2) € Nk (z). This gives a third equivalent condition for z solving VI(F, K):

0> F(z)+ Ng(2). (2.45)

We can now return to the normal and natural maps.

Lemma 2.14. The VI (2.39) for z holds if and only if ®por(x) = 0, where z = Ik (x), and
if and only if ®pat(x) =0, where 7 = x.

Proof. Suppose that z solves VI(F, K):
zeK and (Z—2z, F(z))>0 forallZeK.

We show that this is equivalent to ®pa(z) :=z — g (z — J;l(F(z))) = 0: Note that (2.39)
is equivalenttoz € K and 0> (T —z, —F(2)) = (T—z, (z— J¢ (F(2))) — 2)x forall 7 € K.
By (B.6), this is equivalent to z = Mg (z — J;l(F(z))) and thus ®py(z) = 0. Now suppose
that ®pa(z) = 0 s0 that z — g (z — Jy | (F(2))) = 0; that is, z = g (z — Jx ' (F(2))). Then
—F(2) € Nx(z),and 0 € F(z) + Nk(z), and so z solves VI(F, K).

For the normal map, we show that z being a solution of VI(F, K) (2.39) im-
plies ®@por(x) = 0, where x =z — J;l(F(z)) or Jy(x —z) = —F(z). From the previous
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paragraph we see that (2.39) is equivalent to z = Ilg(z — J;I(F(z))) = Ik (x). Thus
(2.39) implies that ®por(x) = F(Ilg(x)) + Jx(x — g (x)) = F(2) + Jx(x —2) = F(2) —
F(z) = 0. Conversely, suppose that ®,o(x) = 0. Then set z = [1g(x) € K. From (B.6),
(x—2z,y—2)x <Oforall y € K. Also, substituting for I[Tg (x) in Ppor(x) = F(Ig(x))+
Jx(x —Tg(x)) = F(z) + Jx(x —z) = 0 we see that Jx(x —z) = —F(z), and so
(—F(z),y—2z) <0Oforall ye K. Thatis, z € K and (y —z, F(z)) >0 forall y € K,
and so z satisfies (2.39). 0O

The ability to formulate the VI as a nonlinear equation means that we can apply, for
example, techniques from topology to prove existence of solutions.

2.3.3 Complementarity bounds

The simplest bounds we can obtain are for strongly monotone VIs, as we have seen. How-
ever, at least in finite dimensions we can obtain some bounds for VIs with linear functions
in terms of related CPs using strong copositivity over the recession cone.

Lemma 2.15. Let K C R” be a closed, convex set with recession cone Kso. If M € R"*"
is Koo-strongly copositive, then there are a constant C and a neighborhood V of M such
that for any solution of a linear VI with M €V,

ek & 05(?—1,1\714—61) forallZ e K,
we have the bound
Izl < CA+lql). (2.46)

Note that C depends on K and V but not on q.

Proof. Pick a fixed z* € K. Let n > 0 be the constant for strong K ,-copositivity of M, so
that (w, Mw) > 7 ||w||* forall w € K. Suppose that there are no such C and V. Then there
must be a sequence of ¢* € R”, M* € R"*", and z* € K such that (z* — z, M*z* +¢%) > 0
and M* — M, ||z%]|/(1+ |¢*|) = oo as £ — oco. This implies that |z*| — oo and
lgt|l/||z*] — 0 as € — oo. NowZ := z¢/ | z¢| is bounded in R”, and so it has a conver-
gent subsequence; denote such a subsequence by 7 and let Z be its limit. Taking limits in

the subsequence of
z* Zt . Z qe >
0< — .M +
< Bt I B R E

gives the inequality
0<—(z, M7).

But z¢ € K forall £, s0Z = limy_, o0 z° / sz || € Ko (taking limits in the subsequence); also
| Z|l = 1. Therefore, 0 < —n || Z[|%, implying that || Z]| = 0, which is impossible.
Thus there is such a C independent of ¢ for which the above bound holds. [
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The following bound will be useful later on for proving existence of solutions for
index-one differential VIs.

Lemma 2.16. If K = C+ L, where C and K are closed and convex, with C bounded and
L a cone, and M strongly L-copositive with constant 1 > 0, then there is a constant y
(depending only on C, L, and M ) where for any solution z of the VI

z€eK & 0<(7—z,Mz+gq) forall7 e K

we have

lzll =y (1 +llg — T (g)ID- (2.47)

Furthermore, y depends continuously on n > 0, || M||, and max,cc ||u]|.

Proof. For any solution z € K =C+ L we have z=u+v withu € C and v € L. Set
Z=uecCCC+L=K.Then

0<(7—z,Mz+q) = — (v, Mu+Mv+q)
= — (v, Mv) — (v, Mu) — (v, g — T+ (q) + [z« (q))
< =l = (v, Mu) — (v, Tz (q)) — (v, ¢ — T 1+ (q)) .

But (v, [T+ (g)) > 0as v € L. Hence
0 < —nllvll> = vl 1M lull = l[vll lg — Tz (@)l

Rearranging and dividing by ||v|| give

vl = (IIMIII;lEagIIMII +llg — Tz (61)||> /n
=B +llg =T (gD

for B = max (|| M| max,cc |lull, 1) /n. Then

20l = Nuelt + vl = maxfluf + A1+ llg — 2= (@)l
=y +lg =T (gl

for y = B+ max,ec ||u||, as desired. This formula is clearly continuous in M and 7; in
turn, n :=infyer.v=1 (v, Mv) depends continuously on M, as we are taking the infimum
of a continuous function over a compact set. [

Remark 2.17. It might be tempting to think that if K C C 4 L, where C and L are closed
and convex with C bounded and L a cone, then we can still obtain the same bound (2.47).
However, this is not so. An example follows. See also Figure 2.4.

We start with a function i : [0,00) — [0, 00) that is smooth, except at t = 0, where
¥’ (0T) = 400, and that ¥”(x) < 0 for all x > 0. Let

K={C,»]lyl=v¥x)}.
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y=+Wy(x)

y=-vy(x)
N, (z2)

Figure 2.4: The set K C C + L for a counterexample to (2.47).

Since ¥ (x) < 0 for all x, K is a convex set. Furthermore, ¥'(x) > 0 for all x > 0. If this
were not so, suppose that ¥'(x*) < 0. Then, as ¥’ is a decreasing function, for x > x* we
have ¥(x) < ¥ (x*)+ ¥/ (x*)(x — x*), which must eventually become negative, contradict-
ing Y¥(x) > 0 for x > 0.

We will also assume that ¥'(x) > 0 for all x and that lim, _, o, ¥'(x) = 0. The first of
these conditions ensures that ¥’(x) is not eventually zero; in this case, Lemma 2.16 would
apply. The second condition ensures that the recession cone L = Ko, = R4 x {0}, the
positive x-axis. Choosing ¥ so that ¥/(x) < R for all x > 0 implies that K C Koo + R B,
where B is the unit ball in R2.

For our VI, we set

+1 0
=05
which is strongly copositive on L = R x {0}. We want to find a family of vectors ¢ € L*
such that the solutions of the VIs
zek & 0=<(Z-2)"[Mz+q] forallZ € K

are unbounded. This would contradict a bound of the form (2.47). To carry out this task,
we use the formulation of the VI

—[Mz+q] € Nk(2),

which can be interpreted in a more geometric way. Let z = [x, y]T. If |y| < ¥(x), then
Nk (z) ={0}; if y = £¢¥(x) and x > 0, then Ng(z) = Ry [—w/(x), :i:l]T; if x=y=0,
then Nx(z) = [—1, 0] . There are three possibilities for a solution of this VI:
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[—q1i|:a[—1i| fora >0,
—q2 0
-x—q1 | _| O
[ﬂ—qz}_[o] *
e y=*x¢Y((x)andx > 0:

—x—q1 | _ -y’ (x)
|:+y_q2i|—ot[ i i| fora > 0.

Now ¢ € L* = R4 x R means that g; > 0. We will focus on the cases g =0 and g2 —
+o00. The latter case for solutions is the one that we will consider. After all, we do not
have to show that all solutions violate (2.47), only that there is one that does. Even more
specifically, we will assume that y = —i(x), so that y —gp = —o; thatis,« =g —y =
g2 + ¥ (x). Then

e x=y=0

o [yl < y¥(x):

—x=—ay'(x)
=—(@2+¥(x) ¥'(x).

That s, x = (g2 + ¥ (x)) ¥'(x). Since ¥'(x) > 0 for all x, if we take g — +00, x — 400 as
well. In particular, for any value of x sufficiently large we can take g2 = x /¥'(x) — ¥ (x) >
0. Thus we have a family of solutions to the VI that is unbounded for ¢ € L*, even though
K c C + L with C closed, convex, and bounded and L a closed convex cone with M
strongly L-copositive. Thus (2.47) does not hold in this case.

2.3.4 Existence and uniqueness in finite dimensions

Existence results for solutions to VIs can be obtained by a number of means, although
the most common is to use coercivity or semicoercivity of F. We say that F: X — X' is
semicoercive on K if there are a zop € K and R > 0 such that (x — zg, F(x)) > O for all
x € K, where| x| > R.

To establish the existence of solutions for semicoercive F' (Lemma 2.18) we use some
topological arguments. In particular we use the tools of degree theory [106, 162]. The
basic properties that we use are as follows: pick a number R > 0. We consider continuous
functions f: R" — R" so that whenever ||x|| > R, then f(x) # 0. Every such function has
a well-defined degree, which is an integer. If the degree of f is not zero, then f(x*) =0
for some x* with [|x*|| < R. If f is smooth and has finitely many zeros with the Jacobian
matrix V f(x) nonsingular at each zero x, then the degree of f is

degf= ) sgndet(V/(x));
x:f(x)=0

sgn(s) =+1if s >0, —1 if s < 0, and zero if s = 0. In particular, if f is the identity
function, deg f = +1.
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The property of degrees that makes degree theory particularly useful is the homo-
topy property: if we have a continuous function /: [0,1] x R” — R" such that A(s,x) # 0
whenever || x|| > R, and f(x)=h(0,x), g(x) = h(1,x), then deg f = degg. The function &
is a homotopy between f and g; we say that f and g are homotopic. More information on
using homotopies to solve systems of equations can be found in Section 2.2.2.

A strategy for showing that solutions exist to a problem is to reduce the problem to
solving a certain system of equations f(x)=0. Then show that the function f is homotopic
to a simpler one g where we can prove that deg g # 0. This is a strategy that can be applied
to prove the existence of solutions to VIs. An alternative approach is to use the fixed point
theorem of Brouwer.

Lemma 2.18. Assume K € X = R" and K is closed and convex. Suppose that F is
continuous and is semicoercive in the sense that there are a zo € K and R > 0 such that
(x —z0, F(x)) > 0 for ||x|| = R and x € K. Then solutions exist for the VI

ze K and (7—z, F(2)+q) >0 forall7e K.

Proof. Suppose G is semicoercive: (x —zg, G(x)) > O for ||x|| > R and x € K. Then it is
impossible for VI(G, K) to have a solution z with ||z|| > R: (z0 —z, G(z)) <0 forz € K
and ||z|| > R. We will assume that R > ||zg]|.

Let G(x) := Jx(x —z0). Now we can construct a homotopy between the function
x> Onor(x; G, K) and x > Ppor(x; F, K) where (x —z9, F(x)) > 0 for ||x|| > R and
xeK.Let H(s,x)=s F(x)4+ (1 —s) Jx (x —z0). Then, forx € K, ||x|| > R,

(x —z0, H(s,x)) =5 (x —z0, F(x)) +(1 —5) (x =20, x —20)x >0
since both (x — zg, F(x)) > 0 and (x —z9, x —z0)x = ||x — Zo||§( > 0. Thus
X > Puor(x; H(s,-), K) = H(s, g (x))+ Jx(x — g (x))

is a suitable homotopy between @ (+; F, K) and $por(-; G, K).
What remains now is to find the degree of ®o(-; G, K). Now

Pror(x; G, K) = G(I g (x)) + Jx(x — Mg (x))
=Jx(Tg(x)—z0+x—Tg(x)) = Jx(x —20).

There is only one solution to ®pr(x) = 0: x = zg. The Jacobian matrix V®o(x; G, K) =1
for all x, so deg Ppor(+; G, K) = sgn det V®p(z0; G, K) = +1. Thus deg @, (+; F, K) =
+1, and so there is at least one zero ®,o(z) = 0, and so VI(F, K) has a solution z € K,
lzZl<R. DO

For infinite-dimensional problems we also need some compactness property, weak
continuity, or similar property of F in order to establish the existence of solutions. See, for
example, Section 2.5 on pseudomonotonicity.

Uniqueness holds for solutions of VIs if F is strictly monotone: for any z1,z2 € K
with z1 # 22,

(z1 — 22, F(z1) — F(z2)) > 0. (2.48)

Lemma 2.19. If F: X — X’ is strictly monotone, then there is at most one solution of
VI(F, K) for any closed, convex K C X.
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Proof. Suppose 71, z2 € K are two solutions of VI(F, K). Then, since z1, z2 € K,

0 < {(z2—2z1, F(z1)),
0<(z1—z22, F(22)).

Adding these inequalities gives
(z2—2z1, F(z1) = F(22)) = 0,
which contradicts strict monotonicity of F unless z; = z>. Thus solutions are unique. [

Existence and uniqueness follow from a single condition, at least for finite-dimensional
problems: F: X — X' is strongly monotone if there is a constant n > 0 such that

(z1 =22, F@) = F(z2)) = nlzi—z2l>  forallz;,z2 € X. (2.49)
Strong monotonicity implies semicoercivity as described above.

Lemma 2.20. If F: X — X' is strongly monotone with constant 1 > 0 and K € X =R"
is closed and convex, then solutions for VI(F, K) exist and are unique. Furthermore, if 71
solves VI(F +q1, K) and z solves VI(F + q2, K), then ||z1 — 22|l < llg1 —q2ll /.

Proof. Pick zp € K. Then
(z—2z0, F(z) — F(z0)) = nllz — z0ll%,

50 (z—20, F(2)) > nllz— 20> + (z — 20. F(20)) = llz — 20l (0 2 — z0ll — | F(z0)II), which
is positive for ||z|| > |lzoll + || F(z0)]l /n. Then by Lemma 2.18 solutions of (2.39) exist.
Solutions are unique since strong monotonicity implies strict monotonicity.

To show F + g monotone, note that (F +¢)(z1) — (F +¢q)(z2) = F(z1) — F(z2) so
that F + g also satisfies (2.49) with the same 5 > 0. Now, for any 7 € K,

(7—21, F(z1)+q1) >0,
(7—22, F(z2) +q2) = 0.
Putting 7 = 7> in the first inequality and 7 = z; in the second and adding the inequalities
give
(z2—z1, F(z1) — F(22)) + (z2— 21,91 —q2) = 0.
Thus
lz2 — 21l llg1 — g2l > (22 — 21, F(22) = F(z1)) = nllz2— 2111

Dividing by ||z2 — z1 || gives the desired bound on ||zo —z1||. O
The final conclusion of this lemma shows that if F is strongly monotone, then the

solution operator is not only well defined but is also Lipschitz with Lipschitz constant
< 1/n. This carries over to the infinite-dimensional case, which we now consider.
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2.3.5 Existence of solutions for infinite-dimensional problems

Proofs of existence of solutions for infinite-dimensional VIs are usually based on either
monotone operator arguments or on compactness arguments.

We start with a lemma, which shows how we can use strong monotonicity in the
context of infinite-dimensional problems to show how to solve “nearby” VIs.

Lemma 2.21. Suppose F: X — X' is strongly monotone in the sense that
(@122, Fe) — F@) = nllzi—zlk. >0, (2.50)

and that solutions exist for VI(F +q, K) for all g € X'. Suppose also that G: X — X' is
Lipschitz with constant L < n. Then solutions exist for VI(F + G +q, K) for all g € X'.

Proof. Let solp g : X’ — X be the map such that solp x(q) = z, where z solves VI(F +
g, K). Since F is strongly monotone, solr g is well defined and Lipschitz with constant
1/n, as can be seen from the last conclusion of Lemma 2.20.

Now for g € X’ consider the iteration where z*+D i the solution of VI(F + G(z(k)) +
g, K). Thatis, z&*D = solp x (G(z®)+¢). The mapping T: X — X given by T'(z) =
solr x (G(x)+g) is a contraction mapping since it is Lipschitz with constant L/n < 1.
Thus there is a fixed point; call it z*. Then z* is the (unique) solution of VI(F + G(z*) +
q, K); that is,

*eK and  (T-7% F()+GE)+q)=0 forallZe K.
That is, z* solves V(F+ G + ¢, K). O

This can be used to show that solutions exist for VI(F, K), where F is strongly
monotone and Lipschitz, and K € X, with X a Hilbert space. Note that we do not identify
X with X', even though X is a Hilbert space.

Theorem 2.22. Suppose F: X — X' is strongly monotone in the sense of (2.50) and
Lipschitz with X a Hilbert space. Then, for any closed convex set K C X, VI((F +¢q, K)
has a unique solution for any q € X'.

Proof. Let Jx: X — X’ be the duality map J(x) = (x, -)x. Since it is a continuous linear
map, it is also Lipschitz. Also, Jx is strongly monotone in the sense of (2.50) since for all
xeX

(Jx(), X)yex =0y =lxlx  ;=1.
First we show that VI(Jx + ¢, K) has a solution for all ¢ € X’. That is, we want
to find z € K such that (7 —z, Jx(z) +¢)xxx > 0 for all 7 € K. From the definition of
Jx, this amounts to requiring that (7 —z,z + J;l(q))x >0 for all 7 € K. From (B.6),

7= I'IK(—J;I(q)), so that VI(Jx + ¢, K) has a solution for all ¢ € X’. Let L be the
Lipschitz constant of Jx, and L be the Lipschitz constant of F.
We now create a homotopy between Jy and F:

H(s,x)=(1—5)Jx(x)+sF(x).
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For all 0 <s < 1, H(s,-) is Lipschitz continuous with the Lipschitz constant bounded by
max(L, Lr). The Lipschitz constant of H(s,-)— H (s’,-) is bounded by |s - s’| max(Ly, Lr).
Now H (s, -) is strongly monotone in the sense of (2.50) for all 0 < s < I since

(H(S,)Cl)— H(s,xz),xl —)C2>
=1 —=5)(Ix(x1) = Ix(x2), x1 —x2) +5 (F(x1) — F(x2), x1 — Xx2)
> (1—9) llx1 —x2l% +57 a1 —x2ll%

> min(1, 1) [lx1 —x2[l% -

We now show that VI(H (s, ) + ¢, K) has a solution for all g € X’ and all 0 <s < 1. Let
8 = min(1, n)/(2(Lj + LF)); we choose this value so that if 0 < s,s’ < 1, and |s —s’| <
8, then the Lipschitz constant of H(s,-) — H(s’,-) is less than or equal to min(1, n)/2 <
min(1, n), and so by Lemma 2.20, if VI(H (s,-) + ¢, K) has a solution for all ¢ € X’, then
VI(H(s',-)+¢’, K) has a solution for all ¢’ € X’. Now VI(H(0,-)+¢q, K) = VI(Jx +q, K)
has a solution for all g € X’ by the preceding paragraph. We can show by induction that
VI(H (k§,-)+ g, K) has a solution fork =0, 1,2, ..., [1/8] and any ¢ € X'. For any 0 <
s <lthereisak=0,1,2,...,[1/8] such that |s —k§| < /2, so that VI(H (s,-), K) has a
solution, as desired.

In particular, we can conclude that for s = 1, VI(H(1,-)+ ¢, K) = VI(F + ¢, K)
has a solution for any g € X’. That the solution is unique follows as F + ¢ is strongly
monotone. [

Theorem 2.22 applies to strongly monotone functions F: X — X', and yet our finite-
dimensional results in Lemma 2.18 require only coercivity. Here is one way in which we
can extend Theorem 2.22 to cover situations of this kind.

Theorem 2.23. Suppose that F: X — X' is strongly monotone in the sense of (2.50),
G: X — X' is a compact operator, and {z, F(z) + G(z2)) > 0 forall z € K, where ||z|| > R.
Then VI(F + G, K) has a solution.

Proof. Let solp g: X' — X be the map solp x(q) = z, where z solves VI(F + ¢, K).
Since F is strongly monotone with monotonicity constant > 0, solr g is Lipschitz with
Lipschitz constant 1/5. To solve VI(F + G, K), we need to find z* such that z* solves
VI(F 4+ G(z*), K); in other words, we want to find z* such that z* = solr g (G(z*)). From
the inequality (z, F(z) + G(z)) > O for all z € K, where ||z|| > R, there can be no solution z
with ||z]| > R. Thus we can restrict our attention to the ball B={z € X | ||z]lx < R}. Now
z+> solp x(G(z))isamap B — B.

Since G is a compact operator, it maps bounded sets to precompact sets, and solr x
maps precompact sets to precompact sets by continuity of solr x. Thus any z* must lie
in the closure solr x (G(B)), which is a compact set. Furthermore, its closed convex hull
cosolr x (G(B)) is also compact (by Mazur’s lemma), and we can consider the restriction
of z — solr g (G(z)) to this compact, convex set. We can then apply the Leray—Schauder
fixed point theorem (Proposition A.13) to show that there must exist a z* € cosolr x (G(B))
such that z* = solr x (G (z*)), and therefore that z* solves VI(F 4+ G, K), as desired. [

For more approaches to VIs in infinite-dimensional spaces, see the section on pseu-
domonotone operators (Section 2.5).
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2.3.6 Convex functions and subdifferentials

Maximal monotone operators can be obtained from convex functions: a function ¢: X —
RU{oo} is convex if forall x,y € X and 0 <6 < 1, we have ¢ (Ox + (1 —60)y) <O p(x)+
(1 —0) ¢(y). Note that we allow oo as a value: 0 x co =0; o + 00 = 00 and o < oo for
any real «; if ¢ > 0, then o x oo = co. However, we do not simultaneously allow —oo as a
value since co — oo is undefined. The function ¢ is a proper convex function if it is convex
and ¢(x) < oo for some x € X. The domain of ¢ is

dom¢p ={x € X |px) <o0}.

Usually we also require that ¢ be lower semicontinuous. Associated with a convex function
¢ is the epigraph of ¢, which is a convex set:

epi¢={|: f i||s2¢(x)} C X xR.

If ¢ is lower semicontinuous, then epi¢ is a closed set. Epigraphs are important, as they
allow us to apply results for convex sets (such as the separating hyperplane theorem) to
prove things about convex functions.

Associated with a proper lower semicontinuous convex function ¢: X — RU{oo} is
its Fenchel dual ¢*: X’ — R U {co}:

P ()= sup (&, x) —p(x),

which is also proper, convex, and lower semicontinuous. Properties of Fenchel duals are
given in Theorem B.15.

The subdifferential of a convex function ¢ is a set-valued function d¢p: X — P(X’)
given by

dp(x)={we X |p(y)=p(x)+ (w,y—x) forall y e X }. (2.51)

Subdifferentials generalize the notion of gradient or derivative for smooth convex functions
in that d¢(x) = {Vo(x)} if ¢ is differentiable at x. An overview of properties of subdiffer-
entials is given in Appendix B. The most important of these are given in Theorem B.14.
The subdifferential already has a number of the important properties of maximal monotone
operators: d¢(x) is always closed and convex (Theorem B.14(2)) and d¢ has a closed graph
(Theorem B.14(3)).

2.4 Maximal monotone operators

The theory of maximal monotone operators was initially developed by Minty [172, 173] as
part of developing methods for solving electrical network problems with nonlinear resistors
[171]. This theory was taken up and extended by Brézis [41] from static problems to
dynamic problems.
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2.4.1 Main properties

A monotone operator on a Hilbert space X is a set-valued function ®: X — P(X’) such
that

(y1—y2,x1 —x2)xxx =0 (2.52)
for all y; € ®(x1), y2 € P(x2).

A set-valued function ®: X — P(X') is a maximal monotone operatorif ® LS a monotone
operator, and the only monotone operator ®, where ®(x) € ®(x) forall x,is &= d. If X is
a Hilbert space, we often identify X with X’ and consider set-valued maps ®: X — P(X)
as (maximal) monotone operators. We also refer to single-valued functions ¢: X — X’
as being (maximal) monotone operators by identifying ¢ with the set-valued map ®(x) =
{¢p(x)} for all x.

The function s — Sgn(s) given by

{(+1}, s>0,
Sgn(s) =43 [-1,+1], s=0,
{—1}, s <0,

is a maximal monotone operator R — P(R). That it is monotone is easy to establish;
that it is maximal is also fairly easy. Suppose ®: R — P(RR) is a monotone extension of
Sgn: Sgn(s) € ®(s) for all s. If there is a y € P(s)\Sgn(s), for some s, we consider the
three different cases: s > 0, s =0, and s < 0. First, for s > 0, y # +1. If y > 41, then
choose 0 < s < s’ so that +1 € Sgn(s’) € ®(s'). Then (y — (+1)) (s —s’) <0, contradicting
monotonicity. If y < +1, then choose 0 < s/ < s so that again +1 € Sgn(s’) C ®(s').
Then (y — (+1)) (s - ) < 0, again contradicting monotonicity. Thus we cannot have any
extension y € EI;(S)\Sgn(s) for s > 0. Similar arguments show that we cannot have y €
5(s)\Sgn(s) for s < 0. Now we consider s =0. If y € ED(O)\Sgn(O), then either y >
+1 or y < —1. In the first case, choose s’ > 0 and y’ = +1 € Sgn(s’) € ®(s’). Then
(y—(+1)) (0 —s' ) < 0, contradicting monotonicity. On the other hand, if y < —1, choose
s’ <0and y = —1 € Sgn(s’) € ®(s'). Then (y —(—1)) (0—s') < 0, again contradicting
monotonicity. Thus d=S gn, and so Sgn is maximal monotone.

It is possible for a maximal monotone function to have the empty set as a value.
Consider, for example, ®: R — P(R) given by

{0} ifx >0,
d(x)=1 —R;y ifx=0,
? if x <O.

The graph of this function is shown in Figure 2.5. This is maximal monotone, as can easily
be checked: x + ®(x) = y has one and only one solution in x: x = max(y, 0).

Every monotone set-valued function has a maximal monotone extension, thanks to
Zorn’s lemma.

Maximal monotone operators have some important properties for differential incl-
usions.
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d(x)

Figure 2.5: Example of maximal monotone function with a domain that is not the whole
space, R.

Lemma 2.24. [f &: X — P(X) is a maximal monotone operator, then
1. ® has a closed graph, even in the strong x weak topology;
2. ®(x) is a closed, convex set for all x € X;

3. ®(x) # @ for some x € X (that is, dom® # ().

Proof.

1. Consider the set-valued map ® where grapth graph @, which is an extension of

®. But ® is also monotone. To see this, suppose y1 € d(x1), € ®(x2). Then there

are sequences (x}k), ylk)) — (x1,y1) and (xék), A2y )) — (x2,¥7) in the strong x weak

topology as k — oo where (xgk),ylk)) (x ;k),yék)) € graph ®. Since (y, ® yék), ®_

(k)) > 0 as @ is monotone, taking limits as k — oo we see that (y; — y2, x] —x2) >

0. Thus @ is a monotone extension of ®. Since ® is maximal monotone, d = o,
and so graph ® = graph @ is closed.

2. Suppose that ®(x*) is not convex. Then there must be a pair V1, y2 € ®(x*) and
0 <@ < 1 such that y* = =0y +(1 —9)y2 g O(x*). Let <I>(x) = ®(x) for all x #x*
and Cb(x*) = ®(x)U{y*}. We show that D i is monotone: The monotonicity condition
(y1 y2,x1 —Xx2) > 0fory; € @(x1) € @(xz) can fail only if one of x; and xz is
x* and one of y; and y; is y*. Without loss of generality, suppose that x, = x* and
y2 = y*. Then the monotonicity condition becomes

0<(y1—y* x1—x%
=0(y1 =V, x1 —x* )+ A =) {y1 — V2, x1 —x¥),
which is true since y1, y € ®(x*) and ® is monotone.

Since ® is maximal monotone, ® = ® and so y* € ®(x*), contradicting our assump-
tion. Thus ®(x) must be convex, no matter what x € X is chosen.
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3. If &(x) =¥ for all x, then we can set EI;(x) = {0} for all x, which is a strict monotone
extension, so ® cannot be maximal monotone. [

Showing that a set-valued map ®: X — P(X’) is monotone is usually straightfor-
ward. Showing the “maximal” part is harder. The following theorem due to Minty [173]
and Browder gives a characterization of monotone maps that are also maximal monotone.
The method of proof is based on Borwein [34] and Borwein and Zhu [36], rather than the
approach of Brézis [41]. The approach here is based on convex functions, subdifferentials,
and Fenchel duality, which are described in Appendix B, which the reader may wish to
review.

Theorem 2.25 (Minty—Browder). If X is a Hilbert space and ® : X — P(X') is monotone,
then ® is maximal monotone if and only if for each y € X' there is a unique solution x to
the inclusion y € Jx(x)+ ®(x), where Jx : X — X' is the standard duality map for X.

This result in the case when X is a reflexive space and Jy is the associated duality
map given by Jxy = 8(% II- |I§() is known as Rockafellar’s theorem.

First, if ® is monotone and Jx + @ is surjective, then ® is maximal monotone. To
see this, suppose that @ is an extension to ¢ but Jx + & is surjective. Suppose that § €
®(x)\®(x) and let n = Jx(x)+§&. Since Jx + @ is surjective, there is a z € X where
n=Jx(@)+¢ € Jx(2) + ®(z). Now, if ® were also monotone, then

O=mn—nx—z) = ({(Ux(x—2),x—2)+E—-¢,x—2)
> |lx —zll%.

This implies z = x; but then { = &, which contradicts £ € ED(x)\CD(x). So & cannot be
monotone, and so ® is maximal monotone.

The converse is much harder. The proof used here is based on the Fitzpatrick function
Fo: X x X' = RU{oo} (see [36, 105]) for a maximal monotone operator ®:

Fo(x,§)= sup [(n,x)+ (& y)— 0. y)] (2.53)
y.n:ned(y)
= — inf - —x).
(&,x) ),,n;i,récp(y)(” X,y —Xx)

From (2.53) it is clear that Fp is a convex lower semicontinuous function. Since ® is
monotone, (n —&, y —x) > 0 whenever n € ®(y) and £ € ®(x). Thus

Fo(x,§) = (5, x). (2.54)

Equality holds in (2.54) if and only if (n — &, y — x) > O for every pair (y,n) with n € ®(y).
Note that we have equality if y = x or § = 5. By maximality of ®, this is equivalent to
& € ®(x). Thus equality holds in (2.54) if and only if £ € ®(x).

We also need the following “sandwich lemma” of Borwein [34].

Lemma 2.26. Suppose f,—g: X — RU{oco} are proper convex lower semicontinuous
Sfunctions, where f(x) > g(x) for all x € X. Suppose also that

0 € int(dom f —domg).
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Then there is a yr € X' such that

fx)—gy)= (Y, x—y).

Proof. Let h(u) =infycx f(x) — g(x —u) = (f L (—g(—-))) (), where i [] x is the inf-
convolution of convex functions ¥ and x. Thus 4 is proper and convex. Note that 2(0) > 0.
If0 € int(dom f — dom g), then dom X contains an open ball around zero (see Lemma B.19);
thus / is Lipschitz continuous near zero and d/4(0) # . Choose ¥ € dh(0), so h(u) > h(0)+
(¥, u). Unwrapping the definition of & we get f(x) — g(x —u) = h(0) + (Y, u) > (¥, u).
Setting u = x — y gives the desired result. [

Rather than simply prove surjectivity of Jx 4+ ® for maximal monotone ®, we show
surjectivity of Jy + df 4+ ® for f, a proper convex lower semicontinuous function. This
extension is not much harder than showing surjectivity of Jy + @, and it can be used to
show maximal monotonicity of ® + W for maximal monotone ¢ and ¥ under some mild
but important conditions. Recall from Section B.2 that a proper lower semicontinuous
convex function ¢: X — RU{oo} has a dual function ¢*: X’ — RU {co} where ¢(x) +
©*(&) > (&, x) with equality if and only if & € d¢(x), or equivalently, x € dp*(&).

Theorem 2.27. If ®: X — P(X’) is maximal monotone, f: X — RU {oo} is a proper
convex lower semicontinuous function, and X is a Hilbert space, then Jx + of + @ is
surjective, provided that

0 € int[dom ® — domdf .

Proof. We show that zero is in the image of Jx 4 df + ®; for any n € X', we simply repeat
the arguments with @ replaced by ® — 5 to show that 7 is in the image of Jx +df + ©.
Note that since f is a proper convex lower semicontinuous function, by the separating
hyperplane theorem applied to epi f and the point (x, f(x) — 1) with x € dom f, there are
ay € X' and B € R where f(x) > (¥, x) + 8.

Let f;(x)= f(x) ~|—% [|x II%( for all x. Now f; is also a proper convex lower semicon-
tinuous function. Let G(x,§) = —f;(x) — f7(—&), which is a concave function G: X x
X' — RU{—o00}. By Theorem B.15, —G(x,&) > (—&, x) = — (&, x) for all x and &, with
equality if and only if —& € 9f;(x) = df (x) + Jx(x). Note that dom f} = X’ since for any
EeX,

f7 &) =sup (&, x)— fs(x)

IA

1
supll&[lx llxllx + 181+ 1Vl llxlix — 5 IxlI%
X

IA

1
B+ 5 (160 + 1¥lx)* < +oe.

Thus Fe(x,&) > (€, x) > G(x,&) for all x and £&. Now domG D dom f x X’. On the
other hand, dom Fy D graph ® since Fg(x,&) = (€, x) < +00 whenever £ € ®(x). So

dom Fp —domG 2 (dom® — dom f) x X/,

which contains zero in its interior by assumption. Then, by Lemma 2.26, there is (¢, z) €
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X' xX=(Xx X’)/ (since X is reflexive), where

0 =< FCP(x’g)_ G()’J?)_ ((€9Z)9 (x9$)_(y’77)>
=Fo(x,6)—Gy,m)— (&, x—y)—(z,§—n) (2.55)

forallx,y € X and&,n € X'.
Our task now is to show that { € ®(z) and —¢ € dfj(z),asthen0=¢ —¢ € Jx(2)+
af (z) + P(z). To do this we show that we have equalities Fg(z,¢) = (¢, 2) = G(2,¢).
Suppose & € ®(x). Then Fg(x,£) = (€, x), so (2.55) becomes (&, x) — G(y,n) >
(¢,x—y)+(z. & —n). Since dom f} = X', there is a v € X where v € 9f;(—¢). Then
G, 0)=—fr(v)— f}*(—;) = — (v, —¢) by Theorem B.15. Substituting y =v and n =¢
into (2.55) give

(i;',x)—(é‘,v)E(C,X—v)—l—(z,é—ﬂ.

Rearranging this gives (¢ —¢,x —z) > 0. Since this is true for all (x,£) € graph®, it
follows that ¢ € ®(z).
On the other hand, now substitute x = z and £ = ¢ into (2.55):

(¢, 2)=Gly,m= (¢, z—y)+{z, ¢ —n).

Subtracting 2(¢, z) gives (—¢,z) — G(y,n) = (¢, y) +(—n,z). Adding G(y,n) to both
sides and substituting the definition of G gives

(=¢.2) = (=&, y) = fu() +(=n,2) = 7 (=m).

Taking the supremum over both y and n gives

(8,20 = 7O+ 7@ = f7(=0)+ fi().

Since we have the reverse inequality by Theorem B.15, we have f;(z)+ f7(—¢) = (—¢, 2)
and —¢ € 3fy(z) = Jx(z) + 9f (z). Thus 0 € Jx(z) + 3f (z) + ®(z), as desired. 0O

The Minty—Browder theorem (Theorem 2.25) follows from Theorem 2.27 by taking
f(x)=0forall x € X, as then dom f = X and thus dom® —domdf = X, which contains
Zero in its interior.

The Minty—Browder theorem is also very important, as it immediately leads to the
resolvent operator R;: X' — X given by

R, =(Jx+rd)"! for A > 0. (2.56)

For maximal monotone ®, R, is a well-defined, single-valued, and Lipschitz function
X’ — X with Lipschitz constant one. Identifying X and X’ so that Jx = I (the iden-
tity operator), the resolvent can be used to construct Lipschitz approximations ®;, called
Yosida approximations, to ®:

I —R;

= — for A > 0. (2.57)

If we cannot identify X and X', then

J_I—RAJ _ Jx—Jx Ry Jx

O, = Jy X - X - for A > 0. (2.58)
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These resolvents and approximations can be used to prove a large number of properties
of maximal monotone operators and are crucial for much of the application to differential
equations. The relationship between the resolvents and the Yosida approximations involves
the minimum-norm points of ®(x):

)=y,  where |y| =min{w| | w € d(x)}
= Iox)(0)

using the projection operator I1g (x) of x onto a closed convex K.

Lemma 2.28. The resolvent R is a monotone Lipschitz function X' — X with Lip-
schitz constant one; ®; is a monotone Lipschitz function X — X' with Lipschitz con-
stant 1/\. The second Yosida approximation (CD,L) , = Puqa. Also, whenever x € dom®,

lim;. 0 @(x) = ®O(x) and || @r(x)]| 1 | @°(x)|| as x| 0.

Proof. To show that R; is monotone and Lipschitz for A > 0, suppose R;y; = x; and
Ry y2 = x2. Equivalently, y1 € Jx(x1)+ A ®(x1) and y, € Jx(x2) + A P(x2). Since A P is
monotone,

0 < (O —JIx(x1)—(y2— Jx(x2)), x1 — x2)
= (y1— y2, x1 —x2) — [lx1 —x2/I%

SO
2
lx1 —x20% < (v —y2, x1 = x2) < lly1 —»2llx llx1 —x2llx.

It is clear that 0 < (y; — y2, x1 —x2), so R, is monotone. Dividing by [x; —x2|lx
gives |[x1 —x2llx < lly1 — y2llx/, so R; is Lipschitz with constant one.

To show that @, is monotone and Lipschitz, suppose ®;x; = y; and Py x = y».
This is equivalent to y; = JX(J)?1 — R))Jxxi/A. Now R; Jxx; = w; means that Jxx; €
wai —i—k@(w,-), SO wa,- S Jxx,- —k@(w,-). Then yi = (Jxx,- — wat')/)\. S @(wi). Thus

(y1 —y2, x1 —x2) = (y1 — y2, w1 — w2) + (y1 — y2, (x1 —x2) — (w1 — w2))
> (y1—y2, (x1 — wy) — (x2 — w2))

= (y1 —y2 Jg i — J§1y2> =l —y2ll% -

This shows that &, is both monotone and (after division by | y1 — y2|l x/) Lipschitz with
constant 1 /. _
To show that (D), = @1, we note that (®,,), = ®;, where

We can unwrap the equation y = ®;.x to show that it is equivalent to y = ®; 4, x. Note
that in the following, Jx is linear, but the other operators usually are not. First y = @, x =
(Jxx — JxRi(Jxx)) /A. Letu = Ry (Jxx), s0 y = (Jxx — Jxu) /A. From the definition of
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EA, Jxu+r1®,u) = Jxx, so Jxx — Jxu = A®,(u). (Recall that ®,, is a single-valued
function.) But ®,(u) = (Jxu — JxR,(Jxu))/u. Let v = R, (Jxu), so Jxx — Jxu =
A®, (u) = (A/u)(Jxu — Jxv). From the definition of R;,, Jxv + u®(v) > Jxu, or equiva-
lently Jxu — Jxv € u®(v).

We proceed by eliminating # in terms of x and v: since Jy is a linear isomor-
phism, x —u = (A/u)(u —v). Then we can write u = (Av+ ux)/(A+n). Substitut-
ing this into Jxu — Jxv € u®(v) gives u(Jxx — Jxv)/ (A + pn) € ud(v); that is, Jxx €
Jxv+ (A + ) ®(v), which means v = R) 1, (Jxx). Finally,

y = (Jxx — Jxu) /» = (Jxx — Jxv) / (A + 1)
= (Jxx — Ix R (Jxx)) [ (h+ p) = @40 (),

as desired.
For the results concerning ®O(x), let Yo = ®O(x) € d(x). Noting that ®,(x) €
O(R)(Jxx)), by monotonicity of P,

0 < {yo = Pr(x), x = Ry(Jxx))
= (0= @200, I 01 )
=2 ([0 5 @a0)) = 1920015 )

Thus
Iyollx 1920l = (v0, 5 @30)) = 19201

dividing by [|®:(0)lIx gives 1P (0)llx < llyollx = [ ®°0)] . Since Pjpp = (1),

| @4 )]y < [PV = 1 P2(x) ]I x, as ;. is single valued. Thus [|®;(x)|| increases
as A decreases. 5
Similarly, || ®54,(x)[|5, < (@a(x), I @54 u(x)). So

[ ®500) = @20 [0 = [ @00 [+ 10203 = 2( @100, I @i ()

< D23 — | @rsn )3 -

Since [|®(x)llx is bounded as A |, 0 (by |®9(x)| ) and increasing, it has a limit. This
means that @, (x) is a Cauchy sequence as A | 0, and thus it has a limit which we call y.
Now A®) (x) = Jxx — Jx R, (Jxx) — 0as A | 0,s0 Ry(Jxx) —> x as A | 0. Now &, (x) €
D(R)(Jxx)), so the limit y € ®(x) as ® has a closed graph. But from the arguments
regarding [ ®,(x)llx, [[yllxr < ||®°(x)| 4, But the only way that this can be true is if

y = ®%(x). That is, ®; (x) = ®°(x) as A | 0, as desired. O

While these results may seem somewhat technical, they will be very useful in under-
standing solutions of differential equations with maximal monotone operators.

2.4.2 More examples of maximal monotone operators

Maximal monotone functions ®: R — R are relatively easy to describe. They are essen-
tially single-valued monotone functions on an interval (a,b) with the jump discontinuities
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“filled in.” Except for the case ®(x) =R for x = x* and ®(x) = ¥ otherwise, for each max-
imal monotone @ : R — R there is an interval (a, b) (a or b possibly 200) and a monotone
function ¢: (a,b) — R such thatif x is a point of continuity of ¢, then ®(x) = {¢(x)}, and if
x is a point of discontinuity of ¢, then ®(x) = [d:(x_), c/)(x*)], where ¢(x7) = limg4, ¢(2)
and p(xT) = lim; | x ¢(z). If (D7) is finite, then ®(b) = [¢(b™), 00); otherwise P(b) = ¢.
A similar rule applies at a: if ¢(a™) is finite, then ®(a) = (—oo, ¢p(a™)]; otherwise ®(a) =
#. If x & [a, b], then ®(x) = 7.

The Sgn function can be obtained from the ordinary sgn function in this way, and the
function of Figure 2.5 can be obtained from the zero function on the interval (0, +00).

As will be noted in the next section, subdifferentials of proper lower semicontinuous
convex functions also provide a class of maximal monotone operators. For a closed convex
set K the normal cone operator N is a maximal monotone operator that can be represented
as a subdifferential.

Lemma 2.29. For any nonempty closed convex set K C X, where X is a Hilbert space, the
normal cone operator Nk is a maximal monotone operator.

The proof of this will wait until the representation of Nk as a subdifferential is given
in the next section. However, the normal cone operator is very useful, as it often gives a
way to impose hard constraints.

Other examples of maximal monotone operators include, for example, elliptic partial
differential operators such as —V?: H'(Q) — H~!(Q). Often we should be careful about
the choice of space X on which the operator acts so that we have an operator X — X'.
Since —V? is a linear operator, all that is required to show that it is maximal monotone is
that it is defined on all of H(2) and that

<u, —V2u> = /Qu (—Vzu) dx>0  forallue H(Q). (2.59)

To show this, we just need to note that since —V? is bounded H'(Q) — H (), it is
enough to show that (2.59) holds for a dense subset of H 1(Q), such as for smooth func-
tions u. In fact, we can use smooth functions # with du/dn = 0 on 92 since making this
requires just a small change to # (and an O(1) change to Vu) in a small neighborhood of
the boundary d2. Then we can use the classical divergence theorem:

/u(—Vzu) dx:/ [V-(—uVu)+Vu-Vuldx
Q Q

0
:/ —u—udS+/Vu~Vudx
i on Q

:/ Vu-Vudx > 0.
Q

If ¢ is a proper lower semicontinuous convex function, then d¢ is a maximal mono-
tone operator X — P(X’). Monotonicity is easy to check: if g; € d¢(x1) and g» € dp(x2),
then

o(x2) —p(x1) > (g1, X2 — X1),
P(x1) — P(x2) > (g2, X1 —x2) .
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Adding these inequalities gives
0= (g1—82,x1—x2).

Since this is true for all g; € d¢(x1) and g2 € d¢(x2), d¢ is a monotone map X — P(X’).
Showing that it is maximal is more difficult. Fortunately this can be done using opti-
mization theory. First, we note that x* is a global minimizer of a proper convex lower
semicontinuous function if and only if 0 € d¢(x*) (Theorem B.14(6)).

We can now use the characterization of Theorem 2.25 to show that d¢ is maximal
monotone.

Lemma 2.30. If X is a Hilbert space and ¢ : X — R U {00} is a proper lower semicontin-
uous convex function, then the subdifferential d¢: X — P(X’) is maximal monotone.

Proof. We have just seen that d¢ is monotone. Now we show that it is maximal. Since ¢ is
proper, there is xq such that ¢(xo) < co. We first need to find a linear lower bound on ¢. To
do this, we consider the point (xo, ¢(xg) — 1) & epi¢p. Thus by the separating hyperplane
theorem there is (w, 8) € X’ x R and p € R such that {(w,B), (xo,¢(xg) — 1)) < p but
((w,B), (x,a0)) = p for all (x,) € epigp. In particular, since (xp,$(x0)) € epip, (w, xo) +
Bo(xo) — B < p but (w, xo0) + BP(xp) > p; hence B > 0. Now (x, ¢p(x)) € epi¢ for all
x € X, s0 (w, x)+ Bp(x) > p for all x. Dividing by B > 0 gives ¢p(x) > p/B+ (—w/B, x).
Setting ag := p/B and go := —w/B, we have ¢p(x) > ag + (go, x) forall x € X.

Now ¢ : X — RU{oo} is a proper lower semicontinuous convex function given by
¥(@) = g llzll% + @) — (v, 2). Also, Y(z) — o0 as ||zll x — oo

1
) = 5 lzl1% + a0 + (g0, 2 — x0) — (¥, 2)

1
z 5 lIz1% + o0 — (g0, x0) = (Ilgollx + Iyl x') Izl x

— 00 as ||z]lx — oo.

We can then apply Theorem B.13 to conclude that there is a global minimizer x*. By
Theorem B.14(6), 0 € 9y (x™*). Since dy(x*) = Jx(x*) 4+ d¢p(x™) — y, we have a solution
x = x* of the inclusion

y € Jx(x)+ 9(x).

Since this holds for all y € X/, Jx + ¢ is surjective and d¢ is a maximal monotone oper-
ator. O

As a simple example, consider ¢ : R — R given by ¢(x) = |x|; then d¢(x) = Sgn(x)
is a maximal monotone operator. Another example is the indicator function for a nonempty
closed convex set K C X:

0, xek,
e S

Note that /g is lower semicontinuous (since K is closed), convex (since K is convex), and
proper (since K # (). Note that minimizing a lower semicontinuous convex function ¢
over a closed convex set K corresponds to minimizing ¢ + Ik .

(2.60)
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An important connection between properties of convex sets and subdifferentials is
that /g (x) = Nk (x), the normal cone for K at x.

Lemma 2.31. If K C X is a nonempty closed convex set, Nx (x) = I (x) for all x € X.

Proof. () Suppose y € Nk (x). We show that y € d/x(x). Note that Nx(x) #@,sox € K.
From the definition of Ng (x), (y,z—x) <O0forall z € K. Thus, foranyz € K, Ix(z) =0 >
(yoz—x)=Ik(x)+(y,z—x). If z ¢ K, then I (z) = 400, 50 Ix(z) > Ix(x)+(y,z—x)
as well. Thus y € 91k (x).

(2) Suppose that y € dIx(x). Then, Ix(x) < 0o, so x € K. Then, for any z € K,
Ik(2) > Ig(xX)+(y,z—x),500> 0+ (y,z—x). Thus y € Ng(x). O

A consequence is that N is a maximal monotone operator.

We can compute things like resolvents and Yosida approximations for Nx for K C
X: R, =(Jyx +ANK)_1. Then y = R;x means that x € Jxy + ANk (y), or equivalently
x —Jxy € ANk (y). Since Nk (y) is a cone, we can absorb the factor of A > 0 into Nk (y).
Then, forany z € K, 0> (x — Jxy,z—y) = (J;lx —y,z—Yy)x. Thus y = HK(],?lx).
The Yosida approximation is then

(N () =2~ (Jx = Ix RiJx) (x)
= (JXx — JXHK(J;IJXx))

=21y (x =g (x)). (2.61)

2.4.3 Sums of maximal monotone operators

When is the sum of two maximal monotone operators also maximal monotone? The sum
of two monotone operators must be monotone: suppose ¢ and W are maximal monotone
operators X — P(X’). Then, whenever y; € ®(x;) and z; € W(x;) fori = 1, 2, we have

(2 +z2)— (1 +21), x2—x1)
={y2—y1,x2—x1)+ (22 —z1, X2 —x1) = 0.

But it is not immediately clear that ® + W is maximal monotone. In fact, it can be false.
One of the simplest examples is given by

+Ry ifx=—1,

@(x) = {0} ifx < —1,
0 ifx >—1,

—Ry ifx =4I,

Y(x)= {0} ifx > +1,
0 if x < +1.

Note that the graph of ® + W is empty!

Another example where dom ® Ndom W # J can be constructed in two dimensions
using normal cones. Let ® = N¢, and ¥ = Nc¢,, where C| = {(x, ¥ (x— 1)2 —i—y2 <1 }
and C; = {(x, WIE+1)?2+y2<1 } Then N¢,(0,0) =R e; and N¢,(0,0) = —R ey,
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where e; = [1,0]7. Furthermore, since dom® = C; and dom¥ = C,, dom(®d + V) =
dom®NdomW¥ = C;NCy = {(0,0)}. But ®(0,0)+ ¥(0,0)=R,e; —R;e; = Re;. For
@ + W to be maximal monotone, I + ® 4+ W must be surjective; because the domain is just
one point, this means that ® + W being maximal monotone implies that ®(0,0)+ W (0,0) =
R2, which is false. Thus ® 4+ W is not maximal monotone even though dom ® Ndom ¥ # @.
Often ® + ¥ is maximal monotone for maximal monotone ® and W; however, the
conditions are nontrivial and can cause significant complications. For example, if W is a
Lipschitz monotone function X — X’ and ® is maximal monotone, then ® + W is maximal
monotone. The simplest general statement along these lines seems to be as follows.

Lemma 2.32. If ® and V are maximal monotone X — P(X’), X a Hilbert space, and
0 € int[dom® —dom W],

then ® + WV is also maximal monotone.

We can prove this as an easy consequence of Theorem 2.27 as shown in [34, 35]. We
follow their approach here.

Proof. Note that ® x W: X x X — X’ x X’ is also maximal monotone since Jyxx = Jx X
Jx and Jxxx + @ X ¥V = (Jx + D) x (Jx + V) is surjective. Now let A = {(x,x) | x € X},
the diagonal of X x X, and consider the operator ® x W +9/x: X x X — P (X' x X').
Now dom® x W —domd/pn =dom P x domW¥ — A, which contains %(dom@ —domW) x

%(dom\lf —dom @), which contains zero in its interior under the assumption that 0 €
int[dom® — domW].

Thus we can apply Theorem 2.27 to show that Jx.x +® x W + 3l is surjec-
tive. For any &, n € X’ there are x, y € X, where (§,7) € Jx(x) x Jx(y) + ®(x) x ¥(y) +
dIa(x,y). But dIa(x,y) =0 if x # y, and if x = y, then dIa(x,x) = Na(x,x) = AL =
{(;,—;) | ¢ € X’} since A is a linear subspace of X x X. That is, for some ¢ € X',

EeJx(x)+P(x)+¢,
neJxx)+¥x)—2g.
Adding the two inclusions gives
E4+ne2lx(x)+O(x)+ W(x).

Thus 2 Jx + @ + W is surjective, so ® + W is maximal monotone. [
For example, consider X = H 1(Q) and
K= [u € H'(Q) | u(x)— (x)> 0 forall x € sz}

Then ® = —V2: HY(Q) - H Q) = H'(Q) is maximal monotone. Now dom® =
HY(Q) = X, and since K is a closed convex set in H'() = X, domNgx = K. Now
dom® —domV¥ = X — K = X, provided K # . Note, for example, that K # @ if ¢ €
H'(Q). But X contains zero in its interior, and thus —V? + N is a maximal monotone
operator X — P(X').

Another easy consequence of this result is an extension of Theorem B.14(7).
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Lemma 2.33. If ¢, ¥ : X — RU{oo} are convex proper lower semicontinuous functions
and 0 € int[domd¢ — domayr], we have 0 (¢p + ) = d¢p + 0.

Proof. Note that 9 (¢ + ) (z) 2 9¢(z) + ¥ (z) for all z. Now ¢ + i is proper since
domd¢p C dom¢ and domayy € domys, and our assumption implies that 0 € dom¢ —
dom. That is, there is a point x* € dom¢ Ndomyr so that x* € dom (¢ + ).

Each of d¢ and 0y is maximal monotone. Since 0 € int[domd¢ —domayr], we
can apply Lemma 2.32 to show that d¢ 4+ 0y is maximal monotone. Since 3 (¢ + ) is a
maximal monotone operator whose graph contains the graph of d¢ + 3y, by maximality,

d@+y)=0¢p+0y. 0O

An important special case of the formula 9 (¢ + ) = d¢ + 99 that does not require
a constraint qualification like “0 € int[domd¢ —domdi]” is the case where ¢ = Ix and
¢ = Ip, with K and L convex polyhedral sets. In this case, d/x(z) = Nx(z) and 011.(z) =
N (z) are polyhedral cones. We assume that z € K N L.

Polyhedral sets can be represented in terms of linear inequalities:

3
I~

K

{x & x) = e},

~.
S
n

h
|

{x1(nj.x)= 8}

~.
I
_

The intersection is therefore also a polyhedral set:

mg-+mj,

knL= () {xl{g.x)=v}

j=1

with §; =§&; for j <mg and §; = nj_u, for j > mg, and similarly for y;. If we set
J@)={jl{tj,x)=1v;} the tangent cone to K N L can be written as

Tkne() ={x|(¢j,x) =0, j € T()}.

The normal cone Nxnr(z) = Tknr(z)° = —Tknr(x)* can then be easily computed using
Lemma 2.34.

Lemma234. [f P ={x|(di,x)>0,i=1,2,...,m}, then
P* =cone{d,da, ..., dn}.

Proof. (C) Suppose & € P*. If £ € cone{dy, d, ..., dy}, then there is a separating hyper-
plane

(z,6) < B,
(z,m) =B for all n € cone{dy, da, ..., dn}.

Taking n = 0 we see that 8 < 0. Note that (z, n) >0 for all € cone{dy, da, ..., dy}: forall
o > 0wehave an € cone{d, ds, ..., dy}, and so (z, an) > B. Dividing by & > 0 and taking
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a — oo we get (z, n) > 0. In particular, taking n = d; we see that (z,d;) > 0,andso z € P.
Thus (z, &) > 0> B8 > (z, &), which is a contradiction. Thus & € cone{d;, d>, ..., dn}.

(2) Suppose & € cone{dy,d>, ..., dy}. Then & =) /" a;d; with o; > 0 for all i.
Then, if x € P, we have (§,x) =) ;" ;i (dj,x) >0,s06 € P*. 0O

Returning to the matter of normal cones of polyhedral sets, this means that for z €
KNL,

Nknr(z) = —cone{; |(¢j.z)=v;}.
By using the same arguments for K and L separately,

Nk (z) = —cone{&; | (§j.z) =« },
Np(z) = —cone{n; | (nj.z)=B;j}.
But¢; =§;if j <mg and {; = nj_nu, otherwise, and comparison of the index sets shows
that indeed Nxnr(z) = Nk (z) + NL(z) as cone(A U B) = cone(A) + cone(B).
Polyhedral sets arise sufficiently often enough that it is useful to realize that no
“constraint qualification” type of conditions need to be satisfied in order to set Nxkny =

Nk + Np. This is also useful in the following section, where we show how Lagrange
multipliers can be incorporated into VIs.

2.4.4 VIs and Lagrange multipliers

A consequence of the equivalent formulation (2.45), 0 > F(z) + Nk (z), for VI(F, K) is that
we can have VIs with Lagrange multipliers representing certain types of convex constraints.
Consider, for example, VI(F, K), where K = LN M with L and M being closed convex
sets:

zeK & 0<(7—-z F()) forallZ € K.
From Lemma 2.32, we note that provided
Oeint[L — M] =int[domdl; —domdly],
we have

Npam(z) = d1nm(z)
=0+ 1m)(2)
=0Ilr(z2)+dIy(2)
=Np(2)+ Nu(2).
Note that if L and M are polyhedral sets, then by the previous section, we do not need any
constraint qualification to ensure that N7y (z) = Np(z) + Ny (2).
Hence z solves VI(F, K) if and only if 0 € F(z) + Nx(z) = F(z)+ Np(z) + Ny (2).
Thus there is a i € Nps(z) where 0 € F(z)4+ u+ Nr(z). Then 0 € F(z)+ u+ Np(z). That
is,
zel & 0<{(7—z,F(xQ)+u) forallZe L, (2.62)
n € Nu(z). (2.63)
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To make the connections with Lagrange multipliers clearer, consider M to be generated by
some constraint functions:

M ={x|Ax =5 and ¢(x) <0},

where A: X — Y is a linear operator and ¢ is a convex proper lower semicontinuous
function. Furthermore, we assume that the Slater constraint qualification (B.22) holds
for ¢; that is, there is an X where Ax = b and ¢(x) < 0. We will also suppose that the
adjoint operator A*: Y’ — X’ has closed range (which is automatically true if X is finite
dimensional) and that ¢ is finite in a neighborhood of x. Then, for z € M,

Nm(2) = Nixjax=p}(2) + Nix|px)<0)(2).

From the Slater constraint qualification (Lemma B.16), N{|¢(x)<0}(2) = cone d¢(z) if ¢(z) =
0 and Nix|p(x)<0y(z) = {0} if ¢(z) < 0. On the other hand,

Nixjax=b}(2) = Tix|ax=b}(2)°
={x|Ax=0}°
={&| (&, x) <O0forall x, where Ax =0}
={&] (&, x) =0forall x, where Ax =0}
= (kerA)* = rangeA*.

Thus, provided range A* is closed, every element of Ny 4ax=p}(z) can be represented by
A*\. Thus we can pick p > 0 and ¢ € d¢(z), where

zel & 0=<(I—z, F@)+A*A+nug) (2.64)
forallZ e L,

Az=bh, (2.65)

0>¢(z) Lu=0, § €99(2). (2.66)

The last conditions essentially recover the Karush—-Kuhn-Tucker conditions on the La-
grange multiplier for inequality-constrained optimization (B.26). If ¢(z) = max; ¢;(z)
with smooth ¢;, then we can decompose d¢(z) = co{V¢;(z) | ¢i(z) = ¢(z)} and obtain
Lagrange multipliers u; satisfying

zel & 0< <E—z, F(z)+A*A+ZmV¢i(z)>

1

forallZ e L,
Az=0>,
0>¢i(z) Lu;i =0 for all 7.

In the extreme case, we can make L = X, the entire space, and then the conditions reduce
to the Karush—Kuhn-Tucker conditions

0=F@)+A+ Y uiVei(2),

Az=0b, l
0>¢i(z) Lu; >0 forall i.
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Of course, VI conditions have reentered through the complementarity conditions between
¢i(z) and p;. Note that here F(z) is not necessarily the gradient of any function, so we are
not giving necessary conditions for a local minimum, but for a VI.

We can also proceed in the reverse direction, replacing a “VI with Lagrange multi-
pliers” of the form (2.62)—(2.63) with a standard VI over a restricted set. We start with the
“VI with Lagrange multipliers”:

zelL & 0<(Z7—z, F()+u) forallZ € L,
n € Ny (2).

The condition that u € Ny (z) implies that z € M. Also, for any 7 € M, (Z7—2z, 1) <0.
Thusif7e€ LNM,0<(7—z, F(z)+ un) <{(Z—1z, F(2)), so

zeLNM & 0=<{(Z7—z F@2) forallZe LNM,

and z solves VI(F, LN M) = VI(F, K).
Note that no constraint qualifications are needed for turning a “VI with Lagrange
multipliers” into a standard VI, just for the reverse operation.

2.5 Pseudomonotone operators

Pseudomonotonicity has at least two meanings, which we describe here.
There is pseudomonotonicity in the sense of Karamardian [139], which is the follow-
ing property: ®: X — X’ is pseudomonotone in the sense of Karamardian if

(®(y),x —y) >0 implies (P(x),x—y)>0. (2.67)

There is also pseudomonotonicity in the sense of Brézis [40] for single-valued functions
and Browder [43] and Naniewicz and Panagiotopoulos [188] for set-valued maps: ®: X —
P(X’). Tt is pseudomonotonicity in the sense of Brézis et al. that we consider here, which
is defined by the following three conditions:

e ®(x)is closed, convex, and bounded for each x € X

e for any finite-dimensional space F C X, ®|F is upper semicontinuous into X’ in the
weak topology; and

e if x; — x weakly in X as k — oo, and y; € ®(xy) satisfy

limsupRe (yg, xx —x) <0,

k— 00

then for each z € X thereis a y € ®(x) (y = y(z) can depend on z) such that

liminf Re (yx, xx —z) > Re (y,x —2).
k— o0

The single-valued case has an excellent treatment in Zeidler [274, Chap. 27]. Pseudomono-
tone operators have found application to dynamic problems as well, such as in [153].
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The main result for coercive pseudomonotone operators (limx |- oo infyea(x) (1, X) /
lx|| = +o00) is the following.

Theorem 2.35. If ®: X — P(X’), with X a reflexive Banach space, is pseudomonotone,
is bounded on bounded sets, and is coercive, then ® is surjective.

Unlike the Minty—Browder or Rockafellar theorems for maximal monotone opera-
tors, there is no uniqueness of x satisfying n € ®(x). Thus we do not have resolvents in
general for pseudomonotone operators. Also, for single-valued functions in finite dimen-
sions, pseudomonotonicity reduces to continuity. So pseudomonotonicity becomes useful
only in infinite dimensions.

Rather than prove Theorem 2.35 directly, we prove a generalization for VIs.

Theorem 2.36. Suppose ®: K — P(X’) is pseudomonotone with nonempty values, where
K is a closed convex subset of X, a reflexive Banach space, and ® is weakly coercive on
K in the sense that there are a fixed zo € K and number R where (n, x —zp) > 0 for all
n € ®(x), where x € K and ||x|| > R. Suppose also that ® maps bounded sets to bounded
sets. Then VI(®, K) has a solution.

Note that VI(®, K) for set-valued @ is the problem of finding z and ¢ € ®(z), where
zeK & 0<(7-2z1¢) forallZ € K.

If we take K = X in Theorem 2.36, we get Theorem 2.35 as an immediate corollary. The
proof below is based on a proof of a related result by de Figueiredo [72].

Proof. Let F be the set of all finite subsets of K that contain zg. For each F' € F let xp
and nr € ®(xfr) solve the VI

xp€eco(F) & 0<(z—xp,nr) for all z € co(F). (2.68)

There is a solution to this VI, which we now show. First, co(F) is finite dimensional and
is contained in the finite-dimensional space span F'. Since span F is finite dimensional, we
can give it an inner product which generates an equivalent norm.

In the case that @ is single valued, ® being pseudomonotone implies that ® is con-
tinuous on co(F). Then (2.68) is equivalent to

0 € D(xF)+ NeoF)(xF)

and to
xF = Ieo(F) (xF - JS;;HF (q’(xF))) .

But x > eo(r)(x — JS;,;H 7 (®(x))) is a continuous function from co(F) to co(F), and so
by Brouwer’s theorem (Proposition A.11) there is a fixed point xr solving (2.68).
In the case that & is multivalued, we use a Galerkin approximation ®r: co(F) —

(span F)' defined by

Or(x)={n"1n" =nlspanF, n € d(x)}.
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This is upper semicontinuous with closed convex values. We can approximate ®r by a
single-valued function ® ¢ ¢ so that the Hausdorff distance between graph @ r and graph @ £ ¢
is less than € for any given € > 0. This can be done, for example, by using a piecewise affine
approximation to a selection of ®r on a triangulation of F. Then we can solve the VI

xFe€co(F) & 0=(z—xpe, Pre(xre)) for all z € co(F). (2.69)

Since co(F) is compact and ¢ maps bounded sets to bounded sets, we can pick a convergent
subsequence (also denoted xp¢) as € | 0,sothatxp ¢ — xF and @r (xF ) = nr € P(xF)
weakly in X’. We know that nr € ®(xf) since ® is upper semicontinuous on co(F). Taking
limits of (2.69) as € |, 0 gives (2.68), so we have a solution of VI(®, co(F)).

Note that all solutions of VI(®, co(F)) have || x| < R, asif ||x|| > R, (n,z0—x) <O
for all n € ®(x). Thus xr € KN R By.

For G € F,let Vg ={xp | FEF and GC F}. Now Vg C KNRBx. Let A"
denote the weak closure of A. Since K N R By is closed and convex, it is weakly closed.
Since X is reflexive, R By is weakly compact by Alaoglu’s theorem. As K is weakly closed
(being convex and closed) K N R By is weakly compact. Since V' isa weakly closed
subset of K N R By, VG is also weakly compact.

The sets Vg with G € F have the finite intersection property: for any finite collec-
tion of such sets VG, » VG, s--» VG, s

Ve, NVg, N---NVg, " 2 Vg, NVg,N---NVg,
= VG,UG,U--UG,, 2 XGUG,U--UGm»
so Vg, “n VG2 n---N VG,,, " £ (/) Thus (Nger Vo' #0 by the finite intersection property
(Lemma A.1). LetX € (ger V"
We now show that X gives a solution of VI(®, K). First, x € K NRBx C K. So all
we need to show is that (z — X, ) > 0 for all z € K with some 1 € ®(X).

Pick F € F, where ¥, z € F. Since X € Vg, there must be a sequence x; 1= xp, — X
where F C F. If nk = ng,, we have

0> (g, xk —X), 1k € Dxg).
Taking the limsup of the right-hand side and using pseudomonotonicity of ® give
0 > liminf (ng, xx — 2)
k— 00

Note that the first inequality holds by (2.68) with F' = Fy, and since z € Fj. Thus we have
X, 77 € ®(X), which satisfy VI(®, K). 0O

2.6 Signorini’s problem

Signorini’s problem [98, 225, 226] was a landmark problem that led to much of the early
work on VIs [160]. The tools we have, along with some multivariable calculus and func-
tional analysis, are sufficient to formulate the problem properly and show the existence of
solutions to this problem.
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Signorini initially posed his problem in a short paper [225] in 1933, which he much
later expanded in more detail [226] in 1959 following a course he gave at his university
(Instituto Nazionale di Alta Matematica), where he mentioned this problem to his students
and colleagues. Gaetano Fichera and Mauro Picone took up this problem, with Signorini
strongly encouraging them. However, finding that this problem with unknown boundary
conditions was not part of the literature at that time, Fichera set about trying to develop a
way of dealing with the problem. He used the principle of virtual work to gain an entrance
to the problem, eventually obtaining a solution late in 1962. By this time, Signorini was
in failing health, but was overjoyed that Fichera had been able to find a solution, with a
short summary [98] published in 1963 and a complete treatment [99] published in 1964.
Fichera describes his involvement in this problem and the development of the theory of VIs
in [100].

A more detailed introduction to elasticity is given in Section 6.2. To quickly sum-
marize, the main unknown is the displacement field u(x) where a point x in the unde-
formed body € C R? is moved to x4+ u(x). Using linearized elasticity, the strain tensor
glu]l = % (Vu-+ Vu’) and the stress tensor o are related by

d
oij[u]l = Z ajjki ex[ul,

k=1

where a;ji is a collection of elasticity constants that have certain symmetries: a;jk =
ajixl = alij, etc. Note that both & and o are symmetric d x d matrix-valued functions
of position x. The constants a;;; define the elastic properties of the material of the body.
These constants also have some other important properties; most particularly, there is an

n > 0 such that
Z Qjjkl€ij€kl = 1M Zell
i,j.k,1l

These relationships can be written in short form: o = Ae and ¢ : As > ne : ¢, where
A:B =3}, ;aijbjj is the standard inner product on matrices.

Physwally, Signorini’s problem represents an elastic body which makes contact with
a frictionless rigid obstacle. The obstacle is represented by the fact that there is a hard limit
on the normal displacement of the body on the boundary close to the obstacle. On other
parts of the boundary, there are either traction boundary conditions (a known or given force
is acting on the boundary) or displacement boundary conditions (where the displacement
of the boundary is given). Traction boundary conditions have the form

cxnx)=tx), xely,
while displacement boundary conditions have the form
u(x) = d(x), xely.

On the part of the boundary where contact can occur ', we have the complementarity
condition

0=N®X L ¢x) —nx)- ux) =0, x el
o(x)n(x) = —NX)n(x), x e [,.
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Note that N(x) is the normal contact force that prevents penetration, and ¢(x) represents the
distance from the undeformed body to the obstacle. This is the complementarity represen-
tation of the Signorini contact conditions. Within the body we have the standard equations
of elasticity, which can be written as

0 =divo +1£(x), X e Q,

where f(x) represents the nonelastic (or external) forces acting on the body. Note that
dive), =) j 00ij/0x; so that divo is a vector-valued function.

So far we have a formulation of Signorini’s problem as a CP. Now we will turn it into
a VL. To do this we set

K:[ueHl(Q)|n-u§¢JonFc,u=d oan}.

Since the restriction of functions in H'(£2) to the boundary or part thereof is a continuous
operation, K is a closed and convex subset of H L(Q). For anywe K,

=/(w—u)-[diva[u]+f]dx
Q
d0jj
Z/;ZZ(wi_ui) ;8 +fi | dx
Jw;  Jdu;
/Z[ ((wi — Mi)Uij)_<§wj—8Z]>0'u+(wt ui)fi:| dx

=f Z(wi—ui)aijnde—/[(Vw—Vu):a[u]—(w—u)-f]dx.
02 ij Q

The boundary integral term is
(w—u)-olulndS = (w—u)-tdS—/ (w—u)-nNdS
Q2 Iy Te

since c[luln=ton I';, u=won [y, and o[uln = —Nn on I'.. The complementarity
condition between u-n — ¢ and N means that the last term becomes

—/ (w—u)-nNdS:/ (p—w-n)—(p—u-n)) NdS
T, T,

(9p—w-n)NdS > 0 sinceg—n-w>0.
I

Thus
(w—u)-tdS — /[(Vw Vu):ofu]l—(w—u)-f]dx.
Iy

Since o [u] is a symmetric tensor (0;; =0j;), (Vu:0) = Zi,j (Bu,-/axj) oij =(¢[u] : o[ul]);
similarly Vw : o [u] = ¢[w] : o[u]. In addition, if we change signs, we get

05/[8(w—u):0[u]—(w—u)~f]dx— (w—u)-tdS
Q I
forallwe K.
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If we write
a(u,v):/ elv]:ouldx,
Q
w(v)=/V-fdx+/ v-tdS,
Q I,

then we get the VI
uek & O0<a(w—u,u)—y(w—u) forallwe K.

We can define A: H(Q) — H'(Q) = H~'(Q) by (Au, v) = a(u, v), and similarly ¢ €
H'(Q) = H~(Q). Note that the boundary integral term frtV -tdS is continuous on

HY(), thanks to the trace theorem (Theorem A.9) for Sobolev spaces. The operator A
is elliptic since

(Au, u) =/ glu] : o[uldx
Q
z/Qn letull? dx > ¢ Jul,

for a positive constant ¢, provided that the Lebesgue measure of 'y is positive, thanks to
Korn’s theorem [121]. This is sufficient to apply Theorem 2.22 to show existence, unique-
ness, and continuous dependence of solutions.

One thing to note about the VI approach is that it completely removes N from consid-
eration. Questions of the regularity of N do not concern or bother us with this formulation.
However, if we want information about N, this is not the best approach.

Another way of representing Signorini’s problem is as a constrained optimization
problem: Minimize the total energy of the system subject to the constraint that the obstacle
is not penetrated. That is, we minimize E [u] over u € K, where

E[u]:/ la;[u]:o[u]d)c—/u-fdx—/ u-tdsS.
Q2 Q T,

Note that E is a convex function, continuous and coercive on K ¢ H'(2), and so it is
weakly lower semicontinuous (as H'(€2) is a Hilbert space). Thus we can apply Theo-
rem B.13 to show existence of solutions. This can be characterized in terms of subdiffer-
entials if we use the characteristic function /g for K. Since E is defined over the entirety
of H'(), it follows that 8 (E + Ix) = dE +dIg = d E + Nk . In other words, the solution
must satisfy 0 € 9 (E + Ix) (w), which is equivalent to

O0=divo+f— Nvn—vt, (2.70)

where v is the surface measure on I'; UT'., N is the normal contact force, and n is the
outward normal unit vector, as usual. To see that (2.70) is correct we should look carefully
at Nk (u). Recall that

Ng(u) = [yeH‘l(Q)| (y, w—u) §0forallweK}.
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Now w € K if and only if ¢ —w-n > 0 on I'.. If we choose w-n=u-non I'; but w is
otherwise arbitrary inside €2, we see that y € Nk (u) must be zero in the interior of 2. That
is, y is a distribution concentrated on the boundary y = vv, where v is the surface measure
of I'.. Furthermore, since there is no restriction on the tangential component of w on I,
the tangential component of y or v must be zero. So we write y = —N vn. Then

NK(u)z{yz—an| —Nm(w—u)deOforallweK}.
Ie

If p(x) —u(x) - n(x) > 0, then we can pick w € K, where n(x) - (W(x) —u(x)) can be either
positive or negative, so we need to have N(x) = 0. If ¢(x) —u(x) - n(x) = 0, then no matter
how we pick w € K, we will always have n(x) - (w(x) —u(x)) < 0. Then we must have
N(x) > 0. That is,

Ng()={y=—-Nvn|
0<Nx) L ¢px)—nx)-ux)>0forallxeI,}.

This brings us back to the complementarity formulation.

This approach actually gives us some information about the regularity of N (some-
thing that the VI approach does not): from the Sobolev imbedding theorem (Theorem A.8)
and duality we can show that N € H~V/*(T',).



Chapter 3

Formalisms

There is no branch of mathematics, however abstract, which may not some
day be applied to phenomena of the real world.
Nikolai Lobachevsky
But the Modern Utopia must be not static but kinetic. ..
H.G. Wells

In this chapter we outline how we can provide a consistent and unified formalism for de-
scribing the examples of the previous chapter. The theory behind these formalisms is de-
veloped in the following chapter.

3.1 Differential variational inequalities

A differential variational inequality (DVI) is formally defined as the problem of finding a
solution pair (u, z) of functions x: [0,7] — X and z: [0,T] — Z, where X and Z are
Banach spaces (X =R" and Z = R"™ for example), such that

d
d—):(t) = f(t, x(1), z(1)), x(10) = xo, (3.1
z(t) e K for (almost) all 7, (3.2)
0 < (Z—z(t), F(t, x(1), z(1))) 3.3)

for all 7 € K and (almost) all .

The function f: [0,7] x X x Z — X defines the main dynamics of the system, but z(t) € Z
is determined by the VI (3.1)-(3.3) in terms of F: [0,7] x X x Z — Z’ and the closed
convex set K. In due course we will need to impose additional conditions on f, F, and
even K.

We usually interpret a differential equation “dx /dt(¢) = f(t,x(t),z(¢))” as holding if
the right-hand side function ¢ — f(¢,x(¢),z(¢)) is an integrable function, the solution x(-) is
an absolutely continuous function, and the equation hold for almost all ¢. In some situations
we relax these requirements to handle situations where a weaker or more general solution
makes sense.

77
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Often we use an apparently weaker formulation: instead of requiring that (3.3) hold
for (almost) all ¢, we use the integral formulation:

T
05/ (Z(t) = z(2), F(t,x(1),2(2))) dt (3.4)
0
for all continuousZ: [0,T] — K.

In fact, it is not even necessary to require this for all continuous 7, we can simply require
that (3.4) hold for all smooth (or C*°[0, T']) functions Z(-).

Lemma 3.1. Suppose K is a closed convex set. If (3.4) holds for all7 € C*°[0,T], and
1= (L+zOllz) A+ [ F(,x(0),z@) z)

is an integrable function, then (3.3) holds for almost all t.

Proof. First we show that if (3.4) holds for all 7 € C*°[0, T'], then (3.4) holds for all bounded
and integrable 7.

Suppose 7 is a bounded integrable function. We extend Z outside [0, T] by setting
Z(t) = zo for some fixed zg € K if r € [0,T]. Now pick a C*°(R) function ¥ : R — R
which is zero outside the interval [—1,+1] and positive on (—1,41) and ]_+11 Yv(s)ds = 1.
Let ¥(s) = ¥ (s/€)/e so that /j: Ye(s)ds = 1 and ¥, is zero outside [—e,+€]. The
convolution Z¢ () = (Ye x7) (1) = ff;o Ye(t —5)Z(s)ds is C™. Since K is convex, Z¢(t) €
K for all ¢. To see this, suppose otherwise: Z¢(¢) & K. Then by the separating hyperplane
theorem there are w € X’ and B € R such that (x, w)+ 8 > 0 forall x € K, but (Z(¢), w) +
B < 0. On the other hand, for every t,Z(t) € K. So

(Ze(@), w) + B = ((Ye +2) (1), w) + B
+00

= Vet — ) [(Z(s), w) + Bl ds

B <since /er = 1)

as ¥ > 0 and (Z(s), w) + B > O for all s. This contradicts the assumption that Z.(¢) € K ;
therefore Z.(t) € K for all 7.
For any integrable function ¢,

>0

+00 +00 +00
$(1) - (e %7) (1) d1t = / o) [ vt —sis)ds dr
—+00 —+0o0
:/ < c/)(t)l/fe(t—s)dt)?(s)ds
o N
= / (¢ xVe) (9)Z(s)ds,

Wherg Ve(s) = Ye(—s). Now ¢ x ¥ — ¢ in L'(R) as € — 0, and since Z is bounded,
(pxVec)-Z— ¢-Zase— 0in L'(R). Applying this argument to ¢(t) = F(t,x(t),z(t))
and ¢(¢) = (z(t), F(t,x(t),z(t))) shows that if (3.4) holds for all Z¢, then it holds for Z.
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Now we show that this implies that (3.3) holds for almost all 7: for any measurable
set EC[0,T], R>0,and w € K we can set

Zr(t) = satg (xe(Ow + (1 — xe() 2(1)),

where xg(t) =1 if t € E and zero otherwise, and satg(v) is the projection of v onto the
intersection of K and the closed unit ball of radius R. Then Zg(¢) € K is bounded and
measurable, so (3.4) holds for Z7g. Now Z(t) = satg(w) if t € E and Z(¢) = satg(z(1)) if
t ¢ E. Taking R — oo we note that satg(z(t)) — z(¢). Then, taking limits as R — oo and
using the dominated convergence theorem, we see that (3.4) holds for Z(¢) := xg(H)w +
(1= xe(®))z(t). Then Z(1) — z(t) = x£(t) (w — z(1)), s0

/ (w—z(t), F(t,x(t),z(¢)) dt = 0 for all measurable E C [0, T].
E

Thus the set {f | (w —z(t), F(¢,x(t),z(t)) < 0} must be a null set, and so (3.3) must hold
for almostall f andallw € K. 0O

The ability to replace the pointwise condition (3.3) with the integral condition (3.4)
is useful for existence proofs, as will be seen later.

If K is a cone, then (3.1)—(3.3) are equivalent to the corresponding differential com-
plementarity problem (DCP): Given xg € R, f: [0,T]xR" xR" — R”", F: [0,T] xR" x
R™ — R™ and K € R" a closed convex cone, find x: [0,7] — R"” and z: [0,T] — R™
such that

du
E(t) = f(t,x(),z(1)), x(to) = xo, (3.5)
K>z(t) L F(t,x(t),z(t)) e K* for almost all ¢. (3.6)
Since CPs can be cast as VIs, DCPs form a subset of DVIs. Nonetheless, DCPs provide a

useful subclass of DVIs.
As with DVIs there is an integral formulation of DCPs in which (3.6) is replaced by

z(t) e K for almost all ¢,
F(t,x(t),z(t)) € K* for almost all ¢,

T
0:/ (z(1), F(t,x(1),z(t))) dt.
0

The integral and pointwise formulations of DCPs are equivalent by Lemmas 3.1 and 2.11.
By Lemma 2.11, the existence and uniqueness theory for VIs carries over to CPs, although
often there is special structure that can be applied to certain CPs that is not apparent in the
general formulation of VIs.

3.1.1 A discussion of meanings

As with all formalisms, sometimes we have to stop and ask “What do you really mean?”
And as we are dealing with a general class of dynamical problems we might be forced to
allow solutions that are not regular functions, not even locally integrable functions such as
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Dirac-§ functions or more general distributions. So if we have a solution z(¢) of a problem
which is a distribution (that is a functional on the space of C* functions of compact sup-
port), what does it mean to say “z(¢) € K for (almost) all #”? Since the pointwise values of
distributions are in general meaningless, this does not make sense at face value. The only
operations that make sense for distributions are integrals with smooth functions of bounded
support: (z, ¢) = fj;o ¢(t)z(t)dt. For closed convex K we can give an interpretation to
“z(t) € K for (almost) all £ as meaning

[ o) z(ndt .
[T ¢war

As a simple test case, consider K = R ; in other words, when is a distribution nonneg-
ative? The answer is well known and can be found in [127], for example. A real-valued
distribution z(¢) is nonnegative if and only if ff;o ¢(t)z(t)dt > 0 for all ¢ > 0. As shown
in [127], this is equivalent to z(-) being a nonnegative measure. The theory of measure
differential inclusions (see Section 4.4.2) can be applied to refine these ideas.

Another case is K = [0, 1]. Then (3.7) means that for any nonnegative C*° function
with compact support ¢,

K forall0 < ¢ € Ci°(R), ¢ #0. 3.7

+00 +00
0= p()z(r)dr < d()dt.

—0oQ o0

For a C* function with compact support that can have either sign, | ]_Jr;o o) z(t)dt| <

f _Jr;o |¢(#)| dt. (This can be done by splitting any such test function ¢ = ¢ —¢p_ where ¢+
themselves are test functions with max(||@+ [l oo» 10— loo) and [|¢41l; + [l¢—|l; arbitrarily
close to ||¢]ls and ||@]l;, respectively.) Then, if ¢ is another C*° function of compact
support with common support interval [a, b],

[(z, d) — (z, ¥)I
+o0
< / (1) — w(1) 2(0)dt

+00
< / 6(1) — Y(0)) di

e¢]

=0-a)¢p—Vlew,

and so ¢ — (z, ¢) is continuous in the supremum norm. This means that we can ex-
tend this functional to continuous functions with support in [a, b]. Hence we have a mea-
sure on [a, b]. Then we can apply the Radon—Nikodym theorem to conclude that z can
be represented by an integrable function (also denoted by z(¢)). Since nonnegative C*°
functions are dense in the space of nonnegative L' functions, for any nonnegative L!
function ¢, 0 < f_t;o oD z(H)dt < ff;o ¢(t)dt. In particular, taking ¢ = x[».r], We get
0< f ; z(t)dt <t —o for all T > o. Using the standard results of Lebesgue integration,
this implies that for almost all ¢, 0 < z(¢) < 1. By redefining z on a null set, we can assure
that 0 < z(¢) <1 for all z. Thus the distributional definition coincides with the usual one.

Here we see that the weak distributional definition for bounded sets is equivalent to
the ordinary notion. For unbounded sets we have to include the possibility of impulses or
other measures which cannot be represented by integrable functions.
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3.2 Notion of index

The notion of index of a DVI or DCP is very important for the theory that follows. The
index is essentially the number of times that the equation F(¢,x,z) = 0 would need to be
differentiated with respect to ¢ in order to uniquely specify z in terms of ¢ and x. So, for
example, the DCP (which is also called a linear complementarity system (LCS))

dx

o Ax(t)+ Bz(1), 3.8)

w(t) = Cx(t)+ Dz(1), 3.9

O<w@) Lz(t)=0 (3.10)

has index zero if D is a nonsingular matrix. Note that F(t,x,z) = Cx + Dz, so that if
F(t,x,z) = 0, we can put z = —D~!Cx without using any differentiations. On the other
hand, if D =0, then (d/dt)F(t,x,z) = (d/dt)(Cx) = C(dx /dt) = C(Ax + Bz) =0, so if
C B is a nonsingular matrix, then we can write z = — (C B)~! Ax. Since one differentiation

was sufficient to write z in terms of ¢ and x, this problem has index one.
Impact problems (without friction) for rigid bodies (1.2)—(1.4) with one contact can
be put into the form, with ¢(¢), v(¢) € R”,

d
M(q)d—’t’ = k(g.v)— VV(g)+n(g) N, 3.11)
dq .
E =, (3.12)
0<¢(q) LN>0. (3.13)

Here we have a DCP with F(z,q,v, N) = ¢(q). Note that n(q) = Ve(q). Here N takes the
role of z in the general formulation. Now ¢(q) = 0 does not give an equation for N, nor
does 0 = (d/dt)p(q) =Ve(q)-dq/dt = Ve(q) - v. However, using the notation Hess f(x)
for the matrix of second derivatives [82 f/dx; dx;(x)],

0=(d/dt)* ¢(q)
rdv T
=Vo(q) a + v Hessp(q)v
=Vo(q)" M(g)™" [k(g,v) — VV(q) +n(q) N]+ v  Hessp(g) v
=n(q)" M(q) 'n(@) N
+n(9)" M(q)"" [k(g,v) — VV(q)] + v Hessp(q) v

does give an equation for N in terms of g and v. Thus this problem has index two.
Coulomb friction (by itself) results in an index-one DVI: for the example of a brick
on a ramp as illustrated in Figure 1.4, we have

d
md—: =mgsinf — f,

fel=uN,+uNl, 0<(f—f)v forall f€[—uN,+uN],
N =mgcos6.
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Here the friction force is represented by f. The function F(¢,v) = v. Setting F(t,v) =0
does not give an equation for f. However, 0 = (d/dt)F(t,v) = dv/dt = mgsinf — f does
give an equation for f. Thus the index for this problem is one.

Index-three problems do not commonly arise in applications, but it is not hard to
make one up. Here is an example: find x: [0,7] — R? and z: [0,T] — R satisfying

d

% = X2, x1(0) =0,
dx; . ) =1
dl _x3’ x2 - 9
dxs ©)=0
— =4, X =V,
dr Z 3

0<x1(t) Lz(r)=0.

Every “solution” has the form z(z) = 8'(r) + a §(¢), where 8(¢) is the Dirac-8 function, with
o > 0. But §/(¢) is not a nonnegative distribution as [ 8'(t)¢(r)dt = —¢'(0) for any smooth
function ¢, which can be positive or negative even for nonnegative ¢.

This can be extended to give index-m problems: d”x/dt™ =u, 0 <x(t)+q(t) L
z(t) = 0 for almost all ¢. Problems with index three or higher do not in general have
solutions.

3.2.1 Solution behavior

In order to understand how solutions behave, or the different characteristics that solutions
have, for different indexes, we consider a simple class of problems of this sort:

&(t) =z(H)—1, (3.14)
dr
x0)=1, xD0)=0, 1<j<m-—1,
0<x(t)Lz(t)=>0 for (almost) all 7. (3.15)

This problem has index m.

