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Preface

Differential problems should not be restricted to vector spaces in general.
The Main Goal of This Book

Ordinary differential equations play a central role in science. Newton’s Second
Law of Motion relating force, mass and acceleration is a very famous and old
example formulated via derivatives. The theory of ordinary differential equations
was extended from the finite-dimensional Euclidean space to (possibly infinite-
dimensional) Banach spaces in the course of the twentieth century. These so-called
evolution equations are based on strongly continuous semigroups.

For many applications, however, it is difficult to specify a suitable normed vector
space. Shapes, for example, do not have an obvious linear structure if we dispense
with any a priori assumptions about regularity and thus, we would like to describe
them merely as compact subsets of the Euclidean space.

Hence, this book generalizes the classical theory of ordinary differential equations
beyond the borders of vector spaces. It focuses on the well-posed Cauchy problem
in any finite time interval.

In other words, states are evolving in a set (not necessarily a vector space) and,
they determine their own evolution according to a given “rule” concerning their
current “rate of change” — a form of feedback (possibly even with finite delay). In
particular, the examples here do not have to be gradient systems in metric spaces.

The Driving Force of Generalization: Solutions via Euler Method

The step-by-step extension starts in metric spaces and ends up in nonempty sets that
are merely supplied with suitable families of distance functions (not necessarily
symmetric or satisfying the triangle inequality).

Solutions to the abstract Cauchy problem are usually constructed by means of the
Euler method and so the key question for each step of conceptual generalization is:
Which aspect of the a priori given structures can be still weakened so that the Euler
method does not fail ?

Diverse Examples Have Always Given Directions ... Towards a Joint
Framework.

In the 1990s, Jean-Pierre Aubin suggested what he called mutational equations and
applied them to systems of ordinary differential equations and time-dependent com-
pact subsets of RV (equipped with the popular Pompeiu-Hausdorff metric). They
are the starting point of this monograph.

Further examples, however, reveal that Aubin’s a priori assumptions (about the addi-
tional structure of the metric space) are quite restrictive indeed. There is no obvious
way for applying the original theory to semilinear evolution equations.
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Our basic strategy to generalize mutational equations is simple: Consider several
diverse examples successively and, whenever it does not fit in the respective muta-
tional framework, then find some extension for overcoming this obstacle.

Mutational Analysis is definitely not just to establish another abstract term of solu-
tion though. Hence, it is an important step to check for each example individually
whether there are relations to some more popular meaning (like classical, strong,
weak or mild solution).

Here are some of the examples under consideration in this book:

— Feedback evolutions of nonempty compact subsets of RY
Application to image segmentation
— Birth-and-growth processes of random closed sets (not necessarily convex)
— Semilinear evolution equations in arbitrary Banach spaces
— Nonlocal parabolic differential equations in noncylindrical domains
— Nonlinear transport equations for Radon measures on RY
— Structured population model with Radon measures on Rg
— Stochastic ordinary differential equations with nonlocal sample dependence

In particular, these examples can now be coupled in systems immediately — due to
the joint framework of Mutational Analysis. This possibility provides new tools for
modelling in future.

The Structure of This Extended Book ... for the Sake of the Reader

This monograph is written as a synthesis of two aims: first, the reader should have
quick access to the results of individual interest and second, all mathematical con-
clusions are presented in detail so that they are sufficiently comprehensible.

Each chapter is elaborated in a quite self-contained way so that the reader has the
opportunity to select freely according to the examples of personal interest. Hence
some arguments typical for mutational analysis might appear rather frequently,
but they are always adapted to the respective framework. Moreover, the proofs are
usually collected at the end of each subsection so that they can be skipped easily if
wanted. References to results elsewhere in the monograph are usually supplied with
page numbers. Each example contains a table that summarizes the choice of basic
sets, distances etc. and indicates where to find the main results.

The introductory Chapter O summarizes the essential notions and motivates the gen-
eralizations in this book. Many of the subsequent conclusions have their origins in
§8 1.1 — 1.6 and so these subsections facilitate understanding the modifications later.

Experience has already taught that such a monograph cannot be written free from
any errors or mistakes. I would like to apologize in advance and hope that the gist
of both the approach and examples is clear. Comments are very welcome.

Heidelberg and Frankfurt, January 2010 Thomas Lorenz
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Chapter 0
Introduction

Think beyond vector spaces !

0.1 Diverse Evolutions Come Together Under the Same Roof

Many applications consist of diverse components and thus, their mathematical
description as functions often starts with long preliminaries (like restrictive as-
sumptions about regularity).

However, shapes and images are basically sets, not even smooth (Aubin [10]).

This observation leads to the question how to specify models in which both real- or

vector-valued functions and shapes are involved. The components usually depend

on time and have a huge amount of influence over each other. Consider e.g.

— A bacterial colony is growing in a nonhomogeneous nutrient broth. For the
bacteria, both speed and direction of expansion depend on the nutrient concen-
tration close to the boundary in particular. On the other hand, the nutrient con-
centration is changing due to consumption and diffusion. (Further applications
of set-valued flows in biological modeling are sketched in [57].)

— A chemical reaction in a liquid is endothermic and depends strongly on the
dissolved catalyst. However, this catalyst is forming crystals due to temperature
decreasing.

— In image segmentation, a computer is to detect the region belonging to one and
the same object. An example of a so-called region growing method (presented
here in § 1.10) is based on constructing time-dependent compact segments so
that an error functional is decreasing in the course of time. So far, smoothing
effects on the image within the current segment are not taken into account.
Basically speaking, it is an example how to extend Lyapunov methods to shape
optimization. Further examples can be found in [58, 71].

— In dynamic economic theory, the results of control theory form the mathemat-
ical basis for important conclusions (e.g. [11]). Coalitions of economic agents,
technological progress and social effects due to migration, however, have an
important impact on the dynamic process that is difficult to quantify by vector-
valued functions. Thus, some parameters ought to be described as sets of per-
missible values and, these subsets might depend on current and former states.

Our goal consists in a joint framework for Cauchy problems of maybe completely
different types. In particular, examples of evolving shapes motivate the substantial
aspect that we dispense with any (additional) linear structure whenever possible.
In other words, the key question here is how to extend ordinary differential equations
beyond vector spaces.

T. Lorenz, Mutational Analysis: A Joint Framework for Cauchy Problems 1
In and Beyond Vector Spaces, Lecture Notes in Mathematics 1996,
DOI 10.1007/978-3-642-12471-6_1, (© Springer-Verlag Berlin Heidelberg 2010



2 0 Introduction
Why We Need a “Nonvectorial” Approach to Evolving Subsets of RV

In regard to time-dependent subsets of the Euclidean space R”, several formulations
in vector spaces have already been suggested and, they have proved to be very use-
ful. Each of these “detours” via a vector space, however, has conceptual constraints
for analytical (but not geometric) reasons. This observation strengthens our interest
in describing shape dynamics on the basis of distances (not vectors).

Osher and Sethian, for example, devised new numerical algorithms for fronts prop-
agating with curvature-dependent speed in 1988 [149]. Describing these fronts as
level sets of a real-valued auxiliary function leads to equations of motion which re-
semble Hamilton-Jacobi equations with parabolic right-hand sides. As an essential
advantage, their numerical methods can handle topological merging and breaking
naturally.

Meanwhile this level set approach has a solid analytical base in the form of viscosity
solutions introduced by Crandall and Lions (see e.g. [51, 52], [43, 44], [24, 175]).
The viscosity approach, however, has two constraints due to the parabolic maximum
principle as its conceptual starting point:

(1.) All these geometric evolutions have to obey the so-called inclusion principle,

i.e., whenever an initial set contains another initial subset, this inclusion is al-
ways preserved while evolving.
De Giorgi even suggested to use this inclusion principle for constructing sub-
solutions and supersolutions whose values are sets with nonsmooth bound-
aries — similarly to Perron’s method for elliptic partial differential equations
[54], [28, 29]. Cardaliaguet extended this notion to set evolutions depending
on their nonlocal properties [36, 37, 38]. However, there is no obvious way
how to apply these concepts to the easy example that the normal velocity at
the boundary is m >0.

(2.) There is no popular theory for the existence of viscosity solutions to systems
so far.

Replacing viscosity solutions by weak (distributional) solutions to the equations of
motion, we always have to neglect any influence of subsets with measure 0.
The distance from a given subset might provide a suitable alternative to the charac-
teristic function of this set, but in general, the distance is just Lipschitz continuous.
The choice of the function space is directly related to the regularity of the topologi-
cal boundary. Delfour and Zolésio pointed out that the oriented distance function is
often a more appropriate way to characterize a closed subset K C RV i.e.

RV R, xr— { dist(x, K) = inf {lx—y| : ye K} if xe RV\K

— dist(x, dK) if xeK.

If its restriction to a neighborhood of the topological boundary dK belongs to the
Sobolev space Wlié’ with p > N, for example, then the well-known embedding the-
orem of Sobolev implies immediately that the set K is of class C1'% [55, § 5.6.3].
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0.2 Some Introductory Examples

0.2.1 A Region Growing Method of Image Segmentation

An important problem of computer vision is the detection of image segments which
belong to the same object. Meanwhile many concepts have been developed to find
their boundaries on grey-scale images. We mention only few earlier approaches for
clarifying the differing aspects here.

The early methods use real-valued “detectors” to check if a point belongs to the
contours or not. These criteria mostly depend on large changes of the grey values
that are reflected by their gradients. For finding the segments of the same objects,
the detected points have to be combined to boundaries, but the algorithms of each
step lose more information about the image and, errors can hardly be corrected.
For avoiding this weakness, other methods are based on approximations that are
improved in some sense while time is increasing. Active contour models (snakes)
belong to the popular examples that have been implemented efficiently (e.g. [39,
98, 185]). Restricted to two dimensions, they describe each contour as a Jordan
curve that is deformed for minimizing some energy functional. These curves are to
approximate the solution of a variational problem while time is increasing.

Many algorithms of image segmentation rely on analytical concepts that use a

priori assumptions about regularity. Snakes (in their classical form), for example, are
described as Jordan curves that are even twice continuously differentiable. There-
fore edges can be found only in some smoothed shapes. Furthermore it is impossible
to change the topological properties of the resulting segment.
Meanwhile there have been several suggestions to overcome such weaknesses.
Level set methods represent probably the most popular approach [148, 172]. Many
of these ideas follow former directions and develop abstract generalizations which
are to bridge the gaps. Level set methods, for example, use viscosity solutions of
(generalized) Hamilton-Jacobi equations as mentioned before.

On the Way to an Approach (Just) by Means of Set-Valued Analysis

Our goal here is a (hopefully rather simple) region growing method — just on the
basis of evolving compact subsets of R, i.e. in comparison with many preceding
approaches, there are:

— no a priori restrictions on the regularity of final contours and
— no parameterization of boundaries while expanding.

Indeed, searching for the (connected) image segment of an object, the basic graph-
ical notion is only to decide which points belong to the segment. If we omit any
additional conditions on regularity we want to detect a compact subset of RY and
so, the approximations depending on time are described as a set-valued map which
associates each time ¢ € [0, T[ with a nonempty compact subset K () C RV:

K(): [0,T] — 2 (RV).



For quantifying the “quality” of the approximations
we need a real-valued functional of compact subsets of
RN. We prefer regarding it as “measurement of error”
to interpreting it as “energy”. The variance of grey
values G| (restricted to a subset M C RY with positive
Lebesgue measure), for example, gives a quantitative
impression of their oscillation in M. More generally, we
consider
@: 7 (RY) — R,
Mo y( 2N /de /szx)
M
with a function y € C2(]0, 0] x R?, R). The composition
PoK: [0,T[ — R

is a usual real-valued function which ought to decrease
for improving the approximation K () C R" in the course
of time.

Finally, the aim of a region growing method (in a stricter
sense) can be formulated as the following mathematical
problem:

Given: || function of grey values G € C2(RV), N >2
error functional @ : % (RY) — R
st OM) = w(fN M), | Gdx, / G? dx)
M
with some y € C2(]0, 0] x R?, R),

S

initial set Ky € # (RV).

Wanted: || K(-) : [0,T[—> H(RN) (T €]0,°0)):

(i) K(0) =

(ii) K(s) C ( ) whenever s < ¢

(iii) K(-) continuous w.r.t. Hausdorff metric
(iv) @oK(-): [0,T] — R nonincreasing
(V) M = Up<, <7 K(t) is “critical” w.r.t. @

The term of a “critical” set in RY remains to be specified
precisely. Intuitively we are looking for a (not necessarily
closed) set M C RN which cannot be “improved” in
an obvious way by decreasing @ o K(-) and thus, M
is the final candidate for the wanted image segment
surrounding Kj.

0 Introduction
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The ansatz for K(¢) is based on the notion of prescribing the speed of set expansion
(but not the direction of the corresponding velocity). We can easily avoid restric-
tions of regularity if this speed function is not specified just on the boundary dK (t),
but on the whole space R". Then for a function ¢ : [0, T[ xRN — [0,0[ given, the
initial compact set Ko € # (R") is deformed to
= {x(r) e RV | Ix(-) e W1 ([0,2],RY) : x(0) € Ko,
I (s)| < (s, x(s)) for £'-almost every s € [0,1] }.
In other words, this is the reachable set of Ky and the differential inclusion
x’(~) S BC(,_’X(,))(O) a.e.in [O,I].
Here B.(, ,(5))(0) C RY denotes the closed ball with center at 0 and radius c(s, x(s)).
The key criterion for constructing c(-, ) is that the real-valued composition
01—’ 10— @(K(0) = w(2(K(0)), / Gdx, / G? dx)
K(r)

should be decreasing. Reynolds Transport Theorem for differential inclusions (in
§ A.6 on page 476 ff.) provides sufficient conditions on ¢(+,-) such that each time-
dependent argument

0,7 — R, t%/ Gk dx (k=0,1,2)
K(r)
is absolutely continuous with the (weak) derivative
d k k N—1
< G' dx = / G(x)* c(t,x) d" " x
di /K(t) K (1) () (%)

Here s#N~! denotes the (N — 1)-dimensional Hausdorff measure in RY. Now the
chain rule for absolutely continuous functions provides the weak derivative of the
relevant composition

4 P(K(1)) = /a oy O K0 -elex) ar s

with the coefficient function

o(z,M) : 2 a,mq/ /de / szx

The basic idea of solvmg the segmentation problem is quite easy: The composition
@ o K(-) is nonincreasing if the integrand of its (weak) derivative is nonpositive, i.e.
o(x, K(t)) - c(t,x) < 0 forall t €[0,T], x€ dK(r). As aconsequence we get the
following criterion of the construction of ¢(+,-) : forallz € [0,T[, x € d K(¢),

o, K(1)) >0 = c(t,x)=0.

Roughly speaking, the sign of ¢(-,K(¢)) ought to be locally “stable” because
Reynolds Transport Theorem (in § A.6) supposes c(-,) to be continuous with re-
spect to space (at least). In this context we benefit from the assumption G € C?(R")
for the first time:
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Lemma 1. Let Ky € % (RY) and x € 9K satisfy ¢(x,Kp) < 0.
Then there exist both an autonomous Lipschitz continuous function ¢ : RN — [0, o[
and a time period A > 0 such that

0,4] — R, 1 +— ®(K(1))
is strictly decreasing with K(t) := Up_ (0) (t,Ko) C RN denoting the reachable set
of Ko and the differential inclusion x' € By (,.y)(0) (a.e.) at time t > 0.

The details are presented in § 1.10 (on page 79 ff.) below. In the proof of this lemma,
the sign of ¢(x,Kp) plays a decisive role. Its application fails if (-, Kp) is nonnega-
tive on the boundary of Kj and so, we coin the term of a “critical set” w.r.t. @ in the
following way:

Definition 2. A set M C RY with @ (M) < o is called critical with respect to the
integral shape functional @ if all boundary points z € dM satisfy ¢(z,M) > 0.

In subsequent section 1.10.2 (on page 83 ff.), we present a method how to con-
struct the speed function c(-,-) : [0,T[ xRN — [0,c0[ piecewise with respect to
time and Lipschitz continuous with respect to space such that the curve of corre-
sponding reachable sets K(+) : [0,T[— # (RY), t — OB, (0) (t,Kp) solves the
continuous segmentation problem (formulated on page 4). ’

Some Examples by Means of a Simple Computer Algorithm

For computer images we start with two central as-
pects: The smallest suitable unit of a computer image
is one pixel or one voxel respectively. Moreover the
grey values within each of these units are constant.
Hence we intend a combination: On the one hand we
use the preceding concept of continuous deformation
for decreasing the error functional. On the other hand
we want to restrict ourselves finally to the decision
whether or not a pixel (or a voxel) belongs to the next
approximating set K, .

This combination is based on an explicit ansatz (of the speed function) that describes
the expansion to a neighboring pixel. If the error functional is guaranteed to stay de-
creasing during this deformation then the pixel P is admitted to the next set K, 1. A
condition sufficient for decreasing @ is
o(x,K,) < —6

with any point x in the tested neighboring pixel P and some “appropriately small”
0 > 0. The final computer algorithm (discussed in § 1.10 on page 79 ff.) is based
on the variance of grey values in combination with Lebesgue measure and thus,
o(x,K,) is a quadratic polynomial in G(x). Its sign check can be executed more
quickly than the explicit comparison of @(K,) and @(K, U P). This algorithm
is quite simple indeed, but shows remarkable results. More details are in § 1.10.3
(on page 90 ff.).
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Fig. 0.1 Some examples of the discrete region growing method based on a simple sign check.
Left: The initial set K with its boundary marked brightly. Right: The resulting set [131].

(a) MR of right human knee. (b) Satellite image of Suez Canal. (c) Fractal sets give an im-
pression of the precision at the boundary.  (d) Nerve cells (dorsal root ganglion). The anisotropic
expansion in direction to a given pixel (marked by a small cross in the top left-hand corner) is
succeeded by the standard isotropic sign checks
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0.2.2 Image Smoothing via Anisotropic Diffusion

Image segmentation is just one of the many problems in digital image processing.
Smoothing images, for example, usually has top priority because the quality of all
real photographs is reduced by some form of noise and so, image pre-processing is
regarded as indispensable. The key challenge is to smooth the image in such a way
that the essential information about edges and contours is not lost.

Suitable methods are expected to smooth adaptively in regard to the “relevance”
of the information shown in the respective part of an image. In 1987, Perona and
Malik [156] implemented this notion in a PDE based algorithm, which has become
a pioneer in the expanding field of nonlinear diffusion filters. The basic notion is to
evolve the grey-scale function ug : RY — R of the original image according to the
nonlinear parabolic differential equation

{atu — divy (g(|Vul) Vu) = 0
u(0,-) = up

The diffusion coefficient g(|Vu|) depends on the spatial gradient of the smoothed
grey-scale function u = u(z,x) via a given cut-off function g > 0. If |Vu(t,x)]| is
quite large then we expect to find an edge close to x and thus, diffusion is reduced,
possibly even “switched off” completely due to g(|Vu|) = 0. Otherwise, i.e. if
|Vu(z,x)| rather small, the algorithm is to smooth the grey values close to x by
means of diffusion. Perona and Malik suggested the ansatz

Def. 2
g(s) = 2o szﬁ—ﬂ
with adjustable parameters 4,4y > 0 [156]. This implementation makes a quite
simple and straightforward impression indeed, but it has some mathematical weak-
nesses: The underlying initial value problem is not well-posed in general. Indeed,

the diffusion process may become instable as Weickert explains in more details in
his monograph [183, § 1.3.1].

Many suggestions have been made for overcoming this weakness of the Perona-
Malik model. From the mathematical point of view, the approach of Catté, Lions,
Morel and Coll [41] is very elegant. Their key idea is to regularize the spatial gra-
dient on which the diffusion coefficient depends. The standard tool of convolution
proves to be useful and motivates the following modification

dru — divy (g(|uxVGg|) Vu) = 0 in ]0,T[xQ
Vu-vyo =0 on |0,7] x Q2
u©,-) = up in QCRY
where G4 (+) is a smoothing kernel, which can be regarded as a “low pass filter”.
The Gaussian function
Go(): RY — [0,99], X —

e % ‘X‘Z

1
(2mo)N/2
is probably the most popular choice in this context.
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Strictly speaking, this diffusion coefficient takes spatially nonlocal properties of the
function u(z,-) : 2 — R into consideration due to the convolution. In contrast to
the Perona-Malik model, the modified initial-boundary value problem is well-posed
as Catté et. al conclude from Schauder fixed point theorem and classical results
about parabolic differential equations [41].

Weickert suggests in his monograph [183] how to improve this concept: The scalar
function g in the diffusion coefficient is replaced by a matrix-valued function
A:RMN . Sym(RN) ¢ RM*N. This form of diffusion can take the direction of
the smoothed spatial gradient into consideration (instead of its absolute value only)
and, it is called anisotropic.

The continuous dependence of the solution on the initial image has significant
practical impact as it ensures “stability” with respect to perturbations of the original
image. This is of importance when considering stereo image pairs, spatio-temporal
image sequences or slices from medical CT or MRI sequences because similar
images remain similar to each other after filtering [183, § 2.3, Remark].

According to Weickert, continuous diffusion filtering uses the unique distributional
solution u € C°([0,T], L2(Q)) N L*([0,T], W!?(Q)) to the initial-boundary value
problem with Neumann boundary conditions

dru — divy (A(Gp * (uxVGs) @ (uxVGs))) Vu) = 0 in ]0,T[xQ
Vu-vyo = 0 on]0,7T] x3dQ
u(0,-) = upin Q CRN

From the mathematical point of view, this anisotropic diffusion approach and the
preceding image segmentation algorithm in § 0.2.1 (on page 3 ff.) belong to com-
pletely different fields, i.e. parabolic differential equations and set-valued analysis.

The challenging question is now whether these two methods can be handled as
components of one system in a joint analytical framework so that we can apply
them simultaneously: The set-valued approach approximates the image segment of
a wanted object by means of a compact-valued curve [0, T[— 7 (RY), t — K(¢)
and, the respective compact set K(t) C R" has an explicit influence on the diffusion
coefficient

du — divy (A(K(1), Gp*((uxVGs)® u*VGs))) Vu) =0  in]0,T[xQ

Vice versa, the smoothed grey-scale function u(z,-) : Q — R should have the
opportunity to influence the dynamic evolution of K(¢) at each time 7.

Such a joint framework for dynamic processes is the main goal of this mono-
graph. It is to specify sufficient conditions for well-posed Cauchy problems both
in and beyond vector spaces in finite time intervals. Evolution equations represent
a form of generalizing ordinary differential equations from the Euclidean space to
Banach spaces. The mutational framework here is to make the step beyond vector
spaces.
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In subsequent section 3.9 (on page 278 ff.), we apply this general framework
to so-called conormal parabolic problems in cylindrical domains, which cover the
continuous diffusion filtering of Weickert as a special case. One of the main results
in this example is the following statement quoting Theorem 3.103 (on page 281 f.):

Theorem 3. Let Q C RY be a bounded domain with C* boundary and T, A > 0.
Assume the coefficient functions

Az 0,7 x (W(Q), |-l 2@) — W' (Q, Sym(RV*V))
b [0,7]x (WH(Q), [ [l2)) — WH(2,RY)

c: [0,7]x (Wh2(Q), || HLZ(.Q)) —  L7(Q,RY)

bo: [0,7]x (W'2(Q), |- 2@) — L7(09Q)

co: [0,7]x (W2(Q), | llpe) —  L°(2,R)
£:[0,7)x (W'2(Q), ||| o) — W' 2, B

g: 0.T]x (W2(Q), || 2@) — L(QR)

Vg [O,T]x(W1’2(9)7||'HL2(Q)) —  1}0Q)

to be uniformly bounded w.r.t. the respective Sobolev norms of their values,
continuous w.r.t. the L or L norm of their values respectively and
satisfy the condition of uniform parabolicity ET-A(t,v)(x) & > A |E?
forallt €[0,T],veW'(Q), xc Q, £ cRV,

Then for every initial ug € W'?(Q), there exists a weak solution u(-) : [0,T] —
W12(Q) to the nonlinear conormal problem

— 24 4 divy (Al (e - Vit) +divie (b] ey - 1)
+ c‘ ) Vu + CO‘(t,u(t,-)) u = divy f| (t,ulty)) T g‘ (t,u(t
(Al u@r,y) Vu + b\(z,u(t,.)) u — i uey) - Ve
+ bol,ue,)) U = W) on 9Q
u(0,-) = up in Q

in the sense of Definition 3.101 (on page 279) with the composed coefficient func-
tions

AG,u(): [0,T]x Q2 — RYN, - (t,x) — A(r, u(t, ) (x)
b= b( u( )) [ T)x Q — RN, (t,x) — b(t, u(z,-)) (x) etc.
In fact, u € C°([0, Q)) N L*([0,T], Wh*(Q)), druc L*([0,T], W2(2)").

Lipschitz continuity of the coefficients A, b, by, ¢, co.f, g (w.r.t. the L or L* norms of
their values respectively) implies uniqueness of this weak solution and its continuous
dependence on the given data. As a consequence, the existence result can then be
extended to initial functions ug € L>(Q) approximatively.
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0.2.3 A Stochastic Differential Game without Precisely Known
Realizations of Opponents

Many processes with aspects of uncertainty are modelled by means of stochastic
differential equations. Now consider the situation that two players play a stochastic
game with each other. Their states are described by real-valued stochastic processes
(Xt)o<:r<71, (Y+)o<:<7 respectively and, the strategies might take control parameters
u,v € RY into consideration. Then the underlying system of stochastic differential
equations usually has the form

dXt = fl(t7Xt7Yt7ut) dt + fZ(taxl‘vytvut) dvvty Mte UCRN
dYI :gl(l,X[,Y[,Vt) dt + gz(taXhYlvvl) dVVl? VIEVCRN

where (W;);> is a standard scalar Wiener process. We do not discuss any examples
of payoff functions in detail, but we are interested in the following question instead:

How to modify this stochastic control problem if each player knows all
differential rules, but not the precise current value of the opponent’s
realization ?

A potential way out is to “estimate” the current value of the opponent’s state and,
the expected value is a quite simple candidate that takes all possible states of the
opponent into consideration. Then the stochastic control problem has the form

dXt = fl (t7X1‘7 E(YZ‘)7 ul‘) dt + f2(t7Xt7 E(Yt)vut) dvvl‘a U € UcC RN
ay, = g1(t,E(X,), Y, v) dt + gt EX), Y, v) dW, v, €V CRN.

It differs from the counterpart above in the dependence of the right-hand side on
nonlocal properties (with respect to the probability space). Some additional inter-
est in the confidence of the estimator can be quantified by means of the second
moments.

Lacking precise information about current realizations is just one example motivat-
ing the following type of stochastic ordinary differential equations

dX; = fi (tvxh E(g1(X:)), E(‘Xt‘z)) at + f» (th E(p2(Xt)), E(|Xt|2)) dW;

with sufficiently smooth functions fi, f2, ¢, ¢,. The right-hand side does not de-
pend only on the current realization of the random variable X;, but also on some
properties which are nonlocal with respect to the probability space (not with re-
spect to time). Hence this differential problem differs from what is usually called
“stochastic functional differential equations” (as e.g. in [135, 187]) because we do
not focus on pathwise dependence.

Strong solutions can be constructed via the Euler method and, this type of stochas-
tic differential equations will be handled in the mutational framework in section 3.6
(on page 231 ff.) in detail. The general mutational approach gives us the advantage
that we can solve systems of these nonlocal stochastic differential equations and
any other preceding example (like parabolic conormal problems) immediately, i.e.
without further preliminary work for the respective system.
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0.3 Extending the Traditional Horizon: Evolution Equations
Beyond Vector Spaces

In fact, we regard nonlocal set evolutions just as a motivating example.

When introducing mutational equations in metric spaces, Aubin’s key motivation
was to extend ordinary differential equations to compact subsets of the Euclidean
space. It should provide, for example, the framework for control problems

{x’(t) = f(t, x(t), u(t)) € RV
u(t) € U(t) C RM

whose compact control set U(¢) C RM had the opportunity to evolve according to
the current state x(¢) and itself (i.e. U(?)).

This approach of mutations has a much larger potential though. Indeed, the main
goal here is a common analytical framework for continuous Cauchy problems
within and beyond the traditional borders of vector spaces.

Whenever a dynamical system proves to fit in this framework, the mutational
theory immediately opens the door to existence results about systems with other
suitable components — no matter whether their mathematical origins are completely
different. A nonlocal geometric evolution can be combined, for example, with an
ordinary differential equation and a semilinear evolution equation. This is the main
advantage of mutational equations — in comparison to more popular concepts like
viscosity solutions and thus, all our generalizations here are to preserve this feature.
It is to lay the foundations of future results about free boundary problems.

If a component does not fit in this framework, however, it might serve as moti-
vation for generalizing the mutational theory and weakening the conditions in its
definitions.

This interaction between the general mutational framework — without the linear
structure of vector spaces — and diverse examples of dynamical systems facilitates
a better understanding of very popular results in functional analysis. How can weak
sequential compactness, for example, be defined in a metric space without linear
structure (and thus, without linear functionals)?

0.3.1 Aubin’s Initial Notion: Regard Affine Linear Maps
Just as a Special Type of “Elementary Deformations”
(Alias Transitions)

Roughly speaking, the starting point consists in extending the term “velocity” from
vector spaces to metric spaces. Then the basic idea of first-order approximation
leads to a definition of derivative for curves in a metric space and step by step, we
can apply the same notions as for ordinary differential equations.
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First let us focus on velocities of curves [0, 7] — RY.
A vector v € RY represents the velocity of the curve x(-) : [0,T] — RY at time
t € [0,T[ if it is the limit of difference quotients:

b= lim YR = x(@)
h—0 h

Such a difference quotient is difficult to specify in metric spaces and thus, we use
an equivalent condition which became very popular in connection with functions
in Banach spaces. Indeed, v € R represents the velocity of x(-) : [0,7] — RY at
time ¢ € [0, T[ if it provides a first-order approximation in the following sense:

Jim Lo |x(t+h) — (x(t) + hv)| = 0. (%)
This condition is reflecting a quantitative comparison between the curve of interest
x(t + ) and the affine linear map h —— x(¢) +hv for h — 0. Such a comparison

can also be formulated in a metric space as soon as we have specified a counterpart
of the affine linear map.

From a more conceptual point of view, each vector v € RV determines an affine
linear map of two variables, namely

[0,00[ xRN — RN, (hy x) — x+hv.

The first argument / can be interpreted as time whereas the second argument x € RV
has the geometric meaning of an initial point in the Euclidean space RY. After the
period 2 > 0, it is moved to the end pointx+hv € RN,

Moreover, the asymptotic features leading to time derivatives require comparisons
only for short periods. Thus, for the sake of simplicity, let us always choose 4 € [0, 1]
instead of & € [0, oo].

Passing the traditional borders of vector spaces, we are free to skip the affine linear
structure of this auxiliary map. In a metric space (E,d), a function

¥:[0,1]xE — E, (h, x) — O(h,x)

is to play the role of such an affine linear map instead. ¥ determines to which point
¥ (h,x) € E any initial point x € E is moved at time & € [0,1] and thus, it can be
regarded as a kind of “elementary deformation” of E.

Such a function ¥ represents the time derivative of a curve
x(+) :[0,T] — E at time ¢ € [0,T[ if it provides a first-order
approximation in the following sense:

m Lod(x(t+h), 9(hx(t)) = 0. (%)

This condition is the (almost) exact analogue of preceding statement () as we have
merely restricted the limit to 4 > 0 tending to 0. Strictly speaking, it is the precise
counterpart of the right-hand Dini derivative of a curve in a vector space like RV.
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Of course, there might be more than just one of these “elementary deformations”
¥ : [0,1] x E — E satisfying the characterizing condition (*x) at time 7 € [0, T].
Following the proposal of Aubin in [10], we first specify the class @ (E,d) of such
functions [0, 1] x E — E appropriate for the metric space (E,d) under considera-
tion and then, the set of all functions ¥ € ©(E,d) satisfying this condition () is
called mutation of the curve x(-) : [0,T] — E at time t € [0,T[:
x(1) = {0 €O, | lim L d(0(h,x(t)), x(t+h)) = 0}.

Here the mutation plays the role of the time derivative, but it may consist of more
than one function in @ (E,d). There is no obvious additional advantage of boiling it
down to single elements by means of equivalent classes and thus, we use these sets.

Finally, the step to differential equations in a metric space (E,d) is rather small
and based on the notion of feedback.
Indeed, we prescribe such an “elementary deformation” ¢ : [0,1] x E — E for
each state y € E and at time ¢ € [0, 7] by means of a function E x [0,7] — O(E,d).
Then the wanted continuous solution x : [0,T] — E to the corresponding muta-
tional equation is expected to obey the underlying law of first-order approximations
(+%) — at Lebesgue-almost every time ¢ € [0, T] at least.

Constructing a differential calculus for curves in a metric space (E,d) can only
succeed if these “elementary deformations” [0, 1] x E — E are sufficiently regular
with respect to both arguments. In this context, Aubin introduced a set of four con-
ditions on a so-called transition ¥ : [0,1] x E — E. His rather local formulations
in [10] (quoted in Definition 1.1 on page 32) imply the following typical features:

(1) 9(0,) = Idg,
(2.) 1 has the semigroup property for any x € E, hy,hy > 0 with by +hy < 1, i.e.
O (hy, O(h1,x)) = O(h+ha, x),
(3.) there exists a(1}) < oo such that for every h € [0,1] and x,y € E,
d(0(h,x), O(hy)) < d(x,y)- e,
(4.) there exists () < oo such that for every hy,hy € [0,1] andx € E,
d(0(h1,x), ¥(h,x)) < B(O) - [y — .

In other words, transitions are restrictions of semidynamical systems on (E,d)
which are w-contractive w.r.t. state and uniformly Lipschitz continuous w.r.t. time.
They prove to be appropriate for extending classical results like the existence theo-
rems of Cauchy-Lipschitz and Nagumo from ordinary differential equations in RV
to the so-called mutational equations in a metric space (E,d). Aubin’s concept is
presented in more detail in Chapter 1.

His typical geometric examples are so-called morphological equations: The set
 (RN) of nonempty compact subsets of RY is supplied with the classical Pompeiu-
Hausdorff metric d and, transitions are induced by reachable sets of differential
inclusions (with bounded and Lipschitz continuous right-hand side).
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0.3.2 Mutational Analysis as an “Adaptive Black Box”
for Initial Value Problems

Let us now discuss in more detail how to solve initial value problems by means of
mutational analysis.

The first step consists in specifying the mathematical environment of the problem
under consideration. Basically, we choose a set E # 0, a metricd : E x E — R and
a suitable set of transitions [0, 1] x E — E, denoted by O (E,d).

The transitions are usually induced by simpler problems in the same environment,
e.g. on the basis of fixing the coefficients or considering the corresponding linear
problem (instead of the full nonlinear one). It is essential to verify the character-
izing properties of transitions for the respective choice on E, i.e. in particular, the
appropriate continuity with respect to initial state and time.

For constructing wanted solutions approximatively, the two most popular concepts
in analysis are compactness and completeness. Comparing the classical theorem
of Peano (about ordinary differential equations in RY) with Cauchy-Lipschitz
Theorem reveals that compactness usually opens the door to existence theorems
under weaker assumptions of continuity. Thus, we mostly intend to verify a form
of sequential compactness for the respective mathematical environment (rather than
completeness).

These are the main “ingredients” of mutational analysis.
Indeed, the full problem under consideration is determined by a “feedback” function

fEx[0,T] — O(E,d)
and, the theorems in mutational analysis specify sufficient conditions on f such

that for every initial element xy € E, there exists a Lipschitz continuous curve
x(-) 1 [0,T] — (E,d) with x(0) = xo such that at .#!-almost every time ¢ € [0, T],

X(t) 3 f(x(),1)
ie., }11% §od(x(t+h), f(x(t),0)(h,x(t)) = 0.
This result corresponds to Peano’s Theorem about ordinary differential equations
in RY and, its proof is based on Euler approximations evaluating transitions suc-
cessively in equidistant partitions of [0,7]. Moreover, mutational analysis provides
sufficient conditions on f for uniqueness of solutions in bounded time intervals and
their continuous dependence on data. Last, but not least, we can also handle ini-
tial value problems with state constraints leading to the counterpart of Nagumo’s
Theorem.
Strictly speaking, however, all these results deal with curves x(-) : [0,T] — E
in some abstract set E # () — with some supplementary properties in regard to
first-order approximations via transitions.
If we stopped here, mutational analysis would hardly provide new insights in more
traditional fields like partial differential equations.
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For this reason, the last step of our method focuses on respective links between such

a solution to the mutational equation x(-) > f (x(-), -) and a popular concept of
solution (whenever possible).

Such a connection strongly depends on the type of considered problem, of course.
In regard to partial differential equations, for example, it might lead to classical,
strong or weak solutions. Alternatively, for evolution equations, we can often prove
a relation to mild solutions and, some set evolutions in (# (RV),d) are character-
ized as reachable sets of nonautonomous differential inclusions (whose coefficients
depend on the wanted curve in .# (RV)). § 0.3.3 sketches three conceptual ap-
proaches how to establish a link with other solution concepts.

As a precipitate result of this summary, mutational analysis might be regarded as
“just” some complicated formalism providing a very long list of features sufficient
for the convergence of Euler approximation in a mathematical environment without
linear structure.

This evaluation, however, ignores an essential advantage of the mutational frame-
work which we have already mentioned in a preceding subsection:

Mutational analysis can handle systems in regard to existence and stability.

As soon as an example fulfills the conditions on distance, transitions etc., we are im-
mediately free to apply the existence results about systems of mutational equations
and couple this example with any other one fitting in this mutational framework.
Nonlocal set evolutions in RY, for example, can be combined with nonlinear trans-
port equations for Radon measures.

This flexibility in regard to systems makes mutational analysis very attractive.

Whenever an example does not fit in the mutational framework, it might serve as
motivation for generalizing mutational analysis. In particular, several examples of
Cauchy problems have demonstrated that Aubin’s four conditions on transitions are
quite restrictive for deriving significantly more benefit from this concept. Thus it is
our goal to adapt them step by step — motivated by diverse examples (see § 0.3.4).
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0.3.3 The Initial Problem Decomposition and the Final Link
to More Popular Meanings of Abstract Solutions

Mutational analysis is to provide useful tools for solving dynamical problems that
are continuous in time and have a possibly very complex structure. The main idea is
always to split the full problem up into a class of simpler problems and “feedback”.
In particular, the general mutational framework clarifies the main features of such
decomposition that are relevant to the existence of solutions by means of Euler
method. Then conclusions about the uniqueness of solutions and their continuous
dependence on data are usually drawn via Gronwall’s inequality.

Hence, the initial decomposition of the problem plays a key role, but there is no
global recipe (so far). Each of the simpler initial value problems induces a transition
on the basic set and should be more than just “well-posed”. Indeed, we will use an
appropriate form of Lipschitz continuity with respect to time and initial state —
for ensuring the convergence of Euler approximations later on.

Most of the subsequent examples in Banach spaces have in common that fixing the
coefficients usually leads to linear problems which prove to satisfy the required
conditions on transitions.

Furthermore, the benefit which the mutational framework can bring to a complicated
Cauchy problem depends very much on the question if a solution to such an abstract
mutational equation can be interpreted in a more popular way. Does it prove to be a
classical, strong, weak or mild solution, for example?

Obviously, the answer has to be given for each application separately, but there
are three useful approaches to proving such a connection between the original full
problem denoted here as 7/ = F(z,t) (just for a moment) and the related mutational

equation x (1) > f(x(t), t) (after the problem decomposition):

(1.) The direct check:

Verify that the asymptotic comparison (with the evolution along a transition)
for vanishing time always implies the relevant features of solutions in an
alternative sense. This check is often quite intricate though.

(2.) Use existing solutions z(-) to the nonautonomous, but “simplified” problem
7 = F(x(¢), t) for comparison:

Assume that a solution x(-) to the mutational equation X > f (x,t) is known.
Prove that a solution z(-) to the nonautonomous problem 7' = F(x(¢),r),
whose right-hand side depends only on ¢, but not on the wanted state z, starts

at x(0) and solves the mutational equation z (t) > f(x(¢),t). Then uniqueness
of solutions to this last simple mutational equation can imply z(-) = x(-).
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(3.) Both solution criteria are stable w.r.t. the same type of convergence:

Every transition ¥ provides a joint solution y(-) = (-, yo) of both a simple

original problem and ; (*) @ ¥ — by definition. In the mutational framework,
each piecewise Euler approximation solves a “perturbed” mutational equa-
tion and, the Convergence Theorems specify the type of convergence w.r.t.
which the solution property is preserved (e.g. pointwise convergence).
Check if the solution property of the full problem is also preserved by the
same type of convergence. Then the (initially piecewise) equivalence of the
solution criteria for Euler approximation holds for the limit curve.

0.3.4 The New Steps of Generalization in Mutational Analysis

Step (A) Linear Examples in Vector Spaces Exclude Uniform Parameters
of Transitions

The affine linear maps [0,1] x RV — R¥ | (h,x) —— x+h v with fixed vectors
v € RN are the first and probably simplest examples of transitions on the Euclidean
space RY. Obviously, each of them is Lipschitz continuous with respect to both
arguments and thus fulfills Aubin’s conditions on transitions.
This situation changes, however, if the transitions are based on the unique solutions
to linear initial value problems. In connection with a nonlinear continuity equation

dru + divg (h(u)u) = 0 in [0,T] x RV,
for example, the linear Cauchy problem with a fixed coefficient function b

du + divy (bu) =0 in [0,4] x RN
u(0,-) = uo in RV

provides an obvious ansatz for a transition (k,u) — u(h,-) on the correspond-
ing function space, but Aubin’s conditions on transitions reveal obstacles due to
linearity immediately: The family of curves & —— u(h,-) for all permissible initial
functions ug : RV — R can hardly be expected to be Lipschitz continuous with

a globally bounded Lipschitz constant. How to choose the parameter of continuity
B (%) then?

Whenever a parameter cannot be chosen globally, local bounds might be recom-
mendable to check instead. This is our first step for generalizing Aubin’s mutational
framework.

In particular, we need a criterion for which subsets of permissible states each transi-
tion should have uniform parameters of continuity (denoted by a(¢%), (%) above).
Another glance at the linear examples in vector spaces motivates us to specify coun-
terparts of the norm. Such an “absolute value” reflects the properties of a single
state whereas a metric usually compares two elements.

In addition to a metric space (E,d), any function [-] : E — [0,c°[ is now given
at the very beginning of the (new) mutational framework and, a transition ¥ :
[0,1] x E — E on the tuple (E,d, |-|) is supposed to have the following features:
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(1) 0(0,") = Idg,
(2.) ¥ has the semigroup property for any x € E, hy,hy > 0 with h; +hy < 1,1.e.
19(/’12, @(h],X)) = O(h + hy, x),
(3) for every R > 0, there exists o/(®; R) < oo such that for every & € [0,1] and
x,y € E with |x] <Rand |y] <R,
d(0(h,x), B(h,y)) < dlx,y)- TR
(4”) for every R > 0, there exists f(9;R) < o such that for every h,h; € [0, 1]
and x € E with [x| <R,
d(9(h1,x), O(h,x)) < B(O:R) - [ha—hl.

This list of conditions has to be extended though. Indeed, the concatenation of
transitions leads to curves x(-) : [0,7] — E for any period T > 1 and, they will
be used for solving mutational equations later on. Thus we are obliged to keep the
“absolute value” [x(-)] : [0,T] — [0,o[ under control so that the propagation of

initial errors can be estimated properly. Each transition ¢ : [0,1] x E — E is ex-
pected to fulfill a growth condition whose structure is preserved by concatenation:

(5.) there exists y(1) < oo such that forevery h € [0,1] and x € E,
[9(hx)] < (Lx] +7(0) h) - O,
Now the modified “machinery” of mutational analysis is ready to start again and,
Euler method together with suitable compactness assumptions ensure the existence
of solutions to the Cauchy problem in Chapter 2. One of the consequences is the

following theorem presented in § 2.5.3. It deals with the nonlinear transport equa-
tion for finite real-valued Radon measures on RV whose set is denoted by . (RV).

Theorem 4 (Existence of solution to nonlinear transport equation).
For = (f1, /) : A (RY) x [0,T] — WI=(RN,RV) x Wh=(RN R) suppose

() supy, (8D e + [0 |y1e) < o

(ii) fis continuous in the following sense: For £"-almost every t € [0,T] and any
sequences (ty)m, (Lm)m in [0,T], 4 (RN) respectively with ty, — t, lm — U
narrowly for m — oo and sup,, |tn|(RY) < oo, it fulfills

(o, t) — £(,1) in L2(RY,RY) x L*(RNY R)  for m — .

Then for every initial Radon measure Lo € .# (RY), there exists a narrowly con-
tinuous distributional solution to the nonlinear transport equation

iy + dive (F1 (e, 0) ) = foa(est) pe in RNx10,T]

in the sense that

[oau—[ oau= [ [ (VoW s+ £lus)) i ds

for everyt € [0,T] and any test function ¢ € CZ(RN R).
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Mutational Equations on Function Spaces Are “Functional Equations”

The recent example about the nonlinear transport equation reflects a typical feature
of mutational equations on function spaces: Each function (like a Radon measure
here) comes into play as one single element of a basic set E and, the function f(-,-)
on the right-hand side of the mutational equation

X(t) > f(x(),1)
is relating each state in E and time in [0, 7] to a transition on (E,d, |- |).
In connection with a function space for E, this relation can take nonlocal properties
of the functions u € E into consideration immediately, but on the other hand, the
hypotheses about the continuity of f might exclude pointwise composition of these
functions.
Due to this structural consequence of f : E x [0,7] — O(E.d,|-]) as given data,
most examples of mutational equations on a function space belong to the field of
functional differential equations.

Step (B) Admit More Than One Distance Function on the Basic Set £

Compactness often plays the basic role for concluding the existence of a solution
from an approximative sequence. It is very restrictive, however, if a vector space is
supplied with a norm because its closed unit ball is compact if and only if the space
is finite-dimensional. This observation has already aroused the frequent interest in
the weak topology on Banach spaces. Indeed, the weak sequential compactness of
the closed unit ball is equivalent to its reflexivity.

The short excursion to linear functional analysis motivates us to provide simple
access to the mutational framework for the weak topology on metric vector spaces.
Our suggestion is to replace the metric d : E x E — [0,o0[ by a family (d;);c.»
of distance functions E x E — [0,ec[. It is an excellent opportunity to weaken
the conditions on each distance function d;, j € .#. The example induced by linear
functionals on a metric vector space makes clear that d; does not have to be positive
definite. In this next step of generalization, we assume each d; : E X E — [0,00]
to be reflexive, symmetric and to satisfy the triangle inequality. These three proper-
ties characterize a so-called pseudo-metric on E.

Similarly, a family (|-] ;) je.» of functions E — [0, o[ substitutes for |-] indicating
the “absolute value” of states in E. All conditions on transitions and solutions are
then formulated or verified for each d;, j € .#, simultaneously and hence, this ex-
tension does not have any significant influence on the proofs. It is also implemented
in Chapter 2.
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How to Compare the Evolution of Two Initial States along Two Transitions:
The Key Inequality About Error Propagation

We are still lacking tools how to compare the evolution of two initial states x,y € E
along two (possibly different) transitions 9,7 on (E, (d})jc.s,(|-];)je.r). Indeed,
the only inequality about error propagation so far deals with a single transition ¥
and states that the initial error may grow at most exponentially:

dj(9(h,x), O(hy)) < dj(x,y) - e @R A

for every h € [0,1] and x,y € E with |x];, |y]; <R.
In other words, the qualitative influence of initial error has already been clarified.
Now we focus on the effect of two transitions ¥, T on one and the same initial state
x € E. The curves 9(-,x), 7(-,x) : [0,1] — E are both
continuous with respect to each d; (j € .#) by definition and
thus,

d;(9(h,x), T(h,x)) — 0 for h | 0.

The first-order features of this time-dependent distance might be more informative
and hence, Aubin suggested

sup limsup 1 - d(9(h,x), t(h,y))

x€E  h|0
as distance between two transitions 1%, 7 on a metric space (E,d). It is always finite
because the triangle inequality of the metric d reveals the upper bound 3 () + (7).
Now our two recent steps of generalization lead to the following counterpart for
transitions 1%, 7 on the tuple (E, (d;) je.s,(|-] ) je.r)

Dj(¥,t;r) == sup  limsup }l~dj(19(h,x), 7(h,x)) < oo
X€E: [x|;<r  h]O

for any radius r >Oandindex j € .. If {x€ E| |x]; <r}=0,set D;(-,-;r):=0.)
If d; is a pseudo-metric on E, then D j(~, -;7) proves to be a pseudo-metric on the set
of transitions for each r» > 0.

This supplementary information about transitions is based on local features because
it takes only joint initial states and short periods into consideration. Now we need
to bridge the gap to curves [0,1] — E with possibly different initial points and,
Gronwall’s inequality plays the essential role for this step to estimates in [0, 1].
Indeed, the distance function @ : [0,1] — [0,e0[, h+— d;((h,x), T(h,y)) is
continuous and, the triangle inequality of d; ensures at every time 7 € [0, 1]
“Tf&‘f’ A=l < o;(9:R) - 9(t) + D;(V,TR))

with a sufficiently large radius R; > 0 depending only on |x];, |y|;, 7j(®), 7;(7).
Then Gronwall’s inequality provides directly the “global” estimate at any time 2 < 1

dj(ﬂ(h,x), ‘L’(h,y)) < (dj(x, y) + h-D;(¥, r;Rj)) . % (OR;)
Such a step from an upper Dini derivative to an upper bound in a compact time inter-

val is typical for mutational analysis and, it usually results from some modification
of Gronwall’s Lemma. (Hence, we present several extensions in Appendix A.1.)
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Furthermore, this general inequality of error propagation has a quite intuitive struc-
ture on its right-hand side. Indeed, the initial distance d;(x, y) can be regarded a
term of order O (w.r.t. 1) whereas the transitions @}, T contribute to the “term of first
order”,i.e. h - D;(¥,7;R;). Both of them are free to increase at most exponentially.
This form of influence is quite similar to Taylor expansions in vector spaces.

Step (C) Separate Families of Distances for Regularity in State and Time

Ordinary differential equations in the Euclidean space were extended to Banach
spaces in a very successful way a long time ago. Nowadays, the result is known
as evolution equations and, its conceptual starting points are strongly continuous
semigroups (S(7));>o on a fixed Banach space X and their respective generators A.
This historic background justifies our attempt to deal with evolution equations

2(1) = Az(t) + f(z.1)
in the mutational framework. It does not necessarily provide new results about mild

solutions, but it opens the door to coupling evolution equations with other examples
(like nonlocal set evolutions or nonlinear transport equations) immediately.

Strong continuity, however, causes difficulties. Indeed, the variation of constants
formula motivates the following ansatz for a transition

h
50 0,1 xX — X, (hyx) — T(hx) = S(h)x—i—/o S(h—s)v ds

with an arbitrarily fixed vector v in the Banach space X. If the semigroup (S(¢)),>0
is assumed to be w-contractive, then it is easy to verify that initial errors with
respect to norm can grow at most exponentially, i.e. for any x,y € X and
he[0,1],

| (hx) — n(hy)|l, < llx—vlx-e®".

In regard to potential transitions on (X, || -||x,]| - ||x), the continuity with respect
to time is an obstacle: All curves 7,(-,x) : [0,1] — X with x in the unit ball of X
are expected to be uniformly Lipschitz continuous and, this condition is likely to
fail whenever the dimension of X is infinite. The situation is much easier in the
following estimate, for example,

h
| 7(h,x) — S(h)x||, < /0 IS(h—s) v]x ds < he®" |vlx,
but then it is probably more difficult to verify a counterpart of the exponentially

growing initial error and to provide a link to mild solutions in the end.

Our proposal to overcome this difficulty in the general mutational framework is
to use separate families (d;) je s, (e;) je.» of distance functions E x E — [0, o[ for
the regularity with respect to state and time (if it is advantageous). Then a transition
9 :[0,1]xE — Eon (E,(d})jecr, (ej)jer,([]j)jer) is expected to satisfy

dj(0(h, x), B(h, y)) < djx,y)- e
¢ (B(h1.x), D(h2,x)) < Bi(0r) [l — o
forallr >0, j € &, h,hi,hy € [0,1] and x,y € E with |x|;, |y]; <r.
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In fact, (e;) jec.» is supposed to represent the same “topology” as (d;) jec.» in the
sense that every sequence (x,), e tends to x € E with respect to each e;(j € .#) if
and only if it converges to x with respect to each d; (i € ). We adhere to distance
functions for specifying continuity in time mainly because we need equi-continuity
of Euler approximations for the continuity of their limit function.

Separate distance functions of the same “topology” for the regularity in state
and time have proved to be a good starting point for handling semilinear evolution
equations with @w-contractive semigroups by means of mutational equations. More
details are discussed in § 3.10.