3.2.2 Index-zero problems

We start with index-zero problems, as they are the simplest to understand. Consider the
problem

Z—:(r)zz(t)— 1, x(0)=1, (3.16)
O0<x(®)+z(r)Lz(#)=0 for (almost) all 7. (3.17)
The scalar CP
O0<x(@®)+z@)Lz(1)=0

can be solved for z(¢) directly. If x(¢) > 0, then x(¢) + z(¢) > 0 as well (since z(¢) > 0),
and so z(t) = 0. If x(t) < 0, then since x(¢) + z(t) > 0, we must have z(¢) > 0. So then
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x(t) + z(t) = 0 by complementarity, and z(r) = —x(¢) > 0. The case x(¢r) = 0 has the
solution z(¢) = 0 by inspection. Since this is a strongly monotone CP for z(¢), there is only
one solution.

Thus we can write z(¢) in terms of x(¢) directly: z(t) = x (¢)_ = max(0, —x(¢)). We
can substitute this into the differential equation for x (3.16):

>0 —1 0)=1 (3.18)
—=x()_—1, x(0)=1. .
dt

This can be solved in pieces: initially x(#) > 0, so we initially have dx/dt = —1, and

x(t) = 1 —t. However, eventually x(¢) will reach zero and might then become negative.
We reach x(¢) = 0 at time t* = 1; then we still have dx /dt < 0. So for t immediately after
t* =1 we will have dx /dt = x (t)_ — 1 = —x(¢) — 1, which has solutions x (1) = —1+ce™".
Substituting x(1) = 0 we can solve for the constant c: —1 + ce 1 =0,s0c=e. This gives
x(t)=—1+e'""fort > 1.

The solution is continuous and smooth, except for the “kink” at + = 1. This can
be explained by noting that the right-hand side of (3.18) is Lipschitz continuous (but not
smooth) in x(¢). The standard theory of ordinary differential equations can be applied to
(3.18), showing that solutions exist and are unique on any time interval. Note that since z(¢)
depends in a Lipschitz way on x (), z(¢) is also a continuous (but not necessarily smooth)
function of ¢.

3.2.3 Index-one problems

Index-one problems are more difficult:

d
d—:zz(t)—l, x(0)=1,
0<x(t)Lz(®)=0 for almost all 7.

We will assume that z(-) is an integrable function, rather than a general measure. This
means that x(-) is absolutely continuous.

Now we require that x(¢) > 0 for all ¢, which is a condition that must be imposed
on the initial value x(0). If x(¢) > 0, then by the complementarity condition, z(#) = 0,
so dx/dt = —1. Eventually we must reach x(¢#*) = 0 (which happens at r* = 1). But we
cannot allow x(¢) to become negative. On the other hand, we cannot have x(¢) > 0 for
t > t* since that would mean there must be a time 7 between t* and ¢ where x(t) > 0
and dx /dt(t) > 0, which is impossible. So we must have x(#) = 0 for all r > #*. Does this
allow us to have a solution? Yes it does, since if x(#) = 0 for all t > ¢*, the complementarity
condition allows any z(t) > 0. But for the only possible solution, dx /dt(t) = 0 for t > t*.
This gives —1 4 z(¢) = 0; that is, z(¢) = +1 for all t > t*. Note that z(¢) is not a continuous
function of 7. Instead we have a jump discontinuity in z(¢) at t = ¢*.

We can try to write this DCP as a differential equation, but when x(¢#) =0, any z(¢) > 0
satisfies the complementarity condition. Substituting this into the right-hand side for the
differential equation gives the differential inclusion

dx
E(t) eW(x(1)—1, x(0)=1,
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where W(x) = {0} if x > 0, ¥(0) = R4, and W(x) = @ for x < 0. The theory of differential
inclusions is quite extensive [19, 73, 103]; existence of solutions can be shown using the
theory of maximal monotone operators [41].

The sign of the right-hand side of the differential equation and the sign of x in the
complementarity condition are crucially important for existence of solutions. For example,
if we had the problem

Iy = 2y —1 =1
dt h— Z 9 'x - 9’
0<x(t) Lz(t)=0 for almost all 7,

then we would have dx/dt(t) = —1 for x(¢) > 0. But when we reach x(t*) = 0, we have
dx/dt(t*) < —1 (in fact, dx/dt(t) < —1 for any t), so for any ¢t > t*, x(t) < 0, which
violates the complementarity condition. Thus solutions do not exist in general for this
problem.

Similarly, for the problem

d
—=:0-1.  xO=1.
0<x(t) L—z() =0 for almost all 7,

solutions do not exist in general.

3.2.4 Index-two problems

For index-two problems, consider

d*x dx

—()=z(t)—1, 0O=1, —(@0)=0, 3.19
dtz() z(1) x(0) dt() (3.19)
0<x(®)Lz(t)=0 for almost all ¢. (3.20)

It turns out that we have to assume that z(-) can be a measure. Again, for x(#) > 0 we have
z(t) = 0, so until x(r*) = 0 we have x(r) = 1 —r%/2. This means that we have x(*) = 0
for * = /2. Note that dx /di(1*~) = (d/dt) (1 —1%/2)|,_,. = —2t* < 0. Since we need
x(t) > 0 for ¢ > t*, this means that the velocity dx /dt has to have a jump discontinuity at
t*. This, in turn, means that z(¢) must contain a Dirac-8 function: z(¢) = z*8(t — *) +z1(¢),
with z1(¢) a “nicer” function, at least near ¢t = ¢*. The strength of the impulse z* can be
determined in part from this condition:
dx dx

St = SN P =
¢ _dt(t ) dt(t )

>0—(—2r%) =2r* =2V2.

But this is clearly not sufficient to uniquely specify z*. In fact, any z* > dx/dt(t*™) will
give a solution: If z* > dx /dt(t*), then we have the solution

x(0) = (2% —dx/di(t* D) (1 = 1) = (1 = 1) /2

and z(t) = z*8(t —t*) for t* <t < t* 4+ €, where x(t* 4+ €) = 0 again. If we choose z* =
dx /dt(t*7), then we have the solution x(¢) = 0 and z(¢) = z*8(t — t*) + 1 for t > ¢*.



3.2. Notion of index 85

Since problems of this kind arise in impact mechanics, there has been a strong need
to find a way of resolving this nonuniqueness. The usual way in which this is done is to
introduce a coefficient of restitution e. There are several variations of this idea, but the usual
way in which it is formulated, following Newton, is that

dx
- [*+ —
dt ) ¢
In the context of general rigid-body dynamics this can be phrased as “the postimpact normal
velocity is —e times the preimpact normal velocity.” In terms of the rigid-body equations
(3.11)—(3.13) given above,

n(g(@ N v(e* ) = —en(q(t*) v(r*).

dx

7 ). 3.21)

This is Newton’s law of restitution. For problems with multiple contacts, each contact can
have its own coefficient of restitution.

From the requirement that dx /dt(t*) > 0 it is clear that e > 0. Physical principles
intervene to limit e < 1, as e > 1 violates the principle that energy must be conserved or
dissipated as heat. Macroscopic energy cannot be created spontaneously. There is also the
fact that if e > 1, x(t*) = 0, dx /dt(t*) = 0, it is still possible for the solution to become
nonzero spontaneously. This results in a different kind of nonuniqueness.

To see how this is possible, consider the case where 0 < e < 1 first. The first impact
timeis 1 = /2. Then x(tf) =0, dx/dt(ti‘Jr) =+2et]. So, immediately afterr =1, x(r) =
et} (t —17)— (t —t})?/2. The second impact time is then £§ = +4et; and dx /dt(t;") =
—edx /dt(t;_) =+e dx/dt(tl*Jr) = 2ezti". Immediately after the second impact time x(¢) =
Zezti‘(t —13)—(t— ti‘)2 /2. Then the third impact time £ =t} +4e2tik. Continuing in this
way we can show that the kth impact time is #; = ¢{(1 +4ZI;;11 e/). For 0 < e < 1 this
sequence has a finite limit. Thus we have infinitely many bounces in a finite time. After all
these bounces we have t = limy_, oo #; = t5,. Then x(1%,) = 0 and dx /d(t},), and we can
continue the solution by setting z(#) = 1 and x(t) = O for ¢t > ¢% . This is an example of a
Zeno solution where the set of strict inequalities changes infinitely often in finite time.

Now the differential equation d?x /dt*> = z(t) — 1 and the complementarity condition
0 <x(r) L z(¢) = 0 are both reversible conditions (that is, replacing ¢ with T — ¢ for both
x and z keeps both conditions true). However, reversing time for the restitution law (3.21)
results in

dx ... ldx .,

T )= T ). (3.22)
Thus if we time-reverse the solution x(¢) and z(¢) from the previous paragraph to get X(¢) =
x(T —1t) and Z(t) = z(T —t), we get a solution of (3.19)—(3.20) with the restitution law
(3.22). Note that for T > t%_, the time-reversed solution X(-) has the initial values X(0) =0
and dx /dt(0) = 0. Instead of getting only the trivial solution (¥(#) = O for all ¢) we also
have a solution which spontaneously starts bouncing due to the coefficient of restitution
ée=1/e>1.

There are a number of practical difficulties with coefficients of restitution for real
impacts. One is that the coefficient of restitution is far from being a constant for a pair of
bodies. The orientation of contact is also very important (see, for example, [250]). Also,
there are some theoretical questions as to the appropriateness of using Newton’s law of



86 Chapter 3. Formalisms

restitution. Alternatives include Poisson’s law of restitution, which is based on splitting the
impact interval into a compression phase and an expansion phase and requiring that the ratio
of the integral of the normal contact force over the expansion phase be e times the integral of
the normal contact force over the compression phase [11, 209]. Other alternatives include
energy-based laws of restitution [252, 253].

3.2.5 Index three and higher

Index-three problems have serious questions regarding their existence. Consider, for exam-
ple, the problem
X =0-1, x0=1. Fo=0 o=
EY = - L X =1, . =Y, . =V,
dr3 ¢ dt dr?
0<x(t)Lz(®)=0 for almost all 7.

Again, for x(¢) > 0 we have z(#) = 0. So until x(#) = 0 we have the solution x(r) =1 — 3/3.
The first impact time is at #* = 3'/3. Then we need to change dx/dt instantaneously. If
n =dx/dt(t**) —dx/dt(t*7), since dx /dt(t*T) > 0, n > 1. Then

d*x = d* (dx ®

e3> dr2\dt ")’
which is the second derivative of a function with a jump discontinuity at + = ¢*. This
means that z(¢) must contain the derivative of a Dirac-§ function at t = t*: z(¢) = z*8'(t —
t*) + z1(¢), where z1(¢) is a more regular function at t = ¢*. The trouble with this is that,
according to the theory of distributions, a distribution ¥ is nonnegative if for every smooth
(that is, C*°) function ¢ > 0 with compact support, (1, ¢) > 0. By this definition, §’ cannot
be a nonnegative distribution [127], as (§’, ¢) = —¢'(0), which can be positive, negative, or
Zero.

Some theories circumvent this difficulty by restricting the class of functions to which
they apply. In particular, the theory of linear complementarity systems (see (1.8)—(1.10)
above) [124] does this by restricting attention to polygonal cones and functions that are
Bohl distributions. Bohl distributions locally have the form

m
wy=) ajsPe—r+w'ed, 1 <t<t+e, (3.23)
i=0

where C may be a matrix. A Bohl distribution is initially nonnegative at t*, according
to [124], if [am, am—1, - - -, a1, ao] is lexicographically positive (that is, the first nonzero in
the list is positive), or if all a; = 0 and there is an € > 0 such that w?e€’d > 0 for all
t*<r<rf4¢€.

The restriction to such a narrow class of functions has important implications for
other aspects of the theory. Numerical methods that can compute solutions for problems
of lower index generally fail for index-three or higher problems. The general principle that
“limits of solutions are also solutions” tends to fail. Without this property, not only is it
difficult to prove convergence for numerical methods, but the whole concept as a model
comes into question. We do not expect any model of the world to be complete, but only an
approximation. If an unmodeled disturbance can destroy a given solution, then the model
is probably not useful and should be replaced.
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3.3 Infinite-dimensional problems

Infinite-dimensional problems often behave differently from finite-dimensional problems;
the existence and uniqueness theory are often also quite different, or they must at least
deal with some new issues. One of the most important issues is the matter of whether the
right-hand side is a bounded or unbounded operator. For partial differential equations, it is
usuallydunbounded. Consider, for example, the heat equation on a bounded open domain
Q CR%:

ou 5 .
— =V-u in €2, (3.24)
ot
u(t,x)=0 for x € 9€2, (3.25)
u(0,x) = up(x) for x € Q. (3.26)

This has solutions. But the reversed heat equation governed by the partial differential
equation

Ju 2 .
— =—V*u in (3.27)
ot

usually does not. The basic reason is that the operator V2 is an unbounded operator. Look-
ing more closely, the eigenvalues A; of —V? go to 400 as k — oo. If the eigenfunctions
are ¢x: —V2¢k = A @x with ¢p(x) =0 for x € 92 and g(x) = 0 for all x € 92, then if we
expand the initial conditions as ug(x) = Z,fil uz ¢r(x), then the solution of (3.24)—(3.26)
is

u(t,x) = Zuz e M ().
k=1

Since A > 0 for all (sufficiently large) k, e “**' — 0 as t — +oo for these k. The decaying
exponentials indicate that the sum, if it is well defined for ¢ = 0, should be well defined for
any ¢t > 0.

On the other hand, the reversed heat equation has the solution

u(t,x) = Z uf e gy (x).
k=1

Now we have exponential growth in the coefficients of ¢y as t increases. For the Laplacian
operator —V? for Q C R?, the eigenvalues are asymptotically A; ~ constk>/¢ as k — oo.
Assume that the ¢y are orthonormal functions; that is, (c/),-, 1) j) o= fQ $i(x)pj(x)dx =0
ifi # jandoneifi = j. Then

o0

lu(t, Moy = 3 () €240
k=1

for the reversed heat equation. Unless u,’; decay very fast, ||u(t,-)|| 12y = tooeven for very
small # > 0. This means that solutions usually do not exist for the reversed heat equation.
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On the other hand, we will also deal with hyperbolic problems like the wave equation

u oo in Q (3.28)
—V-u in €, .
912
u(t,x) =0 for x € 992, (3.29)
u(0,x) = up(x) for x € €, (3.30)
9
a—bt’(o,x) —w(x) forxeQ. (3.31)

If we use the eigenfunction decomposition that we used for the heat equation, u(z,x) =
> ke uk(t) P (x), then
d%uy
dr?
duy
ur(0) = (uo)y, W(O) = (vo)k»

= —Ak Uk,

where ug(x) = Y po (uo); dx(x) and vo(x) = Y pe; (vo)x Pr(x). Solving these ordinary
differential equations gives

o0

u(ex) = Y [wolcos (3y%r) + oy Ay sin (35/%) | e,

k=1

Instead of having rapid decay in the coefficients of the eigenfunctions, there is rapid oscilla-
tion. This makes the behavior of solutions of hyperbolic equations much harder to analyze
or control.

3.3.1 Gelfand triples

In order to capture the behavior of these kinds of operators, we usually work in the frame-
work of Gelfand triples. A Gelfand triple, also called an evolution triple or rigged Hilbert
space, is a pair of Hilbert spaces X and H together with some inclusions

XCH=HcX. (3.32)

Here the inclusion X € H is actually a function incl: X — H which is one-to-one (that
is, incl(x) = incl(z) implies x = z). Also, we identify H with its dual H'. In practice, this
usually means that H = L?(A) for some domain A C R? and we identify the function f €
L?(A) with the functional g [4 f & Theinclusion H' C X’ is the adjoint incl*: H' —
X' ofincl: X — H.

The inclusion function incl should be linear, continuous, one-to-one, and dense: the
closure of the image incl(X) = H. The fact that incl(X) = H is important, as it implies that
incl* is also one-to-one: incl*(u1) = incl*(u3) implies that incl*(u; — up) = 0. To see this,
note that

0 = (incl*(u1 — u2), v)y,, x = (U1 —u2,inCl(V)) gy ;
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by taking limits incl(vx) — w for any w € H, we see that (4] —u2, w) g,y = 0 for all
w e H. Thus u; —upy = 0; that is, u; = up. This means that incl* is one-to-one. In
finite dimensions, every vector subspace is closed, so incl(X) is closed. This means that
incl(X) =incl(X) = H, so incl is then one-to-one and onto. This means that we can identify
X = H = H' = X' =R". But in infinite dimensions dense but not onto inclusions are
common. For example, we can take X to be the Sobolev space H '(£2) for an open domain
QCR"and H = L%(Q).

Often it is assumed that incl: X — H is compact; that is, if A is a bounded set in
X, then incl(A) is compact. In finite dimensions all closed bounded sets are compact, but
this is not true for infinite-dimensional Banach spaces. So, in finite dimensions, any linear
function X — H is compact. In infinite dimensions some inclusions are compact (such as
HY(Q) — L%(S)), but some are not (such as any identity map on an infinite-dimensional
Banach space, or the inclusion L?(2) — L9(2) where g < p). If incl is compact, then
incl* is also compact.

In a Gelfand triple we do identify the middle Hilbert space H with its dual H'. This
means that we treat the operator Jy: H — H’ defined by (Jy(u), v) gy« = (u,v)y as
the identity operator on H = H'. If H = L*(2), this means that we identify a function
f € L*() with the functional on L?(£2)

g /Qf(X)g(X)dx.

This is reasonable for most applications involving partial differential equations.
The most crucial aspect of a Gelfand triple is that the duality pairing on X and X’ is
equivalent to the inner product on H:

(u, V) = (U, V) x x/ foralue XCH,veHCX'. (3.33)

In the finite-dimensional case, this just means that the duality pairing between R" and
(R™)Y = R" is the same as the inner product on R”: (x,y) = x”y. In the case where
X = HY(Q) and H = L3(Q), this just means that the duality pairing between u € H'(Q)
and v € H~'(Q) = H(Q)' is given by>

(U, v) g1y g1 =/ u(x)v(x)dx,
Q

although the integral may need to be understood in the sense of distributions. This in-
tegral can also be given a meaning via Plancherel’s theorem for Fourier transforms: for
f,g: R? — R “sufficiently regular,”

/f(x)g(X)dX=(2ﬂ)_dRe/ Ff&)Fg&)ds. (3.34)
R Rd

Note that here (-) means the complex conjugate of (-).

3Many authors define H~1() as HOI(Q)/ and leave the relationship between H(}(Q)/ and H1(Q) un-
examined; here we define H ’1(9) =H I(Q)’ . In fact, H&(Q)/ can be considered as a closed subspace of
HY(QY.
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Plancherel’s theorem implies that
[ ek ax = [ 176 ds.
R4 R4

so Fourier transforms can be used for inner products. In particular, for the H ' inner product,

since F[V f1(§) =i& F f(§),
(f,9m = /Rd (f(x)gx)+Vf(x) - Vgx))dx

—@rRe [ (1460 FFOF@)de while

(.92 =CmyRe [ FF@Fs(erd

The dual inner product for H ~!(R") is given by

(oo = Re [ (4667 FFEFa(erde.

Since f € H'(RY) if and only if £ > (1 4+&-£)V/2 F f(£)is in L2(RY), if ¢: H'(R?) - R
is a linear functional, then we can represent ¢ by

¢<f)=RefRd@<1+s-é>”2Ff<s>ds

with g a complex-valued function in L2(RY). If we write

q&) =Qm) (1 +£-5)712 Fe®),
then g € H~'(R?) and

$(f) = 2m)“Re /R TR Ffe)ds

=/dg(x)f(x)dx forall f € H'(R?).
R

Thus we have a representation of H'(R?)Y as H~!(R?) where the duality pairing between
HYRY) and H1(RY) is (formally) equivalent to the usual inner product in L2(RY).

Note that the inclusion I :=incl* o Jy oincl: X — X' of X € H = H’ C X’ is usu-
ally very different from the map Jx: X — X’ given by (Jx(x),2)y'xx = (x,2)x. For
example, if X = H'(R?) and H = L>(R?) as discussed above, then I really is the in-
clusion f +— f that gives H (R?) — H~Y(R?). On the other hand, Jx(f) = g, where
gx) = f;x [(1+&-8) Ff(E)] = f(x)— V2f(x); thatis, Jx = I — V. These are very
different operators.

One property that is very important about / is that it is a strictly monotone linear
function:

(1(2), 2) xrxx = (incl*(Jg (incl(@))), 2) ./, 5
= (JH(incl(z)), il’lC](Z))H/XH
= (incl(z), incl(z)) y
= |lincl@)lI = llzlF >0 forz#0.



3.3. Infinite-dimensional problems 91

n(x)

Figure 3.1: Normal direction vector to €2 at x € 9€2.

Note that I is not strongly monotone, since there is no guarantee that there is an o > 0
where ||z||g > o ||z]|x for all z € X. In fact, for infinite-dimensional Banach spaces, if the
inclusion X C H is compact (thatis, incl: X — H is a compact operator), then ||z| g / |zl x
can be made as close to zero as desired.

This has some important consequences. For example, it would be tempting to apply
the theory of maximal monotone operators (as developed in Section 4.2) to situations de-
scribed by Gelfand triples. However, where we should not identify X with X’ (so that Jx
cannot be considered to be the identity operator), A: X — X’ maximal monotone does not
imply that 7 + A is onto. This is discussed in more detail in Section 4.2.2. In particular,
Lemma 4.7 gives a simple condition where a maximal monotone operator ®: X — P(X’)
can define a maximal monotone operator @y : H — P(H') = P(H).

In order to obtain existence of solutions for problems that include, for example, the
heat equation (3.24)—(3.26), we restrict our attention to linear elliptic operators A: X — X':
there is an o > 0 such that

(A(X), x)yrux > allx||%  forallx € X. (3.35)

For most purposes involving dynamics, this condition can be weakened to what is described
here as a semielliptic operator: there are « > 0 and 8 € R such that

(A@). x)yxx = alxlkx —Blxly  forallx € X. (3.36)

Then A + B1 is an elliptic operator. As an example, consider the negative Laplacian opera-
tor A = —V2 on the space HY() with Neumann boundary conditions: du/on(x)= g(x)on
the boundary 9€2 where du/dn(x) is the derivative of u at x in the direction of the outward
pointing normal vector to €2 at x. This normal derivative is just du/dn(x) = n(x)- Vu(x);
see Figure 3.1.

With the Neumann boundary conditions, if f(x):=1forall x € 2, then df/dn(x)=0

forany x € 9Q and —V? f = 0. Thus (f, —=V2f),1 -1 =0.

3.3.2 Interpolation spaces in Gelfand triples

Often we need to look for intermediate spaces, usually of functions with intermediate levels
of smoothness or regularity, other than just X, H, and X’ in a Gelfand triple. This can be
done using the theory of interpolation spaces, which can be found in many sources such as
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[1, 29, 262]. More accessible summaries can be found in, for example, [151, 260, 273].
The various methods for carrying this out are called the complex method, the real method
(with either “J” or “K” versions), and the operator method. Here, the simpler operator
method will suffice.

We take X to be a Hilbert space in a Gelfand triple X ¢ H = H' C X’ with com-
pact inclusions. Let A: X — X’ be an elliptic self-adjoint operator (we can take A = Jx,
the duality operator). Then A~!o/: X — X’ — X is a compact self-adjoint operator:
(A_1 ol(x), y)X = (x, Al oI(y))X. Then by the spectral theorem for compact self-
adjoint operators there is an infinite family of eigenfunctions ¢, and eigenvalues u; > 0
with w1 > g > -+ > 0 and limg_,  ux = 0, and span {¢, ¢, ...} = X. The eigenfunc-
tions can be taken to be orthogonal ((¢;, ¢;) =0if i # j), not only in the inner product on
X but also in H. We will scale the eigenfunctions ¢; so that ||@; ||y = 1. Then each ¢; is an
eigenfunction of A with A¢; = X;¢;, with A; = /Ll-_l. (Actually, it should be A¢; = A; (i),
but we identify ¢; € X with I(¢;) € X'.)

For any w € span{¢y, ¢2, ...} we have the following norm for any given 6 € R:

00 1/2
= [Z A?aiz:| ) (3.37)
i=1

o0
> aidi
i=1

[4

This norm is equivalent to the norm on X if 6 = 1, the norm on H if # = 0, and the norm
on X' if 8 = —1. If we used A = Jy in our construction, the norms would be equal. For
each 6, we define the interpolation space Xy to be the completion of span{¢y, ¢, ...} in
the norm ||-|lg. If p > 6, then X, C Xy, and the imbedding is compact. The fractional
power operators A% defined by A%¢; = A¥¢; are continuous operators X9 — Xg_2, with
continuous inverses ((A‘)‘)_1 =A"%: Xy — Xg424)- Negative 0 spaces correspond to dual
spaces: Xg C H=H' C (Xg) = X_g is a Gelfand triple.

3.4 Differentiation lemmas

Differentiation lemmas are technical results for functions satisfying complementarity con-
ditions or VIs that connects the complementarity condition or VI with properties of the
functions concerned. For example, if a: [r,s] — X, b: [r,s] — X’ with X a Banach space
satisfy a generalized complementarity condition

K>sa()Lbit)eK* for all ¢

<a(t) (l)>
da
<d (), (t)>

d2
0< <a(t> — (r)>

and are smooth, then

0

v
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for all 7. These results can be generalized to much less regular functions and also applied
to VIs. Their use ranges from helping to show existence of solutions to showing energy
conservation in certain impact problems.

3.4.1 Differentiation lemmas for CPs

Differentiation lemmas are easier to develop for complementarity conditions, so we start
with these. The first result which we prove is a basic result which we can use for a large
number of situations.

Lemma 3.2. Let K be a closed convex cone in a Banach space X which has the Radon—
Nikodym property (RNP). Suppose that K 2 a(t) L b(t) € K* for almost all t and fort =1,
and that b is differentiable at ty. Then {(a(tg), db/dt(ty)) = 0. If a is also differentiable at
to, then (da/dt(ty), db/dt(ty)) <O0. If b is absolutely continuous and is twice differentiable
at to, then (a(1o), d*b/dt*(1p)) > 0.

Proof. Since K 3 a(ty) L b(ty) € K*, for almost all 4 > 0,
{a(10), (b(10+h) — b(10)) / h) > 0.

Taking limits as & |, 0 gives (a(tp), db/dt(tp)) > 0. On the other hand, for almost all 4 < 0,
(a(to), (b(to+h) — b(tp))/h) < 0. Again taking limits z 1 0 gives (a(ty), db/dt(ty)) < 0.
Combining these two inequalities gives (a(y), db/dt(ty)) = 0.

For the second result, consider the finite difference approximation (for almost all

h #0)

<a(l0 +h)—a(to) b(to+h)— b(to)>
h ’ h

1
= 52 lalto+h) —alto), blto+ 1) = bt0))

1
=2 ({a(to +h), b(to + h)) + (a(to), b(10))
— (a(to+h), b(10)) — (a(t0), b(to + h))) < 0.

Taking limits as 7 — O we see that (da/dt(ty), db/dt(tp)) <O0.
For the third result, consider the finite difference approximation

b(tg+h) —2b(tg) + b(tg— h)
a(to),

h2

1
= ﬁ((a(to), b(to+ h)) — 2 {a(t), b(t)) + (a(to), b(to — h))) > 0.

Now we show that limy,_,o (b(to + k) — 2b(to) + b(to — h)) / h> = b (to). Since b" (to)
exists, lim,_.q (b’(to +r)— b’(to)) /r = b"(ty). So for any € > 0 there is a § > 0 such that
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Ir| < & implies || (6'(to+r) — b'(t0)) /r — b"(10)| < €. So

b(to+h) —2b(t9) +b(tg—h
H (to+h) h(20>+ (1o )_b,/(to)‘
1 hb/t —b(ty —
_ _/ (()+V) (0 r)idr—b"(to)
h Jo r h
1 h ’ oy / N —
! / blio+r) = b)) +b0) =Bt =r) _,pu T
7 Jo r h

1 (" r
< - 2¢e —dr=¢ (for |h| < §).
h Jo h

So limy—o (b(to + h) — 2b(t0) + b(to — h)) / h? = b"(1y); taking the limit, {a(t0), b (0)) > 0,
as desired. [

Note that it is not even necessary for (a(fp + h) — a(to))/ h — a'(1y) strongly for the
first result to hold; this could be weak convergence.

These pointwise results can be extended to prove integrated results. One example is
as follows.

Lemma 3.3. Suppose X is a Banach space with the RNP, K is a closed convex cone in X
and

K>a()Lb(t)eK* for almost all t.

If a is absolutely continuous [0,T] — X and b € L'(0,T; X'), then (a’(t), b(t)) =0 for
almost all t. Also, ifa € H't%(0,T; X) andb € H=*(0,T; X), @ > —1, then (a’(t), b(t)) =
0 in the sense of tempered distributions.

Proof. We start by supposing that a: [0,7] — X is absolutely continuous and that
b e LY(0,T; X’). Then since X has the RNP, a’(¢t) = limy_o(a(t + k) — a(t))/ h exists
almost everywhere. Then, for almost every ¢ € [0, T], the derivative a’(r) exists and K >
a(t) L b(t) € K*, so that by Lemma 3.2 (a/(t), b(t)) =0, as desired.

Now consider a € H!1%(0,T; X), b € H=%(0,T: X), and @ > —1. Note that we do
not necessarily require that « > 0. First we extend a(¢) to all real ¢: a(¢) =a(T)ift > T, and
a(t)=a(0)ifr <0;b(t)=0ift > T ort < 0. We wish to show that fc/)(t) (a’(t), b(t)) dt =
0 for all tempered test functions ¢ € S(R) with support in [0, 7']. To do this we first show
that this is true for all nonnegative ¢ € S(R).

We can use Fourier transforms to represent

T
/O (@t + 1) — a(t)/ b, (1) b(2)) di
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via Plancherel’s theorem: For & > 0,

+o0 _
0< / <W¢(r)b(¢)>m

1 +00 eiwh —~1
= —Re / A Fa(w) F(¢pb)(w)dw

2 —00
= %Re [::o eiw};l_ ! (1 +w2)a Fa(w) (1 +w2)_amda"

Similarly, if 7 < 0, then 0 > fj;o ((at+h)—a()/h, ¢(t)b(1)) dt.
Clearly the integrand converges pointwise to

ioFa(w)F(¢pb)(w) = f[a’] (w) F (¢pb) ().

To show that the integral converges we use the dominated convergence theorem. Note that
o> (14+0%) " Fa(w) and o > (1+0?) "> F(@b)(w) are both in L2(0, T), and s
o> (1+0?)? | Fa(w)| |Fb(w)| is integrable.

As |eiwh — l|/|h| <lw| < (l —i—a)z)l/z, the integrands are bounded uniformly as & —
0 by an integrable function. Thus we can apply the dominated convergence theorem and
take & — 0 to obtain

0= %Re /foo (1 —|—a)2)a iw Fa(w) (1 +w2)_amdw

~ ! Re /+Oo (1+0?) Fla]@ (1+0?) " F@b@do

2 00

T lda
:/0 <E(l),¢(l)b(t)>dt-

Since this is true for any 0 < ¢ € S(R) with supportin [0, T], it can be shown that (a'(1), b(t)) =
0 in the sense of tempered distributions, so (a’(t), b(t)) =0 foralmostall 7. [

This result can be extended to a having bounded variation [0, 7] — X and b contin-
uous function [0,7] — X’. Note that we cannot allow b to be discontinuous at an atom of
a’, as the simple example from [243] below shows:

0, t=<0,
1) =
a(t) {1, t>0,

1, t<0
bt)y=1"' —
®) {0, t>0.

Then a(t) b(t) = 0 for all . However, a’(t) = §(¢), the Dirac-§ function. Since b is a Borel
function, it is bounded, and b(0) = 1, we have fa’(t) b(t)dt = 1, not zero. Nevertheless,
continuity of b is sufficient to obtain the corresponding result for a of bounded variation.
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This result turns out to be important in proving energy conservation results for rigid-
body dynamics with impact: only when the velocity is discontinuous and the contact force
is impulsive can there be work done by a rigid obstacle.

Lemma 3.4. Ifa: [0,T] — X has bounded variation, b: [0,T] — X' is continuous, K is
a closed convex cone in X, and

K>sa() Lb(t)e K™,
then (a’(t), b(t)) = 0 in the sense of measures.

Proof. Let ¢: [0,T] — R be continuous. Then we can write ¢(t) = ¢ (t) — ¢p_(t) with
¢ () = max(¢(t), 0) and ¢_(¢) = max(—¢(¢), 0). Both ¢+ are continuous and nonnega-
tive. Let us suppose that ¢ is also nonnegative. Then ¢(¢)b(¢) € K* for all ¢t and ¢ b is
continuous. We want to show that fOT o(1) (a’(t), b(t)) dt = 0. Using the Stieltjes integral,
for any € > 0 we can pick a § > 0 so that for any partition0=1#) <#) <--- <ty_1 <ty =T
with#; <7; <tjy1andtjy1 —t < § foralli

N-1

T
‘./o. o) (da(t), b)) = Y {altiv1) — a(ti), p(zi) b(x)

<E€.

i=0
Picking 7; = #;, we note that (a(t;+1) — a(#;), ¢(t;) b(¢;)) > 0, but if we pick 7; = t;41, we
get (a(tiy1) —a(ti), ¢(ti+1) b(ti41)) < 0. Thus

N-1

> laltivr) —a(ti), (i) b(zi))

i=0

<€

for any choice of 7; € [#;, fi41]. Thus

< 2e.

T
‘ /0 (1) (da(t), b(®))

Since € > 0 is arbitrary, we get fOT ¢(t) (da(t), b(t)) = 0. As this is true for all nonnegative
continuous ¢, it must be true for all continuous ¢. Thus (da(t), b(¢)) = 0 in the sense of
measures. [

Lemmas 3.2, 3.3, and 3.4 are the most important and have application to questions of
conservation of energy or energy balance for mechanical systems with contact.
Corresponding results for the two-derivative differentiation lemmas follow.

Lemma 3.5. Suppose that X is a Banach space with the RNP, and that
K>a()Lb(t)eK* for almost all t.

Ifa e W'P(0,T; X) and b € W' (0,T; Xy with 1/p+1/q = 1, then (a'(1), b'(1)) < 0 for
almost all t. Also, if a € HY(0,T; X) and b € H'=%(0,T; X) for some |a| < 1, then
(a'(), b'(1)) < 0 for almost all 1.
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Proof. For the case where a € WHP(0,T; X) and b € Wh4(0,T; X') with 1/p+1/g =1,

we note that both a and b are differentiable almost everywhere. By Lemma 3.2, (a’(t), b (t))

< 0 for any point of differentiability ¢ of both a and b. Thus the result holds in this case.
For the second case, we use Fourier transforms applied to

0>

<a(t +h)—a(t) bt+h)— b(t)>
h ’ h '

Let ¢ be a smooth nonnegative function that is zero outside (¢, T — €) for some € > 0. Then
K s ¢@)al) Lo@)b(t)e K* for almost all 7.

Extending the functions by zero outside of (¢, T —¢€),

02/+°°<¢(t+h)a(t~|—h)—¢(t)a(t) ¢(t+h)b(t+h)—¢(t)b(t)>dt

—00 h ’ A

_ 1 400 eiwh_l . eia)h_l iob ;

—o [ {(55) Fva. (5 ) Fen) o
1 [+ gioh _ 1\ /ei®h _q

") < 7 )( p ><f[¢a](w),f[¢b](w>>dw
1 [T _1—cos(wh)

=5 | e @ Fleal@), Figbl@) do

7)o  (0h)

400 1 _
: / LSO | Fl@a)] @) F[65) ] @) do.

Now 6 + (1 —cosf) /6% is a bounded function since it is continuous (except possibly
at zero) and limy_. (1 —cos6) /6% = 1/2 and limy_ 400 (1 —cos8) /02 = 0. Also ¢pa €
H't(R; X)and ¢b € H'~%(R; X'), so

o> (F[@a) (@), F[(¢b)]()) isin L'(R).
But (1 —cos(wh))/ (wh)*> = 1 /2 as h | 0 pointwise, so by the dominated convergence
theorem, the limit as / |, O of the integral above is
+00

1
0= (Fl@a)](@), F(@b)](»)do

T2 )

+00
= / (@a) (1), (¢b) (1)) dr.

But (¢pa) =¢’a+¢a’, and so
((@a) @), (@b) (1)) = (¢’ () a(t)+ (1) d (1), ¢' (1) b(1) + (1) b (1))

=¢'(1)* (a(1), b(1)) + ¢(1) ¢'(1) (@' (1), (1)) + (a(1), b (1))
+o(0)* (d' (1), b (1)).
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The first two terms are zero; the first term is because a(¢) L b(t), and the second is because
of the first differentiation lemma. Thus

T
0> / o) (a'(1), b (1)) dt.
0

Since this is true for all nonnegative continuous ¢ that are zero in a neighborhood of zero
and T, we have (a'(1), /(1)) < 0 for almostall . [

We cannot go beyond two derivatives with these differentiation lemmas; simple coun-
terexamples are given in [243]. One of the nice features of these results for DCPs is that
they are essentially symmetric in a(¢) and b(z). However, this is not so for Vs, as we will
see.

3.4.2 Differentiation lemmas for Vls

Some, but not all, of these differentiation lemmas can be transferred to VIs. Consider the
following form of parametric VIs:

aitye K forallt, (3.38)
0< (b(t)—a(t), f(t))  forany b(t) € K for all . (3.39)

Then, if a(¢) and f(¢) form a solution of the parametric VI (3.38)-(3.39), we have the
following inequalities:

0< <W f(t)> forh > 0,
03<M,m)> forh < 0.

Provided a’(¢) exists (even if (a(t + h) — a(t))/ h converges only weakly), then

0= (a’(t), f(t)). (3.40)
Following the methods of proof of Lemma 3.3, we can show that if a € wbhr,T; X) and
feLi0,T;XY(1/p+1/g=1),0oraec H'F*0,T; X)and f € H™%(0,T; X’), solve the
parametric VI (3.38)~(3.39), then (a'(¢), f(1)) = 0 for almost all .

There are also differentiation lemmas with two derivatives for VIs: If a(z) and f(¢)
solve (3.38)—(3.39) and are both differentiable at ¢, we have

0> <a(t~|—h)—a(t) f+h)—f@)
- h ’ h

> for h # 0.
Taking limits gives
0> (d'(t), f'(1)). (3.41)
On the other hand, if a is twice differentiable at  and & # 0,
0< <a(t +h)—2at)+a(t—h)

e : f(t)>

1
= [(a(t+h)—a(@), f(O))+ (a@t —h) —a@), f(©))].
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Taking limits gives
0 <(a"(), f1). (3.42)

The formal proofs that these inequalities apply for a and f having the appropriate regularity
(for example, thata € WP (a,b; X) and fe Wi (a,b; X") satisfying (3.38)—(3.39) implies
(3.41) holds for almost all ) follow those of the previous section for CPs.

These differentiation lemmas for VIs are particularly useful for dealing with elastic
impact problems, as these are often cast as VIs to avoid dealing with the normal contact
forces on the boundary.



Chapter 4

Variations on the Theme

In most sciences one generation tears down what another has built and what
one has established another undoes. In mathematics alone each generation
adds a new story to the old structure.

Hermann Hankel

There are a number of variations on the theme of DVIs. These include, first and fore-
most, differential inclusions and maximal monotone differential inclusions. Also men-
tioned are variants on this approach: projected dynamical systems (PDSs), sweeping pro-
cesses, parabolic variational inequalities (PVIs), and other approaches based more directly
on complementarity, such as linear complementarity systems (LCSs) and convolution com-
plementarity problems (CCPs).

4.1 Differential inclusions

Differential inclusions [19, 73, 228] are a generalization of differential equations of the
form

dx
E(t) € ®(t, x(1)), x(t9) = xp. 4.1)

The function ®: [0,T] x X — P (X) is a set-valued function. In full generality, differential
inclusions do not have solutions, just as differential equations in their full generality do not
have solutions. Usually for differential equations, we require that the right-hand side func-
tion ®(#,x) be Lipschitz, or even just continuous, in x. Carathéodory’s existence theorem
(Theorem C.5) requires just continuity in x and integrability in . Some of these restrictions
are not necessary for differential inclusions. Filippov [102, 103] developed the theory of
differential inclusions for dealing with discontinuous ordinary differential equations, such
as arise with Coulomb friction. Consider the problem of a brick on a ramp considered in
Section 1.2:

d
md—lt’ — mg sinf — wmg cosOsgn(v),  v(0) = vo, 42)

101
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where we take sgn(v) = +1ifv >0, —1if v <0, and O if v = 0. As given, the differential
equation (4.2) has no solution beyond the time when v(¢+*) = 0, which will happen in finite
time for 0 < 6 < tan~! . The reason is that if v(z*) = 0, then to have v(z) > 0 for some
time ¢ > t*, there must be a time t between ¢* and ¢ where dv/dt(t) > 0 and v(t) > 0,
which contradicts the formula in (4.2). Similarly, it is not possible to have v(#) < O for
t > t*. So our only possible solution is to have v(¢) = 0 for ¢ > ¢*. However, this means
that dv/dt(t) = 0 for t > t*. This means that

0=mg sind — umg cos6sgn(0) =mg sinf # 0,

a contradiction! Thus there are no solutions after v(r*) = 0.
The remedy for this lack of existence is to extend the set of values of the right-hand
side of (4.2) to allow v(¢) = O for ¢ > ¢*. The idea is to replace

dx

- = t’ t s

ar [, x@®)
where f(z, x) is a discontinuous function of x, with

dx

T e O(r, x(1)),

where
®(t,x)= )0 f(t. x+5B),
§>0

where B is the unit ball centered on the origin: B ={y ||yl <1}, andcoA =co A is the
closure of the convex hull of A C X. The convex hull of a set A is

m m
coA=1{> 0xi| Y 6;=1,6>0 foralli,x; € A foralli t,

i=1 i=1

the set of convex combination of elements of A. This ensures that in the resulting differ-
ential inclusion dx /dt € ®(¢, x), the value of ®(¢, x) always has closed convex values. To
understand the need for the sets ®(¢, x) to be convex, we need to understand set-valued
integrals.

4.1.1 Set-valued integrals

For a set-valued function ®: [0,7] — P(R") we would like to define the set-valued inte-
gralsforO0 <a <b <T by

b b
/ d(r)dt = {/ ¢(t)dt | ¢(t) € D(¢) for allt}. 4.3)

The functions ¢: [0,T] — R” satisfying ¢(¢t) € ®(¢) for all (or almost all) ¢ is called a
selection of ®. However, there are some obstacles to using (4.3) as a definition, as the
integrals fab ¢(t)dt require that ¢ be integrable functions, which implies that the ¢ are
measurable functions in the sense of Lebesgue measure. This rather technical condition
imposes some easy-to-satisfy restrictions on ®.
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A set-valued function ®: [0,T] — P(R") is said to be measurable if for each ball
x+rB,theset{t €[0,T]| ®()N(x+r B)# @} is alLebesgue measurable subset of [0, T']
(see Section 2.1.4). Equivalently, ® is measurable if for every x € R", the distance func-
tion ¢ > d (x, ®(1)) := infyecqa() [lx — y|| is a measurable function [0,7] — R [21]. Since
functions [0, 7] — R that are nor measurable are very difficult to construct (and the con-
struction usually requires the axiom of choice), the requirement of measurability of ® is a
technical necessity but not a practical difficulty.

The measurability of ®: [0,7] — P(R") implies that & has measurable selections:
¢: [0,T] — R”", where ¢ is both a measurable function and a selection of ®. We introduce
the notation || A|| for sets A:

||A|| _ SUPgeA ||Cl|| B A 7é M,
- +00, A=40.

The set-valued function & is integrable if it is measurable and the function ¢ — || ®(¢)]| is a
Lebesgue integrable function [0, 7] — R. Note that integrability implies that the Lebesgue
measure of {¢t € [0,T]| ®(¢) =@} is zero.

The importance of integrability of ® is that this implies the existence of integrable
selections ¢, so that we then can use (4.3) as the definition of fah d(r)dt.

The connection with convexity comes through Aumann’s theorem [22].

Theorem 4.1. For any integrable set-valued function ®: [0,T] — PR") with closed val-
uesand0<a<b<T,
b b
/ O(t)dt = / cod(t)dt.
a a

Proof. (C) First note that &(r) C T (1) for all 1, so [ d(1)dr € [PToD(1)dr. Now

we show that fahﬁcb(t) dt is a closed set. Suppose that we have y,, = fab em(t)dt with
©m(t) € co D(¢) for almost all ¢ and that y,, — y in R".

The sequence ¢, satisfies ||, (¢)| < ||P(¢)| for almost all ¢, so the ¢,, are equi-
integrable. Then by the Dunford—Pettis theorem there is a weakly convergent subsequence
which we denote by ¢,, — ¢. Since the dual space LY(a,b; R"Y is L*®(a,b; R"), this
means that for any bounded integrable function &: [a,b] — R", f: (&), om) (t)dt —

fab (£(®), p(t)) dt as n — oo in the subsequence. Let E = {r € [a,b] | ¢(t) €coD(¢)}.
Then, for each ¢ € E, by the separating hyperplane theorem, there are a w(r) € R" and
a B(t) € R such that (w(z), p(t)) < B(¢) and (w(z), z) > B(¢) for all z € coP(r). With-
out loss of generality, we can ensure that ||w(?)|| = 1 and |B(?)| < SUP, e (1) Izl + lle@)Il.
By Filippov’s lemma (Lemma 2.8), we can ensure that both w(¢) and 8(¢) are measurable
functions of ¢ € E. From the bounds on w and 8 we see that (w(z), ¢(t)) — B(¢) is an inte-
grable function of 7, and [, ((w(2), gm()) — B1) di — [ (w®)T, (1)) — B(1)) dt. Now
@m(t) € TOD(1) for almost all 1 € E, so [, (w(®)T, gm(t))— B(1)) dt > 0. On the other
hand, (w(t), ¢(t)) — B(t) < 0 for almost all r € E. The only way the two integrals can be
equal is if the Lebesgue measure of E is zero. Thus ¢(¢) € co ®(¢) for almost all ¢ € [a,b],

and so ¢ is a selection of COP(¢), and y = fab @(t)dt. Hence ]abﬁcb(t)dt is closed, and
therefore [ d(1)dr C [P ToD(1)dr.
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To show the reverse inclusion, suppose we have ¢, a selection of co ®. We wish to
find a sequence ¢, of selections of ® such that f b Om(t)dt — f b @(t)dt. For each integer
m > 1, let €, = 1/m. Then, since ¢(t) € co d(¢), we can find n + 1 points ga(k)(t) € d(1),
k=1,2,...,n+ 1, and coefficients 6 (t) > 0 with Z”+1 Or(t) = 1 such that

n+1

P() =Y O (1)

k=1

< €.

By Filippov’s lemma we can assume that go ) and Ok are measurable for all k. We want to
replace the sum Z”H Ok (1) (pm)(t) by a single function @, () € ®(¢) for almost all z. We

do this by rapidly switching between the gpm) functions, allowing each go,(n) to be “on” for
a fraction of the time that approaches 6y in a suitable sense. Let w > 0 be given; this will

be interpreted as the speed of cycling through the ga,(,lf ). For each interval [r/w, (r+1)/w),

r € Z, we set Pk o = a)f(r+l)/w9 (t)dt, the average value of 6; on this interval. Note

that Z;ZJr{p] rw=1Torall r. Let Fy,, = [V+Z] ]pj F s r+ZI]‘-=1pj’r,w)/a), and let

Fr.o = Uez Firo; these are disjoint sets whose union is R. Now let ¢y, ., (1) = (p,(,f)(t)
whenever ¢ € Fy 4, or equivalently

n+1

P =Y X, (DO (1),

k=1

By Alaoglu’s theorem, there is a weak™* convergent subsequence x, , A O as w — 00 in
L*>(a,b; R). It is easily shown that for any interval [c, d], the integrals fc fj XFo () dt —
f a Ok(t)dt as w — oo, so the weak* limit of any convergent subsequence is O. Since
oW € L'(a,b; R") and L™(a,b; R) = L' (a,b; RY, [* xr, (oW (1) dt — [P 6u(t)p (1) d1

as w — 00.
Choose w = w,; sufficiently large so that ||f XFro (1) oW @yar -/, b0 (o) dt || < .
This gives the selection ¢, = ¢y ,, of ®. Finally,

b b
/fﬂ(t)dt—/ em(1)dt

pn+l

b
[ owdi= [y aoePwar

k=1

=

n+1
3

< em(b—a)+(n+ ey,

/ O o (1) dt — / X (D@ (1) dt

Taking m — oo we see that fab om(t)dt — ]ab @(t)dt, so that ]abﬁcb(t)dt - fah D(t)dt.
With both inclusions shown, f:ﬁcb(t)dt = fab d()de. 0O



4.1. Differential inclusions 105

4.1.2 Integral and differential definitions of solutions to differential
inclusions

This definition of integrals of set-valued functions enables us to give a pair of equivalent
conditions for solutions of differential inclusions dx /dt € ®(t, x).

Definition 4.2. A solution of the differential inclusion on [0,T],

dx

— e d(t,x) CR",

7 (1, x) <
is an absolutely continuous function x: [0,T] — X where x is an absolutely continuous
Sfunction where dx /dt(t) € ®(t, x(t)) for almost all t. Equivalently, for all t| < t in [0,T],

1
x(tz)ex(t1)+/2¢>(r,x(r))dt. “4.4)

3|

Note that we cannot use
t
x(t) € x(0) —i—/ O(t, x(1))dt for all ¢ 4.5)
0

in the definition. The inclusion (4.5) is implied by (4.4), but the converse is false. For exam-
ple, take ®(z, x) = [—1, +1] so that solutions are simply functions R — R with Lipschitz
constant one. But the functions satisfying (4.5) are all functions satisfying |x(¢) —x(0)| <t.

Definition 4.2 can be extended to differential inclusions in a Banach space X, pro-
vided X has the RNP. This property ensures that absolute continuity implies differentia-
bility almost everywhere. Note that reflexive spaces such as Hilbert spaces automatically
have the RNP.

4.1.3 Existence of solutions to differential inclusions

There is another condition that is needed for solutions to exist for a differential inclusion:
a “no-blow-up” condition that prevents solutions going to infinity in finite time. One way
of ensuring this for ordinary differential equations dx /dt = f(t, x) € R” is to impose the
condition that (x, f(#,x)) < C (1 + [lx||%) for all x. Then

d N [dx

= (Il )—2< ~ (r>,x<r>>
=2(f(t, x(1), x(1)
<20 (14 x01).

Thus ||x(?)|| < \/eza (x> +1) =1 < 1+ |x(0)|| for £ > 0.
The same idea can be used to prevent blowup for differential inclusions:

(y,x) <C (1 + ||x||2) for all x and y € d(t, x). (4.6)
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We will use a stronger condition for the following proof:
@@, )l =C@OHA+lx])  forallz,x 4.7)

with C(-) an integrable function. This condition along with upper semicontinuity of ® and
the values ®(¢, x) having closed convex values is enough to show existence of solutions to
the differential inclusion dx /dt € ®(¢, x), x(t9) = xo, at least in finite dimensions.

Theorem 4.3. Suppose that ®: [0,T] x R" — P(R™) has the following properties:

1. ®(t, ) is upper semicontinuous for all t;
2. 1P, x)|l < C(t)(1 4+ ||x]||) for all x, where C is an integrable function;

3. the values ®(t, x) are closed convex sets for all t and x.
Then the differential inclusion dx /dt € ®(t, x), x(ty) = xo has a solution x(t) for all t > t.

Proof. The method of proof is via a variation of Euler’s method for numerical solution of
ordinary differential equations and is close to the proof of convergence by Taubert [258].
Choose h > 0 as the “step size” of the method. We can then construct a sequence of
functions x”(¢) which we will show has a limit point; any limit point of this sequence turns
out to be a solution of the differential inclusion. Note that assumptions 1 and 2 together
imply that ®(-, x) is an integrable set-valued function for all x.

The construction of x"(z) proceeds inductively. We have x(#p) = xo as the initial
condition. Then we can pick an integrable selection ¢y of ®(-, x(#p)) on [fy, t;) where
t1 =ty+h. Let

t
xh(t)=X(to)+/ po(r)dr,  fo=t=n.

fo

This gives x"(¢1). In general, let f;, = 1o+ kh. Suppose that we have constructed x” (z) for
to <t < t;.. We want to then construct xh(t) for ty <t <ty consistently with the previous
construction. Pick an integrable selection ¢y of ¢t > ®(z, x"(;)) and set

t
xh(t)=x”(tk)+/ o(D)dr, 4 <t <t

73

We can bound |x" ()| since dx" /di(t) € ®(t, x" (1)) for ty <t <t41. Thus |[dx"/dt(t)|| <
C(t)(1+ |x"(®)|) for t <t < trywith C(¢) an integrable function. Thus

x| < || + f " ey (14" aw)])-

173
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If we let ng = 1+ [[x" (%)

, then mgq1 < (1 —i—f;{"“ C()dT)n for all k. Thus

k=1 Ij+1
e <no [ ] 1+/ C(r)dr
t

j=0 J

k=l ety
< 1o exp Z/ C(t)drt
j=0"1

Tk

§(1+|IX(to)||)eXP< f C(T)dt).
Iy

Since ||xh(t)|| < k41 for all tx <t < tx4+1, we have a bound on x"(r) for all + > 1o that is
independent of 2 > 0. On any finite interval [z, r*] we have

[ ®)] =+ ho exp ( / ' c<r>dr) .
0]

Furthermore, the x" are uniformly absolutely continuous on [z, t*] since

xh(t)H>.

Thus the family of functions is equicontinuous on [fg, #*]. Then we can apply the theorem
of Arzela and Ascoli to show that there is a uniformly convergent subsequence x” — X as
h | 0 in this subsequence.

We wish to show that X is a solution of the differential inclusion. This amounts to
showing that

deh /d;(r)H <Cw) (1 + max

to<t<t

t
x(t) € f(s)—i—/ ®(1,x(1))dT foralltg <s <t
N

h

and that X(f) = xo. Let X (t) = x"(;) for ty <t < 41, so that

t
x"@) e xh(s)—i—/ o(r, (1) dr forall s < ¢.

N

As h | 0, maxy <, < H)?h(t) — xh(t)” — 0 in the subsequence since x" are uniformly ab-

solutely continuous and hence uniformly continuous. Also, X is absolutely continuous
since it is the uniform limit of a sequence of functions which are uniformly absolutely
continuous as & | 0. Now dx”/dt is a selection of ¢ — ®(¢, X" (r)). For every € > 0
and 1 € [tg, t*] there is a p(r) > 0 such that ®(r, X(¢) + p(t)B) C ®(z, x(¢)) + ¢ B. By Fil-
ippov’s lemma we can assume that § is a measurable function. Thus, for almost all ¢,
dist(dxh /dt(t), ®(t,%x(t)) +€B) — 0 as h | 0 in the subsequence. Since the functions
dx" /dt are equi-integrable, by the Dunford—Pettis theorem, there is a further subsequence
in which dxh/dt converges weakly in L(to, r*; R") to a limit @ as h | 0. Since ®(z, x) is
a closed convex set for all # and x, we can use the separating hyperplane theorem to show
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that §(1) € ®(¢,X(t)) + € B for almost all 7. Also [ dx"/dt(v)dt — ['@(r)drash | Oin
the further subsequence. Thus

t
x(1) ef(s)+/ [®(r,X(1))+€B]dr.

Since this is true for every € > 0 and 0 < s < ¢, we see that X solves the differential inclu-
sion, as desired. 0O

Condition 2 of Theorem 4.3 can be replaced by the following two weaker conditions:
for any R > 0, suppose that

o ||D(t, x)|| <kpg(¢) forall ¢ and ||x|| < R, where kp, is integrable, and
o (y,x) <C@)(1+x[?) forall y € ®(t, x), where C(-) is integrable.

The existence of solutions can be shown for these weaker conditions by applying Theo-
rem 4.3 to the modified differential inclusion

dxp
o € &(t, M5 (xR)), x(fo) = xo.

This is possible because ||®(z, x)|| < kg(¢) for all ¢+ and ||x|| < R with kg integrable.
Because of the bound (y,x) < C()(1+|lx]|?) for all y € ®(z,x), it can be shown that
lxr@®] <1 ~|—exp(ftg C(v)dt) |Ixoll, independently of R. Thus, for sufficiently large
R >0, |lxr@®)| < Rforallz € [ty, t*], and so dxg/dt(t) € ®(¢, xg(¢)), and we have solved
the differential inclusion on [#g, £*].

Proving uniqueness of solutions requires some extra conditions. Even for ordinary
differential equations, continuity of the right-hand side does not guarantee uniqueness:

d_x = y/max(x,0), x(0)=0 (4.8)

dt

has the solutions x(¢) =0 for all ¢, x(t) = }th for all 7, and for any t* > 0, x(¢) = 0 for t <¢*
and x(¢) = % (t — t*)* fort > t*. Failure of uniqueness is usually blamed on the lack of Lip-
schitz continuity of the function x — +/max(x,0) at zero. This effect, though, is the result
of an extreme instability of the differential equation (4.8) at x = 0: d/dx (v/max(x,0)) =
%x‘l/z forx > 0,sothatasx | 0,d/dx («/max(x,O)) — 400, indicating extreme instabil-
ity. On the other hand, the differential equation dx /dt = —+/max(x,0) does have unique
solutions: here d/dx (—«/max(x,O)) — —oo as x | 0. Again, Lipschitz continuity fails at
x =0, but the differential equation is extremely stable. It is so stable, in fact, that solutions
reach x(¢#) = 0 in finite time, rather than just lim,_, o x(¢) = 0.

This distinction between stability and instability is the key idea behind the idea of
one-sided Lipschitz continuity for differential inclusions: there is a one-sided Lipschitz
constant L such that

(y1 —y2.x1—x2) < L |x1 —x2? (4.9)
for all y; € ®(z, x1), y2 € ®(¢, x2).
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Then, if we have two solutions x(¢) and x(¢) of dx/dt € ®(t, x),

d 2 d.X] de(t)
EHXI(I)—XZ(I)H _2<W(I)_ PTE

<2L [lx1(6) — x2(0)I>.

x1(1) —X2(t)>

Then, by means of Gronwall’s lemma,
Ix1(£) = x2(0)]| < ™70 ||x1(20) — x2(t0) -

If x1(#9) = x2(t0) = x¢, then x1(t) = x2(¢) for all r > #9. Note that one-sided Lipschitz
continuity not only ensures uniqueness of solutions but also ensures Lipschitz continuity
of the solutions in terms of the initial conditions x.

Examples of one-sided Lipschitz continuous set-valued functions include s —
—Sgn(s) as defined in (2.18), with L = 0. Thus the differential inclusion for a brick on
a ramp with Coulomb friction (4.2) has unique solutions.

Note that uniqueness and Lipschitz continuity of the solution in terms of the initial
conditions still hold if the one-sided condition is modified to allow the one-sided Lipschitz
constant to depend on #:

(V1= y2, x1 —x2) < L(t) lx1 — x21?
for all y; € (1, x1), y2 € ®(t, x2),

where L(¢) is an integrable function of . The bound on ||x1(#) — x2(¢)|| should then read as

t
llx1(1) — x2(2)Il < exp </ L(f)dt> llx1(20) — x2(10) | -
fo

This idea of one-sided Lipschitz continuity can be extended to infinite dimensions and
unbounded operators by the theory of maximal monotone operators.
4.1.4 Comparison with DVIs

DVIs can be represented as differential inclusions. A simple way is to define the set of
solutions of the VI

uek & 0=<{@—u, F(t,x(t),u)) forall € K

as sol(F'(t, x(t),-), K). Then we can write the DVI (3.1)—(3.3) as the differential inclusion

Z—j(r) € f(t, x(t), sol(F(t, x(t),-), K)), x(tg) = xo. (4.10)

Often the reverse is true, but this usually requires some structure on the differential inclu-
sion. In practice this is almost always available, but it is also possible to construct “wild”
differential inclusions which cannot be reformulated as DVIs.

For example, consider the class of piecewise smooth problems [235, 236]

dx
E(I) = fi(t, x(1)), 4.11)
where h;(x(¢)) < min & (x(t)).
JijF#
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We assume that all functions involved are smooth and that i ranges over {1, 2, ..., m}. Let
the index set I(x) := {i | h;j(x) =minj h(x) } # @. We also assume { Vh;(x) |i € I(x)}is
an affinely independent set for all x; that is, the affine space generated by { Vh;(x) | i € I(x)}
is not generated by any strict subset. This is equivalent to saying that

{Vhi(x) = Vhp(x) i € I)\{p}}

is a linearly independent set for some p € (¢, x). The choice of p € I(x) makes no differ-
ence to the condition: any p is as good as any other. Let R; = {x | hi(x) < minj.j-; h;(x) };
then I(x) = {i =1,2,....m|x EE}

We use the Filippov reformulation as a differential inclusion:

fl—f(t) eco{fitt,x(@))|ielx)}. (4.12)

This can be represented as a DVI: Let X, C R™ be the unit simplex
m

Spi=10€R" [ =0fori=1,2,...,m Y 6i=1¢.
i=1

Then (4.12) can be represented as

dx “
E(I)=;9i(t)fi(t,xa)), (4.13)
0(t) € S, (4.14)
0<(@—-00) hx(r))  forall§ € =, (4.15)

where A(x) = [h1(x), ha(x), ..., b ()]

To see that these are equivalent, note that (4.14)-(4.15) is equivalent to 6 = 6(¢t)
minimizing Z;"zl 0; hi(x(t)) over 6 € X,,: thus (4.14)—(4.15) implies 0;(¢t) =0 if h; (x(¢)) >
min; & j(x(t)), and so

D 0i) filt, x(1)) € co { fi(t, x(1) | i € I(x)}.

i=1

Conversely, any element of co { f;(¢, x(¢)) | i € I(x)} can be represented as

> 60 fit, x (1)),

i=1

where 6(¢) satisfies (4.14)—(4.15).

Other kinds of differential inclusions can arise naturally, such as in modeling Coulomb
friction forces in three dimensions. If the normal contact force N(¢) is known (or can be
computed in terms of the state vector x(¢)), then Coulomb’s friction law means that the fric-
tion force F(¢) must be in the direction —vyy;p(¢)/ H Uslip(t) H with magnitude pu N(¢) if the
slip velocity vy, (1) # 0. If the slip velocity vg;p(¢) = 0, then F(¢) can be any vector inside
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a closed ball centered at the origin with radius u N(¢). Writing x(¢) = [¢()T, v(t)T]7 for
the state vector, with ¢(¢) the configuration of the system and v(¢) a representation of the
velocities, and the slip velocity given by vy;,(¢) = H(q(2)) v(¢), the differential equation
for a mechanical system has the form

d

M(é](t))d—l;(t) € k(g(0), v(t)) — w N(0) H(q(t)" d¢(H (q(1)) v(1)),
dg .
E(I) = G(q@)v(@),

where M(q) is the mass matrix, k(q,v) contains all noncontact forces, and ¢(vyp) =
|| Vslip || Since ¢ is convex, “w € d¢(z)” is equivalent to the VI of the second kind

0<¢(2)— () — (w,7—72) for all Z.

This in turn is equivalent to a VI of the first kind, and so we can represent the differential
inclusion for this friction problem as a DVL.

4.2 Maximal monotone operators and differential
inclusions

The negative of a maximal monotone operator can be used as the right-hand side for dif-
ferential inclusions. This not only extends Theorem 4.3 on the existence of solutions to
differential inclusions, but the solutions have some important properties, such as unique-
ness for given initial conditions.

Since the domain of a maximal monotone operator does not have to be the whole
Hilbert space, this approach can be used to show the existence of solutions for differential
equations involving unbounded operators such as the heat equation

g2, (4.16)
ot
This approach can also allow us to incorporate other conditions such as u(z,x) > ¢(x) for
all # and x € €2, although there are some complications in doing this.

In the particular case of the negative Laplacian operator —V?2, we take ¢: H'(Q) —
R given by ¢(u) = % f o IVu(x) % dx as the convex lower semicontinuous and proper func-
tion: —V2u = Ve(u) and d¢(u) = {Vp(u)} in H'(Q)'.

4.2.1 Theory of maximal monotone differential inclusions

We first consider the differential inclusion
du
0e I + ®d(u), u(0) = uo, 4.17)

where @ is a maximal monotone operator X — P(X’) for a Hilbert space where we can
identify X and X’; that is, we take Jy = I. In the context of a Gelfand triple V C H =
H' CcV/,weneed ®: H— P(H). (If X’ is not identified with X, these results can be used
to show the existence and properties of the differential inclusion O € Jy (du/dt) + ®(u).)
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Theorem 4.4. If ®: X — P(X') = P(X) is a maximal monotone operator for a Hilbert
space X identified with X', then solutions exist for the differential inclusion

d
0e d—': +Ow),  u(0)=up e domd.

Furthermore, the solution satisfies the following properties:
1. u(t) e dom® forallt > 0;
2. u is Lipschitz on [0,00) with ||du/dt(t)| < || dJO(uo)H for almost all t > 0;

3. dtu/dt(t) + dOu(r)) = Oforallt > 0;

4. the map t — ®0u(r)) is continuous from the right, and H ©O(u(t))H is a nonincreas-
ing function of t; hence also ||du/dt(t)|| is a decreasing function of t;

5. if u(t) and u(t) are solutions of 0 € du/dt + ®(u) with (possibly) different initial
conditions, then |u(t) —u(t)| < ||u(0) —u(0)].

Before we give the proof of this, consider a differential inclusion with a maximal
monotone operator:

d
0e d—”t‘ +Sen(u)+e,  u(0)=uo.

If ug > 0, then for an initial interval du/dt = —1 —c. If |c| < 1, then u(t) = ug — (1 + ¢)t.
In a finite time t* = ug/(1 4 c) we have u(r*) = 0. But for ¢ > ¢* with |c| < 1 the only
possible solution is u(t) = 0. Clearly du/dt(t) exists only for almost all ¢, but the one-
sided derivative d"u /dt(t) does exist for all t.

Many of the properties mentioned in the theorem above are clearly on display: du/dt
is a nonincreasing function of #; the minimum norm point Sgn(u(#)) + ¢ is continuous from
the right in 7.

Proof. We show item 5 first: if # and @ are any two solutions of 0 € du/dt + W (u) for a
monotone WV,

i|| () —a)1* = 2{u(r) —u(r) d—”(t)—d—ﬁ(t) <0
ar " =\ w0 dt -

50 [lu(t) —u®)| < llu(0) —u(0)l.
Now we show existence of solutions via Yosida approximations (2.57): let

duA
0=—=4®u(u), 13(0) = up.
dt
Since @, are Lipschitz, these differential equations have solutions u, (¢) for + > 0. We
show that the u; form a Cauchy sequence as A | 0. First we prove that ||du, /dt(t)] is
a decreasing function of ¢. Recall that ®,(u) = (u — R, (u)) /1, and R, is Lipschitz of
constant one. Then

dlft)L

1
7(t) = Y (up — Ry(un)).
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Using the variation-of-parameters formula for 7 > s,

1 t
)= ) / eI R, (uy (1)) d,

S
1 t
un(t +h) = e_(t_s)/kux(s-i-h)-i-x / e U= R, (us(t + h))dt
S

since the equation is autonomous. Subtracting and taking norms give

llua(t 4+ h) — ua (O < e lu (s + 1) — us(s)l

l t
2 / 0O uy (x4 1) — (0l dt
S
since R, is Lipschitz with constant one. By means of a Gronwall lemma (e.g., Lemma C.3),

(2 +h) —usn ()|l < n(r), where

l t
n(t) = e (s) + < / e =/ y(1)dr,

N

n(s) = llua(s +h) —u(s)|.

Simple calculations show that n(¢) = n(s) for all ¢+ > s. Thus we have ||u)(t +h) — u,(t)||
<|lu)(s +h) —uy(s)| forall # > 0. Dividing by & > 0 and taking & — 0 give ||du, /dt(?)| <
ldu, /dt(s)|| whenever t > s > 0 and both derivatives exist. But since u,is the solu-
tion of a Lipschitz differential equation, du, /dt exists everywhere. So ||, (u)(®))|| =
ldus /dr(o)]| < lldus /di(O)] = | ®3 (o)l < | o) |-

Now to show that the sequence is a Cauchy sequence consider A, u > 0 and the
difference between the corresponding differential equations:

du; du
0= W - d—M + O (un) — p,(up,)-
Taking inner products with u —u,, gives
1d
0= H”/\ ”MH (P un) = Py, us, —up).

Note that
Uy —uy = (MA - RA(”A)) + (RA(”A) - R,lL(ulL)) + (RM(MM) - ”u)
= APy (up) + Ra(uyp) — Rp,(up,) - ,uq),u(up,)-

Since ®;(u;) € ®(Ry(u;)) and &, (u,) € ®(R,(uy)), by monotonicity of ¢ we have
(©(un) — Pulup), Ru(ur) — Ru(uy)) = 0. So

(@) — @pulup), up — uy)
> (@3(u3) — P puuy), A1) — )
> AP u)l + i | ()| * = Ot i) @2 || @10ty |
> 1D )2 + 1 D))

k
s (||<I>A<ux)|| + @)

[A—
2

- % ||¢’A(MA)|| + T ” q’u(”u)H z - H qDO(uO)Hz'
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Hence

% [[us —uﬂHz <[A—pul HQO(MO)‘ 2,

and since ;.(0) = u,,(0) = uo, ||us(t) — un (|| < (12— ul)'/?||@°uo) . So the family u;
converges uniformly on bounded sets with limit u(¢), where

lux(0) = w@] = ) | @0(ao) |
Also R (u;) — u uniformly as X | O since
1Ry @x(0) = w0l = 21 @) = 2] @00 .

Since [|@x(u ()]l < [ @°uo)|. taking A | 0, u(r) € dom® (which shows item 1), as
the graph of & is closed. Since @, (u)(¢)) € O(R) (ux(t)) and R; (u,(t)) — u(t), then
the limit of @, (u)(¢)) as A | 0 is in ®(u(¢r)). The bounds on [P, (u,(¢))| then imply
| @°@u()]|| < || @°(uo)||. Repeating this argument with initial condition 7(0) = u(fy) shows
that || dDO(u(t))” < H ¢>0(u(to))H forall r > tg. Thus t — H CDO(u(t))” is a nonincreasing func-
tion (which is the second part of item 4).

Since the u; are uniformly Lipschitz as A | 0 so that the limit is also Lipschitz, with
constant || ©O(MO)H, then ||du, /dt| jo < H ®%up)||, which is item 2. Thus there is a weakly
converging subsequence duy /dt — w in L*(0,T; X); by standard methods w = du/dr.
Since lim;, o @, (ux(?)) = ®(u(r))? € ®(u(r)), by item 1 in Lemma 2.24 0 € du/dt(1) +
®(u(t)) for almost all ¢.

To show continuity from the right of 7 — ®O(u(r)), we show this holds at 7 = 0. So
consider a sequence f, | 0 as n — 00. Since ®Ou(t,)) is uniformly bounded, by Alaoglu’s
theorem there is a weakly convergent subsequence (also denoted by ®°(u(1,))) with weak
limit y. By Mazur’s lemma, ||y| < H <I>0(u(0))}|. Because @ has a strong x weak closed
graph, y € ®u(0)) so y = ®°(u(0)). Since this is the only possible limit, ®°(u(z,)) —
®O(u(0)) as n — oo. Since || @°(u(ty))|| — ||@°w(0))| as n — oo, combined with weak
convergence, we have strong convergence: ®O(u(t,)) - ®°u(0)) as n — oo. This shows
the first part of item 4.

Finally, continuity from the right for ¢t — ®O%u(r)) and 0 = du/dt(t)+ ®Ou(r)) for
almost all 7 (from 0 € du/dt(t)+ ®(u(t)) and ||du /dt(1)|| < | ®O(u(t))| whenever du/d1(t)

exists) shows that (u(t +h) —u(t))/h = —(l/h)ftﬂrh ®%u(1))dt, and taking i | O gives
0=d%u/dt(t)+ ®°u(r)) for all t > 0. This shows item 3. 0O

These results, though remarkable, are still somewhat restrictive. However, they are
easily extended to handle combinations of maximal monotone and external functions. First
we show that solutions exist for f(¢) € du/dt + ®(u), u(0) = ug for f € LY(0,T; X), and
not just for ug € dom @ but also for ug € dom ®. We start with a lemma following Brézis’
path.
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Lemma 4.5. Suppose that u and v are solutions of the following differential inclusions,
where ®: X — P(X) is maximal monotone with X' identified with X :

du
f)e 7 + ®(u),
ne® i
g()EE-i- (v).

Assume that f and g are in LI(O,T; X). ThenforO<s <t <T

t
lu(®) — v < lluls) — v(s)ll +/ If()—g@ldr.
)
Proof. We use the basic inequality for almost all 7,

Ly vy P = <d—”<r> ~ L - v(t)>
2dt dt dt
< (f@)—g@®), u(®) —v())
<If@®—g®Oll lu@) —v@®,
so that (d/dt) ||lu(t) —v(@®)|| < || f(¢) — g(?)|. Integrating gives our result. O

To show the existence of solutions for f(¢) € du/dt + ®(u), u(0) = uo, we take limits
from functions f, where solutions do exist (by Theorem 4.4) to any given f € L'(0,T; X),
and use Lemma 4.5 to show that the convergence is uniform.

Corollary 4.6. If f € L'(0,T; X) and ®: X — P(X) is maximal monotone with X' iden-
tified with X, then solutions exist and are unique for

f@) e Z—I:—i—cb(u), u(0) =ug € dom ®.

Proof. First solutions exist for piecewise constant f and ug € dom ®. Consider a sequence
O=1r <t <---and f(t) = f; fort € [¢;, tj+1). On each interval [#;, t;11] the differential
inclusion becomes

du
O0e E"‘q)(”)_fi, u(ti) = u;,

where u; = u(¢;) is obtained from the solution on the previous interval [t;_1, ¢;]. So, for a
given f € L'(0,T; X) and ug € dom @, consider a sequence f; of piecewise constant func-
tions that converges to f in LY(0,T; X) and uox — uo with upx € dom®. By Lemma4.5,
the solutions uy to

d
filt) € % F ), ur(0) = ugo

satisfy

t
k() — ()]l < Juro — uro] + /0 | fe) — fi(o)l d.
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so that uy is a Cauchy sequence in space of continuous functions C(0,7'; X). Thus u; — u
uniformly as k — oo. Then, as the graph of ® is closed, for every s <z,

t
u(t)— u(s) € / [£(0) = ®u(r)] dr.
and so u is absolutely continuous and
€ L0+ o)
f (S E =+ u

for almost all ¢, and u(0) = ug. Uniqueness (and continuous dependence on ug € dom @)
follows from Lemma 4.5. 0O

The stronger properties about the one-sided derivatives d+u/dt + ®%(u) = 0 for the
differential inclusion without f do not hold for all 7, but the modification

d+
0= d—t“(t) + (P(u(r) — f+(f))0

holds for all ¢, where f+(¢) = limhw(l/h)ft”rh f(r)dr exists. If X is a separable Hilbert
space, then almost all 7 is a Lebesgue point for f.

We can extend the above theory to allow f(#,u) as long as f(¢,u) is Lipschitz in u.
Suppose that f: [0,7] x X — X is a function where u — f(¢, u) is a Lipschitz function
with constant L(¢) for all # with L an integrable function, ¢ — f(#,u) measurable, and
f(t,u) bounded by || f(¢,u)|| < k(t)+ L(¢)||u|]| with both k and L integrable. Then the
differential inclusion

ftu@) e % +®w),  u(0)=uy € domd (4.18)

has unique solutions for maximal monotone ®. To see this, we consider a Picard-type
iteration: given uy € C(0,T; X), let ux41 be the solution of

1
t* FO(upr1),  urs1(0) = up.

This can be thought of in terms of the operator G: C(0,7T; X) — C(0,T; X) given by Gv,
which is the solution of

f(tur(0) €

duy
d

du
f(t,v()) e a + &(u), u(0) = ug.

Now @ is a Lipschitz operator with Lipschitz constant fOT L(t)dt since [|[Gv — Gwllc(o,r: x)
= maxo</<7 [|Gv(t) — Gw(?)||, and by Lemma 4.5,

1
IGv() — Guw®)|| 5/0 If(z, v(0) = f(z, w(r))ll d7

t
< /0 L) [[o(t) — w(D)| d

1
< (/(; L(‘L’)d‘[) lv—wlco.r:x)-
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Thus if T > 0 is chosen sufficiently small so that fOT L(t)dt < 1, G is a contraction map,
and so by the contraction mapping theorem there is a unique fixed point u € C(0,T’; X),
which solves

du
f(tu()) e I + & (u), u(0) = ugp.

Once a solution is obtained on [0, 7], the above result can be used to show the existence of
a unique solution on [T, 2T], and then on [2T, 3T], etc. Thus a unique solution exists for
this variant for all > 0.

4.2.2 Maximal monotone operators and Gelfand triples

Often we have a situation in which we have a Gelfand triple of Hilbert spaces X C H =
H'’ C X’ with a maximal monotone operator ®: X — P(X’). To apply the above theory
we need a maximal monotone operator W: H — H = H'. It is tempting to simply define

] dw)NH ifueX,
Cu) = { ] ifueX. (4.19)

This might or might not be a maximal monotone operator.

As a simple example, consider the operator ®: H'(—1,+1) — P(H~ (=1, +1))
given by ®(f) = {f(0)8}, where § is the Dirac-6 function. This is well defined, since by
the Sobolev imbedding theorem every function in H'(—1, 4+1) is continuous. It is maximal
monotone, as it is the gradient of the smooth convex function ¢: H 1(— 1,+1) — R given
by ¢(f) = %f(O)Z. However, if we take H = L2(—1, 41), then, as Dirac-8 functions do
not belong to H, ®(f)N H is empty unless f(0) = 0. Thus ®(f) = {0}if f € H'(—1,+1)
and f(0) =0, and ®(f) = ¢ otherwise. This means that ® is not maximal monotone: it
can be strictly extended to form the zero function on H.

However, there are easily checked cases in which @ g is also maximal monotone.

Lemma 4.7. Suppose that ®: X — P(X’) is a maximal monotone operator in a Gelfand
triple of Hilbert spaces X € H = H' C X', and that there is an a > 0 such that ® —
aJx is monotone, where Jx : X — X' is the usual duality operator. Then ® g is maximal
monotone H — P(H).

First we need an extra lemma.

Lemma 4.8. [f V: X — P(X) is maximal monotone and strongly monotone in that there
is an > 0 such that if ¢ € V(z), £ € W(x), then

(C—&z—x)>nlz—xl%,

then for any Y : X — X' Lipschitz with Lipschitz constant less than or equal to n, ¥ +
Y: X — P(X') is also maximal monotone.

Proof. We wish to show that for any 8 > 0, the operator 8Jx +W¥ + Y is onto X’. So
consider the problem of solving B Jx(x)+ ¥(x)+ Y(x) > y for any given y € X’ and
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B > 0. This can be rewritten as x + (8 Jx +¥)~ ' Y(x) = (BJx + w)~! (y). This can be
solved by an iterative method:

Xiep1 = (BIx +O) () = (BIx + W) T ().

Now (8Jx 4+ W)~' T is a single-valued Lipschitz operator with Lipschitz constant Ly /
(B+n) < 1 where L~ is the Lipschitz constant for Y. Applying the contraction mapping
principle shows that there is indeed a unique solution. [

Now we can continue with the proof of Lemma 4.7.

Proof. From Lemma 4.8 it can be shown that ® — o Jx is maximal monotone. Our task is
to show that for any y > 0, yI + &g is surjective, where /: H — H is the identity map;
this map can be identified with the inclusion map X € H = H' € X’ on X. Now, for any
y > 0, yI + @ is maximal monotone, since / is both Lipschitz and monotone. (We can
repeatedly apply Lemma 4.8.) Furthermore, yI + ®: X — P(X’) is strongly monotone
with constant greater than or equal to &. Thus y I —aJx + ®: X — P(X’) is also maximal
monotone. Thus yI +® =aJx + (yI —aJx + ®)isonto X'. Forany y e H=H' C X/,
there is an x € X such that y € y x + ®(x). Since x € X € H, y — yx € ®(x) and since
y—yx € H, we have y —yx € ®g(x). Thus y € (yI+ ®p)(x) for some x € X. This
means that y I + &y is onto H, and so @y : H — P(H) is a maximal monotone operator
onH. O

As we see in the next section, maximal monotone operators in Gelfand triples can be
used to show the existence and uniqueness of solutions to obstacle problems.

4.2.3 Application to the heat equation and obstacle problems

To see how we can use this for partial differential equations and related problems, consider
again the heat equation with Dirichlet boundary conditions:

0
8_1: = V2u, u(t,x) =up(x) for all x € €2,

u(t,x)=0 forall x € 092,

where € is a bounded open set in R¢. Finding the right function spaces in which to set up
this problem is not a trivial issue. For u in practically any function space worth considering,
V2u can be defined in the sense of distributions. However, this does not allow us to infer
the existence of solutions. A natural modern approach is to use Gelfand triples: we look
for solutions in the Sobolev space HOI(Q), the space of functions u € L*(Q2) where the
distributional gradient Vu € L%(2), and the restriction (or, more accurately, the trace of u)
to the boundary 92 is zero. Thanks to the divergence theorem,

f (x) (—Vzu(x)) dx =—/ v(x)a—u(x)dS(x)~|—/ Vo(x)- Vu(x)dx
Q 90 an Q

= / Vu(x)-Vu(x)dx (if v=00n9dR)
Q
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is defined whenever u, v € HOI(Q). By duality, then, we can think of —v2: HOI(Q) —
HOI(Q)/ . The Gelfand triple we can use is then

Hi(R) C LY(Q) = LX(Q) C Hi(Q).

This identifies a function f € L2(2) with the functional g fQ f(x)g(x)dx.

However, this does not allow us to identify HOI(Q) with Hol(Q)’, as the natural iso-
morphism J : H}(Q) — Hj() is given by w > w — VZw.

If we wish to deal with the heat equation within the framework of maximal monotone
operators, we need to use L2(2) as our Hilbert space. In this space, —V? is the subdiffer-
ential of the proper lower semicontinuous convex function

S(f) = { Jo IVl dx,  f € Hy(S),

+00 otherwise.

Then we have unique solutions to the differential inclusion
du
0e M +0¢(u), u(0,x) = uo(x)

not only for ug € domd¢ = {w € L*(Q) | V2w € L*(Q)} but also for up € domdg =
L?(Q2)! That's right; we do not even need ug € HOI(Q) for solutions to exist. It is enough
for ug to be in L2().4
Now let us consider incorporating a constraint that u(z,x) satisfy u(z,x) > ¢(x) for
all x € Q. This kind of problem is known as an obstacle problem in the partial differential
equations community. What should happen if u(¢,x) = ¢(x) to prevent u(z,x) < ¢(x) from
happening? We will assume that there should be some restoring quantity in the differential
equation that prevents u(z,x) < ¢(x): call it w(¢,x). If u(¢t,x) > ¢(x), we should take
w(t,x) = 0 so that the heat equation applies. If u(¢,x) = ¢(x), we should take w(z,x) > 0
so as to “push” the solution away from u(z,x) < ¢(x). So our system of conditions becomes
ou

o= VZu —w(t,x), u(0,x)=ug(x)  forx eg,

0>w(t,x) Lu(t,x)—ekx)=0 for x € Q.

This is a complementarity formulation of a parabolic obstacle problem. To turn this into
a maximal monotone differential inclusion, we need to construct a closed convex set K =
{z € Hj(Q) | z(x) = p(x) for all x € Q}. Provided ¢(x) <0 on dQ and ¢ € H'(Q), K is

a nonempty closed convex set in H(} (£2). Now, considering K C HOI(Q),
N (1) = [w € HI(Q)' | w < 0and w(x) (u(x) — p(x)) = 0 for all x € 2 }

Now Nk (u) =01k (u), where I : HOI(SZ) — RU{oo0} is the indicator function for K. Then
¢ + Ik is a proper convex lower semicontinuous function on H(} (2). However, what we

4Harmonic analysts go beyond even this level of regularity to consider ug € L!(S2) or even measures.
Much of this work requires the maximum principle for the heat equation, while the maximal monotone
operator approach does not require it, making the maximal monotone approach more appropriate for systems
of partial differential equations.
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really need is a proper convex lower semicontinuous function on L2(£2). The obvious way
to do this is to set
pu)+ Ix(u) ifu € Hy(Q),

+00 otherwise.

V)= {

This is clearly a convex function (since ¢, Ix are convex, and H(} (2) is a convex sub-
set of L2(£2)) and proper (since ¥ (¢4) = ¢(p4) < 0o, where ¢, (x) = max(¢p(x), 0) for
(NS HOI(SZ)). The harder part is to show that v is lower semicontinuous. So suppose that
ur — u in L3(R2), and that limsupy_, oo ¥(ur) < oo. (If limsup;_, o, ¥(ug) = oo, there is
nothing to prove.) This means that for sufficiently large &, u; are bounded in H (). Ig-
normg the finite set of uy ¢ H (2), let |lug ||H1(Q) < C for all k. Since the uy are bounded
in H (2), there is a weakly convergent subsequence uy — % in H (€2). Since H ()
is compactly embedded into L2(2), ux — @ in L%($2) in a suitable subsequence, there-
forew =u. Thus u € HOI(Q). Also, since uy — u weakly in HOI(Q), by Mazur’s lemma
Y(u) =¢w)+ Ix () <limsup;_, o, ¢(ur)+ Ix (ur) =limsup,_, o, ¥ (ux). Thus ¢ is lower
semicontinuous.

This means that our obstacle problem can be treated as a maximal monotone differ-
ential inclusion

Oe %+8W(u), u(0) = uo € domay.

Note that the closure of the dom v is taken in L2(£2). This means that we can take uq to be
any function in L2(2) where ug > ¢. Thus solutions exist and are unique for this problem.

A word of warning though: we should be careful about identifying 3y with —V?2 +
Nk . The reason is that 9 (¢1 + ¢2) = d¢1 + I does not always hold

An alternative approach to this is to note that —V?: X = H () — H (Q)=X"is
a Lipschitz (between these spaces), maximal monotone operator Then, since K € X =
HOI(Q) is a nonempty closed convex set, Ng is also a maximal monotone operator X —
P(X"). By Lemma 2.32, since dom(—V?) = X and dom(Nk) = K # @, we have (in X)
interior (dom(—V?2))Ndom(Ng ) = K # @, so —V2 + Ng is a maximal monotone operator
X — X'. Now we take H = L?(2), which we identify with H’ to form a Gelfand triple
XCH=H CX . NowJy=1-V? Forany 0 <a <1, (=V?+ Ng +al) —aly is
monotone. So, by Lemma 4.7, —V2 4 Nk +al is maximal monotone. So our obstacle
problem

ou

— =V —N
a7 u— Nk (u)

=au-— (—V2u+NK(u)+ozu)

has a right-hand side of the form “Lipschitz—Maximal monotone,” and so it has unique
solutions for given initial values. In fact, if u; o is one initial value for solution u1(-), and
u20 is another initial value for solution u>(-), then

1)) = w2l ) < € uro—u20] 12 -

Since this is true for all 0 < « < 1, we can take « as small as we please so that in the limit
a0,

lur (@) = w2l 2y < Jur,0 = u20]| 12 -
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4.2.4 Uniqueness of solutions and maximal monotone operators

While having a differential inclusion of the form

dx
E(I)E ft, x(1) — 2(x(2)), x(to) = xo

with f(¢, x) Lipschitz in x and & maximal monotone is sufficient to ensure uniqueness of
solutions, it is far from being necessary. In fact, maximal monotone operators are tightly
constrained in certain respects. Consider, for example, the differential inclusion

d
d_):(t) € f(t, x(1)) — g(x(1))Sgn(e(x(1))),  x(t0) = Xo, (4.20)

where ¢: R" — R, and Sgn(u) = {+1}ifu > 0, {—1}ifu <0, and [—1,+1]if u =0. We
assume that if ¢(x) = 0, then V¢ (x) # 0, and that f and g are Lipschitz.