These results are then used for some initial-boundary value problems with second-
order parabolic differential equations in noncylindrical domains — without assum-
ing any transformation to a reference domain (§ 3.11).

Step (D) How the w-Contractivity of Transitions Can Become Dispensable

So far, all transitions ¥ (even in their generalized form) are obliged to let the ini-
tial distance grow at most exponentially in time, i.e. for each r > 0 and j € .7,
there exists a parameter o¢;(9;7) > 0 with

dj(ﬁ(hvx)v ﬁ(hay)) < dj(x7 y) : eaj(ﬂ;r)h

forall h € [0,1] and x,y € E with |x];, |y]; < r. In the terminology of semidynami-
cal systems, ® is said to be (locally) w-contractive with respect to each d; (j € .&).

In the example of semilinear evolution equations (in § 3.10), however, this condi-
tion implies a significant restriction: the underlying strongly continuous semigroup
(S(#))se>0 is assumed to be w-contractive so that the variation of constants formula

h
ensures the corresponding property of 7,(h,x) := S(h)x Jr/ S(h—s)vds (veX).
0

Mutational analysis would be much more helpful indeed if we could draw essen-
tially the same conclusions about existence of solutions from the weaker hypothesis

dj(ﬁ(h,X), ﬁ(h,y)) < Cj-dj(x,y) - CEL

with a constant C; possibly larger than 1, but then the standard piecewise approach
will fail to estimate the maximal distance between two Euler approximations in
[0,T] when the partition is refined (and the number of subintervals tends to o).

This dilemma can be overcome if we suppose suitable inequalities for the maximal
distance between any Euler approximations in arbitrary time intervals [0, T].

The main idea presented in § 3.4 is motivated by the well-known step from Hille-
Yosida Theorem (about contractive C° semi groups) to the Theorem of Feller,
Miyadera and Phillips (about arbitrary C° semigroups) (e.g. [76, Theorem II.3.8]).
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Indeed, we construct a family of auxiliary distance functions d i (j € ) which are
“equivalent” to d; respectively such that ¥ is w-contractive with respect to each d .
In contrast to the semigroup theory in Banach spaces, we cannot use the linear re-
solvent operator here, but the construction of d ; is based on the figurative question
how “far away from each other” two states can come along any (nonequidis-
tant) Euler curves after we subtract the potential influence of transitions on the
distance.

The so-called candidates for transitions fulfill all required properties except for
o-contractivity, but the results of § 3.4 fill this gap via an auxiliary family

(dj)jes-

Step (E) Less Restrictive Conditions on Distance Functions d;,e; (j € .%):
Continuity Assumptions Instead of Triangle Inequality

Examples with stochastic differential equations are quite difficult to consider in
the mutational framework up to now. Let us take a glance at real-valued solutions
(X;)o<: <7 to the stochastic initial value problem

dX[ = a(t,X[) dt + b(t,X[) dVVt
Xo given
with a fixed Wiener process W = (W;);>0 on a complete probability space
(Q, o7, P). Under suitable assumptions about the coefficients a,b: [0,T] x R — R,
a pathwise unique strong solution (X;)o<;<7 is known to exist and, the following
estimates hold with constants Cy,C,,Cs depending only on a(-),b(:),T
E(IX) < (E(IX|?) +Cot) 17,
E(1X; —Xo*) < G5 (E(|Xo*) +1) €517 -1.
If we regard these solutions as possible candidates for transitions, then the first in-
equality provides a suitable upper bound of growth. The second inequality indicates
Lipschitz continuity with respect to time — exactly in the form we usually want it,

but the estimate considers the square deviation which does not satisfy the triangle
inequality in general.

This observation exemplifies that the triangle inequality of pseudo-metrics on the
one hand and the familiar types of distance estimates like

dj(9(h, x), O(h, y)) < dj(x,y)- ORI

ej(9(h1,x), O(ha,x)) < Bj(0iR)) |1 — o

d](ﬂ(h> )C), T(ha y)) < (d]('xa y) +h D](ﬁaTst)) . ea.i(ﬁ§Rj)h

on the other hand might exclude each other. Now we have to make a decision which
aspect to preserve in the mutational framework.

IN

We prefer the key inequality of error propagation to the triangle inequality.
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The main goal of mutational analysis is to extend the familiar results about ordinary
differential equations beyond the traditional borders of vector spaces. Meanwhile we
have even left metric spaces by means of the tuples (E, (d;) jc s, (¢)) je.s, ] ) jes )
but the key inequality of error propagation for transitions

dj(9(h,x), T(h,y)) < (dj(x,y) + h-D;(0,T;R;)) - % OR) b

still reflects the notion of first-order approximation.

The triangle inequality has become a very popular condition on distance func-
tions and, it seems to be indispensable in many standard textbook about topology
and calculus as it is one of the defining conditions on metrics. A closer look at its
role in proofs reveals that it mostly serves a single purpose: verifying continuity.
In particular, the triangle inequality guarantees that the metric on a set is continuous
with respect to its topology.

In regard to the mutational framework, our new suggestion is to ensure the “con-
tinuity” of each distance function d;, e; (j € .#) by means of explicit hypotheses
about converging sequences in E (instead of the triangle inequality). If, for example,
sequences (X )nen and (yn)nen satisfy

dj(xn,x) — 0
dj(yn,y) — 0

for n — oo and each j € .7, then we expect for every index i € .# quite intuitively
di(x7 y) = nlgrlo di(-er yn)

At the beginning of Chapter 3, we list a few conditionson d}, ¢j, |-|; (j € .#) which
admit all steps on the way to the main results of mutational analysis. As a special
consequence of this step, we obtain the existence of strong solutions to a class of
stochastic functional differential equations (in § 3.6) like

dX, = h(t, E(IX:]), E(1X, %)) - ha(X;) dt + b(t) dW,.

Step (F) How to Extend the Weak Topology Beyond Normed Vector Spaces

Many of our subsequent results about the existence of solutions to examples are
based on the counterpart of Peano’s Theorem in the mutational framework. It states
that continuity of the right-hand side and an appropriate form of sequential compact-
ness always guarantee the existence of a solution to the given mutational equation.
Hence, sequential compactness forms the basis for many existence results below —
on the one hand.

On the other hand, evolution equations in an arbitrary Banach space exemplify that
the norm of a vector space is frequently the most obvious choice for (at least) one
of the distance functions d;, e;.

Norm compactness of the unit ball in a vector space, however, implies necessarily
finite dimensions.
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The weak topology is the typical way out of this conflict: The (norm-) closed
unit ball in a reflexive Banach space is known to be weakly compact. In contrast
to step (B), this observation encourages us now to generalize the concept of weak
sequential compactness to the tuple (E,(d})jc.s, (¢j)jes,(|-]j)jes), but we are
lacking any linear functionals on a set E in general.

Thus, we suggest starting from another connection between norm and weak
topology of a real vector space X (rather than from linear functionals on X). A
popular characterization of the norm concludes from the Theorem of Hahn-Banach

|x|lx = sup {y’(x) |y’ (X, |- lx) — R linear, continuous, [|y'[|px,r) < 1}.

As a first consequence, we become aware (again) that the substantial difference
between weak and norm convergence of a sequence in X results from switching
limit and supremum. The linear features of the functionals y’ on X are of rather
subordinate importance here.

Secondly, the basic structure of this characterization can be extended to abstract
sets easily: The distance between two points is represented as supremum of further
distance functions.

Now we apply this notion to the tuple (E, (dj)jer, (¢j)jcs, ([]j)jer)-
The distance functions dj,e; (j € .#) continue their role for transitions and so-
lutions, but in addition, we assume distance functions dj ,ejx : E X E — [0,00]
(with a further index set _# # 0) such that for each index j € .7,

dj = Sup de(, €j = Sup €j .

NS4 NS
Then a sequence (x;,),en in E is said to converge “weakly” to an element x € E if
forevery j€ . and k€ ¢,

nlilr:o djx(xn,x) = 0.
The families (d; x)jc.7 xe # and () «)je.s ke # do not have to consist of pseudo-
metrics, but they are expected to specify the same “topology” on E again. Thus,
we usually suppose the corresponding list of hypotheses as for (d;)jc.s, (¢})jc.r-
In § 3.3.6, we clarify which forms of “weak” sequential compactness and “weak”
continuity (of the right-hand side of mutational equations) are sufficient for extend-
ing Peano’s Theorem about the existence of solutions.
These general results are applied to the nonlinear continuity equation, for example,

{%u +divy (F(u, ) p) =0 inRVx]0,T]
1(0) = po N e L= (RY)
with a given functional relationship in the form of
£: Lo (RY) x [0,T] — BVie(RY,RY)N L= (RN, RY)
in § 3.8. Here the distributional solutions g (-) : [0, 7] — L="!(R") have their val-

uesin L="(RN) := {p.£V ’ p € L"(RM)NL=(RY), p >0} and are constructed
by means of Prokhorov’s Compactness Theorem.
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Step (G) Less Restrictive Conditions on Distance Functions d;,¢; (j € .#):
Dispense with Symmetry

The evolution of compact subsets of the Euclidean space RV might depend explic-
itly on their topological boundary and, we would like to take such an influence
into consideration — still without making any a priori assumptions about regular-
ity. Even simple examples, however, indicate obstacles in the current mutational
framework.

Consider just an annulus expanding isotropically
at a constant speed 1. After a finite period, the
“hole” in the center of the annulus disappears
suddenly. Hence, the topological boundary of the
expanding annulus does not evolve continuously
(in the sense of Painlevé-Kuratowski).

The classical Pompeiu-Hausdorff distance between the boundaries of such an an-
nulus K C RY and its expanding counterpart B,(K) C RY does not have to be
continuous with respect to time ¢ and thus, it is unsuitable for comparing topologi-
cal boundaries in regard to transitions.

In search of an alternative pseudo-metric, we realize that some topological compo-
nents of dB,(K) might “disappear” while time ¢ is increasing, but each boundary
point of dB; (K) has close counterparts at earlier sets dB;(K) (with s < ¢). Indeed,

dist(IB, (K), IBy(K)) < t—s

for all 0 < s <¢, but a corresponding estimate does not have to hold for 0 <r <.
In other words, we find properties similar to some requirements for transitions if we
compare only later sets with earlier sets (in regard to their topological boundaries),
but not vice versa.

For this reason, we aim at a mutational framework for a tuple (E, (d;) je.7, (€}) jc.s»
([-]j)jer) without assuming symmetry of d; and e¢; (j € .). Broadly speaking,
the first argument of each distance usually refers to the earlier state whereas the
second argument is the later element (in Chapter 4).

The same geometric example also demonstrates an analytical obstacle which we
have to overcome after dispensing with symmetry. Indeed, consider a further initial
set K" C RY. Of course, the preceding inequality still holds for ¢ — dB,(K’), but
the distance of dB, (K) from the other boundary 0B, (K’) at the same time ¢, i.e.

[0,00[ — [0,00[,  t +— dist(IB,(K), IB,(K")),

might be discontinuous. As a general consequence for mutational equations, we
have to ensure (at least) lower semicontinuity of some time-dependent distances
which had always been continuous before so that the adapted program of mutational
analysis still works.
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Step (H) Distribution-Like Solutions to Mutational Equations

Examples with compact subsets of RV evolving according to their topological
boundaries are still difficult to handle in the mutational framework though. Indeed,
an additional challenge is closely related to the regularity of transitions with respect
to state (and its continuity parameter o¢;(%};7) < o).

It is an essential feature of transitions that the

initial distance between two states may grow at

most exponentially while evolving along one and

the same transition.

Although this condition does not require continuity

of distances with respect to time, the boundaries of

two time-dependent compact sets and their normals

might not satisfy it whenever one of the boundaries

is not continuous with respect to time.

With regard to the geometric situation sketched in the figure on the right, there is no
general rule for compact sets when the next topological component of the boundary
disappears, i.e., when the distance from another boundary might be discontinuous
for the next time.

This obstacle can be overcome in the mutational framework if we introduce a
less restrictive concept of transition and solution.
In the theory of partial differential equations, similar difficulties have already led
to distributions and distributional solutions, but their defining property, i.e. partial
integration with smooth functions, requires more mathematical structure than a set
E # 0 provides in general. For this reason, we suggest a more general interpretation
of the step from classical to distributional derivatives:

Select an essential property in the “classical” theory and demand
to preserve it (only) for all elements of a given fixed “test set” —
instead of the whole “basic set”.

Usually this important feature is the rule of partial integration and, it is preserved
for smooth test functions with compact support (or Schwartz functions).

In the mutational framework, the inequality of error propagation plays a central role
and specifies in which sense transitions represent first-order approximations:

dj(ﬂ(hvx)a T(hay)) < (dj(x7 y) + h D](’L?,T,R])) . ea.i(ﬂ;Rj)h

with the radius R; > 0 just depending on max{|x|;, |y];j}. 7j(¥), 7i(z) < ee.
At time ¢t € [0,T], a curve x(-) : [0,7] — E has the “same properties up to first
order” as a transition 7 (in a generalized sense) if essentially the same asymptotic
inequalities of error propagation hold for 7(-,x(¢)), x(f +-) and i | O:

dj(9(h,2), T(hx(1))) < (dj(z,x(1)) + h-D;(9,T:R;)) - eF)
dj(ﬂ(h>z)> x(t+h)) < (dj(Z’ x(1)) + h'Dj(ﬂvT;Rj» e (OR)) by o(h).
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Strictly speaking, the latter inequality “in an asymptotic sense for 2 | 0"’ means

limsup ,ll~<dj(l9(h,z), x(t+h)) — dj(z, x(;))-eaf<ﬂ;R.f>h) < D;(0,T:R;). (0)
h|0

In Aubin’s original theory of mutational equations, this condition being satisfied by
all elements z € E and all transitions ¥ proves to be equivalentto 7 € ;(t) and thus,
it characterizes the mutation of x(-) at time ¢. All our steps of generalizations before
have not changed this situation. (In fact, we have even preferred the error inequality
of transitions to the triangle inequality of distances in step (E).)

For the step to distribution-like mutations, we are now free to fix a nonempty “test
set” @ arbitrarily and to demand the property () for all elements z € 2 (instead
of E) and all transitions ¢. This feature is central to the generalized definition of
TEX (t). Motivated by the finite element methods of Petrov-Galerkin, we avoid the
assumption 2 C E deliberately.

More details about this step are presented in Chapter 4. Afterwards this most gen-
eral theory of mutational equations so far is applied to two examples with compact
subsets of R evolving according to their graphs of limiting normal cones.

0.4 Mutational Inclusions

In Chapter 5, mutational inclusions are introduced. Correspondingly to differential
inclusions in R", they are based on the idea that more than one transition can
be admitted at each element and time. For this purpose, the single-valued func-
tion f: E x [0,T] — © (on the right-hand side of the mutational equation) is
replaced by a set-valued map .% : E x [0,T] ~ © and, we are looking for a con-
tinuous curve x(-) : [0,7] — E such that at .#'-almost every time, a transition

¥ € F(x(t),t) C O also belongs to the mutation X ().

Dispensing with state constraints in § 5.1, we prove a selection principle generaliz-
ing the Theorem of Antosiewicz-Cellina. For technical reasons, however, both the
basic set E and the transition set © are supposed to be separable metric spaces. Then
continuity of .# and a suitable form of sequential compactness in E are sufficient
for existence of solutions in Theorem 5.4 (on page 388).

Inclusions with state constraints are discussed (only) for morphological transitions
on compact subsets of RN because we need more compactness properties for mea-
surable curves in the transition set. A quite general viability theorem is presented
and proven in § 5.2. Finally, § 5.3 deals with applications to control problems for
nonlocal set evolutions. It is remarkable that these control equations with state con-
straints have the states in a metric space (and not only the controls).






Chapter 1

Extending Ordinary Differential Equations
to Metric Spaces: Aubin’s Suggestion

This chapter is devoted to Aubin’s original concept of mutational equations intro-
duced in the early 1990s. They provide an interesting extension of ordinary differ-
ential equations to a metric space (instead of the classical Euclidean space RY).
The main challenge to which Aubin suggested an interesting answer is how to
dispense with any linear structure of the basic set while following the popular track
of ordinary differential equations up to solutions to the initial value problem.

1.1 The Key for Avoiding (Affine) Linear Structures: Transitions

For extending ordinary differential equations beyond the traditional borders of
vector spaces, we start with a given metric space (E,d) as suitable mathematical
environment. Independently from dispensing with any linear structure of the basic
set, we still need a quantitative tool for investigating the asymptotic features of the
relationship between time-dependent states.

Roughly speaking, the starting point now consists in extending elementary terms
like “velocity” (in the sense of time derivative of a curve) from vector spaces to the
given metric space (E,d).

Considering a curve x(-) : [0,T] — R" in the Euclidean space R | its derivative
X' (r) at time r € [0, T is usually defined as limit of difference quotients, i.e.

, x(t ) — x(0)

20 = fim S
This definition, however, cannot be extended to a metric space in an obvious way
— due to lacking differences. Hence, we consider the alternative characterization
which is based on affine linear approximation of first order. Indeed, a vector v € RV
represents the time derivative of x(-) at time ¢ € [0, 7| if and only if there exists a

residual function w(-) with ;}in%) }ll -w(h) =0 such that

T. Lorenz, Mutational Analysis: A Joint Framework for Cauchy Problems 31
In and Beyond Vector Spaces, Lecture Notes in Mathematics 1996,
DOI 10.1007/978-3-642-12471-6_2, (© Springer-Verlag Berlin Heidelberg 2010
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x(t+h) = x(t)+h-v + wh)

is satisfied for every & € R sufficiently close to 0. The equivalent formulation
Jim, Llx@t+n) — (x(t)+h-v)] = 0

motivates how this classical notion might be extended to a metric space. Indeed, we
now compare the asymptotic features of the curve A — x(t 4+ h) to the affine linear
map h— x(t) + h - v with respect to the Euclidean metric |- |.

For dispensing with any aspects of affine linearity in a moment, we focus on the
continuous map

[0,00[ x RN — RN (h,z) —z+h-V

for a fixed vector v € RY of direction. Geometrically speaking, it indicates the final
point z+ /- v to which the initial point z is moved at time % and, it serves as a kind of
“elementary deformation” of the Euclidean space RY for approximating the curve
x(t+ ) up to first order.

For avoiding any linear structure of the basic set, Aubin suggested to consider such
maps of time and state as counterparts of affine linear maps in vector spaces, i.e. in
the given metric space (E,d), a continuous map

9: [0,1]xE—E, (hz)+— ©(h,2)

is to play the role of (not necessarily affine linear) “deformations” in a fixed direc-
tion. It specifies the point ¥(k,z) € E to which each initial point z € E is moved at
time & € [0,1]. Such a map ¥ can be interpreted as first-order approximation of a
curve x(-) : [0,7[— E at time ¢ € [0, T if it satisfies

Jim Fed(x(t+h), 9(h,x(t))) = 0.
This is a characterization corresponding to time derivative, but completely free
of any affine linear structure indeed.
Obviously, such a homotopy-like map ¥ can serve as starting point for a differen-
tial calculus in (E,d) only if it satisfies appropriate continuity conditions. Aubin
introduced the term of “transition” in the following way:

Definition 1.  Let (E,d) be a metric space. A map 9 : [0,1] x E — E is called
transition on (E,d) if it satisfies the following four conditions:
1.) foreveryx € E : (0, x) =x

2.) foreveryx € E,t € [0,1[: }ZIF(} x d(ﬂ(t—i—h x), 0(h, ¥(t,x))) =0

-—  su imsu (h y)) — d(xvy) oo
3) a(®) = *g;?‘ limsup. ma { h o } <
4.) B(¥) := sup limsup d(x, 9(h,%)) < oo

xeE R0 h
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Condition (1.) guarantees that the second argument x of ¥ represents the initial
point at time # = 0. Moreover condition (2.) can be regarded as a weakened form of
the semigroup property. Due to Gronwall’s Lemma, it even implies that ¥ satisfies
the semigroup condition

O(t+h,x) = O(h, O(t,x))

for every element x € E and time ¢,k € [0,1] with t+ /& < 1 (as we will verify in
subsequent Corollary 22).

Finally the parameters o/(®), (1) < e guarantee the continuity of ¥ with respect
to both arguments. In particular, condition (4.) implies the uniform Lipschitz conti-
nuity of ¥ with respect to time:

d(9(s,x), 9(1,x)) < B(I) - |t—s|

for all times s,7 € [0, 1] and initial elements x € E (as subsequent Lemma 8 shows
in detail). Due to Condition (3.), the distance of initial points can grow at most
exponentially with respect to time (as we will verify in subsequent Proposition 7):

d(d(h,x), B(h,y)) < d(x,y) - e*P)h

for all 2 € [0,1] and x,y € E. In terms of semigroups or dynamical systems, ¥ is
said to be w-contractive.

Example 2. The most popular transitions on the Euclidean space (RY,|-|) are
induced by the affine linear functions

9 [0,1] xRN — RN (h,x)—x+h-v
in any fixed direction v € RY. Then, «(9,) =0 and B(9,) = |v|.

Example 3. The constant velocity v € RV of translation in RY is now replaced
by a vector field, i.e. for a given bounded Lipschitz function f:RY — R¥, every
initial point xo € RY is moving along the unique solution x(-) : [0,00[ — R" to the
ordinary differential equation x’(¢) = f (x(z)).

Hence, ¥(f,x0) := x(t) with the unique solution x(-) € C'([0,],R") to the

initial value problem
{X’(t) = f(x(1)),
x(0) = xo.

The classical Theorem of Cauchy-Lipschitz about ordinary differential equations
can be regarded as a special case of Filippov’s Theorem A.6 about differential
inclusions and, it implies that ¥ : [0,1] x RY — R¥ satisfies the four conditions
on transitions with o(9%) < Lip f and B(0¢) < || f|lsup-

BLip(R",RV) consists of all bounded Lipschitz continuous functions RN — RV,

Example 4.  Leaving now the familiar field of points in RY, we consider compact
subsets of the Euclidean space RY (instead of single state vectors).

J (RN) denotes the set of all nonempty compact subsets of RY. Subsets of R,
however, do not have any obvious linear structure, but .# (R") is usually supplied
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with a very useful metric: The so-called Pompeiu-Hausdorff distance between two
sets Ki,Kp € ¢ (RY) is defined as

d(Ki,K,) := max { sup dist(x,Kz), sup dist(y,Kl)} .
xeK yeKy

Correspondingly to the preceding Example 3, suppose f : RNV — RN to be a
bounded and Lipschitz vector field. Now the initial points xq € RY are replaced
by initial sets Ky € # (RV) and, we focus on all points that can be reached by a
solution x(+) of x'(-) = f(x(-)) starting in Kp, i.e.

71 [0,1] x H(RY) — #(RN)

(t, Ko) — {x(t) | there exists x(-) € C'([0,],R):
X(:) = f(x(), x(0) € Ko}

O¢(t,Kp) is called reachable set of the vector field f and the initial set K at time .
It provides an approach how to “deform” any compact subset of R — without any
regularity assumptions about the set or its topological boundary. In fact, these set
evolutions belong to the basic tools of the so-called velocity method (alias speed
method) and have led Céa, Delfour, Sokolowski, Zolésio and others to excellent re-
sults about shape optimization (e.g. [42, 55, 56, 174, 190]).
The classical Theorem of Cauchy-Lipschitz about ordinary differential equations
provides estimates that are even uniform with respect to the initial point and thus,
the same conclusions as in Example 3 ensure that 9 is a transition on (¢ (R"),d)
with o) < Lipf, B(¥f) < ||fllsup (see subsequent Example 54 for details).

Reachable sets of Lipschitz vector fields, however, are always reversible in time.
Indeed, every reachable set ﬂf(t, Ky) C RY can be deformed to the initial set K by
means of the flow along —f, i.e.

V_y (l‘, ﬂf(l‘,Ko)) = Ky

for every set Koy € # (RY). This results directly from the uniqueness of solutions

x(+) :] — oo,00[ — RN to the initial value problem
{X'(f) = f(x(1)),
x(0) = xo.

Example 5. The class of set evolutions described as reachable set can be ex-
tended very easily if we admit more than one velocity at each point of the Euclidean
space. Thus, the bounded and Lipschitz vector fields f : R — R mentioned in
Example 4 are now replaced by set-valued maps F : RV ~» RY whose values are
nonempty compact subsets of RV and, we consider the flow along the differential
inclusion x'(-) € F(x(-)) (Lebesgue-almost everywhere) instead of the ordinary
differential equation x'(-) = f(x(-)).

The reachable set 9r (t,Ko) C RN of the initial set Ky € # (RY) and the set-valued
map F : RN ~ RV at time ¢ > 0 consists of all points that can be attained at time ¢
via an absolutely continuous solution x(-) of X'(-) € F(x()) a.e. starting in Kp. If
F : RN ~» R¥ is bounded and Lipschitz continuous with nonempty compact values,
then Filippov’s Theorem A.6 implies that
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O : [0,1] x ' (RY) — ' (RN)
(t, Ko) — {x(t) | there exists x(-) € W"I([0,7],R):
¥ () € F(x(+) L'-ae.in0,t], x(0) € KO}
is a transition on (% (RV),d) with () < LipF and B(d¢) < sup sup |v|.
xeRNveF(x)
Aubin called it morphological transition and used it in most of his examples about
set evolutions. It will be discussed in more detail in § 1.9.2 (on page 60 ft.) below.

Let us now return to a metric space (E,d) and some nonempty set @ (E,d) of
transitions in the (very general) sense of Definition 1.
The “flow” along these transitions can form the basis for differential calculus (con-
sidering curves in E) only if we have an opportunity to “compare” the evolution
of two arbitrary initial states along two different transitions. For this reason, Aubin
suggested a distance between transitions:

Definition 6. Let (E,d) be a metric space and @ (E,d) be a nonempty set of tran-
sitions on (E,d). For any ¥, 7 € O(E,d), define

D(®,7) := sup limsup %~d(ﬁ(h,x), 7(h,x)).
x€E h|0

The basic idea of D(¥9, 7) is to compare the two curves ¥ (-, x), (-, x) :

[0,1] — E with the same initial point x € E for & | 0. As each

of these curves is continuous, their joint initial point always implies

d(9(h,x), t(h,x)) — 0 for h | 0. Thus we consider its asymptotic

properties of first order — represented by the factor % in Definition 6.