If the set-valued function W(x) := —g(x)Sgn(¢(x)) is “Lipschitz — maximal mono-
tone,” then this set-valued function must satisfy the following one-sided Lipschitz condi-
tion: there is an L such that

(y—w,x—z)<L|x —z||2 forall x,z,y € ¥(x), w € ¥(2).

Pick a point x* such that ¢(x*) = 0. Let n* = Vp(x™).
First we show that Vg (x*) g(x*) > 0. For any n > 0 sufficiently small, ¢(x*+nn*) >
0 and ¢(x* — nn*) < 0. Then the one-sided Lipschitz condition implies that

(—g(x™ +nn*) — g(x* — nn*))T (2nn*) < L |]2nn* ||2
Dividing by > 0 and taking | 0 give
—g(")n* <0,

as desired. It turns out that the condition g(x*)Tn* = Vé(x*) g(x*) > 0 is sufficient to
guarantee uniqueness for (4.20); see Section 5.2.2.

We will now see that the one-sided Lipschitz condition implies that V¢ (x*) and g(x™*)
must also be parallel.

Let d € R” be a nonzero direction perpendicular to n*: d”n* = 0. Let By be a bound
for the Hessian matrix Hess¢(x) for x in a neighborhood of x*. For n > 0 sufficiently
small,

d(*+nd+Cn*n*) = ¢(x*) +nVh(x*)d + Cn? Vo(x*)n*
1 2
~ 5 Bu Hnd+Cn2n*

1
= (C [n*)* =3B ||d||2> 7 +0ar).

So if we choose C > %,BH Id|1?/ ln*]|, we have d(x*+nd+Cn?n*)>0forall n > 0 suf-

ficiently small. Pick another vector d’ # 0 such that (d ’) T* = 0. In the same way as above,
if we choose C sufficiently large and positive, we can ensure that ¢p(x*+nd’ — Cn?n*) <0
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for all n > O sufficiently small as well. Then, if the one-sided Lipschitz condition is satis-
fied, we have

(—g(X*+nd+Cn2n*)—g(X*Jrnd’— ann*))T (77 (d—d/)+2Cn2n*)

2
<L Hn(d—d/)—i-Zann*

Dividing by > 0 gives

(—g(x*+nd~|—C772n*)—g(x*+nd’—ann*))T ((d—d')+2Cnn*)
<Ly|(d—d)+2Cnn*|*.
Taking 7 |, 0 then gives
—2g(HT (d—d') <0

for any d, d’ perpendicular to n*. So g(x*) must be perpendicular to every vector perpen-
dicular to n*; in other words, g(x*) must be parallel to n* = V(x ™).

Functions of the form x — g(x) Sgn(¢(x)) are thus maximal monotone (or “Lipschitz
+ maximal monotone”) only under fairly restrictive assumptions on g and ¢: whenever
¢(x) =0, Vop(x) g(x) > 0 with Vg(x) and g(x) parallel. Thus arbitrarily small perturba-
tions to g(x) on the surface ¢(x) = 0 can destroy this property.

Nevertheless, uniqueness of solutions to (4.20) can be shown if Vg (x) g(x) > 0 on the
surface ¢(x) = 0. Away from this surface, uniqueness is clear by the Lipschitz properties
of f and g. Uniqueness can be shown via the uniqueness theorem for DVIs (Theorem 5.3
in Section 5.2.2). The DVI theorem can be applied to

d
d—);(l) = f(t,x(@))+gx())z(®),  x(10) = xo,
z(r) e [-1, +1], 0 < (Z—z(1) p(x(1)) forallZ € [-1, +1].

In the borderline case of V¢(x) g(x) = 0 where g(x) is not necessarily parallel to V¢ (x),
solutions are not necessarily unique. Take, for example, f(t,x) =0, ¢: RZ R given
by ¢(x1, x2) = x1 and g(x1, )T =10,1]. Any absolutely continuous function x(-) with
x1(¢) =0 and x(-) nondecreasing and Lipschitz with constant one is then a solution of the
differential inclusion. Thus solutions are not unique in this case.

4.3 Projected dynamical systems

Projected dynamical systems (PDSs) are a class of dynamical systems that have been in-
vestigated as a class by Nagurney, Dupuis, Cojocaru, Daniele, and Jonker (see [62, 63, 83,
187]); however, the first mathematical investigations of these concepts go back at least to
Henry [125] and extended by Cornet [65] to nonconvex sets which are nevertheless “reg-
ular” in the sense of Clarke [55]. The initial applications they had in mind were for the
dynamics of economic networks. The basic idea and theory come from maximal mono-
tone differential equations where the maximal monotone operator used is the normal cone
operator Nk for a closed convex set K.
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Suppose that f: [0,7] x X — X, where X is a Hilbert space (where we identify X
and X'), x = f(z,x) is Lipschitz continuous with constant L for all ¢, and t — f(¢,x) is
continuous for all x € K. Then consider the differential inclusion

dx
dt

This represents a dynamical system which “usually” satisfies the differential equation dx /
dt(t) = — f(t,x(t)), provided x(¢) € interior K. But when x(¢) reaches the boundary 0 K
the trajectory is prevented from leaving K because Nk (x) is part of the differential inclu-
sion. Here it is important that Nk (x) can be unbounded since otherwise f(¢,x) could be
sufficiently large to overcome its effect and x(¢) could leave K.

Since Nk is a maximal monotone operator, solutions exist and are unique for this
differential inclusion. But, by the theory of the previous section on maximal monotone
differential inclusions, any solution satisfies

0e + Nk (x)+ f(2,x), x(0)=x0€K. 4.21)

dtx 0
7(0:(—NK(X(I))—f(l,X(l))) forall 1 > 0,

where C? is the minimal norm point of a closed convex set C: C% = IT¢(0) = argmin cc |z
So, if we set g = f(¢,x(¢)) and C = Nk (x(2)), we have

dtx
—(0=Tc_4(0) = ~Tc14(0)
=—Ic(-g)—¢.
However, the projections onto a closed convex cone C and its polar cone C° = —C* satisfy

7z =T¢(z) + Mo (z) for all z in a Hilbert space X identified with X’ by Moreau’s decom-
position theorem (Lemma B.7). Thus —I1¢c(—g) — g =(—g) — [Ic(—g) = [1co(—g). But
C = Nk (x(1)), so C° = Tk (x(t)). Thus

dtx
7(0 = 7y () (= f (2, x(1))). (4.22)

That is, we replace — f(z,x(¢)) with its projection on the tangent cone Tk (x(¢)) at x(¢).
This keeps the solution from leaving K. Another way of formulating this is to note that

7o) (v) = M (x5 v),
the directional derivative of Il at x in the direction v. Thus a PDS can be formulated as

dtu ,
—; O =g (@) —f(t,x(0)). (4.23)

The characterizations (4.22) and (4.23) are useful, but the fundamental theory behind PDSs
comes from maximal monotone differential inclusions.

In terms of DVIs, suppose that the set K € R” is represented in terms of convex
functions K = {x | gi(x) <0,i =1,2,...,m}, where each g; is a convex function. Pro-
vided the Slater constraint qualification (B.22) holds, the tangent cone Tk (x) is given by
the linearization of the constraints:

Tx(x) = [z | Vi) 7 <0, where g;(x)=0,i = 1,2, ..., m }
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so the normal cone is
Nk (x) =co{Vgi(x)|gi(x)=0,i=1,2,...,m}.
The maximal monotone differential inclusion can be represented by the DCP

dx -
0= E(t) + ;Ai(t)Vgi(x(t)),

0<Ai(®) Lgi(x(r))=0 foralli and r > 0.

Provided the matrix [Vgi(x) | gi(x) =0,i =1, 2, ..., m] has full rank for all x, this DCP
has index-one. To go beyond index-one problems in general requires a weaker and more
general notion of solution. This is needed for impact problems (which are index two in
general), for example. In the next section we investigate an approach which has been used
to provide a mathematical foundation for impact problems.

4.4 Sweeping processes

Sweeping processes are a true generalization of maximal monotone differential inclusions
rather than a subclass. These were invented by Moreau [178, 180], and the concept was ex-
tended and applied by Moreau [179, 182] and others such as Castaing, Monteiro Marques,
Valadier, and Kunze (see [49, 166, 174, 130, 149]). Sweeping processes provide a way to
introduce discontinuous changes, as we will see.

4.4.1 Pure sweeping processes

The basic idea is that there is a time-dependent state vector x(¢) which stays within a mov-
ing closed convex set C(t) but otherwise tries not to move. The set C(¢) “sweeps” the state
vector along with it as it moves. If C(¢) changes continuously, then the state vector x(z)
should also change continuously (but not necessarily smoothly, as it can transition from be-
ing still to suddenly being swept along). But if C(¢) changes discontinuously (particularly
when C(¢) becomes smaller), then x(¢) can jump.

Recall that we can use the Hausdorff metric dy (see (2.10)) to define a distance
between closed and bounded sets.

To measure how much of an “excess” one set has over another, we can use the one-
sided “metric”:

S8g(A, B) =supd(a, B),

acA

so that the Hausdorff metric is dy(A, B) = max(dy(A, B), 8y (B, A)). This one-sided
metric satisfies 6g(A,A)=0and 6y (A,C) <Su(A,B)+u(B,C),butusually §y (A, B) #
3u(B,A).

The basic assumptions needed for sweeping processes are the following:

1. C(¢) is a closed and bounded convex set for all 7.
2. There is a function 7(¢) such that § g (C(s), C(t)) < r(t)—r(s) forall t > s.
3. 0edx/dt(t)+ Nc@)(x(2)).
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The nature of the function r determines the regularity of the solution. Since r is a nonde-
creasing function, it is at worst a function of bounded variation. If r is absolutely contin-
uous, then the solution x(¢) is absolutely continuous and 0 € dx/dt 4+ Nc)(x(t)) can be
interpreted as a differential inclusion. But if 7 is not absolutely continuous, then dx /dt
cannot be interpreted as an ordinary derivative; if » has a jump, then x can also jump.

One way of establishing the existence of solutions for these problems is by means of
a time discretization: x, ~ x(t,), t, = to +nh, and

Xn+1 = e, ) (xn).

This is called the catching-up algorithm [174]. This will be used to establish existence
of solutions in Section 4.4.4. Before we deal with that, we describe in what sense the
differential inclusion is understood, as measures do not have pointwise values.

4.4.2 Measure differential inclusions

Measure differential inclusions (MDIs) are a variant on the concept of differential inclu-
sions which allows the solutions to have discontinuities. It cannot be an arbitrary (discon-
tinuous) function, but rather the solution must be a function x(-) with bounded variation,
so that the differential measure dx(-) is a measure. See Section A.4 for a definition of dif-
ferential measures. MDIs were first formally named by Moreau [179, 180], although they
were previously used (but not named) by Schatzman [219, 220]. The theory was further
developed by Monteiro Marques [174] in the context of sweeping processes and later by
Stewart [240, 241].
An MDI has the form

fi—):(t) € O(t, x(1)), (4.24)

where x(-) is a function of bounded variation and ®(#, x(¢)) is closed and convex and can
be an unbounded set. What is different about MDISs is how to interpret the inclusion. This
is necessary because measures do not have pointwise values, and we cannot assume that
x(-) is an absolutely continuous function.

There is an additional issue: Since x(-) can be discontinuous, what should we use
for the value x(¢) in the right-hand side? Usually we take the limit from above x(t7) =
limg |, x(s) which exists for any function of bounded variation. Using x(t1) makes the for-
mulation consistent with the theory of maximal monotone operators: if ®(¢, x) = —W(x),
where ¥: X — P(X) = P(X’) is a maximal monotone, then a solution of the MDI dx /dt €
—W(x(tT)) is necessarily of bounded variation, while solutions of dx /dt € —W (x(¢7)) are
not. Later we will see an example of this.

Consider the basic MDI

‘;—’;(t) € o) C X. (4.25)

As for ordinary differential inclusions, we will assume that
e & is a measurable function [a,b] — P(X), and

o ®(¢)is a closed convex set for all 7.
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For x(-) of bounded variation, the differential measure dx(-) is a measure whose variation
measure |dx|(-) is finite. That is, |dx|(E) < oo for any Borel set E C [a,b]. Moreau,
Monteiro Marques, and Schatzman all assumed that ®(¢) is a closed convex cone. The
formulation of what (4.25) means can then be given like this: if u = dx, the Radon—
Nikodym derivative (see Section A.4)

d—'u(t) e d(1) for |dx|-almost all z. (4.26)
d|pl
Requiring that ®(¢) is always a cone is rather restrictive: ordinary differential equations
cannot be represented as MDIs of this kind. In the theory of ordinary differential equations,
solutions x(-) are absolutely continuous. In the language of measures, this amounts to
saying the dx is an absolutely continuous measure with respect to the Lebesgue measure
(which we can represent as dt). The ordinary derivative (existing almost everywhere in
the Lebesgue measure) is then dx /d¢(t) = d(dx)/d(dt)(t), where the right-hand side is a
Radon-Nikodym derivative. But d(dx)/d(dt) is ugly notation, so we use dx /dt instead.
To incorporate ordinary differential equations, we must give a special place to the
Lebesgue measure, and we do this by using the Lebesgue decomposition dx = g + [hgc
where (1, is absolutely continuous with respect to the Lebesgue measure, and (i is singu-
lar with respect to the Lebesgue measure. That is, there is a Lebesgue integrable function
h where p,(E) = / g h(t)dt for all Borel E, and there is a Lebesgue null set F' where
us(E) = us(ENF) for all Borel E. The singular part ug can contain things like Dirac-§
functions as well as more exotic measures.
The absolutely continuous part is the “nice” part, and we can identify the absolutely
continuous part of dx /dt with h(t). Thus the absolutely continuous part of the MDI can be
understood as

dilge
h(t) = %(t) € ®(t)  for Lebesgue almost all ¢, 4.27)

where A is the Lebesgue measure.

Since the singular part involves things like momentarily infinite values, we should
think of u; as belonging to the vectors in ®(¢) “at infinity.” For convex sets K C X there
is a natural “limit” at infinity: the recession cone

ooz{ lim tkyk|tk¢0ask—>oo,ykeK}
k—o00

:ms(K—y) forany y € XK.

s>0

For the absolutely continuous part we can think of the measure differential 11, as having
pointwise values: those of i(¢). For the singular part we use the idea of Moreau and others
but with ®(¢) replaced by its recession cone:

dps
d sl
Combining (4.27) and (4.28) we have a definition of what “dx/dt € ®(¢)” means for x(-)

having bounded variation. It should be noted that if ®(#) is a cone for all ¢, then (4.27) and
(4.28) together are equivalent to (4.26).

(1) € D(t)oo for || almost all 7. (4.28)
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While it is very useful to have a suitable definition of a concept, it is even better if we
can use the concept to prove results, especially about convergence. In the case of measures,
what we usually have is weak* convergence, treating the space of (signed) measures on,
say, the interval [a,b] as the dual space to C[a,b], the space of continuous functions on
[a,b]. Unfortunately, the Lebesgue decomposition of a measure is not stable under weak*
convergence. Consider, for example, a “bed of nails” measure on [0, 1]:

1 m—1 ]
(1) = — > (r — E)' (4.29)

J=0

(Think of m nails pointing up with spacing 1/m between them.) The weak* limit of this
sequence of measures as m — oo is simply the Lebesgue measure. (If the nails are close
enough together, it feels like a flat board; I have actually felt this at a science museum!)
However, i, is purely singular; that is, its absolutely continuous part is zero. Nevertheless,
the weak™* limit has no singular part at all. Conversely, consider a standard “approximation”
to the Dirac-§ function:

_ ) 1/h, 0<t<h,
Iﬂh(t)—{ 0 otherwise.

Each ¢, gives a measure i, A that is absolutely continuous. But its weak* limit is the
Dirac-§ measure. Thus the weak™* limit of a purely absolutely continuous measure can be
purely singular.

An alternative definition is given in [240, 241]: We say “du/dt € ®(¢)” in the sense
of MDIs if for every continuous ¢ : [a,b] — R not identically zero,

apPdr
j}” i © w (J o0. (4.30)
[a.b] t:9(t)>0

This is called the weak definition. On the other hand, (4.27)—(4.28) is called the strong
definition. Clearly if pur —* p and puy satisfy (4.30), then p also satisfies (4.30). But when
can we tell if the two concepts are equivalent? Fortunately, they are equivalent under mild
conditions, especially if X = R"”. If X = R", then (4.27)—(4.28) is equivalent to (4.30),
provided

(MDI-H1) min{||y]| | y € ®(¢)} is a locally bounded function of ¢;
(MDI-H2) ®(z) is a closed convex set for all ¢, and graph & is closed;
(MDI-H3) the recession cone ®(t) is a pointed cone for all ¢.

A simple example can show why the pointedness condition (MDI-H3) is necessary. Let
d(t) = [cos(), sin()]” € R?, and set () = {ze R? |d()Tz>0}. If ¢: [a,b] > Ry is
not identically zero, then it is nonzero on an open interval (c,d). But each ®(¢) is a half-
space, and provided ¢ 5 s (mod 277), co (D(s) U O(¢)) = R2—the entire plane. This means
that the right-hand side of (4.30) in this case is always R?, and any measure ;1 with values
in R? is a solution of “du/dt € ®(t)” according to the weak definition. However, this is
definitely not the case with the strong definition. (You could try u = —d(#) v, where v is
any nonzero and nonnegative measure.)
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In practice, conditions (MDI-H1), (MDI-H2), and (MDI-H3) for equivalence of the
weak and strong definitions for MDIs hold for X = R". However, the situation for infinite-
dimensional problems is more complex: According to [240] the Banach space X should be
a separable reflexive space, ®(t) C L + RByx, where L is a strongly pointed cone (that is,
L* should have a nonempty interior), R > 0, and By is the closed unit ball in X. That is, in
infinite dimensions, to prove equivalence we assume that X is a separable reflexive space,
and replace condition (MDI-H3) with the requirement that

(MDI-H3b) ®(t) C R B+ L, where L is strongly pointed; that is, L* has nonempty interior.

Theorem 4.9. Suppose that ®(t) C R" satisfies conditions (MDI-H1)-(MDI-H3) above. A
function of bounded variation x: [0,T] — R" is a solution of the MDI

X 1) e o) 431
dt ’
in the strong sense if and only if it is a solution to (4.31) in the weak sense.

In finite dimensions, note that it is sufficient to have ® (¢)., pointed for all ¢ instead
of (MDI-H3) ®(7) € L + R By for all 7 in a neighborhood of 7.

Monteiro Marques [174] and Moreau [180] both use a simpler version of the strong
solution condition, which is applicable for closed convex cone-valued functions @ : [a,b] —
P(X): writing u = dx for the differential measure, they simply require that the Radon—
Nikodym derivative

du
_— P for A Im 1l z. 4.32
d(k+|u|)(t)€ () or A+ |u| almost all ¢ (4.32)

The equivalence of weak and strong solution concepts for MDIs avoids some of the
complexity of dealing with the strong solution concept that Monteiro Marques and Moreau
had to deal with. In particular, in showing that discrete-time approximations do indeed
converge to solutions, weak* convergence of the discrete-time measures is all that can
usually be shown. The weak solution concept can usually be shown to hold in the limit
easily, while the Lebesgue decomposition is not continuous under weak* limits of measures
and Radon—Nikodym derivatives are also not very well behaved with respect to weak*
convergence.

The proof of equivalence of the weak and strong solution concepts involves tak-
ing sequences ¢y — xg pointwise as k — oo for E an open set to obtain u(E)/A(E) €
colJ,cg @(t), where A is the Lebesgue measure. Then by taking nested unions and inter-
sections we can show that for any Borel E' C E, E open, u(E")/A(E’) e TolJ, g P(1) if
ME') > 0and w(E") € [coU,cp @], if A(E") = 0. Taking Radon-Nikodym derivatives
then gives dpac/dt(t) € ColUJ,cp ®(t) and d psing /d |using | (1) e [EUzeE dD(t)]oo when-
ever E is an open set containing ¢. The pointedness property of ®(#)s, combined with the
closed graph of ® and # > ®(f) is then used to remove the unions, giving the strong
formulation.

4.4.3 Moreau’s product rule

Moreau’s product rule is a rule for obtaining the measure differential of the product of two
functions of bounded variation. This generalizes the usual rule for absolutely continuous
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functions:

( )= u d v
— (v —.

dt dt
However, if u and v are functions of bounded variation, then “du/dt” and “dv/dt” are
measures with impulses at the jumps of u and v, respectively. The trouble then is that the
“u(t)” may not be defined at a particular time #, where there is a jump in «. However, one-
sided limits u(r*) and v(r*) are well defined. The following rule applies to a wide variety
of situations in both finite and infinite dimensions.

Lemma 4.10. Suppose B: X x Y — Z is a continuous bilinear form with X, Y, and Z
Banach spaces, and with u: [a,b] — X, v: [a,b] — Y functions of bounded variation;
then z(t) = B (u(t), v(t)) is a function of bounded variation [a,b] — Z and

dz=Bw™, dv)+ B(du,v™)

in the sense of differential measures.

Proof. Consider a partition P :a =1ty <t} <--- <ty—1 <ty =b. Then

2(tiv1) — 2(t) = Bu(ti+1), v(ti+1)) — Bu(t;), v(t:))
= Bu(ti+1), v(fi+1)) — Bu(ti+1), v(#;))
+ Bu(tiv1), v(t:)) — Bu(t), v(t;))
= Bu(tit1) —u(t), v(#;)) + Buti+1), v(ti+1) — v(#)),

SO

lz(tig1) — 2@ < IBI [lutiz) — u@) o)+ DI ) — vl -

Adding overi =0, 1, ..., N — 1 and taking the supremum over all such partitions P give

b b b
\z=l8l [nvnm\/wnuum\/v],

so z(+) has bounded variation, and thus dz is a differential measure.
To show the product rule, consider a continuous function ¢ : [a,b] — Z’; we will
show that

/ <;,dz>=/ (¢, Bu™, dv)+ B(du,v7)).
la,b] la,b]

Such integrals can be approximated by Riemann—Stieltjes integrals: for any € > O there is
a § > 0 where for any partition P with

P|:= max tia1—t4| <$6
Pli=_ max 16l <

we have
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Now if we let up(t) = u(tj+1) fort; <t < ti11,and vp(t) = v(;) for t; <t < t;4+1, then as
|P| — 0, up(t) = limg ,u(t) = u(t™); similarly vp(t) — v(t~) as |P| — 0. Let ¢p(1) =
¢(ty) fort; <t < tiyq. Clearly ¢p — ¢ uniformly as | P| — 0 by uniform continuity of ¢.
On the other hand,

N-1

¢(t), z(tiy1) — 2(1)) = '/[ N (¢p(1), Blup(t), dv(1)) + B(du(t), vp(1))).

(
i=0

By the dominated convergence theorem for general measures and pointwise convergence
of

(¢p(0), Bup), ) = (@), BT (@),))  inY’,
(P, BC,vp1)) — (¢(0), BC,v™(@))  in X',

we have the limit
‘/ (;’,dz)—-/ (C,ﬁ(u+,dv)+ﬁ(du,v_> <e€.

[a,b] [a,b]
As € > 0 is arbitrary, we have the equality

[t = [ (epatido+ i)

[a,b] [a,b]
for any continuous ¢. Thus
dz = Bu™, dv)+ B(du,v7),

as desired. [

Note that we can reverse the roles of u and v to obtain the equivalent formula
dz = Bu~,dv)+ B(du,v").
In the case where # = v and B is symmetric, we have
dz=Bu +u™,du).

These equalities have a number of applications to impulsive differential equations, just
as the standard product rule has many applications to smooth differential equations. We
will see one application in the next section and another in the section on the existence of
solutions for rigid-body dynamics with Coulomb friction.

4.4.4 MDlIs and discontinuous sweeping processes

Consider the sweeping process governed by the differential inclusion

d
d—f(r) € —Ne@ () + F(8.x(1). (4.33)
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We deal with these problems in several steps. The first is to treat the basic problem

d
d—f(r) € —New(x (). (4.34)

From this we can use a shifting technique to reduce a problem of the form

d
d_?(’) € —Ne@ ™) + (1) (4.35)

to a problem of the form (4.34). Perturbation bounds combined with a Picard-type iteration
will bring us to the general problem (4.33).

A point about the formulation is that solutions can be discontinuous, as C(¢) can be
discontinuous in ¢, often forcing the solution to jump. It is important that the right-hand
side depends on the postjump state u(z™).

The crucial assumption is that

S (C(s),C(t)) <r(t)—r(s) forall s <t,

where r is a nondecreasing function, which therefore has bounded variation. We assume
that r(-) is right continuous, so that r(s ™) = lim; s r(t) = r(s) for all s. We define C*(s) =
{limg_— o0 xx | xx € C(tx), tx | s} and assume that C(-) is also right continuous in the sense
that

C(s)=CT(s)  foralls. (4.36)

There are two main ways of analyzing systems like this. One is to use a time dis-
cretization (e.g., the “catching-up” algorithm), and the other is to use a regularization (e.g.,
the Yosida approximation). If we “freeze” C(¢), then this system is covered by the section
on maximal monotone differential inclusions. However, since C(¢) changes, and discontin-
uously, this no longer applies. However, we can use this as a starting point for our analysis.
Let P:0=1 <t <--- <ty =T be a partition of the interval [0,7]. We define the
piecewise constant Cp(t) = C(¢;) for t; <t < t;+1. The solution for this piecewise constant
problem

dup +
7(0 € —Ncpi(u™),  ulto) =uo € C(to)

is easily shown to be the result of the catching-up algorithm [174, 178]: up(t) = u; for
ti <t <tiy1, where

ui+1 = e p(ui).

In Moreau [178], existence of a solution is shown by showing convergence of the approxi-
mate solutions u p as P becomes more refined. Unlike the approach in the previous section,
we need to make sure that P contains most of the jumps of r(-); that is, the catching-up
algorithm needs to know when to jump. This is needed to ensure uniform convergence of
the u p(-), rather than just pointwise convergence. A basic geometric tool to analyze the
results of refining the partition is the following lemma.
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Lemma 4.11. If C is a closed convex set in a Hilbert space X, then for any x,y € X,
Ix = TeI* < llx — ylI* +2d(x, C)d(y. C).

Proof. Letu =T¢(x) and v = ¢ (y). Then
lx — TTeI* = llx — yII?
=x—-v,x—v)—(x—y,x—y)
=(2x—v—-y,y—v)
=2(x—u,y—v)+2(u—v,y—v)— [y —v|?
<2(x—u,y—v)—ly—vl* (asueC)
<2lx—ul lly—vll = 2d(x,C)d(y, C),

as desired. [

Now if P’ is a refinement of P (that is, P C P’), then we can bound the difference
between u p and u p/ at certain times according to the following lemma from [174].

Lemma 4.12. Let P:0=1ty<t; <--- <ty =T and let P’ be a refinement of P. For
an interval I; = [ti, ti+1), denote the intervals of P’ contained in I; by J| = [ti,té), b=
[té,té), ces I = [tr/n’tr/nﬂ) and let Jy 1 = [tr/n+1’tr/n+2) be the following interval of P’ (if
i=N—1,set Jyy+1 =0). Then whenevero € Jy and t € I; U J,, 41 with o < T we have

lup(0) = up (I = lup(0) — up(@)I> <2 (i) — ().

Proof. Let x; =up(t;) and y; = up/(t) fort € J;. Then y;;1 = Hc(tj/_+l)(yj), and so by
Lemma 4.11 we have
2 2
lxi =yt |* = i = i |* < 2d (i, €@ )y, €.

Addingover j =0, 1, ..., k—1 (k <m) gives

k—1

i = vt 1P = i = yil? <2 d(xi, Cy )y, CWy ).

j=1
Butx; € C(t;) = C(1}), s0d(xi, C(t 1)) <8u(C (1)), C(t ) <r(t} ) —r(t) <rtip1)—
r(t;). On the other hand, since y; € C (t;.), we have

d(yj, €50 = 80 (CP, Cly) = (e —r ().

Summing over j = 1,2, ..., k—1 (k <m) gives
k—1
i =yt 2 = i = y1 11> <2 ) d(xi, ) d(yj, C(#5 4 )
j=1
k—1
=23 ) —ra) (r) ) =)

j=1
<2 (r(tig1) —r(t))*.
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Thus, for any o € I; and 7 € [; with o < t, we have

i p(2) — up(OIP < Ml p(0) — upr()1+2 (r(2l) — r(1))
< llup(@) —up(@)I>+2 (r(t7 ) = r().

We now consider the case with T € Jy,11. Now x;11 = ¢, (%) and ypp1 =
I'IC(I’/M)(ym), but t,/nJrl =t;+1, and projection onto a convex set is nonexpansive, so || x;+1 —

Ym+1ll < lxi = ym|l. Thus, for T € Jp 1,
2 2 — 2
lup(t) —up(O* < lup(o) —up(@)*+2 (r(t; ) — )",
as desired. 0O

With this lemma done, we can show uniform convergence of the approximations u p
for suitable partitions P, and we can show that the limits are solutions.

Theorem 4.13. Suppose C: [0,T]— P(X), X is a Hilbert space with closed convex values
that is continuous from the right in the sense of (4.36), and

Su(C(s), Ct) <rt)—r(s)  forallt>s.

Then solutions exist for the sweeping process

du +
E(t) € —Ne@y(u(t™)), u(0) =uo

in the sense of MDIs. Furthermore, such a solution can be constructed by limits of approx-
imate trajectories using the catching-up algorithm.

Proof. To complete the existence proof, we construct partitions P such that

N—-1 5
(r(tt+1) r(ti))
i=0
is arbitrarily small. Since
N—1
D (rt ) =) < rn) —r(to) = r(T)—r(0)
i=0

is bounded, it suffices to ensure that max; (r(tijrl) — r(t,-)) is sufficiently small. Choosing
€ > 0, we start with all jumps ¢ with r(t*) —r(t7) > €/2 in P. Since r(-) has bounded
variation, there is only a finite number of such points. Then it is possible to add points
so that the total variation on each open interval (#;,7;4+1) is less than €/2. Then r(t;4+1) —
r(t;) < e for all i. Then, from the bounds in Lemma 4.12, if P’ is a refinement of P,

lup(@) —up (| <2 #(T)—r0))e.
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Thus we can choose a uniformly convergent subsequence uy — u where uy = u p, and Py
is a refinement of Py for all k.

We now need to show that the limit u(-) indeed solves the sweeping process. First
up(t) € Cp(t) for all partitions P in the sequence used to construct u(-). We can without
loss of generality assume that | Py| — 0 as k — oo, where |P| = max;=o,1,..N—1ti+1 — -
Taking pointwise limits, if # € | J; Pk, we have u(r) € C(r). Then using right continuity of
u(-) (being the uniform limit of right continuous functions) we have u(t) € C(t) for all 7.

Now we wish to show that the MDI

du N +
E(UE— cayu(™))

holds. From the catching-up process, u p(-) satisfies the MDI

d
%(r) € —Nepoyup(™)).

That is, if wp(¢) € Cp(¢) for all ¢, we have
0< / (1) — up(t). dup(t)).
[0,T]

Now suppose (1) € C(r) for all t. Set up(t) = Mcpe)(@(t)). For t; <t < i3 in the
partition P, we have

i p () —u@®)| = d(u(), Cp(t)) = d(u(t), C(t;))
=8 (C),C1) = r()—rt;) < €

for given € > 0 and P = P, with k sufficiently large. Thus & p(-) — u(t) uniformly as
P = Py and k — oo.

Note that in a partition P, ||up(ti+1) —up(t)|| < r(tiy1) —r(#), and up is constant
over intervals (#;,t;+1). Thus the variation of u p is

N—1 N—1
D lluptip) —up()l < Y [rtip) —r(@)]
i=0 i=0

=r(ty)—r(to) = r(T)—r(0).

Thus the differential measures du p are uniformly bounded.

Taking P = P and k — oo gives p —up — u — u uniformly. On the other hand,
dup —* du weak* as measures because u p — u pointwise. (Alternatively we could use
Alaoglu’s theorem to produce a weak™ convergent subsequence.) Then

05/ (Up(t)—up(t), dup(t))—>/ (u(t) —u(), du(r))
[0,T] [0,T]

for all w: [0,T] — X with u(¢r) € C(¢) for all . Thus the Radon-Nikodym derivative of
du with respect to its variation |du|, which we denote by du/ |du|, satisfies du/ |du|(t) €
—Nc@)(u(@)), and u(-) satisfies the MDI. 0O
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Uniqueness can be shown via Moreau’s product rule (Lemma 4.10): suppose that
du
E(I) € —Ne@pu(™)),

D 1) € —NewE)
I —_ v .
dt c®
Let w = u —v. Then
dlwl|>=dw,w) = (w+w",dw)
=2<w+,dw)—<w+—w_,dw>.

Note that (w+ —w ,d w) is a purely atomic measure, which can be written as

(wh () —w™ (@), dw(®)) = Z Jw(st)— w(s_)H2 S(t—s) > 0,

where the sum is taken over all s, where w(s™) # w(s ™). Thus
dlwl? <2 (w*, dw)
=2 (u+ —vt. du —dv)

=2<u+—v+, du B dv
|du|+|dv| |du|+ |dv|

>(Idu| +1dv)),

where |du| is the variation measure of du, and du/(|du|+ |dv|) is the Radon—Nikodym
derivative of the measure du with respect to |du|+ |dv|. Now

du/(|du|+|dv]) (1) € —Ne@y(u@™)),
and similarly for v, so from the monotonicity of x - N¢(;)(x), we have
d|w|*<0.

That is, for > s, [[w(®)|| < ||lw(s)|. If u(0) = v(0), then w(0) = 0, and so w(t) =0,
and u(t) = v(t), for all + > 0. Thus, given the initial conditions, the solution is unique.
Furthermore, we have the fact that u(0) — u(#) is a nonexpansive map for ¢ > 0.

Sweeping processes of the form

d
d_btl(t) € —New@ ) +v(),  ulto)=uo

have solutions for all ¢ € L! (0,T; X). These problems can be reduced to basic sweeping
processes by setting

t

v(t) = u(t)—/ Y(t)dr,
fo
t

D(t) = C(1)— / b0y,
fo

t
p(t) = r(t) + / 1@l de.
]
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Then v solves the basic sweeping process

d
d—j(r) € —Npw(™).,  v(to) = o,

and 8y (D(s), D(t)) < p(t) — p(s) for all t > s. Furthermore, we can construct u(-) from
v(-).
This can be used to “bootstrap” the general problem (4.33):

d
d_b;(” € —Ne™) + ftu@®),  ulto) = uo

with f(z,-) Lipschitz with Lipschitz constant k(1), k(-) € L'(0,T), and f(-,0)€ L'(0,T; X).
Set u©(r) = ug for all ¢, and from this we can start a Picard-type iteration: Let ul*D pe
the solution of

dul+D
dt

The iteration map u‘) — u/+1) is a contraction map on a sufficiently small interval [fo, T].
To show this, consider

(t) € —Ne@@ Ve + £, uP@),  uY D (1) = uo.

d
d_b;(” € —New@) +o),  ulto) = uo.

dv +
E(t) € —Newy(v(@ ™)+ (1), u(to) = uo.

Using the same techniques as used above to show uniqueness for the basic sweeping pro-
cess, forw =v —u,

dllwll* (1) <2 (w@), y(t) — p())dt ~ or
(Jlw@H] + JlweH]) dllwll ) <2 [|wE )| llp@) —w @)l dt.
Since ||w(t )| < |w(™)| forallz, d lw| () < ¢(t) — ¥ (1)]| dt, and so

t
llu(?) — vl < llu(to) — v(20)l| +/ lp(t) — ()l dt.
0]

From this we can show that the Picard iteration above has Lipschitz constant szT k(t)dt <1
for T — tp > O sufficiently small. By the contraction mapping principle on a sufficiently
small interval, there is one and only one solution of (4.33). By continuation arguments it
can be shown that there is one and only one solution on the interval [#g, 00).

There are a number of generalizations of the idea of sweeping processes. Some
of these deal with nonconvex C(z), but they satisfy a bound on the nonconvexity so that
the nearest point projection map Ilc() is well defined and Lipschitz in a suitably small
neighborhood of C(¢). Another approach is to allow operators more general than the normal
cone operator, such as

du
E(I)E—q)(l,u)va(l,u), u(fo) = uo,

where ®(¢, -) is a maximal monotone operator. Care must be taken to make sure that ®(z,u)
does not vary “too much” with changes in ¢. Systems of this kind and generalizations are
considered in [170, 234].
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4.5 Linear complementarity systems

Linear complementarity systems (LCSs) have already been discussed (3.8)—(3.10). We first
review their formulation:

2—:0) = Ax(#)+ Bz(t) + Ef (1), x(0) = xo, (4.37)
w(t) = Cx(t)+ Dz(t) + Ff (1), (4.38)
O0<w()Lz(t)=0 for almost all ¢. (4.39)

The function f(¢) is an external input. LCSs were introduced by Camlibel, Heemels, Schu-
macher, Weiland, and van der Schaft in a series of papers [48, 123, 124, 264]. Their theory
is mainly based on the use of Laplace transforms:

LF(s)= fo et f@)dt. (4.40)

If this is applied to (4.37)—(4.38), we get

sLx(s)—xo=ALx(s)+ B Lz(s)+ E LS (s),
Lw(s)=CLx(s)+ D Lz(s)+ FLf(s).

Solving for Lx(s) we now have
Lw(s) = [D L C(sT—A)"! B] Lz(s)
+c[(s1 —A) ' xo+ (F+(s1 e E) ﬁf(s)].

If we consider the complementarity condition (4.39) componentwise, we see that 0 <
wi(t) L z;(#) = 0 for almost all # and all i. If we seek solutions that are piecewise an-
alytic, then on any piece #; <t <, we have either y;(t) = 0 or u;(t) = 0. The conditions
“zi(t) > 07 and “w;(¢) > 0” are the most problematic from this point of view. However, the
small ¢ behavior of z;(¢) and w;(¢) is closely related to the large s behavior of £z;(s) and
Lw;(s), respectively. If w;(¢) > 0 for an interval [0, €) with € > 0 and grows no faster than
exponentially, then for sufficiently large s > 0, Lw;(s) > 0. This idea leads to the follow-
ing definition: f: Ry — R is initially positive if and only if £ f(s) > O for all sufficiently
large s > 0. We say f: Ry — R is initially nonnegative if f is initially positive, or it is
initially zero (that is, f(t) = 0 for all ¢ € [0,€’) for some €’ > 0). A better justification for
the definition of “initially positive” can be found in the following lemma.

Lemma 4.14. If f: Ry — R grows no faster than exponentially and it is analytic on [0, €)
for € > 0, and is initially positive (in the sense just described), then there is an €' > 0 such
that f(t)>0for0 <t <€

Proof. First we introduce a definition: a vector [a1, a, a3, ..., ap] is lexicographically
positive if thereisa 1 < j < p such thata; > 0 and a; =0 for alli < j. In other words, a
vector is lexicographically positive if the first nonzero entry is positive.
For f analytic on [0, €), thereis a0 < p < € such that f has a Taylor series expansion:
2 3
f@= f(0)+f’(0)t+f"(0)§+f"’(0)§+~~
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for 0 <t < p. The Laplace transform is asymptotically
LE$)=fO)s™ 4 1O 2+ [0+ f7O)s ™ 4+ 06"

as s — +o0o on the real axis. Now L f(s) > 0 for sufficiently large s > 0 if and only if
the vector [ f(0), f'(0), f”(0), f”(0), ...] is lexicographically positive. Suppose the first
nonzero entry is f®(0). Then, for 0 <t < p,

fk+1 k+2
— f (k+1) *+2) o ..
fo=r (0) +f (0)(k+1)'+f © )(k—|—2)'+

—ﬂWm +0M“>
If f®(0)> 0, then f(r) > Oforall0 <t <€ forsomee’ >0. 0O
The idea now is to look for solutions of the Laplace transformed CP:
Lu(s)=[D+C(s1=A)7" B L2(s)

+c[(s1 —A) o+ (F+(s1 e E) cf(s)],
0<Lw(s) L Lz(s)=0 for sufficiently large s > 0.

Provided f is a Bohl distribution (3.23), we assume that all the Laplace transforms Lw(s),
Lz(s), and L f(s) are rational functions of s, at least for considering the short-time behavior
of the solutions. This essentially assumes that there is a time interval [0, €), € > 0, on which
the active sets {i = 1,...,n | w;(t)=0}and {i =1,...,n | z;(t) =0} do not change. To
simplify the expressions, let

G(s)=D+C(sI—A)'B

Lq(s)=C[(sI—A) " xo+ (F+(1—A)"E)Lf(5)].

This gives us the rational complementarity problem (RCP) [123]: Given G(s) and Lq(s)
rational functions, find £z(s) and Lw(s) rational functions of s so that

Lw(s) = G(s)Lz(s)+ Lq(s), (4.41)
0<Lw(s) L Lz(s)>0 for sufficiently large s > 0. (4.42)
Since we are interested in the behavior of G(s) for large s > 0, we use a Laurent series

expansion
G(s)=Go+Gis ' +Gas >+ Gas 7+

The matrices G; can be computed explicitly in terms of A, B, C, and D using the formula
for G(s):

Go=D,
G1=CB,
G, =CAB,

Gz = CA’B, etc.
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The index of the LCS (4.37)—(4.39) is the smallest value of k such that Go+Gs™ ' +---+
Grs % is nonsingular for sufficiently large s > 0. Thus, if D is nonsingular, then the index
is zero. If D+ CBs~! is nonsingular for sufficiently large s > 0, then the index is one.

The existence theory of the RCP (4.41)—(4.42) can be developed using standard linear
complementarity theory.

Theorem 4.15. Suppose that G(s) is a P-matrix for all sufficiently large s > 0 and that
G(s), Lf(s) are real rational functions of s. Then there is a solution Lw(s) and Lz(s) to
(4.41)—(4.42) with both Lw(s) and Lz(s) rational functions of s.

Proof. Consider a sequence of real numbers sy — 00 as k — oo. Since G(s) is a P-
matrix for sufficiently large s > 0, for sufficiently large k there is a unique solution to
LCP(Lq(sy), G(sx)); denote it by Z ® so that

2 ® =G0z +Lq(se),
0<o® 1Lz7®>0.
Let the active set Iy = {i |'Zl.(k) > 0}. Since every active setis a subsetof {1, 2, ..., n}, there
are only finitely many possible values for I;. At least one will be repeated infinitely often:
Suppose [y = J for infinitely many k. Let J be the complementof J: J ={1,2,...,n}\J.
Splitting the equation w® = G(s3)Z ® + Lg(sx) into components in J and in J, we get

~(k (k
0= G(sk)JJZJ( )+ Lq(s0)y, Zj( )=,

—~ (k ~(k ~(k
wj()zG(sk)ysz( )+£q(sk)7, w})zo.

Since G(si) is a P-matrix, all principal submatrices are invertible, so we have

20 = —Gn7! Latsns =0,
DY = Lg(se)7— Gls1)7, G50y La(si)s = 0.

If we write 2;(s) = —G(s); ; Lq(s); and B7(s) = Lq(s)7 — G(s)7 ,G(s)7} Lq(s)s, we
have two rational functions of s that are nonnegative for infinitely many sy — oo. Since
G(s) and Lg(s) are rational functions of s, so are u;(s) and ’y\j(s). Combining these facts
shows that for all sufficiently large s > 0,7Z,(s) > 0 and w;(s) > 0. Since for sufficiently
large s > 0, G(s) is a P-matrix, LCP(Lg(s), G(s)) has a unique solution, which must there-
fore be given by Z;(s) and w(s). This choice of active set gives the solution of the RCP
4.41)-4.42). 0O

Note that the fact that G(s) and Lg(s) are rational functions of s is used in showing
thatZ;(sx) > 0, w5(sx) > O for infinitely many sx — +oo implies thatZ;(s) > 0, w(s) > 0
for all sufficiently large s > 0. This is also true if G(s) and Lg(s) are “meromorphic at
infinity”; that is, G(1/z) and Lq(1/z) are analytic functions in a neighborhood of z = 0 and
have a finite order pole at z = 0.

Another fact about this result is that not only is the solution unique, but the active set
I(s) ={i | zi(s) > 0} is also constant for sufficiently large s > 0.

With the solution of the RCP, we can identify the active set and hence find the active
set for a suitably small time interval, at least provided Z(s) = Lz(s) = O(1/s) as s — 0.



140 Chapter 4. Variations on the Theme

Slower decay indicates that the solution includes Dirac-é functions or its derivatives, and
S0 it cannot be analytic on [0,€) for any € > 0. If Lz(s) = O(1) as s — +00, then no
derivatives of Dirac-§ functions can appear in the solution. Since Z(s) = £z(s) > 0, the
strength of a Dirac-§ function in the solution must be greater than or equal to 0. If the
strength of the §-function is zero, then Lz(s) = O(1/s) and everything works out. So
let’s consider what happens if the strength of the §-function is positive. It is then possible
that immediately after the §-function, the solution might go negative. For example, if
z2(t)=68()—1, Lz(s)=1—1/s > 0 for s > 1. Now consider the LCS

d’x ) +1 0=0. “o)=_1
—_— = R X =V, — = —1,
a2~ ° dt
w(t) = x(1),

O0<w()Lz(t)>0 for all 7.

This gives the RCP
1 1 1
0=<Lw(s)=—=Lzs)— 5+ L Lzs)=0.
s st s

The solution to this is Lz(s) = 1 — 1/s, so that z(t) = () — 1. Immediately after the §-
function, we need to formulate and solve a new RCP for different initial conditions for
x(-): x(07) =0, dx/dt(0™) = 0. This gives the RCP

1 1
0<Lyt(s)= s—2£u+(s) + 3 1L Lut(s)=>0,

which has the solution £z1(s) =0, LwT(s) = 1/s>. That is, for immediately after the
S-function, we have z(r) = 0. In fact, the solution for all times is z(¢) = §(¢), and w(t) =
x(t) = %t2 fort > 0.

This process of restarting the problem with new initial conditions when the RCP
indicates the presence of a §-function or one of its derivatives can be repeated if necessary
until an analytic function is obtained.

This RCP approach to LCSs can be extended to problems with infinite-dimensional
dynamics with A a bounded linear operator X — X (X a Banach space), as long as the
complementarity conditions apply in finite dimensions. That is, we require that B: R"™ —
X and C: X — R™. Then G(s)= D+ C(sI —A)"' B is analytic for |s| > p(A), where
p(A) is the spectral radius of A For |s| > ||A|| we have

(sI—A)'=s"1a—-A/s)"!
=s T+s2A+s3A%+..,

so G(s) is analytic at s = oo. Consider the following example:

dx;
d—i(r) =X (O +biz),  xi(0)=x",

00
w(t) =Y _cixi()+dz(0),
i=1
O0<w()Lz(t)=0 for all z.
SThe spectral radius p(A) of a linear operator X — X is the supremum of |A| over A in the spectrum of

A: the spectrum of A is the set of all » € C where A1 — A is not invertible. For X = R", p(A) is simply the
maximum absolute value of the eigenvalues of A.
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We assume that X = £2, the space of square summable sequences:

o0
2 2
L= (xl,xz,x3,--.)|2 |xi|” < o0
i=1

We will assume that b = (by, by, b3, ...) and c = (c1, ¢2,¢3,...) € ¢2. The matrix for A is

0 1
0 1

which is the well-known shift operator on £2. The resolvent (s] — A)_1 can be computed
explicitly: solving (s — A)z = w for z € £? and w € £ can be done as follows. For each
i > 1 wehave sz; —zj+1 = w;. If we write z;11 in terms of z;, we expect to see exponential
growth for |s| > 1. So we work in the reverse direction: z; = (z;4+1 + w;)/s. This means
we can write z; as an infinite sum z; = Z,fio sk wiyk. This gives

R i

(s1—A)" =

which is a bounded operator £2 — ¢2 for |s| > 1.Then we can compute

o0 o0
Gs)=d+Yy s ) cibik,
k=1 i=1

which gives us the Laurent series for G(s) at infinity. Solutions thus exist if for s > 0
sufficiently large, d +s 71352, ¢;biy1 > 0.

4.6 Convolution complementarity problems

Convolution complementarity problems (CCPs) introduce a different kind of dynamics and
have the following form: Given m: [0,T] — R**" ¢g: [0,T] — R”, and a closed convex
cone K C R" where ¢(0) € K*, find z: [0,7] — R” such that

K>3z(t) L(m*z2)(t)+q()e K* for almost all ¢, (4.43)

T
(k*z)(t)zf k(r —1)z(t)d. (4.44)
0

This can be used to represent the LCS (3.8)—(3.10) by setting k() = D 8(t) + C e’ B and
qt) = CeAlxg for t > 0. The index of the CCP is the smallest index r such that the
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distributional derivative m)(r) has a Dirac-8 function at # = 0. This definition is equivalent
to the index described above for DVIs. However, r need not be an integer; we can also use
fractional derivatives [145] (see Chapter 7).

CCPs can be used to solve certain problems involving partial differential equations
with complementarity conditions, as long as the dynamics are linear and time invariant, and
the complementarity conditions are finite dimensional, such as impact of a rod at one end.

4.6.1 Index-zero CCPs

First, we will consider index-zero problems. In particular, suppose that m(t) = mod(t) +
m1(t), where m is an integrable function. Then (4.43) becomes

K>z(t) Lmoz(t)+(myx2)(t)+q@) € K* for almost all .

This can be solved by means of a Picard iteration: Given 7O compute 2D @ by the
iteration

K 5 2% Lm0 + (m1 *z(k)> () +q(t) € K* (4.45)

for almost all . Then we can transform the problem if m( has the uniqueness property for
the GCP

K>z 1lmoz+qeK* (4.46)

Let us assume that my is a strongly monotone matrix (that is, mg + mOT is positive definite).
Let g — z = solk m,(q) be the solution operator for the static problem (4.46). If my is
a strictly monotone matrix, then solg ,,, is a Lipschitz function with Lipschitz constant
1/ )\-min(%(mo +m()). Then the Picard iteration (4.45) leads to

25 D(1) = solg m, ((ml * Z(k)) @)+ q(t)) for almost all 7.

The operator z(-) > y(-), where y(t) = solg , ((m1 *z)(¢) 4+ g(t)), is a Lipschitz operator
C[0,T] — C[0,T] with Lipschitz constant

r 1
/ lm ()N dt /Amin (E(m0+mg)>
0

For sufficiently small T > 0, fOT [lm ()] dt/kmin(%(mo +mg)) < 1, and so we have a
contraction map. (We will choose T > 0 so that fOT lmi ()| dt < %Amin(%(mo —i—mg)).)
Then by the contraction mapping theorem there is a unique fixed point; thus there is a
unique fixed point in C[0, 7] and one and only one solution in C[0, T].

The solution can be extended to [T, 27 ] by means of a “shift” technique: lets =¢—T
for T <t <2T; then put q1(s) = q(T +s) —i—fOTml(T +s —1)z(t)dt. Then using the
techniques of the previous paragraph we have a solution of

K 3 z1(s) Lmoz1(s)+(m1%z1)(s)+qi(s) € K* forO0<s<T.

Then we set z(t) = z1(t — T) for T <t < 2T. The process can be repeated indefinitely, so
there is a unique solution z(¢) for ¢ > 0.
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There is a point that should be understood about the connection between the matrix
mo and the cone K. If mg is strongly monotone, then there are no restrictions on what
the closed convex cone K can be. However, if we restrict K, then more general matrices
mg are allowed. The crucial condition is that the solution operator solk ;,, for the static
problem (4.46) needs to be Lipschitz. This is the case if, for example, K =R’ and mg is a
P-matrix, which can be very far from being strongly monotone.

4.6.2 Index-one CCPs
Index-one CCPs have the following form: Given m(-) and ¢g(-), find z(-), where
K2zt) L(mx2)(t)+q(t)e K* for almost all 7,

where m(-) is an integrable function and m(0™) is a suitable nonsingular matrix. It turns
out that we need significantly stronger conditions for existence and uniqueness of solutions
to index-one problems than for index-zero problems. The question of uniqueness has some
subtleties to it that has led to some apparently simple open questions [245].

The simplest example of an index-one CCP is to have m(t) = mg for all t > 0. Then
(mx2)(t) =mop fot z(t)dzt. Let w(t) = mg fot z(t)dt +q(t) so that dw/dt(t) = moz(t) +
q'(t). Then we can turn this problem into a DCP:

dw ,
o= moz(t) +q'(t), w(0) = ¢(0),

Ksz(t) Lw@) eK* for almost all .

Typically we require that ¢’ be integrable (so that g is absolutely continuous), and of course,
g(0) € K*. In general, we can show that if ¢ € W-P(0,T; R") and ¢(0) € K*, then the
solution z € L?(0,T; R"). We show existence and uniqueness of solutions to index-one
CCPs in Section 4.6.2 under suitable conditions.

4.6.3 Index-two and higher-index CCPs

Index-two CCPs involve kernel functions m(¢) which are asymptotically m(t) ~ mot as
t | 0. Such problems can be considered as a starting point for understanding simple impact
problems such as

&(t)—f(t)JrN(t) 0) d—x(O) i
2= s X " given

0<x(t) LN()=0 for all 7.

As might be expected for such a problem, the solution N(¢) is typically a measure, as it
can contain impulses. Furthermore, solutions might exist, but they cannot be expected to
have unique solutions when impact occurs. After all, for rigid-body dynamics we need
a coefficient of restitution to determine the velocities immediately after impact. Indeed,
existence can be proved for the CCP: Given m: [0,T] — R"*" and ¢: [0,T] — R", find
7: [0,T] — R” satisfying

K>zt) Lmx2)(t)+q(@)e K* forall ¢,

provided m(0%) = 0, m’(0") = mg, m” in L*°(0,T; R**"), and ¢” is in L?(0,T; R") and
q(0) e K*.
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4.6.4 Fractional index problems

Fractional index problems do exist, but the dynamics are not generated by ordinary dif-
ferential equations. These are most easily described in terms of CCPs. These are CCPs
where m(t) ~ t* " 'mo/ () as t | 0, where my is, say, strongly monotone, and « is not
an integer. Existence of solutions can be shown for 0 < @ < 1 and 1 < o < 2 by means of
index reduction and the differentiation lemmas (see Section 3.4). Uniqueness can be shown
for 0 < a < 1 if mg is symmetric positive definite, but not for 1 < o < 2 at the time of this
writing.

The first CCP to appear as such in the literature is of this kind and is due to Petrov
and Schatzman [207]. They obtained a CCP of this kind with o = 1% from studying the
impact problem for a viscoelastic rod (impact occurs at x = 0):

Ut = Uyx + BUixx, t>0,0<x <L,
0=ux(t,L)+ Bus(t,L),
N(t) = ux(t,0) + Bux(t,0),
0<N() L u(,0)=>0.

By means of constructing a Green’s function or fundamental solution for this problem, they
found

t
u(t,0) = / m(t—t)N(r)dt +q(7),
0

where m(t) ~ constz!/? as ¢t | 0 and const is a positive constant. The function g(-) is

obtained from the initial values u#(0,x) and u,(0,x) for 0 < x < L. Existence of solutions
can be shown either by the original techniques of [207] or by more recent techniques [243].
Furthermore, it can be shown that the contact forces do no work, and therefore the energy
loss can be accounted for from the viscous term S u;,, alone.

Other fractional index CPs can be found in [249], which also develops the theory of
such problems for 0 < o < 1.

4.7 Parabolic variational inequalities

Parabolic variational inequalities (PVIs) are VIs involving the first derivative of the un-
known functions with respect to time which have the form

u(t) € K, (4.47)

0< <i— u(t), i—”f‘(r) - f(u(t))> forall 7 € K, (4.48)

where K is a closed convex set in a Banach space X. Discussions of PVIs can be found in
[25, 189]. PVIs can be represented as differential inclusions or as DVIs.

An example of a PVI is the oxygen uptake in a biological tissue, described in Sec-
tion 1.4.3. Oxygen diffuses through a tissue which absorbs the oxygen at a fixed rate as
long as it is available. But if the oxygen concentration drops to zero, the cells in the tissue
are assumed to go into hibernation and resume normal uptake when the oxygen concentra-
tion becomes positive again. The main variable is u(#,X) being the concentration of oxygen
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at point x at time f. Where the oxygen concentration is positive, the following reaction-
diffusion equation holds:

ou

i V- (DVu) — rmax.
The set K = {u ceH (Q)|u> 0} represents nonnegative oxygen concentrations. When
u(t,x) = 0, this partial differential equation becomes inoperative. Instead we simply ensure
that u(t,x) > 0; that is, the oxygen concentration does not become negative. This can be
represented by the VI

~ el ~
u(t,x)>0 & 0=<@@—u(,x))- |:8_,: -V. (DVu)+rmaX:| forallu >0

for all ¢+ and x. Alternatively, this can be represented by the complementarity formulation

0
8_1: =V '(DVM)—rmax‘i'S(t,X),

0<s(t,x) Lu(x)>0 for all ¢t and x.

4.7.1 Comparison with maximal monotone differential inclusions
To represent (4.47)—(4.48) as a differential inclusion, note that (4.48) is equivalent to

du

0e
dt

— f(u(@®))+ Nk (u(?)) (4.49)
by (2.41). The representation (4.49) leads directly to existence and uniqueness results via
the theory of maximal monotone differential inclusions (Section 4.2) for Lipschitz f since
Nk is a maximal monotone operator. We just need u(0) € K.

In Gelfand triples, we need to be a little careful in how we apply the theory of
maximal monotone differential inclusions, as we need to ensure that the operator — f +
Nk : X — P(X’) in a Gelfand triple X C H = H' C X’ can be turned into a maximal
monotone plus Lipschitz operator (— f + Nx)y : H — P(H) as we identify H = H'. Re-
call that for ®: X — P(X’), ®y(u) = ®(u)N H for u € X and ®(u) = ¥ otherwise (4.19).
For example, if we take X = H!(Q) and H = L*(Q) for a domain  C R?, we can set
K ={we X | wk) > @), for all x € I'} for a suitable subset ' C Q and ¢: I' - R.
Then we can take f: H'(Q) — H~1(Q)tobe f(u)=+V2u. Then f(u) = +V>2u leads to
maximal monotone L2(Q2) — P(L3(Q)) by Lemma 4.7, while f(u) = —V2u does not.

4.7.2 Comparison with DVIs

To turn (4.49) into a DVI we note that z(¢) € Nk (u(t)) just means z(¢) € 9l (u(t)), and
by the Fenchel duality theorem (Theorem B.15), this is equivalent to u(¢) € 9 (I;g) (z(t)) =
dok (z(t)). That is, z(¢) minimizes the convex lower semicontinuous function v — ox (v) —
(u(t), v). This is a VI of the second kind:

HeX & 0<og(?)—oxz®)+(Z—z(t), —u()) forall7 € X.

Thus we can represent a PVI as a DVI with index one.
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The converse is only partly true; DVIs are in fact a larger class of problems. Consider
the index-one DVI

d
d—’: — F(x() + BG()2(0),
zZh)eK & 0< (E—Z(t), G(x (1)) forallZ e K.

Then the VI is equivalent to —G(x(#)) € Nx (z(t)) = 91k (z(t)). Again using Fenchel dual-
ity, this is equivalent to

2(1) € 3 (1) (=G (x (1)) = dok (=G (x(1))).

If G is affine, then the feasible set for x(¢) is convex, which is always the case for PVIs.
For general nonlinear G this is not so. Assume for now that K is a closed convex cone.
Then ox = I+, and

dx

dt
For G affine and B constant with B = VG*,

€ f(x(0))+ B(x(1) 3 g+(=G(x(1))).

dx

77 €SOO = No10(x (1),

or equivalently,
—1 ~ dx ~ o=l g
x(H)eG (K" & 0<(x—x(), 2 f(x(@))) forallx e G™ (K™).

That is, under these conditions the DVI is also a PVI.
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Index Zero and Index One

In this chapter we will consider index-zero and index-one DVIs and various special cases
and generalizations. Index-zero inequalities are the easiest kind of DVI to solve since the
“algebraic” part of the solution (the part where derivatives do not appear) can be found
in terms of the “differential” part of the solution. Substituting this into the differential
equation gives an ordinary differential equation without an unknown “algebraic” variable.
Thus we can reduce these problems to the study of ordinary differential equations.

Index-zero problems can typically be reduced to Lipschitz differential equations.
Index-one DVIs, on the other hand, are considerably more interesting. However, index-zero
problems can be used as a starting point for many different approximations and analyses of
index-one and other problems.

5.1 Index-zero problems
5.1.1 Existence and uniqueness

Consider the index-zero DVI in the general form:

d
d—:(t) = f(t, x(1), z(1)), u(to) = uo, (5.D
72(t) e K for all 7, 5.2)
0 < (Z—2z@), F(t, x(t), z(1))) (5.3)

for all 7 € K and almost all ¢.

The VI part (5.2)—(5.3) has a unique solution z(¢), given ¢ and x(¢), provided F (¢, x(¢), -) is,
say, strongly monotone. The existence and uniqueness results for index-zero problems are
usually obtained by showing equivalence with a Lipschitz ordinary differential equation.
Consider the parametrized variational inequality VI(F (¢, x, -), K):

z€eK & 0<(Z7—z, F(t,x,2)) forallZ e K.

147
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The solution of this VI gives us a map (¢, x) — z = ¥ (¢, x); ¥ (¢, x) is a singleton if, for
example, F(t, x, -) is uniformly strongly monotone:

(F(t,x,20) = F(t,x,22), 71— 22) = n 1z — 22
for some n > 0 independent of ¢ and x. We also assume that F(z, x, z) is Lipschitz in x:
I F(t, x1,2) = F(t,x2, D)l < Lp () lx1 —x2]]

for all x1, x2, and z € K, where L p(-) is an integrable function on [#g, #1]. We also suppose
that F(z, x, z*) is integrable in ¢ for some fixed z* € K :

|F @, 0,2 < Br),

where B (-) is an integrable function on [#g, #1]. Now suppose z; solves VI(F(¢, x1, ), K)
and z, solves VI(F (¢, x3, -), K); thatis, z; = ¥ (¢, x1) and zo = ¥ (¢, x2). Then 71,22 € K,
SO
0<{z2—2z1, F(t,x1,21)),
0<(z1—2z2, F(t,x2,22)).
Adding gives

0<—(z2—z1, F(t,x2,22) — F(t,x1,21))
< —(z2—z1, F(t,x1,22) — F(t, x1, 21))
+(z2 —z1, F(t, x1, 22) — F(t, X2, 22))
< —nllzz—z1l*+ lz2 — 21l 1F (@, x1, 22) — F(t, x2, 22)
< —nllzz—z1l*+ lz2 = 21l LF(@) lx1 —x2ll.

Rearranging and dividing by ||z2 — z1]| give

L)

lz2 —z1ll < llx1 — x2l .

We also need a bound on the solutions z of VI(F(¢, x, -), K): To bound ||z||, note that
if z* is a fixed element of K ; then

0< (z*—z, F(t,xz))
<—(*—z, F(t,x,2")— F(t,x,2))
+(c* =z, F(t,x,2")

<—n | =2+ =] |Ft, x, 2%

i

and so rearranging and dividing by ||z* — z|| give

IA

1
e =2l < - 1 £ x.20)]

A

1
=3 Br@+1x1),

and so ||z|l < lIZ*Il + (Br@) + Ix1) /7.
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We need our dynamics to be governed by a Lipschitz function

ILf @t x1, 21) = f(1, x2, 22) Il < Lx(0) llx1 — x2ll + L flz1 — 22l

(L, integrable on [f, #1]) and also with a bound

I£(2,0,0)l = By (1),

where B is an integrable function on [7y, #1].

Combining these results shows first that y(z, -) is Lipschitz with constant L ¢(#)/7;
this in turn shows that f(z, x) := f(¢, x, ¥(¢, x)) is Lipschitz in x with constant L(¢) +
L. Lp(t)/n, which is an integrable function of ¢. Furthermore, we can bound | f(z, 0)| by
an integrable function. Then our DVI (5.1)—(5.3) is equivalent to the ordinary differential
equation

dx = .
E(I)—f(t,x(l)), x(to) = xo,

which has a unique solution on [#y, #1] by the well-known theorem on existence and unique-
ness of Lipschitz ordinary differential equations (Theorem C.1).

Modifications to the assumptions can be made: L, can be made a function of time as
well L,(¢), and so can n to give n(¢). The crucial issue is whether L, (t)+ L,(t) Lr(¢)/n(t)
is an integrable function of ¢.

Note that the solution x(¢) is absolutely continuous in ¢. If f(z, x, z) is continuous in
t as well, then f(¢, x) is Lipschitz in x and continuous in #, so x(-) is then a C! function.
However, since /(z, x) is unlikely to be differentiable in x, we do not expect that x(-) will
be a C? function.

5.1.2 Index-zero CPs

Now we suppose that K is a closed convex cone. Then the problem becomes

d
d—f(r) = f(t.x(0).2(t),  x(to) = xo.
K>z(@) L F(t,x(),z(t)) € K*.

Since it is often possible, especially for certain cones K such as K = R”, to extend the ex-
istence and uniqueness results for VIs, we can extend the existence and uniqueness results
for DVIs for certain cones K. Existence and uniqueness results for CP(®, R’} ) have been
developed (see [169] and [95, Section 3.5.2]). A particularly useful concept in this context
is that of a uniform P-function for K = R', or more generally a uniform P(K )-function
where K =[]/L, K;.

Suppose that K = ]—[:”: | K;i and each K; is a closed convex cone in X; where X =
[T/L, Xi. A function ®: X — X’ is a uniform P(K)-function if there is an n > 0 where

max (@i(y) = Pi2), yi —zi) 2 1 ly —zl% (5.4)

i=1,2,...m

for all y,z € X. Note that z; is the component or projection of z € X =[]/, X; in X;.
The solution of CP(®, K) is unique if & is a uniform P(K)-function. First (I—[:"zl K i)* =
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[T/, K;. Also, if y and z are two solutions, then

yi € Kj, 0
zi € K, 0

(P)is zi — yi) for all i,
(P(2)is yi —zi) foralli.

<
<
Thus

0> (D(y)i — P(2)i, yi—zi)  foralli.
Taking the maximum over i gives

0 > max (®(y); — D)i, vi —zi) > n Iy —zl% .,
l

and so y = z. Thus CP(®, K) has at most one solution.

Now suppose that F(t, x, -) is a uniform P(K)-function with the same parameter
n > 0 independent of ¢ or x, and that F(t, -, z) is Lipschitz with a Lipschitz constant Ly
independent of ¢ or z. Then the solution map z = ¥ (¢, x), where z satisfies that

K>zl F(t,x,z)e K¥,
is Lipschitz in x: if z; = ¥ (¢,x1) and zo = ¥ (¢,x2), we have foreachi =1, 2, ..., m,

0> (F(t, x1,21)i — F(t, X2, 22)i, (21); — (22);)
=(F(t,x1,21)i — F(t, x1,22)i, (21); — (2);)
+(F@, x1,22)i — F(t, x2, 22)i> (21); — (22);)
> (F(t, x1,21)i — F(t, x1, 22)i (21); — (22);) — LF lx1 — x| lz1 — 221l

Taking the maximum overi = 1,2, ,..., m and using the uniform P(K) property give
0> llz1 — 22l = Lr llx1 — xall 21—zl

Rearranging and dividing by ||z1 — z2|| give
Lp
llz1 —z2ll < ' llx1 — xall,

and v (z, -) is Lipschitz with constant L /5. Substituting into the differential equation gives
an ordinary differential equation with Lipschitz right-hand side:

d
d—:(t) = ft, x(0), ¥, x@),  x(to) = xo.

5.1.3 Normal compliance for mechanical contact

For a number of reasons the Signorini contact conditions are not preferred by some investi-
gators interested in mechanical contact and impact problems. Instead, a common approach
is to use normal compliance, which involves representing contact by a stiff spring which
applies no force when there is no interpenetration. But when there is interpenetration, the
spring force is (for example) proportional to the depth of interpenetration. This can be
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represented or approximated by an index-zero DVI. For a state vector ¢ and velocity vec-
tor v, we assume that there is a function ¢(g) so that there is no penetration if ¢(q) > 0.
For normal compliance we typically have the normal contact force N = k Vo(q) [gp(q)]_
where [u]_ := max(0, —u) and k is the stiffness of the normal compliance “spring.” If the
admissible set of states is {¢q | ¢;i(¢) >0,i =1, 2, ..., m} and the normal contact force for
constraint ¢;(g) > 0 is A;, then (1.3)—(1.4) can be modified to allow normal compliance:

M@ = —VVg)+kav) iw () (5.5)
q dr q q,v - i Voilq), .
=

dq
— =, 5.6
7 =V (5.6)
1
0<A; J_goi(q)—i—E)L,- >0 foralli and . (5.7)

Then, if ¢;(q) > 0, we have A; =0, and if ¢;(¢) <0, we have A; =k [(p,-(q)]_. Here X takes
the role of z in the above theory. The crucial function is F(q, v, 1) := ¢(q) + A/ k, which
is clearly strongly monotone in A with n = 1/k.

The main advantage of the normal compliance approach is that the equations of mo-
tion are just ordinary differential equations and not some more complex type of problem.
However, most bodies are stiff, which means that k is large. This naturally leads us to the
problem of what happens as k — 0o, which is a main topic of Section 6.1.

5.2 Index-one problems

For index-one problems, the VI cannot be solved from knowing the time ¢ and state x(¢). In
these cases, one differentiation of F (¢, x, z) in time will give a function which is invertible
in z. These are index-one problems. In these problems there is less regularity in z(¢) than
in x(#), and this means that we will need some more structure in the problems. Specifically,
in this section we will concentrate on DVIs of the form

d
d—);(t)= J@, x(0)+ B(x(1))z(), x(10) = xo, (5.8)
z(t) e K for all ¢, 5.9
0 < (Z7—2z(), G(x(®))) forallZ € K and t. (5.10)

We will call these pure index-one DVIs. Pure index-one DVIs can be used to represent
resource limit problems, projected dynamical systems (PDSs), Coulomb friction problems
with known normal contact force, and many other kinds of systems.

Sometimes we have VIs which can be solved for some components of z(¢); these
are mixed-index problems. The theory is somewhat complex, as the lack of regularity of
the “index-one” components should not be allowed to affect the “index zero” components.
Typically mixed-index problems have the form

d
d—):(t) = f(t, x(0), 2(t)) + B(x(1)z(t),  x(to) = xo, (5.11)
z(t) e K, (5.12)
0<(Z—z(), Ft,2(t)) + G(x(1)))  forallZe K, (5.13)
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for all ¢. In addition we need conditions like

e F'(t, ) is a monotone function for all ¢, and

o (F(t,z1)— F(t,22), 21 — z2) = 0 implies f(z, x(1), z1) = f(t, x(1), z2).

Nevertheless, such a theory can be developed and usefully applied. Examples of mixed-
index problems include electrical circuits with ideal diodes.

In this section we will concentrate on problems of the form (5.8)—(5.10). Much of
the material in this section is based on [199].

5.2.1 Pure index-one DVIs

Pure index-one DVIs do not always have solutions, particularly if K is unbounded, as is the
case for DCPs (differential complementarity problems), where K is a cone. For example,
if K is a closed convex cone, then there are no solutions z(¢) to the VI (5.9)—(5.10) if
G(x(t)) ¢ K*. Thus the state must often be constrained, and the initial value must also
satisfy G(xp) € K* if K is a cone.

Of crucial importance are the matrices VG (x(¢)) B(x(t)) where VG(x) is the Jaco-
bian matrix of G(x) with respect to x. In finite dimensions, solutions exist if VG(x) B(x) is
uniformly positive definite, but uniqueness can be hard to establish without also assuming
symmetry of VG (x(¢)) B(x(¢)). These results can be extended in special cases (for exam-
ple, if VG(x) B(x) is a P(K)-matrix uniformly over ¢ and x, with K = ]_[;"=1 K; to obtain
existence).

The existence proofs are based on a time discretization. Since, for K a cone, we must
have G(x(t)) € K* for all ¢, an implicit time discretization is needed. For our first existence
result, we will work in R" and suppose that f, B, and G have suitable Lipschitz properties,
and that VG(x) B(x) is uniformly strongly L-copositive:

(w, VG(x) B(x)w) > nvge ||w||2 forall w e L (5.14)
for all 7, x, and w with nygp > 0.

Theorem 5.1. Suppose that X = R" and
(DVI-Al) x +— f(t,x) € X is measurable in t, Lipschitz in x with constant Ly, and
If(#,0)|l < By forallt,

(DVI-A2) K = C+ L C X, where C is closed, convex, and bounded, and L is a closed
convex cone,

(DVI-A3) G(xg) € L* (compatibility condition),
(DVI-A4) VG(x) B(x) is uniformly strongly L-copositive for all x, (5.14), with constant
nvGp >0,

(DVI-AS) B and VG are bounded and Lipschitz functions with bounds Bp and Bvg and
Lipschitz constants Lp and Lv g, respectively.

Then there is a solution to the DVI (5.8)—(5.10).
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Proof. The proof here uses a simple implicit time-stepping approach based on the Euler
method. It is, however, explicit for f(z,x) and implicit for much of the VI part. The crucial
bounds for the solutions of the VI come from (2.47).

At each time step we solve the following VI: Given x¢, find z¢ such that

(/AN
Ryl / Fe.xYdr+hBGH, (5.15)
17

ek &0< (z—z‘f, GO+ VG (x”l —x@)> (5.16)
forall 7 € K. This has a solution since z* > G(x*) + VG(x%) (x**! — x%) is an affine map
2L bE+hVG(xY) B(xY 2t with h VG(x?) B(x*) strongly L-copositive and K = C + L.

From Lemma 2.16 we have the bound based on (2.47)

[ = v (1wt /n, 1),

where y depends on C, L, and nv¢ p. Note that G(x®) = G(xo) € L*, so d(G(x°), L*) =0.
In general, b' = G(x') + VG (x") [[**! f(z,x")dx, so0
/te+1
173

<d(G(x"), L") +hBve [ﬁf’O+ Ly er H] '

d(b', L*) < d(G(xY), L)+ HVG(x"))

f(r,xz)H dt

Now
G(x“l) = G(xé)—i— /01 VG (xk +s (x“l —xé)) (x“l —xg) ds

= GuH+VGHY (x‘f“ - x@)

+/01 [VG (xz—i-s (x“l —xé)) - VG(XK)] ds

X (x“] —xz) .
With Ly the Lipschitz constant of VG,

te+1

G =GuH+ VG [ / fr,xYdr+h B(xe)zz} +1¢,
te

(i

1
o = L2 e -

te+1

G(xH+VG(xhH [/ f(r,xz)dr—i—hB(xz)z{| eL*,
Iy

since it appears on the right-hand side of the inner productin the VI (5.16). Thus d (G(xtth,
L*) < H ne || < %LVG Hx“l —xt ||2 For f(¢,0) bounded by By, from the Lipschitz
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constant we have

o=

~

el o
AGG ), L = sLvgh[Bro+ Ly x|+ 85 [
<y [1+8v6 (Bro+Ls x| +aGaty, Loyn)],

= Lo [Broe 2o |+ 00 ]

&~

|

Substituting the bound on z¢*! and d(G(x¢*"), L*) into the other inequalities above gives
<[
|4t <y [1+8v6 (Bro+ Ly x| +aGuh, Loy/m)]

<v[1+bvaBrotpeals (|« | +h [Brotis |« +85 |]])

[t = [ 40 [Bro+ 2 || + 85

+%h BveLac [ﬂf,o + Ly Hx@ H + BB Hzé Hﬂ .

Setting 6% = ||x*| and ¥*" = |z%|| we can apply the nonlinear discrete Gronwall-type
Lemma 5.2 (which follows this proof), with

o0, %) =Bro+ L0+ BpY,
00(0) =y [14 BvcBro+BvcLyso].

Thus, for any finite T > #y and € > 0, we have for sufficiently small 4 > 0,
sz H <0(te) +e,

Hze H <y[1+BvcBro+ ,BVGLfé\(fz)] +e,

where @\(t) grows exponentially in ¢ (with growth rate (1+ B8gyBvc)L ). Thus, on any
finite interval [7g, T'], xt || and ||z£ H are uniformly bounded, independently of 4 > 0.
Set x;, to be the interpolant

t
xn(1) =x£+/ fr,xHdt+( —1) B(xHz*

Iy

fort, <t <tpy1, zp(t) = tfore <t < tey1, and X5 (1) = xtforey <t < te+1. Since the
functions xj,(-) are uniformly Lipschitz and uniformly bounded in R", by the Arzela—Ascoli
theorem, there is a uniformly convergent subsequence. Let X(-) be the limit of such a se-
quence. Note that we also have uniform convergence of X (-) — X (+). Since the functions
zn(+) are uniformly bounded in L°°(0,T; R™), there is a further weak* convergent subse-
quence zj(-) =*Z(-). We wish to show that X(-) and Z(-) together satisfy the conditions of
the DVI (5.8)—(5.10).
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First note that dxy, /dt(t) = f(t,X,(t))+ B(X,(t)) 2, (¢) for almost all ¢, and that x;,(fy) =
x0. Thus for s < ¢ in the interval [fg, T | we have

t
x(6) — x(s) = / [F(.50(0) + BGH(D)2(D)] d.

Taking limits in the appropriate subsequence then gives

t
(1) = R(s) = / [0+ BE@)ZO)] dr.

Note that because zj(-) —*Z(-) weak®, it is important that the right-hand side of (5.8) be
linear in z. Note that the set of functions

[; € L2(t, T;R™) | ¢(1) € K for all t}
is a closed convex set, and it is also weakly closed by Mazur’s lemma. Since z;(-) —=*7Z(-)
in L (1p, T; R™) we have zj,(-) =~*Z(-) in L%(t9, T; R™), but weak and weak* convergence
in L%(tp, T; R™) are identical since it is a reflexive space. Thus the weak limit Z(-) has the

property that Z(¢) € K for all ¢.
Finally, we need to show that for any continuous Z: [f9, T] — K, we have

T
0= / (Z(1) —7Z(@), G(X (1)) dt.
0]
Now for each £ we have

tot1 fet1
05<%/£ E(‘c)dr—zé,G(xé)—i—/z f(r,xYdr +hVG(x@)B(x@)zK>.
ty 17

Let np(t) = tff“ f(@,xdt +hVG(xHB(xYz" forty <t < ty41. Summing over ¢ from
Zero to r gives

tr
0< f " 30 = 24(0). GG ) + m(D) d.
0]

Note that [, ()|l <k [Br.0+ Ly IXn(®)]+ BsBva llzn(®)l]. Since X, (-) and z;(-) are uni-
formly bounded on [79, T], |11l 00 — 0 as & | 0. Also G(X;(-)) converges uniformly to
G(x(+)) by continuity of G. Then weak convergence z;,(-) — Z(-) is enough to obtain con-
vergence of the integrals. Setting r = | (T — o) / k], by boundedness of the integrand, we
have

T
0< / (Z(0) = 2(), GER(D) + () dT + Oh).
fo

Taking limits in the appropriate subsequence then gives

T
05/ (Z(r) =7 (1), G(X (1)) dr.
0]
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Since this holds for all continuous 7: [#p, T] — K, by standard arguments,
0<(Z-2(@), G(x (1))

for all 7 € K for almost all ¢, as desired. By redefining Z(¢) on a null set, we can make this
hold for all ¢. Thus X (-) and Z(-) form a solution of (5.8)—(5.10), as desired. [

Note that a side effect of this proof is that it is clear that G(x'(¢)) € L* for all 7.
An important element of this proof is the following nonlinear discrete Gronwall
lemma.

Lemma 5.2. Suppose that
O < 0% L hp@" Y k), 6% =60,
w@-‘rl;h S O.(el;h’w@;/’l; h), 0 S wO;h S 0_(90’0’ I’l),
where p and o satisfy the following:

1. p(@,v;h) and o(0,V;h) have nonnegative values and are nondecreasing in 6 and

,(//.’.

2. p(@,Y;h) and o (6, ;h) are locally Lipschitz in (6,v) with Lipschitz constant inde-
pendent of h > 0;

3. p(0,%;h) = po(0,¥) and o(0,¢;h) — o9(0) as h | O uniformly in (6,v) over
bounded sets.

Then, if the solution /Q\Of

do ~ N N

E(I) = po(0(1), 00(6(1))), 6(0) = 6o (5.17)
is finite on [0, T, then for every € > 0 there is an hi; > 0 such that

oU"h < (ty) + e,
YE < 00@(10)) +e,

where tp ;== Lh € [0,T] whenever 0 < h < hg.

Proof. Note first that given pg, op, and 6y, 9 is the unique solution of the differential
equation (5.17) since 8 +— py(0,0¢(0)) is locally Lipschitz. For n > 0 let

do, - - -
d—:(t) = po(0,(1), 00(0y (1)) + 1)+, 0,(0) = 6p.

By continuous dependence of solutions on pargneters,/@(t) — g(t) as 1 |, 0 uniformly in
t € [0,T]. Thus, for n > 0 sufficiently small,

6,(t) —0(t)| < € for all t € [0,T]. We now
need to show that for sufficiently small 4 > 0,if £h < T,

05" <0y(1e) and YO < 0p(@(0) + .
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Givenn > 0,let R(n) = é\n(T) —i—oo(@\n(T)) +n. Note that R(n) is a nondecreasing function
of n > 0.

Show true for ¢ = 0: Clearly, from the initial values, 6* = 6y = 6, (fo) and " <
0 (60,0; h) < 00(00) + n = 00(By(t0)) + 1, as desired.

Suppose true for k = ¢; show true for k = ¢+ 1: Suppose that 8" < 0, (t;) and
Y8 < 600y (te)) +n and that (¢ + 1)k < T. Then

0 <0 £ hp0" y s h)
< Oy(t0) +h p(By(te), 00(@y (1)) + 1)

since p(0,y;h) is nondecreasing in € and . But since p has nonnegative values, @, is
also nondecreasing, and combined with the fact that p(6,v; h) and o (6,¢; h) are also
nondecreasing in € and v, we have

T4l

h p(@ (1), 00 (1) + 1) < / p@y(2),00,(x): b+ n)d

Iy

(/AN A A

5/ [00(6n(T),000y(T) + 1) +n]dT
t
etul —~ —~ —~

= / d0,/di(z)dt = Oy(tes1) — Oy(te).
173

Therefore,
O < B, (1041) < Ro(n).
On the other hand,
1pﬁ—i—l;h < o’(@z;h,llfz;h;h)
<000 +n
< oo(Oy(te+1))+n < Ro(n),

also as desired.

Thus by induction, the result holds for all ¢, where £h < T.

Taking n > 0 sufficiently small, we have the result that for given € > 0 and sufficiently
small 4 > 0,

0bh < 9(ty) + e,
Y < o0 @(i0) +e,
provided0O<¢h <T. O
For infinite-dimensional problems we have some additional complications due to the
lack of compactness. One method of overcoming these problems is to use (or assume)

pseudomonotonicity (see Section 2.5). For example, a crucial part of the proof of Theorem
5.1 is that there is a solution z¢ of

deK&0< <z—z, bZ+VG(x£)B(x£)zz> forallZ € K.
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Strong L-copositivity of VG(x?)B(x") is sufficient in finite dimensions to show existence
of solutions, but in infinite dimensions we need to make an additional assumption, such
as pseudomonotonicity. If we have pseudomonotonicity of VG (x*)B(x?), then z — bt +
VG(xHB(xYz is also coercive since VG(x9)B(x?) is strongly L-copositive, and so by
Theorem 2.36 the VI has a solution.

Thinking in terms of finite-dimensional approximations to an infinite-dimensional
problem, consider the DVI

d
d_):(t) = ft,x@)+ Bx()z(®),  x(10) = xo,
z(t) e K & 0<(Z—z(1), G(x(1))) forallZe K.

Consider x(¢) € X and z(r) € Z, with X and Z reflexive Banach spaces. Then G: X — Z/,
f:[to,T1xX — X,and B: X — L(Z,X).

Pick finite subsets {uq, us,...,u;,} C C and {vy,v2,...,v,} C L, and let Z,, =
span{uy, v, U2, V2, ..., Uy, Uy} and K,, = CNZ,, + LN Z,. Then there is an approxi-
mation (x,(t),z,(¢)) that satisfies the approximate DVI

X
%(r) = F(t2m(0) + BOn(D)zm(0),  x(t0) = X0,

Zm() €Ky & 0 < (7 —zm(t), G(xn(2))) forall7 € K,,.

We can prove that solutions exist for this approximate DVI (even though x,,(¢) may be in an
infinite-dimensional space) since precompactness of the set of values z,,(¢) gives precom-
pactness of the values x,, (). The problem is that if m — oo, we have weak convergence of
a subsequence of the z,,(-) and x,, (), which is not enough to prove that the DVI is satisfied
in the limit without some more assumptions about the nature of f, B, and G.

We make the following additional assumptions.

(DVI-A6) The functions VG(x) = Go+ VG1(x), B(x) = By + Bi(x), where VG (x) and
Bj(x) are collectively compact; that is, | J N (VGl(x)Bx) is precompact in Z’
and |J, (B1(x)By) is precompactin X.

(DVI-A7) The function f(t,x) = f(x) for all r and x, and f being compact and u,, —
u weakly in X implies f(u,,) — f(u) strongly in X, VG(un) — VG(u) in
L(X,Z"),and B(u,;,) — B(u) in L(Z, X).

(DVI-A8) The operator GoBg: Z — Z' is monotone and self-adjoint.

Assumptions (DVI-A6) and (DVI-A7) essentially require that VG and B be not too far
from being constant and VG(x) B(x) not too far from being monotone and self-adjoint.

These assumptions are fairly strong, and weaker conditions can be found for exis-
tence of solutions to DVIs. However, we will see how these conditions give existence of
solutions for infinite-dimensional problems. Let us suppose that we have a subsequence in
which z,,(-) = z(-) weakly in L*(0,T; Z) and x,,(-) = x(-) in L*>(0,T; X). Then z(1) € K
for almost all ¢. Also suppose that for sufficiently large m in the subsequence, Z(t) € K.
(If not, then since K,,, € K41 C ---, we can project Z(¢) onto K+ for some m* in the
subsequence.)
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Then, for all m sufficiently large in the subsequence,
0 < (Z(1) — zm(), G(xm(1)))
- ! dx
= <z(t) —zm(1), G(x0) + / VG (xm(1)) d—;n(t)df>

fo
t
= (Z(t) — zm (1), G(x0)) +/ (Z(t) = zm(), VG (xm (7)) f (xm(7))) dT

fo

1
+/ (2 = zm (1), VG (atm(1) B(xm (1) 2m (7)) d.

fo

Note that f is a continuous compact function X — X, and by the Arzela—Ascoli theorem
there is a uniformly convergent subsequence of m, where f(x,,(-)) = f(x(¢)) by (DVI-A7).
Integrating over o <t < T, we get

T
0< / (3(0) = 2m(1), Glxm (1)) d
1
OT
_ / (1) = 2m(1), Gx0)) di
1
’ T t
+ f / (0 = 2m(0). VG (D)) f Com(2))) dv it
) 1o
T t
+ / / (3(1), VG (tm(1)) BCin (1)) 2(2)) dT dt
1 1
OT Ot
- / / (o), VG (in (1)) Bt (1) 2 (1)) dz dit.
) 1o

The first term converges to ftg (Z(r) — z(t), G(xp)) dt; the second term converges to

T t
f / (30— 2(6), VG (x(2)) f(x(2)) dr dt
1o )

using (DVI-A7); the third term converges to ftg ft; Z(®), VG(x(1)) B(x(1))z(1)) dt dt again
using (DVI-A7); for the fourth term, note that VG (x,,(¢)) B(x,(¢)) — VG(x (1)) B(x(t))
uniformly in ¢ since the x,,(-) are uniformly Lipschitz. Now VG (x(¢)) B(x(t)) — Go By is a
compact operator for all ¢, and by continuity in ¢ and compactness of the interval 7y, T'], in
a (further) subsequence

(VG(x(1) B(x(1)) — Go Bo) zm(?)
— (VG(x(1))B(x(t)) — GoBg) z(t) as m — oo.