The parameters of continuity (%), 3(7) (specified in Definition 1) guarantee that

D(9,7) is always finite. Indeed, due to the triangle inequality of the metric d,
D(¥,7) < sup limsup 1 - (d(d(h,x), x) +d(x, ©(h,x))) < B()+B(1).

x€E  h|O
Furthermore, D : O (E,d) x O(E,d) — [0,o[ is symmetric and always satisfies
the triangle inequality, i.e. for any transitions 9,3, 7 on (E,d),

D(¥1,%) < D(91,7)+D(1,%).

D(-,-) is not a metric on ©(E,d), though, because it does not have to be positive
definite, i.e. D(¢, 1) = 0 does not imply ¥ = 7 in general. Indeed, D(9, t) focuses
on the transitions ¥, T merely for i | 0.

Now all tools are available for comparing two initial states in £ while evolving along
two different transitions respectively:

Proposition 7.  Let (E,d) be a metric space and ©(E,d) be a nonempty set of
transitions on (E,d). For any transitions ¥,7 € O(E,d) and elements x,y € E,
the following estimate is satisfied at each time h € [0, 1]

d(ﬁ(h,x), ’L’(h,y)) < (d(x,y)+h~D(1§‘,‘c)) - e®(®)h



36 1 Extending Ordinary Differential Equations to Metric Spaces: Aubin’s Suggestion

The subdifferential version of Gronwall’s Lemma (Proposition A.2) is the key tool
for concluding global estimates from local information. In this regard, the proof of
Proposition 7 exemplifies the basic technique for most of our subsequent results:

Lemma 8.  For every transition © on a metric space (E,d) and initial point x € E
the curve ¥(-,x) : [0,1] — E is B(9)-Lipschitz continuous.

Proof. Choose x € E and € > 0 arbitrarily. Due to conditions (2.),(4.) of
Definition 1, i.e.

B(®) = sup limsup L -d(y, 9(h,y)) <
yEE  h|O
lim - d(9(h, 3(t,x)), i+hx) =0

we obtain for each ¢ € [0, 1] that some sufficiently small & €]0,1 —¢] satisfies
Fod(0(t,x), O(t+hx)) < B(9)+e for all h €]0,8].

For any 0 < 51 < s < 1 — € given, covering [s;,s,] with (at most countably many)

subintervals [r, f 4 &] (with t € [sq,s2[) and the triangle inequality of d imply
d(9(s1,x), ¥(s2,x)) < (B(D)+€) - (s2—s1).

As € > 0 was chosen arbitrarily, ¥ (-,x) is B()-Lipschitz continuous in [0,1[. O

Proof (of Proposition 7).  The auxiliary function
y:[0,1]— [0,0], h +— d(ﬁ(h,x), r(h,y))

is Lipschitz continuous due to Lemma 8 and the triangle inequality of d. Moreover
it satisfies for every ¢ € [0, 1]

lim sup y(tth) — w(r)
hl0 "
= lirl?ls(:lp b (d(O(t+h,x), t(t+h,y)) —d(D(,x), 1(t,y)))
< lir}rllls(;lp L (d(d(t+h,x), 9(h, 0(t,x)))

+ d(O(h, 9(t,x)),0(h, ©(t,y))) —d(O(,x),7(t,y))
+ d(0(h, t(t,y)), t(h, 1(t,)))
+ d(T(h, 1(t,y)), T(t+h, y)))
<0+ a(¥) - yk) + D(¥,1) + 0.
Finally, the Gronwall estimate in Proposition A.2 implies for each & € [0, 1]

o(O)h _ 1
a(9)

y(h) < y(0) ™D + D(9,1) ¢

Remark 9. The same arguments lead to the inequality for any 71,1, € [0, 1]
d(ﬁ(tl +h7x), T(IZ +hay)) < (d(ﬁ(tl,x)v T(lz,y)) + hD(ﬁ,‘L’)) ! ea(ﬂ)h'
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1.2 The Mutation as Counterpart of Time Derivative

Consider a curve x(+) : [0,T] — E in a metric space (E,d).
A transition ¥ on (E,d) can be regarded as (generalized)
time derivative of x(-) at time # € [0,7[ if the comparison
with x(¢ + -) reveals an approximation of first order in the
following sense:

}% F-d(0(h,x(1), x(t+h)) = 0.
In general this asymptotic condition may be satisfied by more than one transition
since only the properties for / | 0 are taken into consideration. Aubin suggested to
introduce a new term for the set of all these transitions — rather than considering
the underlying equivalent classes of transitions because the latter do not provide
additional mathematical insight:

Definition 10. Let ©(E,d) be a nonempty set of transitions on a metric space
(E,d) and, x(-) : [0,T] — E denotes a curve. For 7 € [0, T, the set

o]

x(1) == {9 €O, | E% 7 d(D(h,x(t)), x(t+h)) = 0}
is called mutation of x(-) at time 7.

Remark 11.  For every transition ¥ on (E,d) and initial element xo € E, the curve
Xy (+) == V(-,x0) : [0,1] — E has ¥ in its mutation at each time ¢ € [0, 1[:

O € Xy (t)

forevery ¢ € [0, 1[. This results directly from condition (2.) in Definition 1.

In regard to real-valued functions, the classical concepts of derivative and integral
are closely related by the fundamental theorem of calculus. Similarly, we can also
start with a curve of transitions and look for an appropriate curve in the metric space:

Definition 12. Let O(E,d) be a nonempty set of transitions on a metric space
(E,d) and, ¥(-) : [0,T] — O(E,d) denotes a curve of transitions.
A curve x(+) : [0,T] — E is called primitive of ©¥(-) if x(-) is Lipschitz continuous
with respect to d and satisfies for Lebesgue-almost every 7 € [0, T]

() € x(1)

ie. Li% 1-d(0(t) (h,x(t)), x(t+h)) =0 fora.e.r €[0,T].
Lemma 8 and Remark 11 imply that constructing a primitive of ®(-) : [0,T] —
O(E,d) with given initial element xy € E is particularly easy if ¥(-) is piecewise
constant with sup B(9(r)) < eo.

t
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1.3 Feedback Leads to Mutational Equations

Ordinary differential equations are based on the notion that the derivative of the
wanted solution is prescribed by a given function of the current state. This form of
feedback can be extended to curves in a metric space (E,d) and their mutations.
Aubin introduced the following definition:

Definition 13. Let ©(E,d) be a nonempty set of transitions on a metric space
(E,d). Furthermore, a single-valued function f : E x [0,T] — O(E,d) is given.
A curve x(+) : [0,T] — E is called solution to the mutational equation

x() > fx(),)
if x(-) is primitive of the composition f(x(-),-) : [0,7] — ©(E,d) in the sense of
Definition 12, i.e. x(+) is Lipschitz continuous with respect to d and satisfies

}Hrol 3 d(f(x(2),1) (h, x(t)), x(t+h)) =0

for Lebesgue-almost every ¢ € [0,T].

Remark 14. At first glance, the symbol > here seems to be contradictory to the

term “equation”. The mutation )Oc(t), however, is defined as subset of all transitions
in ©(E,d) providing a first-order approximation of x(r + -) (Definition 10). The
transition on the “right-hand side” f(x(¢),7) € ©(E,d) is required to be one of its
elements at Lebesgue-almost every time 7.

Example 2 lays the foundations for applying this framework to Lipschitz continuous
solutions to ordinary differential equations in R". In this special case, the mutation
of a Lipschitz continuous curve x : [0,7] — RY consists of just one vector at
almost every time — as a consequence of Rademacher’s Theorem.

. o . . . .
In general, however, the mutation x(¢) might consists of more than one transition.

Adapting the classical arguments about ordinary differential equations, the next
step is now to solve initial value problems with mutational equations. As mentioned
at the end of § 1.2, a primitive of piecewise constant functions is easy to construct
and this opens the door to applying Euler method in the mutational framework.
Aubin has already presented the following counterpart of Cauchy-Lipschitz Theo-
rem about existence and uniqueness of solutions to the initial value problem:

Theorem 15 (Aubin’s adaptation of Cauchy-Lipschitz Theorem).

Let (E,d) be a metric space in which all closed bounded balls are compact. ©(E,d)
denotes a nonempty set of transitions on (E,d).

Let f : E — O(E,d) be a A-Lipschitz continuous function, i.e.

D(f(y), f(z)) < A-d(y,2) foranyy,z € E.

Furthermore assume 0. := sup o(f(z)) < oo.
z€EE

Fix an element xo € E and a curve y(-) : [0,T] — E with ;(t) #0 forallt €[0,T].
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Then there exists a unique solution x(-) : [0,T] — E to the initial value problem

{;<.> > f(x())
X(O) = X0

In addition, it satisfies the following inequality for all t € [0,T]
d(x(1), y(1)) < d(xo, y(0)) -2
!

+ [ TRt D(f0(s)), 0) ds
0 v ey(s)

In particular, this theorem implies for autonomous mutational equations with
Lipschitz continuous right-hand side that solutions depend continuously on the
initial element and the transition function (on the right-hand side). Here D(-,-) is
usually the distance function used for transitions on (E,d).

The second important result that Aubin extended from ordinary differential
equations to mutational equations is Nagumo’s Theorem. It provides sufficient and
necessary conditions on initial value problems with state constraints.

In addition to the mutational equation, a nonempty subset »" C E is given for spec-
ifying the state constraints and, we want to ensure that each element of ¥ is the
initial point of at least one solution “viable in ¥ (i.e. with all its values in ¥).
Similarly to the classical form of Nagumo’s Theorem about ordinary differential
equations, the “tangential” properties of the (generalized) directions come into play.
Aubin introduced the following counterpart of Bouligand’s contingent cone:

Definition 16. Let O(E,d) # 0 be a set of transitions on a metric space (E,d).
Fix a nonempty set 7' C E and an element x € E.

Ty(x) == {0 €O(E.d)| 11%nf L dist(d(h,x), ¥) = 0}
is called the contingent transition set of ¥ at x.

Remark 17.  The transitions in Jy (x) C ©(E,d) are specified by means of the
distances of elements from ¥ C E. By definition,
Def.

dist(9(h,x), ¥) = Zigg d(9(h,x), z).
Example 18.  For the affine linear transitions on RY introduced in Example 2, i.e.
9, :[0,1] xRN — RN (h,x)——x+h-v (withv € RY),
we can identify the contingent transition set of V. C R at x € V directly with
Fy(x) = {veRV| liinlionf Lo dist(x+h-v, V) = 0}
and, the latter set is the contingent cone of Bouligand (see Definition 63 on page 68).

In general, such an immediate link cannot be expected for the morphological tran-
sitions on (% (RY),d) in Example 5.
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Theorem 19 (Aubin’s adaptation of Nagumo’s Theorem).
Let O(E,d) be a nonempty set of transitions on a metric space (E,d). Assume that
all closed bounded balls in (E,d) are compact.
Suppose f : (E,d) — (O(E,d), D) to be continuous with
sup a(f(z)) <o, sup B(f(z)) < oo
Z€E z€E
Then the following two statements are equivalent for any closed subset ¥ C E :

1. Every element xo € ¥ is the initial point of at least one solution x : [0,1] — E
to the mutational equation

x() 2 f(x())
withx(t) € ¥ forallt € [0,1].

2. ¥ C E is aviability domain of f in the sense that f(z) € Ty (z) foreveryz €V .

1.4 Proofs for Existence and Uniqueness of Solutions
without State Constraints

In the previous section, some of Aubin’s results about existence and uniqueness of
solutions are quoted. They exemplify the analogies between mutational equations
and ordinary differential equations. but they are restricted to autonomous mutational
equations.
Now we prove these analogies for nonautonomous mutational equations in more
detail. The proofs presented here, however, differ from their counterparts in Aubin’s
monograph because we follow another track which will be generalized successively
in the subsequent chapters.

The following result about existence corresponds to Peano’s Theorem about
ordinary differential equations, i.e. continuity of the “right-hand side” implies exis-
tence of a solution:

Theorem 20 (Peano’s Theorem for nonautonomous mutational equations).

Let (E,d) be a metric space in which all closed bounded balls are compact and,
O(E,d) denotes a nonempty set of transitions on (E,d).

Assume f : (E,d) x [0,T] — (O(E,d),D) to be continuous with

sup t(f(z,1)) <eo, sup B(f(z,1)) <ee.
oZitr Xty

Then for every initial element xy € E, there exists a solution x(-) : [0,T] — E to
the mutational equation

()3 f(x(), )

with x(0) = xo.
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The proof (presented at the end of this section) is based on Euler’s method in
combination with Arzela-Ascoli Theorem A.82 about compactness of continuous
functions. In particular, we have to verify the solution property of the limit function
for a convergent subsequence of Euler approximations. This is based on comparing
two solutions to mutational equations:

Proposition 21.  Assume for f,g : E x [0,T] — O(E,d) and x,y : [0,T] — E
that x(-) is a solution to the mutational equation x(-) 2 F(x(+),-) and y(-) is a
solution to the mutational equation y ()2g((),").

Furthermore, let & > 0 and ¢ € C°([0,T)) satisfy for £"-almost everyt € [0,T]

o(g(y(n).1) < @

{D(f(x(f),t), 8(),1)) < ().

Then, d(x(t),y(t)) < (d(x +/ asds % foranyt € 0,T].

Similarly to the estimate comparing two transitions in Proposition 7, this upper
bound results from generalized Gronwall’s Lemma (Proposition A.2) as we will
verify at the end of this section. It lays the basis for three important conclusions:
Firstly, we can now verify easily that all transitions have the semigroup property in
the following sense:

Corollary 22 (Semigroup property of transitions).
Every transition © on a metric space (E,d) satisfies

O (h, ¥(t,x)) = O(t+h,x)
foranyx € E andt,h € [0,1] witht+h < 1.

Indeed, both [0,1—¢] — E, h — & (h, ¥(t,x)) and h— &(t+h,x) solve the
mutational equation jc() 5 ¢ according to Remark 11 (on page 37) and share the
initial element at time & = 0. Essentially the same arguments provide the uniqueness
of primitives as second result:

Corollary 23 (Uniqueness of primitives).
Let ¥(-) : [0,T] — O(E,d) satisfy sup a(¥(t)) <oo.
te(0,7]
Ifx(+),y(-) : [0,T] — E are primitives of ¥(-) with x(0) = y(0), then x(-) =y(-).

Finally Proposition 21 even guarantees that the solutions depend on the initial data
and the “right-hand side” in a continuous way — under the additional assumption
that the “right-hand side” of a mutational equation is Lipschitz continuous.
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Proposition 24 (Continuity w.r.t. initial data and the right-hand side).
Let ©(E,d) be a nonempty set of transitions on a metric space (E,d).
For f : E x[0,T] — O(E,d) suppose 0. := sup,, o(f(z,1)) < oo and that there
exists A > 0 such that f(-,t) : (E,d) — (O(E,d), D) is A-Lipschitz continuous for
ZL-almost everyt € 0,T].
Let g : E x [0,T] — O(E,d) fulfill sup D(f(z,s), g(z,5)) < o,

2,8

Then every solutions x(+),y(-) : [0, T] — E to the mutational equations

)3 FG0),) ) 3 800),)

satisfy the following inequality for everyt € [0,T|

d(x(1), y(1)) < (d(x(0),(0)) + 1-sup D(f(z,5),8(z,5))) @M1,

2,8

The combination of Theorem 20 and Proposition 24 implies directly Aubin’s
adaptation of Cauchy-Lipschitz Theorem formulated in Theorem 15 (on page 38).
Let us now prove the three main results of this section:

Proof (of Theorem 20).  This existence proof is based on Euler approximations
xn(+) :[0,T] — E (n € N with 2" > T') together with Arzela-Ascoli Theorem A.82
in metric spaces. Indeed, for each n € N with 2" > T, set

he = L, to = jhy for j=0...2",
xn(0) == xo,
%u(t) = Fatd), 1) (6 — 1, xa(1h)) fort €rl, 6t j<2m

According to Remark 11,

X, (£) 3 fn(8), 1)
forevery 7 € [1], 13" [with j € {0,1...2"—1}.
Due to Lemma 8 and the piecewise construction of each x,(-), the constant
B :=sup,; B(f(z,5)) < oo is a uniform Lipschitz constant of every curve x,(-).
Moreover, the set of all values {x,(¢)|n € N, r € [0,T],2" > T} is contained

~

in the ball B := {y € E | d(x0,y) < BT} which is compact with respect to d by
assumption.

The Arzela-Ascoli Theorem states that {x,(-) [n € N,2" > T} < C°([0,T],B)
is precompact with respect to uniform convergence and therefore, there exists a
subsequence (X, (~))J.€N converging uniformly to a function x(-) € C°([0,T],B).
Finally, we verify that x(-) solves the mutational equation x(-) > £(x(-),-).
Indeed, x(-) is B-Lipschitz continuous with respect to d by virtue of its construc-
tion. Furthermore, using the notation 8, := supy 71 d(x,(-),x(-)), we conclude from
Proposition 21 that forany ¢ € [0,T[, h € [0,T —¢[ and n € N with 2" > T
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d (f(x(t),1) (h, x(1)), x(t+h))
< d(f(x(t),1) (hx(t)), xa(t + 1)) + d (%o (t+h), x(14h))
< (8,4+h-  sup  D(f(x(),1), fy,1+5))) "+,

—hp<s<h
yid(yx(t+s))<8n

with & 2 sup o(f(z,5)) < eo.
2,5
Due to the continuity of f with respect to D, the limit for n — o implies that

d(f(x(t),t) (h,x(1)), x(t+h)) < h-oiughD(f(x(t),t), Fx(t+5),t45)) eOh
and thus,

hr}?félp 3 d(f(x(t),t) (h,x(t)), x(t+h)) < 0. O

Remark 25.  This proof reveals that the continuity of f : E x [0,7] — O(E,d)
implies the first-order approximation at even every time ¢ € [0,7[ (and not just at
Lebesgue-almost every time as Definition 13 demands).

Proof (of Proposition 21).  Similarly to the proof of Proposition 7 comparing two
transitions, we consider the auxiliary function
y:[0,T] — [0,00], t +—> d(x(t), y(t)) .

It is Lipschitz continuous because any solutions x(-), y(-) to mutational equations
() 3 fx(),), o ¥() 2 8((),0)

are Lipschitz continuous due to Definition 13.

Furthermore, we obtain for Lebesgue-almost every ¢ € [0, 7|

lir}Izlls(;lp Fod(x(t+h), Fx(2),1) (h,x(1))) = 0
lirzllsglp i d(F(0),0) (yx(1), g((0),0) (hyx(1))) < D(f(x(t),1), g(3(2),1))
limsup 5 d(g0(0),0) (h,y(1)), y(t+1)) =0

due to Definition 6 and Definition 13. For estimating w (¢ + /), we now use
lirzlf()tlp 5o (d(g(0),0) (hox(1)), g(1),0) (hy(1))) — w(t)) < @ w()

and conclude from the triangle inequality of d

ylt+h) — yir) < a-y(t) + D(f(x(t),1), gO(2),0))

< a-y(r) + o)

at Lebesgue-almost every time ¢ € [0,7[. Finally the claimed estimate results from
generalized Gronwall’s Lemma (Proposition A.2 on page 440). U

limsup
h10 h
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Proof (of Proposition 24).  Assuming f : E x [0,T] — O (E,d) to be A-Lipschitz
continuous in the first argument with @& := sup,, ot(f(z,1)) < o, we obtain for any
solutions x(-), () to the mutational equations x(-) > £(x(-),-), ;() > g((+),-) the
following inequality at .#’!-almost every time ¢ € [0, T
D(f(x(t),1), gv(r),1)) < D(f(x(r),1), f(¥(t),0)) + D(f((r).1), §((1).1))
A - d(x(t),y(1)) +sup D(f(z,5),8(z:5))-
7,8

IN A

Proposition 21 implies for the Lipschitz continuous auxiliary function
v [0,T] — (0,00, 1+ d(x(t),¥(r))
the implicit integral inequality

w(r) < (w(0)+ /0 (A~ w(s)+sup D(f(-,),8(+,-))) e *ds)

at every time ¢t € [0,7]. Finally the integral version of Gronwall’s Lemma
(Proposition A.1 on page 439) bridges the last gap and provides the claimed
explicit estimate. U

1.5 An Essential Advantage of Mutational Equations:
Solutions to Systems

Roughly speaking, mutational equations provide a joint framework for diverse
time-dependent systems whose evolutions are determined by a form of generalized
differential equation — without requiring any linear structure.

In regard to applications, it is of particular interest that we can consider more than
one mutational equation simultaneously. The analytical origin of the individual
components (like set evolutions in (# (RY),d)) does not really matter as long
as each component satisfies the conditions on transitions. This opens the door
for coupling nonlocal set evolutions with an ordinary differential equation, for
example.

The main basis for considering systems of mutational equations is the following
counterpart of Peano’s Theorem and thus, all the generalizations of mutational
equations in subsequent chapters are to ensure that the same existence result about
systems holds in the extended framework.

Theorem 26 (Peano’s Theorem for systems of mutational equations).
Let (Ey,d)), (Ea,ds) be metric spaces in which all closed bounded balls are compact.
O(Ey,dy) and ©(E,,d,) denote nonempty sets of transitions on (Ey,dy ) and (Ea,d»)
respectively. Assume

Ji:(Er,dy) X (Ez,dy) X [0,T] — (O(Ey,dy),D1)

Sf2: (E1,dy) X (Ep,dp) % [O,T} — (@(Ez,dz),Dz)

to be continuous with
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sup {o(fi(z1,22,1)), 0(fa(z1,22,1))} < o,

21,22t

sup {ﬁ(fl(ZbZQ’t))v ﬁ(fQ(ZlaZLI))} < ee.

21,22t

Then for every elements xo € E1,yy € E», there exist solutions x(+) : [0,T] — Ej,
¥(+) : [0,T] — E; to the two mutational equations

{;(.) > fi(x(), y(), -
Y() 3 A, ¥, )
with x(0) = xo and y(0) = yp.

In this mutational framework, such an existence result is an immediate consequence
of the following relationship between transitions on two separate metric spaces and
on their product space:

Lemma 27 (Product of transitions and mutations).

Let (Ey,d\) and (Ei,dy) be metric spaces. O(E),d,) and ©(E,,dy) denote
nonempty sets of transitions on (E\,d,) and (E,,dy) respectively. The product
space E := E| X E, is supplied with the metric

dy: EXE — [0,00],
((x1,x2), (y1,32)) V> di(x1,31) +da(x2,x2).

1. For every © € O(E|,d)) and %, € O(E,,dy), the tuple
V= (,%): [0,1]x (E; X E) — E| X Ey,
(h, (x1,x2))  — (Bi(h,x1), Ba(h,x2))
is a transition on (E| X Ey, dy) with
a(¥) < max{o(d), a(h)}
B(9) < max{B(on), B(02)}
Dy ((01,%), (11,12)) < Di(91,71) + Dy(%h, 1)

A A

2. Let the product space E Rt E\ X Ey be now supplied with the transitions in
O(E,dy) = O(E|,d|) x O(Ey,dy). For arbitrary curves x(-) : [0,T] — E|
and x,(+) : [0,T] — Ej set x(-) := (x1(-),x2(+)) : [0,T] — E.

Then ¥ = (%,%) € O(E,d+) belongs to the mutation )Oc(t) if and only if
O €x1(t) and 05 € X, (1).

Proof (of Lemma 27) results directly from the definitions and the essential
estimate of Proposition 7 (on page 35) and thus, we dispense with its details.
Obviously, not every transition on (E; X E», d;) is necessarily induced by a tuple
of two “decoupled” transitions on the components as in Lemma 27 (1.).
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The close relationship between the mutation of a tuple and the product of the
componentwise mutations cannot be extended to all subsequent generalizations of
mutational equations. For this reason, we present an alternative (and simple) proof
of Theorem 26 whose basic notion will be reused later on.

Proof (of Theorem 26).  Correspondingly to the proof of Theorem 20 (page 42),
we use Euler approximations for each component. Arzela-Ascoli Theorem A.82
applied to the corresponding curves [0, 7] — E; X E, provides a subsequence such
that each component has a continuous limit curve in E| and E; respectively. Finally
we verify the solution property for each component separately.

Indeed, for each n € N with 2" > T, set

hy — 21,” t,{ = jhy for j=0...2",

x,(0) == xo,

ya(0) = yo,

xa(t) = fialth), ya(ed), ) (1 —td, (1))

ya(t) = folxa(td), ya(th), 1) (t =1, ya(th))  fore e, 6], j<2m
According to Remark 11,

OENICACHR AN
2 (6) 3 fo L), ya(s1)), ).

foreveryt € [}, 1™ [ with j € {0,1...2"—1}.
Due to Lemma 8 and the piecewise construction of each x,(-),y,(-), the constant
B := sup {B(fi(z1,22,5)), B(f2(z1,22,5))} <o
21,228
is a joint Lipschitz constant of all curves x,(-) : [0,T] — Ei, yu(+) : [0,T] — E»
(2" > T). As a consequence, the sets of all values
{xa(1)|neN,2">T,t€[0,T]} CEy,
{(0)|neN,2">T, 1 €[0,T]} CEa
are contained in closed balls of radius B - T respectively. Considering now the
sequence of Lipschitz continuous curves
(XmYn) : [0’ T] I (El X E2ad1 +d2)

the Arzela-Ascoli Theorem guarantees a subsequence (x,,]. (+)s2n; () ;. converging

jeN
uniformly to a continuous curve (x(-),y(:)) : [0,7] — E| x E,.

Finally, we verify that x(-) solves the mutational equation ;() > filx(4), ¥(), -).
The corresponding proof for y(-) is based on exactly the same steps.

Indeed, x(-) is B-Lipschitz continuous with respect to d; by virtue of its construc-
tion. Now we focus on the nonautonomous mutational equation in (Ej,d;) with

(Eladl) X [O,T} B @(El,dl)a (Zl,t) [ — fl (Zl,y(t),t>
on its right-hand side.
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Using the notations 0 := sup o(fi(z1,22,5)) < o0 and
2022,

8, = sup di (i (-),x(), & = sup da(yu(-),¥()),
[0,7] [0,7]

Proposition 21 implies for any ¢t € [0,T[, h € [0,T —t[andn € N
dy (fi(x(e), y(t), 1) (b, x(1)), x(t+h))

< di(fi(x(2), ¥(1), 1) (h,x(2)), xa(t+h)) + di (xa(t+h), x(1+h))
< @+ s DUAGE), (0,0, filanzr+s)) €48

21:dy (2 X(1+5) <5}
22 dy (9 ¥(1+5)) <67

Due to the continuity of f; with respect to D1, the limit for n — oo reveals

dy (fi(x(t), y(1), 1) (h, x(t)), x(t+h))

< h~oiughD1(f1(x(t),y(t),t), fi(x(t+5), y(t +5), 1 +5)) e

at every time 7 € [0, 7| and thus,
limsup } - di (fi(x(t),y(t),t) (h,x(t)), x(t+h)) < 0. 0
hl0O

1.6 Proof for Existence of Solutions Under State Constraints

Theorem 19 (on page 40) specifies Aubin’s adaptation of Nagumo’s Theorem to
mutational equations with state constraint. In this section, we give a slightly modi-
fied proof that the viability condition is sufficient:

Proposition 28.