Thus

(VG (xm(1)) B(xm (1)) — Go Bo) z2m (1)
— (VG(x(0) B(x(1)) = GoBo)z(r) ~ asm — oo,
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and so

T t
/ / (D), (VG Cim(1)) BCom(1)) — Go Bo) 2m(0)) d di
1o o
converges to

T pt
/ / (z(1), (VG (x(1)) B(x(1)) = Go Bo) z(7)) dr dt.
1o 1o

The remainder is

T pt
/ / (zm(t), Go Bozm(7)) dT dt.
o 1o
But Gy By is self-adjoint by (DVI-AS8), so
(zm(®), Go Bozm (7)) = (zm(7), Go Bozm (1)) ;

thus the remaining term is

1 T T
—/ / (zm(t), Go Bozm (7)) dT dt
2 ) 1o

1/ (7 T
= —</ zm(t)dt, GOBO/ zm(f)dt>,
2\, o

which is a convex quadratic function of ftg Zm(t)dt, which converges weakly to ftg z(t)dt.
Hence, by Mazur’s lemma,

m—oo 2

1 T T
liminf—/ / (zm(t), Go Bozm (1)) dt dt
1o )
1 T T
>3 [ [ cw.Gomzy acar
2 1o )
Combining all these results, we have

T
0< / (31) - 2(1), G(xo)) d
1
’ T t
+ / / (3(1) - 2(0), VG (x(0)) f(x(2)) dr dt
1o to
T t
+/ / (Z(H), VG(x () B(x(1))z(7)) dt dt
1o to
T t
- / / (2(), VG(x(r)) B(x(1))2(0)) d di
1o to

T
_ / () — 2(0), GG (1)) di,
0]

and the weak limit is indeed a solution of the original problem in infinite dimensions.
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This approach cannot deal with unbounded operators unless there are some special
conditions included, as the bounds on z,,(¢) depend on f(x,,,(¢)). If f(x) is an unbounded
operator, then we lose the bounds on z,,(¢). If, for example, f(x) generates a semigroup
that leaves K invariant, then by alternating time steps for dx/dt = f(x) and for the DVI
without f(x), bounds on z,,(¢) can be found independent of m.

An alternative approach for infinite-dimensional problems is to use PVIs as discussed
in Section 4.7, although then G(x) must be affine and B = VG*. To turn the DVI into
something like a PVI, the VI part

72(t) € K & 0 < (7—z(t), G(x(1))) forallZ e K
can be represented as

0 e G(x(t))+ Nk(z(1))
= G(x(1))+ 0k (z(1)).

Using Fenchel duality, v € d¢(u) if and only if u € d¢*(v), and we can rewrite the VI as
z(1) € I (—G(x(1))).

Substituting this into the differential equation gives the differential inclusion

d
d—);(t) € fx()+B&(®)Ig(=Gx(1),  x(to) = xo.

If G is affine and B = VG*, then under a constraint qualification,

d
(0 € fx) =0 (Izo=C) =), x(t) =70,

which is a maximal monotone differential equation, and all of the associated theory applies.
However, if G(x) is nonlinear, then /g o —G is usually neither convex nor convex plus
Lipschitz. In such cases, it is necessary to fall back on theory such as described earlier in
this section.

5.2.2 Uniqueness of solutions of index-one DVIs

While VG(x) B(x) positive definite is (apart from technical conditions) sufficient to guar-
antee existence of solutions to index-one DVIs, it is certainly not sufficient to guarantee
uniqueness. If K is a closed convex cone, then the DVI is a DCP. A natural assumption
might be that if the associated LCP(K, g, VG(x) B(x)) has a unique solution for all x and
q, then the DCP also has unique solutions. However, this is not true, even if VG(x) and
B(x) are constant.

Examples of nonuniqueness for DCPs with VG(x) and B(x), and even constant
f(t, x, 2), were found by Bernard and el Kharroubi [30], where VG(x) B(x) is a P-matrix
and K = Ri. The nontrivial solutions for the DCP of Bernard and el Kharroubi look like
Figure 5.1. Mandelbaum [164] went further and showed nonuniqueness for a system with
VG (x) B(x) positive definite but not symmetric, K = R2, and f(t, x, z) nonconstant. In
fact, f(¢, x, z) in Mandelbaum’s counterexample is a complicated function that can be C*
but not analytic.
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Both of these examples involve solutions that are reverse Zeno. That is, for one of
the solutions the active set I1(t) := {i | zi(t) = 0} changes infinitely often in an interval
[t*,t* + €) for any € > 0.

This appears to contradict the theory of LCSs [124], which says that solutions to

dx
I =Ax(t)+ Bz(1), x(t9) = xo,
w(t) =Cx(t)+ Dz(¢),
O<w() Lz@®)=>0 for all ¢

are unique, provided D +s~!CB is a P-matrix for sufficiently large positive s. However,
these results are not contradictory: the theory of LCSs considers only Bohl distributions as
solutions, which immediately rules out reverse Zeno solutions.

Uniqueness in general can be proved in finite-dimensional problems provided that
VG(x) B(x) is symmetric positive definite.

Theorem 5.3. Consider the DVI

i—f = f(t, x)+ B(x)z(1), x(fo) = xo, (5.18)
(1) € K, (5.19)
0<EZ—z) [FGz(t)+Gx@)]  forallZ €K, (5.20)

where f, B, G, and F are all Lipschitz with VG also continuous. Assume that F : R"* —
R" is monotone and that V G (x) B(x) is symmetric positive definite. Then the solution (x, z)
is unique.

The proof here follows [244]. Before we go on to the proof of this result, we first
begin with a lemma in linear algebra inspired by the BEGS optimization method.

Lemma 54. Let C = {(U,V) | VI'U is symmetric positive deﬁnite}. There is a map

Q: C — R™" where whenever VI U is symmetric positive definite, U = Q(U,V)V and
Q(U, V) is symmetric positive definite. Furthermore, this map is locally Lipschitz.

Proof. Suppose that U is n x m; then P := VT U is m x m and V is also n x m. Note that
the rank of both U and V must be m. Fix Q¢ to be a symmetric positive definite n x n
matrix. (We could put Q¢ = I, for example.) Then put

o=1U-vP 'uhHTgyr-vrP'luhH+upr'UT.

This formula is inspired by the DFP and BFGS quasi-Newton update formulas (see
[192, pp. 196-198]). Clearly Q is symmetric and positive semidefinite. Since Qg and P~!
are positive definite, if xTQx =0, then (I — yp-! UT)x =0and UTx = 0. The latter
equation implies that (1 — VP~1UT)x = x — VP10 = x, so the only x where x” Qx =0
is x = 0. Thus Q is positive definite.
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To show Q V = U we carry out a simple calculation, noting that vig=p=pPT =
Uty
ov=uU-vrP'uhHTgyu—-vrlvhyv+upr'uTy
=-vr'uhHgyv-vrP'P+UuP'P
=I-vP U Qyv-Vv)+U=U.

For the final part, we note that P — P~ is locally Lipschitz for positive definite P,
so from the formula we see that (U, V) — Q is a locally Lipschitz map. 0O

We can now continue with a proof of our main uniqueness result.

Proof of Theorem 5.3. Suppose there are two solutions (x1, z1) and (x2, z2). Let
t* =sup{t > 19| x1(t) = x2(1), z1(s) = z2(s) for almost all fp < s < t}.

By shifting the initial time we can assume without loss of generality that t* = 400 or
t* = ty. If there are indeed two distinct solutions, then t* < +00, so we can assume that
t* = t9. We will show that this leads to a contradiction.

Let P(x) = VG(x) B(x), which is a symmetric positive definite matrix for all x. Thus
by Lemma 5.4 there is a locally Lipschitz function Q(x) where Q(x) is symmetric positive
definite for all x and VG(x) = B(x)T Q(x) for all x.

Let

B = max{|lx1|l, 2l [0 <t <10+ 1} +1,
Bz = max{[z1()|, 22D} + 1.

Note that R, € L'(t,t0 + 1). On the closed ball {x | [x|| < B¢} the functions f, B, VG,
and Q have Lipschitz constants denoted, respectively, by L¢, Lg, Lvg, and Ly, and the
functions are bounded, respectively, by 8¢, B8, Bve, and Bg. We restrict our attention to
t € [ty, to+ 1]. Finally, let ng = min{ Amin(Q(x)) | [lx]| < Bx }.

Now, since z1(1), z2(t) € K,

(22(t) — 21(1), G(x1(1)) + F(z1(1))) = 0,
(z1(1) — z2(2), G(x2(1)) + F(22(1))) = 0.

Adding gives (after some rearrangement)
(z2(t) = 21(1), G(x2(2)) + F(z2(2)) — G(x1(2)) — F(z1(2))) < 0.
Since F is monotone, (z2(t) — z1(1), F(z2(t)) — F(z1(t))) > 0, s0
(u2(2) —u1(r), G(x2(1)) — G(x1(1))) < 0. (5.21)

Now
G(x2(1)) — G(x1(1)) = VG (x1 (1) (x2(t) — x1(2)) + h(2),

where ||h(2)|| < Lvg||lx2(¢) —x1(t)||2. But P(x) := VG(x) B(x) is symmetric positive def-
inite and locally Lipschitz continuous. Thus both VG (x) and B(x) must have full rank.
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Then (5.21) can be rewritten as

(2 = w1(0), Be1e)T Q1)) = x1(0) < B0) Ly x2(0) = x1 (DI
Thus

(BQx1(t)ua(t) — Bxi(@)u1(1), Qx1(0))(x2(t) = x1(1))) < (1) Ly 1x2(0) = x1()]1,

which implies that

(B(x2(r)uz(1) — B(x1(0)u1 (1), Q(x1(1)(x2(r) — x1(2)))
< (B:(t) Lvg + BoLp)lx2(t) — x1 (1],

Using the differential equation (5.18), we get

(x5(1) = f(x2(0)) = X1 (1) + [ (x1()), Q(x1())(x2(8) — x1(1)))
< (B(t) Ly + Bo B:(1) Lp) | x2(t) — x1 (1)1,

Since f is locally Lipschitz, we get

(x3(1) = x1(0), Qx1 (1)) (x2(1) = x1(1)))
< (B:(t) Lvg + Bo(B:(t) Ly + L p))|x2(t) — x1(0)]1*.

Since Q is Lipschitz and symmetric,

d[1

o [5 (x2(1) = x1(2), Qx1(1))(x2(1) —x1(t)))]
< (B:(t) Lvg + Bo(B() Lg+ L )+ Lo(By + BsB-()))Ilxa(t) — x1 (1))
- 2ﬂz(t)ch +Bo(B:()Lp+ L)+ Lo(By+BpB:(1))
B no

1
X3 (x2(t) = x1(7), Q(x1(1))(x2() — x1(2))) -

A Gronwall lemma can then give the result that

(x2(1) = x1(1), Q1 (1))(xa(t) — x1(1)))
< eCO(x(t™) — x1(%), Q(x1(t)(x2(t*) — x1(£*))) = 0,

where

t
C@) = / 2(B(s)Lvg +Bo(B(s)Lp+ Ly)+ Lo(Br+ BpB:(s)))ds/ng.
t

*

As x1(t*) = x2(t*), for some € > 0, xp(¢) = x1(¢) for all ¢ € [t*,t* + €], contradicting the
assertion that t* < +00. Hence the solution of the DVI is unique. [
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Figure 5.1: Nontrivial solutions for the DCP of Bernard and el Kharroubi. Reprinted with
permission.

This result not only establishes uniqueness, but the proof can also be used to show
that the solution map x(#y) — x(¢) for fixed ¢ > t¢ is also locally Lipschitz. This proof
makes no use of the structure of K. Simpler problems for which sharper conditions can be
found include linear G and constant B.

A question arises here: How important is symmetry to uniqueness? In certain sit-
uations we can show that there are plenty of matrices VG and B which give uniqueness
without VG B being symmetric [245]. Understanding this requires a deeper understanding
of how the matrix VG B relates to the solutions of the DVI. To go deeper into these issues,
[245] considers DCPs of the form

dw
E(t) =Mz(t)+q@),  w0)=wo, (5.22)
K*>w() Lz(t)eK, (5.23)
which were essentially those studied by Mandelbaum [164] and Bernard and el Kharroubi

[30]. For existence we need wg € K*. The example of nonuniqueness of Bernard and
el Kharroubi was for K = Ri and

1 30
M=] 0 3,
301

O = W

which is a P-matrix, but is not positive definite. Then, with g(¢) = —[1, 1, l]T and wy =0,
there are both the zero solution w(¢) = 0 and a “cobweb” solution that spirals out from the
origin in finite time. A similar solution is in Stewart [236, Appendix C]. See Figure 5.1.
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Mandelbaum was able to construct an example with K = R%r and

1 -2
(1 7]
with a nonanalytic g(-) giving nonunique solutions. Note that this matrix M is not only a

P-matrix (which gives uniqueness for the static problem) but is also positive definite. The
basis of this nonuniqueness result is the following result of Mandelbaum [164].

Lemma 5.5. The DCP (5.22)—(5.23) with K =R} has unique solutions for all wo and q(-)
if and only if the only pair (¢ ,w) satisfying

Z—i) =Mci(t), w(0) =0, (5.24)
(t)ol()<0 forallt (5.25)

with the inequality in (5.25) understood componentwise is w = 0 and ¢ = 0 (almost every-
where).

Note that “o” is the componentwise or Hadamard product: (a ob); = a;b;. While a
natural generalization to Mandelbaum’s result would be to replace “o” by a general Jordan
algebra, this does not in fact hold. At the time of this writing, it is not known exactly which
matrices M ensure uniqueness of solutions of (5.22)—(5.23), except for 1 x 1 and 2 x 2
matrices. For the 1 x 1 case, M simply needs to be a positive number. For the 2 x 2 case,

a b
vl o]

gives unique solutions for (5.22)—(5.23) with K = ]R%r ifandonlyifa > 0,d > 0,ad —bc >
0, and ad + bc > 0 [245]. This set strictly includes all symmetric positive definite matrices,
but it is definitely smaller than the set of all strictly monotone matrices (whose symmetric
part is positive definite).

Proving nonuniqueness via Mandelbaum’s theorem for specific examples involves
finding ¢ and w not identically zero satisfying (5.24)—(5.25). In the case of M = [} _12],

this can be done geometrically; see Figure 5.2.

Since we must have ¢(f) o w(¢) < 0 for all z, we must have ¢1(f)wi(¢) < 0 and
() wa(t) < 0. If w(t) is in the first quadrant where wi(f), wa(t) > 0, we must have
¢1(t), £2(t) < 0. Similarly we obtain constraints on the signs of ¢1(¢) and ¢»(¢) depend-
ing on the quadrant that w(#) belongs to. In Figure 5.2, the dashed lines show the directions
of dw/dt for ¢1(t) > 0, £2(t) = 0 and for ¢1(t) = 0, &(¢) > 0. Naturally we pick the ad-
missible direction for dw/dt which moves away from the origin as fast as possible, in the
hopes of leaving the origin. This gives the cobweb dynamics apparent in Figure 5.2.

To show the opposite, that it is not possible to leave the origin, we can use a Lyapunov
function argument. That is, we seek a function V (w) such that we can guarantee that V has
a global minimum at zero, and that (d/dt) V(w(t)) < 0 for all ¢. Typically, the function V
is Lipschitz but not smooth, and care must be taken when crossing discontinuities of VV.
For more details, see [164, 245].
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Figure 5.2: Geometry of Mandelbaum’s counterexample to uniqueness of solutions.
Reprinted with permission.

5.3 Convolution complementarity problems

In this section we return to the topic of CCPs first mentioned in Section 4.6. In Sec-
tion 4.6.1, index-zero CCPs are shown to have solutions which are unique under mild
conditions. While Section 4.6.2 treats index-one CCPs, it does not establish their main
properties, particularly existence and uniqueness of solutions. This we do in this section.

Recall from (4.43)—(4.44) that a CCP in finite dimensions has the following form:
Given m: [0,T] — R™" and ¢: [0,T] — R" and a closed convex set K C R”, find
7: [0,T] — R” satisfying

K>z(t) L(m*2)(t)+q(t) € K*, where

t
(m*z)(t) =/ m(t —t)z(t)dT.
0

As an example of how this can be applied in practice, consider a rod impacting a table
as discussed in Section 6.2.4. This problem can be represented as a CCP for the normal
contact force N(t) with the kernel function

mt)=c"! |:H(ct) +3 2H(et - 2k€):| . (5.26)

k=1

In (5.26), H(s) is the Heaviside function H(s) = +1 for s > 0, H(s) =0 for s < 0, and
H (0) is either undefined or 1/2. Also c is the wave speed in the rod, and ¢ is the length
of the rod. Despite the fact that this is a mechanical impact problem formally with index
two, we see that the CCP representing it is in fact an index-one CCP: m(0") = cl>o.
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Furthermore, even though m(-) is a discontinuous function, it has bounded variation on any
finite interval, and on a sufficiently small interval (0, T*) it is constant.

CCPs of index one turn out to be useful in studying, for example, certain mechanical
impact problems, even though these problems are formally of index two. Another applica-
tion of CCPs that cannot be easily treated by other means is the example of a diode at the
end of a transmission line in (1.13)—(1.15); see also Figure 1.10.

5.3.1 Existence of solutions to CCPs

First we give an existence result for a general class of index-one CCPs. The following theo-
rem was first proved in [242] for K =R’ and m(0") a P-matrix using a time-discretization
argument. The argument used here is a shorter one using a differentiation lemma.

Theorem 5.6. Suppose that M is a symmetric positive semidefinite matrixandm: [0,T] —

R™ ™ has bounded variation with Mo+ pm (0+) strongly K -copositive for a closed convex
cone K and p > 0. Then, provided q(0) € K* and q € WL2(0,T; R, there is a solution

to the CCP
K 3z(t) L Moz(t) + m*2)(1) +q(r) e K* forallt. (5.27)
The solution z € LZ(O, T;R™).
If My = 0 and instead of q € W1’2(0, T; R) we have q € Wl’p(O,T; R), 1 < p < oo,
then a solution z exists for (5.27) with z € LP(0,T; R).
Proof. Suppose for now that g € W'2(0, T; R"). Consider the approximate problem

K3z:(t) L (Mo+eDze(t)+m#z) (1) +q(t) € K (5.28)

for all . Since Mo + €l is positive definite, there is a well-defined Lipschitz solution
operator sol¢(b) = z for the LCP

K>zl Mo+el)z+b> K™
Thus (5.28) can be represented as

ze(1) = sole (m xz¢) (1) + ¢ (1)).
Standard Picard iterations

25 D(1) = sol, ((m * zgk)) )+ q(t))

converge by a contraction mapping argument over C ([0, T]; R"), at least on sufficiently
small intervals [0, T*], T* > 0. Standard continuation arguments allow us to extend this
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existence result to intervals [0, T'] for any T > 0. The solutions z, are absolutely continuous
since for t > s,

l2e(t) = 2e)Il < Le [m #20) (1) + (1) — (m 2) () — ()| (5.29)
<L [(nmum +\/m> lzellp =)+ ||q<t>—q<s)||} :
0

and ¢ is absolutely continuous. Note that m’ does exist in the sense of distributions and is
a measure.

We now wish to obtain bounds on the solutions z, that are independent of € > 0. We
do this using the differentiation lemma (Lemma 3.2) applied to (5.28):

<Ze(t) — (Mo +e€l)ze(t) +(m *Ze)(t)+61(l))>

for almost all ¢. That is,

0= <Ze(t) d [(Mo + el)ze(t)]> <Ze(t) d — (m* Ze)(t)>
+(ze(0), 4'())
d1 d
=72 (ze(t), (Mo +€l)ze (1)) + <Ze(t) — (m*z¢) (t)> (5.30)
+(ze(0). 4'(0)).

Note that whenever the derivative exists,

%(m *Z¢) (1)
1 t+h t
=lim—[/ m(t—i—h—r)ze(t)dr—/ m(t—t)ze(t)dr:|
NN ) 0
_}11?01 [/ mit+h—1)—m(t—r1))ze(v)dt

t+h
—i—/ m(t+h—t)z€(t)dr:|.
t
Now

t
h! / (m(t+h—1)—m—1)) z:(x)dt
0

t
=/ h_lf m'(t+s—1)dsze(t)dr.
0 [0,1)
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Now A1 f[o h)m’(t +s —1)ds — m'(t — T) weak* as measures over T. Furthermore,

limy jom(s) =m (07). So

4 (m*z) (@) =m (07) ze (1) +/ m'(t — 1) ze(v)dr.
dt [0,£)

Integrating (5.30) over [0, T'] gives

1 1
0= (ze(T), (Mo +eD)ze(T)) = 5 (2e(0). (Mo + € ze(0))
T
+ / (ze@),m (0T)ze () dt
0
T
+/ / (ze@), m'(t = D) ze(v)) dr dt
0 [0,)

T
+ /0 (2c(1). q'(1)) .

Since z¢(0) = solc(¢(0)) = 0, we can remove the terms involving z¢(0), and so we obtain
the inequality
T

T 1
'/O(Ze(f)’—q/(f))dfi§<Ze(T),MOZe(T))+/O (ze@), m (0%) ze(0)) dt
T
—i—/ / (ze(t)m’(t—r)ze(t)>drdt
o Jion

T
(e(T). Moze(T)) + / (ze(t). m (0*) ze(r)) di
0

=

N =

T
2
- ”Ze ||L2(0,T) \/m’
0+

where \/Z+ m = limy 4 \/i7 m. That is,

1 2 r
lzellzzom 1] 2 = 5 [ M3z + /0 (et m (0F) 2 (1)) i
T
- ||Z€ ”iz((),T) \/m
0+

To bound [ (ze(t), m (0%) ze(1)) dt,
T
f (ze(t). m (0*) ze(0)) di
0
T

T
= /0 (ze@), (m (07) 4+ pMo) ze(1)) dt — p /O (ze(t), Moze(2)) dt

12 |3

> nllzel2agp — o T | My 2

L20,T)’
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where 7 > 0 is the constant for strong K -copositivity. If we pick 7* > T > 0, then

Ly 12 12,
q/”LZ(O,T*) = E HMO ZE(T)H - IOT HM

< 2
lzell 20+ L0,

+77 ||Z€||L2(O T*) ”ZE“%Z(O’T*)\/m-
0+

Taking the supremum over T € (0, T*] gives

1
q/”LZ(O,T*) > (E — ,0T> H 1/2

Note that \/g+m — 0as T | 0. So, for sufficiently small 7 > 0, we can make
T+m < ln and p T < 1/4, so that
0 2

lzell L2(0,T*)

T
2
+ln—\/m]lz . -
LOO(O,T*) (7) >{ ) ” €||L2(O,T )

||Ze||L2(o T*)

1/2 n

¢ 20r 2 3 HM Pee] g+ 3 156 20
This shows first, uniform boundedness of ||z¢|| L20,T%) and, second, uniform pointwise
boundedness of Myz..

By Alaoglu’s theorem, there is a weakly convergent subsequence (also denoted by
Z¢) where ze — 7. We wish to show that 7 is a (weak) solution of the CCP (5.27). Note
that z.(¢) € K for all ¢, and since L2(0, T; K) is closed convex set, it is also weakly closed.
Thus the limit satisfies Z(z) € K for almost all z. Similarly,

Mo+el)zet+m*ze+q— Moz +m=*Z+gq,

and so by the same arguments Moz(z) + (m *2) (t) + ¢(r) € K* for almost all ¢. Finally, to
show the orthogonality condition, note that since z(-) fOT (z(t), Myz(t)) dt is a continu-
ous convex function on L2(0,T), by Mazur’s lemma,

T
0= limsup/ (ze(®), Mo+ € ze(t) +(m*ze) (1) +q(2)) dt
€l0 0

T
> / (300, MoZ(0) + (m +2) () +q(0)) dt
0

Since the final integral can never be negative, as 7 (¢) € K and Moz (1) +(m xZ) (1) +q () €
K* for almost all ¢, we conclude that 7 does indeed solve the CCP (5.27).

The results so far show just that there is a solution Z € L2(0,T; R"), provided ¢’ €
L%(0,T; R"). To extend this result to the case My = 0 and q € WP, T; R"), consider a
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sequence ge — ¢ in WP (0, T; R") with each g € L2(0,T; R") and g.(0) = g(0) € K*. In
q
particular, take

t
ge(t) = g(0) + /0 max (1, ¢ [¢'0)]) ™' ¢'(0)d,

so that |g/(1)|| < |¢'()| for almost all 7. There exists a corresponding solution z¢ €
L?%(0,T;R"). Note that if My = 0, then m(07) is a strongly K-copositive matrix and
there is a constant 1y > 0 such that (z, mgz) > no|lz||> for all z € K. Now m % z¢ is in
w20, T; R"), and so it is absolutely continuous and differentiable almost everywhere.
Thus, by the differentiation lemma (Lemma 3.3),

d
0= <ze(t), 77 (20 (©) +qe(t))>

for almost all . Writing m(t) = m(0™) H(t) + m(t), where H is the Heaviside function
H(t)=0ifr <0and H(t) =1 if t > 0, we note that

(m *Zé)/ =m' *Ze = m(0+)ze +m/1 *Ze.
Thus the differentiation lemma implies

0= {ze(®), m(ON)ze() +{ze (1), (m] % z¢) (1)
+{ze(®, g:(1),

and so
no llze@1? < lze@I [[|(m) *ze) O] + [al0]]-
Dividing by ||z¢(?)] for ||z¢(2)]| # O (the inequality is obviously true otherwise) we get
nolze@l < || (m *ze) O | + |ac @] -
Now m/ is a measure (perhaps better written as a differential measure dm1) which has no

atom at zero: dm(t) = m(01)8(¢) 4+ dm(¢) in the sense of differential measures. Then we
have the bound

[ (m} xze) @) = H/ dmy (1) ze(t — 1)dT
(0,¢]

s/ (dmy(0)] 1zt — )] d
(0,¢]
— (idm |2 (1),

where ¢ (1) = ||z<(¢)||. Note that |dm ] is the variation measure of dm . Thus

N0 Le(t) < ({dmil* ) () + [|lg'@)]|
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since Hqé(t)” < ||q/(t)H for all € > 0. By Lemma C.3, letting u(7) = j(O,r] |dm1|, we have

te(®) < |lg'0] + /(0 ]Hq’(t—z)H M O=HD g (1)
N

for all € > 0 and almost all 7. Note that the right-hand side is in L?(0, T) since ¢ — Hq’(t) ||
isin L?(0,T) and by Young’s lemma for convolutions with measures (A.20). Taking weak
limits of the z¢ — z, 7 is a solution of the DVI which is in L?(0,T; R"), as required. 0

Note that solving an index-one CCP behaves like a differentiation of g(¢). The
method of proof (especially for the case ¢ € W17 (0, T; R")) also demonstrates the power
of the differentiation lemmas of Section 3.4.

These results can be extended to infinite dimensions under some additional restric-
tions. For example, if M = 0, we have existence of solutions if m is strongly K -copositive
and can be written as the sum of a compact linear operator and a monotone linear operator.

5.3.2 Uniqueness for CCPs

Uniqueness of solutions requires both a little more regularity and some restrictions on the
structure of the problem. If m(t) = mg for all t > 0, then we can easily show uniqueness if
my is symmetric and positive definite: If we have two solutions

K>3z1(t) L(m=z1)(t)+q(1) € K*,
K 32722(t) L (m*22) (1) +q(t) € K*,

then we set w; = (m*z;)(t) +q(t), {(t) = z1(¢) — z2(¢), and w(t) = wi(¢) — w2 (?). Since
K 2 z;(t) L w;(t) € K* for almost all ¢, we have

(¢(0), (1)) = (z1(t) — 22(1), w1 (1) — wa(1))
= (21(1), w1 (1)) — (z1(2), w2 (1))
— (z2(), wi (1)) + (z2(1), wa(1)) =0

for almost all . Now w(t) = (m *x¢)(t) and we are assuming m(t) = mg for all t > 0, so
this means that for any 7 > 0,

0> fo (1), (1)) dif = /0 (m*0)(0), (1) di

T t
=/ </ moz<s>,z;<r>>dsdr
0

0
t
= / (mo¢(s), ¢(t)) dsdt.
0 JO
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If mg is symmetric, this is half of the integral over the square [0, t] x [0, T]:

021/ / (mo¢(s), ¢(1)) dsdi
2Jo Jo

= l<m0 /Tg(s)ds,/TC(t)dt>.
2 0 0

Thus /Or ¢(s)ds = 0 for all T > 0; thus ¢(s) = 0 for almost all s > 0. This means that
21(s) = z2(s) for almost all s > 0, and so the solution is (essentially) unique.

Dealing with a nonconstant kernel function m(¢) requires using integration by parts
twice to obtain a suitable inequality which shows uniqueness. This method can also show
a weak kind of continuity of the solution map g(-) — z(-).

Theorem 5.7. Suppose that My is a symmetric positive semidefinite matrix and that m(-)
and mo = m(07) satisfy the following assumptions:

o my is symmetric positive definite on range(My)*. Thatis, ifu, v # 0 are in range(Mo)™,
then (u, mov) = (v, mou) and {(u, mou) > 0.

° (mo — mg) range My C (range M())J', (mo — mg) (range MO)J‘ C range M.

e m: [0,T] — R" " has bounded variation with m’ also a function of bounded varia-
tion on an interval (0,T*), T* > 0.

Then the CCP
K>3z(t) L Moz(t) +(m=*2)(t)+q@t) e K* forallt (5.31)
has a unique solution.

This result extends the result in [242] by allowing My # 0; that is, there can be an
index-zero part as well as an index-one part. A pure index-zero problem requires My only
to be strongly monotone in order to show existence and uniqueness. A pure index-one
problem has My = 0, in which case we need mo = m(0") to be symmetric as well as
positive definite for this proof to hold.

Proof. Suppose that 71 and z, are two solutions of (5.31). Let ¢ (¢) = z1(¢) — z2(¢). If we let
w1 = Moz1+m*z1+q, wr = Moza+m=z2+q, and w(t) = wi(t) — wa(t), by complemen-
tarity we have (w(t), ¢(¢)) < 0 for all ¢. If 71 # z0, we let t* = min{¢ > 0| z1(¢) # z2(2) }.
By shifting the initial time, if * < oo, we can make t* = 0. Our task then is to show
uniqueness of solutions on some sufficiently small interval [0, T ], T > 0.

Integrating (w(t), £ (1)) < 0 over an interval [0, f] we get

T
02/0. (1), MoZ (1) +(m*Z)(1)) dt. (5.32)
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We look carefully at
T T pt
/0 (C(0). (m#0) (1)) di = fo /0 (). m(t — )¢ () dedi

T T
=5 / / (), it — )¢ (0) ded,
0 0

where

i = {m(t), >0,

m(—)T, t<0.

Note that 7 may not be continuous at zero if m(07) is not symmetric. Let mg = m(0T).
Also, let Z(t) = fé C(t)dt. Then we can write, using v(¢) = m'(¢) and o () = V'(¢) for
t # 0 and integration by parts,

T T
/0 /O (), il — 1) ¢ (0)) dedi

T 7
=/ / (Z'@), m(t —7)Z'(v)) dtdT
0 0

=T

T _
= /O |:(Z(t),ﬁi(t—r)Z’(r))|ZS +(z@), m@—1)Z'(0))|,_,+

T
_/ (Z@), vt — 1) Z'(7)) dt:| dr
0

T
= /O [(Z(r), m(07) Z'(v)) = (Z(x), m(0T) Z'(v))] d~

T
+/ (z(D), (T —1)Z'(v))dt
0
T o7
—/ / (Zw), vt —1)Z'(v))dr di
0 0

- /(;T<Z(t), (mOT —mo) Z/(r)> dt

T
+/ (Z(T), (T —v) Z'(v)) dx
0

T
— /O (Z@t),v(t =) ZE)I'ZE d

T ~
- / (Z@) ot — 1) 2T, dr
0

T T
—/ / (Z(t),0(t —1)Z(1))dT d!
0 0
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= '/.0?<Z(7:), (mg —mo) Z/(T)> dt

r=7"\_

T
+(Z2D). T -1) ()22, +/ (Z(D), T — ) Z(v)) dt
0

T
—/O (Z(x), (v(07) —v(01)) Z(1))dT

T
—/ (Z(T), W(T — 1) Z(v)) dr
0

T T
—[ / (Z(t),o(t—1)Z(T))dT dt
0 0

= <Z(?), mo Z(f))—i—'/:(Z(t), (mg —mo) Z/(T)> dt

T
+/ (Z(x), (v(0") —v(07)) Z(x))dT
0
T T
—/ / (Z(t),0(t—1) Z(v)) dT dt. (5.33)
0 JO

We split ¢£(¢) = ¢1(t) + ¢2(¢), where ¢1(t) € range Mo and ¢»(¢) L range My, and let Z1(¢) =
fé o(rv)dr, Zo(t) = fé £2(t)dt. Let Ay be the smallest nonzero eigenvalue of Mo; Ay > 0.
Note that || Z;()]| < T2 [15ill 120.1)-

Returning to (5.32), substituting (5.33) gives

T
0= /0 (€ Mot (1)) di + (Z(T), mo Z(D)

+/0T<Z(r), (mg —mo) {(r)> dt

T
+ / (Z(x), (v©O0F) —v(07)) Z(1)) dT
0
T 7
—/ / (Z(t),0(t —1)Z(7))dT dt.
0 Jo

The biggest difficulty is with the antisymmetric part of my:

/OT(Z(I), (mg —mo) ;(t)> drt.
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Here we need to use the splitting and the properties that (mo — mOT ) range Mo C (range Mo)*"
and (mo — mg) (rangeMo)J- C range M. From the splitting Z(t) = Z1(t) + Z2(t), Z1(t) €
range My, Z»(t) € (rangeMO)J‘; then

/O T(zu), (m§ —mo) Z'(®)) dz

- /0 f<Z1(‘E), (mg —mo) Z’z(r)>dr

n /O T<Zz(‘[), (mg —mo) z;(r)>dr

=T

= (z1(®). (mf —mo) Z0)| _

_/:<z;(r), (mg —mo) Zz(r)>dr

+(Z2(0), (m§ —mo) Zi()) d

= <Z1(T), (mOT —mo) Zz(f)>

+2/0T<Zz(r), (mg —mo) §1(f)>dr.

Note the following bounds: for suitable constants & and A,

T
/0 () MoZ (0) dit = hun 11122 7,

(Z(T), mo Z(D) = hon | Z2D)|* = | 2:(D)| | 2D -

Also note that

/0.T<Zz(f), (mg —mo) §1(T)>df

T
/ (2(T), w(T —1)Z(v))dr
0

< T2 [md —mo| 1221 o7y 161 D207

<TI0l 2D 121 7.

< T [vO@) =vO) [ I1Z113 0 7,

T
‘ /0 (Z(), (v(0T) —v(07)) Z(v)) dr

T 2
=< T ”GHM(Oj"\) ”Z”LOO(O,?) .

T T
/ / (Z(1),0(t—1)Z(7)) dr dt
o Jo
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AsT |0, [loll py07 — O. With these bounds we obtain

02 a 1811220 7, + 2 | 22D — | (D] | 2(D)|
= |m§ —mo] |Z:D)] | 22D
=272 |md = mo| 1220161 207y
=T ([v@") = v O +lolat0.7)) 121200 7

Using [[Z(D)]| < [ Z1(D] + 1 Z2(D)]| = V2181l y0.0) + 1 Z2(D)]l, we obtain for 0 < T <
T <min(1, T%),

0= Jur 611227, +2m | 22D
— o216l 207, (T2 1612007 + 1221 0.
=32 |md = mo| 1611 207, 120 0.7y
=T (JvO@H = v@)| +l1o I ss0.7)

=1/ 2

X (T 141 ||L2((),T) + ||ZZ||L00(0,T))
NI

= M 1611320, 7 + 2 | Z2(D)|

—CT2 (16112007, + 122107
for a suitable positive constant C. (Note that this uses the inequality ab < %(a2 +b2).)
Taking the supremum over 0 < T < T gives

o~ 2 ~
02 A 16112 7+ | 22D P = C T2 (16112207, + 122079 -

Therefore, provided Ay, Ay, > C Tl/z, or equivalently if T < min(Ay /C, Am/C)z, we have
11 ||L2(O’T) = ||Z2||Loo(0’f) =0, and we must have {; =0and Z, =0. Thus {1 =6 =0
and z; = zp on (0, T). Thus we have uniqueness. [

The role of symmetry here is quite important. The antisymmetry of the index-one
matrix mq — mg has to be controlled by the index-zero matrix My. If My = 0, for a pure
index-one problem, this proof requires m to be symmetric, which is essentially equivalent
to the requirement that VG(x) B(x) be symmetric in the DVI case.

5.4 Application: Circuits with diodes

Diodes are electrical devices that are intended to allow current to pass in only one direction.
There is, of course, some nonideal behavior, but unless we wish to model these nonideal
characteristics, we are led to consider DCPs. While a diode itself has a static voltage-
current relationship, many other circuit elements such as capacitors and inductors do not
(see Figure 5.3).
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Figure 5.3: Circuit elements and their behavior.

5.4.1 Obtaining differential equations from circuits

The method described below is not the only method for obtaining differential equations
from circuits. For more information, see, for example, [136].

Circuits without diodes are modeled by differential equations or by differential al-
gebraic equations. To generate these models, the circuit needs to be analyzed. Circuits,
such as those shown in Figure 1.6 in Section 1.3, are given as networks or graphs with
nodes (specific points in the circuit) and edges (circuit elements). Each node has an associ-
ated voltage and each edge has an associated current. Since it is only the voltage differences
across each circuit element that results in currents, there is one node that is usually assigned
zero voltage. In engineering terms, this is the “earth” node of the circuit.

The equations connecting the different components are the two Kirchhoff laws:

o the total current flowing into any node is zero, and
e the sum of voltage differences around any loop is zero.

To ensure that the total current flowing into any node is zero, we create new current vari-
ables. This we do by creating a set of loops so that any consistent set of currents can be
represented in terms of currents around each loop. We then require that the sum of voltage
drops around each loop be zero.

To handle these problems, we need a more formal way of describing graphs or net-
works. For other sources for graph theory, see, for example, [33, 79, 117, 263, 266]. A
graph is then a collection of nodes together with a set of edges that join these nodes:® the
graph G = (V, E), where V is the collection of nodes, and E is a set of edges e with two
functions start,end: E — V, where start(e) is the starting vertex of e, and end(e) is the
end vertex of e. We denote the set of vertices of a graph G by V(G) and the set of edges
of G by E(G). Each edge e € E may have information other than just the start and end
nodes, such as the circuit element for that edge. A subgraph H = (W, F)of G =(V, E)
consists of a subset of the nodes W C V and a subset of the edges F € E of G with
start( ), end(f) € W for every f € F. We say that an edge e is incident to a node x if

6Technically, this is the description of a hypergraph.
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x = start(e) or x = end(e). A graph is connected if for any two nodes x % y € V thereis a
sequence x = o, €1, 51, €2, 82, ..., €m, Sm = ¥ Where edge ¢; is incident to nodes s;_1 and
s;i. This path can be written as

€] €2 €3 €m
X=8)0—>S5] —> 85— —> Sy =Y.

A sequence like this is called a path. If a path has the same starting and ending points
(x = y), it is called a cycle. A cycle with one edge is called a loop. Note that we are
ignoring the orientation of the edges in defining paths. We need undirected paths in order
to define trees and spanning trees below. On the other hand, orientations will be needed to
define the direction of current flow in a network, and some circuit elements (such as diodes)
have a definite direction.

The tool we need from graph or network theory is the minimal spanning tree (MST).
A tree is a connected graph or network with no cycles. The MST T of G is a connected
subgraph of G that includes all nodes of the original graph, but this is not true of any
strict subgraph of 7. Note that T is a tree since, if it were not, it would contain a cycle,
and an edge can be removed from a cycle without making the graph disconnected. Each
edge e in G, but not the MST T, would create one (and only one) cycle if added to T.
Every connected graph G has an MST, and furthermore, it can be efficiently computed
[64]. If G is not connected, then G can be split into connected components. A connected
component is a subgraph H of G that is connected, while no strictly bigger subgraph of
G is connected. In terms of electrical circuits, the connected components of a network
are simply independent circuits and can be analyzed separately. In what follows, we will
assume that the graph G representing an electrical circuit is connected.

For an electrical circuit G with an MST T, each edge e in G butnot T’ can be assigned
a current variable i,. The edge e must be given a direction for the current to flow in (say,
from x = start(e) to y = end(e)). Currents in the opposite direction correspond to negative
values for i,. The current in the loop must go in the same direction as in the edge e. Let c,
denote this directed cycle:

e 4] ey €m
X—>Y >8] —>8 > —> 8y =X,

where e; isin T fori = 1,2, ..., m. The current in any directed edge f € E(T) is then
given by

ir= Y bfei (5.34)

ecE(G)\E(T)

with b s, = £1 according to whether the edge f appears in the forward (4-1) or opposite
(—1) direction in the cycle c,. If f does not appear in the cycle c., then we set b, = 0.

Each circuit element has an associated transfer function between current velocity,
which is also known as the impedance function in terms of Laplace transforms:

Lf(s)= /Oooe_”f(t)dt. (5.35)
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The impedance functions for the different components are given via the following formulas:
resistor v = Ri, Lv(s) = RLi(s) zr(s) =R,
d
capacitor d—l; =Ci, sLv(s)—v0)=CLi(s), zc(s)=Cs !,

d
inductor v=L%, Lu(s)=LsLi(s)—Li(©0), z.(s)=Ls.

dt’
We can include voltage sources to obtain the general formulation for an edge e
Lve(s) = ze(s) Lie(s) + Lveo(s), (5.36)

where Lv, o(s) is the Laplace transform of the voltage sources plus the additional term due
to the initial conditions at time ¢ = 0 if appropriate.

For now, let us suppose that our circuit has the property that if we remove all the
diodes (and current sources, if any), we are left with a connected network. This is not true
for many interesting and useful circuits (such as the bridge rectifier, as shown in Figure 5.6),
but it will simplify the analysis. The more complex case will be dealt with later.

Let H be the circuit graph G with all diodes and current sources removed, and sup-
pose that H has an MST 7. Note that because H is G with some edges removed, T is
also an MST for G. For any edge e of G that is neither a diode nor a current source,
e € E(H)\E(T). This has a unique cycle ¢, formed by e and the tree 7. From the Kirch-
hoff voltage law,

Z brevp(t) =0. (5.37)
fece
Since by, =0, if f & c., we can write this as
> brevp(t)=0.
feE(H)
Note that e is included in the cycle c,, and that b, , = +1. Taking Laplace transforms gives
D breLvs(s)=0.
fEE(H)
Substituting for Lv ¢(s) in terms of Li ¢(s) via (5.36) gives
D brezs®)Lip)+ Y breLveo(s)=0  foralle € E(H)\E(T).
feE(H) feE(H)
Using the representation of i, in terms of ig, g € E(H)\E(T), in (5.34) gives
Y brezp(s) D besLigs)+ Y bpeLveg(s)=0
fEE(H) §EE(H)\E(T) fEE(H)
for all e € E(H)\ E(T). This can be better understood in matrix-vector terms. Let
vo(t) = [veo(t) | e € E(H)],
i(1) =[i.(1) | e € ECH)\E(T)],
ZH(s) =diag(z.(s) | e € E(H)),
B=[bs.|feEH)eecEHN\ET)].
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Then
BT Z(s)B Li(s)+ BT Lvo(s) =0. (5.38)

This system of equations can be solved for Li(s): The matrix Zg(s) is diagonal with pos-
itive diagonals for s > 0, and so it is positive definite for s > 0. The matrix B has linearly
independent columns since for each e € E(H)\ E(T) we have b, , = +1, but for any other
g € E(H)\E(T), in column g, b,z = 0 since e is not part of the cycle formed by g and
T. Then letting ba,g be column g of B, if } < p(py\ g1 #¢Pe.g = 0, taking the component
for e € E(H)\E(T), we get deE(H)\E(T)“gbe,g = debee = @, = 0. So B has linearly
independent columns: Ba = 0 implies &« = 0. Combining positive definiteness of Zy(s)
and linear independence of columns of B gives BTZz 1 (s)B positive definite, and so it is
invertible. Thus we can solve the system of equations (5.38) to obtain

Li(s) = (BT ZH(S)B)_I BT Lvo(s). (5.39)

Note that BT Z(s)B is a matrix of rational functions of s, and so (BTZH(s)B)_1 is also
a matrix of rational functions of s, and therefore it is the Laplace transform of a matrix
of distributions consisting of Dirac-§ functions, their derivatives, and sums of products of
polynomials and (possibly complex) exponentials.

5.4.2 Incorporating diodes

We need to include the “external” current sources and diodes which are elements in E(G)\
E(H). For given current sources, we do not need to solve any equations to find the current.
For the diodes we have the complementarity between the reverse voltage and the forward
current. For any edge g € E(G)\ E(H) we have a unique cycle formed by g and T which
we call ¢,. Recall that H is obtained from G by removing certain edges, but no nodes are
removed. For such an edge g € E(G)\ E(H) we define Ef,g = =x1 for f € ¢, with the sign
depending on whether f appears in the forward direction (+1) or in the reverse direction
(=Dincg,and by =0if f ¢ cg. These form the matrix B whose rows are edges in E(G)
and columns are edges in E(G)\E(H).

Every edge in H has an associated impedance, but this is not so for the edges in
E(G)\E(H) which represent diodes or current sources. There is the possibility that the
network may be degenerate in the sense that there is a cycle that does not pass through any
impedance element (resistor, capacitor, or inductor). A cycle consisting of a pair of ideal
diodes in series as shown in Figure 5.4 is an example. The current passing through such
a loop is undefined (although small but nonzero resistances will ensure that this current is
zero in any realization of this circuit). We will therefore make the following assumption:

any cycle in G must pass through an impedance element. (5.40)

If g represents a current source, then i,4(¢) is already given to us. If g represents
a diode, then the sum of voltages around the cycle ¢, minus g is the reverse voltage
—vg(t) on the diode. This is because from Kirchhoff’s voltage law the sum of vg(z) and
Zfecg\{g}gf,gvf(t) is zero. Because ¢\ {g} is a path in H, it consists only of R, L, or C
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~—_

Figure 5.4: Diode loop: the current passing through these ideal diodes is undefined.

elements and voltage sources. So we can compute Lv,(s) in terms of the currents Li 7(s),
f € E(H). In particular, wherever g represents a diode we have the equations

—Lvg()= Y brezp()Lif(s)+ Y. brgLvpols),
fecg\g) fecg\lg}

where vy () is the voltage source on edge f € E(H). If g € E(H)\E(T), however, we
have the equations

0= brezs()Lif(s)+ Y _ brgLvsols).
fecg fecg
On the other hand, i #(¢) is determined by the currents in the edges E(H)\ E(T) and
E(G)\E(H):
if= Y brei®+ Y. bprix@).
ecE(H)\E(T) keE(G)\E(H)
In matrix-vector terms, if we additionally define
Vo(t) = [veo(r) | e € E(H)],
Vex: (1) = [ve(t) | e € E(G)\E(H)],
e/ (1) = [ie(t) | e € E(G\E(H)],
B=[bs. | f€EH), ee E(G\EH)],

the equations relating Laplace transforms of current and voltage are

0 - - £
[EVm(s) }:[ 8 Bl zul e B ][ Lie:(j&)} G40
+[ B B Lvots).

First note that Z g (s) is a diagonal matrix with positive diagonal entries for s > 0, and
s0 it is symmetric positive definite. It is clear that [ B, E]T Zu(s)[B, E] is also symmetric
and positive semidefinite. IL is positive definite if [B, E] has linearly independent columns,
or equivalently, that Ba + Bal = 0 implies that both & and & are zero.
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If o, represents the current flowing through cycle ¢, for edge e € E(H)\E(T), and &,
represents the current flowing through cycle ¢, foredge g € E(G)\ E(H ), then (B o+ E&) 7
is the current flowing through edge f € E(H). Taking e € E(H)\E(T), we can check that
(Boc + B&')E = o, S0 & = 0. These vectors do not have components associated with edges
in E(G)\E(H), so we cannot simply take the g component to show that &, = 0. How-
ever, the equation Ba + B& = 0 means that there is no net current in any edge e € E(H).
Therefore, the only net current represented by & must occur in E(G)\E(H). If this flow
is nonzero, there must be a cycle in E(G)\ E(H ), which is ruled out by (5.40). Thus the
current flow in g € E(G)\ E(H) must be &g =0, as desired.

Thus [B, E] has linearly independent columns, and so [B, E]T Zg(s) [B, E] is pos-
itive definite for all s > 0.
We can decompose the matrix on the left-hand side of (5.41) in block form:

V4 V4 ~ ~
Z(s) = [ 2;18 2;28 }:[ B B ]TZH(S)[ B B .

We can then relate Lv,y(s) to Liex;(s) by means of the Schur complement matrix 2(s) =
Z22(s) = Za1(s) Z11(s) ™" Z1a(s):

L¥exi(5) = 2(5) Lieas(5) + [ BT = Z21(5) Z11(5)™" B Lvocs)

5.4.3 Bounds on ?(s) and index one

Since the entries of Z g (s) are rational functions of s, it can be shown that the entries of 2(s)
are also rational functions of s. The impulse response represented by Z g (s) is therefore a
linear combination of products of polynomials and (possibly complex) exponentials, and
Dirac-6 functions and its derivatives. However, we want to show that 7 (s) and 7 (s)”™ La
bounded by Bz s for a suitable constant 87 for large s > 0. This is crucial for estabhshmg
that these circuit problems are index zero or index one, or a mixture of index one and index
Zero.

We use the natural ordering on symmetric matrices: A < B if and only if u” Au <
uT Bu forall u, and A < B if and only iful Au <uT Buforallu # 0. Note that 0 < A if and
only if A is positive semidefinite and 0 < A if and only if A is positive definite. Note also
that A < B and C < D imply that A+ C < B+ D; A < B implies that xTAXx < XTBX,;
0< A=< Bimpliesthat 0 < B~! < A7, Also, Apin(A) ] < A < Apax(A) I, where Apin(A)
and Ajqx(A) are, respectively, the minimum and maximum eigenvalues of A.

For s > 1, since Zg(s) is a diagonal matrix with entries of the form either R or
Cl's~lorLs, Cmin s < Zy(s)< Cmax s I for suitable positive constants &, and &qx -
Clearly,

[B B zZu)[ B B]<[B B ¢uxs[B B ]
<twaxs[ B B[ B B]
= Cmax S Omax ([ B ]) I.

On the other hand, using the same techniques,

[B B1 Zu&[ B B ]=Cmins 'omn([ B B ]I
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Combining these gives positive constants ¢, and ¢y Where

0<sz'115_1 I <X Z(s) X cmaxs 1,

15 1. 1f we write

and so Z(s)~! < Conin

_ —1_ | Yuu(s) Yia(s)
V)= 26) _[Yzlm Yzz(S)}’

-1

then Yy (s) = 2(s)_1. Since Y (s) < e s, it follows that Y23(s) < ¢, ; s I, and so

min
Z(s)"' < ¢, s1.0On the other hand,

Z(s) = Zaa(s) — Z1(s) Z11(s) ™" Z1a(s)
= ZZZ(S) = Cmax51~

That is, R
0< cm,-ns_1 I <Z(s) < cmaxs1.

This means that the diagonal entries Zy(s), which are rational functions of s, satisfy the
inequalities
0 < cmin s_l S/Z\kk(s) = Cmax S

The off-diagonal entries Zx;(s) have an upper bound: [Zx(s)| < ¢maxs. Writing Zgx (s) as
a rational function pyr(s)/qrk(s), this means that the degrees of the polynomials py; and
qrk differ by at most one. For the off-diagonal entries, if Zy(s) = pri(s)/qki(s), then the
degree of py; is no more than the degree of gi; plus one. This is the essence of a mixed
index-zero and index-one problem. However, if the degree of the numerator is more than
the degree of the denominator in any of these entries, the impulse response represented
includes derivatives of Dirac-§ functions, which our current theory does not allow.

To simplify the discussions of degrees, define the relative degree of a rational func-
tion z(s) = p(s)/q(s) to be

rdegz =deg p —deggq. (5.42)

The problem, then, is that some entries Zj;(s) of Z (s) have rdegZ); > 0. Since 2(s) is pos-
itive definite for s > 0, we have |Zx/(s)| <~/ Zik (5)Zi(s), so from asymptotics for large s,
rdegZii(s) < %(rdeg’fkk(s) +rdegZz;(s)). Thus we need only look at diagonal entries to
determine whether this is a potential problem. If rdegZj«(s) < O for all , then there is no
need to swap currents and voltages.

Assume, for the moment, that for every diode there is a cycle through the diode and
H that does not pass through an inductor. Then Z(s) Liex;(s) represents a convolution
fooo M(t — T)ipxs(t)dT Where LM(s) = Z(s). Note that M(t) = My 5(t) + M(t), where
My = limg_,  Z(s), and M (#) is a smooth function of ¢, except at = 0, where there can
be a jump discontinuity. Clearly My is a symmetric positive semidefinite matrix. This
is the index-zero part of a CCP. Solutions exist and are unique, as can be verified via
Theorems 5.6 and 5.7.

If we remove the assumption that every diode is in a cycle that does not pass through
an inductor, then £~! Z(r) may contain derivatives of Dirac-8 functions. To compensate for
this, we swap current and voltage variables. In RC diode networks, this is not necessary.
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5.4.4 Swapping currents and voltages

The idea here is to swap certain diode currents for the corresponding voltages as the primary
variables. Doing this will ensure that the resulting matrix function relating to primary
variables is the Laplace transform of a Dirac-§ function plus a well-behaved function of
time. The result is a CCP that is a mixed index-zero and index-one problem. However, we
will be able to apply the existence and uniqueness theorems of CCPs from Section 4.6 to
these diode problems.

We separate the diodes into groups, C diodes, R diodes, and L diodes, as follows.
The C diodes are the diodes for which there is a path through H that passes only through
capacitors connecting the nodes of the diode; the R diodes are the diodes for which there
is no path only through capacitors, but there is a path through H containing no inductors;
the L diodes are the remaining diodes where every path through H connecting the diode’s
nodes passes through an inductor. Let Epc, Epg, and Epj, be the set of edges for C
diodes, R diodes, and L diodes, respectively. Then, if we separate out the entries of the
Z(s) matrix according to this classification, if e € Epc, then Z, o(s) ~ zgg /s as s — oo; if
e € EpR, then Z, (s) ~ 255 as s — o0; if e € Epp, then Zo(s) ~ 2055 as s — oo. We
can partition the matrix 2(s) according to this partitioning of E(G)\E(H)= EpcUEprU
Epr:

~ Ze(s)  Zer(s) Zews)
Z(s) = /Z\R,C(S) AZR(S) Z/{?,L(S)
Zpc(s) Zrr(s) Zp(s)

Partitioning the diode voltage and current vectors accordingly gives

Lve(s) Zes)  Zerts) Zewl) | LicGs)
Lvr(s) |=1| Zrc(s)  Zr(s)  Zrr(s) Lig(s)
Lvi(s) Zrc(s) Zri(s) Zp(s) Lir(s)

From symmetry and positive definiteness of Z (s) it is easy to check that

Zrc(s)=Zcr(s)! =06,
Zri(s)=Zrr(s)" =O),
Zer(s)=Zrcs)' =0(1)

as s — oo. However, the last bound is not sharp. In fact, it can be shown that
=3 _ 5 T _ -1
Zep(s)=Zpc(s) =0G).

Consider a jump discontinuity in the current of a C diode. Then this jump in current will
flow through the path in H passing only through capacitors connecting the nodes of the
diode. Such a jump will not create a jump discontinuity in the voltages at any nodes in the
circuit; rather there can be jumps only in the derivatives of the voltages of the nodes. Thus
there is no jump in the voltages of any L diode, and hence Z; c(s) = O@s~ Y as s > oo.
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We will now swap the roles of vz and iz : note that (after suppressing dependence
ons)

Lv) = 2L,C£ic + /Z\L,RﬁiR + 2L£iL-
Then

. ~_ ~ ~ [ Li
£IL=ZL1<£VL—[ ZL,C ZL,R ] Liz :|)

Now we wish to write v¢ and vy in terms of ic, ig, and vz :

Lvc Zc  Zcr Lic Zer 7 o
=| - ~ . |+ 2 Lir
LVg Zrc Zr Lig ZrL |

Zc 2C,R 2C,L PSIRIPN = Lic
Zrc ZR ZR,L Lig

Zcr 1=
+[ P :|ZZI£VL

ZRL
PN Lic Zer ]o
=ZSchur |: ,CIR :|+|: /Z\RL ZLILVL.

Note that /Z\Schw is the Schur complement of Z with respect to 2L. Combining these, we
get

Lvc > ZerZ;! Lic
Lvg | = Schur Zr1Z;! Lig |. (543)
Lig, —/Z\lez\[‘,c —/Z\lez\R,c ZZI Lvy,

Since Zz(s)"! = O(s™1), we have Z1(s)' Zr.c(s) = O(s™Y) and Z1(s)"! Zr.c(s) =
O@s™h). Also

= Zc(s)  Zcr(s)
Z - < ~ A’ :O 1 .
Schur(s) = [ ZR,C(S) ZR(S) i| ( )
In fact,
0 0 0
im Zscnr(s)=| 0 Z¥ 0 |,  Z¥= lim Zg(s).
§—>00 0 0 0 §—>00

Note that /Z\Ioeo is the impedance matrix for the R diodes in the circuit where all the capacitors
are replaced by short circuits and the inductors are replaced by open circuits. Note that this
matrix is symmetric positive definite.

We can turn our dynamic circuit problem into a CCP. The key is that (5.43) is equiv-
alent to

Ve ic
VR | =M=x| ir |+q@),
iL vL
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where LM (s) = Z(s). Now M(t) = My 5(t) +m(t), where § is the Dirac-§ function, and
m(t) is a smooth function of 7. Note that

My = lim Z(s),
§—>00
m(0%) = lim s (Z(s) — Mo).
§—>00

From our representation of Z(s), we already have

0 0 0
Mo=| 0 Z% 0
0 0 0

To compute m(0™), we have to check the asymptotics of Z(s) to order /{‘1 . Letus useAthe
superscript “00” to indicate limits or asymptotics, such as Z¢(s) ~ s~ ZX, Z (s) ~ s Z°,
ZR1(s)~ Z%, ass — oo. Then

ZE Z&x 0
m(O) = lim s (Zs)~ Mo) = | Z3¥c x +25,(25)
s ’ —~ 1= 2 1
0 —(ZP) Z¥c (23

The conditions for existence of a solution to the CCP as given in Theorem 5.6 are that
My is symmetric positive definite, m(¢) has bounded variation on finite intervals (which
is true), q(-) belongs to a suitable L? space, and m(0T) is, for example, positive definite
on range(Mo)J-. For uniqueness, we also need m(0T) to be symmetric positive definite on
range(Mo)*. This is equivalent to requiring that (after dropping the middle block row and

column) R
zz R 0 »
0 (27)
be positive definite, which is evidently true. The last requirement is that the antisymmetric

part of m(0") map range(Mj) into range(Mo)J- and map range(Mo)J- into range(My). For
the circuit problem, the antisymmetric part of m(07) is

0 0 0
0 0 +Z%, (Z)
0 —(ZP) ' Zxc 0

Since range(My) consists of vectors of the block form

0

uR b
0

it can be easily checked that m(07T) satisfies the conditions for uniqueness as well as ex-
istence. Thus we have existence and uniqueness for solutions of the problem of RLC
circuits with diodes, provided the graph G with all diodes and current sources removed is
connected.
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Figure 5.5: Circuit without solution for an ideal diode.

5.4.5 Comparisons with other approaches

This may appear to be a lot of work to show the existence and uniqueness of solutions.
However, it is important to remember that this is for ideal diodes. There are other well-
known nonlinear models of diodes for which the current passed is a smooth monotone
function of the voltage. Why not just use the well-known existence results for differential
equations with smooth right-hand sides?

The scale on which large changes in these continuous models is measured is for
many applications very small. At room temperature, the forward current increases by a
factor of e &~ 2.718 with a difference in the voltage of &~ 26 mV. For small signal analysis,
for which voltage variations of uV (107°V) to mV (1073V) are typical, the continuous
model is appropriate. But for power system applications with voltages ranging from tens
to thousands of volts, this is a very small range. In order to use the continuous model as a
continuous model, it becomes important to restrict the time steps in the transition region to
keep the voltage change during a time step much smaller than &~ 26mV. Thus, there is a
performance drop for using the continuous model.

On the other hand, the ideal diode model is a limit of singular perturbations, of which
the continuous diode model is one. The ideal diode model should give solutions close
to the continuous diode model. But there are degenerate situations for which the diode
model clearly has no solutions, such as forward biasing a diode with a voltage source (see
Figure 5.5). Such situations typically indicate some bad behavior of the continuous model.
This might appear in the form of extreme values or extreme sensitivity in solutions of
the continuous model. Sensitivity to small perturbations typically appears in ideal diode
models as nonuniqueness of solutions. Being able to prove existence and uniqueness of
solutions for these (nondegenerate) situations thus tells us some important things about the
behavior of solutions of the continuous model, and hopefully practical information about
the behavior of real circuits.

Uniqueness is sometimes an undesirable property. For example, if we consider static
electrical circuits, the techniques of this section that resistor-diode networks with given
voltage and current sources indicate that the solution is unique. This means that there are
no bistable resistor-diode networks. Thus no memory circuits can be built out of diodes
and (linear) resistors. However, transistors can be used to build flip-flops as a basic kind of
memory circuit. This requires the property of nonuniqueness, at least for the static case.

Another approach is the use of LCSs (see Section 4.5). These systems offer an almost
entirely algebraic approach to understanding these systems. Unfortunately, LCSs restrict
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Figure 5.6: Bridge rectifier circuit.

our attention to Bohl distributions, which are linear combinations of Dirac-§ functions
and their derivatives, and products of polynomials and (real or complex) exponentials. If
we consider voltage or current sources that are not of this form, LCSs cannot help us.
Considerable success has been found with the LCS approach for passive systems [48]. A
passive system is a differential equation with an input and an output,

d
d—f(r) = fr(0).2().  x(to) = xo,
w(t) = h(x(1), 2(1)),

together with an “energy storage” function V (x) where for 1, > t,

1)

V(x() - V() < / (w(o), (1)) d.

3

A linear passive system can have a quadratic energy storage function; most interest is when
Vix)= xT K x, where K is positive definite. Even so, active devices with external voltage
and current sources, such as bipolar junction transistors (BJTs) or field-effect transistors
(FETs), need a different approach.

5.4.6 What if H is not a connected subgraph of G?

In the previous sections we assumed that H, the subgraph of the circuit with the resistors,
capacitors, and inductors, is a connected subgraph of the entire circuit G. While this as-
sumption helps create the system describing the circuit, it is often not true. An example we
have already seen is the bridge rectifier circuit shown in Figure 5.6.

If H is not a connected subgraph of G, then the diode currents are not independent.
For example, in the bridge rectifier circuit, if i p x is the current in the forward direction in
diode Dy, thenip1+ip3=ipa—+ipa. Let vp denote the reverse voltage difference for
diode Dj. While

O0<ipxLlvpi=>0 for each k,
we need to reduce the number of primary current variables. To do this in a systematic way,

consider the graph obtained by collapsing the connected components of H down to single
nodes. The net current into these nodes must sum to zero, but voltages are not well defined
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Figure 5.7: Quotient graph G/H for bridge rectifier.

on these collapsed nodes. Call this collapsed or quotient network G/H. We assume that
every edge of this quotient network is a diode. We assume that G, the entire circuit, is a
connected network, and so G/H is also a connected network. We can, as we did before,
find an MST T’ for G/H. Every edge e in G/H not in T’ defines a unique cycle ¢, in
G/H.

Note that if H were connected, then G/H would consist of a single node with a loop
for each diode. For the case of the bridge rectifier, H has two connected components: one
containing the voltage source, and the other with the R, L, and C components. This circuit
has a slight violation of our usual rules in that the current from the voltage source does not
pass through a resistor before leaving H; the possibility therefore exists that the voltage
source could be short circuited. However, the orientation of the diodes prevents this.

The quotient graph G/H for the bridge rectifier is shown in Figure 5.7. Also shown
are the three loops obtained from an MST T’ of G/H. Let B’ be the matrix b’f’ , for

e € E(G/H)\E(T') and f € E(G/H) where

+1 if f € ¢ in the forward direction,
b},e =1 —1 if f €c, in the reverse direction,
0 iffdcl.

We use the currents i., e € E(G/H)\E(T’) as our primary variables; the current in edge
f € E(G/H)is then

ir= Y. b

ecE(G/H)\E(T)

If e ¢ E(T'), this becomes just i, = i.

However, each edge f € E(G/H) represents a diode, and so its current must be non-
negative: iy > 0. If i* = [ie |ee E(G/H))\E (T’)] is the vector of these primary variables,
we have the constraint that ip = B’i* > 0, where ip is the vector of all diode currents, to
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ensure nonnegative current in each diode. In the bridge rectifier example,

i2,13 >0,
i1—iy>0,
i1—i3>0.

The set of admissible values of i* is then
K ={i*| Bi*>0}.

Thus we do not have a standard linear complementarity relationship between i* and the
associated voltages v*. However, we do have a generalized complementarity relationship
between them, as we will see.

First, K is clearly a closed convex cone. In fact, it is also a polyhedral cone, but this
is not the most important thing. For a GCP we need v* € K*, the dual cone to K. By
Lemma 2.10,

K*=(B) RL.

Now the sum of the diode voltage differences around the loop for edge e € E(G/H)\E(T")
is given by

v = (B/)TVD,

where vp is the vector of reverse diode voltages. Now we must have vp € R” ; thus any
v* € K* can be represented by nonnegative diode voltages. Finally,

()" v =)' (8) v
= (BT) vp = ibvp,
so we have generalized complementarity between i* and v*:
K>i* LvfeK*".

If we write Lv*(s) = Z(s) [ £i*(s) + Liexi(s)] + LVex:(s), we can represent the circuit prob-
lem again as a CCP; the kernel function of the CCP is the distribution M (z) where LM (s) =
Z(s). As before, the entries of Z(s) are rational functions and the diagonal entries have rel-
ative degree no more than one and no less than minus one. If the relative degrees of the
entries of Z(s) are less than or equal to zero, then we can proceed as above and show exis-
tence and uniqueness of solutions. If some entries have relative degree one, then we need
to find a way to “flip” currents and voltages, as done in Section 5.4.4, to obtain a CCP
for which we can show that solutions exist. In the case of RC circuits with diodes, we
do not need to perform this “flip,” and we immediately have existence and uniqueness of
solutions.

5.4.7 Active elements and nonlinear circuits

Active elements such as transistors provide some additional challenges to analysis, as they
include new voltage or current sources that depend on currents or voltages elsewhere in
the circuit, providing opportunities for feedback that can strongly affect the analysis. As
with fixed voltage and current sources, certain configurations are impermissible (such as
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Figure 5.8: Ebers—Moll BJT models.

two current sources in series or two voltage sources in parallel). Current sources in series
with a diode, but in the reverse direction, are also impermissible. So we cannot prove
results stating that solutions exist for any circuit. Also, the model used for the active device
can have an effect on the existence of solutions. In this section we will consider bipolar
Jjunction transistors as the active devices; these are closely related to diodes, and the models
we use are piecewise linear. Figure 5.8 shows Ebers—Moll models for BJTs.

A problem with the simplified Ebers—Moll model (see Figure 5.8(c)), even if we use
a threshold model for the diode, is that it does not handle the “saturated” condition of the
transistor. This occurs when, in order to make ic = Bip, we need to make the voltage
across the current source negative; this means that the current source (inside the transistor)
must be an energy source, which is impossible. Rather, the voltage from the emitter (E)
to the collector (C) cannot go below the threshold voltage Vr for the diode. In the full
Ebers—Moll model (see Figure 5.8(b)), the voltage across the current source between the
collector (C) and the base (B) with current «ripg cannot go below — V7, and the voltage
between the collector and the emitter (E) cannot go below zero.
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Figure 5.9: Astable flip-flop.

Figure 5.10: Bistable static flip-flop.

For example, to analyze an astable flip-flop as shown in Figure 5.9, we need the full
Ebers—Moll model, as we have to deal with saturation of the transistors; that is, when one
of the transistors Q1 or Q> is turned “off,” the other is turned fully “on.”

A crucially important point about the full Ebers—Moll model is that the factors ag
and af are both less than one.

An important difference between the case of diodes and transistors is that transistor
circuits can be multistable; that is, there can be more than one static solution for a circuit
with transistors. An example is the bistable flip-flop as shown in Figure 5.10.
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If transistor Q is “on,” then there is effectively no resistance between its collector
(C) and its emitter (E), and so the voltage at C of Q; is essentially zero, so that there is
no current flowing through R3 or R¢. This means that the voltage at the base (B) of Q2>
is below the threshold voltage, and so no current passes through the base of Q>. Hence
no current flows from the collector to the emitter of Q», and the voltage at B of Qg is
Vs Rs/(R2 + R4+ Rs). With the current gain of the transistor 8 sufficiently large and
Vs > Vr, transistor Q1 is turned “on,” completing the feedback loop. Conversely, provided
the circuit is symmetric (R; = Ry, R3 = R4, and R5 = Rg), the converse situation with Q>
turned “on” and Q1 turned “off” is equally possible. Note that the circuit can be “flipped”
by supplying an external current to the base of the transistor turned “off.” The time needed
to do this can be arbitrarily short, since there are no memory elements (capacitors or in-
ductors) in the circuit. In theory, the circuit could “flip” spontaneously. The mathematical
formulation does not prevent this. In practice it does not flip, but this can be explained by
saying that each transistor has a small but significant pool of electrons or holes at the base of
the transistor, and that this pool must be drained of electrons (or holes) before it can switch.
Thus the circuit shows hysteretic behavior because of a memory element (effectively a
small capacitance) that exists in physical transistors but not in the Ebers—Moll models.

The existence of bistable flip-flop circuits complicates the dynamic analysis in that
we must either create a formulation which is explicitly hysteretic or include small memory
elements. Including such elements can make the mathematical formulation well defined,
but this may be at the cost of requiring numerical methods to use excessively small step
sizes.

At the time of this writing, the restrictions that must be placed on idealized BJT
circuits in order to obtain existence and uniqueness of solutions is an open question. For
example, including a capacitor between the base and emitter of each transistor may be
sufficient to obtain existence and uniqueness, as well as having a physical justification.

5.5 Application: Economic networks

The applications we consider in this section are about networks where at each node or
vertex of the network there is a constraint, typically related to a resource limit, that makes
the system nonsmooth. Dynamic versions of these networks, which are our main concern
here, have variables associated with each node and differential equations for these variables.
Each node influences neighboring nodes.

These networks are considered “economic” networks in a fairly broad sense. Most
of these networks involve decisions being made at the nodes by independent agents, often
by performing some kind of short-time optimization. A simple example of this is traffic
networks. The static situation is often modeled by the Wardrop equilibrium: on a road
network, everyone is trying to get to their destinations as fast as possible. However, the
time needed to traverse a particular section of road depends on how congested it is. That is,
more cars on the road segment makes the traffic go slower. So the decision that each driver
needs to make depends on the choices of all the other drivers.

A less “economic” model is that of queuing networks. A queue is a sequence of
items which must be “processed” in some way. These items may be people with purchases
to make at a supermarket, or employees waiting to find openings in order to advance their
careers, or perhaps parts in a factory that must be sorted, assigned, assembled, and finally
installed in a finished product. In all cases, there are a number of queues in which items
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await some kind of processing. In some cases, the “items” can make their own decisions
about which queues to join; in others, the decisions are predetermined. Each queue has its
own differential equation relating the number of items in the queue to the rate of process-
ing (or serving) the items in the queue. If the items can choose which queue to join, for
example, using a simple rule such as “Join the shortest queue!”, then there is additional
nonsmoothness in the complete system.

Other sources of economic network problems include market networks where goods
are traded between people in neighboring towns or networks where computers “bid” to
take part of the load of a large parallel computation. Related problems include differential
games, market games (which can describe a small number of competitors trying to max-
imize profits through price and market share), and Cournot equilibria. There are a large
number of these kinds of problems, and they are relevant to a large number of situations in-
volving separate individuals or agents, each trying to maximize their personal reward. (This
reward should not necessarily be regarded as material gain; one can imagine humanitarian
organizations using different strategies to try to reach and help more, and more isolated,
people than other organizations. The point is that there is some kind of competition.)

Whatever kind of situation needs to be described, there are a number of important
modeling decisions to be made about dynamic economic models. Care should always be
taken with behavioral models. Trying to model intrinsically complex things (such as hu-
man beings) by simple and simplistic models should always be taken with a grain of salt.
Economists have been surprised by the importance of emotion in traders and businessmen
(and women), who are presumably just trying to make money. Also, historical data about
behavior often reflects conditions holding at the time the data was collected. Change the
conditions, and the behavior changes too, often confounding predictions based on historic
data.”

Nevertheless, there are often simple rules that seem to be well followed in many
situations. “Join the shortest queue!” is perhaps one of them. Taking the quickest route in
a road network is probably another. Different people will have slightly different objectives.
Some people have more time, and may take a slightly longer route in order to avoid road
congestion, or may prefer a more scenic route. If the great majority of people have the same
objective (shortest time home, less time in queues), this may not make much difference to
the model, and finding appropriate parameters to model this behavior may be considerably
more effort than it is worth in terms of modeling the overall system. There is another
general behavioral strategy which may be appropriate that can be summarized as “Don’t
change unless you have to!”® Change requires effort, even if it is only mental effort. If
a person’s objective is to minimize this effort, then they will do what they can to avoid
change. This can mean that if the environment (such as road congestion) changes slowly,
then decisions do not change until drivers realize that they have to change their decisions.
This can result in a huge number of drivers suddenly taking new routes, long after they
become available. Or perhaps, they recall old routes, long neglected, when they realize that
the highway they are accustomed to using takes an hour longer than it used to.

Another issue that is especially important in decision-making situations is the infor-
mation available and when decisions are made. Consider, for example, the differences be-
tween the static traffic equilibrium problem and various versions of the dynamic traffic flow

TThis is known as the Lucas critique regarding economic behavior, especially in regard to macroeco-
nomic policy.
8The subject of viability theory is essentially devoted to this idea.
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problem. In the static problem, the drivers are assumed to have developed a sense for how
congested various roads are through trial and error, television reports, and news from their
friends. This historical data that each driver has painstakingly built up over the years is nec-
essarily crude and limited, but is reasonably good for modeling the daily commute between
home and work. Information and computer technology can change this situation radically.
Each day, each driver can plan a separate route to and from work. Further, this can change
during the drive. Congestion information can be transmitted to vehicles, which can then
process the data along with a computerized road network, to arrive at a currently optimal
route. Decisions can be taken only at intersections, which are nodes in the road network. If
the decision of which route to take is made before the journey starts, then there may well be
the uncomfortable situation of thousands of drivers converging on a previously empty road
since it had no congestion at the time the decisions were made. For a workable system,
then, we would expect decisions to be made fairly often, based on global and local data.

5.5.1 Traffic networks

As noted in the previous section, the starting point for traffic flow models is usually the
Wardrop equilibrium. This is a continuum model of traffic flow (fractional cars are al-
lowed), which is also static (flows are assumed to exist for all time), but allows for conges-
tion (time needed to traverse a road segment is a function of the flow rate on that segment).
Since, in equilibrium, cars cannot accumulate either on road segments or at intersections,
conservation of flow must hold. That is, the flow rate is the same at each point in a road
segment, and the net inflow to an intersection or node is zero. It is also assumed that the
decisions of a single driver do not significantly change the congestion on each segment.

Wardrop’s formulation [267] of the principle for which he is best known was “The
Jjourney time on all the routes actually used are equal, and less than those which would be
experienced by a single vehicle on any unused route.” To turn this into a more mathematical
statement, we need to set up a framework for traffic networks. These we will represent as
directed graphs or networks. That is, the traffic network will be represented by a graph
G = (V, E) where V is the set of vertices or nodes and E is the set of edges. Nodes
represent intersections while edges represent road links. The edges are directed, in that for
each edge e € E there are nodes start(e) and end(e) representing the starting and ending
nodes of e. Two-way roads are regarded as a pair of edges e, g where start(e) = end(g) and
start(g) = end(e). The traffic flow along edge e is denoted by f, for the static problem and
fe(t) for the dynamic problem.

We use directed networks even for a road network consisting only of two-way roads.
The alternative of using the net flow through a pair of edges e and g with start(e) = end(g)
and start(g) = end(e) given by f, — f, does not properly represent the congestion that can
occur. For example, the net flow can be zero with no cars traveling in either direction or if
there is an equal and large traffic flow in each direction (which would be highly congested).

At each node x € V, there must be conservation of flow, except that certain nodes
will act as sources and others will act as sinks for the flow. Thus, the net flow into an edge
plus the source for the node must be zero. If we introduce the node-edge incidence matrix

+1, x =-end(e),
wye =13 —1, x =start(e), (5.44)
0 otherwise,
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then the net flow into a node x is given by

O=hx+wa,e fe, (5.45)
ecE

where Ay is the net source of flow for node x. We might, for example, consider a node
representing a suburb to be a source node for the morning commute (k, > 0), while it
would be sink for the evening commute (%, < 0) when workers are returning home. The
sum of the net source flows over all nodes must be zero in order to have conservation of
cars:

0=th.

xeV

Often, traffic models have a single source and a single sink. If there are multiple sinks
(that is, destinations), then we need to be careful to identify the flows associated with
each destination: f, 4 is the flow on edge e with destination d. Let D C V be the set of
destination nodes. Then

fe=) fea (5.46)

deD

Furthermore, we need to ensure that the source flows are labeled with the destination node:
hy 4 is the amount of flow originating at node x with destination d. Conservation of flow
must hold for each destination node:

O=hya+ ) Wrefea  foralldeD. (5.47)

ecE

The time needed to travel edge e depends on the total flow along edge e: T, = @.(fe).
Here ¢.: R — R is a nondecreasing function with ¢,.(0) > 0.

Let 7, 4 be the optimal travel time from node x to destination node d. Clearly, t7 4 =
0. Suppose that e is an edge with x = start(e) and y = end(e). Then, since 7, 4 is the
optimal travel time from x to d,

Txd = Tyd + @e( fe)- (5.48)

But drivers with destination d would use this edge e only if we have equality. If there is a
strict inequality, then edge e will give a travel time to d greater than the optimal, and there-
fore drivers going to d would choose another route. Thus we obtain the complementarity
conditions

0= fea Ltxa— Tyd+ @e(fe)=0 (5.49)

for all nodes x, y € V, destinations d € D, and edges e where x = start(e) and y = end(e).
This can be rewritten in terms of the node-edge incidence matrix as

0= feal) wreTra+@e(f)=0 forallecE, deD. (5.50)

xeV
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If, for simplicity, we consider a single destination (D = {d*}), we can drop the subscript d
and put the system into matrix-vector form using the following vectors:

f: [f@,d* |e S E]’

T=[tcq |x€V],
h=[hy 4 |xeV],
o) = [@e(fear) | € € E],
W:[wx,g|x€V,e€E].
Then
0=h+Wf, (5.51)
o<f L Wlt+e®=>o0. (5.52)

This can be rewritten in terms of VIs as

0=h+WH, (5.53)
sz&Og(?—f, WTr+<p(D> for all > 0. (5.54)

This is an example of a VI with Lagrange multipliers as described in Section 2.4.4. The
vector of Lagrange multipliers is T, which is associated with the constraint 0 = h+ W{.
Following the approach of Section 2.4.4, let K = {g|h+Wg=0,g>0}. Clearly K is
closed and convex, and f € K. We can write K = LN M, where M = {g|h+ Wg=0}
and L =R’} . Both L and M are polyhedral sets, so we do not need to worry about constraint
qualifications. The equivalent VI version of (5.53)—(5.54) is then

fek, (5.55)
0<(f-f o) foralfek. (5.56)

Existence and uniqueness of solutions of the VI follow from the fact that Ve(f) is a diag-
onal matrix with positive diagonal entries bounded away from zero, and so ¢ is a strongly
monotone function.

5.5.2 Dynamic traffic models

The basic Wardrop model is very powerful, but it describes a static situation. A dynamic
version of this is the Boston traffic equilibrium model of Friesz et al. [107]. The essential
idea is that individual drivers choose the route to take at a given intersection based on the
current congestion values. The flow into a road does not necessarily have to equal the
flow out of a road, as the road can absorb and release a number a vehicles; however, as
the number of cars on a road increases, so does the congestion, and so the speed of the
traffic on the road will decrease. Because of this we need to introduce more variables. In
particular, we need to distinguish between the flow rate into an edge and the flow rate out
of an edge, as these can be different, unlike the static situation.

The model developed here is not the full Boston traffic equilibrium model of Friesz
etal. [107], as the model developed here does not impose the usual “first-in-first-out” queue
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discipline of single lane roads. However, the “first-in-first-out” discipline can be approx-
imated by subdividing a road without intersections into a sequence of shorter segments.
The limit as the number of segments goes to infinity is a partial differential equation that
is commonly used for modeling traffic on road segments (see, for example, [118]). This
partial differential equation does preserve the “first-in-first-out” discipline.

The basic variables are n, 4(¢), the number of vehicles on edge e € E with destination
deV, f (1) the rate of inflow of vehicles to edge e with destination d, and f, a0 the rate
of outﬂow of vehicles from edge e with destination d. The basic law of conservation is that

dned

)= [0 = [0, (5.57)

The time to traverse edge e for entering traffic depends only on the total number of ve-
hicles on the edge: T, = @e(n.(1)), where n.(1) =) ;. pnea(t). As before, D is the set
of destination nodes. We assume that ¢.(n,.) is an increasing function of n,. Let 7, 4(¢)
be the anticipated minimal time (based on current congestion) to travel from node x € V
to the destination d € D. The simplest version of the Wardrop equilibrium is that drivers
choose the exit at an intersection (or node) so as to give this anticipated minimum time.
That is, the inflow f;fd to an edge e of vehicles with destination d can be positive only if
Tyd = T. + Ty.q for y = end(e) and x = start(e). Otherwise, f = =0and 7y 4 > To+Tod.

This can be represented as

0<T— Y weeteal £,y =0  forallec E.deD. (5.58)

xeV

In addition, 74 4 = O; that is, the time to reach destination d from node d is zero. These
complementarity conditions represent the drivers’ decisions.

The outflows f 4> on the other hand, depend on the local traffic conditions. For an
edge e we will assume that there is a natural speed v, that depends on the vehicle density
Pe :=ne/L, where £, is the length of edge e. The natural flow rate on edge e would then
be the product of the density and the speed, which is p, V.(0.) = (ne/Le) Ve(ne /L), which
we can write as n, ¥.(n.). Note that v.(p,) is a positive, decreasing function of p,. We
do not allow v.(p.) = 0 for any value of p.: this would mean that no vehicles could leave
the edge. The time to traverse edge e can be determined in terms of the length and natural
velocity on the edge: T, = @.(n.) = e /Ve(ne/Le).

The total outflow f,” =3, f,; can then be written as

fe_ =neVe(ne).

The outflow f, ;, with destination d is simply f,~ multiplied by the fraction of vehicles on
e with destination d:

Foa = "Eneve(ne)
=MNed 1/fe(ne)-

In addition to these conditions, we need conservation of flows to hold. That is, cars
are neither “created” nor “destroyed,” but they must be accounted for. Some nodes can
act as sources or sinks (parking lots, or residential suburbs, for example). Assuming that
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drivers leave their source nodes at predetermined times, the sources have predetermined
flow rates: h, 4(¢) is the rate at which cars with destination d leave node x at time .
The sinks do not have predetermined flow rates: vehicles arrive when they can, and road
conditions will affect the time taken for the journey. But the sink for the flows for cars with
destination d is precisely the node d. So we set fefd(t) = 0 whenever d = start(e); that is,
no vehicle with destination d leaves node d.

If a node x # d, then the outflow from x (with destination d) must be equal to the
inflow to x (with destination d) plus the source of vehicles (with destination d). Thus

hea®= Y fho— Y f0

e:start(e)=x e:end(e)=x
=y [w;{e MO w;,gfefd(t)] , (5.59)
ecE

where

I 1 if x = start(e),
0 otherwise,

— _J1 ifx=end(e),
“ |0 otherwise.

Note that wy , = w, —w;, forallx € Vande € E.
Several points should be noted about this model:

1. The nodes of the traffic network are, in the short time limit, decoupled because vehi-
cles can be “stored” on the edges connecting the nodes.

2. The problem formulation is asymmetric in that the rules governing f;d are very

different from the rules governing f, ;. This is also very different from the static
problem where these must be the same quantity.

3. Generically, for a fixed node x € V, we expect the values 7, + Ty,q With start(e) = x
and end(e) = y to be different for different neighboring y. If this is true forall x € V,
then f:d = 0 for all edges e with start(e) = x and end(e) = y where y is not the
optimal choice from node x, and for the edge e* that is optimal, f;’ 4 1s determined

uniquely by the flow constraints. Thus the model is a piecewise smooth differential
equation or inclusion.

Various modifications to this model can be made. One might be to require that “saturated”
nodes cannot accept more vehicles. This requirement can be modeled using VIs. How-
ever, the conservation conditions (5.59) would need to be modified to allow vehicles at
source nodes to stay at the source node if all outgoing edges are saturated. Various other
modifications to the models can be made, and DVIs provide a convenient way of doing so.

5.5.3 Existence

To show existence of solutions, we can represent this system as a differential inclusion.
First, it should be noted that the 7, 4 are Lipschitz functions of n = [ne,d le€ E,d e D]
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given recursively by
Ted =  Min Te(ne) + Tende)ds (5.60)
e:start(e)=x

T4,a =0. (5.61)

If we order the nodes x € V by the number of edges from the destination d, then we
can define T, 4 in terms of 7, 4 where y ranges over previous nodes in the ordering. The
conditions on the f:d values are

ea 20, (5.62)

S =0 if Tyane)d < Tendie)d + Te(ne), (5.63)

heat) =Y [wio 0 —wiefry®]  forallx #d. (5.64)
eecE

Thus the set of permissible values of £ =[f :d | e € E,d e V] forms a closed convex set.
Noting that fe’_d(t) =n,4(t) Ye(n.(t)) is a function of n(¢), we can write

dn ® h
E(t) € ®(z,n(1)), where

®(1,n) = { [ £ - ne,dwg(ne)] L, | £ satisfies (5.62)~(5.64) } .

ecE,

By continuity of 7, 4 in n, we can show that the graph of ®(z,-) is closed. The values
®(z,n) are closed convex sets. And finally, for bounded 4, 4(-), ®(¢,n) is contained in a
common closed bounded set. Thus, by Theorem 4.3, there are solutions for this differential
inclusion for any initial conditions n(#y) = ng.