Let ©(E,d) be a nonempty set of transitions on a metric space (E,d). Assume that
all closed bounded balls in (E,d) are compact.

Suppose f : (E,d) — (O(E,d), D) to be continuous with

~

o :=sup a(f(z)) <o,  Bri=sup B(f(z)) < o

Z€EE Z€EE
For the nonempty closed subset V" C E assume the following viability condition:

f(z) € Iy (2) foreveryze V.

Then every xo € ¥ is the initial point of at least one solution x : [0,1] — E to
the mutational equation

X() 3 f(x()
with x(t) € ¥ forallt € [0,1].
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For proving this proposition, the first step consists in constructing approximative
solutions satisfying a weakened form of state constraints:

Lemma 29 (Aubin’s construction of approximative solutions).
Choose any € > 0. Under the assumptions of Proposition 28, there exlsts a
ﬁ -Lipschitz continuous function x¢(-) : [0,1] — E satisfying with Rg := € e*

(Cl) x€(0) = X0,
(b) dist(xg(r), ¥) < R forallt € [0,1],
(©) %) N {f(2)|z€E d(z,xe(t)) <R} #0  forallt €[0,1].

Considering a sequence of these approximative solutions (x;/,(-))nen, Arzela-
Ascoli Theorem A.82 provides a subsequence (xj/,;(-))jen that converges uni-
formly to a Lipschitz continuous curve x(+) : [0,7] — E. Moreover, x(-) has all its
values in the closed set of constraints ¥ C E.

Finally we have to verify that x(-) solves the mutational equation X () 2 f(x()).
This is a consequence of the following general result:

Theorem 30 (Convergence of solutions to mutational equations).

Let ©(E,d) be a nonempty set of transitions on a metric space (E,d). Consider
fyfmEx[0,T] — O(E,d) and x,xy, : [0,T] — E for each m € N and, suppose
the following properties:

o]
1. for each m € N, x,,(-) is a solution to the mutational equation X, (-) >

Sn(xm (), )
2. B := sup Lipxy,() < o

meN
3.0 := sup sup {o(fin(z,1), a(f(z,1))} < oo

meN
O<1<T

4. for Lebesgue-almost every t € [0,T], any y € E and all sequences t,, —t, y; — y
in [0,T],E respectively: ~ lim D (fu(3,1), fn(Ym:stm)) = 0
m-— oo
5. for Lebesgue-almost every t € [0,T]: lim D(f(x(t),r), fu(x(t),t)) =0
m— oo

6. foreacht € [0,T]: lim d(x(r), xu(t)) = 0.

m— oo
Then x(-) is a solution to the mutational equation x(-) 3 f(x(-), ).

Proof (of Lemma 29). For € > 0 fixed, let &% (x() denote the set of all tuples

(T, x(-)) consisting of some 7, € [0,1] and a B—Lipschitz continuous function
x(+) : [0,7y] — (E,d) such that

(a) x(0) = xo,

(b)) 1.) dist(x(Tx), ¥) < re(Tx) with re(t) := ge* 1,
2.) dist(x(t), ¥) < Re for all ¢ € [0, 7],

©  x(0)N{f@2)|z€E:d(z x(t) <R} #0  forallz e [0,T[.
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Obviously, 27 (xp) is not empty since it contains (0, x(-) = xo). Moreover, an order
relation < on &% (xo) is specified by

(T x()) 2 (T, ¥()) &= T<T andx=y|, .

Thus, Zorn’s Lemma provides a maximal element (T, x¢(+)) € %% (xo).
As all considered functions with values in E have been supposed to be -Lipschitz
continuous, x¢(-) is also B-Lipschitz continuous in [0,7[. In particular, x.(-) can
always be extended to the closed interval [0,7] C [0, 1] in a unique way.

Assuming T < 1 for a moment, we obtain a contradiction if x,(-) can be extended
to a larger interval [0,7 + 8] C [0, 1] (8 > 0) preserving conditions (b), (c).
Since closed bounded balls of (E,d) are compact, the closed set ¥ contains an ele-
ment z € E with d(x¢(T),z) = dist(x¢(T), ¥') < re(T) and, the assumed viability
condition states

f(z) € Iy(z) C O(E,d).

Due to Definition 16 of the contingent transition set Jy (z), there is a sequence
hm 1 0in ]0,1—T such that

dist(f(z) (hm,2), V) < €hn for all m € N.
Now set for each r € [T, T + hy]
xe(t) == f(2) (1 =T, x(T)).

Obviously, Remark 11 implies f(z) € X () for all r € [T, T +hy[. Moreover,
Lemma 8 leads to

d(xe(t), z) <d(f(z)(t =T, xe(T)), xe(T)) +d(xe(T), z)
B-(t—T)+e T T
R

IN

IN

forevery 1 € [T, T+ 8| with & := min{h;, e’ :—g}, i.e. conditions (b*) (2.)

and (c) hold in the interval [T, T + 0.
For any index m € N with h,, < &, we conclude from Proposition 7

dist(xe(T+hm), V) < d(f(2) (hm, x(T)), f(2) (hm, 2)) +dist(f(2) (hm, 2), )

i.e. condition (b’)(1.) is also satisfied at time t = T + h,,, with any large m € N.
Finally, x¢(-) ’ 10, T+ provides the wanted contradiction and thus, 7 = 1.
' O
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Proof (of Convergence Theorem 30). The limit curve x(-) : [0,T] — E is
B-Lipschitz continuous due to assumption (6.) and the B-Lipschitz continuity of
each x,,(-), m € N. (This is an easy consequence of the triangle inequality of d.)
Choose t € [0,T[ and h € [0,T — ¢[ arbitrarily. Proposition 21 (comparing solutions
to mutational equations on page 41) implies

d(f(x(t),0) (h, x(1)), x(t+h))
< d(f(x(t),t) (h, x(t)), xm(t—i—h)) + d(xm(t+h), x(t+h))
< (d(x(1), xm(t)) + h-A(t,t+h,m)) e + d(xu(t+h), x(t+h))

with the abbreviation A(t,t+h,m) := sup  D(f(x(r),1), fin(xm(s),s)).
t<s<t+h
As mentioned after Definition 6 (on page 35), D(-,) satisfies the triangle inequality

and thus,
A(t,t+h,m) < DCﬂXO%ﬂ,ﬁAxULO)+}<$2+hD(ﬂAXO%ﬂ,ﬁMxm@%ﬂ)

Considering now the limits for m — oo (with fixed 7,4), we conclude from as-
sumption (5.) for Lebesgue-almost every 7 € [0,T[ and any h € [0,T —¢]

d(f(x(t),t) (h, x(1)), x(tJrh)) < hea‘h~lirnsup sup D(fm(x(t),t), fm(xm(s),s)).

m—oo <s<t+h

Finally x(-) is a solution to the mutational equation;c(~) > f(x(+), -) if we can verify
the following asymptotic condition for Lebesgue-almost every ¢ € [0, 7]

limsup limsup sup D(fu(x(t),1), fin(xm(s),5)) = 0.
hl0 m—oo  <g<t+h
If this last condition was not correct (at time ¢), we could find some € > 0 and
sequences (m;) jeN, (8;) jen satisfying for each j € N

t<sp<t+% D(fu;(x(0),1), fon; (m; (57),5))) = € >0

and this would induce a contradiction to assumption (4.) at .%!-a.e. time ¢.
O

Remark 31.  Lemma 27 lays the foundations for extending Proposition 28 to
systems of mutational equations and a joint set of constraints in the product space.
Some examples with compact subsets of RV are given in subsequent section 1.9.6
(on page 74 ff.).
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1.7 Some Elementary Properties of the Contingent Transition Set

In Definition 16 (on page 39), the contingent transition set of a nonempty set ¥ C E
at an element x € ¥ was introduced as counterpart of Bouligand’s contingent cone:

Ty(x) = {9 €O(E,d) | limnf L. dist(d(h,x), ¥) = 0}.

It has proved to be useful in connection with Nagumo’s Theorem 19 about solutions
to mutational equations with state constraints (on page 40).

Now we summarize some properties of the contingent transition set. Most of them
result directly from the definition or can be verified in exactly the same way as
their counterparts about Bouligand’s contingent cone of subsets in RV (see e.g. [19,
§4.1], [162]).

Lemma 32. Let O(E,d) # 0 be a set of transitions on a metric space (E,d).
¥ € O(E,d) belongs to the contingent transition set of ¥ C E at x € ¥ if and only
if there exist sequences (hp)nen, (Yn)nen in ]0,1[ and ¥ respectively satisfying

h, — 0, t ~d(O(hn,x), yo) — 0 for n — oo.
O

Proposition 33.  Let O(E,d) # 0 be a set of transitions on a metric space (E,d).
N, 73, Y5 ... denote nonempty closed subsets of E. Then,

(@) Tnumnu..(x) D U Ty (x) for any x € Uren Y-
keN:xe ¥,
(b) ﬂy/luy/zumw/j(x) = U Ty, (x) forany jeN, x€ 71 U...UY].
ke{l..j}:xe¥
©) Tyinnn.. (x) - ﬂ Ty, (x) foranyxc 1N N...N0Y

keN
t

Considering the contingent transition set of an intersection (as in statement (c)),
there is still an “inner” approximation lacking, i.e. a subset of 7y, ;. (x) in
(separate) terms of #1,7; ... C E. For this purpose, we introduce the counterpart
of the tangent cone in the sense of Dubovitsky-Miliutin:

Definition 34. Let ©(E,d) be a nonempty set of transitions on a metric space
(E,d). Fix a nonempty set " C E and an elementx € E.

TPM(x) == {0 €O(E,d)| Fe,p €l0,1] Vhe]0,e]: Byu(d(hx) C ¥}

is called Dubovitsky-Miliutin transition set of ¥ at x.
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Remark 35.  For a boundary point x of a nonempty set V C RY the tangent cone
in the sense of Dubovitsky-Miliutin is usually defined as

TPM(x) == {veRY |Je,p>0: x+]0,e]-B,(v) C V}

(see e.g. [14, Definition 4.3.1]). Adapting such a tangent cone to transitions on a
metric space should be done rather carefully. Indeed, not all elements of E close to
¥ (h,x) have to be values of a transition close to ¥ and thus in general,

By (0(h,x)) ¢ {t(s,y) €E|T€O(E,d), s€0,1], y€B,(x)}.

for fixed  €]0,1], x € E and even arbitrarily small radii p,r > 0. The Euclidean
space RV, supplied with affine linear transitions of Example 2, distinguishes from
many other metric examples in regard to this form of local surjectivity.

Lemma 36.  Let O(E,d) # 0 be a set of transitions on a metric space (E,d).

Suppose x to belong to the topological boundary of a nonempty closed set V' C E.
Then, TPM(x) = O(E,d)\ Tp\y(x).

Proof is an immediate consequence of Definition 16 and 34.

Proposition 37. Let O(E,d) # 0 be a set of transitions on a metric space (E,d).
N, V5 ... V; denote nonempty closed subsets of E. Then,

U (@0 N 70) € Fnoonn)
ke{l..j} 14k
forevery elementx € /1N N...NY;CE.

Proof.  Choose any element x € 71 N ¥ N ...N ¥; and transition 0¥ €
Ty () N TP (x) e ﬁ;;M (x). As a consequence of Definition 34 for each

set % (k€ {2... j}), there exist &,p €]0, 1] such that for all & €]0, €],
Bpn(9(h,x)) C HNYN...NY.
Due to ¥ € F; (x), there is a sequence (h,),cn in |0, €[ tending to 0 and satisfying
dist(ﬁ(hn,x), “//1) < 2—’ hy forall n € N.

For each n € N, we can choose an element

Yn € N1NBow (O(hy,x)) C K NKN...NY

and thus, ¥ € Fy;n..ny;(x). =
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1.8 Example: Ordinary Differential Equations in RV

Mutational equations are motivated by the goal of extending ordinary differential
equations to metric spaces. For this reason, we are obliged to verify that ordinary
differential equations fit in the mutational framework as an example.

This example reflects an essential point of mutational analysis. Indeed, the results of
previous sections provide sufficient conditions for the existence of a “generalized”
solution (namely to a mutational equation in the sense of Definition 13). Whenever
we apply this general framework to a classical type of dynamical problem (such as
ordinary differential equations here), we have to investigate the link with a classical
concept of solution. This can be done for each example individually and, the results
prove to be of particular interest when applying them to separate components of a
system of mutational equations as explained in § 1.5.

For linking ordinary differential equations and mutational equations on (RY, |- |),
we consider the maps of Example 2 (on page 33)

9 [0, 1] xRY — RN (hx)—x+h-v

for each vector v € RV and summarize some obvious properties in regard to
Definitions 1 and 6:

Lemma 38.  For each vector v € RV, the affine linear map
9 [0, 1] xRN — RN (hx)—x+h-v

is a transition on the Euclidean space (RV,|-|) with

o(%) =0,
B(®) = [v],
D(0y, ) = [v—w|. O
Basic set E:=RN
Distance Euclidean distance d : RY x RN — R, (x,y) — |x—y]|
Transition For each vector v € RV,

9 [0,1] xRN — RN (hyx) —sx+h-v

Compactness Closed bounded balls are compact due to Heine-Borel Theorem.

Mutational solutions | Lipschitz continuous solutions to ordinary differential equations

List of main results Classical version of Cauchy-Lipschitz Theorem: Corollary 41
formulated in § 1.8 Classical version of Nagumo Theorem: Corollary 42
Classical version of Peano Theorem: Corollary 43
Continuous dependence on data: Corollary 44

Table 1.1 Brief summary in mutational terms: Ordinary differential equations in RV
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For the sake of simplicity, we identify this transition ¥, : [0,1] x RY — R on the
Euclidean space (R, | -|) with its directional vectorv € R¥ :  O(RV,|-|) = RV,

Proposition 39.  Let f : RN x [0,T] — R" be given.
A curve x(+) : [0,T] — R¥ is a solution to the mutational equation
X() > f(x()> )
if and only if x(-) is Lipschitz continuous and its weak derivative X' € L=([0,T],RN)
satisfies

at Lebesgue-almost every time t € [0,T].

This proposition, whose proof is postponed to the end of this section, implies several
well-known results about ordinary differential equations — now, however, as conse-
quences of the theorems in § 1.3 — § 1.6. This is based on the Heine-Borel theorem
ensuring that all closed bounded sets of the Euclidean space R" are compact.

Corollary 40.  Let f : RN x [0,T] — R be continuous.

A curve x(-) : [0,T] — RN is a solution to the mutational equation
x() > f(x().)

if and only if x(-) is continuously differentiable and its derivative X' () satisfies
X(t) = f(x(t), 1)

at every time t € [0,T]. O

Corollary 41 (Cauchy-Lipschitz: Classical version for ODEs).

Let f : RN — RN be A-Lipschitz continuous. Fixxo € RN and y(-) € C'([0,T],RN).
Then there exists a unique continuously differentiable solution x(-) : [0,T] — RV
to the initial value problem

{X’(~) = f(x()
x(O) = XQ.

In addition, it satisfies the following inequality for all t € [0,T]

0 =30 < bo =y + [ [70() —(9)]

Proof  results directly from Theorem 15 (on page 38) with ¢ := sup o(f(-)) =0.
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Corollary 42 (Nagumo: Classical version for autonomous ODE).
Suppose f: RN — RN to be continuous and bounded. Then the following two
statements are equivalent for any closed nonempty subset V.C RN :

1. Every state xo € V is the initial point of at least one solution x(-) : [0,1] — RV
to the ordinary differential equation

X() = f(x()

with all its values in V.

2.V C RN is a viability domain of f in the sense that for every z € V, the vector
f(z) € RN belongs to Bouligand’s contingent cone of V.C RN at z, i.e.
. . 1 . _
111’}1110nf 3 - dist(z+h- f(z),V) = 0.
Proof is an immediate consequence of Theorem 19 (on page 40) due to the
remarks (about contingent cones) mentioned in Example 18.

Corollary 43 (Peano: Classical version for nonautonomous ODE).

Suppose f: RN x [0,T] — RN to be continuous and bounded.

Then for every initial state xg € R, there exists a solution x(-) : [0,T] — RY to
the ordinary differential equation

with x(0) = xo.

Proof results from Theorem 20 (on page 40).

Corollary 44 (Continuity w.r.t. initial data and the right-hand side).
Suppose f: RN x [0,T] — RN to be A-Lipschitz continuous in the first argument.
Let g : RN x [0,T] — RN be continuous with A := sup |f(z,s) — g(z,s)| < .

2,5
Then every continuously differentiable solutions x(-),y(-) : [0,T] — RN to the
ordinary differential equations

{X’(-) = f(x(), ")
Y()=8((), )
satisfy the following inequality for everyt € [0,T|

x(6) =y(0)] < (|x(0) =y(0)] + A-1) .

Proof is an obvious conclusion from Proposition 24 (on page 42).

Proof (of Proposition 39). The key tool is Rademacher’s Theorem stating that
every Lipschitz continuous function 4 : R — RV is differentiable at Lebesgue-
almost every point of its domain (see e.g. [162]). In particular, the weak derivative
of h coincides with its Fréchet derivative Lebesgue-almost everywhere in RY.
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“&="  Obviously, every Lipschitz continuous curve x(-) : [0,T] — RY with
X (t) = f(x(¢), t) at Lebesgue-almost every time ¢ € [0, T] fulfills

}11?(1) Flx+n) = (x(t)+h-f(x(2),2))| = 0

for Lebesgue-almost every ¢ € [0,T] and thus, x(-) solves the mutational equation
;() S f(x(-),-) in the sense of Definition 13 (on page 38).

113 i)

—"  Letx(-) : [0,7] — RY be a solution to the mutational equation X (-) 3
f(x(-), ). According to Definition 13, x(-) is Lipschitz continuous and satisfies

0 = tim i [x(t+h) — (x(t) +h-F(x(1).0))| = lim M =X p(x(1), 1)

hl0

for Lebesgue-almost every 7 € [0,7]. Rademacher’s Theorem ensures the differen-
tiability of x(-) Lebesgue-almost everywhere in [0, T'] and thus, the one-sided differ-
ential quotient even reflects the time derivative, i.e. x'(-) = f(x(-),-) a.e.in[0,7].

(]
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1.9 Example: Morphological Equations for Compact Sets in RV

J (RN) consists of all nonempty compact subsets of the Euclidean space R".
It is no obvious linear structure though. To be more precise, Minkowski suggested a
very popular definition of the sum, i.e.

Ki+K, = {x+y|xeK,yeK} C RY

for K1,K, € 2 (RV). This addition has the obvious neutral element {0} C RV,
but it is not invertible in general, i.e. for any given K; € # (RV), the equation
K1 + K> = {0} does not always have a solution K> € .# (RV).

2 (RV) can be supplied with a metric instead:

1.9.1 The Pompeiu-Hausdorff Distance d

Definition 45. The Pompeiu-Hausdorff excesses between two
nonempty subsets K1, K, C R" are defined as
e“(K1,Ky) := sup dist(x, K3),
xek

e (Ki,Ky) := sup dist(y, K;) € [0,
yeK

Their maximum is called the Pompeiu-Hausdorff distance d (K}, K3).

Now some essential properties of the Pompeiu-Hausdorff distance are summarized.
They belong to the key tools whenever we are dealing with nonempty compact sets.
Their proofs, however, are regarded as standard and can be found in many textbooks
about analysis (see e.g. [2, 10, 141, 162]). For this reason, we dispense with the
detailed proof of the next proposition in particular.

Proposition 46.  The Pompeiu-Hausdorff distance d is a metric on # (RN) and
has the equivalent characterizations for any K, K, € # (RY)

d(Ky,K>) = sup |dist(z,K;) — dist(z,K>)|
ZERN
= inf {p >0’K1 CKy+pB and KQCK1+p]B%}
with the standard abbreviation B for the closed unit ball in RV

B:=Bi(0) = {xeRV|[x] <1}.
Moreover, the metric space (% (RY),d) is locally compact in the following sense:

Proposition 47.  In the metric space (A (RN),d), every closed bounded ball
BE(K):= {K'€ & (R") | d(K',K) <R}
with any center K € # (RN) and arbitrary radius R > 0 is compact.
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Basic set E:=2(RV)
the set of nonempty compact subsets of the Euclidean space RV
Distance Pompeiu-Hausdorff metric d : # (RV) x 7 (RY) — R,
d(K;,K;) := max { sup dist(x,K>), sup dist(y, Kl)}
x€K YEK
Transition For each F € LIP(]RN ,]RN ), i.e. bounded and Lipschitz continu-

ous set-valued map F : RV ~» R with compact values, define
9 1 [0,1] x H(RV) — ¢ (RV)
by means of reachable sets of the autonomous differential inclu-
sion X' (+) € F(x(+)) a.e.
Or(t, Ko) := {x(t) | there exists x(-) € Wh1([0,7], RY) :
X()eFx()) L ae in[0,1],
X(O) S Ko}.

Compactness Closed bounded balls in (.# (RV), d) are compact:
Proposition 47 (page 57)

Mutational solutions | Reachable sets of a nonautonomous differential inclusion
whose set-valued right-hand side is determined via feedback:
Proposition 57 (page 64), Proposition 70 (page 74)

List of main results Existence due to compactness (Peano): Proposition 71 (page 75)
formulated in § 1.9 Cauchy-Lipschitz Theorem: Proposition 72 (page 75)
Continuity w.r.t. data: Proposition 73 (page 75)

Existence under state constraints (Nagumo): Proposition 74

Key tools Filippov’s Theorem A.6 about differential inclusions (page 443)

Integral funnel equation for reachable sets of nonautonomous
differential inclusions: Proposition A.13 (page 447)

Table 1.2 Brief summary of the example in § 1.9 in mutational terms:
Morphological equations for compact sets in RY
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Proof.  Choose any set K € % (RY), radius R > 0 and any sequence (K ) en in
A (RN) satistying d(K,,K) <R foralln € N.

Now we prove that some subsequence (Knj) jeN is convergent with respect to the
Pompeiu-Hausdorff distance. Then IB%%(K ) is sequentially compact with respect to
d and (as in every metric space) this is equivalent to the property that every open

cover of B#(K) C # (RN) has a finite subcover (see e.g. [170, Chapter 12]).

Using the abbreviation Bz | (K) = {x € R¥ | dist(x,K) < R+ 1}, set foreachn € N

On: Bri1(K) — [0,00[, z — dist(z,Kp,).

Obviously each function &, (+) is 1-Lipschitz continuous and has the uniform bound
On(-) < diamK + 2(R+1).

Arzela-Ascoli Theorem A.82 implies that a subsequence (§,;),en converges uni-

formly to a continuous function 8 : Bgy(K) — [0,°c[. In particular, §(-) is also

1-Lipschitz continuous.

Then K. := {x € Bg1(K) | 6(x) =0} is the limit of (K,;) jen with respect to d.
Indeed, K.. is closed because 6(+) is continuous. Furthermore, K., is nonempty since
any sequence (xp;) jen With x,; € Ky, = 5"—]_ 1({0}) for each j € N is contained in the
compact subset Bg(K) C RY and thus, it has an accumulation point x € Bg(K).
The uniform convergence of the 1-Lipschitz functions 6,,(-) implies §(x) = 0,
i.e. x € K... Hence, K.. € % (RV).

Moreover, §(z) < dist(z,K..) holds for every vector z € Bz, 1(K) C RN because
for every element x € K.., we conclude from the 1-Lipschitz continuity of §(-)

8(z) = 8(z) —8(x) < |z—x|

For proving the opposite inequality §(z) > dist(z,K.) with arbitrary z € B (K),
we can restrict our considerations to any element z € Bg(K) with dist(z, K..) > 0.
In particular, z ¢ K... Choose any positive r < dist(z, K. ). Then every point y € B,(z)
does not belong to K.. either, i.e. 8(y) > 0. Due to the continuity of d(-), we even
have p = IB%r%f)5 (-) > 0. Forall j € N sufficiently large,
r\Z
sup ’5,,_/(x) -8(x)| < §.
x€Bgy(K)

and thus, all y € B,(z) satisfy 8,;(y) > d(y) — £ > 0. We have just verified

2
B,(z) N Ky; =0 for all large indices j € N. As a consequence,

8(z) = lim §,,(z) = lim dist(z,K,,) > r
j—oe E j—oo g

with any positive r < dist(z,K..). Finally, 6(z) > dist(z,K.) for any z € Bgy(K).
The resulting equality &(-) = dist(-,K..) in Bz, 1(K) C RY opens the door to

proving the convergence of (Ky;) jen With respect to d :
d(Ky;, K.) = max { sup 6(x), sup 5nj(y)}
’ xeK,,]. VEKw

< sup |8(2)— 8,(2)| =5 o,
z€Bgr.1(K) g
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1.9.2 Morphological Transitions on (% (RY), d)

As mentioned briefly in Example 5 (on page 34), differential inclusions can serve
as a tool for specifying “deformations” of compact subsets of R". The so-called
reachable set of such a differential inclusion at time # > 0 consists of all points x(¢)
that can be reached by an absolutely continuous solution x(-) : [0,¢] — RV (to
this differential inclusion) starting in the given set. This notion is not necessarily
restricted to autonomous differential inclusions, of course.

Definition 48.  Let F : RY ~» RN be a set-valued map. Then the set

O (t, Ko) := {x(¢) | there exists x(-) € Wh!([0,7],R) :
X(-)eF(x() ZL'ae.inf0,1], x(0) € Ko}

is called reachable set of the initial set Ky € 2 (R") and the map F at time 7 > 0.
Correspondingly for any set-valued map F : [0, T x RN ~» RN, we define the reach-
able set of Ky € # (RV) and the map F at time ¢ € [0,T] as

O:(t, Ko) == {x(t) | there exists x(+) € whi([o,7],RN) :
X () €F(,x(-)) £'-ae.in[0,7], x(0) € Ko}.

Filippov’s Theorem A.6 about solutions to differential inclusions provides the
key tool for investigating compact reachable sets of Lipschitz continuous set-valued
maps with nonempty compact values. It motivates the following abbreviation intro-
duced by Aubin:

Definition 49. LIP(RY,RY) consists of all set-valued maps F : RY ~ RV
satisfying the following two conditions:

1.) F has nonempty compact values that are uniformly bounded in R",
2.) F is Lipschitz continuous with respect to the Pompeiu-Hausdorff distance d.