Existence of solutions can also be shown by means of the DVI theory in this chapter.
Again, we can treat 7, 4 as a function of n via (5.60)-(5.61). However, we note that for
given x # d € V, the conservation condition (5.59) means that

Yoo EhaO+ D neave(ne).
e:start(e)=x e:end(e)=x

‘We can therefore write

e-j_d = hx,d(l‘)—i- Z Ned VYe(ne) ,Be,d

e:end(e)=x

with B > 0and 3, ¢\ e)=y Be.a = 1. Note that we need hy,q(t) > 0 for x # d to do this.
Writing B, ;= [ Be.a | start(e) = x | € R™x<, then B, ; belongs to the unit simplex X, 4 in
my 4 dimensions, where my 4 is the number of edges e with start(e) = x, provided x # d.
We can then modify the complementarity conditions (5.58) to be a VIin 8, ;:
ﬁx,d € E)C,d’
0 < (Brd—Buas [Te(ne) + Tendiera(m) | start(e) = x])
forall B, 4 € Ty .



5.5. Application: Economic networks 203

This shows that the DVI has index one. However, the function
G.a(m) = [To(ne) + Tendie).a(m) | start(e) = x| (5.65)

is only Lipschitz, not differentiable everywhere. We can, however, take smooth approxi-
mations for the purpose of showing existence of solutions. Using the B, variables, the
differential equation (5.57) should be modified to read as

dneq
dt

= hstan(e),d(t) + Z ne d Yer(ner) ,Be,d —Hed Ye(ne).

e’:end(e’)=x

Thus the B(t,n) matrix is diagonal with diagonal entries

Be,d(t’ n) = hstart(e),d(t) + Z Ne d Yer(Rer),

¢’:end(e’)=start(e)

which are positive. The set K over which the DVI is based is

k= ] =

xeV,deD:x#d

a Cartesian product of simplexes. This set is bounded, and so we can apply Theorem 5.1
to show existence of solutions for smooth approximations to G, 4(n). Taking limits of
the resulting approximate solutions (weakly for B8, ,(-), uniformly for n(-)), we obtain a
solution of the DVI for the dynamic traffic problem here.

5.5.4 Uniqueness

At the time of this writing, there is no proof of uniqueness. However, we can obtain some
insights into possible instabilities. Suppose that there are two solutions n!(-) and n®(-)
with the same initial values n)(r9) = n®(#9) = ng. Suppose also that there is only one
destination: D = {d}. Let

t* = sup {t |t > 1o and n'V (1) =n® (1) } ,

and n* = n(V(r*) = n®@(r*) by continuity. Showing uniqueness is equivalent to showing
t* = 400, and so we just need to show uniqueness for ¢ close to t*. Clearly we need to
consider the matrix VG(n) B(¢,n). Again, we note that G(n) is not smooth in n in general,
which complicates the analysis, but the main problem here is lack of symmetry in VG(n).
The matrix B(z,n) is diagonal with diagonal entries, which we can assume for now to be
positive. The structure of VG(n) is block upper triangular with blocks consistent with
the Cartesian product structure of K. To see this, note that we can order the nodes V
according to Ty 4(n*), with ties broken arbitrarily. Since T,(n}) > 0 for all edges e, 7, 4(n)
can depend only on 7, 4(n) for n ~ n* if 7, 4(n*) > 1, 4(n*). For any node x # d, we can
write Gy g(n) = [Geq(n) | e : start(e) = x | with

Ge,d(n) = ?e(ne) + Tend(e),d (n).
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Thus, for n ~ n*, G, 4(n) depends only on n, 4 and n, 4 with 7, 4(n*) > 7y 4(n*). This
dependence is Lipschitz, and G, 4(n) depends smoothly on ny 4.

If we are focusing on a node x # d, and the edges e with start(e) = x, with n, 4 =
[ e | start(e) = x] we see that Vi, , Gy 4(n) is diagonal with entries T,(n.) for e where
start(e) = x. Thus Vy, , G 4(n) By 4(n) is diagonal with positive diagonal entries. If we
could consider ny 4 in isolation, then we could show uniqueness of solutions.

The problem is that there is a feedback loop in the dynamics from ny 4 with 7, 4(n*) >
Ty ,4(n*) as well as the forward dependence of n, 4 on n, 4 with 7, 4(n*) < 7, 4(n*). In par-
ticular, if start(e) = x, B, 4(n) depends on n. 4, where end(e’) = x. This dependence, in
spite of the fact that it is Lipschitz, has the potential to destroy uniqueness.

We could attempt to generalize Theorem 5.3 to systems where VG has block up-
per triangular structure with symmetric positive definite blocks consistent with a Cartesian
product structure of K: K =[]~ K;. Consider a system

dx;
d—t = [0+ BiXz(D),  xi(to) = xig, (5.66)
zi)eK; & 0< (Z —zi(1), G;{(x)) forall Z; € K;, (5.67)

i=1,2,...,m, where V,,G;(x) B;(x) is symmetric positive definite and G;(x) depends
only on x; with j <i. We make the usual assumptions that all functions involved are
bounded and Lipschitz. Then there is a symmetric positive definite matrix Q;(x) that is
locally Lipschitz where V, G;(x) = B;(x)T 0;(x). In what follows, we use the notation
f(s) =0O(g(s)) as s — 0 to mean that there are constants C and sg > 0 such that || f(s)]| <
C g(s) for all s with |s| < sp. In this case, the “hidden constants,” C and sp, depend on
the bounds and Lipschitz constants of the functions defining the problem, but not on other
quantities. We also use the notation ||u||c = +/(u, Cu) for C a symmetric positive definite
matrix; if X" and x® are two solutions of the system (5.66)—(5.67) with u = x) —x®,
v=20—2® we have

d (1
E ”ul”Q (X(I))

<d“‘ 0 <x<”)ul>+0(nuln2)

= (A = A&+ B = B, 0i(x V)
+O(luz ]l ul)
= (B2 = B )P, 0:x s} + O (s ul)
= (BxMwi, Qi x Vyui)+ O s 1wl
= (v, BT Qi V) + Ol -
On the other hand,
0> < O _ 0 G- G,-(x(z))>

from the VI (5.67). We need to replace G;xD) — G;(x@) by terms using Vj, Gi(xy =
B;(xIHT Q,-(x(l)) and perturbations due to the dependence of G;(x) on x;, j <i. This
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gives
Gi(x") = Gi(x®) = Vi, Gix Vs + O (i I?) + Y- O (s ])-
Jjij<i
Thus, using boundedness of z(1) and z?,

<vi, B;(x)7T Qi(X(l))ui> <0 (Ilui ||2) + Z O ([luy|

jij<i

) b
and so

d (1
- (5 ||ul-||2Q,_(x<1))> <O(uilllu+ " O (Jluy])

jij<i
= O (il gy s 10l gsy) + 3 O ([ g um)-
Jjij<i

If we set n;(t) = ”W(Z)HZQ,» (1))’ then we have the differential inequalities for suitable
constant C > 0,

d77' m i—1 .

EC X m | i=t2

j=1 j=1

using 171-1/217;/2 < % (77i + ’7j)~ If r* = sup{t | xD (1) = xP (1) }, then n;(t*) = 0 for all i.

We want to show that n;(¢) = O for all i for at least a small time interval [t*, 4+ E], e > 0.
However, for m = 2, this is not true. Scaling the time variable by C we can remove this
constant, giving the system

dm
dt
dm
dt

<n-+n,

1/2
5771/ +n2

with n; (#*) = n2(t*) = 0. But the system dn;/dt = 0z, dnp/dt = 1711/2 has the solution
m(t) = t*/144, ny(1) = 13 /48 which satisfies the above differential inequalities for m = 2.
Thus we cannot conclude from this that solutions are unique, but there are strong limits on
how the nonuniqueness can arise.



Chapter 6

Index Two: Impact Problems

Mechanical impact problems are a rich source of finite-dimensional and infinite-dimensional
DVIs. Unlike resource-constrained problems, these are all at least formally index two since
Newton’s laws of motion give second order differential equations.

We distinguish between rigid-body dynamics with impact, which give finite-dimen-
sional problems, and elastic-body dynamics with impact, which give infinite-dimensional
problems. For elastic-body dynamics there can be contact over the domain of the body, or
over all or part of the boundary of the body. Also, a body can be elastic or viscoelastic. For
the infinite-dimensional problems, the regularity of the solution both in time and space can
be crucial for the existence of solutions and their behavior.

If the (normal) contact force is known, then determining the Coulomb friction forces
and the resulting motions can be represented as an index-one problem of a variational
kind. However, with both the normal and the Coulomb friction forces to be determined,
the problems can no longer be represented as optimization problems. Impact problems
with Coulomb friction remain the most challenging problems involving mechanics with
constraints.

6.1 Rigid-body dynamics

Rigid-body and particle models of mechanics have been in existence since Newton’s Prin-
cipia Mathematica. Impact problems for particles was a topic considered by Newton (see
Stronge [253, p. 28]). One of the features of rigid-body impacts is that the contact forces
must include impulses, that is, Dirac §-functions. Including such irregular “functions” com-
plicates the theory for these problems. First, we work in a space of measures, and we look
for weak solutions. Second, we need to interpret the differential inclusions in a new way.
Rigid-body models use only a finite number of parameters to describe the state of the
system: three for a particle in R, three for a rigid body in R?, and six for a rigid body in
R3. For rigid bodies in three dimensions, the issue of how to represent the orientation of
a body is a common problem; the main representations in common use are Euler angles,
unit quaternions, 3 x 3 orthogonal matrices, and Rodrigues parameters. Each method has
some advantages and disadvantages: Euler angles have singularities as a coordinate sys-
tem; unit quaternions use four numbers to represent an orientation, and each orientation is
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represented by two different unit quaternions; and Rodrigues parameters (while using three
parameters) require occasional transformations to avoid singularities.

Whatever means is used to represent the state of a rigid body, we can represent the
state in a generalized coordinate vector ¢g(¢) which can contain angles as well as positions of
centers of mass, for example. We will also assume that there is a generalized velocity vec-
tor, which can contain angular as well as ordinary velocities. Typically v(¢) = dq /dt(t), but
with different representations of orientations, the relation dq/dt(t) = G(q(t))v(t) allows
more flexibility. For example, the orientation of a body can be represented by quaternions,
while the velocity may use the ordinary angular velocity vector. Then the dimensions of
q(t) and v(z) are different: ¢(r) € R*, while v(r) € R3 and G(g(¢)) is not even a square
matrix.

However, we represent a system of rigid bodies; when there is impact, the forces can
be impulses and the velocities can be discontinuous. This means that Newton’s second
law, that mass times acceleration is the applied force, must be understood in a generalized
or distributional sense, as neither the acceleration nor the applied force is a conventional
function of time. To understand such systems, we need to turn to ideas such as MDIs as
described in Section 4.4.4. This approach of using measures and MDIs can be found in
books by Monteiro Marques [174], Brogliato [42], and Glocker [111].

6.1.1 Lagrangian formulation of mechanics

Rigid-body dynamics without contact is often described in terms of Lagrangian or Hamil-
tonian mechanics. Hamiltonian mechanics is often preferred by people in theoretical me-
chanics because of the special properties of the resulting differential equations. Here we
will use Lagrangian mechanics, which are a little easier to work with for external, frictional,
and dissipative forces.

Lagrangian mechanics without constraints start with a Lagrangian function

L(g,v)=T(q,v)=V(q), (6.1)

where T' (g, v) is the kinetic energy, and V(q) is the potential energy, associated with con-
figuration (generalized coordinate vector) g and generalized velocity v = dq /dt. Note that
g can contain angular and orientation as well as translational components, so v can contain
angular velocities as well as ordinary translational velocities. Usually the kinetic energy is
a quadratic homogeneous function of the velocity

1
T(q,v)= EvTM(q)v, (6.2)

where M(q) is the mass matrix. For systems of particles, M(q) is a constant diagonal
matrix with the masses of the particles on the diagonal. For rigid bodies, using a suitable
method for representing orientations such as Euler angles or quaternions, together with the
coordinates of the center of mass, the mass matrix is partly diagonal (with the masses of
the rigid bodies on the diagonal) and partly block diagonal 3 x 3 or 4 x 4 matrices (for the
moment of inertia matrices).

The kinetic energy function can sometimes be quadratic but not homogeneous in v:

1
T(q,v) = EUTM(q)U—i-b(q)Tv—i-c(q). (6.3)
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For example, when rotating or other moving reference frames are used so that ¢ = constant
does not mean that the body is stationary this leads to nonzero b(g) or c¢(q). A common
example of this are Coriolis forces that arise due to fact that coordinate systems fixed in
the Earth are, in fact, rotating. These Coriolis forces are not true forces, but rather are
pseudoforces that arise because of rotating coordinate systems. For example, if we use
Earth-based coordinate systems with ¢(#) the position of a particle of mass m (in an Earth-
based coordinate system) and the Earth’s angular velocity is 2, the velocity of the particle
isq+ 2 x q=v+ R xq, and so its kinetic energy is

1 1 1
5m||v+$l><q||% = EmvTerm(sz><q)Tv+§m||sz><q||§.

Nevertheless, even in these systems, the kinetic energy function will be taken to have the
form (6.3). The potential energy function V(g) can come from gravitational, electrical,
magnetic, or other forces. As such, there is no general form for V(q).

For the remainder of the chapter we will assume that T'(g, v) is quadratic homoge-
neous in v.

The fundamental equations for Lagrangian mechanics come from the so-called prin-
ciple of least action. This name is actually a misnomer, and it should be called the principle
of stationary action. The action is the functional

b d
S[q]:= f L <q(t), d—‘f(r)) dt, (6.4)

where a < b are arbitrary times.
The principle of stationary action is that the “gradient” of S[q] with respect to ¢ (with
g(a) and g(b) fixed) is zero. That is,

d
<o Sla+an]|,=0 6.5)

for all sufficiently smooth functions : [a,b] — R" with n(a) = n(b) = 0. This variational
condition is equivalent to the Euler—Lagrange equations:

d
0= EVUL(q, v) — V4L(g, v), (6.6)
dq
=, 6.7
V= (6.7)

Assuming that the kinetic energy is quadratic homogeneous (6.2), we obtain the differential
equations

M(Q)% =k(q,v)—VV(q), (6.8)
dq
il (6.9)

where

1 om ik omik am j;
ki(q,v) = = 1 — - ,
i(q,v) > ;k ( 84 (@) 94 (@) dac (q)>

with m;;(q) the (i, j) entry of the mass matrix M(q).
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6.1.2 Frictionless problems

Frictionless impact problems for rigid bodies can be represented in terms of inequality
constraints on the generalized coordinates:

0i(@)=>0, i=12...m. (6.10)

In order to enforce these constraints, we need to introduce some Lagrange multipliers A.
Physically, the Lagrange multipliers represent generalized forces that ensure that the con-
straints are not violated. Since the constraints ¢;(g) > 0 must be enforced at all times,
there must be a new Lagrange multiplier for each time #; that is, A is a function of 7: A(f).
Incorporating this into the Lagrangian function gives

L(g, v, %) =T(q,v)— V(q)— T p(q). (6.11)

Naively applying the Karush—Kuhn-Tucker conditions to the action leads to the system

d
M(q)d—lt’ = k(g v)— VV(q)+ V() A, 6.12)
dq _
= (6.13)
0<xLg(g)=>0. (6.14)

This is a DCP with index two:

d
Ew(q) =Vo(q)v,

d? d
TS0@) = [Vo@)] v+ Vo) M@)! [kq.v) = YV @)+ V@) A].

so that A can be determined from ¢ and v and (d2 /dt2) 0(q).

A simple example

The example in Section 1.1 of a ball of mass m and radius r colliding with a table-top can
be easily treated with this approach. The only generalized coordinate is the height of the
ball y above the table-top. The Lagrangian is

1
L(y,v)= Emvz +mgy.
The constraint is

p(y):=y—r =0.

This gives the system

v o
2 - ,
dt &

dy .

dt
O<Aly—r=>=0.
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The Lagrange multiplier A can be easily identified as the normal contact force N(¢) from
(1.1).

As noted in Section 3.2.4, these problems do not have unique solutions unless we
impose some additional conditions. Usually we assume that there is a given coefficient of
restitution 0 < e < 1 where dy/(t1) = —edy/dt(t™) for any t where y(t) —r = 0. This is
extended to general mechanical impact problems by requiring that

ni(@) vt = —eni(g()Tv(r™)  whenever g;(q(1)) = 0.

There is more on the issue of modeling partially elastic impacts in Section 6.1.4.

6.1.3 Coulomb friction
The standard Coulomb law for frictional contact [71] can be summarized as follows:
o the friction force is in the opposite direction to the direction of the slip velocity;

o the magnitude of the friction force never exceeds u (the coefficient of friction) times
the normal contact force; and

e if there is nonzero slip, then the magnitude of the friction force is exactly w times the
normal contact force.

A remarkable property of this law is that it implies that the frictional force does not depend
on the apparent area of contact; this characteristic was first announced by Amontons [9] in
1699, and it was considered very anti-intuitive at the time [37, p. 14].

Coulomb’s law for frictional contact is a semiempirical law, and there are many vari-
ations on it; for more details see Section 1.2. The theoretical foundations for this law are
weak, and dry friction is a physically complex phenomenon. Engineering practice has led
a number of researchers to develop models of dry friction that modify Coulomb’s laws.
However, in this book, we will stay with slight modifications of Coulomb’s basic laws, but
allowing for anisotropic friction.

Often these laws are written in a straightforward way: if N; is the normal contact
force for the ith contact point and F; the corresponding friction force,

Urel

Fi = —wiN if Uyer #0, (6.15)

o ”Urel”Z
| Filla < piNi if vrer = 0. (6.16)

This is often the simplest way to formulate Coulomb friction, but there are other ways.

Even if we stay with Coulomb’s basic laws, we can reformulate them in a way that
makes the complementarity and variational aspects more visible. One approach is to use
the maximum dissipation principle of Erdmann [91]. One begins with the set of possible
friction forces JF;(g) for a given contact i in a given configuration ¢ for unit normal contact
force at this contact. This set F;(g) should depend continuously on g (provided contact i
is maintained) and be a closed, bounded, and convex set. For isotropic Coulomb friction,
Fi(q) is a disk centered on the origin with diameter w;, the coefficient of friction for con-
tact i; for a particle, the disk lies in the plane orthogonal to the normal direction vector at
q. If we use generalized coordinates, then orthogonality can be lost, and the shape is no
longer a disk. However, F;(g) will remain a closed, bounded, and convex set.
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If contact i is broken, then we can take F;(q) = {0}. In this way, JF; is an upper
semicontinuous set-valued map with closed convex and bounded values. In some situations,
it can be convenient to allow F;(gq) to be something other than a disk. For example, for ice
skating, the friction force on a skate clearly depends on the angle between the slip velocity
and the direction of the blade of the skate. Another use is to include a frictional torque,
such as arises if the steering wheel of a car is turned while the car is stationary. In this case,
the frictional torque is due to the fact that contact occurs at more than just a single point.

The friction force for the contact i must then satisfy

Fi=arg max — (v, F), (6.17)
FeN; Fi(q)
where v is the (slip) velocity of the system at contact i, and N; is the normal contact force
for contact i. This maximal dissipation principle can be expressed as a VI:

FieN;Fi(q) & 0=<(F,—F,v) forall F; € N; Fi(q). (6.18)

Another way is to use VIs of the second kind. This is based on the support function of
Fi(g): The support function of a closed convex set C is

oc(p) =sup(x, p).
xeC
Note that F; minimizes F +— v - F over F' € N; F;(g), and so F minimizes the function
Fi— v F+ 1y, 5p(F) where Ic is the indicator function where Ic(x) =0 if x € C and
Ic(x) = 400 otherwise. Thus, 0 € v+ 91y, ;) (Fi) or —v € Ay, F,(4)(F;). Using Fenchel
duality, this is equivalent to

F;, e az;;iﬁ(q)(—v).

The dual of the indicator function I¢ is the support function o¢. So we can formulate the
condition for F; as

F; € 0oy, F,(g)(—V).
Noting that o,c(p) = ¢ oc(p) for any « > 0, we get
F; € N; 90F,()(—).
From the definition of subdifferential, this can be written as
Nior,(g)(—w) = N o5,y (—v) + (Fi;, v — w) (6.19)

for all w. If F;(q) is, for example, the disk of radius p; (the coefficient of friction for
contact i) in the plane generated by orthonormal vectors d and d, then oz, ,)(p) =
i |[[d1.d2]1" p|,. Note that the formulation (6.19) is a VI of the second kind. This formu-
lation has become particularly common in the literature for elastic bodies with Coulomb
friction.

Note that given N;, F; is the solution of a monotone VI. However, in general rigid-
body dynamics, we do not know the normal contact forces N; a priori. The separate prob-
lems of determining the normal contact forces N;, and given the N; to compute the friction
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forces F;, can both be represented as monotone VIs. The combined problem of finding
both the normal contact forces N; and the friction forces F;, however, cannot. This makes
rigid-body dynamics with Coulomb friction difficult, even from a theoretical point of view.

An important concept in rigid-body dynamics with Coulomb friction is the friction
cone for a given contact i, which is the set

Fi(q):={Nini(q)+ Fi | F; € Ni Fi(q), Ni > 0}.

This is a closed convex cone in the space of forces. It is the cone generated by the set
ni(q)+ Fi(g). The friction cone for the entire systems with contacts i = 1,2,..., N is
the Cartesian product F (@)= ]_[lN= 1 ]?i(q). This represents all contact forces acting on the
system.

An alternative approach to formulating the maximum dissipation principle can be
found in [198]. This uses a representation for the set F;(g) in terms of level sets:

Fita) = {Nimi@)+ Fi | ¢y(a, Ni, F) <0, j = 1,2, ..omy |,
where each ¢;; has a number of important properties apart from smoothness conditions:
e $ij(q,N;, F;) is convex in Fj;
e $ij(g,N;,0) <0 forall N; > 0 with equality if and only if N; = 0;
o if ¢ij(g,0,F;) <O0forall j, then F; =0;

° O (q, N;,0)is positively homogeneous in N; with order y; > 1 (thatis, ¢;;(q, N;,0) =
N ij(g,1,0)).

For example, the standard friction cone can be represented by ¢;1(q,N;, F;) = || F; ||% —
(,uiNi)2 < 0 with F; 1 n;(g), which satisfies the above conditions with y; = 2. If we
have such a representation of the friction cone, then the maximum dissipation principle can
be represented by a specially structured nonlinear CP. In [198] it is shown that solutions
exist for static or incremental frictional contact problems represented in this way. Such
formulations can be used for time-stepping methods in dynamic problems, for example.

6.1.4 Modeling of partially elastic restitution

The modeling of partly elastic impacts cannot be reduced to modeling with DVIs, differen-
tial inclusions, or related techniques. As noted in Section 3.2.4, since this is an index-two
DVI, we cannot expect uniqueness just from specifying the DVI. Instead, we need to im-
pose an additional constraint to handle coefficients of restitution. Note that coefficients of
restitution come into the formulation only when there are impulsive forces. Often it is bet-
ter to give a complementarity or VI formulation of the impact law than to simply write, for
example, (n, v(t ™)) = —e (n, v(t7)) for Newton’s impact law with coefficient of restitution
e. This is particularly true when there are multiple simultaneous impacts and it becomes
unclear if the condition can even be satisfied. Take, for example, a ball colliding with a
frictional wall after rolling, as shown in Figure 6.1.

Because the wall is rigid, there will be an impulse to the left at contact 1. Because
of friction and because the ball is rolling, there will be an upward frictional impulse, also
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Figure 6.1: Ball rolling into a corner: an example of failure of a naive model of inelastic
impact.

at contact 1. Because of this, the ball will have an upward velocity after impact, and there
will be no impulsive forces at contact 2. However, (ng, v(t‘)) = 0 (n2 being the normal
inward direction vector), so naive application of Newton’s impact law would imply that
(n2, v(t™)) = 0 as well. Instead, we should use the formulation

0= N L{ni(g(®), v(t™)+ev(r™))=0
for all i where ¢;(g(t)) =0, (6.20)

where Nl.* is the impulse at the ith contact. This way, we can still have (nz, v(t+)> > 0in
Figure 6.1, as long as there is no impulse at contact 2 (N} = 0).

In Poisson’s impact law, the impact is divided into two parts: the compression phase
and the expansion phase. The compression phase is essentially purely inelastic. At the end
of the compression phase, the normal component of the velocity is zero. The total impulse
of the normal contact force during expansion is taken to be the coefficient of restitution
times the total impulse during compression. If we write the total impulse during the com-
pression for contact i as Nl.(c) and the total impulse for expansion as Nl.(x), then following
[12] we can use the formulation

0= N L {ni(qu), va) = 0,

0< NP —eN L (ni(g(t), vt™)) =0
for all i where ¢;(q(¢)) =0, (6.21)

where v(t(©)) is the velocity after the compression phase (Nl.(c)) and v(t1) is the veloc-

ity after both compression and expansion phases (Nl.(c) + Ni(x)). Normally, Nl.(x) = eNi(C).
However, there can be situations in which the second complementarity condition is needed
to prevent interpenetration.

Both Newton’s and Poisson’s impact laws can violate conservation of energy. In the
case of Newton’s law of impact, the problem is when the direction of slip reverses during
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impact due to friction, as described by Stronge [252, 253]. Stronge’s model of the motion
of a rigid body in contact is a little different from being perfectly rigid. Rather, Stronge
essentially solves a singular perturbation problem: the obstacle is not taken to be rigid, but
to have a spring with very large stiffness which becomes active when there is contact, and
we look at the limit as the stiffness of this spring goes to infinity. From the way it is solved
in [252], we write the velocity as a function of the impulse-so-far0 < P < N 1* for a single
contact and treat the configuration ¢(¢) as constant during impact. Applying the equations
of motion then gives a differential equation for the velocities in terms of dv/d P.

To handle this, Stronge introduced an energy-based impact law [253, p. 69]. In this
formulation, the impact is separated into two phases: the compression phase and the ex-
pansion (or decompression) phase. At the end of the compression phase the relative normal
velocity at the contact point is zero, which determines the work done by the normal contact
force during the compression phase (—W,). The total impulse at contact i is then Ni(c). The
additional impulse Nl.(x) > ( is then determined so that the work done by the normal contact
force during this phase W, is a given fraction e2 of W,.

The trouble with this approach, as with all other attempts to create a law of restitution
for rigid-body models, is that it requires the imposition of a physical law a priori, which
did not previously exist. Ideally, the model of restitution is a result of the model, not an
input to it. The essential problem is the lack of uniqueness inherent to index-two DVIs.

In fact, there are a number of reasons why any rigid-body restitution law would be
inadequate in giving physically realistic results in general situations. Evidence of the diffi-
culty in setting up such a mechanism can be seen in the experimental results of Stoianovici
and Hurmuzlu [250]. In their experimental setup, slender steel bars were dropped onto a
flat hard steel anvil. High-speed video cameras captured the motion of the bars, and wires
were connected to both the bar and the anvil in order to determine when there is true contact
between bar and anvil. When the bars were dropped while oriented vertically, the ratio of
the postimpact normal velocity and the preimpact normal velocity was close to one, indi-
cating essentially perfectly elastic impacts according to the Newton impact law. However,
as the angle of the bars from the vertical was increased, the observed Newton coefficient of
restitution dropped from near one to less than half and, for more slender rods, to around 0.1.
For the more slender rods, this drop occurred over a smaller change in angle and was more
dramatic. After this drop, the observed Newton coefficient of restitution started increas-
ing and oscillated erratically about 0.6 to 0.7 for angles far from vertical. This behavior
was found not only in the experimental results, but in numerical simulations as well, using
a finite-dimensional approximation of the elastic behavior of the rod. Experimental and
computational results are shown in Figure 6.2. Qualitatively similar results that compare
well were computed by Paoli and Schatzman [203].

Clearly, from these results, the Newton impact law is far from being physically cor-
rect, even for slender steel bars. However, if we look at the remarkable drop in the ob-
served Newton coefficient of restitution for the most slender bars from around 0.9 for being
dropped vertically to 0.1 for an angle of about 16° from vertical, it should become clear
that both the Poisson model of impact and the Stronge energy-based model of impact are
also incorrect. In fact, if there is no friction, the velocity depends affinely on the impulse
parameter P since the configuration changes negligibly during an impact. Thus the Pois-
son coefficient and the Stronge coefficient are identical with the Newton coefficient for
frictionless impacts.
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Figure 6.2: Results from [250] for steel bars impacting a steel anvil at different angles from
horizontal. All bars have width 12.7 mm with lengths (a) 100 mm, (b) 200 mm, (c) 300 mm,
(d) 400 mm, (e) 600 mm. Reprinted with permission.

Also, the simplistic division of an impact into a compression phase and an expansion
phase is often far from reality. The number of “microcollisions” (periods of electrical
contact between bar and anvil) reported by Stoianovici and Hurmuzlu is commonly much
more than one (up to 19 for the most slender bar). Also, the impact time goes from a
minimum near 100 s to a maximum of over 4 ms, again for the most slender bar; the ratio
between largest to smallest impact times is about 40. Both the number of “microimpacts”
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and the contact times indicate complex dynamics within an apparently simple impact. The
erratic behavior of the apparent coefficient of restitution for angles far from vertical also
indicates complex dynamics that cannot be represented by simple algebraic relations.

If none of the available models of restitution is applicable, what is to be done? There
is one situation in which all models essentially agree, which is the case of zero coefficient of
restitution: perfectly inelastic impacts. Beyond this case, the answer is to incorporate elas-
tic vibrations into the models of impact. Here there are difficulties, both computational and
theoretical, but these will be discussed in the sections on elastic and viscoelastic impacts.

6.1.5 Technical issues

Even though for rigid bodies we are essentially dealing with ordinary differential equations,
our contact conditions for the normal contact forces /N; are index two. On the other hand,
the conditions for the Coulomb friction forces F; are index one. Index-two problems, as
we have seen in Section 3.2.4, have two technical obstacles we will have to deal with.
The first is that the solutions can contain Dirac-§ functions. This occurs very naturally in
mechanical contact problems for rigid bodies, as their velocity is unaffected until the bodies
make contact, when the velocities of one or both bodies must change instantaneously. This
clearly means that the instantaneous acceleration must contain Dirac-§ functions. This
makes our contact equations impulsive. Unlike many other approaches to dealing with
impulsive systems, our contact problems do not have impulses at a priori known times.
The natural way of handling these impulsive systems mathematically is in terms of
measures and spaces of measures. This leads to a different issue, which is how to interpret
these kinds of equations with measures when the right-hand side of our differential “equa-
tions” are sets. This is a natural way of handling the Coulomb friction part of the problem:
we use differential inclusions (see Section 4.1). For handling the combination of differen-
tial inclusions and impulses, the theory of MDIs was set up, as described in Section 4.4.2.
The interaction of the normal and Coulomb friction forces can be very important. In
fact, a famous paradox due to Painlevé [194], which was claimed to show the nonexistence
of solutions to rigid-body dynamics with contact and Coulomb friction forces, is due to this
interaction. The resolution which is hinted at in, for example, Delassus [76, 77] involves
impulses without collisions. This idea finds fuller expression in the works of Moreau [179,
181], Monteiro Marques [174], and Stewart [237, 238]. This paradox has been a stumbling
block for many people working on rigid-body dynamics with friction. The resolution of the
paradox, however, is something many people have experienced writing on a blackboard:
when the chalk goes in the “wrong” direction, it can jump and jitter, leaving a trail of chalk
dots on the board. These dots are evidence of (approximate) Dirac-§ functions. Indeed,
anyone wanting to understand how parts of mechanical systems can suddenly jam instead of
smoothly sliding should understand the interaction of normal and frictional contact forces.

6.1.6 Painlevé’s paradox

Painlevé’s paradox is normally described as appearing when a rod is sliding in the “wrong”

direction across a frictional surface. The situation is essentially that shown in Figure 6.3.
Let us proceed in a naive way, as Painlevé did, assuming that all the forces are

bounded and the solutions are smooth. Then the equations of motion for the rod can be
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Mass
Moment of inertia

Coefficient of friction

velocity

F=uN

N (Xc,yc)

Figure 6.3: Painlevé’s paradox.

written as

d%x

m—s =F,
dt?
d2y

mﬁ =N—mg,
do ¢ l

J——= = —F sinf — =N cos6.
iz 2 2

Note that J is the moment of inertia for the rod. For the rod sliding to the left (the “wrong”

direction), Coulomb’s laws say that F = u N, where p is the coefficient of friction. Substi-
tuting this into our equations of motion gives

d*x
" =N
d?y
mﬁzN—mg,
e ¢ .
J_dtz = E[sm@,u—cos@] N.

For the contact conditions we need to follow the position of the contacting point (x, yc)
which is at

£
X =X — —cos6,
2

£ o
.=y — —SIno.
Ye =Y 21
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The second derivative gives

- Y Csine
a2 42 a2 T2\ g

d’y. d?y ¢ d*o ¢ | <d9>2
= — — —cosf
2
N Ecos@ ¢ [sin@ cost9]N+€s~ 0 LAY
= ——g—— — [si — —sinf | —
m 8T g BIYR 2 dr
1

2 ¢ do\?
= - |:1 — ’Z—Jcose(sinéu—cose)] N~|—§sin9 <E> —g.

If we choose 0 < 0 < /2, u sufficiently large, and J /(mﬁz) sufficiently small, then we
can make

_me 0 (sinf 6) <0
— ——CO0S Sin — COS < L.
47 ’

Assuming that y. =0, dy./dt =0, and d6 /dt = 0 at some time, then no matter how large

N is, we will always get dy./dt < O: penetration is inevitable! This contradicts the basic

assumptions of rigid-body dynamics, and so there cannot be any solution to this problem.
Or so Painlevé thought.

6.1.7 Resolution of Painlevé’s paradox

The problem with this approach is that it implicitly excludes the possibility of impulsive
forces: all functions must be sufficiently differentiable. Clearly there must be impulsive
forces in a collision in rigid-body dynamics, but it is less clear that there can be impulsive
forces in other situations. However, this is one of those situations.

How can impulsive forces lead to a solution? Even if we allow N to contain Dirac-§
functions, we still get the inequality going the wrong way for d?y./dt>. The flaw in the
argument is the assumption that “F = puN.” This is true as long as dx./dt < 0, but if we
have dx./dt = 0, then we require only that “|F| < uN.” We can then allow other, smaller
values for F/N, and so we obtain a solution.

To see that we really do get a solution, we can set up the problem as a 4 x 4 linear CP
for the impulsive forces. We can follow the approach of using complementarity-based time-
stepping methods proposed for this problem, such as can be found in [238, 247, 248], but
with the step size & > 0 set to zero. Alternatively, we can derive such conditions directly.
We will assume that N(t) = N*8(t —t*)+ Ni(¢t) and F(t) = F*8(t — t*) + F|(t), where
t* is the time of the impulsive forces, and N; and F) are smooth functions or, at worst,
measures but with no impulsive component at t = ¢*.

We can obtain a solution by assuming that the maximum dissipation principle applies
to the postimpact velocity:

F* = argminx/(*")F
overall F € [—uN*, +uN*].

This can be written as a CP if we write F* = F} — F*: 0 < F}, and we include an additional
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variable 1. Our complementarity conditions can be written as

0<F} La+x.t*H) >0,
0<F* La—x.(t*") >0,
0<i LuN*—Fi—F*>0.

On the other hand, the normal contact force can be described in terms of a CP in which we
now need to include a coefficient of restitution e: for y.(t*) —r = 0 we have

0<ey.(t*)+y.(t*) LN*>0.
To complete the system we have to add the effects of the impulsive forces on x/.(+*) and
RGBT
X ! pk— 1 *
X)) =x'¢"")+—F",
m
1
Y@ =y )+ =N,
m
4
' =0'(t*")+ 57 [F*sing — N*cos6],
s0, using x|, = x'+ (£/2)sin66’, y. =y’ — (£/2)cos8 §’, we have
, 1 e :
() =xL () + —F* + Vi sinf [ F*sinf — N*cosf],
m

1 02
ye(t* ) = yl(t* ")+ —N* — —cosf [ F*sinf — N*cos6].
m

4]
The LCP generated is
N*
*
0< ?’;
A
+a(0) +app@) -—apx@) 0 N* (1+e)y.(t*7)
+ap) +an(@) —axn®) 1 Fi n +x[(t*7) -0
—ap(0) —axn@) —+an®) 1 F* —x(t*7) =%
n —1 —1 0 A 0

where
an®)=—+ e cos’
m 4J ’
2 .
app(@) = 17 sinf cosé,

2

1 Il
axn () = = + a7 sin%6.
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The question naturally arises: Do solutions exist for this CP? The answer is given, in fact,
by Lemke’s algorithm. To see this, note that the matrix

ai(@) app@) —ap®)
ap@)  axn(@) —axn®)
—ap@) —an(®) axnd)

is symmetric positive semidefinite, and its null space is one dimensional, generated by the
vector [0, 1, 1]7. First, the matrix

+an@) +ai2(0) —an®)

+a2(0) +axn@) —axn(®)

—ap(@) —axn(®) +axn©)
% -1 -1

M =

S = == O

of the CP is copositive: if z > 0, then z7 Mz > 0. The inequality holds because the upper
left principal 3 x 3 matrix is positive semidefinite, and, apart from the p > O entry, the
remainder of the matrix is antisymmetric. If z > 0 and 7'Mz =0, then

0 0 (1+e)y.(t*7)
. 1 0 . . +x.(t*7)
z=al + B R o, >0, while b= —xé(t*_)
0 1 0

From this, (z, b) = 0, and by Theorem 6.1 in Section 6.1.9 there is a solution to the LCP.
This solution provides a resolution of the paradox of Painlevé.

6.1.8 Approaches to the general problem of existence

There are two main approaches commonly used to establish existence of solutions to rigid-
body dynamics with Coulomb friction:

e use a penalty approximation for the normal contact force and take the rigid limit
(where stiffness goes to +00);

e use a time-stepping method which respects the no-interpenetration condition (or a
linearization of it), and take the limit as the time step goes to zero.

Both involve a limiting process for which considerable analysis is needed. There is also
some difference in how we set up the approximations that can have an important effect on
the limiting solution; in particular, the coefficient of restitution of the solutions obtained
by different processes can be quite different. It is more natural to set up penalty methods
that conserve energy, and hence give coefficient of restitution e = 1 in the limit, while for
implicit time-stepping methods it is much more natural to obtain a coefficient of restitution
e = 0 in the limit. There are, however, ways of incorporating different coefficients of resti-
tution into either method. See, for example, [200, 201, 202, 204] for penalty methods and
[12, 13, 14] for time-stepping methods that incorporate coefficients of restitution between
zero and one. Both approaches are amenable to numerical treatment, but the penalty ap-
proach becomes a two-stage method: first approximate the differential equations and then
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solve the differential equations using some (usually standard) time-stepping method. How-
ever, as the penalty parameter approaches its limit, the time step used must be decreased
accordingly to prevent numerical instability. This “tuning” of the time step, if not done
carefully, can have disastrous effects on a simulation. On the other hand, using the comple-
mentarity framework for performing a time step usually leads to more difficult problems,
especially when Coulomb friction is included. However, recent work seems to have made
some progress on both of these problems [206, 256], and it is hard to see at this time which
approach will become the dominant one, or if either will dominate the other.

Whatever approach is used, there are several steps we can take to obtain existence of
solutions. The first is to obtain energy bounds, from which we obtain momentum bounds.
This, in turn, can be used to bound integrals of the normal contact forces. Then we can
obtain weak™* convergence of the normal contact forces as measures, pointwise convergence
of the velocities, and uniform convergence of the trajectories. The task is then to show that
the limits indeed satisfy all the conditions for a solution.

6.1.9 Proving existence with Coulomb friction

We will set up an MDI formulation of the problem with Coulomb friction with inelastic
impacts. The treatment of this section follows [238], which provides a complete proof
of the existence of solutions to rigid-body dynamics that includes Coulomb friction (and
Painlevé’s problem), at least for one contact. Partially elastic impacts without friction are
treated in [163, 201, 202, 205], while inelastic impacts with friction for particles is treated
in [174]. For full details of the proof, see [238].

The objective

The objective of the proof is to show the existence of solutions to the system (understood
in the DVI and MDI senses):

d
M(q)d—: =k(q,v) —VV(g)+n(g)N()+ D(q) B(1), (6.22)
dg
— =0 (6.23)
0=<ep(g@®)LN®® =0, (6.24)
Bt e NK & 0<v(®) D(q)[f—B1)] forall fe N()K. (6.25)

We suppose that ¢ : R” — R is a scalar function. Recall that

1 om;;  Omjx Omjk
ki(g,v) = —= - P Uk.
i(q,v) 2]Zk[ o + 2, o V) vk

Here, M(q) is the mass matrix, V(q) is the potential energy function, n(q) = Vo(q) is the
inward normal vector for the feasible set {g | ¢(g) > 0}, D(g) is the matrix of direction
vectors of the friction set (for unit normal contact force), and K is the set generating the
set of friction forces for unit normal contact force: { D(q)B | 8 € K}. For the proof, K
is taken to be the unit simplex { 8| B >0, e’ B =1} where ¢ is the vector of ones of the
appropriate size. The function k(q,v) is the generalized pseudoforce due to a nonlinear
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representation of the configuration of the system. The normal contact force is n(g(t)) N(¢),
and the friction force is D(q(¢)) B(t). Both B(¢) and N(¢) can be measures, v(t) is a function
of bounded variation, M(q) is symmetric positive definite for all g, and all functions are at
least Lipschitz and are typically smooth.

For the impact law, we assume that the impact law is perfectly inelastic: if ¢(g(t)) =
0,

0 <n(g®) vy L N@) > 0. (6.26)

Since v(-) can be discontinuous, we interpret the Coulomb friction law (6.25) as applying to
the postimpact velocity. We have already seen that something like this is needed to resolve
Painlevé’s paradox. We thus require that

B e NOK & 0=<vt™! D) [E— B(1)] (6.27)
forall € N(t)K.

In all that follows, & > 0 is the step size for a discrete (or numerical) approximation.

Time stepping

Time stepping is basic to the method of proof. We use approximations g¢ & ¢(t,), v* ~ v(t,)
with #p = t9+ € h. Ateach time step we solve a CP, which we list here for one contact, which
represents the above system with K the unit simplex:

M(qﬁ-i-l)(vf-i-l _ UZ) — n(qZ)NZ-H + D(qﬁ)ﬁé—i-l (6.28)
+h[k(g" 0= VV(gh).

qz+1 _qz = nott!, (6.29)

0< ,3“1 n K“_le—i—D(qK)Tv“_l >0, (6.30)

0< Nt L n@gH"v*! >0, (6.31)

0 <Al L uNtF— Tttt >, (6.32)

provided go(ql) —i—hn(ql)Tvl <0. If (p(ql) —i—hn(ql)Tvl > 0, then we assume that there is
no contact, and so N“t! =0 and g¢*t! = 0. The variable A¢*! is a Lagrange multiplier
associated with the maximal dissipation principle for Coulomb friction.

That solutions exist for this problem is based on an LCP

N n’M~'n WM 'D 0 N nTb
o<| B8 |L| D™™'n DM 'D e B |+| Db |>0 (6.33)
A n —eT 0 A 0

withb =h M1 (k(g,v)—VV(q)). Solutions exist for this problem, and if we fix M, n and
D can be computed by Lemke’s algorithm. The proof of this is instructive, as the matrix
above is copositive but not copositive plus. Note that cols(D) is the set of columns of D.
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Theorem 6.1. If n & spancols(D), M is symmetric positive definite, and p > 0, then solu-
tions exist for (6.33).
This proof requires results from Section 2.2.1, which the reader may refer to in order
to understand the proof.

Proof. From the reversibility lemma (Lemma 2.9) applied to Lemke’s algorithm, Lemke’s
algorithm for the LCP

0<zlMz+g>0
can fail only if there is an unbounded ray

(z, w, 5) = (20, W0, 50) + & (Zoo, Woos So0) 5

>0,
for the system

szJ.w:A7lz+sd+qu

with s > 0, s = 0, and zoc # 0. Here d is a vector with only positive entries used for
starting Lemke’s algorithm. The matrix

B nTM~'n nWTM~'D 0
M=| DM~ 'n DM~ 'D e
N —eT 0

is copositive (z > 0 implies z7 Mz > 0) since the upper left 2 x 2 block [, D17 M~ [n, D]

is positive semi@ﬁnite, @ > 0, and the remainder of the matrix is antisymmetric. However,
if z > 0and z/ Mz =0, then with z =[N, g7, 1], we have

0= (Nn+DB)" M~ (Nn+ DB)+ uNAx,

giving Nn+ DB = 0 and NA = 0. Since n ¢ spancols(D), we have N =0 and D = 0.
However, it is still possible to have A > 0, so M is not strictly copositive.

From the properties of the unbounded ray,

0= zgowoo = zgoMzoo,
T
0=z ,wo

= 2L, (Mz0+s0d +q),
O:zOTwoo = Zglqzoo.
If we write 7/

[Noo. BL, oo, then from the previous calculations, Noo = 0, DB = 0.
But
o nT M~ (nNoo + DBoo) + oo
(M+MT)ZOO = DT M~ (nNoo + DBoo)
L “Noo
i HAoo
0
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Thus M7 740 > —Mzeo, and since zg > 0, ZgoMZ() = ngTzoo > —ngzoo =0, we have

0=zL (Mzo+s0d +q)

> sozgod —l—zgoq.

But 2, = [Noos B, Aeol[n7 b, (DTh)",0]" = (Noon + DBoo)” b = 0; thus 0 > 5oz d.
As so > 0, we have zgod = 0. But d is a vector with strictly positive entries and zo, > 0,
SO Zoo = 0. Thus weo = 0. Combined with 5o, = 0, we see that (2o, Woo, Seo) = 0, and so
we do not really have an unbounded ray. Thus Lemke’s method does not fail, but rather
succeeds in finding a solution of the complementarity problem (6.33), and so a solution
exists. 0O

It is possible to use the results for this LCP to solve the system (6.28)—(6.32) with
M = M(g"*"), as there is some nonlinear feedback from the solution of the LCP and
M(g**") in (6.28). Details can be found in [238].

Bounds on the discrete-time solutions

The first and most important bound is the energy bound. If we write M(g**t!) = M**!, and
k* =k(g*,v*) — VV(q"), then a discrete energy bound is proved first:

1 1
E(UZ—H)TMZ—H vf-i-l + (kf)qu-H < E(UZ)TMZ-H vZ + (kZ)qu.

To show this, start with
1
YT M R+t = 5 [(v£+1)TMe+1 Pl e T gt ve]

T %(U/é+1 —oOT Mt — gt

and then substitute the right-hand side of (6.28) for M+ (v¢+! —v¢). With this, bounds on
the kinetic energy K E* = Jv¢T M*v* can be found of the form

12 32
KE@+15KE@+h[a+b(KE‘f) +c(KE‘f) }

for positive constants a, b, and ¢ which depend only on the problem data. A discrete
nonlinear Gronwall lemma like Lemma 5.2 can then be applied to show short-time bounds,
independent of & > 0, on the velocities ||v*| < B, for 0 < £h < T* for some T* > 0. We

can define numerical trajectories: g (-) is the piecewise linear interpolant of g, (t;) = g*,

and vy (-) is the piecewise constant interpolant vy (1) = v forr <1 < te+1. Then these

functions are uniformly bounded as / | 0 and g () are uniformly Lipschitz on [0, T*].
The next step is to show that the variation of vj(-) is uniformly bounded on [0, T*].

This is equivalent to showing that fOT* Ny (t)dt is uniformly bounded, where Nj,(-) is the

piecewise constant interpolant Nj(t) = N t+1 /h for t; <t <ty+1. To prove this we need
an additional condition: the cone

F@)={n(@)N+D(@)B|BeNK}
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wall wall
ball
friction friction
cone cone

Figure 6.4: Example of jamming. The friction coefficient is large enough that a horizontal
contact force from the left can be matched by an opposing force on the right without causing
the ball to move or spin. Reprinted with permission.

must be a pointed cone. That is, we require that F (g) not contain a vector subspace other
than {0}. Without this it is possible to have jamming where there is no bound on the contact
forces. An example of jamming is shown in Figure 6.4.

Since F(q) is a pointed cone in a finite-dimensional space, there is a vector { where
for all w € F(gq), ¢Tw > |lwl||. Now

l
T (01 _0) — T{p0i i\ iy B
¢ (v v) j}zog [hkf—i—n(q/)Nf—i—D(q/),Bf]

TR WY [N + g |
L

J=0 j=

t

— 7 J

2 el o1 —10) max, [ 7] 0y N,
]:

where n > 0 is the distance between n(q) and {D(¢q)B | B € K}. Since vt is bounded
from the kinetic energy bounds, and k/ are uniformly bounded for 0 < jh < T*, we see

that Zf':o N/ are also uniformly bounded for £ < T*. Thus fOT* Ny (t)dt are uniformly
bounded, and Zﬁ':o || vitl i H = \/g* vp(+) is uniformly bounded as 4 | 0. Also, if we
take Bn(t) = ,BZ for t; <t < ty4+1, then we also have fOT Bn(t)dt uniformly bounded as
18 < N* maxyex wll.

These results hold only on a “sufficiently short” time interval [O, T*]. To extend

this further, we need stronger bounds to prevent “blowup” of the velocities in finite time.
This involves using energy bounds refined using uniform bounded variation of vj(-). The
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bounds obtained have the form

v T M+ V(") <0 T MO + V(g%

+O(h) 1+L§ [t =] |-
=0

Mild conditions on V(g) then ensure that the numerical (and continuous) problems have
solutions whose bounds do not go to infinity in finite time. Bootstrapping these results
allows us to obtain uniform bounds on both vy (-) and its variation over any finite interval
[0,71].

Obtaining limits

Thus on the interval [O, T*] we can use the Arzela—Ascoli theorem, Alaoglu’s theorem, and
Helly’s selection theorem to prove the existence of a subsequence of # | 0 in which

qn() = q() uniformly,

Np(-) =~* N(-) weak* as measures,
Br(-) =% B() weak* as measures,
vp(-) = v(v) pointwise almost everywhere,

with g(-) continuous, N(-) and B(-) measures, and v(-) having bounded variation.
From the theory of MDIs we have

M(q)Z—’t’ € kig,v) = VV(g)+ F(q(1)),
dq _
dt

with the first inclusion understood in the sense of MDIs, by Theorem 4.9.

It should also be noted that B(¢) € N(¢) K in the sense that the Radon—Nikodym
derivative dB/dN(t) € K for N-almost all .

bl

Inelastic impacts

To show that we have inelastic impacts in the single-contact case, at least in the one-contact
case, we first show that

T+ < max (0’(nz)rvz) +Kh
for some number K independent of 2. So over a number of steps we have
n(gn(t +€)Tvn(t +€) = max (0, n(gn(t =€) vn(t = €)) + K Qe+h),
Taking limits as & | O gives

n(g(t +€))Tv(r + €) < max (0, n(g(t —e) vt — e)) +2Ke.
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Finally, taking € | 0,
n(g()v(*) = max (0, n(g() v 7)).
Then, if (g (1)) = 0, we must have n(g(t))" v(t*t) > 0 and n(¢(t))T v(r~) < 0. Thus

n(g) o) =0,

as desired.

Coulomb friction in the limit

Showing that the Coulomb friction law holds in the limit requires a number of steps. The
essential part of this is to accurately estimate the changes in energy over an arbitrarily small
time interval. The preparation for this involves showing that

(gt vt — H D(g"+HT vt HOO

> n(g") o' = i | D@ |+ o).

This can be done using the complementarity formulation of the time stepping. Taking limits
of the difference over many steps, we then have

ngt+eNTvit+e)—u H D(g(t+e) vt +e) H
= n(q(e)" v — | D) )| + O
We then apply the following lemma.

Lemma 6.2. Suppose that i, —* u weak* as measures, i, >0, and 6, — 0 pointwise.
Suppose also that 0,, are uniformly bounded, and for all € > 0 sufficiently small 6,(t +€) >
0,(t) — Ke for all t (K independent of t, n, and € > 0). Then, if O, —* v as measures,
v>pbt.

With this, if N, ~* N and Ny, [n(gn)" v — || D(gn)" vi || ] —=* v in a suitable sub-
sequence, then v > N [n(g)" v — | D(g)v* | ]. This can then be applied to obtain an
energy balance.

The energy function is

E(t) = E(q(),v(t)), where

1
E(q,v)= EvTM(q)v+ V(Q).

The function ¢t — E(¢) is a function of bounded variation because g(-) is Lipschitz and
v(-) has bounded variation. The main problem in computing the differential measure d E
is vT M(g)v because it involves a product of functions of bounded variations. There is,
however, the product rule discovered by Moreau [177, 180] (Lemma 4.10): If 4 and v have
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bounded variation and ¥ () = (u(t), v(t)), then dyr = <du, v+)+ (u‘, dv) = (du, v_) +
<u+, dv). With this rule,
d (UTM(q)v) =dv" M(@)v™ + (") d(M(q)v)
=dv" M(@)v™ + (") @(M(g)v+M(g)dv)
= (v +v") M(@)dv+ T dM(g))v.

The measure differential d(M(q)) can be written out in terms of its components:

d(mij(q)>=z ”((t)) (r)dr

k

= Z i paCIOUROLE

where “dt” is the Lebesgue measure. So

Imij
vl dM(g)v=" a";k’ (@) i) v (1) v(t)dt
i,j.k
= —2vTk(g,v)dr.

Thus
1 1, ,
dE_E(v +v ) M(q)dv+§u dM(g)v+v' VV(g)dt
= (v*)" M(g)dv+ [UTVV(q) - ZUTk(q,v)] dr — % (v —v)" M(g)dv
= (v")" [n(g) N + D(q)B +k(g,v)di — VV(g)d]
+ [UTVV(q) - ka(q,v)] di — % (v —v7)" M(g)dv
1
= (v*)" [n(g) N+ D(q)B] - St - v) M(g)dv.

Since n(q(1))T vT(t) = 0 whenever ¢(g(t)) = 0, it follows that (v+)T n(qg)N =0.
If Ep(t) = E(qp(t),vn(2)), then from the discrete formulation,

En(ty) — En(1y)

1
=—5 > =) METHeT =
Che(t] 1))
+ 30 N g T o = D@ Y o o]+ Oh)
Che(t]th)

1 1 1 N
- / Nl D@ oo — 5 / (v —v)" M(gn)duy + Oh).
t! tl’
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The functional u > || [11.1] (ut — u‘)T M(q)du is a nonnegative quadratic (and therefore

convex) functional. The difficulty we have to face is that although v, —* v, we cannot
conclude that

vt — o) M(g)dv §liminf/ v =) M(g)dun,
Jo =) [, =)

as we might expect from Mazur’s lemma. The reason is that we have only weak* conver-
gence, rather than weak convergence, and Mazur’s lemma applies to weakly convergent
sequences.

Let us suppose that (restricting to a further subsequence if necessary)

\T
(vi —vp)” M(gn)dvy, —* o,
Ny [H(Qh)th — 1l D(gn)" vn ||oo] -
We first note that o > 0. We already know that v < N [n(¢)" v — u|| D(¢)" v¥ ||oo]. Thus
dE, ~*dE (since Ej;, — E pointwise)

= ——= V.
20t

Thus dE < N [n(g)" vt — | D(@)"v | ] = —uN | D(g)" vt . Recall that

- % (v — v_)T M(q)dv
1
= (v+)T D(q)B — 3 (v+ — v_)T M(q)dv

<-—uN HD(q)TvJr HOO

dE = (v)" [n(g) N + D(¢)B]

. . \T . .
At any t where v is continuous, (v+ —v ) M(g)dv =0, and since el B < uN (interpreted
in the sense of measures if necessary), we have

T T
(v*)’ D(g)B=—uN H D(q) v+Hoo,
which is the maximum dissipation principle for Coulomb friction. Note that we do not need
v to be absolutely continuous in order to obtain this result; continuity of v is sufficient.
Another condition under which we can prove the maximum dissipation principle is
under Erdmann’s condition [91]:

0 < n(g)" M(q)~' [Nn(q)+ D(q) ] (6.34)

whenever e/ 8 < uN, N # 0. Geometrically, this means that accelerations due to the
contact forces must be in the admissible region. Erdmann noted that under this condition,
Painlevé’s paradox cannot occur. For particles (as discussed by Monteiro Marques [174]),
M(g) = m I and the columns of D(q) are orthogonal to n(g) so that (6.34) holds.
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To prove that the maximal dissipation principle holds in this case, it is important that
if there is a jump in the velocity, then this jump occurs in one time step of the discretization
rather than being spread out over several time steps. To explain in more detail, let

0 < y(g):=min{ n(@)" M@)~ [n(@)+D@)B] | e <}

and let y* > 0 be a lower bound of y(g) for ¢ in a given bounded region containing the
numerical and limiting trajectories. Then
&

n(g@) [v+0)—vaH)] = L / N+0(). 635)
2 Ji+e

But if ¢g(¢) is on the boundary of the admissible region, then n(q(t))Tv(t+) = 0; indeed,
n(g() vt +€) = O(e), so /(MJFG)N = O(¢) and N is bounded over sufficiently small
intervals (¢, t + €). Thus v is Lipschitz over such intervals, and so we can conclude that the
maximum dissipation principle holds over such intervals.

The problem remaining is to treat the case where g(¢) is on the boundary of the
admissible region, but n(g(1))T v(t~) < 0. In the time-stepping method, if n*7 v* < 0 but
Nt >0, then n*T v+ = 0. The bound (6.35) can be applied to the time-stepping method to
show that N“™* is bounded for 0 < kh < €, and so | v*™* —v| = O(k h) = O(e). Taking
the time step & | 0, the limiting velocity jump occurs essentially in one time step. Since
the maximum dissipation principle is built into the time-stepping method, the maximum
dissipation principle holds in the limit at the velocity jump.

The final task is to show that even if Erdmann’s condition fails but the friction force
is one dimensional (which is the case in the Painlevé paradox), the maximum dissipation
principle still holds. Again, the only point of difficulty is at velocity jumps. If there is a ve-
locity jump at time 7 and D(g(¢))” v(r7) = 0, then any atom S ({t}) satisfying the constraint
e B({t}) < u N ({t}) satisfies the maximum dissipation principle. So we consider the case
D(q(1))Tv(t*) # 0. In the one-dimensional friction case, D(g) = [+d1(q), —dl(q)]. The
main task is then to show that in a sufficiently small interval (# — €, ¢ + €) the slip velocity
d1(g“T v does not change sign. If this were to happen for arbitrarily small & > 0, then in
the limit we must have

0=n(g®)" M(q()™" [n(g®) £ ndi(q(1))],

which would imply n(q(t))TM (q(t))_ldl (g(t)) =0, and Erdmann’s condition would hold;
a contradiction. Thus solutions exist even for the Painlevé paradox.

Thus Painlevé’s paradox does not lead to a contradiction in rigid-body dynamics.
Rather it can result in impulsive or unbounded forces without a collision.

6.1.10 Limits of rigid-body models

Clearly all real materials have some elasticity; no material is perfectly rigid, just as no
material is perfectly elastic or viscoelastic, or even a continuum. But the problem with
rigid-body dynamics with impact is deeper than this. The fundamental problem is a lack
of uniqueness of solutions of index two, which is why the coefficient of restitution is intro-
duced (see Section 6.1.4).
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rod before impact

rod after impact C
- - - i - @\ ~
B_ - B_-" /& ~.D B_-~-=-7"=- D
'3 V'3 * - *
table table table
torsion spring
(a) (b) (c)

Figure 6.5: Chatterjee’s example showing that rigid-body dynamics is not the limit as stift-
ness goes to infinity; (a) rigid-body model; (b) torsion spring model; (c) fully elastic model.

It is natural to try to justify a model, or to truly understand it, by trying to derive it
as a limit of a more sophisticated but difficult to analyze model. The natural path here is to
incorporate elasticity or some approximation to it, and to see if we can recover the rigid-
body model by taking the stiffness of the elastic elements to infinity. This could at least
be used to determine an intellectually justifiable basis for models of restitution. However,
the limit as stiffness goes to infinity of more sophisticated models with elastic elements is
not rigid-body dynamics under any model of restitution. This can be seen in the example
of Chatterjee [50]. Although Chatterjee claims to be critiquing the use of complementarity
conditions for modeling restitution, the example in fact undermines any kind of algebraic
restitution law.

The example in [50] is essentially a rod that is lying on a table with one end extended
beyond the edge of the table. An impulse is applied to the end of the rod not supported by
the table. This is illustrated in Figure 6.5.

To approximate the elasticity of the rod, consider a torsion spring located at C. How-
ever, the hinge at C means that the section of the rod CD rotates clockwise. If BC were less
than CD, then the point D would rotate into the table without an impulse at D, no matter
how stiff the torsion spring at C is. Furthermore, the strength of the impulse at D is inde-
pendent of the stiffness of the torsion spring. Taking the stiffness of the torsion spring to
infinity still gives an impulse at D, contradicting the behavior expected from a rigid-body
model. Although only the torsion spring model is analyzed in [50], physical experiments
indicate that the same behavior is seen in real rods which are fully elastic.

If rigid-body models do not accurately reflect physical reality, we should consider
the next step in sophistication for our models: elastic and viscoelastic bodies. Because
these result in partial differential equations, we must work in infinite-dimensional spaces
and deal with some of their additional technical difficulties.

6.2 Elastic bodies in impact

Elastic bodies are governed by partial differential equations rather than ordinary differential
equations; typically the main variable in these equations is the displacement field u(¢, x) €
R4 where the point X in the undeformed body 2 C R is deformed to Y(t,x) =x~+u(z,x).
From this displacement field we construct a strain tensor &(t,x) which measures the local
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n (x)

T(X)=o(x)n(x)

Y (surface in Q)

Figure 6.6: Relationship between stress and traction: traction t(x) is the force per unit area
acting on surface X atx € X.

deformation, which in turn is used to determine the local stress tensor o (t,x). The stress
tensor indicates the forces per unit area acting on small pieces of surface inside the mate-
rial, as illustrated in Figure 6.6. Note that the force acting on a given surface & C Q of
dimension d — 1 is given by the integral

/t(x)dS(x):/a(x)n(x)dS(x),
z z

where 7(x) is the traction at x and o (x) is the rank-two stress tensor at Xx. We can consider
the stress tensor to be a d x d matrix, and o (x)n(x) to be ordinary matrix-vector multipli-
cation. Note that this force is acting on the body in the —n(x) direction of the surface X.

Details of how to formulate contact conditions can be found in [121, 229], for exam-
ple.

There are several important properties of both the strain and stress tensors: they
are both rank-two tensors: &(¢,X) = [sij (t,}i()];.j’j:1 and o (¢,x) = [a,-j (t,x)]i
are both symmetric as rank-two tensors: ¢;;(¢,X) = €;;(¢,X) and 0;; (t,X) = 0;(¢,X). The
relationship between stress and strain tensors at a given point in a material is called the con-
stitutive relation and defines the nature of the material. Usually there is a simple functional
relationship, but sometimes other relationships are used to model memory effects, viscous
behavior, and plastic behavior. These issues are part of continuum mechanics; more on this
area can be found in textbooks such as [51, 112, 233, 261].

In this book we will focus on linearized elasticity and viscoelasticity where the fol-
lowing relationships are assumed to hold:

=1 and they

&ij = % (g;} + %) (6.36)
d
0ij = Z Ajjreij  for pure elasticity, (6.37)
k=1
d d 88,"
oij = Z Aijki €ij + Z Biju a—t] (6.38)

k=1 k=1
for Kelvin—Voigt viscoelasticity.
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Note that (6.36) is actually the infinitesimal strain tensor. For large displacement problems,
there is the possibility of geometric nonlinearities, and this must be replaced with a non-
linear function of Vu, such as the Cauchy strain tensor [261, p. 42]. The rank-four tensors
Ajjr and Bjji are assumed to have a number of important properties: there is n4 > 0,
where

Aijki = Ajirt = Aijik = Awij

\
=
™
S
S

d
Z Ajjki&ij&r >

ijki=1 ij=l

for all symmetric rank-two tensors. This assumes a linear relationship between the stress
and strain tensors. In general, there can be material nonlinearities, and these relationships
need to be replaced by a nonlinear function o = o (¢).

An important special case is where the elastic (or viscoelastic) materials are assumed
to be isotropic. This means that the constitutive equations are invariant under rotations.
That is, if Q is an orthogonal matrix of determinant one, then under the transformation

=21 qkiqui&ij and my =3 qriqijnij we have

Z AijianiE = Z Ajjranij&u.

i,jk,l ij kil
This greatly reduces the number of free parameters down to two:
Aijrr = A8ij S + 1 (Sikji+8ud i)
where §;; is the Kronecker § function:

1 ifi=j,

8ij = .
0 otherwise.

The parameters A and p are known as Lamé parameters. The formula for the stress tensor

can be simplified to

oij = A ZskkSij +2 e
k

in the linear isotropic elastic case.
The equations of motion for elasticity for an elastic or viscoelastic body can be writ-
ten in the form

32
p(x)a—tl; — divo(r,x)+ft,x)  inside @, (6.39)

where p(x) is the mass density, and f(¢,x) is the density of the other forces acting throughout
the body (with respect to volume), such as gravity or electromagnetism. Note that divo is
a vector field given by the formula

d
8 ..
divo), = % (6.40)
j=1



6.2. Elastic bodies in impact 235

In the case of isotropic linear elasticity this can be reduced to

2
u
Pz =+ )V (V-u)+puVu+1,x). (6.41)
As with other partial differential equations, we also need boundary conditions to determine
the behavior of the body. Usually these are one of two types:

u(t,x) = g(t,x), given deformation, or
o(t,x)n(x) = t(t,x), given traction

boundary conditions. For the traction boundary conditions, t(¢,x) is the density (with
respect to surface area) of the forces acting on the boundary of the body; n(x) is the outward
unit normal vector on the boundary of the body €2.

6.2.1 Formulating the contact conditions

We will denote the region of the boundary with given displacement by I'p € 9€2, and the
region with given traction by I'y € 9€2. We cannot deal with both conditions applied at the
same point, so I'p N 'y = . What remains is the region of potential contact

Te=aQ\(TpUTy).

For linearized elastic bodies in contact with a rigid obstacle, we have the following lin-
earized contact conditions:

o(t,x)n(x) = —N(t,x)n(x) + F(z,x),

where N(¢,x) is the normal contact force at x at time ¢, which must be inward to the body,
and F(z,x) L n(x) is the frictional force at x at time ¢. The fact that N(¢,X) must be inward
to the body is the reason for the negative sign, as n(x) is the outward normal direction
vector at X € 0€2.

All that remains is to give the relationships between the displacement field u(#,x) on
the boundary and the contact forces. The usual Signorini conditions (see Section 2.6) for
the normal contact force N(¢,x) are

0 < N(t,x) Lnx)-u(t,x)—e(x)>0 (6.42)
forallxeI'¢c, t>0.

Here ¢(x) is the gap function which measures the distance between the undeformed object
at x and the rigid obstacle. This is illustrated in Figure 6.7.

The standard Coulomb friction law can be written in several different forms, as is the
case for rigid-body dynamics. One of the most direct formulations is

o(t,x)n(x) = —N(t,x)n(x) + F(t,x) onIlc, (6.43)
F(z,x) L n(x) onI¢, (6.44)

ou ou
E(I’X) -F(t,x) = —pu N(t,x) E(I’X) onlc, (6.45)

IF(, )] < +un N(@,X). (6.46)
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EHH

o(x) :

obstacle

L]

Figure 6.7: Illustration of an elastic body in contact with a rigid obstacle.

Alternatively, we can use a VI formulation:

o(t,x)n(x) = —N(t,x)n(x) + F(¢,x) onlc, 6.47)

F(z,x) 1L n(x) onlc, (6.48)
a

N (@,x) |w(z,x)[| = n N(7,x) ‘a—l;(t,X) (6.49)

ou
+F(t,x) - (E(t,x)—w(t,x)> onl¢

for any sufficiently smooth field w(z, x).

Note that most of these conditions are given in terms of integrals over I'c in order to
put them in the weakest form possible. This is commonly done by means of a VI of the
second kind (see Section 2.3.1):

3
/F.wdS§/ ;LN( ur
I'c I'c

our

ot

— 4w
8t+T

) ds (6.50)

for all w, where zr = z — (z-n)n is the tangential component of z, |v| is the Euclidean
or 2-norm of the vector v € R?, and n is the outward unit normal vector to I'c. The re-
formulation (6.91) replaces (6.48)—(6.49). Integration over time with smooth w: [0,T] —
H () makes for an even weaker formulation.

6.2.2 Formulating contact between two bodies

This formulation can be extended between two elastic or viscoelastic bodies that undergo
small deformations. Then we take Q2 = 1 U 2,, where 27 and €2 are disjoint regions in
R¢ (see Figure 6.8). To formulate the contact conditions for N, for a given point x; € I'c 1,
the potential contact region of 921, we can use the nearest point X, = 7w (X) € 92,. Here &
is simply the nearest point projection onto d€22. The potential contact region I'c » € 922
must be consistent with I'c 1 € 921, so we assume that I'c» =7 (I'c 1).

Let u; be the displacement field on €21 and uy the displacement field on 2;. Further-
more, let Ni(¢,x1)n;(x1) +F1(¢,x1) the contact force at x; and N (¢,x2)np(x2) +Fa(2,X3)
the contact force at x;. Since X1 =~ Xp, we have nearly opposite normal direction vectors
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/ o(X1)

Figure 6.8: Contact between two elastic bodies.

nj(x;) & —ma(x2). Then we can use a gap function ¢(x1) = n;(x1) - (X —X1) on the po-
tential contact I'c; region of d€2;. From Newton’s third law, that every action has an
equal and opposite reaction, the contact force at x; € d€2; must be the negative of the con-
tact force at x, € 92;. We can represent this (approximately) by having the frictionless
components satisfy

Ni(t,x1) = N2(t,x2),  x1€lcy, xo=nm(x1) €lcp, (6.51)
and the frictional components satisfy
Fi(t,x1) = —F2(1,xp), x1€lc1, xo=n(x1) € T'coa. (6.52)
The conditions for frictionless contact can then be represented by

0 < Ni(t,x1) = Nao(1,x2)
L mx)” (ua(t,x2) —ui(t,%2)) — 9(x1) > 0
forallx; e I'c 1, X2 = w(X1). (6.53)

For frictional contact we use (6.53) for the normal contact forces, and for the friction forces
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we modify (6.50) as follows:

/ Fu(x1)T wx1)dS(x)
Icp

< / u Ny (
Ccn

for all smooth w(x1). In this expression, uy is evaluated at up(z,x2) = ux(¢,7(X1)). As
noted above, F»(¢,x0) = —F(¢,x1), where x| = (x1).

ouir  odupr

ot Jt

uir  Jdupr

Jt Jt

wr

)dS(xl) (6.54)

6.2.3 Technical issues

Since dealing with elastic or viscoelastic bodies means using partial differential equations
(and their generalizations) rather than ordinary differential equations (and their gener-
alizations), we have to deal with infinite-dimensional spaces and unbounded operators.
These have their own difficulties and leave an imprint on the theory used to deal with
the associated DVIs. Usually these difficulties appear in the form of compactness or
(pseudo)monotonicity conditions.

There is one respect in which things are actually easier than the finite-dimensional
(rigid body) theory. Since stronger impulse responses for the operators involved result
in less singular solutions, the solutions for elastic and viscoelastic impact problems tend
to have less singular solutions for the contact forces than those that exist for rigid-body
problems. The contact forces in rigid-body dynamics typically include Dirac-§ functions,
while in elastic-body dynamics the forces are typically integrable or L? in time. However,
even with this, finding a suitable space in which the normal contact forces must reside is
difficult. While the contact forces must be in the space of measures on [0, T] x "¢, this is
too large a space for many purposes, including showing that solutions exist.

Some of these issues can be resolved if Kelvin—Voigt viscoelasticity is used. With this
model of viscoelasticity, the equations without the contact conditions essentially become
parabolic. This has a great many advantages from the point of view of proving existence
results; many of these stem from the fact that the solution map for the differential operator
u(0) — u(r) is a compact operator. There are a number of other features of these viscoelas-
tic equations which give tighter bounds on crucial quantities. The improved regularity of
the solutions helps to show existence results. The downside of using viscoelasticity is that
the contact forces generally become more singular. To avoid dealing with this, the problems
are reformulated as VIs in which the normal contact forces do not appear.

The inclusion of Coulomb friction generally makes the difficulties much worse. If the
frictional and normal contact forces can be decoupled, then we can obtain the results that
we would expect. Once the frictionless problem is solved, we can use the solution to find
the friction forces via a monotone PVI. This is essentially the same situation as arises in the
so-called Tresca friction, where the normal force is given a priori and contact is assumed.

However, with rare exceptions, problems in elasticity couple together the normal and
frictional (tangential) forces which result in crucial kinds of instabilities. There is, indeed,
a nonexistence result which has been shown for the special case of a two-dimensional
hyperelastic’ neo-Hookean (that is, the Cauchy stress tensor is proportional to the Cauchy

9Hyperelastic materials, such as rubber, do not change volume. For small deformation problems, this
amounts to requiring that V-u =0.
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strain tensor) elastic body with Coulomb friction, provided that the coefficient of friction
exceeds a certain threshold value [212].

To circumvent some of the difficulties associated with these issues, various modifica-
tions of the Coulomb friction, and even the Signorini conditions, have been used in order to
obtain existence of solutions. One of the simplest modifications is to replace the Signorini
conditions with a penalty or a stiff spring approximation [165, 193]. Another is to write
the Signorini conditions in terms of the normal velocity. Combined with the use of Kelvin—
Voigt viscoelasticity, this reduces the frictionless problem to essentially a PVI. Even so,
existence has been shown only for the velocity-based “Signorini” conditions, provided the
coefficient of friction does not exceed a certain threshold value [88, 89]. An alternative
is to use a nonlocal friction law, where the normal contact force is replaced by a suitable
smoothed local average [56, 154]. None of these modifications has a compelling physi-
cal basis, and it may be that solutions, even for Kelvin—Voigt viscoelasticity, do not exist
beyond a certain threshold value of the coefficient of friction. If so, then this would be
an instance where mathematical nonexistence results have important physical implications:
the observed macroscopic value of Coulomb friction coefficients may well be a result of
the limits due to frictional instabilities, rather than to microscopic behavior.

6.2.4 Routh’s rod

This is the simplest elastic-body impact problem, where a one-dimensional body (moving
in a line) impacts a rigid obstacle at one end. This is illustrated in Figure 1.2. This problem
was first solved by Routh in [216, pp. 442-444] in 1860 for the case where the rod is
initially moving with a constant, uniform velocity until impact. The more general problem
of showing that the rod impacting a rigid obstacle with initially finite energy has a solution
which is unique (and can be approximated numerically) is much more recent. Since the
rod impacts the obstacle only at an end (x = 0) of the domain (2 = (0, £)), this is called a
thin obstacle problem since contact can occur only on a set that has Lebesgue measure zero
of the domain Q. In fact, it is sometimes called a boundary thin obstacle problem since
contact can occur only on the boundary 9€2, rather than in the interior of the domain of the
problem.

The equations of motion in a one-dimensional linear elastic medium reduce to the
wave equation:

9%u 2 9%u

W_C ﬁ, 0<x<£, t>0, (655)

where u = u(t,x) is the displacement field. The free end has no traction, so du/9x(¢,£) =0
for all #. At the left end, which can contact the obstacle, we have Signorini-type conditions:

—g—”u,m — N, 6.56)
X
0<N() Lu(,0)>0 (6.57)

for all r. The approach we take is to represent this problem as a CCP. To do this, we
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consider the impulse response function:

9w 282w
— =", O<x<{, t>0,
ar? 9x2

9 9
220 =80). @ =0 120,
0x 0x
9
w(0,x) =0, a—l;)(O,x) =0, O<x<?

This can be done fairly easily using d’ Alembert solutions:

w(t,x)=c"! [Z H(ct —x — 2k€) + Z H(ct +x— 2k + 2)15)} ,

k=0 k=0

where H(s) =1if s > 0 and H(s) = 0 if s < 0 is the Heaviside function. Also, there is the
solution due to the initial conditions:

P%u L%

ar_22%
ar? 9x2

aﬁ(t 0)=0 aﬁ(z 0 =0

ax 9 - 9 ax 9 - 9

_ ou

M(O,.X) = u()(.x), E(Oax) = U()(X),

where u is the initial displacement and vy is the initial velocity. Using the standard theory
for linear differential equations,

t
u(t,x) =u(t,x) +/ N@wE —1,x)dT.
0
Substituting this for (6.57) gives
t
O§N(I)J_’12(t,0)~|—/ w(—1t,0)N(t)dt >0 (6.58)
0

for t > 0. We have reduced the problem to a CCP. The kernel of the CCP is

w(t,0)=c! |:H(ct)+ZZH(ct—2k€):|. (6.59)

k=1

In any finite interval, t — w(¢,0) has bounded variation and w(0™,0) = ¢~ 1>0. So, ap-
plying Theorem 5.6, we see that solutions exist. In the interval (0,2¢/c), w(-,0) is constant,
and so we can apply Theorem 5.7 to show that solutions are unique.

It should be noted that although this problem is formally an index-two problem, the
CCP we obtain is an index-one CCP, and this is the secret of the success of the CCP ap-
proach. The core of the approach is the Neumann to Dirichlet operator for the wave equa-
tion. The Neumann to Dirichlet map takes du/dn|yq +— ulyq for solutions to the given
homogeneous partial differential equation.
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Of particular interest here is the matter of conservation of energy. It is well known
that the wave equation by itself conserves energy:

V4 2 2
A [(%) +<E;—L:> ]dx, (6.60)

Elu,du/dt] = %f

at least if we have only fixed displacement or fixed traction boundary conditions. However,
it is not clear if energy should be conserved. For rigid-body dynamics we must have a
coefficient of restitution. But in this model there is no coefficient of restitution, and yet we
have uniqueness of solutions. Do we have conservation of energy? The answer is yes, and
showing this involves a differentiation lemma for CPs.

Let us start by looking at the rate of change of energy:

d d1 (¢ fou\?> [ou\?
—FE[u,0u/ot] = — = — ) +(— dx
dt dt?2 Jo ax at
/’v’ [ou 3%u  Qu 9%u
=[ | = + =" |dx
o Lox drdx 9t 912
/6 [ou 8%u  du 0%u
=[ | = +——|dx
o Lox dtdx  9r 0x2
/@ [ 9 (Ou du %u du  du 3u
=] | — (== )-—="—+="|dx
o Ldx \ox ot 9x2 9t 9t 0x?
du du =t
ox ot

3
— N() 8—’;(0,1).

x=0

Physically, this says that the rate of change in the energy of the rod is simply the rate at
which the normal contact force does work on the rod. This, in turn, is zero. The reason is
that we have the CP

0<N(@)Lu0)=>0. (6.61)

Further, we have regularity results. Since ¢ — #(z,0) is in H'(0,T) (that is, 31/91(-,0) €
L%(0,T)), from CCP theory we have N € L*(0,T) by Theorem 5.6. In turn, du/dz(-,0)
is also in L2(0,T). Thus N du/dt|x—o is in L'(0,T) and the energy E[u] is an absolutely
continuous function of 7. But we can apply the differentiation lemma (Lemma 3.2) to show
that (6.61) implies

9
0=N() 8—”;(0,1) for almost all 7.

Thus the normal contact force does no work on the rod, and hence energy is conserved:
E[u,0u/0t] = constant.
6.2.5 Vibrating string

A vibrating string making contact with a rigid obstacle is another example of contact with
elastic bodies. As before, we have a one-dimensional elastic body and the wave equation
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_x:O M(Z,X) x:l

¢
N (t,x)

Figure 6.9: Vibrating string example.

holds within the body, at least where there is no contact. Unlike the previous example,
we allow contact over most of the domain of the partial differential equation. This means
that we cannot use finite-dimensional CCPs to describe the dynamics of the system with
contact. This problem has been treated in a number of papers, such as [2, 8, 52, 221, 222].
For our analysis, we have a gap function ¢(x) which represents an obstacle u(t,x) > ¢(x),
as illustrated in Figure 6.9.

The equations of motion then become

u  9%u
FY TS + f(t,x)+ N(t,x), (6.62)
0=u(t,0) = u(,0), (6.63)
0<N(t,x) Lu(t,x)—p(x)=>0, (6.64)
u(0,x) = ug(x), Z—I:(O,x) = vp(x) (6.65)

for t > 0 and 0 < x < £. This is an example of a thick obstacle problem: contact can occur
over a part of the domain that has positive Lebesgue measure.

For consistency we have to assume that ¢(0), ¢(£) < 0. In fact, we will need slightly
stronger conditions to prove existence:

9(0), (£) < 0. (6.66)

To begin the process of showing the existence of a solution, we will choose to start
with the penalty approach; that is, we will obtain approximate solutions u¢ &~ u and Ne & N.
We approximate the constraint u — ¢ > 0 by a system of stiff springs:

1
Ne(t,x) = - (ue(t,x) = p(x))_, (6.67)

where s_ = max(—s, 0) is the negative part of s. Since this is an approximation to the
constraint u — ¢ > 0, the solutions obtained must be approximate as well:

92u 9%u
W; = Bx; + f(t,x)+ Ne(t,x), O<x<d, (6.68)
0=1uc(t,0) = uc(t,0). (6.69)
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The penalty term (u¢(f,x) — @(x))_ /€ has its own contribution to the energy of the string:

L1 foue\? 1 [ouc\?
Ee[ue,aue/al]zfo |:§ <W> +§<¥> (6.70)
1 2],
+o2 [(ue(t,x) —p(x)_]" | dx.

As the penalty parameter goes to zero, note that the penalty term of the energy penalizes
violations of the constraint # — ¢ > 0 more and more strongly. However, this can cause
difficulties in trying to prove conservation of energy in the limit.

The first result that we need to establish is that solutions exist (in appropriate spaces)
for the penalty approximation (6.67)—(6.69). This is typically not hard to show from a more
abstract point of view. Let A = —%/dx? be the partial differential operator acting on the
Sobolev space X := Hj(0,£) = {w e H'(0,0) | w(0) = w(¢) =0}. Let H = L*(0,¢) be
the pivot space in a Gelfand triple X = HO1 0,0)cH=L%0,0)=H cX = HO1 0,2).
Then (6.68)—(6.69) can be written in the form

9%u,
at2

1
= —.Aue-i—f(t)~|—21//[ue] (6.71)

with ¥ : X — H the Lipschitz operator given by ¥ [w] (x) = (w(x) — ¢(x))_. The function
f:10,T] — H is given by f(¢)(x) = f(t,x) from the data to the problem. We assume that
f € L*(0,T; H). With initial conditions (0, x) = uo(x) and du/3t(0,x) = vo(x), we can
use an abstract version of the “variation or parameters” method for ordinary differential
equations:

uc(t) = cos (.Al/zt) uo+ A ?sin (Al/zt) Vo

t
+ / AT 2sin (A2 =) [f @+ v [ue(fﬂ] de.
0 €

Note that A'/? is a well-defined self-adjoint elliptic operator since A is a self-adjoint el-
liptic operator. Note also that since f: [0,7] — H and ¥ : X — H are Lipschitz, then
A~V2 £:10,T1— X isin L2(0,T; X) and A~'/2 - X — X is Lipschitz. Also, sin(A'/%r)
and cos(A!/?t) are bounded linear operators X — X and H — H, in fact with norm less
than or equal to 1 for all z. We can then use the Picard iteration to show the existence of
solutions: consider the map C(0,T; X) — C(0,T; X) given by u — w where

w(t) = cos (Al/zt) uo+A""%sin (Al/zt) V0

1
+ / A™25in (Al/z(t - r)) [f(r)+ Ly Mﬂ]} dr.
0 €

A Lipschitz constant for this map is (1/€) Ly | A~'/2|| (7 x) T, where Ly is the Lipschitz
constant for ¢ : X — H. This can be determined from the Lipschitz constant for the imbed-
ding of X = H}(0,¢) into H = L(0,¢). The map H = L*(0,£) > H = L*(0,¢) given by
u — (u — ¢)_ has Lipschitz constant one since the maps R — R given by s > (s — ¢(x))_
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have Lipschitz constant one. Whatever the precise values of these constants (which can
depend on which of many equivalent norms we choose for HOI(O,Z)), what is important is
that for any € > 0 we can choose 0 < T < €/(Ly ||A_1/2||5(H,X)). This makes the map
u — w a contraction, so by the contraction mapping theorem, there is a unique fixed point
which solves the differential equation (6.71).

We should now turn to the question of energy bounds for the penalty problem. First
we do some calculations:

d . o= d [* 1<au6)2 1<aue>2 1 e —oon P |
g Lelues duc/ dt,/ 2\ ) T2\ +Z[(“€(’x_‘” SNES

due 0%ue  due 0ue
_ /0 [— 4 e €<ue<rx> o) 2 }dx

at 912 dx 0tdx

_/\Kl:aug (8 Mg_’_l " _
=) |3 G (ue(t,x) W(X))_>

due 0%uc
d0x 0tdx

/’f 3 (Ouc duc due due|*
= — N )dx = — —
o 0x \ 0t OJx at dx
since u¢(t,0) = uc(t,£) = 0 for all z. Thus the energy with the penalty term is conserved by

solutions to the penalty equations. Since, by assumption, the initial conditions u(x) > @(x)
for all x, we see that Ec[uc(0,-),0uc/0t(0,-)] = E[uc(0,-),duc/9t(0,-)]. Thus

E[ue(t,),0ue/01(t,)] < Ee[ue(t,-),0ue/d1(t,)]
= Ec[ue(0,-),8ue/31(0,-)]
= E [ue(0,-),0u/01(0,-)]| = E [uo, vol.,

which is bounded independently of € > 0.
From the energy bounds we have immediate bounds, independent of € > 0, on

- = (ue(t X)—w(x))_ 5 } dx

x=t
=0

x=0

1. the kinetic energy, which is 5 ||8u€/8t||L2(O 0

2. the elastic energy, which is 5 ||8ue/3x||
llue ”H‘(O,Z)’ and

12(0.0)’ from which we obtain bounds on

Co 2
3. the penalty energy, which is [[(uc —¢)_ ”LZ(o,z) /(2€), so that |[(ue —¢)_| L2(0,0) =
O(e'/?).
Let E* = E [ug,vo] be this bound on the energy. The kinetic energy bounds will be used to
obtain momentum bounds (essentially bounds on the integral of the velocity), which in turn

will give integral bounds on the normal contact forces. In particular, we will take w(x) =
x (€ — x), which is strictly positive on (0,£). Then, by the Cauchy—Schwarz inequality,

¢ ¢ 1/2 2 1/2
/ w(x) due (t x)dx < |:/ w(x)zdxi| |:/ <%(t x)) :|
0 0 0

< constant (E*) 172 for all .
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On the other hand, if we write N¢(¢,x) = (ue(t,x) — (x))_ /€,

L )4 2
wix )—(r x)dx—/ w(x)%(r,x)dx

¢ 9%u,
:'/O w(x) [ 2,2 (t,x)] dx

x={ 0
d
—/ u/(x)k(t,x)dx
0 ax

dt

Jue
w(X)g(l,X)

x=0

4
+ / w(x)Nc(t,x)dx.
0

The first term in the final expression is zero since w(0) = w(¢) = 0. The second term
is bounded by [f w (x)zdx]l/2
interval [0, T'], we get

L a t=T
/ w(x) k(t,x)
0 ot =0

(E*)'/2, Integrating the above expression over the time

T 4
dx:—/ /u/(x)%(t,x)dx
o Jo dx
T 4
—i—/ / w(x) Ne(t,x)dx dt.
0 0

Using the bounds we have already obtained,

T ot
‘/ /w(x)NE(t,x)dxdt
0 0
‘ 172 ¢ 12
5(2[/ w(x)zdx:| +T|:/ w’(x)zdx:| )(E*)l/z.
0 0

Since w > 0 and N, > 0, we have integral bounds on N.. We would rather not have w(x)
in the integral bounds. If we can show that N¢(f,x) =0 for x < n or x > L — n for some
n > 0 (independent of €), then we can bound

T pt
/ / Ne(t,x)dxdt < —/ / w(x) Ne(t,x)dxdt.
0o Jo w(n)

In fact, this is true from the compatibility condition (6.66) and using the Cauchy—Schwarz
inequality: for x <y,

e
—(t,2)| dz
0x

y
lue(t,x) —ue(t,y)l 5/

[ S

1/2

e
—(t )

]1/2

<ly—x|

a
k(l,-)
X

L2(0,0)
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Thus u, is uniformly Holder continuous with exponent 1/2. In particular, since u¢(¢,0) = 0
forall z, |ue(t,x)| < xl/z(E*)l/z. For x > 0 sufficiently small we must have u.(¢,x) > ¢(x)
for all ¢. Thus, there is an 1 > 0 such that N¢(¢,x) = 0 for 0 <x < n. A similar argument
gives the corresponding result that there is an n > 0 such that N.(¢,x) =0for{ —n <x <{.