Furthermore define for any maps F,G € LIP(RY RV)

[Fll := sup sup [v],
x€RN veF(x)
sup d(F(x),G(x)).

XERN

d-(F,G) :

Proposition 50.  For any initial sets Ky,K, € # (RV) and set-valued maps F,G €
LIP(RY,RV) with A :=max{LipF, LipG}, the reachable sets O (t,K), 95 (t,K>)
are closed subsets of RN and, the Pompeiu-Hausdorff distance between the reach-
able sets at time t > 0 satisfies

d(ﬁF(I,Kl), ﬁg(I,KQ)) < ((ﬂ(K],Kz) +l’tﬂw(F,G)) ceft
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Proof.  Or(t,K1),06(t,K2) C RY are closed due to Filippov’s Theorem A.6 (on
page 443). Due to the symmetry of d, it is sufficient to prove for every x| € O (¢,K))

dist(xy, 96 (1,K2)) < (d(Ky,Kz) + 1 - de(F,G)) - !
According to Definition 48, there exists a solution x(-) € Wh1([0,],RV) to the
differential inclusion X' (-) € F (x(-)) (Z'-almost everywhere in [0,¢]) satisfying
X(O) e K, x(t) =X].

Choose now any point yg € K, with |x(0) —yo| = dist(x(0), K2) < d(K;,K>).
Filippov’s Theorem A.6 guarantees a solution y(-) € Wh1([0,¢],RV) to the differ-
ential inclusion y'(-) € G(y(+)) a.e. in [0,7] satisfying in addition

|y(t)fx(t)| < |yofx(0)’ Al /ot Al d1st( '(s), G(x(s ))) ds
< Lﬂ(K],Kz) €At + t eA’ ( )
In particular, y(r) € Og(t,K>) and thus, dist(x|, 96(1,K2)) < [x(t) —y(r)]. O

This proof of Proposition 50 reveals that the same estimate holds for any Lipschitz
continuous set-valued maps with nonempty compact values. The uniform bound of
their set values, in particular, is not required for applying Filippov’s Theorem here.
It is used for the Lipschitz continuity with respect to time instead:

Lemma 51.  For any initial set K € ¢ (RY) and map F € LIP(RY,RN), the
reachable set O (+,K) : [0,00[ ~ RN is Lipschitz continuous with respect to dl, i.e.

d (V¢ (s,K), Op(t,K)) < ||F|lew - |s—1] forany s,t > 0.

Proof results directly from Definition 48 because every absolutely continuous
solution x(-) of X'(-) € F(x(+)) is even ||F|-Lipschitz continuous. O

Lemma 52.  For any initial set K € % (RN) and map F € LIP(RN,RV), the
reachable set O (-,K) : [0,0o[ — (& (RY),d) has the semigroup property in the
following sense

19F(h, ﬁF(t,K)) = 9p(t+hK) foranyt,h > 0.

Proof is an immediate consequence of Definition 48 and the following concate-
nation properties of solutions to differential inclusions: Let x1(-) € W11([0,¢],RN)
and x,(+) € WH1(]0,],RY) be solutions to the autonomous differential inclusion
x; € F(x;) a.e. with x; (1) = x2(0). Then

N x1(s8) for 0< s< ¢t
0,144 — RV, 5 {xz(st) frossst

is an absolutely continuous solution of X' € F(x) a.e. (and vice versa). |



62 1 Extending Ordinary Differential Equations to Metric Spaces: Aubin’s Suggestion

Now we have collected all the analytical tools for verifying that reachable sets
of maps in LIP(RY R") induce transitions on (¢ (RY),d). Aubin called them
morphological transition and used them in most of his examples about evolving
sets.

Proposition 53.  For every set-valued map F € LIP(RV RV),
O : [0,1] x ' (RY) — 7 (RV)
(t, K) — V¢ (1,K)

is a transition on (¢ (RN),dl) with

(V) < LipF,
B(Or) < [IFl,
D(%r,8) < d(F,G).

Proof.  Obviously, ¥r(0,K) =K for every initial set K € # (R"). According
to Proposition 50 and Lemma 51, the reachable set Or(¢,K) C RY is closed and
bounded for every K € .# (R") and t > 0. Thus, 9 (t,K) is compact due to Heine-
Borel Theorem, i.e. Or(f,K) € # (RV).

Moreover Lemma 52 implies condition (2.) on transitions (in Definition 1 on
page 32), i.e. for every set K € ¢ (RV) and time 7 € [0,1]

lim - d(9r {1+ h, K), O (h, 0 (1,K))) = 0

The estimate in Proposition 50 (applied to G := F) guarantees

. . d(9r(h,Ky), O (h,K>)) —d(K;, K
o(Or) et sup  limsup max{O, (Or(h. K1), Or (1, K2)) (Ky 2)}
KKyt (®RN) h|O h - d(Ky,K>)

K1 #Ky
eliP F'hfl
< limsup
10 h
= LipF.
Due to Lemma 51, we obtain
B(Or) = sup limsup +-d(K, Or(h,K)) < ||F|e.

Kex (RN) hlO

Finally, Proposition 50 lays also the basis for estimating D(9r, 9¢) (in the sense of
Definition 6) for arbitrary maps F,G € LIP(RY RV) and A := max{LipF, LipG}

ef. . 1
D(Vr, %) = sup  limsup — - d (V¢ (h,K), 96(h,K))
Kex(®V) hlo N

limsup d..(F,G) - &M
110

= d.(F,G).

IN
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Example 54. In Example 4 (on page 33), we have already mentioned the flow of
compact subsets along a bounded Lipschitz continuous vector field f : RY — RV,
This type of set deformations lays the basis for the so-called velocity method used in
approaches to shape optimization by Céa, Delfour, Sokolowski, Zolésio and others.
Now the flow along such a vector field proves to be a special case of morphological
transitions. Indeed, we just consider a single-valued map f in LIP(RY RV).

As an immediate consequence of Proposition 53, the corresponding reachable set
97(-,+) induces a transition on (% (RV),d) with

B(S¢) < | f]lsups
D(V¢,9) < |If—gllsup

for any bounded and Lipschitz continuous vector fields f,g : RNV — RV,

Example 55.

Considering a fixed compact convex neighborhood C C RV of the origin, we find
a further special case of morphological transitions: the so-called morphological
dilation, that became very popular in image processing, for example, due to publi-
cations of Matheron and Serra:

Each reachable set of the differential inclusion x'(-) € C (with constant convex right-
hand side) coincides with a Minkowski sum in the following sense

Oc(h,K) = K+hC = {erhv’xGK, veC}
for every initial set K € % (RY) and at any time 4 > 0. Indeed, K+ C C 9¢(h,K)
results from the obvious statement that for each x € K and v € C, the curve

y(-):[0,h] — RN, s — x+sv

solves the differential inclusion y'(-) € C. In regard to the opposite inclusion
O¢c(h,K) C K+ hC, choose z € U¢(h,K) arbitrarily. It is related to an initial point
x € K and a Lebesgue-integrable function u(-) : [0,/4] — RY with

h
z= x+/ u(s) ds, u(t)eC  foreveryt € [0,h].
0

h
Now the convexity of the closed set C C RY implies % / u(s)ds e co C = C
0

and thus, z € x+hC.

In Serra’s framework of “mathematical morphology” [171], the fixed set C C RY is
usually called structural element (of the corresponding morphological operations
like dilation). In a figurative sense, every reachable set ¥z (h,K) C R of an ini-
tial set K € # (RY) and a set-valued map F € LIP(RY,R") can be interpreted as
a generalized dilation of K with the structural element depending on space, namely
F = F(x). This was (probably) Aubin’s motivation for seizing the term “morpho-
logical” in connection with these transitions on (% (RY), d).
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1.9.3 Morphological Primitives as Reachable Sets

Each morphological transition is induced by a set-valued map in LIP(RY,RV) by
definition. For the sake of simplicity, we sometimes identify the morphological
transition ¥ on (¢ (RY),d) with its corresponding map F € LIP(RY RY) repre-
senting the right-hand side of the autonomous differential inclusion.

Definition 56. A curve [0,7] — ¢ (RY) is usually called tube in RY.

According to Definition 10 (on page 37), the (morphological) mutation of a tube
K(-) at time ¢ consists of all morphological transitions providing a first-order ap-
proximation of K (¢ + -) with respect to d. Identifying now morphological transitions
with the respective set-valued maps in LIP(RY  RV), we obtain

o]

K(r) = {F € LIPQR".RY) | lim 7 -d (S (h, K(1)), K(t+h)) = O}.

Each tube K(-) : [0,7] ~ RV induces a set-valued map K: [0,7] ~ LIP(RV, RY)
whose values might be empty.

Primitives are linked to this relation in the opposite direction: Now a curve of
morphological transitions is given, i.e.

ZF :[0,T] — LIP(RN,RN).

According to Definition 12, a tube K(-) : [0, T] ~~ RY is a (morphological) primitive
of Z(-) if and only if K(-) is Lipschitz continuous with respect to d and satisfies at
Lebesgue-almost every time ¢t € [0,7] :

F(t) € K(1)
or, equivalently, }11?01 Fed (970 (h,K(t)), K(t+h)) = 0.
This is a differential criterion — in a figurative sense. The following proposition

is an equivalent “integral” characterization of primitives using reachable sets of
nonautonomous differential inclusions:

Proposition 57.  Suppose F : [0,T] — (LIP(RY,R"),d..) to be Lebesgue-
measurable with sup (||.Z (1)« +Lip F () < e and define the set-valued map
te(0,T]
F: [0,T]xRY ~ RN, (t,x) — Z(1)(x).

A tube K : [0,T] ~ RN is a morphological primitive of F (-) if and only if at every
time t € [0,T], its value K(t) C RV coincides with the reachable set of the non-
autonomous differential inclusion x' € F(-,x) a.e. (in the sense of Definition 48), i.e.

K(t) = 0z(r, K(0)).
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Proof  results directly from the uniqueness of primitives (Corollary 23 on page 41)
and the following lemma about reachable sets:

Lemma 58.  Suppose 7 : [0,T] — (LIP(RV,RY),d..) to be £'-measurable

with C:= sup (||.Z(t)||»+Lip .Z(t)) <o and define the set-valued map
t€0,T]

F: [0,T]xRY ~ RN, (t,x) — Z(1)(x).
Then for every initial set Ko € H (RN), the reachable set of the nonautonomous
differential inclusion X' € F(-,x) a.e.
U7 (- Ko) : [0,T] — ' (RY)

is a primitive of 7 (+).

Proof.  Oz(-,Ko) : [0,T] — (¢ (RV),d) is C-Lipschitz continuous because the
bound C < e of . () implies |v| < C forallz € [0,T], x e RN and v € F(t,x).

Denote the pointwise convex hull of F as G : [0,T] x RN ~» RN, (¢,x) — ¢0 F(t,x).
Then for Lebesgue-almostevery ¢ € [0, T], the set-valued map G(t,-) : RN ~ RV is
C-Lipschitz continuous with nonempty compact convex values and ||G(¢, )|l < C.
For every x € RV the map G(-,x) : [0,7] ~ RY is measurable.

Furthermore Relaxation Theorem A.19 of Filippov-Wazewski (on page 453) implies

ﬁl?(t+)(h>K) = 19G(t+.7.>(l’l,K)

for every initial set K € # (RV) and any t,h € [0,T] witht + h < T.

According to Proposition A.13 (on page 447), there exists a set J C [0,7] of full
Lebesgue measure (i.e. 2! ([0,T]\J) = 0) such that at every time ¢ € J and for any
set K; € # (RV),

1 .dz(ﬁG(H,__)(h,K,), U (x+h~G(t,x))) —.0 forhlO.
xeK;
Applying the same Proposition A.13 to the autonomous differential inclusion with
G(t,") : RN ~» RN and arbitrary ¢ € [0, T], we obtain

bed (0600 K), U (x+hGx)) — 0 for kL0,

xek;
The triangle inequality of d implies for every ¢ € J and K, € # (RV)
i 'dl(ﬁa(z+-,-)(h» Ki),  Ogq,.(h, Kz)) — 0 for 1|0,

i.e. for K; := 05 (1,Kp) € ¢ (R") with an arbitrary initial set Ky € ' (RV) :
bed (0540 Ko), O (b 9p(1K)) — 0 for h10.

Thus, Z(r) € LIP(RY,R") belongs to the morphological mutation of ¥z (-,Kj)
atevery timer € J. O
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1.9.4 Some Examples of Morphological Primitives

Proposition 57 (on page 64) has just provided an equivalent characterization of
morphological primitives by means of reachable sets. This property can be very
useful as the following tubes exemplify:

Example 59.  For a Lipschitz continuous function g : [0,T] — RY, we consider
the set-valued map (with just one element in each value)

K:[0,T] ~ RN, 1 {g)}.

Due to Rademacher’s Theorem, there is a set J C [0,7] of full Lebesgue measure
(.e. Z1([0,T]\J) = 0) such that g(-) is differentiable at every time t € J C [0, T].

Now we can easily specify an element F; of the mutation K (t) C LIP(RN,RV) for
every t € J : Choose any set-valued map F, € LIP(RY,R") with

E(-) ={g0)} cRY
in some neighborhood U; C RN of g(t). Indeed, the differentiability of g(-) at € J
implies for 2 | 0
i d(K(t+h), 05 (h.K(1)) = 7+ |s(t+h) = (g() +h-g'(0))| — 0.

Hence, K(-) is a primitive of any curve F : [0,7] — LIP(RY,RN), t — F, with
this feature close to g(-).

Example 60. Let A : [0,T] — R¥*N be a continuous map of real matrices and
Ko € 2 (RN). We focus on the morphological primitive K(-) : [0, T] ~ RY of

[0,7] — LIP(RY RY), t — A(t) Idgwy

with K(0) = Kj. Due to Proposition 57, K(t) = Va()1dyy (¢,Kp). For simplifying
this reachable set, let ®(-) : [0,T] — RV*N denote the unique matrix-valued
solution to the initial value problem

D'(t) =A(t) @(t) foreveryre[0,T]

(I)(O) = HdRNxN
and the theory of linear differential equations implies immediately K(t) = @(¢) Ko
for every t € [0, T].

Example 61.  Similarly to the preceding Example 60, let A, B : [0, T] — RV*N be
two continuous maps of real matrices, U € .# (R") convex and Ky € .# (RV) given.
Now we use Proposition 57 for determining the morphological primitive K(-) of

[0, 7] — LIP(RY,RN), t+— A(t)Idgy +B(t) U
with K(0) = K.
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Using again the fundamental matrix @(-) : [0,7] — RY*¥ related to A(-), the
well-known variation of constants formula implies for every ¢ € [0, T]

K(1) = Oa)1dpy+8(yu(t,Ko) = (1)Ko + /ot‘D(f)‘D(S)_l B(s) U ds

with the set integral at the end to be understood in the sense of Aumann.

Example 62. The product of primitives is always a primitive of the product —
in the following sense: For any two curves Fi(-),F(-) : [0,T] — LIP(RY,RV),
let K;(-) : [0,T] — ¢ (RY) denote a morphological primitive of F;(-) for j = 1,2
respectively. Then

Ki xKy:[0,T] — # (RN xRY), t+— K(t) xKp(t) CRV xRN = RV

is a morphological primitive of
Fi x F>:[0,T] — LIP(RY xRV, RN x RV)

with (F1 X FQ)([) : RV xRN s RN x RN, (Zl,zz) — I (Zl) X FQ(Zz).
Indeed, this property results from the representation of morphological primitives as
reachable sets according to Proposition 57.
This example shows once more that mutations have useful features in regard to
cartesian products. Essentially the same statement about primitives holds even for

the product of metric spaces (and their transitions respectively) as we can conclude
from the results of § 1.5 (and the proof of Theorem 26 on page 46, in particular).

1.9.5 Some Examples of Contingent Transition Sets

Considering mutational equations under state constraints, the contingent transition
set plays an essential role. It was introduced in Definition 16 (on page 39) and,
Nagumo’s Theorem 19 (on page 40) uses it for conditions being sufficient and nec-
essary for the existence of solutions under state constraints.

Now we consider the contingent transition set of a nonempty subset ¥ C % (RV).
Using the morphological transitions on the metric space (# (RV),dl), its definition
at K € 7 can be reformulated as

Ty(K) = {F e LIP(RY,RY) | 11%nf L dist(9r(h,K), V) = 0}

with dist(9r (,K), V) = int d(0r(h.K), S).

-
Corollary A.21 of Filippov-Wazewski Relaxation Theorem A.19 (on page 453)
implies 9r (t,K) = Oxr(t,K) forany K € # (RV), F € LIP(RY,RY) and 7 > 0 and
thus, we can restrict our search for criteria to convex-valued maps in LIP(RY,R").



68 1 Extending Ordinary Differential Equations to Metric Spaces: Aubin’s Suggestion

Definition 63.  Let K C RY be a nonempty closed subset and x € K.
T (x) = {veRY| 1%1()nf 3 - dist(x+hv, K) = 0}
is called contingent cone to K at x (in the sense of Bouligand).
The Clarke tangent cone or circatangent cone T¢ (x) is defined (equivalently) by
TS (x) == Liminfy;ﬂ,x =

n—oo

K
— {vg}(’ YV h, 0, y,—x withy, €K: dist(v, K;ny") AN 0}

= {V eX ’ ¥ hy |0, y, —x with y, €K : —diSt(y”;:'”'v’ K) =g 0}.

Example 64.  For a fixed nonempty closed subset M C RV define
Yem = {Ke X (RV)| K Cc M}.

Following the arguments of Anne Gorre [89], we can characterize the contingent
transition setl 7y, (K) C LIP(RY,RV) for each K € ¥y

Tyy(K) = {F e LIP(RV,R) |Vx € K: T0 F(x) C Tu(x)}.

For proving “C” choose any set-valued map F € J_,,(K) C LIP(RY,R"). Then
the definition of .7, (K) provides two sequences (/,)neN, (Kn)nen in ]0,1[ and
Yem C H (RN) respectively satisfying for each n € N

hn < - % 'd(ﬁF(th)a Kn) < 1-

n’ n
For each point x € K and velocity v € co F(x), we have to verify v € Ty (x). Due
to Filippov’s Theorem A.6, there exists a solution x(-) € W1([0,7],RY) to the
differential inclusion x'(-) € o F(x(-)) a.e. with x(0) = x and the additional prop-
erty that x(-) is differentiable at t = 0 with ¥’(0) =v (e.g. [14, Corollary 5.3.2]).
For each n € N, select y, € K,, C M with

|x(hn) —yu| = dist(x(hn), Kn) < d(r(hn,K),Kn) = d(0F(hn,K),K,) < 2.

n

Then, we obtain

R T e S L CO
< ’V— x(hy;li—x’ n % — 0

forn — oo, ie. veE Ty(x).

In regard to the inclusion “2”, let F € LIP(RY,RV) satisfy €0 F(x) C Ty (x) for
every x € K. The Invariance Theorem about differential inclusions (Proposition A.8
on page 445) ensures that every solution x(-) € WH1([0,1],RV) of ¥/(-) € o F (x(+))
with x(0) € K has all its values in M C R" and thus,

ﬁp(/’l,K) C ﬁaF(h,K) cM

for every h € [0,1]. In particular, dist(9F(h,K), ¥cy) = 0 for all h € [0,1],
ie. F e .7y, (K). This completes the proof of the preceding characterization of
the contingent transition set .7y, (K) for any nonempty closed subset M C RV.
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This Example 64 focuses on a subset ¥y of the metric space (. (RY),d)
prescribing a condition on just one compact set. Mutational equations, however,
have the important advantage that many existence results can be extended to sys-
tems as explained in § 1.5 (on page 44). For this reason, we consider now some
examples with tuples of two or even three compact sets.

Strictly speaking, the product .# (RV)? := _# (RV) x ¢ (RV) is supplied with the
metric
dy: (A (RY)x A (RV)) x (A (RY) x # (RY)) — [0,e0],

((Ki,K2), (L1,L2)) — d(K1,L1)+d(K2,L)
and, the product of maps in LIP(RY x RY RY) serve as transitions, i.e. for any tuple
(F,G) € LIP(RY x RV RV) x LIP(RY x RY,R") define

ﬁ(F,G) : [O, 1] X«%/(RN)Z 4 %(RN)Z
(h, (Ki,K2)) +— {(x(h), y(h)) | 3x(-),y(-) € WI1([0,h], RY) :
x(0) €Ky, y(0) € K,
X €F(xy), Yy € G(x,y) ae.}
Indeed, the transition properties of ¥z (-, -) result from Filippov’s Theorem about
differential inclusions for the same reasons as Proposition 53 (on page 62).

Similarly to Example 64, Anna Gorre has already used the so-called paratingent
cones (of Bouligand) and characterized the contingent transition sets of

¥ = {(K,L)e X (RY)? | KNL #0}:

Definition 65. Let K,L C R" be nonempty closed subsets and x € KN L.
K . N . . l . . —
PE(x) == {veRV| hllglﬁ)nf ;- dist(y+hv, L) = 0}

y—x (yeK)
is called Bouligand paratingent cone to L relative to K at x.
Furthermore, the adjacent cone to K at x (in the sense of Bouligand) is defined as

Tp(x) == {veRY| }lifl(]) I dist(x+hv, K) = 0}.

Proposition 66 (Gorre [10, Theorem 4.2.4], [90]).
Vn = {(K,L)e Z(RV)?| KNL # 0}
is a closed subset of (& (RV)?,dl,).
For any tuples (K,L) € ¥f, and (F,G) € LIP(RY x RN RM)2, the following two
statements are equivalent:

1. (F,G) belongs to the contingent transition set of ¥ at (K,L).
2. There exists x € KNL C RN with (o F(x,x) — <0 G(x,x)) N PK(x) # 0.
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For the similar characterization related to
Ve = {(K,L)e X (R")*| K C L},

we prefer the simpler transitions on .# (RV)? that are induced by two decoupled
differential inclusions and thus specified by tuples in LIP(RY RY) x LIP(RY, RV).

Proposition 67 (Gorre). Y is closed in (A (RV)?,d).
Whenever (F,G) € LIP(RN RN)? belongs to the contingent transition set of Y at
(K,L), then

co F(x) C ¢o G(x) + Tp(x).
holds for every x € K.
For every (K,L) € Y, the tuple (F,G) € LIP(RN,RN)? belongs the contingent
transition set of V¢ at (K,L) if every x € K satisfies the inclusion

e F(x) C 0 G(x) + T (x).

This implication is a special case of the following statement considering tuples of
three compact sets. Strictly speaking, .7 (RV)3 = ¢ (RV) x ¢ (RV) x . (RV) is
now supplied with the distance

ds: H (RN x o (RN)? — [0,00],

((K1,K2,K3), (Li,L2,L3)) — d(Ki,Li)+d(K>,Ly)+d(K3,L3)

and, tuples of three morphological transitions serve as transitions on the metric
space (# (RN)3,d3) — following the notion of Lemma 27 (on page 45). This is
equivalent to considering reachable sets of three decoupled differential inclusions.
The original form of the next proposition also goes back to Anne Gorre [90] and
concerns contingent transition sets as formulated in [10, Theorem 4.2.8]. Here,
however, we prefer a slightly stronger assumption in statement (2.) so that we can
specify sufficient conditions for the “adjacent transition set”. This feature will be
useful for verifying Proposition 69 below. Proofs are again postponed to the end of
this section.

Proposition 68 (Gorre). The subset
Yen = {(K,.L,M) e X (R")* | K C LNM }
is closed in the metric space ( (RN)?, d3). Furthermore,

1. If (F,G,H) € LIP(RY ,RN)3 belongs to the contingent transition set of ¥ at
(K,L,M) € V- then

T F(z)+T(z) C (0 G(z)+Ti(z)) N (€0 H(z) +Tu(z)) foreveryze K.

2. If (F,G,H) € LIP(RN , RV)3 satisfies
T F(z) C (0G(z)+Tf(z)) N (COH(2)+Ty(z)) foreveryzeK
then (F,G,H) even fulfills }IIII(} % . dist(ﬁ(F’G_’H) (h, (K,L,M)), V¢ m) =0 and
so, (F,G,H) belongs to the contingent transition set of ¥ at (K,L,M) € Y.
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Finally we extend this list of Gorre’s earlier results by considering a further set of
constraints in detail:

Yauc = {(K.L,M)e & (RN | KNL+#0, KULC M}

Proposition 69.  The subset ¥ ,c C H (RN )3 is closed with respect to d.
Moreover,

1. If (F,G,H) € LIP(RY,RN)3 belongs to the contingent transition set of ¥ ¢
at (K,L,M) € ¥, uc then
0 # (co F(x) —co G(x)) N PX(x) forsome x€ KNL,
co F(z) C co H(z) + Tu(z) forevery z€ K,
c0 G(z) C o H(z) + Tu(z) forevery z € L.

2. If (F,G,H) € LIP(RY ,RN)3 satisfies
0 # (co F(x) —co G(x)) N PX(x) forsome x€ KNL,
Co F(z) C co H(z) + T)(2) forevery z€ K,
c0 G(z) C o H(z) + TS (2) forevery z €L,
then (F,G,H) belongs to the contingent transition set of ¥ uc at (K,L,M) €
Yhuc.

Proof (of Proposition 68).  First, we verify that ¥ is closed in the metric space
(4 (RV)?, d3). Let ((Kn,Ln,My)), . be any sequence in ¥, that converges to a
tuple (K,L,M) € # (RV)3 with respect to d/3. Then for every & > 0, there exists an
index ne € N with K C B¢ (K,,,), Ly, C Be(L), My, C Be(M) and thus,

K C Be(Kn) C Be(Ln, NM,,) C Be(Be(L)NBe(M)).

As K,L,M are nonempty compact subsets of RY, the limit for &£ | O provides
K C LNM (indirectly), i.e. (K,L,M) € Y.

(1.)  Assume that (F,G,H) € LIP(RY R")3 belongs to the contingent transi-
tion set of ¥ at (K,L,M) € Y. Without loss of generality, all values of F,G,H
are supposed to be convex in addition. Now fix any z € K, v € F(z) and u € T3 (z).
We show that v+u € (G(z)+Tp.(z)) N (H(2) + Tu(z)).