Thus we have a bound on fOT f(f Ne(t,x)dx dt independent of € > 0. Treating N, as a
measure on [0, T'] x [0,£], we can apply Alaoglu’s theorem to show that there is a weakly*
convergent subsequence N —* N in the space of measures M ([0, T] x [0, £]). We restrict
our attention to this subsequence, which we also denote by N.. At the same time, the u,
are uniformly bounded in L°°(0,T'; X). Thus there is a weakly convergent subsequence
ue =~*uin L°°(0,T; X). We now wish to show thatu =wand N = N solve (6.62)—(6.65).

We need to show that N > 0; that is, N is a nonnegative measure. Since each N, >
0 and we have weak* convergence N, —* N in M([0,T] x [0,£]), for any nonnegative
continuous function ¢ : [0,T] x [0,£] — R we have

T l
05/ / W(t,x)Ne(t,x)dx dt — VN,
0 0

[0,T]x[0,£]

and so fo T1x[0.0] w N > 0 for all continuous ¥ > 0. Treating M ([0, T] x [0, £]) as the dual
space of C ([0, T] x [0,€]), we see that N is a nonnegative measure.
On the other hand, —@)_ H L0.T: 12(0.0y) = constante

L>(0,T; X) = L*(0,T; Hy(0,¢)) means that for any ¥ € L'(0,T; H~'(0,¢)),

T (e T (e
/ / Y, x)ue(t,x)dxdt — / / Y(t,x)u(t,x)dxdt.
0 0 0 0

To get around the fact that L spaces are not reflexive, note that L°>°(0,T; X) C LZ(O, T, X),
and weak* convergence in L*°(0, T; X) implies weak* convergence in L?(0,T; X). Since
L?(0,T; X) is reflexive (the dual is L>(0,T; X')), weak* and weak convergence are the
same in LZ(O, T; X). Now the function

T pt )
ur—)/ / [(u—ga)_] dxdt
0 0

is a convex and continuous function on HO1 (0,£). By Mazur’s lemma,

T 4 T L
05/ / [(ﬁ—(p)_]zdxdtgliminf/ / [(we —¢)_] dxdr
0o Jo €0 Jo Jo

in the subsequence

< liminf 7 constante /> = 0.
€l0

172 Now u, —=* @ in

Thus (7 — ¢)_ = 0 for almost all (z, x); or equivalently, u(z,x) > ¢(x) for almost all (,x).
We need to show that @ and N satisfy the differential equation (6.62). First note
that since N € M0,T]x[0,£]) = C([0,T]x[0,£]) = C(0,T; C[O £]), and since
Cla,b] (the space of continuous functions [a,b] — R) contains H(a,b), then we get
Cc,T C[0,£])) D C(0,T; HOI(O,K)). Thus M ([0,T] x [0,£]) C C(0,T; H(}(o,e))’. So, if
v: [0,T] > X = H(} (0,£) is a smooth (and therefore continuous) function, then we get
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fOT foewufdxdt — fOT fOKWTdedt and fOT f(fWNf dxdt — fOT félﬁﬁdxdt ase€ | 0in
the subsequence. Then we use integration by parts to show that (6.62) is satisfied in the
limit. Suppose that ¢: [0,T] - X = HOI(O,K) is indeed a function in C™ (0,T; X) for
sufficiently large m, which can be determined later. For now, let us also suppose that
Y(T,x)=0vy/0t(T,x)=0. Then

2
/ / |:8 te +Au€+N€i| dxdt
due | oy 7T
/ v— tOd —/0 Eue dx
Z Zw
/ / ugdxdt—i—/ / W(t,x) Aue(t,x)dx dt
0

t=0
~|—/ / W(t,x) Ne(t,x)dxdt.
0 0

Each integral over [0, T'] x [0, £] converges to the appropriate limit. The integrals over [0, £]
witht =0 and ¢t = T reduce to

due |’
[ v
I

“Zu.
o Ot

£
dx —/ [w(T X)— (T x)—y(0, ) (O x)i| dx

—/ ¥(0,x) vo(x)dx,
0

t=T

_[Tov 9y
dx —/(; I:W(T,X)MG(T,X)_ E(O,x)ug(o,x)} dx

t=0
£9
:—/0 —alf(x,O)uo(x)dx.

Thus taking limits in the subsequence gives

troa
O:/ (8_ MQ—Wlt OU()> dx
92y T ot
/ / —’zidxdt—l—/ /W(I,X)Aﬁ(t,x)dxdt
0 0

+/ /w(r,x)ﬁ(t,x)dxdz.
0 0

Undoing the integration by parts we did before now gives

/ / [——i—Au—i—N} dxds,

so that 7 and N do indeed satisfy the differential equation (6.62).
The only remaining task to show that & and N solve our problem is to show that
NLli- 0.
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Now, forevery € > 0, fOT f(f Ne (ue — @) dxdt <0, as Ne(t,x) =0 whenever uc(t,x) >

@(x). We want to take limits (within some subsequence) to get fOT f(f Nu—¢)dxdt <0
for the limits N and u. Then, since u —¢ > 0 and N > 0, we would have to conclude that
fOT foz N (u — @) dxdt =0, and we would have a solution of the problem. The trouble with
this is that we have weak* convergence of No —* N and ue —* 1, and this is not enough
to conclude that the limit of the integral is the integral of the limit.

To complete the result, we need an additional compactness result or property to use.
To do this we need to introduce some other spaces in which we can get the right kind of
convergence. Let us review the spaces (and kinds of convergence) we have:

Ne =~*N  weak® in M([0,T] x [0,£]) C M(0,T; Hy(0,£)),
*W weak® in L0, T; Hy(0,)).

Ue —
Currently these spaces do not even have a duality pairing: L is the dual of L', not
the larger space M of measures. However, we can do better than M ([0,T] x [0,£]) C
M(0,T; H1(0,£)); M[0,£], the space of measures on [0, £], is also in H~'/271(0,¢) for
any n > 0 since every function in H /2410, ¢) is continuous (Theorem A.8). Thus we can
imbed

M([0,T] % [0,€]) = M0, T; M[0,£]) c M (o,T; H—l/z—"(o,e)) )

Even noting the compact imbedding HO1 (0,£) c H'/?*1(0,£) we have the problem that
M a,b] is the dual of C [a,b], not L*° (a,b), and we have only weak* convergence in L°°.

We need some compactness results for the spaces L? (a,b; X) or C (a,b; X) where X
is a Banach or Hilbert space compactly imbedded in another. There is an extra ingredient
that we have not used yet. The velocity v = du/d¢ is bounded from the energy bounds:
du¢ /0t is uniformly bounded in L*° (O, T:L? (0,6)) = L*°(0,T; H), independently of € >
0. Here we use the compactness theorem of Seidman (Theorem A.6).

Since we know that du,/dt is uniformly bounded in L* (0,T; L?(0,¢)), and X =
H, (0,6) C H¥*(0,£)=2Z C L*(0,£)=Y with X C Z compactand Z C Y continuous, we
can apply this theorem to show that u. belongs to a compact subset of C(0,T; H3/%(0,£)).
Possibly by restricting to a further subsequence, we can show that u. — u strongly in
C(0,T; H**0,0)). Taking n = 1/4, we have N, — N weakly* in M([0,T]; H*/%(0,¢)).
Now we have duality pairing between N and u as well as strong convergence of at least
one of the functions. Thus we can take limits and get (N JU— <p) =0,and sow and N are a
solution.

Note that our result is a pure existence result. No one has been able to prove unique-
ness except in special circumstances (see, for example, Schatzman [221]). In general, we
still need a coefficient of restitution, which has not been included in the formulation, and
conservation does not hold in general for solutions of (6.62)—(6.65). For example, consider
uop(x) = sin(wx/£) and vg(x) = 0 for all x, while p(x) =0forn <x <£—nbutp(x) <0
if either x < n or x > £ —n with 0 < n < £/2. Then the solution u(z,x) = cos(;r¢/¢) for
0<t<¢/Q2m). Butatt* =¢/(2m) we have u (t*,x) = 0 for all x. At contact, we could
set du/0t(t*+,x) =0 for n < x < £ —n, for example. Since the wave equation has finite
speed of propagation, all the energy in n < x < £ —n would be lost. Or we could set
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Au/ot(t*T,x) = —edu/dt(t*~,x) with a coefficient of restitution e for n < x < £ —x and
obtain different solutions for different 0 < e < 1.

Our method of construction should lead to conservative solutions since solutions of
our penalty method conserve the penalty energy

due 1 fouc\* 1 fBuc\* 1 >
E ,— | = | — | — — t,x)— _|" | dx.
f[uf az} /0 [2( o) Talay ) Tl —e- ] dx
We have used the energy bound to show that the energy in the penalty part of the energy

J2 1 )
/ % [(ue(r,x) —(x))_]" dx
0 <€

is bounded in order to show that H (u—9)_ H Lo°(0,T;L2(0,6)) — O(e'/?). However, we do not
know if this energy goes to zero, or goes to zero uniformly, as € | 0. For the example
of the previous paragraph with u(z,x) = cos(t/£) sin(swx/€) for 0 <t < t*, we could
see that in the penalty approximation, we would get the same solution for 0 < ¢ < ¢*, but
once contact is made, there would be considerable energy transferred to this penalty part.
Since we have only weak* convergence in L™ (0, T; HO1 (O,Z)), we cannot conclude that
the nonpenalty energy E[uc,duc/dt] converges to E[u,du/0t]. By using Mazur’s lemma,
all we can really tell is that E[u(z,-),du/dt] < E* for all t > 0, which does not imply that
the solution is necessarily even dissipative.

Schatzman’s paper [221] is remarkable in that it shows that for concave obstacles it
is possible to find solutions which do indeed conserve energy. The coefficient of restitution
is explicitly set to one: du/dt(tT,x) = —du/dt(t,x) for any (¢,x) where u(t,x) = ¢(t,x).
The method of analysis is via the method of characteristics, and the technical difficulties
of applying this approach to general obstacles (where there can be infinitely many separate
reflections in finite time) meant that the obstacle was restricted to being concave. Whether
there are solutions which conserve energy for arbitrary smooth obstacles is an open ques-
tion.

Another issue that the reader may wonder about is the insistence for the strict inequal-
ities ¢(0), p(€) < 0. While this may appear to be simply for mathematical convenience,
there is a physical reason for this restriction. If we allow, for example, ¢(0) = 0, there can
be reflections at x = 0 from contact occurring arbitrarily close to x = 0. This can result in a
feedback loop with reflections causing contacts causing reflections, and so on, in arbitrarily
short times. This effect could be strong enough to destroy solutions, although that is not
clear at present.

While this example is very simple and can be treated by some simpler or more spe-
cific methods (such as by Schatzman [221]), the principles used here are much more general
and can be used in a wider class of problems.

6.2.6 Abstract treatment of a class of elastic bodies

There is a wider class of problems than both the Routh rod and vibrating string problems
that can be treated in this fashion. It does not include all, or even the most important,
elastic-body impact problems. However, it is an important class of problems and provides
important insights. The development of this section follows [3].
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We start with two Gelfand triples, one for the displacements and another for the
forces. This can be later reduced to a single Gelfand triple, but using both can make the
way the method works clearer. These Gelfand triples are

XCH=H cX,
wWczZ=2ZcWw

with the displacement field u(¢) € X and the normal contact forces N(¢) € W’. The imbed-
dings in the Gelfand triples are assumed to be compact.

The set of admissible displacements is given by u(#) —¢ € K with K a closed convex
cone in X. Connecting them is a continuous linear operator 8: X — W with 8(X) dense
in W. The equations of motion are

2

Py = =AU+ F(O)+ BN, 672)
K*>N(@t) LBu(t)—peK (6.73)

with A: X — X’ a linear elliptic or semielliptic operator, f: [0,7] — H in L? O,T; H),
and K* the dual cone to the cone K.

Example 6.1 (Routh’s rod). Take X = H'(0,¢) and H = L?(0,¢) for the displacement
field, and take W = Z = R for the contact force. The connecting map is the trace oper-
ator B: H'(0,£) — R given by w — w(0) because we have contact only at the left end-
point of the interval [0,£]. The cone K = R to indicate that u(¢,0) > 0. The operator
A = —98%/dx%. Note that the adjoint operator g*: W =R — X' = H~1(0,¢) is simply
multiplication by the Dirac-§ function 8*N(t) = N(¢)8(x), which is a force concentrated
at the left endpoint of the rod. Nl

Example 6.2 (Vibrating string). Take X = HO1 (0,£) and H = L2(0,¢) for the displace-
ment field, but this time, take W = H'! (n,£ —n) for some n > 0. (See the compatibility
constraint (6.66) and the discussion of it in the previous section for more explanation.) Take
Z =L%*(n,L—n). The connecting map B: X — W is the restriction to the subinterval:
W > W|(;,e—y- The cone K is the cone of nonnegative functions in HO1 (0,£). The operator
A is again —9%/dx2. The adjoint operator 8*: W = H '(n,t —n) — X' = HO1 0,2 is
simply the extension of a distribution by zero:

L —
/ NG pdr = [ Nexoye)ds. B
0

n

Example 6.3 (Euler—Bernoulli beam). The equations of motion for an Euler—Bernoulli
beam without contact are fourth order in space:

92u 9*u
A—=—FEI1—+ f(t,x), O0<x <.
PATT ! ft,x)
Here E is Young’s modulus, A is the cross-sectional area of the beam, [ is the second
moment of area of the cross section of the beam, and p is the density. Since we have a
fourth order equation, we need a higher order Sobolev space for the displacements. We
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include in this example clamped boundary conditions at x = 0, where the displacement
field u(z,0) = du/dx(¢,0) = 0, and free boundary conditions at x = ¢:

X = H2(0,0) = {w € H2(0,£) | w(0) = dw/3x(0) =0}.

Again, H = L? (0, ). For contact at the free end, we take W = Z =R with : X — W to be
the trace operator given by w +— w(£). The cone K = R for the condition u(¢,£) —¢ > 0. If
we have contact over the length of the beam, then we take W = H? (,£), Z = L? (1, £) with
B: X — W given by the restriction w > w]|(;,¢). In this case K is the set of nonnegative
functions in H2(n,¢). W

Example 6.4 (General linear frictionless elastic bodies). Here we take X = H! (€; R?),
where d is the dimension of the body (usually two or three) and H = L?(S). The spaces
for the contact forces are on the boundary ', C 9€2, so we take W = H 1/2(r,) and
Z = L*(T;) with the connecting map B: X = H!' (2;RY) - W = H'/2(I'.) given by
Bw(x) = n(x) - w(x) for x € I'.. Note that, apart from the dot product with the unit out-
ward normal vector, this is essentially the trace map H ') — H'Y2(T',) onto a part of the
boundary of 2. To represent the condition that n(x) - u(¢,x) — ¢(x) > 0 on I'., we take K
to be the cone of nonnegative functions in H'/?(T";). The operator A is the negative of the
usual elasticity operator. For isotropic elasticity this is Au = — (A 4 u) V(V -u) — u V2u,
where A and p are the usual Lamé parameters. Note that the adjoint operator 8*: W' =
H™'2(T) > X' = H~'(Q; RY) is multiplication by the surface measure v, times the
outward normal vector n(x). Thus A*N(t,X) is a surface measure with values in RY. 1

6.2.7 Proving existence

We can prove existence of solutions for problems in this framework (6.72)—(6.73) under
some important conditions. These conditions are inspired by the one-dimensional examples
above. Unfortunately, they do not extend to general frictionless elastic bodies.

The critical condition is that the dual cone K* is strongly pointed; that is, K is a
solid cone, with nonempty interior. This holds in the one-dimensional examples essentially
because H'(0,¢) and H2(0,¢) are contained in the space of continuous functions, so that
the norm is stronger than the supremum norm supy—, | f(x)|. This means that cones of
nonnegative functions can have nonempty interior. However, in H!(Q2) for © a domain in
RY for d > 2, this is not the case. Similarly, H'/2(dQ) is contained in C(3R2) if = 1 but
not for d > 2. At the time of this writing, there are as yet no existence proofs for general
linearly elastic bodies contacting rigid obstacles. See the next section for more information.

Penalty approximation

We can create a penalty approximation to the rigid obstacle problem. For a closed con-
vex set C, we can use the Yosida approximation for the normal cone function u
A~V (u —TIc(u)) where Tc is the nearest point projection in the pivot space H of the
Gelfand triple. For the vibrating string problem, this gives exactly the penalty approxima-
tion used in Section 6.2.5. Since u(¢) — ¢ € K for all ¢ in our problem, we take C = ¢ + K.
Then we have the differential equation

0u

€ 1 E3
2 = —Auc(t)+ f(t)— gﬁ (.Bue — gtk (ﬁue)) (6.74)
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To show the existence of solutions to the penalty differential equation, we use the same
method as for the vibrating string problem: from the variation of parameters formula,

ue(t) = cos (Al/zt) ug+ A~Y2gin (Al/zt) Vo
t
+/ A2 gin (AW(; - r)) [f(r) +1y [uf(r)]} dr.
0 €

where ¥ [w] = —B* (Bw — [y4x (Bw)). Because B*B is a bounded operator X — X' but
not X — X or even X — H, we need a further step to show existence of solutions for the
penalized problem. We use the Galerkin method. Let X, be a finite-dimensional subspace

of X form=1,2,3,... with X,;, C X;,+1 for all m and U;'le Xm = X. We will use the
particular choice X, = span{¢1, ¢2, ..., ¢} where (A+ A*)p; = A;p;, where A; is the
ith smallest eigenvalue of .4+ .4*. We look for solutions u, ¢ : [0,T] — X,, which satisfy

d2

e v) (6.75)

1
= <—Aue,m + f(t)— 2,3* (ﬂue,m —Iyyx (IBMGM)) ) v>

for all v € X,,. Note that we are using duality pairings, which are equivalent to inner
productsin H. Let I1,, = I1y,,, the orthogonal (or nearest point) projection onto X,, using
the inner product in H. Then (6.75) is equivalent to

dzuﬂm
dt?

1
=TIl <_~Aue,m + f(@) - gﬁ* (.Bue,m —Myyx (,Bue,m))> .

This is now a finite-dimensional ordinary differential equation with a Lipschitz right-hand
side, and so it has solutions for initial conditions u, ,,(0) = I, u¢ and due s, /dt(0) = 1, vp.
Energy bounds

The energy functional for the penalty term has to be included as it was for the vibrating
string problem:

8u6,mi| 1<8u6,m 8u6,m> 1

1
Jt _2 ot ot +_<"‘€,m’Aue,m>+—d(,3u€’m,(p+[()2_

E. I:”e,m, 5 2e

Note that d(a, B) = minpep ||a — b|| g is the distance from the point a to the (closed convex)
set B; the distance is measured in the space H. The rate of change of the energy is then

d 9 9 92 9
_Ee I:ue,m’ ue,mi| =< e m 5 ue,m>+< Hem -Auem>

dt ot ar T ar? ar
1 0
+ < <,3uem — e (Bue), Y (,Buem - HC(IBue,m))>’

where C = ¢ + K. Now note that for any w € H, (w — I[Ic(w), [Ic(w) —z) > 0 for all
z€ C. Sotake w = x(¢) and z = I ¢ (x(¢ £ h)) with & > 0. Then,

(x(r) = Hc(x(0), He(x(r)) = He(x(r £ h))) = 0.
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If ¢ is a point of differentiability of I1¢(x(#)), then dividing by 4 and taking /4 | 0 give

d
<X(l) — c(x(0), ﬂ:EHc(X(t))> > 0.

That is, (x(¢) — ¢ (x(2)), (d/dt)I1c(x(¢))) = 0. In particular, since due ,,/0t(t) € X, for
all ¢,

d Olle Qe m 0ucpm Ollem
E , £l — o , £l o , A
dr € |:Me,m ot } < ot a2 |\ o Hem

1 Otte m
+—<,3ue,m_,3HC(.3ue,m)nB te. >
€ at

Olle m 1,
= < EYI —Autem — EIB (ﬂuem - HC(IBue,m))>

Ju 1 u
(2, Aute )+ = Butem — Tc(Bute ), f—
Jat € ot

That is, E. [ug,m,auf,m /0t | is constant, and so it is equal to the initial energy

E" =

m

1
(Mx,, vo, Mx,, vo)+ 5 (Mx,,uo, Alx,, uo)

IA

R == — O

1
(vo, vo) + 3 (o, Aug) = E*

for X,, = span{¢1, ¢2, ..., dm}. We do not really need X, = span{¢y, ¢, ..., ¢}, just
that the projections I1,,: H — X, have uniformly bounded norms as operators X — X, C
X.

Once we have bounds Ee [ue m,0uem/0t] < E* we automatically have bounds for

E[uem Qe m/0t] = 5 ||8ue,m/8t”il + 3 (ttem» Atte ) that are independent of € > 0 and
m. These are the energy bounds that we need.

Momentum and contact impulse bounds

Here we need to use strong pointedness of K*. With this assumption there is a w € K
where

(w,y) = ¥l forally € K*.
Actually we need something a little stronger:
B* (K*)NX_y strongly pointed in X_g with0 <6 < 1, (6.76)

where X_g = X}, is the dual interpolation space as defined in Section 3.3.2. Thus we want
aw € K where

(w, )= Iv¥lx_, forall ¥ € * (K*)NX_p. (6.77)

Note that a consequence of this is that 8* (K*) C X _g.
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We can, without loss of generality, take w € X,, for sufficiently large m. Since
[T w — win Xy as m — oo, for sufficiently large m, |lw — IT,,wl x, < 1, and we can then
scale IT,w by 1/ (1 —|lw — My wlly, ) to obtain the strong pointedness condition (6.77).

Now we can take the penalty equations and take duality pairings with w:

azue,m *
<w, T> = (u), —.Aug,m>+(w, B Ne,m(t)>

= —(Aw, uem)+ (w, B*Nem(®)).

Integrating over [0, ] gives
aue,m t t .
w, —=(0) = (w, vo) = = (Aw, uem@)dr+ [ (w, B*New()) dr.
0 0

The left-hand side is bounded from the energy bounds by 2 ||w|| g (E *)1/ 2. Also the in-
tegrand (Aw, tte (7)) is bounded by | Awllx/ [|uem(t)|, < C I Awllx (E*)'/? for some
constant C independent of € and 7. This leaves /Ot (w, ,B*Ne,m(t)> dt bounded. Using
(6.77), we then have a bound

T
/(; ||,3*Ne,m(f)||x_9 dt < constant.

Thus, by Alaoglu’s theorem, we have weak* convergence of a subsequence in the space of
measures with valuesin X _¢, M (0,T; X_g).

Taking limits

Take a subsequence of € | 0 where 8*Nc, —* ,B*ﬁ weakly* in M (0,7; X_g). Now,
by Seidman’s theorem (Theorem A.6), since uc ,, is uniformly bounded in L*°(0,T; X)
and du, /0t is uniformly bounded in L*(0,7; H), we can find a further subsequence
uem — uin C(0,T; Xp), as X = X is compactly imbedded in Xy for 0 <Q <1.

Now we show that Bu(t) — ¢ € K for all (or almost all) 7, and that N is a measure
with values in K*, or equivalently, 8*N has values in 8*(K™).

Now we can further restrict our attention to subsequences where u ,, — u weakly in
L?P(0,T; X) forany 1 < p < oo. Since these are reflexive Banach spaces, weak and weak*
convergence are the same in them. Consider the functional

T1
Wlu] = / S (Butt), g+ K dr,
0

where d(x, C) is the distance from x to C using the norm for H. This is a convex continuous
functional on L2 (0,T; X), and so by Mazur’s lemma it is weakly lower semicontinuous on
this space. Also, from the energy bounds, W[uc ;] < constante /2. Thus taking limits in
the weakly convergent subsequence gives W[u] < 0. Since W[u] > O for all u, it follows
that W[%] = 0, and that d (Bu(t), ¢ + K) = 0 for almost all ; as ¢ + K is closed, this
means that 87 (t) — ¢ € K for almost all .
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To see that N is a measure with values in K*, suppose that z: [0,7] — K is contin-
uous. Since f*Ne —* B*N weakly* in M (0,T; X_9) C M (0,T; X'),

T
0< / (B*Ne(r), 2(1)) dt — / (B*N (@), (1)) dt.
0 [0.7]

Since this is true for all continuous z: [0,7] — K, N is a measure with values in K *.

Finally, we have to show that fOT (’L?(t) -, ,3*1,\7 (t)) dt = 0. Now we know that
(em(t) — @, B*Ne(1)) < 0, as the definition of N, implies that Ne (1) € Nk (Buem(t) — @),
using the inner product in H. However, we already have ue », — u strongly in C (0,T'; Xg)
and B*N¢ ,, —* B*N in M(0,T; X_g). Thus

T
Oz/ (tem(®) — @, B*New (1)) dt
0

T
- / (@) — ¢, *N)) dt = 0,
0

so we obtain complementarity in the limit.

6.2.8 General elastic bodies

The problem of impact of three-dimensional elastic bodies with rigid obstacles still re-
mains out of reach. However, there are a number of partial results and techniques that are
important for handling this and related problems.
An important technique for handling boundary thin obstacle problems is to remove

the normal contact forces from consideration. If we have a complementarity formulation

3%u "

Froi —Au+ f(t)+ BN (),

K*>N@) LBu(t)—peK for all 7,

then if K* is not strongly pointed (or equivalently, if K is not a solid cone), we can-
not get the bounds on / IN(t)|| dt needed to complete the proof of existence. In fact,
f IN(¢)|| dt may be infinite, so that N is not a measure of bounded variation. Rather
than try to work through the theory of measures that have only weakly bounded variation
(where f (¥, N(t))| dt < C for all ¢ with ||| < 1), we can reformulate boundary con-
tact problems as VIs. In fact, even in other circumstances, this is a common technique
[56, 120, 152, 154].
If we set

K={weX|BweK},
then K is a closed convex cone in X and our CP becomes
K*>B*N@t) Lu(t)—ge K foralls,
where B¢ = . That is, ¢ is an extension of ¢. The equivalent VI is that

uit)eg+K forallz &
2
0< <w(t) —u(r), p%(t) + Au(t) — f(t)> for all 7 and w(?) € K.
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Let K ={ze WP (0,T; X) | z(t) € §+ K forall t } for some p which will be fixed later.
An integral version of the VI is

r 92u
uek & Iﬂ(t)<w(t)—u(t),pﬁ(t)+«4u(t)—f(t)>dt >0
0

for all w € I and smooth ¢ : [0,7] — R4. Now assume that w: [0,7T] — K is smooth
and ¥ (T) = 0. We can later shift 7' if we need to avoid technical issues having to do with
the solution at t = T. Now we can use integration by parts to reformulate the problem as

uek &
r Jw
Osw(O)(uo—w(O),pm)—/O W(l)<§(t)— — (@0, p— (t)>

T
+ fo (0 (o) — u(o), Aut)— F(1)) dt

T
- / w/(t)<w(t)—u(t),pz—l:(t)> dt  forallw e K. (6.78)
0

With this reformulation, we have removed the normal contact forces, and we have
only first order derivatives in time appearing in the integrands.

We could attempt to repeat the process described in the previous section, but since
we do not have N, we do not (apparently) need strong pointedness. Then we should be able
to prove existence of solutions. We need to check what will happen with a few quadratic
integrals with the weak convergence u.,, — u in L?(0,T; X) and duc /9t — 0u/dt in
L?(0,T; H). These integrals are

T
+ /0 (o) <—<r) po (r)>

T
_[o V() (u(t), Au(t)) dt,

! ‘(¢ t aut dt
_/o W()<u(),p5()> .

The third is not a problem since by compactness of X in H we can use Seidman’s theorem
(Theorem A.6) to show that u. ,, — u strongly in C (0,T; H). This combined with weak
convergence due ,, /3t — du/dt in LP (0,T; H) for any 1 < p < oo gives convergence of
this integral. The second integral is also not a problem since the integral is a concave
function of u, so by Mazur’s lemma,

T T
limsup — /O U () (tem(D), Atte (1)) dt < — /0 Y (@) @), Au(t)) dt

€0, m—o0

which keeps the inequalities pointing in the same direction, which would allow us to show
that the VI holds in the limit. On the other hand, the first integral is convex, so using
Mazur’s lemma would result in inequalities going in the wrong direction. If we could show
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that the velocities du ,, /9t were uniformly bounded in X for any 6 > 0, we would be able
to obtain convergent subsequences and hence show the existence of solutions in the limit.

Some existence theorems of this type have been shown. However, there are usually
some special limitations, or the problem is modified, usually by incorporating Kelvin—Voigt
viscoelasticity. Introducing Kelvin—Voigt viscoelasticity makes the viscoelasticity operator
essentially a parabolic operator, so that the solutions of the viscoelastic system tend to be
much smoother. However, as we will see, it also makes the contact forces more singular in
response. This can complicate the analysis.

6.2.9 Wave equation: Existence via compensated compactness

This existence result is due to Kim [146]. The problem here is apparently fairly general.
The wave equation applies in the domain, and we have contact on at least part of the bound-
ary. It is however a scalar system. More formally,

82
a—zZ =v2  ingQ,

9
NEX) =—2@x),  xeoQ,
on
0<N@x) Lu(t,x)—9(x)>0, xedQ,

with given initial values u(0,X) = uo(x), du/0t(0,x) = vo(x), and with fixed displacement
(u(t,x) = g(x) for x € I'y) or given traction (du/dn(t,x) = t(x) for x € I';) boundary con-
ditions on the remainder of the boundary.

Kim starts in the same way as is done above: use a sequence of finite-dimensional
Galerkin approximations and obtain energy bounds for these approximations. This shows
that the Galerkin approximations u. ,, are uniformly bounded in time in the energy space
H'(Q). Since Kim uses the VI formulation, he is not concerned about bounds for the
normal contact forces N. By Alaoglu’s theorem, there is a weak* limit % of a suitable
subsequence of u. 5. Taking weak limits as m — oo for € > 0 fixed gives a solution u. of
the wave equation satisfying the penalty approximation.

The problem is now to show that the weak* limit u, —* u satisfies the VI (6.78).
The problem, as mentioned above, is that [, (Bue/0t)* dx and (ue, Aue) = Jo |Vue|? dx
do not converge to the appropriate limits under weak or weak* convergence. However,
Kim invokes the div-curl lemma of compensated compactness, which implies, from the
fact that 82u€/8t2 — V2u, = 0 and the boundedness of duc /ot and Vue in L? (2), that
Iy Jo Wl@ue /30> — |VueP1dx dt does converge to [, [, w[(Bu/d1)> — |Vu|*ldx dt, at
least for ¥ smooth with compact support in 2. This deals with the difficult integrals in the
VI (6.78). There are some additional technicalities in dealing with the fact that i has to
be zero in a neighborhood of the boundary 9€2. Kim deals with this by showing that the
integrals close to the boundary are small as the thickness of this boundary layer goes to
zero. The result is that the limit indeed satisfies (6.78).

If the div-curl lemma could be generalized to the elasticity operators (even for just
the isotropic constant coefficient version), then frictionless contact for elastic bodies would
be a solved problem. Although considerable effort has been put into this, as yet there is no
sign that this can be done. Other ideas are needed to find a solution to this problem.
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6.2.10 Wave equation: In a half-space

A different approach was taken by Lebeau and Schatzman [156], which treats the wave
equation in a half-space 2 = R, x R”~! with Signorini contact conditions on 3Q = {0} x
R*™!. Forx € Q, put x = (x1,x’) with x' € R"~!. The basic idea is to use the Neumann
to Dirichlet operator for the wave equation, representing the operator in terms of Fourier
integrals. The approach below is a loose description of their results; for more details see
their paper.

The wave equation can be written as

2 2
Pu_ oo

Taking Fourier transforms of this equation with respect to ¢ and x’ gives
~ O 2.
—wzu(a),xl,E/) = —2(0),X1,E/) - |E/| u(a)’xhg/)-
0x1
That is,
3% 2 -
—(w,x1,§") = <|E’| —wz) u(w,x1,€).
0x1
Solving this differential equation in x; gives
N 2 1/2
u(w,x1,E") = ai(w,&)exp <+ (|£/| - wz) x1)

1/2
+oa_(w,&)exp (— (|‘;"|2 —wz) xl).

. . 2 1/2 _ . . .
Using the convention that Re(|£ ’| - a)2) / > 0, which is equivalent to choosing the princi-
pal branch of the complex square root function, we must have o (w,&") = 0 for (w, x1,&")
to be a tempered distribution. Thus we write

F / / / 1/2
u(w,x1,&") = a(w, & )exp(— <|§ |2—a)2) x1>.
Now —du(z,x)/9x1(t,0,x") = N(t,X'), so

FN(@,&)=a(w,§) <|E/|2—w2)1/2, so that

~ , FN(w,& , 1/2
i(w,x1,E)= %exp(—(ﬁ |2—w2) xl).

(I -?)

In particular,

~ ’ ’ —1/2 ’
u(w,0,§)=<|’;‘ |2—a)2) FN(w,&").
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The map N(-,-) — u(-, 0, -) is the Neumann to Dirichlet operator for the wave equation on
the half-space { (x1,x’) | x; > 0}. Care must be taken with this Fourier representation of
the Neumann to Dirichlet operator, as (|’;‘ ! |2 - wz)_l/ ? has a branch cut with endpoints at
o = £|&’'|. To make sure that we stay on the principal branch, we can replace o with the
limit @ +ia as a | 0. Apart from a factor of e~%, the operator represented by the Fourier
multiplier (|€’ |2 —(w+i a)z)_l/ ? is independent of a > 0, thanks to the Cauchy residue
theorem of complex analysis. It is particularly important to choose the correct branch, as
one choice gives the causal operator (u(z,0,x") depends on N(z,y’) for t < 1), while the
other is anticausal (u(z,0,x’) depends on N(z,y’) for t > t). We choose, of course, the
causal operator.

In fact, Lebeau and Schatzman do not deal with the Neumann to Dirichlet operator,
but rather with its inverse, the Dirichlet to Neumann operator, which is represented by the

Fourier multiplier (|E’|2 —?) 12 understood using the principal branch of the square root
§’|2 —w2)1/2 ~ iw. The

function applied to [§'|? — (@ +ia)* with a > 0. As w — o0, (
difference is

2
172 !
<|E/|2—w2) —iw= |§ | 73 .
(|E/|2 —a)2) +iw
The denominator (using the principal branch) is bounded above and below by multiples

of max (|w|, |§'[). If A is the Dirichlet to Neumann operator, then we note that i is the
Fourier multiplier for the operator d/d¢. The operator

ad
C=A--

is represented by the Fourier multiplier
2 2 1z .
&7 [(|§’| ~o) 4 lw} |
The operator A can be restricted in time to form Az given by

Aru = (A[ETul) X101

with ET the operator that extends a function with domain [0, T'] to domain R by zero. The
corresponding operator Cr is a (causal) operator

120, H'P®R') = 120,75 H™'P®)).

While neither A7 nor Cr is elliptic on a suitable space, there is a positivity property for

Ar:
(w’ATw>:iﬂ<s»ww|}VEW2—09|@wL€dedE

+l/ |u(T.x)[? dx'.
2 Rn—1
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We use a penalty approximation which we can represent via the trace operator 8: H'(R"~! x
Ry) — H'2(R* 1) as

9%u
81‘26 = VZMG +ﬂ*N€?

0=<Buct)—¢ L €Buc(t)+ Ne(t) > 0.

By means of energy bounds for the penalty approximation we can show that du./d¢ and
Vu, are uniformly bounded in L2(0, T; L>(R"~! x R.)), and therefore w, := Bu are uni-
formly bounded in L%(0,7; H'/>(R""')) and dw./d¢ are uniformly bounded in
L%(0,T; HY2(R"1)). Thus there is a subsequence € | 0 in which we — W weakly
in L2(0,T; H'2(R"~1)) and dw,/dr — dw/dr weakly in L>(0,T; H~'/2(R"1)). Since
w — (w, A7 w) is a nonnegative quadratic function, it is convex, and so by Mazur’s lemma,

(w, Arw) < lirriionf(wg, Arwe).
€

Thus, taking limits in the subsequence,

0 = liminf(we — @, A7 we)
€l0

> (w—¢, Arw) > 0,

with the last inequality holding because we can show w — ¢ > 0 and A7w > 0 as weak
limits of nonnegative functions and distributions are nonnegative. Thus we have

O<w—¢ L A7 >0,

and we have a solution of the contact problem for the wave equation on a half-space.

Not only can we show that there is a solution, but it can also be shown that energy
is conserved. This can be done by writing the work done on the half-space by the contact
force in terms of w and A7 w and using a differentiation lemma for CPs.

It is difficult to extend this approach to other problems. Firstly, to apply the method
to something other than a half-space or a slab requires much more difficult and delicate
Fourier analysis. The technique of “straightening the boundary” can be applied to this
problem, but the resulting partial differential equation has varying coefficients and can also
have infinitely many reflections in finite time. On the other hand, even if we keep the
half-space geometry but try to apply the method to the equations of elasticity, there is the
problem of multiple wave speeds, and it is unclear what

VIE ] =@ [(e,0,6)| dodt’

should be replaced with in the positivity result. The positivity result could be weakened
if we can show that the negative part is in some way “compact” with respect to the main
“positive” part of the operator.

/{(w,E’)IIE’|>wI}
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o=A[g,] G:B[% €]

(a) Maxwell model

c,=Alg]

(b) Kelvin—Voigt model

Figure 6.10: Maxwell and Kelvin—Voigt models of viscoelasticity.

At the time of this writing, there is no proof of existence of solutions to the equations
of elasticity with Signorini contact conditions in more than one dimension. However, if we
allow viscoelasticity of a Kelvin—Voigt type, we can go much further, as we will see in the
next section.

6.3 Viscoelastic bodies

Practical dynamic models of real elastic materials have to include the effects of viscosity.
Viscosity is due to energy losses arising from the rate of “stretching” or “compression” of
the material. There are a number of models of viscoelasticity, the simplest of which are the
Maxwell and Kelvin—Voigt models. These are often represented in continuum mechanics
textbooks with a spring (representing elastic forces) either in series (Maxwell model) or in
parallel (Kelvin—Voigt model) with a damper (representing viscosity). This is illustrated in
Figure 6.10. These can be represented in terms of the relationship between the stress (o)
and strain (&) tensors.

If the spring and damper are in series as in the Maxwell model, then the strain or de-
formation tensor & = ¢, + &,, the sum of the strain tensors for the elastic and viscous defor-
mation, but the stress tensor is the same for both the elastic and viscous terms. If the spring
and damper are in parallel as in the Kelvin—Voigt model, the stress tensor o = o, + oy,
the sum of the elastic and viscous stresses, but the strain tensors are the same for both the
elastic and viscous terms. The operators A and B shown in Figure 6.10 are linear operators
mapping tensors to tensors R?*" — R"*" satisfying the same symmetry and positive defi-
niteness properties as for the pure elasticity operator as discussed in Section 6.2. Note that
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we can represent A and B in terms of components:

(Ae); =) aijusu,
Kl
de dew
BE) =Y b=t
( a;)ij %: L

In terms of components, the symmetry and positive definiteness conditions are

Qijkl = Ajikl = Qijlk = Aklij»
bijxi = bjiri = bijik = buij,

Z Eijaijki€kl = NA Zsij&'j,

ijkl ij

38ij aekl 38ij 38ij
Z ar M _nBZ_, ar ot
i,j.k,1l L]

with 4, np > 0.

The Maxwell model can be formulated as follows: & = ¢, + ¢, with 0 = Ag, =
B de,/dt so that e, /3t = B~' A g,. Then the total rate of strain tensor is d& /3t = de, /9t +
dey,/dt = A7 30 /3t + B~ 0. Solving this differential equation for o gives

T
. _ 9
o(t,x) = e AB "o(o,x)+/ eAB 1(’_T)Aa—j(r,x)dr. (6.79)
0

Recall the total strain tensor & = % (Vu+ Vu’) where u is the (total) displacement field.

Then we can use o in the standard equations for the displacement field u(z,x):
ou
— =div f(z,x).
P o +1(1,x)

Note that the short-time behavior of the Maxwell model is essentially the same as the
purely elastic model; over time there is dissipation of energy. The theoretical behavior of
Maxwell viscoelasticity in terms of existence of solutions is essentially the same as for pure
elasticity, and it suffers the same kind of difficulties.

On the other hand, the Kelvin—Voigt model is easier to formulate:

ou
— =di f(z,
,oat ivo +f(t,x)
B
=diV(A8+Ba—j)+f(t,x).

From the mathematical viewpoint, the advantage of the Kelvin—Voigt model is that it is es-
sentially a parabolic partial differential equation instead of a hyperbolic differential equa-
tion. That means that the solution operator for the Kelvin—Voigt model is a compact oper-
ator. This makes it easier to prove existence of solutions for frictionless impact problems,
but uniqueness is still beyond reach.
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6.3.1 Frictionless impact for Kelvin-Voigt viscoelastic bodies

For displacement field u: Q — R¢ with Q a domain in R?, the linearized strain tensor
is e[u] = % (Vu+ VuT), which defines the linearized strain operator. We can define the

differential operators .A and B from H'(2) to H ™' () given by

Au = —div(Ae[u)]), (6.80)
Bv = —div(Be[v]). (6.81)
For boundary conditions we use
u(z,x) = g(x), x € p, (6.82)
o(t,x)n(x) = 7(¢,X), xely, (6.83)
o(t,x)n(x) = —N(t,x)n(x), xelc, (6.84)
0 < N(t,x) L —n(x) - u(t,x) + ¢(x) > 0, xelc. (6.85)

A formal representation of the linearized Kelvin—Voigt viscoelastic impact problem without
friction as a VI is

u(?) e K,

2
0< <ﬁ—u(t), paaT';(z) +Au(t)+BE;—ltl(t) —f(t)> forall i € K,

Ju
u(0) = uy, 5(0) = Vo,

where K = {u € H'(Q) | u satisfies (6.82) and fu > ¢ } and fu= —n-u|p.. The function
f: [0, 71— H Q) represents the external (that is, nonviscoelastic) forces and the natural
or traction boundary conditions.

Ifu: [0,7] — H'(Q) is smooth, then we can use integration by parts to create a
weaker formulation of the VI: choose v : [0,7] — R, where i is smooth, ¥(t) > 0 for
allt, y(t)=1forr € [0, T —2n],and () =0 for ¢t € [T —n, T] for some n > 0. Then

u(-) € K, and
2

T
05/ ¥ (1) <ﬁ(t)—u(t),pa—;(t)+Au(t)+Baa—l;(t)—f(t)>dt
0

T
=/0 W(I)[<—()——() P ()>

+ <ﬁ(t) —u(r), Au(t)+ Ba—l;(t) - f(z)ﬂ dr

t=T

ou
~I-1/f(t)<u(t) u(®), p— (t)>

t=0
/ V(1) <u(t)—u(t) o— (t)> forallti € K, (6.86)

where

K= {w € L20,T; H'(RQ)) | Bw(t) + ¢ > 0 and w(0) =u0}.
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To create an approximate problem with solution u. of lower order, set
Ne(1,x) = [-n(X) - ue(r,X) +9(x)]_ /e onT¢

with € > 0. In more abstract terms, Ne = —e ! W’ o (Buc + @), where W(s) = § [s_]2 isa
convex function. Then we set

8%u
P 81‘2e = _Aue(t)_B

38‘16 () +£(t) + BN, (). (6.87)

Theorem 6.3. Suppose that f € L*(0,T; L*(2))+ W20, T; H 1)) and the density p
is bounded away from zero. Let K = {z ceHY (Q)|Bz+¢>0 } Then solutions exist for
(6.86) for given initial displacement (u(0) =ug € K C HY)) and velocity (du/0t(0) =
Vo € LZ(Q))f()r any time interval [0, T]. Furthermore, the solution

ue L=0,T; H(Q)nw'20,T; H'(Q))nW>X(0,T; H} ().

Essentially this result was shown by Cocou and Ricaud [58, 59], although the method
of proof used there is based on a Ky Fan minimax theorem. Subsequent papers, which
extended this result, include Cocou [56] and Kuttler and Shillor [154], both of which in-
corporate a nonlocal Coulomb friction law. The method of proof used here follows [154].

Proof. We show existence on a sufficiently small interval [0, 7] with T > 0. Throughout
the proof we will consider ¢ € [0, T]. The extension to showing existence of a solution on
an arbitrary time interval can be accomplished by continuation arguments.

Let E. be the approximate energy function

1 1 1
Ecuv] =3 (v, pv) + 5 (u, Au) +;/F Wo(Bu+p)ds.
C

Since HY(Q) is a separable Hilbert space, we choose a basis {¢1, ¢2, ¢3, ...} for
HI(Q) where ¢; € K for each i and set X,, = span{¢1, ¢2, ..., d}. We use ¢ = ug. The
Galerkin approximation u,, ¢ is then given by

oy, ¢
o () +1() (6.88)

8%u,,
<w, p%> = <w, —Auy, (1) - B

+ /B*Nm,e(t)> forallw e X,,,

1
Npe = == o (Bupme +¢). (6.89)

€

This is a finite-dimensional Lipschitz differential equation, and so it has solutions (which
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are unique). Then, with v,, . = du,, /91, at time ¢,

d d
EEG [um,e, Vm,e] = <Vm,ea P%> ‘|’(Vm,e, Aum,e)

1

+ - / o (lsum,e +(P) “BVim,edS
€ I'c

= (Vm,e’ _-Aum,e - va,e +f() + ,B*Nme>

1
+ (Vm,g, Aum,e> + E/r v o (,Bum,e +¢)) “BVmedS
C

< (Ve KO+ (B¥ime, Nc €790 (Buc + )
= (Vim,e, £(1)).

Integrating gives the inequality

t
E. [um,e(t)a Vm,e(t)] < E¢ [ug, vo] +/ (Vm,e(f)a f(f)> dr.
0

We wish to turn this into a bound on u,,  and v,, ¢ that is independent of m in suitable
spaces. First, note that if we write f(r) = f1(r) + f2(r) with f; € L>(0,T; L*>()) and f, €
Wl2(0,T; H1()), then

t
/O <Vm,e('f), fl(f)> dtr < ”Vm,e ||L2(0,t;L2(Q)) If1ll 2207 L2¢2)) »
t
/0 (Ve (1), £2(0)) dT
t
= (e (OB 2~ [ (o (0

< lluoll g1 (@) 120l 1) + ”“m,e(f)”Hl(Q) 12D -1

el 120 ;@ 12l 510

Since p > po > 0 over 2, where pg is a constant, we have a bound of the form

1
% (Vine (0. Ve (O] 43 (1), At (1)
+ 1/ Vo (Bupc(t)+¢)dS
€ I'c

=C (1 +||Vine HL2(O,t;L2(Q)) +[ume | PR [ e ||L2(O,t;H1(Q)))

for all m, ¢ > 0 and ¢ > 0, and C is a constant that is independent of m, €, and ¢, provided
0 <t < T. In what follows, C will continue to be a quantity that is independent of m, €,
and ¢, provided 0 < ¢ < T, but its value may be different in different occurrences. Since

A is semielliptic, (z, Az) > na |lzll3,, (@~ Ha ||z||iz(9) for suitable constants 74 > 0 and
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ua > 0. Also, W(s) > 0 for all s. Thus
2 2
Y ”Vm e(0) ” L2(Q) + ”“m (1) H HU(Q) ™ Hum,e(t) I L2(Q)

=C (1 + |[Vin,e H 20029y T H“m,e(f) I @t e | L2(0,t; Hl(sz)))

=C(14+7" [V T2 |up e

” L®(0,T; L2()) + ” L>®(0,T; H(Q))

e )] 116y ) -

BUt um,e(t) = + _f()t Vm,e(r)dt, N¢J Hum,e(t)H L2(§2) S ||u0||L2(Q) + T H vm,e HLOO(OJ;LZ(Q))'
Then taking the maximum over ¢ € [0, T] gives

2 2
5 ”Vm,f ||L00(0,T;L2(Q)) + B3 H“m,e HLOO(O,T;HI(Q))

A 2
- (||u0||L2(Q) +T [Vin,e HLoo(o,T;L2(Q)))

_ po—uaT A
== Inelixor 2@ 7 [Wnelixorme)

Ma
(Iluolle(Q) +2T [ Vi e Lw(o,T;Lz(Q)))
=C (1 + T2 v |07 2@+ T2 une I 07:1060)

+ [wne ||Loo<o,T;H1(9>>> :

Choosing T > 0 sufficiently small so that pg — s T > po/2 we can remove the “u4” term
from the above inequality to obtain

H"m € H Lo°(0,T; L2(2)) + ||“m € ” L(0,T; H'(R))
= C( + ”Vm,f ||L00(0,T;L2(Q)) + ”“m,e HLOO(O,T;H'(Q)))'

Thus both H Vine H
and € > 0.
Since each term of E¢ [u, v] is nonnegative, this means that

and ||um,€ H are bounded independently of m

L(0,T5 LX(2)) L(0,T; HY(R)

t
l/ Wo (B (1) +9) ngEo—i—/ (Ve (0), £(0)) d T
I'e 0

€

note that the right-hand side is bounded independently of m, €, and t € [0, T]. There is a
constant C where

/ Vo (Bupc(t)+¢)dS < Ce.
e

There is an additional bound that we can extract using the loss of energy through viscosity.
Note that

d
EEG [um,E’ Vm,e] = (Vm,e(t), f(t)> - (Vm,e(t), va,e(t)>~
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Thus
t
Ee [t (0. Vme(0)] = Eo + / (Ve (). 0)) dt
0

t
—/ (Vine (1), BV e(0)) d,
0

and so

t

t
/ (Vine (D), BVm,e(1)) dT < Eo + / (Vine (), £()) dT
0 0

since Ec [u, v] > 0 for all uand v. Using (z, Bz) > n ||z|3,, (@~ MB ||z||§2(m for constants

npg > 0 and up > 0 and the bound on ||vm,e we can obtain a bound

” L>®(0,T;L%())’

[Vine | o) =€

independent of m and € > 0.

There is an additional bound that we will need on dv,, (/3¢ in L%(0,T; HOI(Q)’ ). To

do this we use duality: suppose ¢: [0,T]x  — R? is a smooth function that is zero in a
neighborhood of the boundary 9€2. Then

T
/ / é(1,X) - p(x) AL (t,x)dxdt
0o Jo at

T
= / / G(1,%) - [~ Ay (1,X) — BV e(t,x) +£(1,%)] dxdt
0 Q
T
- f / $(%) - [—div (Ae [y ]) — div (Be [Vn.c]) + 1] dxdi
0 Q
T
:/ / (e[@]: Ae[ume|+el@]: Be[Vime |+ -f)dxdr
0 Q

=C ”¢”L2(O,T;H01(Q)) (”“m,f ||L2(0,T;H1(Q)) + ”me ||L2(0,T;H1(Q))

+ ||f||L2(0,T;H—'(Q)))
= Cldll 207 1l

Taking the supremum over all ¢ smooth and zero in a neighborhood of 92 shows that
P IV /0t is bounded independently of m, € > 0 in L%0,T; HOI(Q))’, SO POV /0t is
bounded in L%(0,T; H(} (2)) independently of m, and € > 0.

With these bounds, by Alaoglu’s theorem, there are weakly* convergent subsequences
(also denoted by v,  and u,, ¢, respectively)

Ve =¥ in L%(0,T; L*()),
OVi.e
ot
Upe =W in L®0,T; H'(Q)) asm —ooande | 0

—~*Z in L%(0,T; H}()'),



268 Chapter 6. Index Two: Impact Problems

in the subsequence. Clearly this implies weak convergence:

Ve =V in L*(0,T; L*(R)) and L*(0,T; H'(Q)),
OV e
at
Upe—10 in L20,T; H(Q)).

—~7 in LX0,T; H}(Q)),

t~,

Note that for s < ¢ we have V(1) —V(s) = [ Z(t)d taking limits in H(} (2). Thus we can
justify W = 9v/dz¢. By Seidman’s theorem and Simon’s theorem (Theorems A.6 and A.7)
we can have, perhaps by taking further subsequences, v,,, ¢ — V strongly in C(0,T; H ()
forany § > 0, vy, « — V strongly in L%(0,T; L3(Q)), u,,  — Ustrongly in C(0,T; H 1=8(Q))
for any § > 0.

We can then apply Mazur’s lemma to (u, v) fOT Ec [u(?), v(t)] 6(t)dt, where 0 is a
continuous nonnegative function. Since E [u, v] is a convex function of u and v, so is this
functional on L2(0, T; L%(2)) x L*(0,T; H'(2)). Hence

T T
/ E[U(t), V(1)] 6(t)dt < liminf / E[upme (1), Vime(1)] 0(t)dt
0 m—00 0

T ‘
< liminf/ |:E0+/ (vm,e(r),f(r))dt:| 0(t)dt
0 0

m—0oQ

T
=/ [Eo+/t V1), £(1)) dt} o(1)dt,
0 0

where Eg = E. [ug, vo] = E [ug, vo] for Bug+ ¢ > 0. Since this is true for all continuous
nonnegative 6, for almost all 7,

t
E[6(1), V()] < Eo + / V(o). 1)) d.
0

We now wish to show that the limits (@, V) satisfy the VI (6.86). First we assume that
¥: [0,7]— X, NK isin WE2(0,T; HY(Q)) and that W(0) = ug. Now from the Galerkin
approximation (6.88)—(6.89),

oy, ¢
t

0= (5(6) — (1), 0 € (1) 4+ Ao+ B
=(u Upell), o 372 Wy e 3

— () - ,B*Nm,e(t)>-
The term (W(t) — Wy (1), B* Nin e (1)) > 0 since

(60 = W e (1), B* Non e (1)
= (BU(D) = B (1), N (1)
= ((BU) + ) — (Bume () +9), Nue ().

Since Ny (t) > 0 and Bu(r)+¢ >0o0n ¢, (ﬁﬁ(t) + @, Npe (t)) > 0. On the other hand,
— (B () + ¢, Npe () =€ {By.e +¢, W' o (Bu,c +¢))

=e_1/ (Bume+¢) -V o(Bupc+¢)ds.
e
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But s W/'(s) = —ss_ > 0 for s < 0 and zero for s > 0. So the integral over I'c must be
nonnegative. Combining the two inequalities gives (ﬁ(t) — Uy (1), ,B*Nm,e(t)> > 0.
Thus

)

N 92
0< <u<r) U (1), e

Multiplying by ¥(¢) > 0 and integrating over [0, 7] give

T a2um .
0= /O v () <ﬁ(r> D), pa—g(o Aty (1) +

r 0y ¢ Wy e
:/0 Iﬁ(l)< ()——() ’(l)>dl

t=T
+ () <ume(t)—u(t) p— (t)>
=0
T U et
- / V(1) <um,e(t)—ﬁ(t),p o (t)> dt
0 t
T
+ / Y(t) <~ >dt. (6.90)
0
The term
- aume t=T
Y (1) <um,e(t)—U(t),p 3 : (t)> =0,
t t=0

provided w(0) = ug since ¥(7) = 0.
From

e /01 = Ve =V weakly in L2(0,T; H(Q)),
Vme — ¥ strongly in L2(0,T; H'7%(Q)),
U, — U weakly in L2(0,T; H(Q)),

we have, with V = 0u/9t,

T T
/O Y () (Vine (1) =V(1), pVme (1)) df — fo ¥ (V=V, V) dt,

T T
fo Y (1) (U e (1) = 0(D), PV e (D)) df — fo Y (W—1, pV) dt,

T T
/w(t)(ﬁ,Aum,e(t)Jerm,e)dt—>/ v (U, AU+ BV) dt

0 0

T T
fo V(0 (e (1), 60)) di — fo (Gt

asm — ooand € | 0.
The remaining terms require Mazur’s lemma: for fOT v (um,E s Aum,e) dt,

T
/w , Atl) df < liminf / Y (e, Ay o) dt.
0

m—o00, €0
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For fOT ¥ (Wn.c, BVm,c) dt we use the fact that B is self-adjoint:

T T d 1
/0 Y (W e, BVpe)dt = /0 W 73 (wp.e, Buy, ) dt
=T

1
= y() 5 (um,e(t), Bum,e(ﬂ)

t=0

1 T
- —/ U (W e, Bupe) dt
2 Jo
1 1T
=—5 (uo, BUO)—E/O Y (U e, By, ) di

Now, since v is nonincreasing, ¥' < 0, and so

T
/ ‘W dt < liminf / —1/f/ (um,e, Bum,e) dt

m—00,€l0 Jo

Reversing the integration by parts for fOT —y/ (U, Bu) dt, we get
T
/ Y (8, BV)dt < liminf / Y (Wpe, BVmc)dt.
m—00, €0 Jg

Combining the above inequalities and taking the liminf of (6.90), we get
T - . 3% . au
0= [ w0 (F0-30.p5 3 0+ ATW+ B 1) ar
0 a2 ot

forallW: [0,7] — X,, NK that are in W1-2(0,T; H'(£2)) and W(0) = up, and ¥ : [0,T] —
[0,1] smooth and nonincreasing with () = 1 for t € [0,7 —2n] and ¥ () = 0 for ¢ €
[T —n,T]. Since

2/\
)

for any U: [0,T] — K that is in C(0,T; H'(S2)), we have approximations @, : [0,7] —
X,n NK in W20, T; H'()) where §,, — o as m — oo. Hence

+Au+B——feL (0,T; H}(Q))

2 o~

T ~ ~ 0“u - ou
05/0 Iﬂ(t)<u(t)—u(t),pw(t)+./4u(t)+5¥—f(t)>dt

holds for any W: [0,T] — K that is in L2(0,T; H'(RQ)) since C(0,T; H'(Q)) is dense in
L%(0,T; H'(R)). Furthermore, we can take limits over Y converging pointwise to x[o,r) to
establish that U is a solution of the VI

uit) e K &
N 021 R ou -
0< u—u(t),pﬁ(t)—i-Au(tH—Ba—f(t) forallue K

for almostall z. 0O
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While this establishes existence for a general class of impact problems for viscoelas-
tic bodies, uniqueness is an open problem as of the time of this writing. The methods can be
easily adapted for other impact problems which have a similar structure, and the operators
A and B need not be second order, such as for a viscoelastic version of the Euler—Bernoulli
beam. However, in this approach, it is important that the contact forces are applied on the
boundary of €.

The reader interested in viscoelastic bodies in frictionless impact should also consider
the papers [207, 208] by Petrov and Schatzman. Both of these papers consider viscoelastic
wave equations of Kelvin—Voigt type:

2

‘ZTZ =VZu —i—aVZZ—I: +f(t,x) inQ

with Signorini conditions on the boundary. In [207], the problem is a viscoelastic rod,
and so 2 is one dimensional, with contact at one end. The approach in the analysis is to
treat the problem as a CCP to be solved for the normal contact force, which is a scalar
function of time. In [208], the problem is in a half-space € = (0,00) x R?~!. The analysis
in both of these papers is based on Fourier transforms, and they give some deep results.
In particular, it should be noted that in the former paper [207], not only is existence of
solutions proved, but it is shown that all solutions satisfy an energy balance. That is, it

is shown that the change in the energy %foz [(8u/8t)2 + (Bu/ax)z]dx is the work done
by the external forces f(#,x) minus the losses due to the viscosity. More details on this
approach will be given in the next chapter. In [208], the authors are not quite able to obtain
this result for the viscous wave equation in a half-space, but are still able to obtain strong
regularity results for the trace of u on the boundary 92 = {0} x R~

6.3.2 Coulomb friction

At the time of this writing, existence results for viscoelastic impact with friction have been
proven only for modified friction laws [56, 154] or under non-Signorini contact conditions
[87, 88, 89]. Alternatively, static and quasi-static contact problems have been shown to
have solutions [10, 57, 60, 85, 86, 148, 183, 230]. No results have been shown for the
dynamic contact problem with purely elastic bodies under Signorini contact conditions
and the standard local Coulomb friction laws.

In fact, there is an important nonexistence result due to Renardy [212] for a linearized
model of a slab of a two-dimensional hyperelastic!” material sliding over a frictional sur-
face if the friction coefficient exceeds a certain threshold. Careful study of Renardy’s re-
sults shows that there is a frictional instability resulting from a feedback loop where the fric-
tion forces cause displacements in the normal direction, resulting in changes to the normal
contact forces, which in turn change the friction forces. As the spatial scale goes to zero,
the time scale for the instability also goes to zero, so that in the high (spatial) frequency
limit, the exponential rate of the instability goes to infinity. Application of Agmon’s con-
dition [270, p. 280ff.] (or alternatively, via the Lopatinsky—Shapiro conditions—see [270,
p- 148ff.] or [128]) shows that there are no solutions to such partial differential equation
except for extremely specific initial and boundary conditions.

10 A material is hyperelastic if it does not change volume, or equivalently in the linearized case, divu = 0.
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As noted in the section on rigid-body dynamics with impact, the Signorini conditions
and the Coulomb friction laws are each monotone separately, but combined they can be
highly nonmonotone.

We will use the time-integrated version of (6.50) as our formulation of Coulomb

friction:
3llT
/ / F- wdS</ / ds (6.91)
T'c T'c 81
for all w, where N = —n- o [u] - n is the inward normal contact force on I'¢c, and

F=o0[u,du/0t]-n+Nn

is the friction force on I'c. The regularity results from the existence results for frictionless
Kelvin—Voigt viscoelasticity with impact (Theorem 6.3) are not sufficient to show that N =
—n-o [u, Bu/at] -n even makes sense: u € L°°(0,T; H(2)) means that the strain tensor
e[u] € L>(0,T; L*(2)), and so o [u,du/dt] € L>(0,T; L*(R)), and there is no “trace” of
an L%(2) function on a part of the boundary such as I'c € 9%2.

The approach of Cocou [56] and Kuttler and Shillor [154] is to use a smoothing
operator to create a nonlocal version of the Coulomb friction law. This approach is to use
(6.91) with

N(t) = |n-Ro [u(t), du/dt(t)] - n| or
N(t) = max (0, —n- Ro [u(r), du/dt(1)] -n),

where R: L*(Q2) — H'() is a compact nonlocal smoothing operator. One way of creat-
ing a suitable R is to use an extension operator E: L3(Q) — L*(RY) where E¢|Q = ¢,
followed by convolution with a suitable smooth nonnegative function i with compact sup-
port: R¢p = ¢ x E¢. (The extension operator can be extension by zero: E¢(x) = ¢(x) if
xe Qand E¢(x) =0if x £ 2.)

As with the frictionless case, we can use a Galerkin approach combined with a
penalty approximation to obtain a set of approximate solutions u,, . The resulting finite-
dimensional DVI has solutions: it is a differential inclusion of Filippov type. The problem
then is to show that some subsequence converges in a suitable sense, and that the limit
indeed solves the problem, at least in terms of a suitably weak variational formulation.

Most of the argument follows that of the frictionless case. The standard energy
bounds give weak* convergence Uy —~*Uin C 1200, 7; HY(Q)) (the space of Hélder con-
tinuous functions [0, 7] — H () with exponent 1/2) and v, ¢ —~*Vin L*(0,T; HY(Q)N
L%(0,T; L3()), where Ve = Oy /0t and V= 9u/dr. For the friction forces, we use
strong convergence of Ny = [n-Ro [Wpe, 0y /0t]-n| — N in L%(0,T; Hl/z(l“c))
coming from compactness of k.



Chapter 7

Fractional Index Problems

Perhaps, it ... prompted 1’Hospital to ask [about d"y/dx"] “What if n be
1/22”. Leibnitz, in 1695, replied “It will lead to a paradox” but added ...
“From this apparent paradox, one day useful consequences will be drawn.’

Virginia Kiryakova

Fractional index differential variational inequalities (DVIs) are not mixed-index DVIs. In
fact, of the problems considered in this book, only convolution complementarity problems
(CCPs) can be considered to have a noninteger index. However, they can arise naturally, as
in the example of Petrov and Schatzman [207] for a viscoelastic rod striking a rigid surface
at one end. Using the notation (), = d(-) /9t and (-), = d(-) /dx, the equations of motion
for this situation are

U = Uyx + BUixx, tr>0, O<x<L, (7.1)
0=1ux(t,L)+ Busx(t,L), t>0, (7.2)

N(t) = ux(t,0)+ Bu;x(2,0), t>0, (7.3)
0<N(t) Lu(0)=>0, t > 0. (7.4)

The orthogonality condition “N(¢) L u(¢,0)” means that N(z)u(t,0) = O for almost all ¢;
together with the nonnegativity conditions, this is equivalent to

T
0= / N(@)u(t,0)dt.
0

From the fundamental solution for this partial differential equation we can construct a CCP
for N(t):

t
u(t,0)= / k(t—t)N(t)dt +4q(1),
0
0<N(@)Lu@0)=>0, t>0.
The problem is that for this problem, k(t) ~ ko t'/?
tion 4.6.2 is not applicable.

for t > 0 small, so the theory of Sec-
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Another example comes from the heat equation with a source at the origin controlled
by a thermostat set at temperature Uy, also at the origin [249]:

Up = Uxx +2(1)8(x), (1.5)
0<z(t) L u(,0—Uy=>0. (7.6)

As usual, §(-) is the Dirac-§ function. The unknown z(-) is the rate at which the source
produces heat. This also leads to a CCP:

t
u(t,O):/ k(t—1t)z(r)dTt+4¢q(1),
0
0<z(@) Lu0)—Uy=>0.

The function ¢ (¢) is the value that u(#,0) would have if z(-) = 0.

This time we have k(1) ~ kot~ /2 for t > 0 small.

The theory of fractional differentiation and fractional integration [145, 147] can be
used to identify the index of these problems.

7.1 Fractional differentiation and integration

Fractional differentiation and integration are operators that can be represented in terms of
convolutions with particular distributions. In particular, indefinite integration is convolu-
tion with the constant one. The main tool to define these is the Laplace transform (see
Section C.2). Using the property that Laplace transforms of convolutions are products of
the Laplace transforms (£ [ f* g] =L f-Lg), we can investigate fractional integration and
differentiation in terms of Laplace transforms. In particular, for the constant function one,
L1(s) =s~!. Convolution with the Dirac-8 function does not change anything: (f %8 = f)
and L£8(s) = 1. On the other hand, 8’ x f = f" and L[§'](s) =s. So if the convolution
8@ f represents the ath derivative of f, then L8@(s) = s*. For negative, the result is
a fractional indefinite integral.
Put @ = —f8 < 0. Then §C#) is an ordinary function [0, 00) — R given by

sTPmy =1 P, >0,

where I'(8) is Euler’s I"-function:
o0
) = / e "tPVar.
0

Also note that 8~#)(r) = 0 for r < 0. The Fourier transform of 8= is interpreted in the
sense of distributions, and

FsP )@=t

with i understood as having argument £ /2 as a complex number. Thus, for v > 0, we
understand (i @)~ to be e P7/2 = and for w < 0 to be eTF7/2 || 7P,

For « > 0, the distribution 8 can be understood as the inverse Fourier transform
of Yy (w) = (i ®)* using an appropriate branch of the function (that is, for v > 0, (i @)* =
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et1@m/2 ) “and for w < 0, (i w)* = 1@/ |»|*). Alternatively, we can split @ = m — y
with m an integer and 0 < y < 1 and use

8@ s f(1) =8 %8V x f(1)
_ dm t (l _ .L.))/—l

_W 0 Ty)f(‘[)df

In this way we can calculate arth derivatives or integrals of a function f for any real value
of a.
Recall that for a CCP,

Kszt) Lmx2)(t)+q() e K*,

where K* is the dual cone to K (see (B.8)), we say this is an index-zero CCP if m(t) =
mo 8(t)+m1(t) with mg nonsingular and m is a measure with no atom (or Dirac-§ function)
at t = 0; it is index one if m(¢) is a function of bounded variation (locally) and m(0™") is
nonsingular. This can be generalized to say that the CCP has index « if 8@ s« m(r) =
mod8(t) +mq(t), where mq is nonsingular and m is a measure with no atom at t = 0.
Simply put, if m(t) ~ mor*~" as r | 0 with mo nonsingular, then the CCP has index .
Thus the problem of Petrov and Schatzman (7.1)—(7.4) has index 3/2, while (7.5)—(7.6)
has index 1/2.

7.2 Existence and uniqueness

There are two cases of fractional indexes that must be considered separately: index be-
tween zero and one, and index between one and two. We already have existence results
for index-zero and index-one CCPs. We can construct existence proofs for fractional index
problems by approximating a fractional index CCP with an index-zero or index-one CCP
as appropriate. The crucial tool is the Fourier transform (see Section C.4). In particular, we
note that

F8 (w) = (iw)*.

If « is an integer, this is well defined, but for fractional « we have the problem that there
may be branch cuts in the complex plane:

+n/24+2mn  ifw >0,

argio = .
—n/24+2mnr ifw<O.

If « is irrational, then (jw)® = e!F1/2+2mam |4)@ can be made arbitrarily close to any

complex number with magnitude |@|* by a suitable choice of m. We first need to show that
we can set m = 0; this is the principal branch of argiw.

If we consider B < 0, then the integral ]_Jr;o et §B) (1) dr is not convergent, as 8
is not an integrable function on the real line. But, for 8 < 0, the function ¢ — e ¢’ S(ﬂ)(t)
is integrable. In fact, for § < 0,

+o00 . 1 o] .
/ e—ta)t e—sl‘ (S(ﬂ)(t)dt — / e—(lw+£)l‘ t—1+|ﬂ| dt.
ragh Jo

—00
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Im ¢ R |

branch

cut

Re ¢

Figure 7.1: Contour integral for change of variables.

This integral can be exactly computed via a change of (complex) variables which can be
justified (for w > 0) via the contour integral shown in Figure 7.1 with 0 < n, R. From
Cauchy’s residue theorem, the integral around the contour is zero. Taking n | 0 and R —
00, we get [ e~ (@t =1 HPldr and Je, e~iere) =14+l gt both go to zero. Thus the
differences between the integrals over C1 and C, go to zero. On C set t = (—i +¢&/w)s.
Then, for v > 0,

00
/ o—tiote) —1+1Bl g,
0
S . .
:/ e—(zw+e)(—z+s/w)s (—i +8/a))—1+|ﬂls—l+\ﬂ\ (—i+¢/w)ds
0

=(—i+e/w)? /ooe_(w""sz/w)ss_l“mds
0

=(~i+e&/w)P! (w+ez/w) "rasn.

Taking ¢ | O gives
FsP(w)y=i Pl Bl = iw)®  forp <O.

Note that thanks to the branch cut, we remain in the principal branch of z z#, and that
@i a))’6 should be understood in this sense.

This may appear to be a diversion from our main concern, but we will need the sign
of the ﬂFourier transform to have positive real part, and this requires the correct branch of
7 zZP.
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Consider first the CCP

K>z(t) L(mx2)(t)+q(@) e K*, where

m(t) = mor* !, O<a<l,

and m is a symmetric positive definite matrix. Now F (m % z) = (27)~! Fm-Fz. Applying
Plancherel’s theorem (3.34) to z(¢) L (m % z)(¢) + q(¢), we have

0= / (200, (m*2) (1) +q(1)) di
0

+00
_ ZLRe / (F2(@), Fin(w) Fz(@) + Fq()) do.

T —00

But here Fm(w) = mo () (iw)™® using the principal branch of z > z~%. In this branch,
forw > 0, (iw)™ = e~ "%/2 »~* whose real part is cos (wa/2) w~%. Similarly, for w < 0,
the real part is cos(wa/2) |w| ™. For 0 < o < 1, this is always a positive quantity. For
symmetric positive definite m, there is an iy > 0 where (w, mow) > no |lw]? for all w.
Thus, for0 <o < 1,

1 +00 5
02 510 l@) cos(re/2) / IF2@)? o] do
T —00

1 400 ) —a/2 2 +a/2
_E/_oo I Fz(w) (l+a)> IFq(@)] <l+a)> do

> o cos (e/2) T(@) 1201302 = 1zll g-ar2 g sz

which gives a uniform bound on the solution z in H ~%/2(R; X) in terms of the norm of ¢ in
H1/2(R; X'). If the index o exceeds one, then cos (ra/2) can be negative, and this does
not give any bound on z. Note that we need symmetry of mg since for w = u +iv, v > 0,
and L =(w) *=p+io,

Re (w, Amow)
= Remeokw

1 N
=Re EET [mo)»+mokT] w
l— 71 . . .
:Rei(u—i—w) [mo(p—i—to)—i—mg(p—la)](u—i—lv)
= EET (mo—i-mg)w—l—gvT (mo—mg)u.
2 2
IfOo<a <1 andm():mg,wehave

Re(w, (iw)™ mow) > cos(arr/2) lw| ™ |w||* > 0 7.7

for w # 0. But if mo # mOT , then we have to restrict « further. In fact, we can obtain a
bound
Re(w, (@)™ mow) = n ||lwl|? (7.8)
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with > 0, provided

, T
0<o<>tan! (M) (7.9
n o —mg |

for mo # mOT , where A.,;, (B) is the minimum eigenvalue for a symmetric matrix B. Note
that for existence of solutions to index-zero problems we need only m( to be positive defi-
nite, while uniqueness for index one requires that mq also be symmetric.

To turn these observations into a reasonably general existence and uniqueness theo-
rem, we need to do a few things:

e create an approximate index-zero problem with kernel m(¢) = € §(¢) I +m(¢);

e remove the restriction that m(z) = mot*~! so that we require only that Fm(w) ~
mo (iw)~* for large |w|;

e restrict our attention to a finite interval [0, 7] for compactness in the appropriate
Sobolev space;

e restrict X = R”".

Theorem 7.1. Suppose that m(t) = mot* L +m(r), where 0 <« < 1 and my: [0,T] —
R™ ™ have the following properties:

o wH> w*F (le[O,T]) (w) converges to zero uniformly as T | 0;
° H]—"(m1X[0,T])(a))|| <C le_ﬂf()r some B > o forall T > 0;
e my is positive definite satisfying (7.9) (taking o < 1 if mg is symmetric); and
e g€ H**0,T;R");
then there exists one and only one solution z € H —af 2(O, T;R") to the CCP
K>z(t) L(mxz)(t)+q(@)e K* forallt. (7.10)
A proof of a slightly weaker version of this result can be found in [249].

Proof. We prove this result for sufficiently small 7 > 0. Once we have this result on

a sufficiently small interval, we can extend the solution since for z; € H —af 2(O,T; R™),

we have mxz; € HT¥/2(0,T;R"). Let xg(t)=1ifr € E and xg(t) =0if r ¢ E. Let

Y(t) = mot®~L. Then, using (7.8), (w, Fy(w)w) > n ||w||2 for all w for some n > 0.
Consider the index-zero approximate problem

K>z:(0) L(els+m)xz.(t)+q(t) e K*.
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Solutions exist and are unique for this problem, provided € > 0 by the results in Sec-
tion 5.1.1. We wish to show that the z. have a convergent subsequence as ¢ | 0. Let
yr = max,, ||w“.7-"(m1 X[O,T])

T
0= / (2e(1), (€ T8+ m) % 2e(t) + q(1)) dt
0

+00
_ / (e x1071(0). (€ T8+ Yo+ mixto.m1) * (ce xio.r1) (0 + (1)) it

| e
=) (F (zexo.m) (),
F(e18+yo+mix10m) (@) F (zexi0.11) (@) + Fq(@)) do
1 +oo
=5 <]-'(zeX[0,T])(w),
( I+ m w +]-'(m1X[0,T])(w)> ]:(ZeX[o,T])(w)+]:fI(w)> dw
1
> 2—[ | F Gexto.r) || 2a + 0 — VT)/ ™| F (zexio.r1) @) deo

— |\ zext0.11]| ez g1l g2 }

1
2_ I:(’? yr) HZeX[O T] ”H —a/2 HZeX[O,T] HHfa/z ||Q||Hm/2]-

Thus, for sufficiently small T > 0, y7 < n, and so

1
|zexto.71] a2 < — gl g2 -

Since H~*/%(0,T; R") is a Hilbert space, there is a weakly convergent subsequence (which
we also denote by z.) by Alaoglu’s theorem. Let z € H —2/2(0, T; R") be the limit of such
a subsequence. Then by Mazur’s lemma we can show that z(#) € K for almost all ¢ via
weak convergence. On the other hand, m * z¢ + g converges weakly to m *x z + g, so for any
smooth &: [0,T] — K we have

T
0 < f (€2e(D) + (m #20) () + (1), (1)) dit
0

T
N /0 ((m*2) (1) +q(0), £() dt

taking limits € | O in the subsequence. Thus (m * z)(¢) 4+ ¢q(t) € K* for all # > 0. Note that
by positivity, the quadratic map u +— fOT (u, m*u) dt is a convex function. Then, again by
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Mazur’s lemma,
T
/O(Z(l),(m*Z)(t)vLCI(t))df
T
< liminf/ (ze(®), (mxze) (1) +q(1)) dt
€l0 Jo

T
< liminf / (2e(1), €2e(t) + (m % 2) (1) + (1) dt
0

€l0

:0,

SO fOT (z(t), m=*2)(t)+q()) dt <0. It cannot be negative since z(¢) € K and (m xz) () +
q(t) € K* for almost all t. Thus we have existence of a solution on an interval [0, T'] for
T > 0O sufficiently small. This can be extended to any interval by means of shifting t =T
to + = 0 and incorporating the solution on [0, 7] into q.

To show uniqueness, suppose

K>2z1(t) L(m*z1)(1)+q1(r) € K¥,
K > 20(t) L (m*z2)(t)+qa(t) € K*.

Then, if ¢ =z; —z2 and 6 = q1 — g2, we have

T
0= /0 (£(0). (m %) (0)+6(0)) di

> —yr) | ¢xo.m Hé—a/z —le x10.71 | gy=e2 1011 a2,

and so ¢ x10.71] a2 < 101l gas2 /(1 — yr). In particular, if g1 = g, then 6 = 0, and so
¢ = z1 —z2 =0, establishing uniqueness. 0

Clearly the uniqueness result can be extended to show that the map g +— z is a Lip-
schitz continuous map H +o/ 2(O, T:R") > H —o/ 2(O, T;R™). This is the best regularity
result that we can expect as convolution with m maps H ~%/2(0, T; R") to H1%/2(0, T; R™).

7.3 Further regularity results

Differentiability lemmas can be used to get stronger regularity results with stronger as-
sumptions on ¢. In particular, for ¢ smoother and ¢(0) € K* we can get stronger regularity
on the solution z. However, unlike most linear problems, making ¢ arbitrarily smooth and
satisfying compatibility conditions cannot make the solution z arbitrarily smooth. There is
a natural limit to how smooth z can be, as we saw for DVIs in Section 3.2.

Theorem 7.2. If ¢ € H'**/?(0,T;R") and q(0) € K* and the CCP (7.10) satisfies the
conditions of Theorem 7.1, the solution z is in H'~%/>(0,T; R").

Proof. For the approximate index-zero CCP

K23z Leze(®)+mxze)(t)+q(t) € K¥, (7.11)
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there are solutions that are absolutely continuous since ¢ is absolutely continuous. We
use the differentiation property, Lemma 3.2: K > a(¢) L b(¢) € K* for all ¢ implies that
(a’ ®), b’(t)) <0, provided a and b are absolutely continuous. Applying this to (7.11) gives

0> (zL(1), ezL(t) + (m*2.) () +q'(©)).

Integrating over [0, T'] and applying the bounds obtained in Theorem 7.1 for T > 0 suffi-
ciently small,

2 2

VERS EA PR URSZOY EAl ey £l PRy 7 P

so that
1

n—yr
To obtain the bound on z. itself, we use the fact that ¢(0) € K to get z¢(0) = 0. Thus z
is uniformly bounded in H 1o/ 2(0, T;R™). Thus by Alaoglu’s theorem there is a weakly
convergent subsequence; let z € H 1—a/ 2(O, T; R™) be the weak limit in such a subsequence.
Using the techniques of Theorem 7.1 we can show that this weak limit is in fact a solution

of the CCP (which is unique by Theorem 7.1). Thus solutions lie in H'~/2(0,T; R"), as
desired. 0O

el e = 4"l e

This proof is one of the few occasions in which a differentiation lemma involving
two derivatives is useful.

7.4 Index between one and two

If the index « is between one and two, then cos («mr/2) < 0 and the arguments above do not
work. This is unfortunate since, as noted in the introduction to this chapter, index o« = 3/2
naturally arises in studying impact of a viscoelastic rod. It is, however, possible to obtain
existence results, though it is unclear at the time of this writing whether uniqueness holds
for these problems or not. The problem then is a CCP of the form

K>z(t) L(m*z)(t)+q() € K*

with m(t) ~ mot*~! with 1 < & < 2 for ¢ small and positive, and m( a positive definite
symmetric matrix.

To show existence we also use an index reduction strategy, but instead of reducing
the index to zero as was done for 0 < « < 1, we reduce it to one. Let

me(t) = e I H{t)+m(),

where H(t) =1 for ¢t > 0 and H(¢) = 0 for ¢ < O is the Heaviside function. Provided m(-)
and ¢(-) are sufficiently smooth with ¢(0) € K*, solutions to the index-one CCP

K>3z:(0) L(me*ze)(t)+qt)e K*

exist and are unique by Theorem 5.6. Using a one-derivative differentiation lemma (Lemma
3.2),

0=(ze(t), €ze(t) + (m"*z¢) (1) +q'(1)).
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Integrating over a sufficiently small interval [0, 7] with T > 0, we note that
F[m'] (@) = io Fm() ~ T(@)mg (iw)' ™

in the principal branch. Now the real part of i I=e s cos((@ — D7 /2), which is positive
for 1 <o < 2. Then we can apply the methods of Theorem 7.1 to show existence via
boundedness of z¢ in H ™%/ 2(O, T;R™), providedq € H Ia/ 2(O, T; R™), but not uniqueness.
The usual approach to showing uniqueness is to suppose that z1 and z» are two solutions
of the CCP and then set { = z1 — z2; from linearity of the convolution and the fact that
K and K* are dual cones, we have f[O’T] (¢,mx*¢) <0. If the convolution operator ¢ +>
m x ¢ is elliptic or positive definite, we can conclude that { = 0, so z; = z». However, in
this case the leading part of the Fourier transform of m is (iw)™* mg and the real part of
(iw)™® =cos(am/2) |w|~* is negative, so this convolution operator is definitely not elliptic
or positive definite.
Further details can be found in [243].



Chapter 8

Numerical Methods

8.1 Choices

Numerical methods for dynamic problems with inequality constraints take several forms.
The main families of methods are

e penalty methods, or the related index reduction methods,

e active set methods which track which inequality constraints are “active” (that is,
where the inequalities are equalities), and

e time-stepping methods, in which for each time step, a CP or VI is solved.

Penalty methods aim to turn a nonsmooth or discontinuous differential equation into one
that is smooth, and so we can use standard methods for differential equations. The true
trajectory is often made up of smooth pieces joined by “kinks” or “jumps,” so active set
methods aim to find the smooth pieces and the points at which a kink or jump occurs; once
the kink or jump is reached, a new smooth differential equation is set up for the next piece.
Time-stepping methods have the largest computational effort per time step, but they can be
very effective when the active inequalities change frequently.

Penalty methods are perhaps the most common methods used in practice, although
the other techniques (particularly time-stepping methods) are gaining popularity. Penalty
methods work by replacing the nonsmoothness of the original problem with a smooth, or at
least smoother, approximation. Then standard smooth ordinary differential equation solvers
can be applied to the smooth approximation. This naturally depends on both the time step
and the accuracy of the smooth approximation. Typically, the smooth approximation is a
stiff differential equation, which often means that small time steps are needed for accurate
solutions.

Active set methods can give the greatest accuracy, since the only errors are typically
those due to the smooth differential equation solver used for each piece. However, the
main difficulty in using them arises if the active set (the set of inequalities that happen to
be equalities) changes often. At each change of the active set, some special calculation
must be performed to identify the new active set. There can be problems if there is some
degeneracy in the problem so that determining the new active set can depend on the data of
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the problem in a sensitive way. Problems in which the active set changes infinitely often in
a finite time interval pose a particular challenge to these methods.

Time-stepping methods can be the most computationally expensive methods, but they
are usually not vulnerable to problems with degeneracies or rapid changes in the active set.
The main difficulty is that a CP or VI must be solved with each step. Fortunately, advances
in techniques for solving CPs and VIs have brought these methods to the forefront. In
particular, the development of nonsmooth Newton methods along with reformulations of
CPs and VIs as (nonsmooth) systems of equations means that for many time steps only a
single linear system must be solved. This brings the computational cost close to or less
than that for penalty or active set methods.

To explain these methods and give the reader a way of comparing these approaches,
we will focus mainly on the problems of mechanical impact and Coulomb friction. Me-
chanical impact problems are essentially index two, while Coulomb friction problems are
index one. These two problems give an overview and a means of comparing numerical
methods.

8.1.1 Methods for smooth differential equations
Numerical methods for smooth differential equations

d
o fn), x(t0)=x0

dt
have been around at least since Euler and his method. These methods were improved
by the work of Heun [126], Runge [218], and Kutta [150], which led to modern Runge—
Kutta methods [18, 46]. Another set of methods that have been widely used are multistep
methods, of which there are three main families: Adams—Bashforth methods [26], Adams—
Moulton methods [184], and the backward difference (BDF) methods [69].

Higher order methods all assume higher orders of smoothness in the differential equa-
tion and its solution. For many of the problems that we consider here, the solution is often
smooth (at least on certain intervals) even though the differential equation or inclusion
definitely is not smooth. For such problems, often it is appropriate to use methods for
smooth but stiff differential equations. Methods for such problems include many implicit
Runge—Kutta methods and BDF multistep methods and can be found in [18, 46, 119]. The
books [46, 119] in particular provide a great deal of information about their behavior both
theoretically and practically, and about advanced implementations including, for example,
adaptive control of step sizes.

An extreme example of a stiff differential equation

dx
= f@t, x@0), y(1)), x(to) = xo,
dy

€= g(t, x(1), y(1)), y(t0) = yo

is the case where € goes to zero, giving the ordinary differential algebraic equations (DAEs)

dx

E = f(t’ X([), y(t))’ .X(l()) = X0,

0=g(t,x(®), y()), y(to) = Yo.
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As with DVIs, the concept of index is very important for understanding DAEs and their
numerical methods. The index used for DAEs is the smallest integer k > 0 such that the
equations (d//dt7) g(t, x(t), y(t)) = 0 for j =0, 1, ..., k (substituting dx /dt = f(t,x,y))
are sufficient to obtain a differential equation for y(t). As a result, the index for a DAE is
one more than the index for the corresponding DVI.

Methods for such problems were first developed by Gear and Petzold [110] based
on BDF multistep methods. More recently Runge—Kutta methods have been applied to
these problems. For a thorough discussion of methods for DAEs, see [15, 38, 46, 119],
although more recent Runge—Kutta methods for higher index problems can be found in
[131, 132, 133, 134].

8.2 Penalty and index reduction methods

Consider the mechanical impact illustrated in Figure 1.1:

0<N@®) Ly@)—r=>0.

This is an index-two problem, and it can have solutions with dy/d¢(¢) discontinuous and
N(t) impulsive.