According to Definition 16 of contingent transition sets, there exist sequences
(M) nens (€n)nens ((K”’L”’M”))neN in R} and ¥ respectively with &,+h, < 1,

d (O (hn,K), Kn) + d(96(hn,L), L) + d (O (ha,M), My) < & hy

for all n € N. Moreover, there is a sequence (1, ),cn converging to u € Tg(z) such
that z+ h, u, € K holds for every n € N. Filippov’s Theorem A.6 ensures a solution
z(-) € WH([0,1],RY) of Z,(+) € F(z,(+)) £ -ae. with ,(0) = z+ h,u, € K and

|2n(t) = @+ houn +1v)| < LLL‘F (et — 1 —Lip F - 1) < const(F)-12.
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Then, we obtain

Zu(hn) € O (hy,K) C Ky+€,h, B
C L,NM,+¢€&,h,B
C (BEnhn (ﬁg(hn,L)) OEthn(ﬁH(hn,M))) + &, h, B

for every n € N and, we can select x, € L, y, € M with

zn(ha) € (Ee,,hn(@G(hn,xn)) n Benhn(ﬁH(hnayn))) + & h, B.

In particular, (x,)nen and () nen have the limit z € K in common with (2, (hn))
Dueto g, | 0, Lemma A.14 (on page 448) implies

Limsup,, _,.. W C G(2),
Limsup, .. 2M=n ¢ p(g).

neN"

. . . ~ . ’ hn -
Choosing subsequences for any accumulation points g := lim W €G(z)

k— oo k

and i := im ) I ¢ b (2), the following limits exist

—> 00 k
. X, —2 . Xn, —2n (I’ln ) Zn (hn )72 ~
Jim S = Jim (M BGT) = —E by € RO,
. n, —2 . i, — Zny, (P oy (B, ) — 2 T
lim 2 = gim (Sl ) Gy e Tu(z).
k— o0 h"k k— o0 h”k h”k

(2.) Now suppose (F,G,H) € LIP(RY,RV)3 to have convex values with
F(z) C (G(z)+Tf(z)) N (H(z)+T5(z)) foreveryz€K CLNM.
Set v := max {||F||. +Lip F, ||G||~+Lip G, ||H||~+Lip H} as an abbreviation.
Fix € > 0 arbitrarily. Lemmas A.14 and A.17 (on pages 448, 450 respectively) state
that for every x € K there exists p = p(g,x) €]0, €[ such that

Or(hyy) Cy+h-F(x) +ehB

y+h-G@y) +h- (TF(x)NByy) C Og(h,L) +¢ehB

y+h-H@y)+h- (T7(x)NByy) C Su(h,M) +ehB

forall y € KNB,(x) and i € [0, p]. Now finitely many points x; ... x; € K suffice
for an open cover of set K € % (RV):

KC U Bpex).
j=1.k
Foreachy € K, let j(y) € {1 ... k} denote an index with ’yij(w’ < p(e,xj) <e.
Then we obtain for all positive h < min {p(e,x;) [1< j <k} <e

dist(0r (1, K), Dg(h,L))
< dist(U (5 Fl) 96(nL)) +eh
yeK

aist (U (y+h- (Gl + (T () NB2y) ), Da(hL)) +eh
yeK

IN
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diSt(ﬁF (h,K), ﬁg(h,L))

< dist( U <y+h~(G(y) + (Tf(xj@))maazy))), 19G(h,L))+ (y+1)eh
cK
< eh+?y+1)£h.

The corresponding inequality for H and M implies for all 4 > O sufficiently small

Or(h,K) C ]:B()/+2)8h(19G(h,L)) N E(y+2)gh(19H(h,M))
and thus,
lim - dist (O (h, (K,LM)), V) = 0. O

Proof (of Proposition 69). The set ¥, uc C J/(RN)3 can be regarded as an
intersection of three sets similar to the types investigated by Gorre:
Youe =  ({(K,.L)e #(RV)? | KNL#0} x # (RY))
N (A RY) x {(L,M) € & (RY)? |Lc M})
N {(K.L,M)e & (RN |KCcM, Le#(RV) arbitrary}

As each of these three sets is closed w.r.t. d3, so is their intersection ¥ | .

(1.)  According to Proposition 33 (c) (on page 51), the contingent tran-
sition set of an intersection is contained in the intersection of the contingent
transition sets. Statement (1.) thus results from Gorre’s characterizations in
Proposition 66 (just with the restricted class of transitions in LIP(RY ,RV)? in-
stead of LIP(RY x RN RV)?) and Proposition 67 respectively.

(2.)  As a consequence of Proposition 66, the tuple (F,G) € LIP(RY,RV)? is
contingent to ¥ at (K,L). Hence there exist sequences (y)nen, ((Kn,Ln))
10,1 and % (RN)? respectively satisfying for all n € N

hy < L K.NL,#0, d(9(hn,K), Ku) + d(9(ha,L), L,) < '
This implies By, (O (hn,K)) N Bu, (96 (ha,L)) # 0 for every n € N.
In the proof of Prfoposition 68, we have just concluded from
F(z) C H(z) + TS(z) for every z € K,
G(z) CH(z) + T5(2) forevery z€ L
that for every € > 0, all sufficiently small z > 0 fulfill
O (h,K) C Bep(Su(h,M)
g (h,L) C Bep(Ou(h,M)

neN m

Hence, the inclusion
Bh# (1917(/1”,[()) @] Bth (ﬂG(hn,L)) C B(e-&-%)hn (19H(hn,M))

holds for all large n € N depending on € > 0. An appropriate subsequence for
€ | 0 clarifies that (F,G,H) belongs to the contingent transition set of ¥ ¢ at
(K,L,M) € ¥, uc. O
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1.9.6 Solutions to Morphological Equations

Now we apply the rather general results about mutational equations to the metric
space (# (RV),d) and the morphological transitions (represented by the set-valued
maps in LIP(RY,RV)).

Let Z : # (RN) x [0,T7] — LIP(RY,RY) be given. According to Definition 13
(on page 38), a compact-valued tube K(-) : [0, T] ~+ R is a solution to the so-called
morphological equation

K() 2 Z(K().")
if (and only if) K(-) is a morphological primitive of the composition
Z(K(+),+): [0,T] — LIP(RN,RN),
i.e. K(-) is Lipschitz continuous with respect to d and satisfies
}11% 5 d(Ozkp. (K1), K(t+h) =0
at Lebesgue-almost every time ¢ € [0, 7.

Proposition 57 (on page 64) has already provided an equivalent characterization of
morphological primitives:

Proposition 70 (Solutions to morphological equations as reachable sets).
Suppose F : (A (RY),d) x [0,T] — (LIP(RY,R"),d..) to be a Carathéodory
function (i.e. here continuous with respect to the first argument and measurable
with respect to time) satisfying

sup (||3’7(M,t)||oo +Lip ﬁ(M,t)) <
Mex (RN)
te(0,7]

Then a continuous tube K : [0,T] ~ RN is a solution to the morphological equation
K() > Z(K(),)

if and only if at every time t € [0,T], the set K(t) C R coincides with the reachable
set of the initial set K(0) C RN and the nonautonomous differential inclusion

X() e F(K(), ) (x())

Proof.  Suppose the tube K(-) : |
of the Carathéodory property of .7
F(K(-),") :[0,T] — LIP(RY,RY)

is always measurable and thus, we can conclude the claimed equivalence directly
from Proposition 57. O

0,7] ~ RN to be continuous. As a consequence
(+,), the composition

First we focus on the initial value problem of morphological equations without
state constraints:
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Proposition 71 (Peano’s Theorem for morphological equations).
Suppose F : (A (RV),d) x [0,T] — (LIP(RY,RY),d..) to be continuous
sup (/.7 (M,1)|| +Lip F (M,1)) < oo
Met' (RN),1€[0,T]
Then for every initial set Ky € J# (RN), there exists a solution K : [0,T] ~ RY to

the morphological equation

K()> Z(K(),")
with K(0) = Ko.

Proof  results directly from Theorem 20 (on page 40) in combination with
Proposition 47 (on page 57) and Proposition 53 (on page 62). O

Proposition 72 (Cauchy-Lipschitz Theorem for morphological equations).
Suppose the continuous function % : (%(RN),d) x[0,T] — (LIP(RN,RN),dw)
to be Lipschitz continuous in the first argument with
sup (1.7 (M, 1) || + Lip F (M, 1)) < .
Me X (RN),t€[0,T]
Then for every initial set Ky € # (RN), there exists a unique solution K : [0,T] ~
RN to the morphological equation

K() > Z(K(),-)
with K(0) = K.

Proof.  The existence of a solution results from preceding Proposition 71 and,
Proposition 24 (on page 42) implies uniqueness. O

Proposition 73 (Continuity w.r.t. initial data and the right-hand side).
Suppose .F : (A (RY),d) x [0,T] — (LIP(RY,RV),d..) to be A-Lipschitz
continuous in the first argument with

~

o = sup Lip #(M,t) < oo.
Mex (RN),t€[0,T]
For 9 : ' (RN) x [0,T] — LIP(RY,RN) assume sup d.(F (M,1), 9 (M,1)) < co.
M.t

Then every solutions Ki(-), K»(-) : [0,T] ~ RN to the morphological equations
{&mafmmq
K2() 3 9(Ka(), ")
satisfy the following inequality for every t € [0,T]
d (K (1), Ka (1)) < (dZ(Kl (0), K2(0)) + 7-sup dwo(F (M,s), g(M,s))) eAHE) 1
M,s

Proof 1is also a consequence of Proposition 24 in combination with Proposition 53
(about morphological transitions). U
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Now we consider the initial value problem with state constraints and apply
Nagumo’s Theorem 19 (on page 40) to morphological transitions on (¢ (RV),d):

Proposition 74 (Nagumo’s Theorem for morphological equations).
Suppose F : (K (RN),d) — (LIP(RV,RV), d..) to be continuous with
sup ([ F(M)]|«+Lip F(M)) < oo.
Me o (RN)

Then the following statements are equivalent for any closed subset ¥ C J# (RV) :

1. Every set Ky € V' is the initial set of at least one solution K : [0,1] — ¢ (RV)
to the morphological equation IO(() > F(K(:)) with K(t) €V forallt €[0,1].

2. ¥ C A (RN) is a viability domain of F in the sense that F (M) € Ty (M) for
everyM € V. O

Corollary 75.  Suppose . : (& (RN),d) — (LIP(RY,RN), d..) to be continu-
ous with
sup (|l F(M)||w+ Lip F(M)) < oo.
Met (RN)
Let M C RN be a nonempty closed set satisfying ©6 F (K)(x) C Ty(x) C RN for
every nonempty compact subset K C M and element x € K.
Then for any compact initial set Ko C M, there exists a solution K (-) : [0,1] ~ RY

to the morphological equation K () > .Z(K(:)) with K(0) =Ko and K(t) C M
forallt €[0,1].

Proof results from Proposition 74 and Example 64 (on page 68). O

As mentioned briefly in Remark 31, the existence of viable solutions can also be
guaranteed for systems of morphological equations. Now Propositions 66 and 68
respectively imply the following statements (as Aubin has already concluded in
[10, §§4.3.2,4.3.3]):

Corollary 76. Suppose F,9 : (K (RV)? d,) — (LIP(RY,RN), d..) to be
continuous with
sup (|7 (My,M3) || + Lip .7 (M1, My)) < oo,
Ml,Mze,}f,/(RN)

sup (|4 (M1, My)||l. + Lip 4(My,Mp)) < oo,
M],MZE%(RN>

Assume for any sets My, M> € ¢ (RN) with My "My # 0

(co .7 (My,M))(x) — 0 4 (M, My)(x)) N szl(x) #£0  for some x € M| N\M,.
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Then for any sets Ko,Lo € # (RN) with KyN Ly # 0, there exist solutions
K(-),L(-) : [0,1] ~ RN to the morphological equations
{g@afwwu»
L() > 9(K(), L("))
with K(0) = Ko, L(0) = Lo and K(t)NL(t) #0 forallt € [0,1]. O

Corollary 77.
Suppose F .4, - (H (RV)3 d3) — (LIP(RY,RV), d..) to be continuous with

sup (| F(M)||l. + Lip F(M)) < o,

Me ¢ (RN)3
Cswp (|90 + Lip4(1) <,
Me o (RN)3
Csup ([A(M)]|l + Lip A(M)) < e,
Me o (RN)3

Assume for any M = (M, My, M5) € # (RN)3 with M; C My M5 and every x € M|
W F(M)(x) C (0% (M)(x)+ Ty, (x)) N (0 A/(M)(x)+ T, (x)

Then for any sets Ko, Ly,My € ¢ (RV) with Ky C LoN Mo, there exist solutions

K(),L(-),M(-) : [0,1] ~ RN to the morphological equations
K() 5 Z(K(). L(). M()

L() > G(K(), L(), M(-))

M() > H(K(), L(), M()

M(0) =My and K(t) C L(t)N\M(t) forallt € [0,1]. O

with K(O) = Ko, L( ) Ly, t

Finally we extend this list of conclusions here on the basis of Proposition 69 (2.):

Corollary 78.  Suppose 7,9, : (# (RV)3 d3) — (LIP(RV,RV), d..) to be
continuous with

sup (| F(M)||l. + Lip F(M)) < o,

Me # (RN)3
Csp (|9 + Lip9(M)) <o,
Me .t (RN)3
_sup (M) + Lip #/(M)) < o,
Me  (RN)3

Assumeforany]Vl = (M,M>,M5) e # (RN)3 with My N\ My # 0 and My UM, C Mj
0 # (00 F(M)(x)—To % (M)(x)) N Py! (x) for some x € My MMy,
T F(M)(z) C T HM )()—I—Tc() for every z € M,
T Y(M)(z) C T (M)(z )+TA§3( ) forevery z € M.
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Then for any sets Ko,Lo,My € %’(RN) with KoN Ly # 0 and Ky U Ly C My,
there exist solutions K (-),L(-),M(-) : [0,1] ~ R to the morphological equations

K() > Z(K(). L(). M()
L() > F(K(), L(), M())
M) 2 A (KC), L0), M())
with K(0) = Ko, L(0) = Ly, M(0) = My and K(t)NL(t) # 0, K(t)UL(t) C M(z)

forallt €[0,1].



1.10 Example: Morphological Transitions for Image Segmentation 79

1.10 Example: Morphological Transitions for Image
Segmentation

In the introductory section 0.2.1 (on page 3 ff.), we have already made a concrete
suggestion how to formulate the popular problem of image segmentation by means
of set-valued analysis. Demongeot and Leitner were the first to suggest mutational
equations as tools for image segmentation in [58]. Their proposal is mathematically
rather vague though and so it has served as motivation for the rigorous approach in
[131] presented now.

A grey-scale image in RV (N > 2) is given as a spatial function of real grey values
G :RY — R. In the search of an image segment which belongs to one and the same
object, the basic idea is to make a given initial compact set Ky C RY expand such
that the composition with a specified “error functional”

@ (RV) — R, M»—>cD(M):1//($N(M),/Mde,/Mszx)

is a decreasing function of time. The subsequent examples of computer images use
essentially the variation with a form of penalty term o - .~ (M) (o > 0):

(M) =m | (60 =z [ G<y>dy)2dx—a-$N<M>

/ G(x)* dx — o /G dy —a-LNM).

This set evolution is to be continued as long as possible, i.e. the final set M C RV
should not admit any strict decrease in @ via the same approach of expansion. In
other words, we aim for a descent method in (¢ (RY),dl) with respect to @, but
due to potential difficulties with regularity, we do not insist on the steepest descent
“direction”.

Given: || function of grey values G € CO(RV), N >2

error functional @ : %7 (RV) — R
st ®M) = y/(x’v M), / Gdx, / G? dx)
M M
with some y € C2(]0,0[ x R, R),

initial set Ko € 7 (RV).

Wanted: || K(-):[0,T [—> K (RN) (T €]0,)):
K(0)
(i) K(s)C ( ) whenever s < ¢

K(+) continuous w.r.t. Hausdorff metric

(iv) @oK(-):[0,T[ — R nonincreasing
(V) M = Uy<,; <7 K(t) is “critical” w.r.t. @
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1.10.1 Analytical Tools of the Continuous Segmentation Problem

The central aspect of constructing K(¢) is how the Lebesgue integral depends on
the current set. For the flow along smooth vector fields, the following version of
so-called Reynolds Transport Theorem is well-known (see e.g. [55, § 8.3]):

Proposition 79.  Suppose w € C' (RN RN). For a nonempty compact set Ky C RV,
let K(t) = 0, (t,Ko) contain all points x(t) of solutions x(-) € C'([0,1],RN) of
¥ =w(x), x(0) € Kp.

Then for every ¥ € C'(R x RN), the function T, : t — / Y (t,x)dx fulfills
K(r)

45 1,(0) * tim BOZRO) / (9#(0,x) + div (#(0,x) w(x)) ) dx.
Ko

If, in addition, K, satisfies the assumptions of Gauss’ Integral Theorem then
41,00 = | 3¥(0,x) dx + ¥(0,x) w(x) - vk, (x) do,
Ko Ky

with the exterior unit normal Vg, to Ky.

Our construction of K(¢), however, prefers reachable sets of differential inclu-
sions X' € F(-,x) (instead of differential equations) because this ansatz covers a
more general class of possibly irreversible set deformations.

This theorem cannot be generalized immediately to the Lebesgue measure of
reachable sets ¥z (-, K), but it gives a hint about the form of its derivative at time ¢:
Naturally K is replaced by ¥3(¢,K) and all velocities of F(t,x) C RY have to be
considered (instead of w(x)). Moreover the unit normal vector vg(x) might not
be defined uniquely. If K is not sufficiently smooth there may be more than one
vector satisfying a normal condition instead, and all of them have to be taken into
consideration. We use the following definition of tangent and normal vectors re-
spectively.

Definition 80. Let V C RY be a nonempty subset and x belong to the closure of
V. Ty (x) denotes Bouligand’s contingent cone, i.e.

Def.

Ty(x) = {weRN‘h%nf L dist(x+hw, V) = o}.

Bouligand’s normal cone N (x) is defined as its negative polar cone, i.e.
NB(x) := Ty (x)~ £ {peRY| p-w<0 forall weTy(x)}.

As a further abbreviation, set 'NZ(x) := NE(x) N B = {w € NE(x) |[w] < 1}.

According to Proposition 79, the derivative of the Lebesgue measure £ (8,(-,K))
(at time ¢t = 0) is the surface integral of the normal component of velocity w(x).
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In other words, the graphical interpretation regards it as resulting from the question
how much the initial set K is deformed in normal direction at each boundary point
x € dKy. For the generalization to the reachable set ¥ (¢,Kp) this question has to
be modified slightly:

How much is the current set deformed at most
by the normal components of all velocities ?

As a consequence, we expect the integrand w(x) - Vg (x) to be replaced by
sup {w-p|we F(t,x), pe bNgI;(t,Ko)(x)} = sup (f(t,x) -bNgF(t,KO)(x)).

Finally the boundary of ¥z(,Kp) does not have to be sufficiently smooth for
the complete definition of the surface integral. This problem of regularity is
avoided by the (N — 1)-dimensional Hausdorff integral. Under the assumptions of
Proposition 79 the latter provides an equivalent result:

420K = [ wl)vel) ar

t=0

but the important difference is that the Hausdorff measure .7#V~! is defined for any
subset of RV (if the value o is tolerated). Combining all these ideas, we presume
that if the derivative of £ (95 (1,Kj)) exists it has the form

= ba/B N—1
/(90);([71(0) sup (F(t,x)~ Nﬁ‘ﬁ(hKo)(x)) dst" " x.

The precise result is the following statement of Theorem A.54 (on page 476):

Proposition 81.  Assume N > 2. Let pz,piz >0, vy € C°([0,T] x RV, RY) and
F: [0,T] x RN ~ RN be a Carathéodory map with compact convex values and

Bp (vir(1,x)) C F(t,x) C p (14[x])- B
for every (t,x) € [0,T] x RN, Furthermore assume Ky € # (RV), y € CO(RN).

Then the Lebesgue integral of y over the reachable set ¥(t,Kp)
07— Rt [y dx
19‘13 (I,K())
is absolutely continuous and has the weak derivative

a0 = /aé‘ﬁ(t,Ko) Y(x) - sup (ﬁ(t’x)'bNgﬁ(t.,Ko)(x)) dA"x.

Remark 82.  The complete proof (presented in [127]) provides some additional
regularity properties of the boundary 995 (¢, Ko) at .#’!-almost every time ¢ € [0, T
in terms of geometric measure theory: First, 93 (¢,Ko) has locally finite perime-
ter. Second, d¥z(t,Kp) can be represented as level set of a Lipschitz continuous
function and thus is countably (2N =1 N — 1)-rectifiable at .#’!-almost every time 7.
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In regard to image segmentation, Proposition 81 has an essential disadvantage

though. The set-valued map F: [0,T] x RN ~~ RY is assumed to have all values with
nonempty interior. Hence, the reachable sets always undergo a form of translated
expansion in every boundary point. It is difficult to stop near the boundary of the
wanted segment.
This obstacle motivates us to prefer the following consequence as basis for solving
the continuous segmentation problem. It results from Proposition 81 by means of
vanishing neighborhoods of K and monotone convergence of integrals [127, § 5],
but this proof is restricted to autonomous differential inclusions with Lipschitz
continuous right-hand side.

Proposition 83.  Assume N >2. Let F : RN ~+ RN be a Lipschitz continuous map
with compact convex values satisfying 0 € F(x)° or F(x) = {0} for every x € RV.
Furthermore assume Ky € ¢ (RV), y € CO(RV).

Then, Ip: [0,T] — R, 1 — y(x) dx is absolutely continuous with
O (t,Ko)

d _ barB N—1
41(1) = /a s VO 0P (FGNE () 4™

Now we need an ansatz for the region growing method in image segmentation.
As explained in § 0.2.1 (on page 5), the reachable sets of K and

F: RV w RY, x> By (0) = {weRV||w <c@x)}

reflect the notion that we prescribe the speed of propagation, but not the directions
of the admitted velocity vectors. The assumptions of the preceding proposition are
satisfied if ¢ : RY —— [0, o[ is Lipschitz continuous. If ¢(-) is bounded in addition,
this ansatz is an example of a morphological transition in the sense of Example 5
(on page 34 f.).

Due to the rotational symmetry of the balls B, ( ) (with space-dependent radius),
the weak derivative of I (t) does not depend on the normal cones explicitly

41 () = / ~ N1
7 Ly (1) 0,000 y(x) - c(x) x
and so, the composition with the given shape functional
®:H(RY) —R, M— OM)= w(fN(M), / Gdx, / szx)
M M
has the weak derivative
2 (0, Ko)) = / @(x, OoyB(1.Ko)) - c(x) daN~x
29, () (1‘ K())

with the coefficient function, which is a quadratic polynomial in G(x),

(P(Z, Z ak+11[/ /GdX/szX
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1.10.2 Solving the Continuous Segmentation Problem

For starting deforming the initial set Ky € # (RV), we are to construct a bounded
Lipschitz continuous speed function ¢ : RNV — [0,0[ such that the real-valued
composition t —— @ (ﬁc(,) s(t, Ko)) is decreasing — for a short period (at least).

The region growing approach in this section has a rather constructive character and
does not apply the general results about continuous mutational equations explicitly
— due to lacking regularity of @ (in a broad sense).

Indeed, we cannot expect to find the proper answer for all times immediately
since the analytical basis in Proposition 83 implies the restriction to reachable sets
of autonomous differential inclusions. For this reason, we present a construction
which makes the sets evolve piecewise in time.

In more conceptual words, for each compact subset of RV, we “select” a morpho-
logical transition (represented by a bounded Lipschitz continuous speed function)
which induces a descent direction with respect to @, but the regularity of ¢ does
not guarantee the continuity of this selection principle in an obvious way. The final
goal of converging to a “critical” set makes the selection even more difficult.

The sign of (-, Kp) is to play the decisive role where speed c(-) is equal to 0.
In particular, it is sufficient to demand ¢(x) = 0 whenever ¢@(x,Ky) > 0. This con-
nection can serve as a starting point for constructing some Lipschitz continuous
¢(+) only if we can rely on the continuity of (¢,x) — @(x, O.()s(t,Ko)) (at least).
The assumption G € C?(R") proves here to be useful:

Lemma 84. Assume N > 2. Let F : RN ~» RN be a Lipschitz continuous map
with compact convex values satisfying 0 € F(x)° or F(x) = {0} for every x € RV.
Furthermore assume Ko € ¢ (RV).

Then, [0,00] xRN — R, (t,x) — @(x, O¢(t,Ko)) is continuous.

The continuity of @ (-, 9 (-,Kp)) gives an opportunity to reduce the error functional
@ by means of “local” expansion:

Lemma 85. Let Ky € % (RN) and x € K satisfy ¢(x,Kp) <O.
Then there exist both a bounded Lipschitz continuous function ¢ : RN — [0, o[ and
some A > 0 such that the composition

0,A] — R, 1+ @(J)p(1,Ko))

is strictly decreasing.

A strictly increasing sequence (f,)nen in [0,00[ is to describe the partition of the
time axis with respect to which the speed functions ¢, : RY — [0,c0[ (n € N) are
defined constant in time.
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The expansion property of ﬁcn(,)B(~,Ko) has an important consequence: It is
impossible to correct mistakes during the image segmentation. Roughly speaking,
whenever the reachable set ¥, (.)p(f,Ko) has passed the wanted contour on the
image there is no opportunity to return. For this reason we prefer a criterion of the
form

@(x, 05(1,Ko)) < -6
(with a threshold 6 > 0 decreasing) to a simple check of the sign. This slight mod-
ification has the additional advantage that the points with larger absolute values of

@ are taken into consideration first. In the following let (8, )men denote a sequence
in ]0, 1] converging monotonically to O.

The two preceding notions may be combined to an algorithm providing a solution
of the continuous segmentation problem (on page 79) explicitly. In addition to the
sequence (f,),en, We introduce a monotone sequence (1, )en Of indices such that
the deformation during the intervals

[tnm7tnm+1]a [tnm+1> tnm+2} [tnerl—la tan]

serves the supplementary purpose that
@(x, g (tn,,15 Ko)) = = 28m41
for all x € d Oz(tn,,,,, Ko) N By/s, ., (0). This is to guarantee
¢x, M) >0

for all boundary points x of the final set M := |, 93 (t,Ko) C R¥, i.e. M is critical
w.r.t. @ in the sense of Definition 0.2 (on page 6). We do not insist on the resulting
set M being closed (and thus compact) because @(-, -) is continuous with respect to
both arguments, but @(-,M) = @(-,M) can be ensured only by means of additional
assumptions like ZN(dM) = 0.

Starting with ng := 0, 5 := 0 the inductive algorithm is shown in Fig. 1.1 below.
It has four properties whose short (but merely technical) proofs are given in the end
of this section.