The simplest approach to setting up a penalty approximationis to set Ne = (y —r)_ /e,
where € > 0 is a small constant, where s_ = max(0, —s). This can be represented as the
solution of the CP

0 < Ne(t) LeNe(t)+ye(t)—r = 0.

With this change, we have changed the index of the problem from two for the original
problem to zero for the penalty approximation. The penalty approximation is then

d?y 1
= - e —r)_—mg.

This is a Lipschitz differential equation, and so it has solutions which are unique, given
the initial conditions y¢(fp) and dye/dt(ty). These solutions can be found by standard
numerical methods, such as Euler’s method or a Runge—Kutta method. However, lack of
smoothness means that the rate of convergence of these methods is kept down at first order.
This can be improved by replacing (y. —r)_ with a smooth function ¢(r — y.) where ¢ is
nondecreasing, ¢(s) = 0 for s <0, ¢(s) > 0 for s > 0, and p(s) — 0o as s — oco. Then the
corresponding smooth penalty approximation is

By _ 10y
m— = - r — —mg.
dt2 E(p y€ g

For Coulomb friction with known contact forces, consider the “brick on a ramp”
problem illustrated by Figure 1.4, given by the differential inclusion

dx (cos0) Sgn [ ) + mg sin6
m-—-:r —uum ) n{ — m mdo,
5 € —umg an( — g
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where Sgn(v) = {+1}if v > 0, {—1}if v < 0, and [—1, 4+1] if v = 0. A Lipschitz penalty
approximation can be obtained from the DVI formulation

&x F +mg sin6
m—s- = mg sino,
dt? &
dx ,~ ~
— (F=F)>0 forall F <e [—uN, +uN],

dt
N =mg cosf.

To do this we again reduce the index from one to zero by adding € F' to the VI term:

d*x,
me_€
dt?

d ~ ~
<€ k. +%> (F=F)>0 forall Fe[—uN,+uN],

= F.+mgsinf,

Fe € [=uN, +uN],

N =mg cosf.
This is an index-zero DVI, and we can write F, = —uNsat(e ~! dx. /dt), where
+1, +1<s,
sat(s) = s, —l1<s<+1,
-1, s <-—1.

A smooth approximation can be constructed using a smooth increasing function ¢(s)
where ¢(s) — +1 as s — 400 and ¢(s) — —1 as s = —oo. Then with a penalty parameter
€ > 0 we have the smoothed approximation

d*x,
m
dt?

1 dxc

€ dt

=—umg (cos@)go( >~|—mg sinf.

We can apply numerical methods for smooth ordinary differential equations to this prob-
lem. But we have to be careful that the step size we use goes to zero at the right rate to
match the size of € as € | 0. In particular, we should have a step size h = h(e) = o(¢€); that
is, h(e)/e > 0ase | 0.

8.3 Piecewise smooth methods

The basic idea of these methods is to decompose the solution into segments, each of which
is smooth. These pieces can then be joined as the solution is computed. Since the solution
is assumed to be smooth on each segment, we can use standard efficient numerical methods
for smooth problems on each segment.
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8.3.1 Index-zero problems

To be more specific, consider the DVI

d
= Fa.z0) () =xo. @.1)
zHeK & 0<(Z—z@), F(x(1),z(1))) forall7 € K. (8.2)

We will assume that the convex set K has a representation in terms of smooth convex
functions:

K={wl|¢i(w)<0,i=1,2,....,m}. (8.3)
We will assume that the Slater constraint qualification (B.22) holds: for some z*,
$i(z*) <0 for all i.
Then the equivalent condition to the VI (8.2) is
0e F(x(t), z(t)) + Nk (z(1)).
Using the representation
Nk (z) =co {Vei(2) | $i(z) =0},
we can write the equivalent formulation of the VI as
m
0= F(x(0), 2(t)+ Y rit) Vopi(z(1)), (8:4)
0<h) L) 20, (8.5)
For a given z € K we have the active set
I(z)={i | ¢i(z) = 0}.
The crucial assumption is that there are times 7o < t; < tp < --- where Z(z(t)) = Zy for all

t € (t, ty+1). Since z(t) € K forall ¢, if j ¢ T, then A () =0 for all # € (#, tx+1). On the
interval (#, tx4+1) we have the DAEs

d
d—f = fG( 2. x(t0) = xo, (8.6)
0= Fx(t), 20)+ 3 2(0) Vi (1), 8.7)
i€y
0=¢ic(). ie (8.8)
0=x;(), i €TI. (8.9)

If x(r) € R" and z(¢) € R™, then the number of equations and number of unknowns are both
n+m+|Z|. Letwy = [w; | j € J |, where J is a finite set of indices and w is a vector
of the appropriate size.
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For an index-zero DVI we expect V, F(x, z) to be positive definite for all x and z.
The Jacobian matrix of the algebraic part of the DAEs with respect to [ZT, )»%k]T is

[ VoF +Y ez, A Hessgi Vor } (8.10)

V¢Ik 0

evaluated at (x(¢), z(¢), A(¢)). Since V,F(x, z) is assumed to be positive definite, A;(z) > 0
for all i, and ¢; is convex for all i, we can see that V,F(x, z) —i—)\%kHessqbzk(z) should
also be positive definite. Provided also that V¢z, (z(7)) has full rank, the matrix (8.10) is
nonsingular, so that the system (8.6)—(8.9) is a solvable system of DAEs. The index of this
system as a system of DAEs is one [15, 38].

8.3.2 Index-one problems

For index-one DVIs, we will assume that F(x, z) = G(x). Then (8.6)—(8.9) is still a system
of DAEs, but now with a higher index. Typically, we differentiate (8.7)—(8.9) with respect
to time to obtain equations for dz/dt and d A /dt.

To illustrate this idea, consider the piecewise smooth but discontinuous differential
equations

d
d_); = fi(x()),  whenh;(x(1)) < h;(x(1)), j #i.

The h; functions are called indicator functions, as they indicate which right-hand side to
use for the differential equation. We assume that the functions f; and s; are smooth. This
can be represented in terms of DVIs as

dx -
= gei(t)ﬁ(xm)’ 6(1) € T, 8.11)
0<(0—6(t),h(x(t))  foralld € Ty, (8.12)
where
m
Tp=1{0€R" |6 >0foralli, Y 6 =1
i=1
is the standard unit simplex in R”. The normal cone to %,, is given by
Ny, (6) = —cone{e; | 6; = 0} +Re,

where e is the vector of ones of the appropriate size. The equivalent condition for solving
the VI that 0 € h(x(¢)) + Nx,,(6) can be parametrized as finding A;(¢) and w(¢) such that

0="h;(x(t)) —ri(@t)+ () forall i,
0<6;(t) L1(#)=0 forall i.
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If we let Z(t) = {i | hi(x(t)) = min; k. j(x(1)) } be the active set at time 7, then 2;(¢) = O for
alli € Z(t). Also, if i € Z(¢), hi(x(¢))+ u(t) =0. If Z(t) = Iy for all ¢ € (#, tx+1) and all
functions involved are smooth, then differentiating this equation gives

d
0= Vhi(x(t))d—):(t) + /(1) foralli € Zy, t € (tk, tkt1).
Substituting dx /dt =) ; 6;(¢) fi(x(z)) gives the system of equations

0= Z Vhi(x(@)) fi(x(®)0;()+ w(t) for all i € 7y,
€Lk

1= 6;.

j€Zk

A way of solving this system of (|Zx| + 1) x (|Z| + 1) linear equations is to solve a slightly
smaller |Zy| x |Zx| system Mz, (x(¢))6(t) = e where M(x) = Vh(x) f(x) + aeel with
f)=[/f1(x), f2(x), ..., fm(x)] and & chosen to make M (x) nonsingular. Then set 6; (1) =
0:(1)/ Y e, 0;(t) for i € T, and 0;(t) = 0 for i € Z;. This can be substituted into (8.11) to
give a smooth differential equation for x(¢). This approach of differentiating the constraints
is common in treating DAEs, but it suffers from the problem of drift. That is, the solution
(while t € (#, tx+1)) should satisfy h;(x(¢)) = h;(x(¢)) for all i, j € Zy. But due to the
limitations of numerical solution methods, inevitably this equality becomes false. Worse,
the differences h;(x(t)) — hj(x(t)) can grow exponentially until they become large, and the
numerical solution loses all validity. There are a number of ways of dealing with this, as
described in [15, 38], for example.

The next step is to identify if there is a change in the active set in the current step and
then to accurately locate the switching time within the current step.

8.3.3 Switching for index-zero problems

The task is now to identify the new active set when it changes. From the theory of index-
zero DVIs, z(#) is Lipschitz continuous in #. From (8.4) we note that provided the vectors
V¢i(z(1)) for i € I} are linearly independent, we have local Lipschitz continuity of the
Ai(t) as well. Thus, if ¢;(z(¢)) < 0, we have ¢;(z(t)) < 0 for all ¢’ sufficiently close to
t; if A;(r) > 0, we have A;(¢") > 0 for all ¢’ sufficiently close to t. The only way there
can be a change in the active set is if there is an i where A;(t) = 0 = ¢;(z(¢)). Let Z,? =
{i | Xi(tx) =0=¢;(z(tx)) }. Thus, at a switching time f, Z,? # (). The next switching time
tk+1 must be a zero of ¢ = min(min;ez, A; (1), min;gz, —@;(2(1))).

There are many methods that can be used for locating the switching time. Bracketing
methods such as bisection [17, 44], Brent’s method [39], and Dekker’s method [75] are
most suitable for this task; the further point b from the final bounding interval [a, b] can be
used for the new starting time.

The last part of the method that needs to be implemented is to identify the new active
set after arriving at a switching time. Suppose that #; is a switching time, and let Z;' be the
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active set at ¢ = f.. For the index-zero case, let

I =i | ¢i(z(x)) = 0},

I} =i € I} | i(a) = 0},

7 ={i eI} | r(w) > 0}.
From continuity arguments, Z; C I,f. To determine Z; we need to look at the direction
in which the solution is moving. We first consider the index-zero case. For a function
f: (a,b) > R™ let fjr(t) = limy o (f(t +h)— f(¢))/ h be the forward directional deriva-
tive.

Recall that if ¢;(z(¢)) < 0, then A;(¢) = 0. So, if i € Z;, A; () = 0 for all ¢ sufficiently
close to tx. If i & Ty, then ¢ (z(¢)) < O for all > # sufficiently close to #, and so A () =
0.

Since ¢;(z(1)) < 0 for all i and ¢;(z(1x)) =0 fori € I}/, (¢; 02/, () = O forall i € Z;}.
Differentiating equation (8.7),

0= F(, z0)+ Y O Vo) gives
iel}
0= Vi F(x(1), 20X, (0)+ Vo Fx(1), 20) 2 (1)
+ 37 (M40 Vi) + i) Hess i z(0) 24 (1))

e
iel}

Now x/, (1) = x'(tx) = f(x(te), 2(t)). If we write x(tx) = xx, 2(t) = 2k, 24 (1) = 24,
A () = )‘;,k’ then

0= Vi F(x,zk) f Xk 20) + Vo F (Xk, 26) 2
+ Z (A4 Vpi(zr) + Lix Hess ¢ (k) 2y ) -

€Ly
On the other hand,

0<Xj; L —Voi(zi)z; =0 foralli € 7},
0=—Vei(zk)z;, =0  foralli e Z;.

To tie these equations together, let

[
Vol = Vei i ezl ],
Vo =[Vei(z) li €L ].

Note that the matrices Vd),? and ng,j are formed by stacking the row vectors V¢;(zx)
vertically. For simplicity of notation, let Vy F(x,zx) = Vi Fi, Vo F(xk,2k) = V. Fi, fi =
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f(xk,zi), and Ay = V, Fi + ) ; A x Hess ¢;(zx). In matrix-vector form, the conditions be-
come

—Ve; 0 i 0
0<pu) Ll —Veélz, > 0. (8.14)

[ Ac (Vo) H % }z[ Vel i (90)" ] 8.13)

Solving the first linear system gives z, = As (— Vi Fx fx — (V(/),?)T ,ug), where
_ _ T _ 71! _
As ZAkl _Akl (Voy) [V‘/’/jAkl (Vo) ] Vd’lekl'
If Ay is a positive definite matrix, so is Ag. Substituting this formula for z; into (8.14)
gives the LCP
0<uf L :=Asu)+AsV.Fi fi > 0. (8.15)

Thus, if Ay is positive definite, there is a unique solution ,ug. If (ug)i > 0, then i € Zy4+1
and if (v); > 0, then i & Zy . If the solution is strictly complementary (that is, for each i
either (1), > 0 or (1i); > 0), then we can write

Tieor =Ik+u{i | (Mg)i >0}. (8.16)

If the solution is not strictly complementarity, then we have some ambiguity in the new
active set:
I,ju{i | (Mg)i >0} C Tip1 CTFU{i | () =0},

Often this ambiguity can be resolved by looking at higher order derivatives of X;(¢) and

z(1).

8.3.4 Switching for index-one problems

An example of how to determine the new active set in the index-one case of discontinuous
differential equations can be found in [236, Section 4.2].

In the index-one case, we no longer have continuity of z(¢) or A(t). However, the
condition of switching from one active set to another depends on x(¢), which does depend
continuously on ¢. In particular, we consider the piecewise smooth discontinuous differen-
tial equation problem:

d m
d_’: ="z fix@),  x(t0) =xo,
i=1

z(t) € E_m
0<{(Z—z®), h(x(@))) forallZ € X,

where ¥, = {w eER" w>0,>" w =1 } The active set is

I(x(1) = {i | hi(x(1)) = mjinhj(X(l)) }
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If # is a switching time, then let
= { i1 hix(@0)) = min (1)) } :

By continuity of x(-) and A(-), the new active set Z; 1 C I,f. Ifi, j € Zx41, then h;(x(2)) =
hj(x()) for all ¢ € (t, tx41), so the forward directional derivatives Vh;(x (1)) x/ (t) =
Vh j(x(t))x/ (t). Onthe other hand, if Vh; (x (1)) x/, (%) < Vh j(x(t)) x (1) for i, j € I,
then j & Zj41.

Let uy be the forward direction derivative of ¢ — min; h;(x(¢)) at ;. Also let x; =
x(t). Itis not immediately clear that xjr(tk) exists, but we will assume that it does. If it does
not exist, we can at least consider limits of convergent subsequences (x(¢x +h) — x(tx))/ h
as i | 0 and call that x/, (x). Then x/,(tx) € cof fi(xi) |i € Tey1} S cof fix) i € It}
Writing x/, (t) = > 7, ., 2 filxi) withz; > 0 and ), z; = 1, we can extend this vector
to indices i € 7} z,’;i =0ifi & Zpy1.

Now

ik = min Vi () x/y (t).
IGIk*

Let v,’;’i = Vh; () x! () — e = 0. If v,’;’i > 0, theni & Zy41, SO z;';i =0. Thus
0<vi, Lzz; =0  foralli e I}.
Substituting for x;(tk) in terms of z,’g we have
i = 2k VhiG) £ — .
JEL;

Let mjj = Vh;(xy) fj(xx), forming the matrix M = [m;;j | i, j € Z}’], so that v} = Mz} —
Wi e. Again e is the vector of ones of the appropriate size. Since ) jeT: 7 = 1, if we add
a > 0 to every entry of M, we have

v = (M—i—aeeT) 7x —(ur+a)e.
If we choose « > 0 sufficiently large, then uy +« > 0, and we can divide by u; 4+« to
obtain v = v}/ (ux + @) in terms of zx = 2}/ (ux + ):
v = (M+aeeT)zk —e,
O0<wv Lz =0.

This is an LCP, and solutions exist if M + aee’ is strictly copositive, which is true if
mij+a > 0foralli, j € I, for example. The new active set can then be identified if the
solution is strictly complementary:

Ik+1 ={i€I;(k|Zk,i >0}.

In the case of solutions that are not strictly complementary, there is some ambiguity in the
new active set:

{i EI: | Zk.i >0} CTi+1 C {i EI: | vk, =0}.
As with the index-zero case, this ambiguity can often be resolved if we resort to higher
order derivatives. Details can be found in [236, Section 4.2].
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8.3.5 Algorithm development

By combining all these elements, it is possible to create numerical methods that produce
highly accurate solutions. However, there are a number of restrictions that we have made
about the structure of the system, particularly as we require a number of nondegeneracy
assumptions and that solutions to the associated CPs are strictly complementary. We are
also assuming that solutions are at least locally (around each switching point) piecewise
smooth. Thus we should also consider the issue of Zeno solutions: solutions which have
an infinite number of switching times in a bounded interval. In some situations this can
be ruled out. For example, for index-zero DVIs, if the data is analytic, then the result
of Sussman [254] for continuous piecewise analytic differential equations can be applied
to show that Zeno solutions do not exist. But for index-one DVIs, this is not necessarily
so [30].

Under the above nondegeneracy and strict complementarity assumptions, we have
existence of solutions even if they are Zeno solutions. Proving this requires application
of some axiom equivalent to the axiom of choice; see [236, Appendix C]. A more subtle
issue relates to uniqueness of solutions. Because of the assumption of a constant active set
for a suitable interval into the future (7, #; + €), reverse Zeno solutions, in which any such
interval contains infinitely many switches, are effectively invisible. Such solutions can be
generic, in the sense that arbitrary small perturbations of the data of the problem typically
do not destroy the reverse Zeno solutions. Thus solutions can appear to be unique, while
they are in fact not unique.

An issue that can arise in practice with these piecewise smooth methods is that the
number of switches, while finite, can be very large. This is particularly true in mechanical
impact problems in granular flow. Granular flow problems have a great number of particles
in motion and in close proximity to each other. Another example is with the solution of
partial differential equations that are DVIs. As the spatial grid is refined, the number of
switches in a given time interval can increase quite rapidly. The asymptotic rate at which
the number of switches increases with the reduction of the grid spacing depends on the
dimension of the problem.

Against these theoretical and practical difficulties of these methods, they have the
advantage that high order methods for differential equations and DAEs can be applied.
If high accuracy is required, then these piecewise smooth methods are the best methods
available for solving these problems. But if only moderate accuracy is required, or there
are large numbers of switches in the time interval under consideration, then time-stepping
methods are a good alternative.

8.4 Time stepping

Time stepping directly deals with the variational aspects of DVIs. At each time step, a
VI or CP is solved for an approximation of the DVI. The solution of the VI is then used
for determining the approximate solution at the end of the time step. Unlike the piecewise
smooth methods discussed in the previous section, these methods do not require explicit
tracking of the active set. Rather the current active set is determined from the solution to
the current VI. While piecewise smooth methods have to identify every change of active
set, time-stepping methods do not. As a result, time-stepping methods can handle large and
frequent changes in the active set.
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These methods place more emphasis on good, fast solvers for VIs or CPs. Unlike
smoothing or penalty methods which rely on good smooth differential equation solvers and
smoothing parameters that are not too extreme, or piecewise smooth methods that rely on
nondegeneracy and solution of LCPs at switching times, time-stepping methods require
solution of a VI or CP (or perhaps several such problems) at each step. Methods for static
VIs, such as nonsmooth Newton methods, are therefore particularly important for time-
stepping methods [195, 196, 211].

Time-stepping methods are also useful in a theoretical sense, in that they can be used
to show existence of solutions and without requiring nondegeneracy assumptions or strict
complementarity assumptions.

Time-stepping methods can be based on various methods for solving differential
equations, such as Euler’s method, the implicit Euler’s method, the midpoint rule, and vari-
ous Runge—Kutta methods. For index-one or index-two DVIs, the methods must be implicit
and satisfy some strong stability properties. The property of B-stability [45, 46, 68, 142]
is particularly important. To understand B-stability and its importance, we need to spend
some time looking at Runge—Kutta methods in general.

8.4.1 Runge—Kutta methods

Runge—Kutta methods are an important class of methods for solving ordinary differential
equations and can be easily adapted to the solution of differential inclusions, DAEs, and
partial differential equations. For deeper treatments of Runge—Kutta methods for smooth
differential equations, see [15, 18, 46, 119]. The simplest Runge—Kutta methods are the
fully explicit and fully implicit Euler methods: to solve the differential equation dx /dt =
fx(0)), x(t9) = xp to obtain approximate solutions x, ~ x () = x(to + £ h),

Xe+1 =Xxe+h f(xe) explicit Euler method,
Xe+1 =X¢+h f(xe+1) implicit Euler method.

Higher order Runge—Kutta methods have more stages: s > 1. An s-stage Runge—Kutta
method has the form

)
Yei=Xe+h Y aij fe)),  i=1,2,...5, (8.17)
j=1
N
Xep1=xe+h Y by f(ve,))- (8.18)
j=1

The constants a;; and b; together with ¢; := Zj‘:l a;j form the Butcher tableau:

Cl arl a2 Aals
2 azy ann azs

c| A
: . : or bT
Cs ds | dgy - Ass

b1 b2 - b
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The most famous Runge—Kutta method is the fourth order method, which can be
represented compactly by the tableau (empty entries are zero)

172 | 172

172 172

1 1
|1/6 173 173 1/6

Alternatively it can be written out as

ye1 =X,

1
Yep =X¢+ 3 h f(ye,1),

1
Ye3 =x¢+ 3 h f(ye2),
Yea=x¢+h f(yes),

1
Xepr =xet o R fGe)+2f(ye) +2 f(ve3)+ f(yes)].

This is an explicit method. The usual proofs of convergence of Runge—Kutta methods
assume that the solution and the function f are both smooth, which is rarely true of solu-
tions of DVIs, at least globally in time. The usual aim in the development of Runge—Kutta
methods has been obtaining high order accuracy. With less smooth solutions and for stiff
differential equations, the more important issue is stability rather than order of accuracy.
Examples of implicit methods, which typically have better stability properties, can be found
in Figure 8.1.

Runge—Kutta methods have been used for numerical solution of differential inclu-
sions by a number of authors [31, 81, 141, 143, 142, 144, 158, 159, 190, 191, 257, 258,
259]. Applying a Runge—Kutta method to a differential inclusion dx /dt € ®(x(t)) leads to

N
Yei=xe+h ) ajvej,  i=1,2,.s, (8.19)
j=1
ve,j € D(ye,j), i=1,2,...,s, (8.20)
N
Xe+1=Xx¢+h ijvg,j. (8.21)
j=1
This is almost the same as replacing “ f” with “®” and “=" with “€” where appropriate.

However, this formulation makes sure that we pick the same element vy ; € ®(yy, ;) rather
than allowing different elements to be used for different occurrences of ®(yy, ;).
For the DVI

ili—): = f(x@),z(1)),  x(10) = xo,
ZHeK & 0=<(T—z@), F(x(1),z(t))) forallZ € K,
we can set
Dx)={f(x,2)|z€e K &0=<(7—z@1), F(x,z)) forallZ € K },

so that solving the differential inclusion dx /dt € ®(x) is equivalent to solving the DVIL.
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Consider the case where x(¢) € R"” and ®(x) satisfies Filippov’s assumptions:
e ®(x)is aclosed, convex, and bounded set for all x;
e x — ®(x) is upper semicontinuous;
e there is a constant C where (x, y) < C (1 + ||x||2) for all y € ®(x).

Proofs of convergence can be found for this case in [81, 191]; explicit Euler is covered by
[258]. The rate of convergence is much harder to determine and usually requires uniqueness
of solutions in order to do so. For example, suppose that ® satisfies a one-sided Lipschitz
condition:

(x1 —x2,y1—y2) <L x1 —x2]|>  whenever y; € ®(x;). (8.22)

Under the Filippov assumptions, the one-sided Lipschitz condition implies x — —®(x) +
L x is maximal monotone, and we can apply the theory of maximal monotone differential
inclusions. The implicit Euler method is the simplest method that we can use with general
maximal monotone differential inclusions:

Xo+1 € X0 +h D(xpy1), (8.23)

which is equivalent to applying the resolvent operator R from (2.56) if we identify the
space X with its dual X’. The question of the asymptotic size of the error ||x; — x(¢¢)|| for
this method has been investigated by Lippold [161] for the case ® = —A — d¢ where ¢
is a lower semicontinuous convex function that is Lipschitz on its domain and A: X —
X' is linear and monotone, and also by Bastien and Schatzman [27] for general maximal
monotone differential inclusions in Gelfand triples. Both obtain

llee = x(t)l = O, 1 €[0,T1,
as i | 0. Numerical simulations seem to indicate that
llxe — x ()|l = O(h),

but at the time of this writing, there is no proof of this except for the case where ®(x) =
f(x)— Nk (x) with f Lipschitz and K closed and convex.

For the general case where @ satisfies the one-sided Lipschitz condition (8.22), we
need to restrict z so that 0 < A L < 1 in order to guarantee solutions of the time-stepping
problem (8.23).

These results can be extended to more complex Runge—Kutta schemes using (8.19)-
(8.21), provided that the Runge—Kutta scheme is B-stable, also known as algebraically
stable. B-stability of a Runge—Kutta method means that whenever (— f) is a continuous
monotone function and

A
y =x4n Y ai foh, i=12.s, (8.24)
j=1
N
xfh=x 0> b ft) (8.25)

j=1
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0| 0 0
12 112 1172 12
12 12

(a) mid-point rule (b) trapezoidal rule

Figure 8.1: Butcher tableaus for (a) the midpoint and (b) trapezoidal rules.

for p =1, 2, then Hxﬁ)l — xéﬁl || < Hxéz) — xél) || This is a natural nonlinear stability con-

cept, but it appears rather formidable to check if it holds for a given method. Fortunately,
there is an easy equivalent algebraic condition [45, 68]:

M : = diag(b)A + AT diag(b) — bbT (8.26)
is positive semidefinite,
b; >0 for all i. (8.27)

Note that diag(b) is the diagonal matrix where the ith diagonal entry is b;. There are many
Runge—Kutta methods that are B-stable. Most of these were developed in order to improve
the order of accuracy. Since differential inclusions are often discontinuous and do not have
smooth solutions, the order of accuracy is often not particularly important.

One issue that is especially important for handling differential inclusions dx/dt €
®(x) is that the solution remains inside range® = {x | ®(x) # @}: if x; € range ®, then
x¢41 € range d. The most common way to ensure this is for b7 to be a row of A. This
property is known as stiff accuracy. In this way x4 = y¢; for some i (usually i = s) and
vei € P(ye,i) # Y. Thus, for example, fully implicit Euler is stiffly accurate while neither
the explicit Euler nor the midpoint rules are stiffly accurate. However, the trapezoidal
method is stiffly accurate. Note that the midpoint and trapezoidal rules are second order
methods for smooth differential equations.

If the solution is smooth, then using a higher order Runge—Kutta method can give
high order accuracy in the numerical approximations [142], although the order of conver-
gence is often less than the order given for the method. This phenomenon is called order
reduction [18, 119], and it is well known for stiff differential equations and DAEs: the
effective order of the method is typically the stage order of the Runge—Kutta method. This
stage order is the largest g where

)
xX(te+cih)=x(te)+h Y _aijx'(te+cjh)+ OhITH (8.28)
j=1
for all i. On the other hand, for nonstiff ordinary differential equations, what is often more
important is the quadrature order, which is the largest p where
N
xX(te+h)=x(t)+h Y bjx'(te+cjh)+OhPT), (8.29)
j=1

which is usually significantly larger than q.
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To apply these methods to DVIs, we can set up a corresponding VI for the inclusions
vei € P(ye,i): vei = f(yei, ze,i) where

ze,i € K, (8.30)
0<(Z—z0is Fyeirze))  forallZe K, (8.31)
N
yé,i=X@+hZaij Ve, js i=1,2,...,s. (8.32)
j=1

For an index-zero DVI, if z — F(y,z) is strongly monotone, uniformly in y, then
we can apply the standard theory of Lipschitz differential equations to this Runge—Kutta
method to establish the existence of solutions to the Runge—Kutta equations for sufficiently
small & > 0.

For an index-one DVI

d
d—):(t) = fx(@)+ B(x(1)z(1), (8.33)
() e K & 0<(7—z(1), G(x())) forall7 € K, (8.34)

proving the solvability of the Runge—Kutta equations is a bit more complicated. The follow-
ing treatment follows that of Kastner-Maresch [142], which applies Runge—Kutta methods
to differential inclusions with one-sided Lipschitz conditions. The main results of [142]
include not only solvability of the Runge—Kutta equations (provided the right-hand side set
®(x) satisfies a growth condition) but also that the accuracy of the computed solution is
the same as the stiff order of the method, provided that the solution is smooth. Of course,
we do not expect that the solution will be smooth for DVIs, but we would usually expect it
to be piecewise smooth. Thus Runge—Kutta methods can be combined with detect, locate,
and restart methods as described in Section 8.3 to accurately compute solutions of DVIs,
provided the solutions do not have infinitely many switches in a finite time.

First we show that the Runge—Kutta equations applied to an index-one DVI of the
form (8.33)—(8.34) has solutions under conditions on the method and the DVI that are not
too restrictive. These Runge—Kutta equations are

N
Yei = xe +hzaij [f (e )+ B(yej)ze], (8.35)
j=1
i=1,2,...,s,
20 €K & 0=<(T—z0i, G(ye.)) forall7 € K, (8.36)
N
Xepr=xe+h Y bi[fOe)+Be)ze]- (8.37)
j=1

We will assume that the Runge—Kutta method
(RK1) is algebraically stable (8.26)—(8.27),
(RK2) is stiffly accurate (b7 is arow of A),

(RK3) has A symmetrizable positive definite (DA + AT D is positive definite for a diagonal
matrix D with positive diagonals),

(RK4) satisfies Butcher’s simplifying assumptions B(p) and C(p).
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111 1/3 | 5/12 —1/12
—’T 1 3/4 1/4
| 3/4 1/4
(a) order 1 (b) order 3

(4—6)/10 | (88—76)/360 (296 — 169+4/6)/1800 (—2+3+/6)/225
(4++/6)/10 | (296+ 1694/6)/1800  (88+7+/6)/360 (=2 —3/6)/225

1 (16 —/6)/36 (16 ++/6)/36 1/9
| (16-v6)/36 (16++/6)/36 1/9
(c) order 5

Figure 8.2: Radau ITA methods of order 1 (s = 1), order 3 (s = 2), and order 5 (s = 3).

Butcher’s simplifying assumptions are

N
B(p):kY bjck™'=1 fork=1,2,....p,
k=1

which implies the quadrature order condition (8.29); and

1

N
C(g): kZaijc/j‘._l =k fori=1,2,...,sandk=1,2,...,q,
j=1

which implies the stage order condition (8.28).

This might appear to be a formidable list of assumptions; however, important families
of methods satisfy these conditions, such as the Radau ITA methods, which have received
special attention as powerful methods for solving stiff differential equations. The Radau
ITA method with s stages has order 2s — 1; the Radau ITA method with one stage is simply
the implicit Euler method. The Radau IIA methods with one, two, and three stages are
shown in Figure 8.2.

Kastner-Maresch [142] uses the assumptions (RK1), (RK3), and (RK4). However,
Kastner-Maresch does not require that the method be stiffly accurate (RK2). That is be-
cause he assumed that the differential inclusion dx/dt € ®(x) had ®(x) bounded and
satisfying a growth condition. Here we want to include problems of the form dx/dt €
f(x)— Ng(x). Conversely, for K = C + L, C bounded, and L a closed convex cone, we
require that G(x(r)) € L* for all t. Thus we want G(x‘*T!) € L* if G(x%) € L* using this
method. This leads to the requirement of stiffly accurate methods. Without this condition,
other methods like the Gauss methods of order 2s for s stages can be used, as they can for
differential inclusions with a growth condition on ®(x).

8.4.2 Existence of solutions to the Runge—Kutta system

The main purpose of this section is to show existence of solutions to the Runge—Kutta
conditions (8.35)—(8.37) under some reasonable conditions, at least for sufficiently small
h > 0. To do this, we set up an iterative sequence of VIs and show that the sequence of
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approximate solutions converges. Note that we assume that K is a cone to simplify much
of the analysis. Throughout much of the section, it is convenient to use tensor product
notation for vectors and matrices:

T
X®y= [myT,xzyT, ...,xsyT] ,

antB apB -+ aiB

a1B a»B --- axB
AQB = . .

ag1B apB .- agB

As usual, e denotes the vector of ones of the appropriate size.
Letzy, = [z,éTJ, z@T’Z, ey Z/zT,s]T andy, = [yKTJ, yZ2, ey yzs]T. Then we can write the
Runge—Kautta system (8.35)—(8.37) in tensor product form as

ye=e®xi+h(A®D[f(ye)+B(yo)z], (8.38)
20 € K* & 0<(Z—1z, G(yp)) forallz € K2, (8.39)
xert =xe+h (b7 @1) [fy) + Byoz], (8.40)

where

()" = fe0”. fe’ ],
60" =[G, G ... G|,

B(v) = diag(B(v1), B(v2), ..., B(v2)),
el =[1,1,,...,1].

Theorem 8.1. Suppose that the functions f, B, G, and V G are bounded and Lipschitz with
VG (x) B(x) symmetric and positive definite (uniformly in x), K is a closed convex cone,
and conditions (RK1) and (RK3) hold. Then provided G(x¢) € K* there is hg > 0 such that
for 0 < h < ho, the Runge—Kutta system (8.35)—(8.37) has a solution. Furthermore, hy is
independent of x¢, and the solutions are bounded independently of h and x; for 0 < h < hy.

Note that given z%), i=1,2,...,s, and h > O sufficiently small, we can uniquely

solve the equations
W =e@x+h(Ao D[ty + Bz |

for yi,p ). We suppose that f and B are Lipschitz with constants L s and Lp, and B is a

bounded function with bound Bp. Finally, we assume that zi,p ) is bounded by B;. Then, a

Lipschitz constant of the map zip ) s y,(ép ) is

h1All(Bs+LpB:) /(1 —h||Al(Be+ Lep:)).
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We approximate the system of VIs (8.35)—(8.36) by a “linearization” around z(p ):

zi €K, (8.41)

0< <2el -z, G(y(p)) (8.42)

+h Zaij VG(x¢)B(xe) (Zé i~ Z%))>

j=1

for all Ezj eK,i=1,2,...,s. The solution z;,; to this system of VIs i =1,2,...,s) is

the new iterate z(p D Writing D = diag(d) for the diagonal matrix where DA + AT D is
positive definite, we can multiply the inequality in (8.42) by d; > 0 to get

zei € K, (8.43)

0< <zzl — 20, di GO (8.44)

N
+h Zdi ajj VG(x¢)B(xy) (Zfé i~ Z%))>

j=1

forallZp; € K,i=1,2,...,s. Combining the VIs fori =1,2,...,s gives the VI over
L=KxKx---xK:

2 €L, (8.45)
0< <Zg — 2, DRI G (8.46)

+hDARC, <1g—z§3p))> forallZ, € L,

where G(y(p)) = [G(yépl))T G(y(p))T]T and C; = VG(xp)B(x;). We want the tensor
product DA ® Cy to be posmve definite, as then we can guarantee existence of solutions
of (8.45)—(8.46) as well as bounds on these solutions. However, U and V positive definite
is not sufficient to guarantee that U ® V is also positive definite. Write U = U + U, and
V =V, +V,, where Us (U,) is the symmetric (antisymmetric) part of U, and V (V,) is the
symmetric (antisymmetric) part of V. Then the symmetric partof UQ V is U;® Vi + U, ®
V,. Unless there is some control on U, and V,, the effects of the antisymmetric parts can
overcome the positive definiteness of Us @ V. As a simple example, take U =V = [ _12 ﬂ
The eigenvalues of the symmetric part of U ® V are 1 +4, so U ® V is not positive definite.
The assumption of symmetry for C; = VG(x¢) B(x,) simplifies this part of the proof. This
can be weakened to allow for some asymmetry in VG(x) B(x) as longas DAQ VG(x)B(x)
is uniformly positive definite.

The main idea of the proof is to show that the iteration z([7 ) = Zy =
fined by (8. 45) (8 46) is, for H 27 )H < B, a contraction mapping and maintains the prop-
erty that Hz || <B;. A cruc1a1 part of the proof is the relationship between d(D ®
1GH), (K*)*) and ||z§”+“}| The VI (8.45)~(8.46) guarantees that D ® I G(y\") +

£ ge-
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+1 ®
Yk
G(x)<0
G(x)>0

Figure 8.3: Spurious solution to implicit Euler method for a DVI.

hDA®Ce(2 —2) € (K*)*. To bound the distance d(D ® I G(y" "), (K*)*), we
must bound the nonlinearities in G by means of the Lipschitz constant of VG. This dis-
2” D _ zip ) || Fortunately the fact that there is a factor of

(’)(hz) in the distance bound is sufficient to show that z,(f N zép +1) is a contraction map

for sufficiently small 2 > 0. Details can be found in [246]. The question of whether this
result can be extended to K = C + L with C bounded and L a cone (rather than requiring
that K itself be a cone) is an open question at the time of this writing.

Uniqueness of the solution is also not known in general. The proof technique in-
dicates that amongst solutions with HZ@J‘ H < B; (B; as given in the proof), the solution is
unique. This is probably all that is necessary in practice. However, unless there is some
control of the nonlinearities in f, B, and G, we cannot guarantee that there are no “spuri-
ous” solutions with Hzg,,- H large. In [142] this is dealt with through a one-sided Lipschitz
condition for differential inclusions, which is a global condition. But, for DVIs, the fol-
lowing is a counterexample which shows the possibility of unbounded spurious solutions:
Consider the DVI

tance bound, in turn, involves ||z

dx _ T
i VG(x(1)" z(1),

0<z(t) & 0=<(Z—z®))Gx(®)) forallz >0
with G: R2 > R given by G(x) = ||x||% — 1. If we applied the implicit Euler method,
which is the Radau ITA method with one stage, we have the following CP to solve for step

size h > 0:

Xe41 =X¢+2hXxeq12041,
2
0=<zerr Lllxesr1ll3—120.

This situation is illustrated by Figure 8.3, where x; = o > 1. In this case we can have
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X¢+1 = —eq as shown in the figure. The corresponding value of z,1 is given by
—e1 =aey —2he; zp41,

or equivalently, zp11 = (1 +«)/(2h). This spurious solution clearly goes to infinity as &
goes to zero.

8.4.3 Order of convergence for smooth solutions

Following Kastner-Maresch [142], it can be shown that if the solution of the DVI

dx
i fx)+ B(x)z(1), (8.47)
z)e K & 0=<(Z—z(),Gx(@®))) forall7 € K (8.48)

is smooth on a time interval [fy, T] with smooth f, B, and G, and VG (x) B(x) symmetric
positive definite, then a Runge—Kutta method satisfying (RK1)—(RK4) produces numerical
solutions that converge with the order of convergence at least equal to the stage order on
[0, T]. Note also that this generalization does not require that the corresponding differen-
tial inclusion

ili—):(t) € f(x)+ B(x) {z(r) | z(¢) satisfies (8.48)}

have the one-sided Lipschitz property, as assumed in [142]. The complete proof of high
order of convergence is beyond the scope of this book. However, highlights of the proof
follow. For details, see [246].

Theorem 8.2. Under the assumptions of Theorem 8.1, if x(-) is smooth on an interval
[t0, T, and ||x(to) — xoll = O(h?), then || x(t;) — x¢|| = O(h?), where t; =ty + Lh € [t0, T ].

The proof essentially follows [142], although [142] in turn uses a number of results of
[74]. In what follows, the hidden constants in “O” do not depend on /4 for /& > 0 sufficiently
small. Since existence of (bounded) solutions of the Runge—Kutta system has already been
established, we start with the Runge—Kutta system in tensor form:

ye=e®@x+h(A® D[fyo)+Blyo], (8.49)
e K & 0<(Z—1zy, G(yp)) forallZ € K*, (8.50)
xerr =xe+h (BT @ 1) [fy) + Byoz]. (8.5

The main task is to prove some perturbation bounds where the Runge—Kutta system is
perturbed:

Ye=eQ®Xe+h(ARD[fFe)+BFo)Ze + 1], (8.52)
ZeeK® & 0<(Z—7Z;, GTFo)) forallZ € K*, (8.53)
T4l =Xe+h (bT ® 1) [fF0) +BFe)z ] (8.54)

Specifically, we want to show that we can bound 8y, :=y, —y,; by C (|| Ne H + ||8xg||),
where §x¢ := Xy — x¢. From the usual technique for obtaining perturbation bounds in Vs,
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0> (/Z\/g -2, (D®I) [G(/yg) - G(y/g)]>. Then we note that G(¥¢) — G(y¢) = VG(y¢) 8y, +
(9(||8yg||2). Following the uniqueness proof for index-one DVIs (Theorem 5.3), we can
write VG(y)T = Q(y) B(y) with Q(y) block diagonal and symmetric positive definite. Since
Q(y) and B(y) are block diagonal, they commute with D ® I. Moving VG(y¢) to the left
of the inner product and transposing then give

OI8yel1?) = (Q(ye) (D ® DB(ye)dz¢, 8ye)
Premultiplying the difference of (8.49) and (8.52) by DA™ ® I gives

(DA—1 @1) Sy (8.55)
=DA'e®8x +h(DRD[O(I8yell + || me||) +Blye)dze].

Since DA + AT D is positive definite, so is A~7 (DA+ATD)A™!' = DA™! + A™TD.
This means that DA~! is also positive definite and hence strongly monotone. Taking the
inner product of (8.55) with Q(y,)dy, gives

<(DA—1 ® 1) 8ye Q(ye)f?yz>

= [OIsxe ) +O (h (I18yell + ||me])] U8yell
+h{(Q(ye) (DR I)B(ye)dze, Sye) -

Since Q(y¢) (DA™'® I) = DA™ ® Q(x¢) + O(h), for sufficiently small & > 0 there is an
o > 0 (independent of &) where

clloyel> = O (18xell+h [ne ) syl +O (13 l?).

Dividing by « ||8y¢/|| then gives ||Sy¢|| = O (“(S)Cg I+ A ”W ||)
The second perturbation result we need is that if 5, = 0, then there is a constant C,
independent of &, where for sufficiently small # > 0 we have

I8xe41llg,., < (1+Ch)lIdxclg,

where Q¢ = Q(x¢) and [lullg = (u, Qu)'/? is the norm generated by Q. The method of
proof follows Dekker and Verwer [74, Thm. 7.4.2], who considered the case of ordinary
differential equations with a one-sided Lipschitz condition. In the case here, there is an
additional difficulty, as the natural inner product to use changes with position. It is also
crucial that Q(x) be symmetric and that the Runge—Kutta method be algebraically stable.

Note first that with 5, = 0, sy, = O(]|5x¢||) from the previous paragraphs. If we
define &, = f(§¢) — f(ye) + B(¥e)ze — B(yo)ze, then &, = h™' (A7 ®I) [8y; — e ®8x¢],
) H’;‘,é” = O(h_l ||8xz||). Expanding 8xgy1 = 8x¢ —i—th bj&j in ||8xz+1||%2€ and using
dx¢ =dvgj —h Zk ajr&er give

N
180111, = 18xelgy, +20 Y b (Qrdvy. &)
j=1
N
+h? Z (bibj —2bja;ji)(Qe&ei, &¢j). (8.56)

ij=1
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Since Qg is symmetric positive definite, (Qgsgi, & j) forms a symmetric positive semidef-
inite matrix. On the other hand, from algebraic stability, diag(b)A + AT diag(b) — bbT is
a positive semidefinite matrix, so the last term in (8.56) is nonpositive. Since algebraic
stability also requires that b; > 0 for all j, we simply have to obtain a suitable upper bound
on (Q¢ 8vyj, &;). Replacing Q¢ with Q(vg;) introduces an error of O ([|8x¢]|%). Also, & =
B(yej)dzej +0O (||8xg ||2). Using the VIs (8.50) and (8.53) along with VG (y) = B(y)T o)
we obtain (Qz dvyj, égj) < (9(||8xg||2). Finally, changing from Q¢ to Q41 in the norm
gives [|6x¢+1 ”Qz+| <(14+Ch)||6xp+1 ||2Q£ for some constant C. Combining these results
gives

I6xer1llg,,, <(1+Ch)ldxclg,

for some other constant C.

The first perturbation bound can be applied to the exact solution under Butcher’s
assumptions B(p) and C(q): for stage order ¢ < p we can take n, = O(h9+!) for Yij =
x(tg+cjh), where x(-) is the exact solution. If X1 i8 the result of the Runge—Kutta system
with starting value x(#,), then the first perturbation bound gives 8§y, = O (|| N H) =Ohath).
For stiffly accurate methods, then, ||X¢41 — x(fe41)]| = O(h?*1). Then

Ixes1—xesDllg,,, < Ixer1 —Xetillg,,, + X1 —x WDl g,
< (1 +Ch)llxe = x(t)ll g, + ORTH).

Application of a discrete Gronwall lemma (Lemma 5.2) gives the global error bound
lxe+1 —x(te+Dllg,,, = O(h?) for ty € [to, T] for smooth solutions x(-).

8.4.4 Runge—Kutta methods in practice

As noted in Section 8.3 on piecewise smooth solvers, by combining suitable Runge—Kutta
methods with techniques for detecting and locating where the smooth pieces join, we can
accurately compute piecewise smooth solutions of DVIs. Runge—Kutta methods can even
be used to solve the DAEs that arise in Section 8.3.

But the Runge—Kutta methods devised in this section can also be used for problems
without identifying the times where smoothness is lost. Of course, we expect only O(h)
accuracy if the derivative of the solution has a jump discontinuity, if this time is not located.
In many applications, there are such a large number of points of nonsmoothness that locat-
ing them all in order to obtain better than O(#) accuracy is not worthwhile. In this case, we
often settle for the simplest, lowest order method: the one-stage Radau IIA method, which
is the fully implicit Euler method.

The fully implicit Euler method when applied to maximal monotone differential in-
clusion

dx ® .
E(t) € —D(x(1)), x(to) = xo

becomes a matter of applying resolvents:

Xgq1 = Rp(xp), £=0,1,2,....
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This problem has been used and studied by various authors [27, 90, 161]. For infinite-
dimensional problems the solutions are typically not piecewise smooth. Theory so far gives
the bound O(h'/?) [27, 161] for the numerical solution of maximal monotone differential
inclusions, but in practice the error appears to behave more like O(h). Future studies should
uncover the reason for this state of affairs.



Appendix A

Some Basics of Functional
Analysis

When talking about things like vector spaces, the important thing is not how the space is
defined or how it is constructed; what is important is how it behaves. This allows us to
apply ideas from one area of mathematics to another if the object of discussion behaves in
the right way. So we use an abstract definition of what a vector space is, rather than say “a
vector is a collection of real numbers x1, x3, etc., arranged like this: x = [x1, x2, ..., x,].”
Then we can treat collections of functions as vectors if that gives us insight into the func-
tions.

Readers may wish to turn to texts on mathematical analysis and partial differential
equations for discussion of these topics in greater depth, such as [94, 151, 155, 168, 217,
213]. Specialized topics are treated in monographs: for vector-valued measures, see [78,
80]; for Sobolev spaces, see [1, 262]. A short but excellent book on optimization and fixed
point theorems is [106].

A.1 Metric spaces

Metric spaces consist of a set of points X together with a metric dx: X x X — R which
measures, in some way, the “distance” between the points. We will just use the notation d
when X is clear from context. The basic properties of a metric are

d(x,y) >0, (A.T)
dx,y)=0 ifandonly if x =y, (A2)
d(x,y)=d(y,x), (A.3)
d(x,y) <d(x,z)+d(z,x) (A.4)

for all x, y, z € X. The last inequality (A.4) is known as the triangle inequality. For real
numbers the distance is given by d(x,y) = |x — y|. In a metric space we say that a sequence
Xj converges x; — x as k — oo if for any € > O there is a K such that k > K implies that
d(x, x) < €. We often write this as x = lim_, oo Xx. An open set is a set U € X where for
any point x € U thereis a § > 0 such thatif d(x, y) < §,theny € U as well. Aset C C X is
called closed if the complement X\ C is open, or equivalently, for any convergent sequence
xr — x with x; € C we also have x € C. This is often described by saying that “C contains
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its limit points.” For a general set A C X, the set A together with limits of points in A is the
smallest closed set containing A, and is called the closure of A, denoted by A. The largest
open subset of A is called the interior of A and is denoted by int A.

The collection of all open sets in a space X is called the fopology of X. A topology
has the properties that the empty set ¥ and X are open sets, arbitrary unions of open sets
are also open sets, and finite intersections of open sets are also open. A set A is closed
if and only if X\A :={x € X |x ¢ A} is open. An excellent introduction to the study of
topologies, with or without metrics, is [185].

A neighborhood of a point x is an open set U containing x. The set A is compact (in
ametric space) if for every sequence x,, € A there is a subsequence x,, (ny — oo if k — 00)
such that x,, — x € A. (That is, every sequence in A has a convergent subsequence with
a limit in A.) The set A is precompact if A is compact. Compact sets are particularly
important in analysis. For example, any continuous function f: A — R with A compact
has a minimum and a maximum.

There is a definition of compactness based entirely on the notion of open sets: A
is compact if whenever Y = {U, | @ € J} is an open covering of A (that is, each Uy is
open and A € | J,c; Ux) there is a finite subset U’ = { Uy, Uq,» - .., Us,, } that is an open
covering of A. This concept is equivalent to the one given above for metric spaces. Thus
the concept of compactness can be extended to topologies beyond those defined by metrics.
The definition of compactness using open coverings leads to a useful theorem.

Lemma A.1. Suppose { Ay | o € J } is a nonempty collection of compact sets, where any
finite subset has nonempty intersection: Aq, NAg, N---NAq,, # 0. Then (\,c; Aa # 9.

A function f: X — Y between metric spaces is continuous if x; — x in X implies
that f(xx) — f(x) in Y, or equivalently, for any open set U in Y, the set f~1(U) :=
{x | f(x) e U}is also open. We say f is Lipschitz continuous with Lipschitz constant L f
if

dy (f(x1), f(x2)) < Lydx (x1,x2) for all x1, x2 € X.
We say that f is a homeomorphismif f is continuous and has an inverse function f~': ¥ —
X (f~"(y)=x if and only if f(x) = y) that is also continuous. If f: X — R is continuous
and X is compact, then f attains both its maximum and minimum on X. In general, if
f: X — Y is continuous and X is compact, then f(X):={ f(x)|x € X} is also compact.

A set A is dense in X if the closure of A in X is the whole of X: X = A. A set A is
separable if there is a countable subset { x1, x2, x3, ...} that is dense in A. This is equivalent
to saying that for every € > 0 and x € A there is an x; such that d(x, xx) < €. The real line
R is separable; we can take the rational numbers QQ as a countable dense subset. Simple
arguments show that R” is separable. Separable spaces are important in numerical analysis,
since computers can represent only a countable set of points. Unless we can approximate
arbitrary points in a set by a countable set, we cannot expect to do computations in that set.

Many spaces are metric spaces, such as the set of rational numbers Q, the set of
real numbers R, the unit circle {(x, y) | x>+ y? =1}, and the space of bounded func-
tions into a metric space f,g: A — X with the distance between them given by d(f, g) =
sup,c4dx(f(a), ga)). An important property for metric spaces to have is completeness.
That is, all sequences that “should” converge do. As an example, consider the sequence of
rational numbers 1, 1.4, 1.41, 1.414, 1.4142,1.41421, ... These are the truncated decimal
expansions of 4/2. Clearly they “ought” to converge. However, they do not converge to
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a rational number. We say that QQ is not complete. However, they do converge to a real
number: R is complete. When should a sequence x; converge? Cauchy’s answer was that

for all € > O there is a K where i, j > K implies d(x;, x;) < €; (A5)

such a sequence is called a Cauchy sequence, and in a complete metric space, all Cauchy
sequences converge to a limit. Every metric space X that is not complete has an extension
space Y D X with dy(u, v) =dx(u, v) forall u, v € X, and Y is complete. The closure of X
in Y is called a completion of X. Almost all spaces that we work with are complete metric
spaces. For example, the real numbers R represent the completion of the rational numbers
Q. Note that every bounded increasing (or bounded decreasing) sequence of real numbers
X, has a finite limit. If for every M € R we have x;,, > M for n sufficiently large, we say
limy, s 50 X;; = 400 Or X;;, — +00 as n — 0Q.

The supremum sup(A) of a set of real numbers A is the smallest « such that « > a
for every a € A. If A has no such (finite) bound, we say sup(A) = 4+o0o. The supremum
of a function f: X — R is sup f = sup f(X). The infimum inf(A) of a set A C R is
the largest B such that 8 < a for every a € A. The infimum of a function f: X — R is
inf f =inf f(X). The liminf or limit inferior of a sequence of real numbers x,,,n =1,2, ...,
is liminf,_, 5o X, = lim,,_, oo inf {x,,, X;41, X2, ...}. Similarly, the limsup or limit superior
of a sequence of real numbers x,, is limsup,,_, oo X, = lim,— oo SUP {Xp, Xp+1, Xn42, ...}

An important theorem for complete metric spaces is the Baire category theorem.

Theorem A.2. If X is a complete metric space, and if {U;}2, is a countable collection

of open sets, each of which is dense in X (that is, the closure U; = X for all i), then the
intersection ooy Ui is also dense in X.

Note that countable intersections of open sets are called G sets, while the comple-
mentary intersections (formed by taking complements) of countable unions of closed sets
are called F, sets. Since countable intersections of G5 sets themselves are countable inter-
sections of open sets (and therefore G sets as well), this theorem can be extended to say
that countable intersections of dense G sets themselves are dense G sets. The comple-
mentary result is that countable unions of F, sets that contain no open sets are also Fy sets
that contain no open sets.

A variation on the idea of metric spaces is where the topology (or convergence cri-
terion) is given in terms of an infinite but countable family of metrics: x;z — x in X if and
only if d;(xx,x) — 0 as k — oo for j =1,2,3,.... For example, for each integer j > 0,
the space C/(Q) of j-times continuously differentiable functions on €2 is a complete metric
space with metric

dj(f,8) = max max|D*f(x)

alal<j xeQ

>

where « is a multi-index and D f is the appropriate partial derivative of f as described
in Section A.5. However, the space of infinitely differentiable functions C () cannot be
given a single (or even a finite) set of metrics to define convergence. Instead we have the
infinite family di, d», ... of metrics to define convergence: fy — f in C%°(Q) if and only
ifdj(fx, f)—> O0ask — oo forall j.



310 Appendix A. Some Basics of Functional Analysis

A.2 Vector and Banach spaces

Vector spaces are collections of objects called vectors (e.g., x, y, etc.) on which there exist
the operations of (vector) addition x + y and scalar multiplication cx with a scalar . We
will deal with real vector spaces only, so scalars will be real numbers. Examples of vector
spaces include n-dimensional vectors R”, the set of m x n matrices, and the continuous
real-valued functions on a closed bounded domain  (denoted by C(,R) or C(RQ)).

If there is a finite set {z1, z2, ..., 2 } Where every vector x in the space can be written
X =a121+ o222+ - - -+, z, for some scalars «;, then we say that the set {z1, z2, ..., 2, } 1S
a generating set for the vector space, and the vector space is finite dimensional. Otherwise
we say the vector space is infinite dimensional. We say the vectors z1, z2,. .., Z, are linearly
independent if the only time «121 + o2z + -+ &,z =0iswheno; =g =--- = o =0.
If a generating set is also linearly independent, then we say the set is a basis for the vector
space, and in any representation of a vector x = a1z +a2z2 + -+ + -z, in terms of the
basis, the scalars «; are unique. Furthermore, we say that the dimension of the vector space
is r; this does not depend on the choice of basis.

Normed vector spaces are vector spaces with a norm that gives a measure of the size
of a vector x: ||x||. Norms must satisfy the following conditions:

e |[x|| = O for all vectors x, and ||x|| = 0 implies x = 0.
o |lax|| = || ||x|| for all vectors x and scalars c.

o |[x+y|l <|x|l+ || for all vectors x and y.

Norms define a metric that is compatible with the vector space structure: dx(x,y) =
|lx —yllx. Convergence in norm is understood in the sense of this metric as described
in the previous section. Examples of norms on R” include the following:

o lxlly =0 Ixil.
1/2
o llxlly =[x, x2]">.

o |xlloo :=max;=1,. . |xil.

While there are many different norms we can use on R” they are all equivalent in the sense
that if ||-||, and ||-||, are equivalent norms, there are constants C,, Cp > 0 such that

1
C_”x”” <Ilxllp < Callxll, for all x.
b

Equivalence of norms means that x, — x in |-||, if and only if x,, — x in ||-||; that is,
the choice of norm amongst equivalent norms does not affect convergence of sequences.
However, not all norms are equivalent in infinite-dimensional spaces.

Examples of norms on C(€2) where 2 is a closed and bounded set in R” include the
following:

o [|flloo :=maxyeq|f(x)].

o [Iflly == [olf(X)]dx.
o I flly:=[qf () dx

None of these three norms is equivalent on C(S2).

1/2
]
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Norms are often obtained from inner products (u, v) y, which generalize the dot prod-
uct of vectors in R": (u,v) =u-v=ulv. In general, inner products must satisfy the
following assumptions:

e (x,x)y >0forall x € X, and (x, x)x = 0 implies x = 0;
e symmetry: (x, y)y = (y,x)y forall x, y € X; and

e bilinearity: (ax + By, 2)x = (x, )x +B (¥, Dx, (x, ay + B2)x =a (x, y)x +B(y, Dx
forany x,y,z€ X and o, B € R.

We will leave off the subscript “X” if the space is clear from context. The norm generated
by the inner product is given by

lxllx =+, x)x.

A Banach space is a normed vector space that is also a complete space in the metric
defined by the norm. Examples of Banach spaces include

e R" for any finite n > 0,
e C(Q) with the ||-|| o, norm for any closed and bounded Q C RY.

Note that C(S2) with either the ||-||; or the ||-||; norm is not a complete metric space. For
example, if Q@ = [0,1], then the functions fi(x) = min(k, In(1/x)) converge to the limit
f(x)=1In(1/x) in both of these norms, but f & C(2). The ability to construct completions
based on a norm enables us to define a number of spaces easily. More explicit constructions
which show just what the functions in the space “look like” require more sophisticated tools
such as Lebesgue integration theory.

For example, we can define LP(2) for 1 < p < oo and 2 bounded in RY as the
completion of C(£2) in the norm

1/p
1 ey = [ /Q GO dx} .

Usually LP(£2) is described as the set of measurable functions for which the Lebesgue
integral /Q | f(x)|? dx is finite, although functions f and g that are equal almost every-
where (that is, the Lebesgue measure of {x € Q2| f(x) # g(x)} is zero) are considered to
be the same function. The space L°°(2) is the space of essentially bounded functions from
Q to R. That is, it is the space of functions f: 2 — R where there is an M such that
{x € Q||f(x)] > M} has Lebesgue measure zero. The norm for L°°(2) is given by

I fll ooy = inf {M | measure({x € Q| [ f(x)| > M}) =0},

where measure (E) is the Lebesgue measure of a set E C R4,
An operator is a continuous linear map A: X — Y between Banach spaces X and Y.
For all continuous linear maps, we can assign a norm

1 Ax])
IAlcx.y)y = sup ! (A.6)

ovex Ixllx
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which is finite for continuous linear A, and which makes the space of continuous linear
maps £(X,Y) a Banach space. Differential operators like 8/8x and V? unfortunately are
usually not continuous linear maps, at least not from a space X into itself. We can make
them continuous operators X — Y for suitable spaces X and Y. For example, V? is a
bounded linear operator H 1(Q) — H~(Q) for bounded regions 2 C R? (see Section A.5
for more explanation).

An operator A: X — Y is called compact if it maps bounded sets to precompact
sets. This is equivalent to saying that A(Byx) is a compact subset of Y. Solution operators
for differential equations are often compact operators, although this can depend on the
Banach spaces used. In R" all closed bounded sets are compact, so any linear operator
A: R" — R™ is a compact operator.

A set S in a vector space X is absorbing if for any x € X there is an o > 0 such that
ax € S. Alternatively, S is absorbing if | J,. oo S = X. The core of S is the setof all x € §
where S — x is absorbing. The core of a set S is always a subset of the interior of S.

A.3 Dual spaces, Hilbert spaces, and weak convergence

Hilbert spaces are Banach spaces where the norm is generated by an inner product. Exam-
ples include R" with the inner product (u, v) = uT v, which generates the usual Euclidean

norm: ||x|| = [ZL] xz] 12 _ ~/xT x. Another example is the space L2(2) where the norm

i

[Jo O d)c]l/2 is generated by the inner product

(fs &2 =/Qf(x)g(x)dx.

The dual space of a normed vector space X is the set of continuous linear functions
X — R (called linear functionals):

X' ={f: X — R| f continuous & linear}.
We usually denote the application of f € X’ to x € X by
F)=(f, %) xxx

orjust { f, x) when it is clear what X and X’ are. If X = R", then X’ can be represented by
R”: any linear function R” — R can be represented by x — v’ x = (v, x).
The space X’ has a norm

1l = sup 2

ozxex Ixllx  xpxiy=1

I(fs 201

This is finite, as continuity implies || f || - is finite: to see why, suppose || f || x» = +00. Then
there would be a sequence x,, with ||x,||x = 1 and [(f, x,,)| = o0. By changing the sign of
Xy, if necessary, we can make ( f, x,) > O for all n; thus (f, x,,) — +00 asn — oo. Then
setting y, = x,/ {f, xn) we have |y, llx = llxullx / {f, xn) = 0asn — oo, and so y, — 0
in X. However, (f, yu) = (f,xn)/{f,xn) =14 0= (f,0), so f is not a continuous
function.
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Conversely, || f|lx- being finite means that f is continuous: Suppose x, — x. Then
I xn) = (fs ) =1, xn =) = 1 fllxr lxn — xllx = Oasn — oo.

This norm makes X’ a normed vector space, and in fact, X’ is also a Banach space. If
X is a Hilbert space, then there is the duality map Jx: X — X’ given by Jx(x) = (x, )x.
Then (Jx(x), y)x'«x = (x, y)y, where the former is a duality pairing and the latter is the
inner product on X. Sometimes we identify X with X’ by identifying x with Jx(x), but
usually we keep these distinct. In general, a map Jx: X — X’ (X not a Hilbert space) is
called a duality map if

I TxC)llxr = llxllx
(Jx(x), y) <llxllx Iyllx with equality if and only if y = x.

It is a standard result of functional analysis that X is a Hilbert space if and only if X has a
linear duality map.

The dual space of L”(£2) can be represented by L9(€2), where 1/p+1/g =1 and
1 < p <oo:any f € LP(Q2) can be represented by h € L9(£2) so that

(f>8)rryxLr@) =/Qh(x)g(x)dx.

We usually identify the functional f € LP(2)’ with the function z € L7(2). The dual space
of L1() is identified with L°(£2) in the same way; however, the dual space of L>°() is
not L' (Q).

There is a natural map f: X — X" given by (4(x), w)yryx = (w, X)xrxx. (The
symbol “f” in music means that the “natural” note is played rather than the sharp or flat
that would usually be played according to the key of the musical piece.) Any space for
which f is an isomorphism is called reflexive. Hilbert spaces are automatically reflexive.
Most Banach spaces we deal with are reflexive, such as L?($2) for 1 < p < co. However,
none of C(£2), LI(Q), or L°°(R) is reflexive.

A.3.1 Adjoints of linear operators

Given a continuous linear operator A: X — Y between Banach spaces X and Y, there is
the adjoint operator A*: Y’ — X’ which is defined by

(A*n, x)= (n, Ax) forallx e X andneY'. (A7)

If A is an m x n matrix so that A: R” — R™ then A* = AT, the transpose of A. There are
a number of important properties of adjoint operators:

e if X and Y are reflexive spaces (so we identify X and Y with X” and Y”, respec-
tively), then A** = A;

the norm [|A*|| £y x1) = 1Al £ex v)s

if A is one-to-one, then A*(Y”’) is dense in X’ (that is, A*(Y’) = X');

if A(X)is densein Y (thatis, A(X)=1Y), then A* is one-to-one;

if A is a compact operator, so is A*.
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An operator A: X — X' is called self-adjoint if (Ax, y) = (Ay, x). If we identify X with
X’ for a Hilbert space X, this means that (Ax, y)y = (Ay, x)yx. In terms of adjoints, A is
self-adjoint means that A*: X” — X’ and A* ot = A, where { is the natural map X — X"
If X is reflexive and we identify X and X”, then this just means that A* = A.

A.3.2 Weak versus strong topologies

For more general notions of spaces and notions of convergence, the idea of fopology was
invented. In essence it gives us a way of describing when a sequence converges to a limit.
In a Banach space, the strong topology is the topology generated by the norm of the space:

Xp—> X asn— o0 means |x, —x|| >0 asn— oo.

However, often we need less stringent notions of convergence. The notion of weak con-
vergence is motivated by the idea that all averages of a sequence of functions might con-
verge, even if the functions in the sequence do not. Consider, for example, the sequence
of functions in L2(0, 27) given by x,(¢) = sin(nt). The norm of x,, in L2(0,27) is /7 for
all n. On the other hand, for any smooth or continuous (or even L?(0, 27) function) ¢,

02” () xp,(t)dt — 0 as n — oo. Thus we have a weak limit x,, — 0 but no strong limit:

xn 7 0.

The general definition of weak convergence is as follows:

Xn — x weakly in X means (A.8)

(y,xn>x’><x_) (y,X)X/Xx forallyeX/.

A consequence of weak convergence is that sup,, ||x,|| < oo; that is, weakly convergent
sequences are bounded. Important results regarding weak convergence include Mazur’s
lemma.

Lemma A.3 (Mazur). If x, — x (weakly) in a Banach space X as n — oo, then there is a
sequence y, € co{xy, Xn+1, Xn42, ...} where y, — x strongly.

An immediate consequence of this lemma is that if C is a (strongly) closed convex
setin X, then C is closed with respect to weak convergence; that is, if x, — x (weakly) as
n — oo and x;, € C for all n, then the weak limit x € C as well.

Closely related to weak convergence is weak™® convergence: if X =Y', and Y a

E3
Banach space, then x, — x as n — 00 or x,, converges weak™ to x means that
(X0, Myry = (X V)yrxy asn—>ooforallyeY. (A9)

Because of the natural map : ¥ — Y” = X’, weak convergence implies weak* conver-
gence. If X is a reflexive Banach space, then weak and weak* convergence are identical,
as we can then consider Y” = Y. But sometimes weak* convergence is the right form of
convergence to consider: Alaoglu’s theorem says that if X = Y’, Y a Banach space, then
every bounded set A C X is weak* precompact.

Another consequence of Mazur’s lemma is that if X is a reflexive Banach space and
¢: X - RU{oo} is a proper (inf, ¢(x) < 00), lower semicontinuous (x,, — x implies
¢(x) < liminf,_, o, ¢(x,)), weakly coercive (lim | o0 ¢(x) = 00), and convex function,
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then ¢ has a minimum value inf, ¢(x) = ¢(x™*) for some x* € X. This is an important result
in convex analysis which will be used in the section on convex and nonsmooth analysis.

A.3.3 Compactness in particular spaces

Conditions for sets in certain Banach spaces to be compact have been extremely useful in
applications, especially for the Banach spaces C(0, T) of continuous functions [0,7] — R
and L?(0,T), and the spaces of vector-valued functions C(0,7; X) and L?(0,T; X). We
are not concerned just about compactness in the strong topology but also in the weak and
weak™* topologies.

Recall that the norm used for C(0,7) and C(0,T; X) is the supremum norm

= max || f()lly,
I fllco,r;x) max, If @l x

where for C(0,T), || f(t)|x is just the absolute value of f(¢). The main compactness
theorem for C(0,7T) and C(0,T; X) is the Arzela—Ascoli theorem, which is based on the
concept of equicontinuity.

Definition A.4. A set of functions F C C(0,T; X) is equicontinuous if for each t* € [0,T]
and € > 0 there is a § > 0 where |t —t*| < § implies || f(t) — f(t*)|x < € forall f € F.

Theorem A.S (Arzela-Ascoli). A set of functions F C C(0,T; X) is compact if and only
if it is bounded in the supremum norm and equicontinuous, and for each t € [0,T] the set
{f@)| f € F}iscompactin X.

A proof of this can be found in, for example, Lang [155]. This reduces for F C
C(0,T; R™) to be precompact if F is bounded and equicontinuous. An important conse-
quence of the Arzela—Ascoli theorem is a compactness theorem of Seidman [224]. Here is
Seidman’s theorem (following Kuttler [151, pp. 499-501]).

Theorem A.6 (Seidman). If F is a bounded subset of L*° (a,b; X) with f' uniformly
bounded in L? (a,b;Y) (1 < p <o0) forall f € F, then F is precompact in C(a,b; Z)
for any Banach spaces X C Z C Y with the imbedding X C Z compact and the imbedding
Z C Y continuous.

Proof. First we show that for every € > 0 there is a constant C. where
Ixllz <€ llxllx +Cc llxlly forall x € X. (A.10)

If this were not true, then for some € there would be a sequence x,, € X such that ||x,|, >
€ |xnllx +n l|xnlly. Without loss of generality, we suppose that ||x,| x = 1 for all n. Now
the imbedding X C Z is compact, so there is a convergent subsequence (also denoted by
xp) where x, — x* in Z. Note that x* # 0, since ||x,||z > € > 0 for all n. By continuity of
the imbedding Z C Y, x,, — x* in Y. Dividing the inequality ||x, ||z > € |xullx + 7 | x: ]y
by n and taking limits, we get 0 > ||x*||y, which implies that x* = 0, a contradiction. Thus
we must conclude that there is indeed a constant C. making (A.10) true.
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Now suppose we have f € F bounded in L*° (a,b; X). Then, for any € > 0and s < ¢,
f@—flz <ellf@)—flx+Celf@)—fOly

t
<26 sup 18l zoogap x) + Ce f |r'@ly dz
geF K

t 1/p
<2€ sup lIgll ooap: x)+ Ce [/ (RaCale dr} It —s1/4,
geF s

where 1/p+1/q = 1. Since p > 1, we have 1 < g < oo, and so for any n > 0, we can
choose

e=n/ (2 sup ||g||L°°(a,b;X)) ;
geF

q
5= <7)/ (ZCG ;lg; ”g/”Ll’(a,b;Y)>> :

Then whenever |t — s| < 8 we have || f(t) — f(s)||z <nforall f € F, so that F is equicon-
tinuous. In addition, the set of values { f(¢) | f € F,t € [a,b]} is bounded in X and there-
fore compact in Z. Thus we can apply the Arzela—Ascoli theorem (Theorem A.5) to see
that F is a precompact subset of C (a,b; Z). [

There are also the results of Simon [227] which can be helpful for establishing com-
pactness. See also the textbook of Kuttler [151] for more accessible discussion of these
theorems of Seidman and Simon.

Theorem A.7 (Simon). If F is a bounded subset of L9 (a,b; X) with f' uniformly bounded
in L' (a,b;Y) for all f € F, then F is precompact in L? (a,b; Z) (1 < p < 00) for any
Banach spaces X C Z C Y with the imbedding X C Z compact and the imbedding Z C Y
continuous.

A.4 Distributions and measures

Distributions can be constructed using a kind of duality trick, but instead of starting with
a Banach space of functions, we start with the nicest space of functions we usually work
with: the space of functions that can be differentiated as many times as we please but
are zero outside some bounded set. This space of functions is denoted by Cgo(Rd ). The
functions ¢ € Cgo(Rd) are called fest functions. There is no norm for this space; in-
stead there is a family of seminorms |||y g = Maxy:|x| <k MaXg:|a|<k | D¥$(x)| where
for o = (a1,002,...,04) (each «; is a nonnegative integer), |«| = Z;Ll a; and D¥¢(x) =
3%l /9x {1 0x52 -+ dx,;" (x). Convergence in CJ°(R?) works like this: ¢, — ¢ as n — oo
if and only if there is a common R such that ¢,(x) = 0 for ||x|| > R and all n, and
lén —@llz.r — 0asn — oo forall k.

Often the space Cgo(Rd) is denoted by D(RY). The space of distributions is the
dual space to D(R?). An integrable function ¥ can be considered to be a distribution by
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identifying ¥ with the functional D(RY) — R given by

b (. ) = / P dax.
]Rd

Thanks to duality we can extend operations such as differentiation from the test functions
to distributions. To see this, suppose that ¥ is a function with a continuous derivative. Then
in one dimension (d = 1) where ¢(x) = 0 for |x| > R,

+oo

(v, ¢)= V' (x)p(x)dx

—00

+R
=/, V' (x)p(x)dx

+R
= Y(x)p(x)[ =R ) Y(x) ¢ (x)dx

+oo

=— Y(x) P (x)dx = — (¥, ¢').

Since differentiation is a continuous operator on Cgo(Rd ), we can extend the differentiation
of distributions to general distributions (and not just ¥ with continuous derivatives) by
defining

W'.o)==(v.¢)

for d = 1, and generally (3v/dx;, ¢) = — (¥, ¢ /9x;). This means that we can differ-
entiate practically any function: if ¥(x) = |x/|, then ¥'(x) = sgn(x), and ¥ (x) = 28(x),
where § is the Dirac-§ function (really a distribution) where (8, ¢) = ¢(0). There are also
derivatives of the Dirac-8 function: (8', ¢) = — (8, ¢') = —¢/(0), (8", ¢) = — (8', ¢') = ¢"(0),
etc.

Most linear operations can be applied to distributions, but many nonlinear opera-
tions such as multiplication usually cannot. For example, 8> does not exist, although the
distribution in two dimensions g(x, y) = 6(x)5(y) does exist: (g, ¢) = ¢(0, 0).

For information about tempered distributions in relation to Fourier transforms, see
Section C.4.

Since we need to deal with inequalities, we need to understand what “y > 0” means
for distributions (whether ordinary or tempered distributions). Since distributions are de-
fined in terms of duality, it is appropriate to define “yr > 0” also in terms of duality. Clearly
we understand what “¢ > 0” means for ¢ € Cgo(Rd) since these are spaces of ordinary
functions: “¢ > 0” means “¢(x) > 0 for all x € R?” So we define “¥r > 0” for distribu-
tions by

(Y, 9) >0  forall ¢ € C(RY) where ¢ > 0. (A.11)

It turns out that the only such distributions are measures [127].

Measures can be considered as functions that take sets as input and return a number,
which is a “measure” of the size of the set. The most common measure is the Lebesgue
measure A where A([a,b]) = b — a, the length of the interval [a,b]. The properties of a
measure p are as follows:
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1. w(@) = 0 (the measure of the empty set is zero); and

2. if E=J{, Ex and E;NEj = fori # j, then u(E) = Y 22, w(Ex) (countable
additivity).

Note that it is not necessary for w(E) to be defined for all subsets E. However, the sets E
should be closed under countable unions and intersections and also complements. Such a
collection of sets is called a o-algebra. The o-algebra generated by the collection of open
sets in a space X is the collection of Borel sets of X; usually pu(E) is defined for every
Borel set E. We can allow +oo to be a value; for example, the Lebesgue measure of the
entire real line is A(R) = +o00.

Note that a function f: X — Y is called measurable if f~'(E) is a measurable set
in X whenever E is a measurable set in Y. Note that this definition depends on what o -
algebras of measurable sets we choose for X and for Y. If X and Y are simply topological
spaces, we can use the o-algebra of Borel sets in X and in Y. In that case, we say f is
Borel measurable if f is measurable with respect to these o-algebras. Since f~(EUF) =
FHUE)U ), fTHENF) = = (E)N 71 (F),and £~ (Y\E)= X\ f~'(E), we can
show that f is Borel measurable if £~!(U) is a Borel set in X for every open set U in Y.

Often we deal with nonnegative measures p where w(E) > 0 for all (appropriate)
subsets E. Then condition 2 above for measures implies that if E1 C E, C --- C Ey C
Ej+1 C -+, then u(Ex) t n(E) as k — oo, where E = (i | Ex.

Constructing a measure from a nonnegative distribution involves some technical dif-
ficulties, but the basic idea starts with the realization that any test function ¢ can be written
as the difference of two nonnegative test functions: ¢ = ¢ — ¢>. (It is tempting to set
¢1(x) =max(¢(x), 0) and ¢ (x) = max(—¢(x), 0), but this would not give smooth functions
in general.) We want to show that we can assign a value for the measure w(E) = (¥, xg)
where xg(x) =1if x € E and xg(x) = 0 otherwise for E either closed or open. We do this
by finding a decreasing sequence of test functions ¢ | xg for E closed and an increasing
sequence of test functions ¢ 1 xg for E open. For nonnegative distributions (¥, ¢x) is
a monotone increasing or decreasing sequence that is also bounded. So these sequences
converge. The limit is w(E). Proving that the i so constructed is a measure is a standard
result of measure theory [61].

There is another way of thinking about measures. The space of bounded measures
on the Borel sets in a closed set A € R¥ (denoted by M(A)) is the dual space to the space
of continuous functions A — R. The duality pairing is represented by integration over a
given measure:

(1, @) =/A¢(X)dM(X)- (A.12)

The integral in (A.12) can be approximated by sums like this:

X_:M <¢_1 ([yk,yk+1))) ks

where yo <nop < y1 <n1 <--- <nny—1 < yny. The duality M(A) = C(A) for compact
sets A can be very useful for applying Alaoglu’s theorem, showing the existence of weak*
convergent subsequences of a sequence of measures. One way of generating measures on
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an interval [a,b] is by functions g: [a,b] — X which have bounded variation:

N-1

b
V= sup > gt — 8@l (A.13)
a i=0

where P:a =1ty <t <t <--- <ty = b ranges over partitions of [a,b] (N is not fixed,
but rather can go to 0o0). Then the differential measure dg is given by the Riemann—Stieltjes
integrals for continuous f: [a,b] - R:

N—-1
Jon 745 fims 2 S (8ie1) = g0 (A14)

where |P| = max; |ti+1 — ;| and 7; € [t;, fi+1] for all i. Note that dg is a measure with
values in a Banach space X. If g(¢r) = t, then dg is the Lebesgue measure. Also, if
g: [a,b] — R, then the Riemann—Stieltjes integrals are identical with the Bochner inte-
grals for continuous f: [a,b] — X with the measure u = dg.

Measures have a number of special properties. For all measures p there is a related
nonnegative measure called the variation measure |i1|. This is defined by

|l (E)="sup D |u(E)|. (A.15)
{Ej};O:Ij=1

The collection {E j};il ranges over all collections of disjoint p-measurable sets whose

union is £ = U;’il E;. Clearly |u| is a nonnegative measure and |u(E)| < || (E) for any
set for which p(E) is defined. However, it is possible for || (E) = 4+o00. Note that if u is
already a nonnegative measure, then || = . If || (E) is finite for all E, we say that v is a
measure with bounded variation. Measures of bounded variation can be written in the form
W= 4+ —pu_, where uy and p_ are nonnegative measures. In fact, u+ = (|| + 1) /2 and
- = (| = p).

The integrals [, ¢(x)du(x), or [, ¢ du for short, are defined not only for continuous
¢ but also for a much larger class of functions. Suppose that v is a nonnegative mea-
sure. A v-measurable function ¢ > 0 is v-integrable if there is an increasing sequence of

step functions ¢y = Zj\’i | Ck,j XE,; that converges pointwise to ¢, and / 4 Pk(x)dv(x) =
Zivi1 ck,j V(Ek,j N A) converges. The value of the limit is fA ¢(x)dv(x). A v-measurable
function ¢ is v-integrable if we can write ¢ = ¢4 — ¢_ with both ¢, ¢_ > 0 and v-

integrable. In the case of functions ¢: A — X with X a separable Banach space, we
can define the integrals in the same way: via pointwise limits of step functions ¢y =

].Vf Ck.iXE, . With ¢jr € X, each Ej ; v-measurable. An alternative way of definin
j=1¢k.j XEy,; s 2 y g
these integrals is by subdividing X = U;’il F; (F;’s disjoint) with each F; a Borel set
with diam F; < & for a given § > 0. Picking x; € Fj, we can approximate ¢ by ¢s =

j g g Xj pPp y
Z?o:lxj Xo1(F)) and ¢s — ¢ pointwise as § | 0. Then we take

IR fi 3 6™ )
]=

These definitions give the same integral, which is known as the Bochner integral.
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The space of real-valued functions that are v-integrable, v > 0 a measure on a mea-
sure space A, is written Ll(v) and is a Banach space with norm

161110 = / 16(@)] dv(a).

The spaces L!(v) and L!(v; X) of integral functions A — R and A — X, respectively, have
been widely studied. Basic properties include the properties that f: A — X is integrable if
and only if it is measurable and a +— || f(a)|| x is integrable. Perhaps the most important re-
sult is the dominated convergence theorem: if fy — f pointwise with each f; measurable,
and || fr(a)llx < g(a), where g € L'(v) forall k and a € A, then

lim /fk(a)dv(a)sz(a)dv(a). (A.16)
k—00 J A A

Given a v-integrable function ¢, we can define a new measure

vy(E) = /E ¢(a)dv(a).

When can a measure p be represented like this? The answer is given by the Radon—
Nikodym theorem. We say that u is absolutely continuous with respect to a nonnegative v
measure if for € > O there is § > 0 such that for any measurable set E, v(E) < § implies
|L(E)| < €. The Radon—Nikodym theorem says that if w is absolutely continuous with
respect to v, then there is a v-integrable function 4 such that for any measurable set E,

/L(E):/Eh(x)dv(x).

The function # is called the Radon—Nikodym derivative of © with respect to v. This func-
tion is unique up to a set of v-measure zero. It is denoted by h(x) = du/dv(x).

Vector measures are measures whose values belong to a vector space, most usu-
ally a Banach space. The same additivity properties hold. For vector measures the ab-
solute continuity property becomes the following: for € > 0 there is a § > 0 such that
V(E) < § implies ||u(E)||x < €, where the values of w lie in the Banach space X. How-
ever, whether this implies that u(E) = f g h(x)dv(x) for all measurable E' depends on X
and not the measure v. For finite-dimensional Banach spaces R", absolute continuity im-
plies a Radon-Nikodym derivative exists since u(E) = [ 1(E), n2(E), ..., un(E)]T and
each p; is a scalar-valued measure with its own Radon—Nikodym derivative du;/dv, so
dp/dv = [du/dvy,du/dvs, ..., dw,/dv]T. Any space X for which absolute continuity
of a measure with values in X implies a Radon—Nikodym derivative exists is said to have
the Radon—Nikodym property (RNP). All dual spaces have the RNP, so all Sobolev spaces
W5P(Q) with 1 < p < oo have the RNP. However, L!() spaces usually do not have the
RNP.

If a space X has the RNP, then any absolutely continuous function f: [a,b] - X
has a regular derivative f'(¢) = limy_o(f(t +h) — f(¢)) / h for Lebesgue almost all 7. In
particular, if f: [a,b] — X is Lipschitz, then it is differentiable almost everywhere. Here
is a simple example to show that LY(a,b) does not have the RNP. Let f:la,b] — LYa,b)
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be the function f(¢) = x[a.r). Note that xg is the characteristic function for E: xg(t) =1
if t € E and xg(¢) = 0 otherwise. This is a Lipschitz function: for ¢ > s,

£ @) = FON 20y = | Xian = Xias) | 1)
b
= HX[S,I) ”Ll(a,b) = f X[S,l)(t)dr = |t - Sl .
a

But there is no derivative df/dt(t) for any t:

’ . Xlat+h) — Xla.t)
t) = lim ——~—*~
f ( ) h—0 h
li !
= lim — .
Py Xlt,t+h)
The limit does exist in the sense of distributions: it is the Dirac-§ function s — §(s — t),
not an element of L!(a,b). Thus there is no derivative of  — x[4.), and L'(a,b) does not

have the RNP.
A useful tool in many situations is the convolution of functions: if f, g: RY - R,

(F0= [ fle=sd. (A17)

For functions f, g: [0, c0) — R we have the finite time convolution

t
(f>'<g)(t)=/0 ft—s)g(s)ds. (A.18)

Note that convolution is a bilinear operation (that is, linear in each argument), and f % g =
g * f for either form. There is also Young’s lemma, where if p,q,r >1and 1/p+1/qg+
1/r =2, then

f*gllpr < fllze llgllpa- (A.19)
If, say, g is actually a measure, then we also have the following bound:
If*gllpr <I1flle NIglag- (A.20)

A.5 Sobolev spaces and partial differential equations

It was noted by Dirichlet that the solution u to the partial differential equation V>« = 0 in
Q with u = g on 02 is a minimizer of the integral

/ Vu-Vudx (A.21)
Q

over all functions u where u = g on 2. But this integral is not defined for all u, and it
is not clear whether it has a true minimizer or just an infimum. Fortunately the theory of
Sobolev spaces (being a family of Banach spaces) can help us answer these questions. For
more details see, for example, [1].
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First we define the space of functions W"?(€2) for m a nonnegative integer, with
1 < p < oo and Q an open subset of R?. A multi-index for d dimensions is a d-tuple o =
(001,002, ..,004) where each «; is a nonnegative integer. We define || = a1+ a2+ -+ oy
as the order of «; the partial derivative D* is given by

alol f
ST g (x). (A.22)

D” f(x)= 3

Also we define x* = x‘f'x‘; 2. -xzd . Note that these partial derivatives will be understood

as being distributional derivatives where necessary. Then

W)= f e LP(Q)] (A.23)

D® f € LP(Q) for all multi-indexes & : || <m },

which is a Banach space with the norm || f[| ym.»(q) given by

||f||€vm,p(9)= Z ”Daf”iv(sz)

a:la|<m

-y / D% £()|” dx. (A24)
Q

a:la|<m

There are a number of equivalent norms for WkP(Q), such as

1 Vo) = 1 W ney+ D D f gy

o:la|=m

1 Wmrcey = 1 Teny+ 3 D] ey ete:

o:la|<m

Since convergence of sequences and boundedness of norms do not depend on which equiv-
alent norm is used, we will freely trade one norm for an equivalent norm according to
circumstance. However, we should be careful when we are considering convergence of a
sequence f;y — f in WP (L) that the equivalent norm does not depend on k, or at least
that the constants demonstrating the equivalence do not depend on k.

In the special cases where p =2 and Q = R¢, equivalent norms can be developed in
terms of Fourier transforms:

1 ymageay = @)~ /R (1+16P) " 1F @R a (A.25)

with [&| = (512 +-§22 4+ —i—&f)l/z. These spaces are often denoted by H™(R?). These are
Hilbert spaces, which have the inner product

U um =Re ) [ (1+16P)" FT@ Feterds.

The formula can be extended to allow m to be any real value, including negative values.
While we cannot use the usual properties of Fourier transforms on a general domain Q2 C
R4, we can define an equivalent norm for H"($2) = W%(2) using this approach:

I 1 gm gy = inf { 18]l gy | gl = f} -
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An alternative approach to constructing a suitable norm for WP (Q2) form e R, m > 0 is
to use the Sobolev—Slobodetskit norm: for s = m + B, with m an integer, 0 < 8 < 1, and
1 <p<oo,

|D# f ()= D*f )1
sy = Wy + 3 /Q /Q T dxdy

o:la|l=m

For p = oo we have

|D* f(y) — D% f(x)]
sup .

x,ye |y_x|/3

Lf lmspooy =D

a:|la|=m

There are a number of important relationships between different Sobolev spaces and
other well-known spaces. The space of Lipschitz functions on € is simply W ();
the space of Holder continuous functions of exponent 0 < 8 < 1 where | f(y) — f(x)| <
const |y —x|? forall x, y € Qis WA(Q).

Duality of Sobolev spaces is straightforward for H™(£2): we can identify H™(Q2)
with H™(2). An explicit identification can be done using Fourier transforms for Q = R?.

Often we can show that W™?(2) can be imbedded in W*(§2) with Q@ c R?. Usu-
ally we assume that the domain €2 has a Lipschitz boundary; that is, in a neighborhood
of any point on the boundary, the boundary can be represented locally as the graph of a
Lipschitz function. Some results require that the domain have a smooth boundary, where
the boundary can be represented locally as the graph of a smooth function. The imbedding
map is often compact (mapping bounded sets to sets whose closure is compact), which
is extremely useful in proving existence results. The theorem that shows most of these
connections is the standard Sobolev imbedding theorem.

Theorem A.8. Suppose that Q is a bounded domain in RY with a smooth boundary; then
the following imbeddings are compact:

o WHLr(Q) — W™P(Q) fort >0,m>0,and 1 < p < oo;

o WHbr(Q) — W™ (Q) for 1 <r < dp/(d —£p), provided £p < d and £ > 0 is an
integer;

o WtLr(Q) — W™P(Q) for €p =d, and 1 < p < 00, and £ > 0 is an integer;
o Wtbr(Q) — C™(Q) for £p > d, and £ > 0 is an integer.

Differentiation has a straightforward effect on Sobolev spaces: provided m > |«|, the
partial derivative operator D%: W"P(Q2) — wm—lel.p (R2) is continuous. In fact, for any
real m, D¥: H™(2) — H™~1?l(Q) is continuous.

There are also results for what happens when we restrict the domain of the functions
to subsets of Q. First, if ' C € and €’ is also a domain in R¥ so that it has strictly positive
volume, then the imbeddings W™? () — W™P(Q') are continuous (but not compact). The
really interesting part is when we restrict ourselves to a subset I' C €2 which has a different
dimension. This is most used in dealing with I' = 9€2, the boundary of the domain. It can
seem rather odd that this is possible since a function in WP (L) is in general not even
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defined on 9€2. Nevertheless, we can consider limits of values to define u(x) for almost
all x € 9Q2 where u € W"-P(Q2), provided m and p are sufficiently large. These results are
called trace theorems. The most useful example of these results is as follows.

Theorem A.9. Suppose that Q is a domain in R¢ with smooth boundary; then the trace
operator (extending restriction of the domain) y : W™P(Q) — W™~ 1/P-P(3Q) is contin-
uous and surjective for m > 1/p. Furthermore, for p = 2 there is an extension operator
p: Wn=UPrp(3Q) — WP () so that y o p is the identity operator on W"=1/P-P(3Q). If
m = 1, then the boundary need only be Lipschitz.

Note that the trace operator on H"(2)is y: H™(2) — H™ 1/2(3Q) form > 1/2.

Modifications of the basic Sobolev spaces are typically defined and used as needed.
A common example is the Sobolev space of functions zero on the boundary 92 of the
given domain Q. This is important for partial differential equations such as VZu = 0 in Q
with boundary conditions u = g on 9Q. If g € H'/%(Q), then we can use the extension
operator H'/2(3Q2) — H'(Q) to obtain § € H'(Q), where § on 92 is equal to g. Let
w=u—23. Then V2w = —V?5 e H-(Q)= H(Q). But w on 9Q is g—g =0, so
w e HOI(Q) ={ze HYQ) | yu =0}, where y : H'() > HY*(3Q) is the trace operator.
Now H(} (€2) is a Banach space in its own right, and in fact a Hilbert space, since it is
a closed subspace of H L(Q). Since —V2w is a distributional derivative, for any smooth
function ¢ zero on 92, we can use integration by parts:

/Qq&[—vzw] dx:/QVqS-dex,

which is defined and continuous in ¢ also for any ¢ € HOI(Q). In fact, finding w solving
V2w = —V?% is equivalent to minimizing

1 2 2~
e a (v,
over w € H(} (€2). This function of w is closed, lower semicontinuous, and finite for any
we Hol(Q) and, as we shall see in the next section, has a minimizer. This gives the solution
w e HOI(Q) for V2w = —V?2%, and so u = w + g solves the Dirichlet problem with u €
HY(Q).

A.6 Principles of nonlinear analysis

There are a number of principles of nonlinear analysis that are applicable to a wide range of
situations. Amongst these are fixed point theorems and variational principles. The context
for these is typically Banach spaces, although they can often be applied to more general
situations. Nonlinear analysis is a very broad subject, but there are some excellent works
on the topic, such as Aubin and Ekeland [20] and Zeidler [275]. Zeidler also has a four-
volume treatment of nonlinear functional analysis which goes into many more topics in
considerable depth.

Fixed point theorems are theorems of the following form: if f: A — A is a function
with certain properties (for example, f is continuous) and A has certain properties (for
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example, A is a bounded closed convex set in R"), then there is a point x* € A where
f(x*) = x*; that is, x*is a fixed point of f.
The first is due to Banach and is known as the contraction mapping theorem.

Proposition A.10. Suppose that f: X — X, where X is a complete metric space, and f is
a contraction; that is, there isan o < 1 suchthatd(f(x), f(¥)) <« f(x,y) forallx,y € X.
Then f has a unique fixed point x* € X and for any xo € X, the sequence xy+1 = f(xk)
converges to x*,

This theorem does not require any finite-dimensionality or compactness condition,
which makes it particularly useful when other (apparently more powerful) theorems do not
apply. On the other hand, if we are dealing with finite-dimensional spaces, then we can use
continuity alone for f. The most celebrated such result is the Brouwer fixed point theorem.

Proposition A.11. Suppose f: A — A, where A is a closed convex set in R", is continuous.
Then f has a fixed point in A.

There are many sources as well as proofs of this theorem. Often it is given as an
easy consequence of homology theory in algebraic topology via the no-retraction theorem
of balls to spheres; see, for example, [215, pp. 3-5] or [232, pp. 193-194]. However, there
are many proofs that do not use algebraic topology, and even fairly easy proofs. A good
source for a number of these is [106].

A straightforward corollary of Brouwer’s theorem is that weakly coercive functions
(that is, functions where lim)y |0 ( f(x), X) = +00) that map R" — R" and are continu-
ous have zeros.

Corollary A.12. Suppose that f: R" — R”" is continuous and weakly coercive. Then there
is an x where f(x)=0.

Proof. Choose R > 0 so that { f(x), x) > 0 for all x with ||x|| > R. Let B be the unit ball
in R”. Then set g(x) = x — a(x) f(x), where

P+ (0.2 4+ 1FIP (R — [l
a(x) = 5 .
L GOI? +1

Calculations show that ||g(x)|| < R for all x with ||x|| < R, and that «(x) > O for all x.
Both «(x) and g(x) are continuous in x. Then by Brouwer’s theorem there is a fixed
point x* € RB: g(x*) = x*. That is, x* — a(x*) f(x*) = x*, from which we observe that
f(x*) =0, as desired. 0O

Because only continuity is required for this theorem, Brouwer’s fixed point theorem
is essentially a topological result; A does not need to be convex, but rather need only be
topologically equivalent to a closed convex set in finite dimensions. This result can be
extended to infinite-dimensional spaces, provided we add a compactness condition. This
gives the Leray—Schauder fixed point theorem.

Proposition A.13. Suppose f: A — A, where A is a compact convex set in a Banach
space X, is continuous. Then f has a fixed point in A.
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There is another generalization of Brouwer’s theorem due to Kakutani (see [106])
for convex set-valued functions that are upper semicontinuous (that is, for every x € A and
€ > (O there is a 6 > 0 such that ®(y) C ®(x) + € B whenever ||y — x| < §).

Proposition A.14. Suppose ®: A — P(A), where A is a compact convex set in a Banach
space X, is upper semicontinuous, where ®(x) is a nonempty closed convex set for each
x € A. Then ® has a fixed point in the sense that there is an x* € A where x* € ®(x™).

The proof of Kakutani’s theorem can be reduced to the Leray—Schauder or Brouwer’s
theorem by using piecewise linear approximations to ®.

Other approaches to nonlinear analysis include minimax-type theorems, of which the
Ky Fan theorem is perhaps the archetype.

Proposition A.15. Let K be a compact convex subset of a Banach space, and suppose that
f: K x K — R is lower semicontinuous in the first variable and concave in the second
variable. Then there exists x* € K such that supycg f(x*, y) < supyex f(y, y).

Apart from the contraction mapping theorem, these theorems all rely on compactness
in some way or another in order to obtain existence of certain points (zeros, fixed points,
or solutions of certain inequalities). Without compactness, there are a few alternatives
that have been widely successful. One is to use variational methods, where we seek the
minimum of a certain function. Convex analysis (see the following chapter) provides much
of the theory for this approach, although extensions to nonsmooth nonconvex functions are
an active area of interest for many researchers. Another approach is to use monotonicity or
pseudomonotonicity to obtain existence of solutions. For more details on these approaches,
see Sections 2.5 and 4.2.



Appendix B

Convex and Nonsmooth
Analysis

B.1 Convex sets and functions

For a Banach space X, a function ¢: X — RU{oo} is convex function if for all x,y € X
and0 <6 <1,

¢(Ox+(1—-0)y) <0 ¢(x)+ (1 —0)p(y). (B.1)

Note that we take 0-0c0 =0, r-00 =00 if r > 0, and r < oo for any r € R. The domain
of a convex function is dom¢ = {x | ¢p(x) < 00}. A set C C X is a convex set if whenever
x,yeCand 0 <60 <1 wehave Ox 4+ (1 —0)y € C. For a given convex set C there is the
indicator function

le() = 0 ifxeC, (B.2)
V7o ifxgc. '

If C is convex, so is I¢; if C is closed, then I¢ is lower semicontinuous; if C # @, then I¢
is proper.
A function ¢: X — RU{oo} is convex if and only if the epigraph

epig ={(x,r) e X xR |r>¢(x)} (B.3)

is a convex set in X x R. If ¢ is a lower semicontinuous function, that is, xx — x as
k — oo implies liminfy_, o ¢(xx) > ¢(x), then epi¢ is a closed set. If ¢ is proper, that is,
¢(xp) < oo for some xp € X, then epi¢ and dom¢ are nonempty.

A powerful tool for studying closed convex sets is the separating hyperplane theo-
rem: if K is a closed convex set in a Banach space X, and z ¢ K, then there are a y € X’
and B € R such that

0> (y,z)+8,
0<{(y,x)+58 forallx € K.

That is, the hyperplane {x € X | 0 = (y, x) + B8} separates K from z. We will use this as a
basic theorem, although it can be proved in terms of the Hahn—Banach theorem.

327
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A convex set C is called solid if int C # (. Note that for a solid convex set, C = intC.

A cone C C X is a set where x € C and o > 0 implies ex € C. A convex cone is a
set that is both convex and a cone. This can be expressed by the following conditions: if
x,y€Canda >0, then ax € C and x + y € C. Properties of convex cones are discussed
in Section B.1.3.

B.1.1 Support functions

An additional topic that often arises is that of support functions of convex sets. The support
function of a convex set K C X, with X a Banach space, is the function o : X’ — RU{oo}
given by

og(§) = sulg (€, x). (B.4)

These are duals of the corresponding indicator functions: o = I. (Dual convex functions
are defined in Section B.2.) Support functions are also not to be confused with the support
of a function.

Lemma B.1. Support functions have the following properties:

1. ok is a convex lower semicontinuous positively homogeneous function;
2. K={x|(5.x) <ox(®) forall § € X' };

3. if K is also a cone, then K° = —K* = domog := {& | ok (§) < 00).

Proof.

1. To show that ok is convex, note that it is the supremum of a family of linear (and
therefore convex) functions.
To show that ok is lower semicontinuous, suppose that §; — & in X’ as £ — oo.
For any € > O there is an x € K such that (¢,x) +¢€¢ > ox (&) > (§,x). Then
liminfy;_, oo 0k (€¢) > liminfy_, oo (&, x) = (€, x) > og(£) — €. Since this is true
for all € > 0, we see that liminfy;_, o og(&¢) > ok (£), and that o is lower semi-
continuous.

To show that ok is positively homogeneous, note that for « > 0,

ok (a§) = sup (a§, x) = supa (§, x) = a sup (§, x) =aog(§).
xek xekK xek

2. Tt is easy to show that ox = o, so we assume at the outset that K is closed.
Then z € K implies that (£, z) < sup, g (§, x) = ok(§). This shows that K C
{x1(5,x) <ok (&) forall§ € X'}. Suppose z & K. Then there is a separating hy-
perplane: ¢ € X' and « € R where

(¢,z2) —a >0,
(¢, x)—a =<0 forall x € K.

Taking the supremum over x € K, we see that ¢ > ok (¢). Thus og (¢) <o < (¢, 2).
Thus the reverse inclusion holds, and the two sets are equal, as desired.
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3. Suppose that K is a convex cone. Then, if £ € K°, we have (£, x) <0 for all x,
and so ok (§) = sup,cx (§, x) < 0. In fact, since 0 € K, we have ok (§) = 0 for all
& € K°, s0 K° C domog. Conversely, suppose that & € domog. If (¢, x) > 0 for
any x € K, noting that « x € K as well, we see that

ok (§) = sup (&, ax) = +o0,

a>0

contradicting our assumption that £ € domog. Thus domog C K°. Hence the two
sets are equal. [

B.1.2 Convex projections in Hilbert spaces

Here we discuss properties of the convex projection (or “nearest point map”) [1g for a
closed convex set K.

Lemma B.2. If X is a Hilbert space and K is a closed convex set, then Illgx: X — K,
where Tl g (x) is the nearest point in K to x, is a well-defined Lipschitz continuous function
with Lipschitz constant one. The function I is characterized by the property that

(x—Tg(x),z—Tgx) <0 forallz e K. (B.5)

Furthermore, Tk is a monotone function.

Proof. First we show that there is a nearest pointin K to x. Suppose z,,;, € K is an infimizing
sequence so that ||z,, — x|| = inf;eg ||z — x| as m — oco. If we set R = inf,ex ||z — x|+ 1,
for m sufficiently large, ||z, —x|| < R. Thus the sequence z,,, m = 1, 2, ..., is bounded.
By Alaoglu’s theorem there is a weak* convergent subsequence (also denoted by z,,) with
weak* limit z*. Since X is a Hilbert space, the subsequence is also weakly convergent. Now
z* € K. If this were not true, by the separating hyperplane theorem there would be w € X’
and B € R such that (w, z) + 8 > 0 forall z € K but (w, z*)+ 8 < 0. Thus (w, z,,) +8 >0
for all m, and since z,, — z* weakly we have (w, z*) + 8 = limy, 00 (W, 2m) + B > 0,
contradicting (w, z*) + B < 0. Thus z* € K.

Now we show that there is only one nearest point in K to x. Suppose there were
more: z1 and zo. Then, as K is convex, 6214+ (1 —0)z2 € K forany 0 <6 < 1. Now, as X
is a Hilbert space,

lx = @z1 + (1 = O)22)II?
=llx —22—6 1~ 22)I?
= lx —22l1* =260 (x =22, 21 —22) +6% |lz1 — 22 *.
Taking derivatives with respect to 6 at 6 = 0, we see that
(x—z2,21—22) <0

since z» is a nearest point. We get a similar result for z1: (x — z1, z2 — z1) < 0 after swap-
ping the roles of z; and z». Adding these last two inequalities we get

2
lz1 — z2ll” = (z1 — 22,21 —22) <0,

which can occur only if 71 = z2. Thus I1g (x) is well defined.
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Repeating the argument of the previous paragraph with z, = z* (which is the nearest
point) and z; = z a given point in K, we see that (x — z*, z — z*) < 0. That is,

(x —TMg(x),z—Tgx)) <0 forallz € K.

Note that the conditions w € K and (x —w, y —w) <0 for all y € K are sufficient to
imply that w = [1g(x) in a Hilbert space. To see this, note that

Ilx —(w+6(y—w)l* = llx —wl> =20 (x —w, y —w) + 67 |y —w|*
> lx—w|? =20 (x —w,y —w) > x — w]? (B.6)
for 0 <6 <1, and in particular, ||x — y|| > ||x — w|| forall y € K. Thus w = [Ig(x).
From (B.6) we also have (x — [T (x), [Tx(y) — Ik (x)) <O for all x, y. Swapping
the roles of x and y we get (y — I1x(y), [1x(x) — [Tgx(y)) < 0. Adding these inequalities

we get
(x —y =g x)+ g (), Mg (y) — Hg(x)) <0,

SO
0 = (g (y) =g (x), Hg(y) = g (x)) < (y = x, Mg (y) = Mx(x));
and thus Tk (y) = T O < Iy = x Il [ITTg (y) = T ()]

The second to last inequality implies that [T is a monotone function. The last inequality
shows (after division by ||[ITx(y) — I1x(x)|)) that I1x is Lipschitz with Lipschitz constant
one. O

B.1.3 Convex cones

Convex cones play a particularly important role in our theory: a set K is a cone if x € K
and o > 0 imply that @ x € K. In the next section we will meet some important cones such
as the tangent and normal cones. For now we will look at some of the important cones and
properties of cones.

One of the most common cones is the cone of nonnegative vectors, or the nonnegative
orthant:

R} ={xeR"|x; >0foralli}.
Another is the cone of nonnegative functions on a set £2:

{feLZ(Q)|f(x)zOforaller].

Half-spaces are also cones,
H, =R, xR"

as is the full-space R”. Clearly these are different kinds of cones. For example, a pointed
cone K is a cone where

KN(—K)={0}. (B.7)
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The half-space H, is not a pointed cone, but R’} is pointed. Note that for any closed convex
cone, V := K N(—K) must be a vector space. If we find a complementary subspace W so
that V4+W =X and VN W = {0}, then (KNW)N(—KNW) ={0}, so that KNW is a
pointed cone.

A closed convex cone K has a dual cone K* given by

K*={weX'|(w,z)>0forallzeK]}. (B.8)

Closely related is the polar cone to a cone K, which is K° = —K*. If X is a reflexive
Banach space (such as a Hilbert space or R"), then we can identify the space X with its
second dual X”. Under this identification K** = K, or equivalently K°° = K, whenever
K is a closed convex cone.

Topology can interact with convexity in important ways. For example, a cone K is
solid if it has nonempty interior; that is, there are an x € K andanr > O wherex +r B C K,
with B the unit ball in X. A solid closed convex cone K is the closure of its interior. In R”,
any closed convex cone K is solid if and only if K* is pointed. However, this is not true in
infinite dimensions.

Consider, for example,

K:{xe€2|x,-zOforalli:l,2,3,...}.

Identifying £2 with its dual space (EZ)/, which we can do since it is a Hilbert space, we have
K = K*. Thatis, K is a self-dual cone. It is also clear that K is a pointed cone, as x = —y,
with x;, y; > 0 for all i, can occur only if x; = y; = 0. Yet K does not contain any open
ball. Letx € K, and taker > 0. We canfinday e x+r B ¢ K. Since x € £2, we have from
the definition of ¢2, )", x? < +00; thus x; — 0 asi — oc. Choose i, where |x;| < r/2. Let
e; be the ith unit basis vector in £2. Theny =x—re; /2 €x+rBbut y; =x; —r/2 <0, s0
y¢K.

Sometimes we need a stronger concept than pointedness in infinite-dimensional prob-
lems: We say that a closed convex cone K is strongly pointed if K* is a solid cone; that
is, it has nonempty interior. The most important property of strongly pointed cones is that
norms can be bounded below and above in terms of inner products or duality pairings.

Lemma B.3. If K is a strongly pointed cone in a Banach space X, then there isav € K*
where

lxllx <(v.x) < vlix lixllx  forallx € K.

Proof. The second inequality is clear. Since K is strongly pointed, K* is a solid cone. Pick
w in the interior of K*. Then there is a § > 0 such that u + & Bx» C K*. This means that
for every x € K and & € X’ with ||§| x» < 8, we have (i + &, x) > 0. Taking the infimum
overall & € X’ with ||§| x» < & gives (i, x) — 8 ||x||x > 0. Setting v = /8§ and rearranging
give the desired result. [0

In finite dimensions there is no difference between a cone being pointed and being
strongly pointed.

Lemma B.4. If K CR" is a closed convex cone, then it is pointed if and only if it is strongly
pointed.
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Proof. (=) Suppose that K is pointed, so that K N(—K) = {0}. Then 0 ¢ co(K N S), where
S is the unit sphere in R": S = {x € R" | ||x|| = 1}. To see this, suppose 0 = Y /., 6; x;,
where 6; > 0 for all i, Z:"zl 0;i =1, and x; € KNS. Choose j, where 6; # 0; then 0 #
Ojx; € Kand —0;x; = Zi#j 0ix; € K. Thatis, 0 # 60;x; € K N(—K), contradicting
pointedness of K. So we see that 0 ¢ co(K N S). Since K NS is a closed and bounded subset
of R", it is compact. By Carathéodory’s theorem on convex sets in R”, every element of
co(K N S) can be written as Z?;Ll] 0; x;, where 6; > O forall i, Z?;Ll] 0, =1,andx; € KNS.
That is, co(K N S) is the image under a continuous map of the Cartesian product X, x
(K NSyt hence co(K NS) is compact and also closed. By the separating hyperplane
theorem, there is a v € R" and an « where (v, x) —a >0 forallx € KNS, and (v,0) —a <
0. Thus @ > 0. For any 0 # y € K, we have (v, y) = ||yl (v, y/lIyll) = « |ly]| > 0. This
shows that v € K*. Suppose that u € X’ and ||| x» < a. Then v+ u € K* since for any
0#ye K wehave (v+pu,y) > o llyll = llullx Iyl = (@—llwl) Iyl = 0. Thus v lies in
the interior of K*, and so K is strongly pointed.

(<) Suppose that K is strongly pointed. By Lemma B.3, there is v € K* such that
(v,x) > ||lx|| forall x € K. If x € K N(—K), then both x, —x € K, and so ||x|| < (v, x)
and ||x|| < — (v, x); thatis, (v, x) < — x| < [|x|| < (v, x), which can be true only if x = 0.
Thatis, K N(—K) = {0}, and K is a pointed cone. [

Note that the dual of the dual cone K ** is the original cone K, provided K is a closed
convex cone in a reflexive space X that can be identified with X”. The proof is an exercise
in using the separating hyperplane theorem. First we show that K* is a closed convex cone.

Lemma B.5. If K C X, with X a Banach space, then K* is a closed convex cone.

Proof.

K* is closed: Suppose that y, € K* for all n and that y, — y as n — oco. Then, for every
x € K, (yy, x) > 0. Taking the limit as n — oo we see that (y,x) > 0 for every x € K.
Thus y € K* as well. So K* is closed.

K* is convex: Suppose yi, y2 € K* and 0 <6 < 1. Note that (y, x) and (yz, x) > 0 for
every x € K. So

(Oy1+(1—=0)y2,x) =0 (y1,x) +(1—6)(y2,x) = 0.

Since this is true for all x € K, 0y; +(1 —6)y, € K* and K* is convex.

K* is a cone: Suppose that y € K* and o > 0. Then, for every x € K,
(ay, x) =a(y,x) >0,
soay e K*. O

Now we can go on to show that K** = K. Since K** C X” we need to identify X
with X" using the natural map f: X — X" (see (2.1)). Identifying X with X" means that
we identify fj(x) with x.

Theorem B.6. If K is a closed convex cone in a reflexive Banach space X, with X identified
with X", then K** = K. (If we do not identify X with X", then we have j(K) = K**.)
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Proof. First we show that K € K**. Suppose that x € K. Then, for any n € K*,
(6, M xxx’ = (N, X) xr x» > 0 (identifying X with X" via the natural map). So x € (K*)* =
K**. Thus K C K**,

Now we show that K** C K. If this were not true, then there would be a w € K**\ K.
Since K is a closed convex set, by the separating hyperplane theorem there are n € X’ and
B € R such that (n, x) + B > 0 for every x € K, but (n, w) + 8 < 0. Since K is a cone, we
canset x =0, so 8 > 0. Thus (n, w) < (n, w)+ B < 0. Also, since K is a cone, if x € K,
so is ax € K for any « > 0. Hence 0 < (n, ax)+ B8 = ¢ ((n, x) + B/a), provided o > 0,
so (n,x)+ B/a > 0 for any @ > 0. Taking ¢ — oo gives (1, x) > 0 for any x € K. Thus
n € K*. Butas w € K**, (w, n) > 0, contradicting our above result that (w, y) < 0. Thus
our assumption that w € K**\ K is false. This shows that K** C K.

Combining the two inclusions gives K = K**. [

Vectors in a Hilbert space can be “split” into K and K ° much like vectors can be split
into components parallel and orthogonal to a vector space [176].

Lemma B.7 (Moreau). Let K be a closed convex cone in a Hilbert space X with X’
identified with X. For all x € X,

x =Ig(x)+ Mgo(x). (B.9)
Furthermore, (I1g (x), ITgo(x)) = 0.

Proof. From (B.5), (x — g (x),z —g(x))y <Oforall z € K. Let w = x — I1g(x). First
we take z =0 so that (w, —ITg (x))x < O0; then we take z =2 [Tg (x) so that (w, [Tg (x))x <
0; thus (w, Ik (x))x = 0. Now, to show that w = [Tgo(x), weneed 0 > (x —w, u —w)y =
(Mg (x), u —w)y forallu € K°. But (ITg (x), u)x <0becauseu € K°, and (ITg (x), w)y =
0, so the inequality holds, as desired. [

For some cones K € R"”, K* = K. These are self-dual cones. The simplest example
is K = Ry, the nonnegative real numbers. Since (Kj x K2)* = K f‘ X KE‘, the Cartesian
product of self-dual cones is self-dual; in particular, the nonnegative orthant consisting of
componentwise nonnegative vectors R’ is self-dual. Thus GCPs are truly a generalization
of CPs: justuse K =R’} in a GCP to get the corresponding CP.

Here are some structural properties of dual cones.

Lemma B.8. Suppose K, K1 C X, and K, C Y are closed convex cones. Then the following
hold:

1. (K1 x K»)* = KT X K;.

2. For A: X — Y linear, continuous, and invertible, (A K)* = (A_l)* K*, where (A_l)*

AHV X S Y is the adjoint of the inverse A™': Y — X.
3. If K C K\, then Kik C K*.
4. IfX =7, then (K1 + K2)* = K} N K.

5. IFX=Y, then K{ + K} € (KiNK»)* =K} + Kj.
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Proof.

1. Note that

(K1 x K2)* ={(&,m e X' xY' | (5, ), (x,y)) = 0forall (x,y) € K| x K2}
={E meX xY | x)+(ny)=0forallx €Ky, y € Kz }.

Taking x = 0 shows that € K3; taking y = 0 shows that £ € K. So (K| x K»)* C
K| x K3. To show the reverse inclusion, if £ € K{and € K3, then for any (x, y) €
K1 x K, ((§,n), (x, ) = (&, x)+(n, y) > 0,50 K{ x K € (K} x K2)*. Combining
the two inclusions shows the two sets are equal.

2. Note that

3. fKCKjandé& e Kf,then (¢, x)>0forall x € Kq,s0 (§,x) >0forall x € K and
thus £ € K*. Note that this result does not rely on either K or K being closed.

4. We calculate

(Ki+K)"={¢eX | (¢, x+y)>0forallx e K|, y € K2 }
={¢ceX'|(t,x)+ (¢, y)=0forallx € K1, y € K2 }.

Clearly (K14 K2)* 2 K{ N K}. To show the reverse inequality, set x = 0, so that
¢ € (K1 + K»)* implies (¢, y) > 0 for all y € K. Similarly, setting y = 0 gives
(¢,x)>0forall x € K. Thus z € K{N K3, and (K + K2)* € KN K3. Combining
the two inclusions gives equality: (K1 + K2)* = K{ N K.

5. Now we show that K} + K3 C (K1 N K3)*. Suppose that { = & 4 n with & € K{and

n e Kj. Forany we KiNKs, (¢,w) =(§+n,w) = (&, w)+ (n,w) > 0; thus
ne(KiNKy)*
Finally, we show that K} + K} = (K1 N K)*. If L is a convex cone, but not nec-
essarily closed, then L C L so by item 3, L € L*, and again L** C L =L by
Theorem B.6. Now K f +K ; is a convex cone, but not necessarily closed, as we will
see later. Then

K +K5 = (Kf+K3)" = (Kj*nKk3)"
=(K1NKy)*™.

Thus K§ + K5 € (K1 NK2)* = K{ + K5, as desired. 0
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Remark B.9. Note that we do not get equality in the last inclusion of Lemma B.8 (item 5).
Here is an example in R3: Take

K =|oer+yllyl, < efy=0],
K= [aes +y Iyl <o ely=0].

Both of these cones are self-dual since they are both orthogonal transforms of the Lorentz
cone Ly (see (2.34)): (Q Ly)* = Q‘TL’Z‘ = QL.

Now K|+ K> = K{ + K5 is not a closed set, and so it cannot be a dual cone: the
plane {x| (e +e) x= 0} is in K1+ K>, but the only part of this plane in Ki + K3 is
the line generated by e; —ep: let P = {xje; +x2e3 | x1,x2 € R} be the (eq, e2) plane.
Then K1 NP ={xie;+x2ep | |x2] <xi}and Ko NP ={yre;+yzex||y1] < y2}. Setting
0 <x;=—xp wehave x| (e] —ez) € K1 N P; setting 0 < yo = —y; we have —y, (e; —ep) €
K> N P. Thus the entire line generated by e; — e, is in K1 U K> C K1 + K».

But now consider z = p(e] —ey)+oe3, o # 0. Suppose z=x+Yy, with x € K| and
y€ Ks. Writex=cae; +u,y=Be;+vwithelu=0,elv=0, |[u]| <o, and |v|| < 8.
Putu=use;+uzes3 and v =vie| +v3es; u3 +u3 <o’ and v} +vi < g% So p(e; —e2) =
(¢ +v1)e; + (B +uz)ep and therefore p = o + vy = —B — up. This implies that o« + 8 =
—v1 —uy. Since |v1| < B and |uz| < «, this means that |v1| = 8 and |u| = «; thus v3 =
u3 =0 and so o0 =0. Thus z is not in K| + K>.

However, we want to show that z € K| + K3. For a > |p|, putx(a) = (¢ + p/2)e; —

J@+0/22 =02 4er + Soes and y(@) = (@ — p/2)e2 — /(@ — p/2? — 07 /e + Loes.
Simple calculations show that x(«) € K1 and y(«) € K>, provided o > (|p| + |o|) /2. Since

\/(oz+p/2)2—02/4=a+p/2+(9(1/a) as a — 00,
we have

x(@) +y(@) = [(@+p/2) = (@ = p/2)] e1 +[(@ = p/2) = (a+ p/2)] 2
+oe3+0(1/a).

Taking @ — oo we see that x(«)+y(«) — p(e; —ep)+oe3, sothatz € Ky + K», as desired.

B.1.4 Tangent cones and normal cones

We can define the tangent cone to K at a pointx € K as

TK(x)z{ lim 2" | x; e K forall j, 1; | Oas j — oo}. (B.10)

j—ooo 1

This represents the shape of K close to x.

Lemma B.10. Suppose that K is a closed convex set and x € K. Then Tk (x) is a closed
convex cone. Also, if x € K, then Tg(x) = (.

Proof. First we show that Tk (x) is a cone: Suppose y € Tx(x) and o > 0. We show that
ay € Tg(x). If a =0, then ay = 0; 0 € Tg(x) since we can take x; = x for all j. If
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a >0, then if y =lim;_, (xj—x)/tj with x; € K forall j and ¢; | 0 as j — oo, then
ay =lim;_ (xj —x)/(tj/a) e Tk (x).

Now we show that Tk (x) is convex. Suppose that y,z € Tg(x) and 0 <60 < 1.
We wish to show that 8y + (1 —6)z € Tx(x). Let y = limj_o(yj—x)/s; and z =
limj o (zj —x)/tj with y;, z; € K andsj, ; | Oas j — co. Letr; =min(s;, t;) > 0; r; |
0as j — oo. Since x € K and K is convex, forany0 <o; < 1,5, =0;y;+(l —0j)x € K.
Note that 3; —x = o (y; —x). If we choose 0 <o; =rj/s; <1, then (3j —x)/rj =
oj(yj—x)/rj = (yj—x)/s;. Similarly we can find Z; = 7jz; + (1 — 7;)x € K with
tj=rj/tjsothat (Z; —x)/rj =1 (zj —x)/rj = (zj —x) /t;. Then

Oy +(1—6)z =6 lim 2 —% 4 (1—6) lim <_
j—00 rj j—o0 rj
05 +(1—60)3; —
= im DAY
j—o0 rj

To show that Tk (x) is closed, suppose that y/) — y, y() € Tx(x), so that y{/) =

lim;— oo (yl(j) —x)/tl(j) with y,(j) € K and tl(j) 1 0as/ — oco. We can construct a sequence
lj as follows: [ = 1;

L = min{l =1+ 1 < 2 and [y 9 = (57 = x) | <27 } .

Note that tl(Jj )

4 O0as j — oo. Then, setting z; = yl(jj) €K,
O e T e B G I

< Hy—y(j)H%Q_j —0 asj— oo.

Thus y € Tk (x).

To show that for x € K, Tk (x) = ¥, note that the distance between x and K is positive,
as K is closed. Then, for any sequence x; € K andt; | Oas j — oo, | (x; —x) /t; | = 400
as j — oo, and so (xj —x)/tj cannot have a limit as j — oco. [

The tangent cone Tk (x) is essentially the result of “blowing up” K around x and
taking the result to the limit. Note that the tangent cone can also be defined as

TK(x)=U%(K—x) forx € K. (B.11)

t>0

To see why, note that if » > s > 0, then for x € K,
1 1
—(K—x)C —(K—x)
r s

since K is convex. Alternatively, we can write

Tk (x) =cone(K — x) forx € K, (B.12)
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where
cone(A)={ax|a>0,xe A} (B.13)
is the cone generated by a set A € X. Note that neither (B.11) nor (B.12) applies if x & K;
if x € K, then T (x) = 0.
Closely related to the tangent cone is the normal cone:

Nk(x)=—-Tx(x)* =Tx(x)°C X' forx e K, (B.14)

the negative of the dual to the tangent cone. If x ¢ K, then we define Nx(x) = . An
equivalent definition is that for x € K,

Nxk(x)={n|{n,w—x)<Oforallwe K}. (B.15)
Lemma B.11. Definition (B.14) is equivalent to (B.15).

Proof. Suppose x € K and n € Tx(x)°, so that (n, w) <0 for all w € Tx(x). Pick z € K.
As K is convex, for all 0 <6 <1, 8z+ (1 —0)x € K. Then, taking 6 | 0, we see that
z—x €Tkg(x).So(n,z—x)<Oforallz € K.

Suppose that x € K and (n, w —x) <0 for all w € K. Then, if z € Tx(x), then z =
limj_o (wj —x) /tj, where w; € K and ¢; | 0. Thus

(n.z) = lim (n, w; —x)/1; <0.
Jj—00
Since this inequality holds for all z € Tk (x), it follows that n € Tx(x)°. O
The normal cone is closely related to the projection operator since for all x,

Jx (x — g (x)) € Ng (T (x)). (B.16)

The recession cone of a closed convex set K C X is denoted by K, and given by the
formula

Koo:z{llim tixi|lxieK,t; 10 asi—>oo}.
1—> 00

An equivalent expression for any x € K is

Koo =(")t(K —x). (B.17)

t>0

The recession cone is the set of all v € X where for any x € K we have x +av € K for
all & > 0. Thus, for any x € K,

x+ K CK.

If K is a cone as well as being closed and convex, then K = Ko,. We can think of K as
the set of directions in K “at infinity.” The recession cone can clearly be seen to be a closed
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convex cone (being the nested intersection of a family of closed convex sets in (B.17)). It
is also nonempty (provided, of course, that K # @), as then 0 € K.

It is tempting to think that if K is a closed convex set, then K is bounded if and only
if Koo = {0}. It is certainly true that if K is bounded, then K, = {0}. The converse is also
true in finite dimensions. However, in infinite-dimensional spaces “K, = {0} does not
necessarily imply that K is bounded. Consider, for example,

This is not a bounded set, as v/je; € K for j = 1,2, .... However, no ray belongs to K:
0 € K, and for any x # 0, 0+ ax € K means that azz _1x2/] < 1. This gives an upper
bound on «, and so we cannot take o« — +00. Thus KOo = {0}

In infinite dimensions, we also need to consider weak convergence. It turns out that

Koo ={veX|frxy — vweakly, ty | 0,xx € K forall k}.
To show this, since strong convergence implies weak convergence,
Ks C{ve X |frxy — vweakly, ty | 0,x; € K forall k}.

To see the reverse inclusion, we use (B.17): Koo = [),.(?(K —x) for some (or indeed,
any) x € K. Then, if fx; — v, for any s > 0 and sufficiently large k, 0 < 7 < s, so
t(xy —x) € s(K —x). Now s (K —x) is a closed convex set, and so it is weakly closed,
and therefore the weak limit of # (x;y — x), which is v, must belong to s (K —x). Thus
VE[Ny=oS(K —x)= Ko

Recession cones are not just of interest for their own sake. They can be important
for determining if certain properties hold. Consider, for example, that K is a closed convex
set,and Lj, j =1,2,...,1s anested family of closed convex sets with L1 C L; forall j.
Is

oo oo
(N(K+Lj)=K+()L;?
j=1 j=1

This turns out to depend on recession cones—at least for R"!

Lemma B.12. Suppose K and Lj, j =1,2,3,..., are all convex and closed in R" with
LiDLyD - ,and Koo N(— ﬂ?‘;l(Lj)oo) ={0}. Then

0]

o0
(K+Lj)=K+()L;.
j=1 j=1
Proof. Clearly

K+Lj).

ol

||D8
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To show the reverse inclusion, suppose that z € K + L; for all j. Thenz =x; +y;,
where x; € K and y; € L;. If the sequence x; is bounded, then so is the sequence y;,
and by taking convergent subsequences, there are limits x* € K and y* € ﬂ?il L; where
z=x*+y*

Now suppose that ||x;|| — oo as j — oo, possibly by taking a subsequence. By re-
striction to a further subsequence, x; /||x;|| = (z—y;)/llx;|| = X € Koo, and so y; /||y || =
Y =—X € (Lk)oo for all k. Thus 0 # X € Koo N(—(j=; (Lk)so), contradicting the above
assumption. Thus the sequences x; and y; are bounded, and so z € K + ﬂ?‘; 1 Lj for all

ce MK +L)).
Hence (jZ;(K +L;)=K +(}Z, L, as desired. [

The “pointedness” assumption, Koo N (— ﬂ;’i 1(Lj)o0) = {0}, is necessary. Consider
the example K = {(x,0)|x <0} and L; = {(x,y) |x > j |yl} for j =1,2,3,.... Then
K+Lj=R*forall j,so(3;(K+Lj)=R* But K+52, L; =K+ Ry x {0}) =
R x {0}. Note that in this case, Koo N (=[5, (Lj)y,)=—Ry x {0} #{(0,0)}.

B.1.5 Existence of minimizers

In this section we show the existence of global minimizers of proper convex lower semicon-
tinuous functions ¢ : X — RU{oo}, provided that they are coercive, ¢p(x) — oo if || x || —
00, and X is a reflexive Banach space. We can show that if ¥ : R” — R is continuous and
coercive, then ¢ has a global minimizer: the level sets {x | ¥(x) < ¥ (xg)} for some (any)
point xg € R" are closed and bounded and therefore compact. Thus we have a global min-
imizer and a global maximizer. But this does not work in infinite dimensions. If we take
X =0={(x1,x2.x3,..) | 172, x?} < 0o}, we canset Y(x) =Y 2, x?/i + (1 — ||x||§2)2,
which is continuous on ¢2 and has infimum zero, but we can never reach this infimum.
Thus convexity may be necessary.

On the other hand, we need coercivity even for nice convex functions. For example,
f(x)=e" is a convex function of x which is bounded below, with infimum zero. However,
we cannot reach zero. We can approach zero only by taking x — —oo. Thus coercivity
may be necessary.

Theorem B.13. If ¢ : X — RU{00} is proper; convex, lower semicontinuous, and coercive,
with X a reflexive Banach space, then there is a global minimizer x*.

Proof. Suppose that ¢(xg) < co. If we apply the separating hyperplane theorem to epi¢
and the point (xo, ¢(xp) — 1), then we get an affine lower bound for ¢: ¢(x) > (&, x) + B.
So ¢ is bounded below on bounded sets. Now the level set Lo := {x | ¢(x) < p(xp)} is a
closed (since ¢ is lower semicontinuous) and bounded (since ¢ is coercive) convex set. So
¢ is bounded below on L and has an infimum. Let x; be an infimizing sequence: ¢(x;) —
infyer, ¢(x) = infyex ¢(x). Since X is reflexive, by Alaoglu’s theorem there is a weakly
converging subsequence (also denoted by xi), so xx — x* as k — oco. By Mazur’s lemma
there are z; € co {xg, Xk+1, ...} such that 7 — x™* strongly. Now zj is a convex combination
of Xk, Xk41, ..., soinfrex ¢(x) < @(2k) < sup{P(xk), (xk+1), ...} = infrex p(x) as k —
oo. Since ¢ is lower semicontinuous, ¢(x*) < liminfy_, o ¢(zx) < infycx ¢(x). Adding
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the inequality infycx ¢(x) < d(x*), we see that ¢p(x*) = infycx ¢(x), and x* is a global
minimizer. 0

B.2 Subdifferentials and generalized gradients

The subdifferential of a convex function ¢: X — RU{oo} at x € X is the set
3p(x) ={g e X'| p(z) = p(x)+ (g, 2—x) forallz € X }.

Subdifferentials d¢(x) are closed convex sets. As is shown in Section 4.2, the subdiffer-
ential of a proper lower semicontinuous convex function is a maximal monotone operator.
Also, d¢(x) # @ for all x € intdom¢. If ¢ is differentiable at x, then d¢(x) = {Vp(x)}. For
proper lower semicontinuous convex functions, x* minimizes ¢ if and only if 0 € ¢ (x™).

The following theorem summarizes the basic properties of subdifferentials of convex
functions.

Theorem B.14. Let ¢, : X — RU{o0o} be proper, convex, and lower semicontinuous and
X be a reflexive Banach space. Then the following hold:

1. The directional derivatives ¢'(x;v) = limg o (¢(x +sv) —¢(x))/s exist (possibly
with the value +00). Furthermore, ¢(z) > ¢p(x)+ ¢'(x; z — x), and

Ipx)={geX |(g.v)<¢'(x;v) forallve X}.

2. 3¢(x) is a closed convex set,

3. Graphd¢ is a closed setin X x X'.

4. 0¢(x) # ) whenever x € intdom¢ (and ¢ is Lipschitz on some neighborhood of x ).
5. If ¢ is Gateaux differentiable at x, then 0¢(x) = {Vp(x)}.

6. x is a global minimizer of ¢ if and only if 0 € dp(x).

7. Provided ¢ +  is proper; then 3 (¢ + V) (x) D 9¢(x) + 0¥ (x) with equality if either
x € intdom¢ or x € intdom.

Proof.

1. Now, forany 0 <60 < 1, ¢(x +6s5sv) = ¢((1 —0)x +0(x +sv)) < (1 —0)p(x)+
0 ¢(x +sv), and so (¢p(x +0sv) —Pp(x))/(05) < (Pp(x +sv)—¢(x))/s. Thatis, s >
(¢(x +sv) — ¢(x)) /s is a nondecreasing function of s > 0. Thus the limitas s | O
exists, although it can possibly have the value +00. Hence ¢(x + sv) > ¢(x) +
s@'(x; v). Putting s = 1 and v = z — x for a given z shows that ¢(z) > ¢(x)+¢'(x; z —
x), as desired. For the characterization of the subdifferential, if (g, v) < ¢'(x; v) for
all v, then clearly g € d¢(x). Conversely, suppose that g € d¢(x). Then, for any v,
(Pdx+sv)—d(x)) /s = (p(x)+ s (g, v) —p(x)) /s = (g, v). Taking the limitas s | O
shows that ¢/(x; v) > (g, v) for any v.
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2. First, d¢(x) is closed: Suppose gx — g and gi € d¢(x). Then, forall y € X, ¢(y) —
¢(x) = (gk, y —x) = 0. Taking k — oo we get ¢(y) —p(x) — (g, y —x) = 0 for
all y € X, and so g € 9¢p(x).

Second, d¢(x) is convex: Suppose g1, g2 € d¢(x)and 0 <6 < 1. Then, forall y € X
and i = 1,2, ¢(y) — ¢(x) — (gi, y —x) > 0. Taking convex combinations of these
inequalities gives ¢(y) — ¢(x) — (g1 + (1 —0) g2, y —x) > 0. Since this is true for
ally e X,0g14+ (1 —0)g2 € d¢(x), and d¢p(x) is convex.

3. Suppose gr € d¢(xx) and x;y — x and gx — g as k — oo. Then, for every z € X,
¢ (z) > d(xp) + (gk, z — xx). Taking liminfs, noting that liminfy_, oc ¢(xx) > P(x) as
¢ is lower semicontinuous, we obtain ¢(z) > ¢(x)+ (g, z—x). Thus g € d¢p(x) and
d¢ has a closed graph.

4. We show that d¢(x) # @ if x € intdom¢. Our first task is to show that ¢ is bounded
on some open set containing x. Let Ey = {z € X | ¢(z) <k}. Clearly dom¢ =
U,fil Ey. Note that E;, € Ey1. Since ¢ is lower semicontinuous, each Ey is closed.
The intersection (;- | [dom¢\ Ex | = @. Thus, by the Baire category theorem, some
set dome)\ Ey is not dense in dom¢, and so E; must contain an open set for some k.
So pick a point z € dom¢ and an 1 > 0 such that z +n Bx C dom¢. Now, since x €
intdom¢, z+s(x —z) € dom¢ for s € [0,s*] for some s* > 1. Put w =z +s5™(x —2).
Now, for any point y in the convex hull of z 4+ 1 Bx and w, y = 60 w+ (1 — 0)z with
7 €z+nBx C Eg, 30 ¢(y) < 0¢p(w) + (1 —0)¢p(z’) < max{k, ¢(w)}. This convex
hull contains an open set around x. Thus ¢ is bounded on an open ball x 4 € By for
some € > 0.

We now show that |[¢p(y) —¢(x)| < L ||x — y|| for y € x + € Bx. Now we can choose
M so that ¢(y) < M for all y € x + € Bx. Note that ¢ must be bounded below on
X + € By; without loss of generality, let us suppose that ¢(y) > M forall y € x +€ By.
Thus, for any y € x + € By, there is the point w = x +€(x —y)/2|lx —y|) € x +
€Bx: x =0y+ (1 —0)w where 6 =¢€/(e +2||x —y|). Thus ¢(x)—p(y) < (0 —
De(y)+ (1 —=0)p(w) <2M2|x —y|l /(e +2]x —yl) <(4M/e)|lx — y|. To get an
inequality in the reverse direction, note that if we set w = y +s(y —x) for s > 0,
d(y) < s¢(x)/(1+5)+P(w)/(1+5) and s0 P(y) — Pp(x) < (p(w) —P(x))/(1 +5) <
2M/(1+s). Since we can take any s > 0 where ||w —x| =1 +s)|ly—x|| <,
taking 1+ s to the limiting value of €/ ||y — x| we get the bound ¢(y) — ¢(x) <
2M ||y — x| /e. Either way, we get |¢p(x) —p(y)| < (4M/€) ||y — x||. From this we
can see that the directional derivative at x, ¢(x;-) is Lipschitz and convex. Then, by
the Hahn—Banach theorem, there is a g € X’ where (g, v) < ¢'(x; v) forall v € X, so

g € dp(x)and dp(x) # .

5. If ¢ is Gateaux differentiable at x, then for any v € X,

P(x +5v) — Pp(x)

N

— ¢'(x;v) = (Vo(x), v) ass — 0.

Thus, for any z, putting s = 1 and v = 7z — x we get ¢(z) > ¢p(x)+ (Vo(x), z — x) for
all z € X. Hence V¢(x) € d¢(x). To show that nothing else is in d¢(x), suppose that
g € 0¢(x). Then ¢p(x +sv) > ¢p(x)+s (g, v) forall s > 0 and v € X. Taking limits
s 1 0 gives ¢'(x; v) = (V(x), v) > (g, v) forall v € X. Replacing v with —v shows
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that the reverse inequality holds, and so (V¢(x), v) = (g, v) for all v € X. The only
way this can happen is if g = V(x).

6. Now suppose that x is a global minimizer of ¢. Then clearly ¢(z) > ¢(x) = ¢p(x)+
(0, z—x) for all z, so 0 € d¢(x). Conversely, suppose that 0 € d¢(x). Then, for all
Z, 9(2) = ¢(x) + (0, z — x) = ¢(x), as desired.

7. Suppose g € d¢(x) and h € 9y (x). Then, for any z € X,

P2+ ¥ () = p(x)+ Y (x)+(g+h,z—x),

and so g+ h € 9 (¢ + ). Conversely, suppose that x € intdom¢. Then, by item 4,
¢ is Lipschitz in a neighborhood of x. Then the directional derivative ¢’(x; v) not
only exists but also is finite (bounded by the local Lipschitz constant of ¢ times
[lv]]). The directional derivative of ¥ also exists, but it may be infinite. Then,
for any v € X, the directional derivative (¢ +¥) (x;v) = ¢'(x; v) + ¥/ (x; v) ex-
ists, but it may be infinite. The subdifferential of a convex function f can be written
as 0f (x) ={ge X'| f'(x;v) = (g,v) forallv}. Since we have (¢ +v) (x;v) =
@' (x;v) + ¢¥'(x;v) for all v € X, we have equality of d(¢+¥)(x) and d¢p(x) +
oy(x). 0O

The Baire category argument for item 4 is given in Borwein and Zhu (see
[36, Thm. 4.1.3]). Item 7 can be shown to hold if 0 € int[dom d¢ — dom d] via Lemma 2.32.

B.2.1 Fenchel duality

An important concept in convex analysis is that of Fenchel dual of proper convex functions.
The Fenchel dual ¢*: X’ — R U {oo} of a convex function ¢p: X — RU{oo} is

¢*(y) = sup (y, x) — p(x). (B.18)

xeX

The main properties of Fenchel dual functions are given in the following theorem.

Theorem B.15. Suppose that X is a reflexive Banach space, and that ¢: X — RU{oo} is
proper; convex, and lower semicontinuous. Then the Fenchel dual ¢*: X' — RU{oo} is
also proper, convex, and lower semicontinuous. Also ¢** = ¢. Furthermore, for any x € X
and y € X', we have

X))+ *(y) = (x,y)

with equality if and only if y € 0¢(x), or equivalently, x € 3¢*(y).

Proof. From the definition (B.18), ¢* is the supremum of linear functions and is therefore
convex.
To show that it is lower semicontinuous, suppose that y; — y in X’. Then

@™ (yk) = sup (y, x) — p(x).

xeX
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For any € > 0 choose x, such that (y, x¢) — ¢(xc) < d*(y) < (y, x¢) — p(xc) + €. Then

" (k) = (Vi Xe) — P(xe)
= (¥, Xe) + Yk — ¥, Xe) — Plxe)
> ¢* () — €~ llyk — yll llxell
— ¢*(y)—¢ as k — oo.

Thus liminfy— 00 #*(yk) > ¢*(y) — €. Since € > 0 is arbitrary, liminfy_ o0 ¢*(yr) > ¢*(y)
and ¢* is lower semicontinuous.

To show that ¢* is proper, note that ¢ is proper, so that there is a point x € X where
¢(x) < oo. Then, since epi¢ is a closed, convex set, and (x, ¢p(x) — 1) & epi¢, by the
separating hyperplane theorem, there must be (1, ¥) € X’ x R and 8 € R such that

<|:)’Zi|,[§i|>+/320 forallz € X, s > ¢(2),

(0] oo ] re=o

In particular, taking z = x and s = ¢(x) in the first inequality gives (1, x) +y ¢(x)+ 8 > 0.
On the other hand, the second inequality gives (n, x)+y ¢(x)—y + B8 <0,s0 y > 0. Again
using the first inequality but with z € X and s = ¢(z), we get

(nz2)+ye)+B=0.
Negating and dividing by y > 0 give (—n/y,z) — ¢(z) < —B/y; taking the supremum

gives ¢*(—n/y) < —B/y < 400, and so ¢* is proper.
Suppose that x € X and y € X’. Then

d(x)+o*(y) = p(x)+ S“,I; (v,2) —9(2)
€
>¢px)+ v, x)—d(x) = (¥, x).

This is known as weak duality.
We can now justify the term duality by showing that ¢** = ¢. First we show that

P < ¢:
@™ (x) = sup (x,y) —p*(x)

yeX’
= sup [(x, y) —sup(z, y) +¢(X)]
yex’ zeX
= supinf (x — z, y) + ¢(2).
y Z

Taking z = x in place of the infimum shows that

() <sup(x —x, y)+¢(x) = ¢p(x)  forallx € X.
y
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On the other hand, we can show that ¢ < ¢**: Suppose that ¢(x) < co. For € > 0, since
(x, p(x) —€) € epig, there are n. € X’ and B¢, ye € R such that

<[ ZE}[ip_ﬂgfzo forallz € X, s > ¢(z),

(R T

Thatis, (1, 2) + Ve ¢(2) + Be = 0 for all z € X while (¢, x) + Ve $(x) — yee + B < 0. Note
that y. > 0. Dividing by y, and combining these inequalities give ¢(x) < (—n¢/Ve, X —2) +
¢(z) + €. Then

¢™*(x) = supinf (x —z, y) + ¢(2)
y Zz

> irzlf<x =2, —Ne/Ve) +9(2)
> P(x) —e.

In the case where ¢(x) = oo, we use the separating hyperplane theorem again, but using
(x, M) ¢ epi¢ for arbitrary M € R. In either case we get ¢**(x) > ¢(x) for all x. Combin-
ing the results shows that ¢** = ¢.

Now suppose that ¢(x)+@d*(y) = (y, x). Then, forany z € X, ¢p(x)+ (y, z) —p(2) <
(v, x); rearranging gives ¢(z) > ¢(x)+ (¥, z — x). In other words, y € d¢(x).

To show the reverse implication, suppose that y € d¢(x), so that ¢(z) > ¢(x) +
(v,z—x) forall z € X. Then z — ¢(z) — (¥, z — x) has a global minimum at z = x. So

¢*(y) =sup(z,y) —p(2)
=sup{z—x,y) —P()+{x,y)
=—¢(x)+(x,y),

and ¢(x) +¢*(y) = (x, y).

To show that ¢(x) + ¢*(y) = (x, y) is equivalent to x € d¢p™(y), apply the previous
two paragraphs to v = ¢* and use ¥* = ¢** = ¢. Then ¥ (y)+1*(x) = (x, y) is equivalent
to x € 9y (y); unwrapping the substitutions gives the result. 0

The difference ¢(x) + ¢*(y) — (v, x) is called the duality gap. If the duality gap is
zero, then ¢*(y) = (y, x) — ¢(x) = max;cx (v, z2) — ¢(z). If ¢* is a computable function,
then the duality gap is a way of determining how close a feasible point is to being optimal
for convex optimization problems.

B.2.2 Constrained convex optimization and KKT conditions

Minimizing a convex function subject to convex inequality constraints is a standard prob-
lem in nonlinear programming. Usually we have Lagrange multipliers and KKT (Karush—
Kuhn-Tucker or just Kuhn—Tucker) conditions. But this depends on the holding of some
constraint qualification.
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Consider the problem
rr}in f(x) subject to (B.19)
gi(x) <0, i=1,2,...,m, (B.20)
with f and the g;’s convex finite-valued functions. The feasible set is
K={x]|gix)<0,i=1,2,....,m}, (B.21)

which is a closed convex set. Then (B.19)-(B.20) is equivalent to minimizing f + Ik,
where Ix is the indicator function for K. The optimality condition then becomes 0 €
d(f+1Ix)(x). Aslong as f is finite valued on a neighborhood of K, this is equivalent to
0edf(x)+0Ig(x)=0f(x)+ Nk (x)by Theorem B.14(7). If f is differentiable throughout
K, we have the optimality condition

Vf(x) € =Nk (x).
The usual rule for Nk (x) where K is given by (B.21) with smooth g; is
Nk (x) =cone {Vgi(x) | gi(x)=0}.

However, this can fail, even for just one constraint. Consider, for example, g(x,y) = x>+ y>
and K = {(x,y)| g(x,y) <0}. This rule would give Nk (0,0) = {(0,0)}, whereas K =
{(0,0)}, and so in fact Ng (0,0) = R2. The rule Nk (x) = cone { Vg;(x) | gi(x) =0} applies
as long as the Slater constraint qualification holds, that is, if there is a point X where

gi(X) <0 foralli=1,2,...,m. (B.22)

We handle this in two steps. The first is to show that the Slater constraint qualification for
a general locally Lipschitz function gives a nice formula for the normal cone.

Lemma B.16. Let K = {x € X | ¢(x) < 0}, where ¢ is a locally Lipschitz convex function

and X a reflexive Banach space, and suppose that there is an xo where ¢(xg) < 0. Then,
Sfor any x* with ¢p(x*) =0,

Ng(x*) = conedp(x™).

Proof. Note that the directional derivative ¢’(x*; v) is finite and defined for all v, positively
homogeneous, and convex in v. First, we show that Tx(x*) C {v | ¢'(x;v) < 0}. Let
v =limg_ o0 (xx —x*) /# with x; € K and # | 0. If L is a local Lipschitz constant for ¢,
then

O(X* +1rv) — p(x™)

' (x*v) = klim

—00 tr
_ * %
§lim M_{_L Xk —X —v 50’
k— 00 Ik tr

so Tx(x™) C {v | ¢'(x*;v) <0 } To show the reverse inclusion, we need the Slater con-
straint qualification: let vy = xp — x*. Now ¢’(x*; vo) < ¢(x* + vg) — p(x*) < 0. So, by
convexity of ¢'(x*; -), for0 <0 < 1 and v € Tg (x™*),

¢’ (" (1 =) +0vo) < (1-0)¢'(x™;v) +0¢'(x™; v9) < 0.
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Thus, for sufficiently small # > 0, ¢ (x* +1 [(1 —0)v+0Ovp]) <0, so taking ¢ |, 0, (1 —0)v+
Ovg € Tx(x™*). Since Tk (x™*) is a closed set, taking 6 |, 0 gives v € Tg (x™), as desired.

Then
Tk (™) ={v|¢'(x"1v) <0}
={v| sup <$,v>§0}. (B.23)
E€Ip(x*)

So Ng(x*) =Tg(x*)° ={n|(n,v) <Oforall ve Tx(x*)} D dpp(x™). Since Nx(x*)is a
cone, Nk (x*) D conedp(x*). To show the reverse inclusion, suppose that n € Ng (x*)\
cone d¢(x*). By the separating hyperplane theorem, there is a z € X where

(n,z)+B>0,
(@€, z2)+B <0 foralla >0, & €dp(x™).
Taking o = 0 gives B < 0; taking @ — +o0 gives (§,z) < O for all £ € 9¢(x*). Thus
7z € Tk (x*) by (B.23). On the other hand, (1, z) > 0, contradicting Ng (x*) = Tg (x*)°.

Thus we must conclude that Ng (x*) C coned¢(x*). Combining the two inclusions gives
Ng(x*) =conedp(x*). 0O

To get

Nk(x)=cone {Vg;(x)|gi(x)=0}  for
K={x|gix)<0,i=12,...,m}
requires an additional step. If we set gyqx(x) = max;—1 2, m gi(x), then guqy is a locally

Lipschitz convex function and K = {x | gnax(x) <0}. So Nk (x) = conedgmqx(x). What
we now need is a formula for g4

Lemma B.17. If ¢yqx(x) = max;=1,2, .. .m ¢i(x), where each ¢ : X — R is a locally Lips-
chitz convex function, then

dpmax()=co ) i), (B.24)
i:¢; (X*)=¢max (x*)
Proof. If ¢;(x™*) < Ppax(x™*), then ¢;(x) < Pmax(x) for all x in a neighborhood of x*, so we

can ignore ¢; if this is so. So we assume without loss of generality that ¢; (x*) = @pax(x™)
for all i. Then

Omax(X* +10) — Pax(x™)
t

Gi(x* +1v) — i (x™)
ax

Brpax (X5 0) = lzlfg

=limm
t}0 i t

:maxlim(pl(x ALl G max ¢;(x*; v).
i t}0 t i

So

Omax(x*) ={& | (5. v) < P, (x*sv) forall v}
={&] (&, v) <¢/(x*;v)forallvandi} D d¢;(x*) foralli.
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Thus d¢max(x*) 2 colJ; d¢i(x*). Since each d¢;(x*) is closed, convex, and bounded, it
is also weakly compact (as X is a reflexive space), and so co|J; d¢;(x™*) is also weakly
compact and thus strongly closed.

To show the reverse inclusion, suppose that 1 € d@qx(x*)\co Ui d¢;(x*). Then, by
the separating hyperplane theorem, there are z € X and 8 € R such that

(n,z2)+pB >0,
(€, 2)+B <0 forall £ € coUBq&i(x*).

The latter inequality reduces to (£, z) + 8 < 0 for all £ € 3¢;(x*) for some i. Taking the
supremum over all such &’s shows that max; ¢/(x;z) < — < (1, z) < ¢,,,.(x; z), which is

a contradiction. Thus d¢y,q(x™) = co Ui:¢i(x*)=¢max(x*) agi(x™. 0O

This result can be extended to ¢: X x A — R continuous, with ¢(x,a) convex and
Lipschitz in x. If ¢y, (x) = maxges ¢(x,a), then

)= ) e (825
a:Q(x*,a)=¢max(x*)

Such formulas are proved in even more generality in, for example, Clarke [55] and are very
important for certain optimization problems.

Now if K ={x|gi(x)<0,i=1,2,...,m} with g; convex and Slater’s constraint
qualification holds (for some xg, g;(xo) < O for all i), then if x* € K,

Nk (x™) = cone co U 9gi(x™)
i:gi(x*)=0

m
=12 ki1 =05 €dgi(x). A gi(x*) =0 foralli .
i=1

The optimization criterion for (B.19)—(B.20) then becomes the existence of Lagrange
multipliers A; > 0 such that A; g;(x) = 0 for all i/ and

m
0€df(x*)+ ) Aidgi(x™), (B.26)
i=1
the convex subdifferential version of the KKT conditions.

What if the Slater constraint qualification fails? What should we use for the necessary
conditions? Fritz John came up with an answer for smooth (but generally nonconvex con-
straints) [135]. In the convex case it works like this: let ¢y,qx(x) = max; ¢;(x). If Slater’s
constraint qualification fails, then ¢,/nax(x; v) > 0 for all v, 0 0 € d¢ax(x). Thus there are
0; >0, >/, 0; =1, where 0 € > ;" | 6; d¢;(x). We can combine this with (B.26) to give
the condition that

m
0€ndf(x)+ Y A dgix™), (B.27)
i=1
where all A; > 0 (including i = 0) and at least one of the A;’s is strictly positive. This is
known as the Fritz John condition for optimality, and it holds even if constraint qualifica-
tions fail.
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B.2.3 Inf-convolutions

The inf-convolution of two proper convex lower semicontinuous functions f, g: X - RU
{oo} is the function

(fEC) =inf f(y)+8(x =) (B.28)
=__inf f(¥)+g@). (B.29)
y,z:x=y+z

Note that dom f [[1 g = dom f +domg. Now f [g is a convex function, but it is not
necessarily lower semicontinuous.

Lemma B.18. If f and g are convex functions, so is f[1g.

Proof. Fix x1,x2€ X and 0 <6 < 1; let x = 0x; 4+ (1 —0)x2. For any € > 0, choose yi ¢,
v2.e such that L g(xi)+€ > f(yie)+8(xi —Vie)i =1,2. Set ye =0y +(1 —0)y2e.
Then

SHgx) = f(ye)+g(x—ye)
SO0f1,e)+(1=0) f(y2.0) +0g(x1 —y1,e) + (1 —0) g2 — y2,e)
<O[fHgx)+e]+1—0)[fDglx2)+el.

Since € > 0 is arbitrary, we see that f [Jg is indeed convex. [

Inf-convolutions are closely related to Fenchel duals: (f [0 g)* = f* 4+ ¢*. However,
we will need to use some results about inf-convolutions (and related functions) assuming
some properties of the domains of f and g. In particular, we want to give conditions under
which f []g is locally Lipschitz (which implies that it is locally lower semicontinuous).
Following the proof of Theorem B.14(4), if we can show that a convex function is locally
bounded above, then it is locally Lipschitz. The conditions under which we can prove
that f [J g is locally Lipschitz are variously called constraint qualifications, or transver-
sality conditions. These kinds of conditions generalize what are ordinarily referred to as
constraint qualifications or transversality conditions well beyond their readily recognizable
forms.

Our basic result is the following.

Lemma B.19. If the domain of f [Jg contains an open set, then f g is bounded in a
neighborhood of zg for any zg € int(dom f +domg).

Note that it is sufficient to show that f [-] g is Lipschitz on a neighborhood of each
point in the interior of dom f + domg. Before we give the proof of this lemma, we need
some preliminary results.

A set S is convex series closed if for ; >0, > 0, 6; =1landx; € S, X =) 0y 0ix;
implies x € S.

The importance of these concepts is that they relate to the interior of convex series
closed sets. The proof follows Borwein and Zhu [36].

Lemma B.20. If S is convex series closed, then intS = int S.
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Proof. We know thalt S CS,so0intS CintS. We want to _show the reverse conclusion, so
suppose that z € int.S. Choose § > 0 such that z+§Bx C S. Now, translating by —z,

- 1
SBXCS—ZCS—H—ESBX.

Multiplying by 2% gives 27%8 Bx ¢ 27%(S — z) + 2%~ 15 Bx. Expanding this gives

1 1 1
E(SBX @ E(S—Z)-i-?(S—Z)+'--+W(S—Z)+WSB)(.
Then, for any w € %(SBX,
k+1 _
we Y 27 (si—2)+27""8Bx. (B.30)

i=1

Since S is convex series closed, so is the translate S — z, and Z;’i] 27i(s; —7z) € S — z; that
is, Z?il 2-is; € S. On the other hand, taking the limit as k — oo of (B.30) gives

o0
w=Z2_i(si —z2)eS—1z.

i=1

Since this is true for all w € %SBX, it follows that z + %SBX C S, and so z € intS. Hence
intS C int S, and the equality of the two interiors follows. [

This has to be combined with the following result regarding closed convex absorbing
sets: A set A is absorbing if for any x € X there is an & > 0 such that ax € A.

Lemma B.21. If S is a closed convex absorbing set in a Banach space X, then 0 € int S.

Proof. Note that if S is absorbing, so is SN (—S), so we assume without loss of generality
that S is balanced (that is, if x € S, then —x € S). Since S is absorbing, U}:il kS =X.
Since this is a countable union of G5 sets whose union is open, some k S contains an open
set by the Baire category theorem. Thus § contains an open set xo+ 6 By. So —xo+
6 Bx C S as well; taking convex combinations with 6 = 1/2 gives § By C S. In other
words, 0 cintS. 0O

Now we can return to the local Lipschitz property of inf-convolutions.

Proof of Lemma B.19. Suppose that zp € intdom f [] g, and pick xo € dom f and yg €
domg, where zo = xo + yo. Without loss of generality, shift the values of f and g so
that f(xo) = g(yo0) =0. Let f = f+1, 5~ and g = g+ I, 5y Now f and~§ are
convex proper lower semicontinuous functions with f < f and g <g,so fg < fIg,
and we have to show just that f [1g is locally bounded. Let L, be the level set Ly :=
{Z | (f L] §) D) <a } for o > 0. First we show that L, — z¢ is absorbing; that is, for any z,
there is a 6 > 0 such that zo +6 (z — zo) € L. To see this, we note that since dom f +dom g
contains a neighborhood of zg, zo + 6 (z — zp) € dom f +dom g for sufficiently small 8 > 0.
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For such a 8 there must be an x € dom f anda y € dom g where zo+6 (z — z0) =x +y. Now
dom f and dom g are convex sets, so for any 0 <n <1, xo+n(x —xp) € dom f and yo +
n(y —yo) € domg. Pick n > 0 sufficiently small so that n < 1/max(|[x — xoll, ly — yoll);
thus xo +n(x — x0) € dom f and yo +n(y — yo) € domg. In fact, f(xo+n(x—xp)) <
nf ), Eo+n(y—y0) <ng(y), so (fEHEZ)(z0+6n(z—20) < n(f(x)+g(y). If we
alsomake 0 <n < a/(f(x)+ g(y)), then zo+60n(z—z0) € Lqy.

\ye now want to show that L, is convex series closed. First, L, is bounded, as
dom (fg) = dom f +domg € xo+ yo+2Bx. So consider z := Y 0, 6;z; with 6; >
0 forall i and )2, 6; =1 and z; € L,. This series certainly converges. We want to
show that it converges to an element of Ly. To do this, note that for any z; € Ly there
must be x; € domf and y; € domg where x; 4+ y; = z; and f Hgzi) < f(x Y+ 28(yi) <
(ng(z,)—i—a)/Z < «. Since the x; € x9g+ Bx and y; € yp + By, both x; and y; are
bounded, and so x := Ziz] Oix; and y := Zi:l 0;y; converge. Since f and g are both
lower semicontinuous and convex, it follows that

fHZ@) < f(x)+3()

<Y 0 (fa)+300) < e
i=1

3

and so z € Ly. Thus L, is convex series closed.

Now L, — zo is a convex absorbing set, and so Ly — 20 is a closed convex absorbing
set. Hence, L, contains an open neighborhood of zg by Lemma B.20, and z¢ € int L. But
for convex series closed sets, int L, =int Ly, S0 zg € int Ly. Thus f (1 is locally bounded
above, and so f [ g is also locally bounded above; hence f [-] g is locally Lipschitz around
every point in its domain. [

B.2.4 Nonsmooth analysis: Beyond convex analysis

First we need some terminology for smooth functions. In particular, we say f: X —
Y (where X and Y are Banach spaces) is Fréchet differentiable at x € X with derivative
V f(x), a continuous linear map X — Y, if

S+ - fx)=Vf)h

IA]—0 (I 72]]

=0. (B.31)

We say that f: X — Y is Gateaux differentiable at x € X with derivative V f(x), a contin-
uous linear map X — Y, ifforall v € X,

Ji%w =V f(x)v. (B.32)

There are “weak” versions of these concepts where the limit is understood as a weak, rather
than strong, limit.

For nonsmooth and nonconvex functions there are generalizations of subdifferentials.
The best known are the generalized gradients of Clarke [53, 54, 55]. The definition of
these is a little involved, requiring a two-step definition. Given a locally Lipschitz function
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¢: X — R, we define the Clarke directional derivative

/ hd/ _ /
¢°(x;d)= limsup Pb +hd) — gl ).
X' xid/—d:h |0 h

(B.33)

Since ¢ is Lipschitz near x this is well defined and finite. Furthermore, ¢°(x;d) is a
positively homogeneous (¢°(x; ad) = o ¢°(x; d) for « > 0) and convex function of d. Then
we can define the Clarke generalized gradient

dp(x)={ge X |(g.d) <¢°(x,;d) foralld € X }. (B.34)
If X =R”, then

d¢p(x)=7co { klim Vo(xr) | xp — x ask — 00 } . (B.35)

This relies on Rademacher’s theorem, which says that a Lipschitz function R” — R is
differentiable almost everywhere. This can be generalized to certain Banach spaces called
Asplund spaces. Asplund spaces X have the property that any convex function ¢p: X —
R is Frechét differentiable on a G set that is dense in dom¢ (see [16]). In fact, every
locally Lipschitz function ¢: X — R is differentiable except on a dense subset of X (see
[210]), and (B.35) can be used for the Clarke generalized gradient. A Banach space X is
an Asplund space if and only if its dual X’ has the RNP.

Clarke generalized gradients can be used for optimization: 0 € d¢(x*) is now a nec-
essary but not sufficient condition for x* to be a minimizer of a locally Lipschitz func-
tion ¢. The condition 0 € d¢(x*) does not even mean that the directional derivatives
¢'(x*; d) > 0 for all d. The example of ¢(x) = — |x| has 0 € 3¢(0), but ¢'(x*; £1) = —1.
If ¢'(x; d) = ¢p°(x; d) for all d, we say that ¢ is Clarke regular at x. If, for all z in a neigh-
borhood of x, we have ¢(z) > ¢p(x)+¢°(x;d)—r ||x — 2 ||2 for a fixed r, we say ¢ is r-prox
regular, or just prox-regular, if we do not wish to specify a particular r.

An alternative to Clarke’s generalized gradients for locally Lipschitz functions is the
Bouligand generalized gradient given by

Ipp(x) = {klgr;o Vo(xr) | xp — x ask — 00 } . (B.36)

From (B.35) and (B.36) we can develop Bouligand and Clarke generalized Jacobian ma-
trices for locally Lipschitz ¢ : R” — R™:

opYr(x)= {klim Vir(xg) | xp — x ask — 0o } ,
dy(x)=co {klim Vo(xp) | xp — x ask — oo}

The Clarke generalized Jacobian allows us to generalize the inverse and implicit functions
to locally Lipschitz functions: if ¥ : R” — R” and dv(x*) contains no singular matrix,
then v is a local homeomorphism; in fact, there is a ball y* 4+ r B with y* = /(x*) where
there is a Lipschitz inverse function ¥ ~! defined on y* +r B with r > 0 and ¢~ (y*) = x*
(see [113]).



352 Appendix B. Convex and Nonsmooth Analysis

Other versions of nonsmooth variational analysis and “generalized gradients” or
“generalized subdifferentials” can be found in, for example, the books of Mordukhovich
[175], Rockafellar and Wets [214], and Borwein and Zhu [36]. These different versions
of variational analysis can operate in different domains (finite-dimensional versus infinite-
dimensional spaces), different kinds of functions (‘“smooth + convex,” Lipschitz, or lower
semicontinuous), or with different applications in mind (control theory, differential equa-
tions, optimization, or solution of equations). We will not venture further into these differ-
ent notions of variational analysis and generalized differentiation except to say that while
many of the concepts developed elsewhere are sharper than, say, the Clarke generalized
gradient, they are often more difficult to compute and have less regularity. Nevertheless,
they often have applicability to numerous practical problems.
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Differential Equations

We will consider here differential equation initial value problems of the form

d
d—f(r) = f(t.x(t),  x(to) =x0 € X, (C.1)

where X is a given Banach space. We take this to mean that dx /d¢ exists almost every-
where, x(-) is an absolutely continuous function, dx /dt(t) = f(¢,x(¢)) for almost all #, and
finally that x(#p) = xo. This understanding of what a solution of a differential equation is
derives from the work of Carathéodory; we say that such a function is a solution in the
sense of Carathéodory.

C.1 Existence theory for Lipschitz ordinary differential
equations

The most basic result in the theory of differential equation initial value problems is that
if f(¢,x) is a Lipschitz function of x, then a solution to (C.1) exists and is unique. A
refinement of this result is given below.

Theorem C.1. If || f(¢,x)— f(t,2)|| < L(@) |lx — y|l and || f(£,0)|| < k(t) for all t, x, and
v, and if L, k are locally integrable functions, then solutions (C.1) exist to in the sense of
Carathéodory. Furthermore, if z(-) is a solution of dz/dt = f(¢t,z(¢)), z(to) = zo in the
same sense, then ||x(t) —z(®)|| < exp(ftf) L(t)dt) ||xo — z0ll.

Proof. We prove this using Picard iteration. First we write the problem in integral form:

t
x(1) = xo +/ f(r,x(t))dr.
o
Next we create a fixed point iteration:

t
D) = xo+ / fax®@pdr,  xO@W=x foralls.
0]

353
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The map z(-) — y(-) given by
t
¥(0) = %0+ / f(t,2(0)dr
fo

is a Lipschitz continuous map C[tg, t1] — Clto, 1] with Lipschitz constant ftf)l L(t)dr. To
see this, if z; — y; and z2 — y7, then

t
ly2() = yi ()]l < / 1 f(r. 22(2) - f(z. 21(o)] de
0]

t
< / L(1) l22(0) — 21(0) | d

fo

n
< ( / L(r)dr) sup lea(0) — 21011
to fp=t=<1y

Thus if 11 > ty is chosen sufficiently small, then ftg L(t)dt < 1, and so the iteration is a
contraction map. Applying the contraction mapping theorem, there is one and only one
fixed point of the iteration which is the limit x(r) = limg_, o x®(¢), which is the solution
of (C.1) on [tg, 11].

The solution can be extended to an interval [t1,#,] where fttlz L(t)dt < 1 with the
“initial” value x(#1) given from the solution on [#o,#1]. This can be repeated; suppose we
choose #;11 at stage k so that ftik“ L(t)dt =1/2. Then ty :=limy_, o0 t; = +00; otherwise

fttooo L(t)dt = 400, which contradicts the assumption that L is locally integrable. Thus a
solution exists for all ¢ > tg.

The bound on ||x(#) — z(¢)|| for different initial conditions follows by the Gronwall
lemmas of the following section. [

Note that this theorem works in infinite dimensions as well as finite dimensions.
There is no need to impose compactness conditions. However, there are situations where
existence can be shown for initial value problems which rely on some compactness prop-
erties.

C.2 Gronwall-type lemmas

To carry out proofs for more general situations, we need a lemma originally due to Gronwall
[116], which in Bellman’s integral form [28] is something like this.

Lemma C.2. Suppose that r: [a,b] — R is an absolutely continuous function such that
r'(t) < B()r(¢) for almost all t with B: [a,b] — R integrable; then

t
r(1) < r(a) exp ( / ﬂ(t)dr).

This result can be easily derived from the integral version of the lemma.
Lemma C.3. Suppose that r: [a,b] — R is an integrable function satisfying

t
0 §oz(t)+/ B(x)r(t)dr, a, B e L'(a,b).
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Then

t t
r() < Ol(t)+/ a(t)ﬁ(r)exp(/ ,B(S)ds) dt

a

forallt. If a(t) is a constant «, this implies that

t
r)<a exp(/ ﬂ(t)dr) forallt.

In fact, the above results hold if B is a measure on [a,b] with B ({a}) =0 and «o is B-
integrable.

There are numerous variations and generalizations of these results, many of which
require positivity or monotonicity. Here is an example of a nonlinear Gronwall lemma,
which in integral form is due to Bihari [32].

Lemma C4. Suppose that r: [a,b] — R is an absolutely continuous function and that
0: R — R is a positive and nondecreasing function. Then, if r'(t) < 6(r(t)) for almost
all t, then r(t) < p(t) for all t € [a,b], where p is the unique solution of the differential
equation

o'() =60(p(1)), p(a) =r(a),
ds/0(s) > b—a.

[e.e]

provided that fr(a)

In this version, 6 might be a function that grows superlinearly (for example, 0(r) =
1+ r2), and so it can be used to give short-time existence bounds. The existence and
uniqueness of the solution, at least for a sufficiently short time interval, are not obvious a
priori, so this must be shown in the proof.

Proof. To show the existence of a solution to p’ = (p), we define p to be the inverse
function to ¥ (s) :=a —l—frs(a)ds//@(s/). Now s’ — 1/0(s’) is a locally bounded, posi-
tive, nonincreasing function, and so it is integrable. Thus ¥ is absolutely continuous, and
¥’ (s)=1/6(s) for almost all s. Hence, on finite intervals [s1, s2], 1/0(s2) < ¢¥/(s) < 1/0(s1)
for all s € [s1, s2]. This implies that the inverse function p exists and is absolutely continu-
ous on [a, b] C rangevr. The usual differentiation rules show that p’(r) = 0(p(r)) for almost
all t; p(a) =r(a) as ¥ (r(a)) = a. Thus there is a solution of the differential equation for p.

To show that there is only one solution to the differential equation, suppose that
p' = 0(p) and p(a) = r(a). Then since 6 is positive and bounded on bounded intervals,
d/dt)(W(p()) = (1/6(p(1))) p'(t) = 1 for almost all ¢, where ¥ is the function defined in
the previous paragraph. This together with y/(r(a)) = a implies that ¢ and p are inverse
functions. Therefore p is unique, as ¥ is unique.

Now, to show the bound, we first note that (d/dt)y (r(t)) = r'(t)/0(r(t)) < 1 for
almost all 7. Since ¥ (r(a)) = a, it follows that ¥ (r(¢)) < t. Since  is strictly increasing,
this means that r(t) < p(¢), as desired. 0

This result cannot only be used to show local boundedness when 6(r) grows superlin-
early in r, but it can also be used to get subexponential bounds when 6(r) grows sublinearly
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in r. An example of this is in mechanical systems with bounded external forces f(¢):

2

X
m—s = =VVE®+0).

The energy is E(t) = %m I%]1> + V(x) > infy V(x) =: Epin. The rate of change of the
energy can be bounded by

aE _ f(t)" x(1)

dt
< (Il 1%
< C(E = Enn)'/?.

Then the energy is bounded by the solution of dp/dt = C (p — Epnin)'/?, p(to) = E(ty) >
Ein, whichis p(t) = Epin + (2Ct 4+ /E(ty) — Em,-n)2, showing that the energy grows at
most quadratically in time for bounded external forces.

Discrete Gronwall lemmas have also been developed for handling time discretiza-
tions of differential equations and related systems. The simplest of these starts with

Tkl <1 +hBrg for all k
and obtains a bound
rp < ePhk ro,

which depends only on the product £k and rp. Nonlinear versions have also been devel-
oped. One of these is Lemma 5.2 in Section 5.2.1.

C.3 Carathéodory’s existence theorem for continuous
ordinary differential equations

Gronwall lemmas (both continuous and discrete) can be used to show existence of solutions
to differential equations and inclusions. For example, consider Carathéodory’s existence
theorem for ordinary differential equations in finite dimensions with merely continuous
right-hand side (in the state variable). More formally, we have the following theorem.

Theorem C.5 (Carathéodory). Consider the differential equation

d

T = fax). x)=xoeR",

dt
where f(t,x) is continuous in x and measurable in t, with bounds || f(t, x)|| < ¥ (@)0 (||x|)
where 0 is continuous and monotone, and 0 < W € L 110 (R). Then solutions exist for the

above differential equation on a sufficiently small time interval [O, T*], T > 0.

Proof. Note that we can assume without loss of generality that ¥ (¢) > 1 for all r. We start
by using a modified explicit Euler method:

Ti41
Xhk+1 = Xnk+ [T, xp)dr,
173
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where f;{’“" Y(r)dt =h > 0. Then
Iet1
|xnasr ]| < xna +/ £, xnp)| dx
173
Ty
< [ xnkl +/ Y (0)d7 8 (|xnx])
173

= il +h6 (Jxnsl)-
Applying Lemma 5.2, then for sufficiently small # > 0 we have the bound

1]
”xhak ” =¢ (/ ' W(T)df> +1 where
fo

d
d_¢’(s) =0(p(s)).  $(0)=[lxol.
)

Since ¢ is bounded on a sufficiently small interval [0, s*], s* > 0, then we have a uniform
bound on |xjk| < ¢* := ¢(s*)+1 for all h.

Choose T* so that fon* Y(t)dt < s*. Let x(t) be given by

t
Xp(t) = Xpk +/ ST, xpp)dt for ty <t <try1.
Tk

This is well defined on [y, T*] and absolutely continuous there since it is the indefinite in-
tegrable of a locally integrable function. Furthermore, the functions x;, are equicontinuous
since

lxn () —xp()| < (t —5)0(p*)  fortg<s <t <T*.

Since the discrete-time trajectories xj,(¢) are bounded by ¢* in R”, we can apply the Arzela—
Ascoli theorem to conclude that there is a uniformly convergent subsequence (also denoted
by x;) with a limit X. The limit is clearly continuous. It is also a solution of the differential
equation. To see this, let X () = xp x for fy <t < f341. Then, for s > ¢,

x(s) —x(¢t) = lim x;,(s) — xp(¢)
h—0
N
= lim / f(z,Xn(x))dt
h—0J;
N
= / lim f(z,Xp(7))dt
t h—0
by the dominated convergence theorem. By continuity of f (¢, x) in x,
li LX) = , lim .
hl_{rlof(f xp(0) = f(r Jim x7,(7))

Now, for #y <t < ty+1,

2 (£) = Xp(DIl =

t
Xhk +/ ST, xpp)dT —xpi
173

t
< / V(D) dT0(¢") < ho(@®),
173
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which goes to zero as 7 — 0. Thus lim,_0X(¢) = X(¢) (taking the limit in the subse-
quence). So

1
X(1) —X(s) = / [z, x(r)dr

for all g <s <t < T* by the dominated convergence theorem. This immediately im-
plies that x: [fo, T*] — R”" is absolutely continuous, and so it is differentiable almost
everywhere and its derivative is dx/dr(r) = f(t, x(¢)) for almost all z. Finally, the ini-
tial conditions are correct, since xj(tg) = xo for all 2 > 0, so the limit is X(z)) = xo, as
desired. 0O

Unlike the case of Lipschitz continuous right-hand sides, we cannot guarantee unique-
ness of solutions. A simple counterexample is dx /dt = /|x|, x(0) = 0. Then x(¢) = 0 and
x(t) = %t2 are both solutions.

C.4 Llaplace and Fourier transforms

For dealing with linear differential equations, especially with constant coefficients, there
are few tools better than the Laplace and Fourier transforms. Laplace transforms can usu-
ally be applied only to one variable. The Laplace transform of a measurable function
f:[0,00) - X with X a Banach space is given by

Lf(s)= / et f@dt, (C.2)
0

provided ¢t > e ™" f(¢) is integrable. Essentially, f needs to just be measurable and have
a growth rate that is at most exponential. Then for Re s sufficiently positive, £ f(s) is well
defined and analytic in s. Provided the relevant Laplace transforms are well defined, the
following rules hold for constants ¢, 8:

Llaf+Bg]s)=aLf(s)+BLgs),
L[fs)=s Ef(s) £(0),
L[t fO]s)= —%Lﬂs),
L[ fDO](s)=Lf(s—a),
L[fxg](s)=Lf(s)Lg(s),

where (f % g)(t) = fé f(r)g(t — t)drt is the convolution of two functions with domains
[0,00). There is the Laplace inversion formula: if £ f(s) = g(s), then

1 c+ioco
f(t)=ﬁ/ o Mglods, =1 (C.3)

The number ¢ should be chosen so that g is analytic on the half-plane {s € C | Res > ¢}
and g(s) — 0 if |s| — oo in this half-plane.
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If f: RY — R, then the Fourier transform of f is given by

FfE) = / e 18 f(x)dx. (C.4)

R4
Now F f is defined for all f that are “sufficiently regular” (e.g., if f is integrable). If F f
is also “sufficiently regular,” then f can be recovered by the formula

F =

) fR o/ EF f(E)d. (C5)

The main properties of the Fourier transform are, provided all integrals and derivatives are
well defined,

Flaf+Bg|E) =aFf&) +BFgE),
F [aa—fu)} &) =i& Ff(&),
Xk

.0
J© = i3 FS©).
]

&) =Ff(&)Fg®),

F 2k f(x)

Flf*g

where
(Fe0= [ f0s=dy.

Perhaps the most important property is Plancherel’s theorem. A modern version of this
theorem follows.

Theorem C.6. If f, g € L>*(R?), then
/ T g()dx = 2m) / FTG®) Fg(&)ds.
R4 R4

where (-) is the complex conjugate of (-).

This can be used to extend the Fourier transforms to tempered distributions. Let
S(R?) be the set of functions ¢ where
ajt-tag
B pa B B pa 0 ¢

x> xPDYp(x) i=x7 x5 X)) ————a

() 172 d 8x‘1x18xgz . --Bx:;d
is bounded for all multi-indices « and 8. Using the maximum values of these functions
as seminorms, we have ¢ — ¢ in S(R?) if max, |x# D* (¢ — ¢) (x)| — 0 as k — oo for
all multi-indices o and B. It can be easily shown using the above rules that the Fourier
transform maps S(R?) into itself. Tempered distributions are the dual space S(RY) of
functionals S(RY) — R. For a tempered distribution ¥ we define its Fourier transform via

(Fy, Fo) = 2m)¢ (¥, ¢) for all ¢ € S(RY).

The same rules apply to the Fourier transform for tempered distributions, but the operations
(such as differentiation) must be considered in a distributional sense.
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