Proposition 86.  The iterative algorithm in Fig. 1.1 has the following properties:
(i) 7, >0 forevery j€N (ifwe set inf - )

(ii) Nyt is finite for each m € N, i.e. starting with index j = n,, and time t,,,,
the condition @(x, Kj1) > =201 for all x € dKjy1 N By, is satisfied
after (at most) finitely many iterations w.r.t. j.

(i) O7(-,Ko) : [0,T[— & (RY) is expanding, i.e. the inclusion ¥z (s,Ko) C
Ox(t,Ko) holds whenever s <t.

(iv) M :=\, 9z(1,Ko) C RN is critical w.r.t. @ in the sense of Definition 0.2,
ie. (-,M)>0 ondM.
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to =0 1+ Koy, 6 >0 given

A K

1+ K>

13+ K3

14 A Ky
K, is to satisfy

ty, (p(x,Knl) > 7261
V x€dKy,, x| < 51—1
Continue with
smaller & >0
(finally, &, | 0).

IH]*I b KH]*I

85

Repeat step m — m+1  (with 6 := 6,,41)

Repeat step 1; — 1,1 :

U= (xe BY p(x. K)) < —3)

cj: RN — [0,1] with
¢j(x) :=min{dist(x, RV \U;), 1}

Fi:RN RN x5 ¢;(x)B

=inf{r>0]|

(p(x7 ﬂFj(T7 Kj)) > 0}
€ 10, o

Elxéaﬁpj(‘[, Kj)ﬂUjZ

tit) = tj—l—min{‘cj, 1}

Kjp1 = O (tj11 =15, K))
= Oz (141, Ko)

F(t,) == Fi(-)=¢;,()B Vi€ [tj,t;4],

Until: ¥V x € dKj11 031/5(0) :
(p(x7 Kj+1) > -26.

M1 :=j+1

Fig. 1.1 Iterative algorithm for the solution of the continuous segmentation problem

Proof (of Lemma 84 on page 83).
o :RYx #(RV) — ]R

(z, M) — z ak+1llf

By definition,

/de / szx

G(2)*

is a quadratic polynomial in G(z) and thus, y € C?(]0,o0[ x R?, R) implies the

equi-continuity of ¢(-,
LN M

M) : RY — R in a neighborhood of each tuple (z,M) with
) > 0. Moreover, the Lebesgue integral over the reachable set Or (¢, Kp) de-

pends continuously on time ¢ due to Proposition 83 (on page 82) and G € CO(RV).
These two features guarantee the claimed continuity of the composition

[0,00[ x RN — R,

(t,x) — (p(x, 191:([,[(0)).
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Proof (of Lemma 85 on page 83). Due to the continuity of ¢(-,Kp), there
exists a bounded neighborhood V C RY of x with ¢(-,Ky) < M <0in V.

The distance from its complement induces the bounded Lipschitz function

c():RY — [0,1], z +— min{dist(z, RN\ V), 1}.

Then the corresponding composition [0,00 xRN — R, (1,2) — @(z, U.(.)(t,Ko))
is continuous due to Lemma 84 and in particular, it is uniformly continuous in the
compact set [0, 1] x B;(Kp) C R x RY. Hence there exists some A €]0, 1] satisfying

Ue)B(4, Ko) C Bi(Ko),
o(z, ‘L?C(.ﬂg(t, Kpy)) < 0 forallz € [0,A], z€ VNB;(Ko).

Then @ (W, yp(-,Ko)) is strictly decreasing in [0,A] as a consequence of
Proposition 83 (on page 82). U

The (Elementary, But Complete) Proof of Proposition 86 (on Page 84)
For the sake of simplicity we do not present the detailed induction with respect to m

and suppose § > 0 to be fixed instead. Moreover the inductive definition of U; ... K;
is continued for any j € N (with the same J):

Initialize Ko € # (RY), £V (Kp) >0,
fo >0 and 6 > 0 (fixed).

Repeatstep j — j+1:

Uj = {xERN|(p(x, I%]) < *5}
éj: RN — [0, 1] with

¢j(x) == min {dist(x, RV\ T;), 1}
Fi iRV RV, x— ¢j(x)B

7 :=1inf{7 > 0|
eraﬁﬁj(rA,Kj)ﬂUj:
(P(x> 1915](‘[, Kj)) 2 O}
€ 10, o]
fj+1 = fj—i—min{fj, 1}

A

Kj1 == Op ({1~ 1), K;)
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Then Proposition 86 is a consequence of the following claims:
@) ;>0 forevery j € N,
(ii") 0 < ZN(K;) < max{const(supp y), £V (Ky)} forevery j €N,
(iii”) there exists jo € N such that @ (x, 1%,»0) > —26forallx e 81%1-0 NBys.

The return to the complete iterative algorithm in Fig. 1.1 is based on aborting this
(modified) construction at index jo and continuing with a smaller value of § > 0.
Statement (ii”) results directly from the assumption (on page 79) that the support of
W is compact.

Lemma87. 1;>0 foreveryjeN.

Proof.  Due to Lemma 84, [0,00] xRY — R, (1,x) — o(x, g, (1, Kj)) is

continuous and so, it is uniformly continuous on the compact set [0,1] x B, (k).

Hence there exists some 7y € |0, 1[ such that all x € B (K}) and 7 €0, 7o] fulfill
|p(x, 05, (1, K))) — o(x,K))| < 3 8.

T<1 <1landé;(-) <1imply 19151,(’5,13]') C By (K;) and thus every boundary point

x € 90 (1,K;) N U; C By (K;) N Uj satisfies

o(x, 7,(7. K))) < @(x,Kj)+38 < —3 8,

i.e. f’j > 19> 0. O

In regard to statement (iii’), the next lemma provides a connection between the
changes of ¢@(x, 9 (-,K)) and N (9F(-,K)). It is the only context in which the
second derivatives of y are used. (The assumption y € C!(]0,o0[xR?) is enough
for the remaining conclusions.)

Lemma 88. Let F : RN ~s RN be a Lipschitz continuous map with compact
convex values satisfying 0 € F(x)° or F(x) = {0} for every x € RN (as in Propo-
sition 83). Moreover suppose that G : RN — R is bounded and continuous,
K € # (RN) with #N(K) > 2 >0 and y € C2(]0,o0[ x R?, R).

Then, for any t > 0 and x € RN,
lo(x, Or(1,K)) — @(x,K)| < const(y,]|Gllw, A) - (L (0 (2,K)) — LN (K)).

Proof.  Since all values of F contain 0 the reachable set Y (z,K) is expanding
and hence .ZN(9r(1,K)) > £V (K) > A. Proposition 83 and y € C? imply the
absolute continuity of ¢ +— @(x, Ox(t,K)) for each x € RN, The (weak) derivative is

2 2
2 2 /319 (t.K) aj+lak+ll[/ . G(y)] G(x)k - sup (F(y) 'bng(t,K)(y)) djiﬂN*ly
j=0 k=0 Fl,
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and, its absolute value has the upper bound
(x, O (t,K))|
< const(||D* ¥||sup, ||G||) - /319 oK) sup (F(y) ‘ bNzl;r(t.,l() ()’)) dANy
F (1

const(||D? Ylsup, IGll=) - & 2™ (9 (2,K)).

F7

Lemma 89. %; =co for almost every j € N and thus, ij — oo for j — oo.

Proof.  If £j < e, we obtain a lower estimate of .ZV (K1) — £V (K;)>0:
For any € > 0 there exist some 7 € [%;, £j + €[ and a point x satisfying

X € 3‘(9191,(‘[, Ifj) N Uj
o(x, Op, (1, Kj)) = 0

The definition of U; implies ¢(x, 13‘1@],(1', Kj)) — ¢(x,K;) > 8. Now preceding
Lemma 88 leads to an estimate for the change of Lebesgue measure

LN(0p,(1.K;) = LN (K)) > 6.

with a constant ¢ = ¢(y, G, £V (Ko)) > 0. Due to Levi’s Theorem of Monotone
Convergence, € — 0 provides V(K1) — £V (K;) > ¢4.

Hence the 51tuat10n T; < oo can arise only for a finite number of indices j € N
until " (K;) leaves the bounded set proj, (supp ) C R (and then U; = 0, £; = o

do not change any longer while j is increasing).
O

Lemma 90. Let K., := U K;. Then, ¢(-,K)) Limivg ¢(-, K..) locally uniformly.
Proof.  Due to statement (ii’), the Lebesgue measures of K i, J €N, are uni-

formly bounded. As the support of y is assumed to be compact, for all x € RV, the
argument of Ji 1y at @(x,K;), i.e (fN / Gdz, / G dz) is contained

in a compact subset of ]0,o[xR? (independent of ]). Hence the partial derivatives
Oka1 q/(fN(I?j), / Gdz, / G? dz) are uniformly bounded for all j € N.
Kj Kj

As a consequence, the functions ¢ (- 2 I w(LVK)...) -G, jeN,

are equi-continuous in any compact subset of RN

Moreover y € C? and Lebesgue’s Theorem of Dominated Convergence lead to the
pointwise convergence ¢(x,K;) — @(x,K..) for every x € RY and so finally,
these properties provide the locally uniform convergence. U
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Definition 91 ([19, Definition 1.1.1], [162, Definition 4.1]). The upper limit,
alias outer limit, of a sequence (M),),cn of subsets in a metric space (X,d)

Limsup, ..M, := {x € X|liminf dist(x,M,) =0}
n—oo
consists of all cluster points of sequences (x),en With x, € M,,.
Lemma 92. ¢(x,K..) > — & for every point x € Limsup;_,., ok;.

Proof.  Suppose (p(x K..) < — & for x € Limsup K. Due to Lemma 90 and the
continuity of (-, K.), there exist a radius A €]0, 1] and an index k € N with

oz, Kj)) < —§ forall z € B34 (x) and j > k.

Hence the construction implies B3 4 (x) C U; and ¢;(z) > A forall z € By (x), j > k.
According to Lemma 89, there are some j > kandy € K; with £; =0, [x—y| < §
Then we conclude for each T € [0,1] = [0, 71 —7}]

Baz(y) N Ba(x) = ap(7,y) N Ba(x)
B (T,y
0, (1,K))

ﬂFj(f—f—l_t]a ) = Aj+17

C
C
C

ie. Bpjp(x) CBA(y)NBa(x) C K1 and the expanding property of (K, ) implies
By a(x) C K, for any n > j+ 1, but this contradicts x € Limsup,, ., dK,,. O

In regard to Proposition 86, the same conclusion implies for the whole iterative algo-
rithm that ¢ (x, M) > — 9 holds for every boundary pointx € dM C Limsup,_,., K,
and any threshold 6 > 0, i.e. M is “critical” with respect to .

Now we have the technical preparations at our disposal for proving statement (iii’):

Lemma 93.  There exists an index jy € N such that every boundary point x €
dKj, N By/5(0) satisfies o(x, Kj,) > —26.

Proof. 1t is based on the continuity of ¢(-,K..) and the locally uniform con-
vergence of @(-,K ) Indeed there is an open neighborhood V of the compact set
(lesup]_m oK; ) NB, /s with

~

o(K.)>—-36 inV.

Lemma 90 provides an index k € N with ¢(-,K ) >—-26inV ﬂ[B%US for all j > k.

The final link 8KJ NBys C VNBy s for every large j € N results from a simple
indirect conclusion. O
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1.10.3 The Application to Computer Images

1.10.3.1 Applying the Continuous Approach to Images

For computer images we start with two central aspects: The smallest suitable unit of
a computer image is one pixel or one voxel respectively. Moreover the grey values
within each of these units are constant.

Hence we intend a combination: On the one hand, we apply the preceding concept
of continuous set deformation (along differential inclusions) for decreasing the error
functional @. On the other hand, we want to restrict ourselves just to the decision
whether or not a pixel (or a voxel) belongs to the approximating set.

This combination is based on an explicit ansatz (of the speed function) that de-
scribes the expansion to a single neighboring pixel. If the error functional is surely
nonincreasing during this deformation then the pixel is admitted to the next set.
Before deriving a sufficient condition (on the neighboring pixel) we would like to
point out that it does not result from discretizing but from applying the continu-
ous deformation presented for the continuous segmentation problem in § 1.10.2.
The main advantage of the computer algorithm here is its simplicity in regard to
calculations. Its implementation is essentially based on the successive evaluation of
quadratic polynomials of the grey value — in spite of all the set-valued theory before.

Let K, denote the finite union of pixels representing the current set at the n™ step.
Furthermore suppose P to be a closed neighboring pixel, i.e. PNK; =0 and PNK,
contains (at least) a side of dP.

The continuous expansion of K, to K, U P is described as
reachable set of K, and F, () = B, (1(0) : RY ~» RY with
cn(+) = dist(-, RN\ (K, UP)),
for example. In more graphical words, U, (-, K,) starts ex-

panding at the common sides of dK, N JP and then keeps
“filling” the interior P° while time is increasing. Thus,

K,UP° = | 95, (t,K),
t>0

tlim o(x, U5, (1,Ky)) = @(x, K,UP°) = o(x, K, UP)

since (K, UP)\ (K, UP°) C P has Lebesgue measure 0.
A condition sufficient to make the real-valued composition
Do Vg, (-, Ky) : [0,00] — R decrease is

o(x, O, (1,K,)) <0 VxeP,t>0. (%)
Here ¢ (x, ¥, (¢,K,)) does not dependent on x € P° because
the grey values are constant within each pixel.

The maximal change of 1 — ¢@(x, O, (¢,K,)) can be estimated by the increase of
Lebesgue measure due to Lemma 88 (on page 87):

|o(x, O, (1.Ka)) — @(x,Kn)| < const(y,||Gl|) - (L™ (O, (t,Kn)) — LN (Kn))

< const(y, |Gl|..) - 2V (P).
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It leads to a sufficient condition depending only on K, (and not on 9, (¢,K,), t > 0):
Using the abbreviation & := const(y, ||G||«) - £V (P) > 0 the condition

o(-, K, < -0 in P° (%)
guarantees the preceding property (x) and thus, @ o U, (-, K;,) is decreasing in [0, oo].

Obviously condition () has the same form as the inequality used for solving the

continuous segmentation problem in § 1.10.2, but we want to point out an important
difference between these two concepts:
For solving the continuous segmentation problem iteratively (Fig. 1.1 on page 85),
the parameter § is given at each step and it determines both the speed c;(-) and the
next time interval (i.e. 7;). Now for computer images, we start with an explicit ansatz
of the radius ¢,(-) which implies the time interval [0, for expanding to K, U P°.
This provides an adequate definition of §. Both methods have Proposition 83 (on
page 82) as analytical basis in common.

1.10.3.2 A (Very) Simple Implementation for Computer Images

Now condition (**) underlies an implementation for image segmentation. The final
simplicity of this algorithm is to justify dispensing with analytical accuracy for the
first time and following heuristic arguments at three steps.

Firstly, condition (xx) is sufficient to prevent that
o (x, Vg (t,Ky)) >0 at some x € d0 (t,K,) N P°

while expanding to a neighboring pixel P. It might be much too strong. For weaken-
ing it gradually we replace the fixed value of §(y, ||G||«, £ (P)) by a decreasing
sequence until reaching a given threshold J,,.

Similarly to the algorithm in § 1.10.2, this notion has the advantage that boundary
pixels with larger absolute values of ¢(-,K,) are taken into consideration first.

Strictly speaking, it is necessary to update K, and @ (-, K,,) after each neighboring
pixel P fulfilling condition (xx). But higher accuracy requires much higher costs
of calculation. This observation leads to the second step based on rather heuristic
reasons: Applying ¢(-,K,) to all neighboring pixels of Kj, is easier to perform since

2
_ N 2 5N k
o(x, K,) = k:zo&k“l’/(g (K»), /KnGdy, /KnG dy) - G(x)

is a quadratic polynomial in the grey value G(x) whose coefficients are calculated
only once. This slightly weakened concept improves the speed of the algorithm
and makes it feasible even for large images. Moreover it prevents the dependence
on the order in which the neighboring pixels are checked (and possibly included),
i.e. this modification preserves the isotropic character of updating.

These two steps motivate the following simple version of implementation:
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Let 6 > 0. Suppose that K, (still) denotes the finite union of pixels representing the
current approximating set. For each neighboring pixel P of K, condition (%) is
checked. We define

Kiyi =K, |J P
neighbor P of Kp
P satisfies (xx)
This step is repeated until K, | = K,,. Then we continue with a smaller value of
0>0, eg. %. Finally the algorithm ends if 6 falls below a given threshold 8,,,; > 0.

The symmetry properties of the implementation motivate the last step: We con-

sider all closed pixels P satisfying @ # K, NP C JP, i.e. we dispense with the
stronger condition that P and K,, have at least one side of dP in common.
This step goes beyond the continuous framework in § 1.10.3.1 because there is no
point of dK, at which the speed c,(-) is positive. But it may keep simple shapes
invariant while expanding. Consider a black rectangle on a white background, for
example. Starting with a small rectangle inside, this modification guarantees that
the approximating sets are also rectangles at any time. The stronger restriction (on
neighboring pixels) instead leads to rhombi temporarily while expanding.

Hence the final implementation is founded on the inductive definition

Kyi1 = K, U U P
Pixel P: 05 KyNPC JP
P satisfies ()
This step is again repeated until K,,1; = K,,. Then we replace § > 0 by a smaller
value, e.g. %. The algorithm finishes if 6 falls below a given positive threshold &,,,4.

Fig. 1.2 Example: Picture of a 300-year-old globe. Left: The original image. Middle: The
initial set consists of black pixels that are detected by global thresholds.  Right: The binary result
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The detection of uniform segments (of the image) may be realized by the error
functional

M) :

Variance(G|y) —aN(M)
1

- v /Mszx— W (/Mde)2 — 0PN M)

for all measurable sets M C RV, #N (1pixel) < N (M) < o with a weight parame-
ter o > 0. Roughly speaking, the additional term — o .ZY (M) reduces “sensitivity”
in search of uniform segments. It has the consequence that expansion continues
despite increasing oscillations if their increase is small (in comparison with the
change of Lebesgue measure). Then,

2 [, Gdy [1y G*dy 2(f,;,Gdy)?

M) — —— G(x)? - ZIMTD oy Iu M _
M) = Zniny O~ e O T gvaae T 2%y

Hence the implementation depends principally on merely two parameters. Ky and

the difference between o, 8,,; determine where the algorithm starts and when it
stops. They have to be adapted to the given image (somehow — as usual).

1

Such a simple algorithm cannot be free from weaknesses of course. In particular

the resulting set depends largely on the parameters because they determine its sen-
sitivity to oscillations of grey values and so, this error functional is not really suited
to ignoring strong noise.
Moreover the choice of the initial segment K has an influence on which connected
components can be found and on which boundary pixels are detected first. Indeed,
the earlier a pixel of the wanted contour is neighbor of K, the more often it is
checked later and, whenever it is included in K,, the computer starts searching for
next contour outside.

Despite this weakness, the computer implementation leads to quite good results
for strongly differing images (see also Fig. 0.1 on page 7, for example) and, it has the
important advantage of rather simple computations. Furthermore it does not change
the original image and thus facilitates combining it with other methods of image
processing. Fig. 1.2 (on page 92) illustrates this extension as its binary result can
help us to remove noise from the original picture by different means later.

1.10.3.3 Extensions of the Implementation

There are several aspects how to extend the computer algorithm. Finally we summa-
rize such possibilities that have the analytical basis (presented in §1.10.2) in com-
mon. They exemplify that the preceding concept of set-valued maps provides the
mathematical background of several variants of region growing methods.

Although the algorithm is mostly illustrated with 2-dimensional images, it is in-
dependent of dimension N and the computer implementation may be extended di-
rectly to 3-dimensional images. Then, of course, neighboring pixels in the third
dimension are also taken into consideration during each step.
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Fig. 1.3 Extract of 50 images with slow changes. One car is marked in the first image and then
the discrete algorithm detects it in the subsequent images while passing the crossroads

Fig. 1.4 Example of the anisotropic version: Nerve cells (dorsal root ganglion)  Left: Initial set
(small rectangle on the right-hand side) and target pixel P (marked by a small cross in the top
left-hand corner). Then the neighboring pixels are checked according to their distances from F.
Middle: The approximating set when reaching P). Now the implementation continues with the
isotropic version discussed in § 1.10.3.2  Right: Final segment

Moreover this approach can even be applied to image sequences. Then we con-

sider time T (of the image sequence) as additional dimension and use coordinates
% = (x,7) € RY x R. The last component of £, however, is not related with the
parameter ¢ of set expansion (during segmentation). For example, a sequence of
2-dimensional images is regarded as one image of dimension 3 (see Fig. 1.3).
In comparison with previous results, the only difference concerns the permitted di-
rections of expansion. Information about segmentation should not be transported to
the past, i.e. the expanding sets do not result from trajectories in the opposite 7 direc-
tion. Thus the values of F : RVN*! ~s RM*! are contained in RV x [0, co[. Considering
the ansatz of F(£), the closed balls B, (0) C RN*1 are replaced by semi-balls

Be(5)(0)" := By (0) N (RN x [0, 00]).
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In morphological words, we use the new “structuring element” B (0)™ instead of
B1(0) c R¥*! while its size still depends on £ (according to the respective speed
function ¢(+)) as mentioned in Example 55 (on page 63).

Then we can still apply the arguments proving fundamental Proposition 83 (on
page 82) and use these results for image sequences. Furthermore the computer
implementation considers only neighboring pixels which refer to the same or to a
later point of time 7.

Up to now the algorithms presented here have the isotropic property in common,
but they can be enhanced easily with respect to anisotropic expansion.
A slight modification of the computer algorithm concerns the directions of ex-
pansion. Condition (#x) (on page 91) provides a sufficient criterion whether a
neighboring pixel is included in the next approximating set. There is no restriction
on the order of checking though. In fact, we can first sort neighboring pixels (of K,)
by their distances from a given pixel Fy, for example. The modified algorithm then
tries to detect a connection with Py. After reaching Py, we return to the isotropic
version and, this combination of methods is more sensitive to considering given
structures. An example is presented in Fig. 1.4.

Last but not least, the analytical results in § 1.10.2 can also be applied to more
general types of error functionals @(-) and set constraints. The first modification
is based on transforming the grey values G(+), i.e. we use shape functionals of the
form

dM) = 1//(/Mp1(x,G(x))dx,.../Mpm(x,G(x))dx)

for measurable sets M C RV, 0 < #N(M) < o with functions y : R" — R,
P1-..pm:RY xR — R sufficiently smooth. As a consequence the compositions
p;j(-,G(-)) replace the grey values G(-) at preceding conclusions.
Weight functions are typical examples. In particular they comprise excluding parts
of the initial set Ky from calculations, i.e. they admit considering

OM) = q/( p1(-,G) dx, ..

. m(-,G) d.
M\E M\Ep( ) x)

with some E C K{j. This extension is useful for starting with a large segment K but
taking into account only regions along dKj. Moreover the integrand may depend on
derivatives of G(-). If G is not differentiable then convolution provides well-known
methods of smoothing (see e.g. [39, 41, 95, 172]).

In comparison with standard level set methods, the segmentation problem in terms
of time-dependent subsets of R" has the essential advantage that we can formulate
nonlocal set constraints (on the maximal diameter, for example) more easily.
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1.11 Example: Modified Morphological Equations for Compact
Sets in R" via Bounded One-Sided Lipschitz Continuous
Maps

Reachable sets of differential inclusions can serve as transitions on (¢ (RY), d)
only if they are stable with respect to initial set and the right-hand side of the inclu-
sion. For this reason, we have considered Lipschitz continuous maps with uniformly
bounded compact values so far.

In [9, Remark 5.2], Artstein poses the question which other assumptions (alternative
to classical Lipschitz continuity) might guarantee such an estimate of stability as in
Proposition 50 (on page 60) here. Donchev and Farkhi suggest an answer in [69]
introducing the so-called one-sided Lipschitz continuity (with respect to space).
Their existence theorem (quoted in subsequent Theorem A.63 on page 480) pro-
vides an estimate of the distance between a given curve and the wanted solution
being very similar to the inequality of Filippov. Some key aspects of their nonau-
tonomous differential inclusions are summarized in Appendix A.7 (on page 480 f.).

In this section, we use this type of set-valued maps as right-hand side of autonomous
differential inclusions so that their reachable sets induce more general transitions
on (' (RY),d). In regard to Theorem A.63 applied to autonomous differential
inclusions, we introduce similarly to Definition 49 (on page 60):

Definition 94. OSLIP(RY,RY) consists of all set-valued maps F : RV ~» RV
satisfying the following three conditions:
1. F has nonempty compact convex values that are uniformly bounded in RV,
2. F is upper semicontinuous,
3. F is one-sided Lipschitz continuous, i.e. there is a constant L € R such that for
every x,y € RV and v € F(x), there exists some w € F(y) satisfying

(x=yv—w) < Llx—yf
The smallest constant L € R with this property is usually abbreviated as Lip F.

Remark 95.  Every map F € LIP(RY,RY) with convex values is contained in
OSLIP(RM,RY). Set-valued maps in OSLIP(RY,R"), however, do not have to be
continuous in general, just consider the example (in addition to Remark A.62)

—1 for x>0
R~R, x— < [-1,1] for x=0
1 for x <0

Proposition 96.  For any sets K1,K> € # (RV) and maps F,G € OSLIP(RN RV)
with A := max{Lip F, Lip G} € R, the reachable sets Or(t,K;), Oc(t,K2) are
closed subsets of RN and, the Pompeiu-Hausdorff distance between the reachable
sets at time t > 0 satisfies

cﬂ(ﬁp([,[(l), ﬂG(l,K2)> < (cﬂ(Kl,Kz) +1- tﬂw(F,G)) as



1.11 Example: Modified Morphological Equations via Bounded One-Sided Lipschitz Maps

Basic set

E:= 2 (RV)
the set of nonempty compact subsets of the Euclidean space RY

Distance

Pompeiu-Hausdorff metric d : # (RV) x # (RV) — R,

d(K,,K;) = max{ suE dist(x, K), sulp() dist(y.,Kl)}
xeK YEK)

Transition

For each F € OSLIP(RN ,RN ), i.e. bounded, upper semicontinu-
ous and one-sided Lipschitz continuous set-valued map F : RV ~»
RY with compact convex values (Definition 94), define
O :[0,1] x Z (RV) — 2 (RV)
by means of reachable sets of the autonomous differential inclu-
sion X' (-) € F(x(+)) a.e.:
Or(t, Ko) := {x(r) } there exists x(-) € Wh1([0,7],RN) :
X()EF(x()) L' -ae. in[0,1],
X(O) S K()}.

Compactness

Closed bounded balls in (% (RV),d) are compact:
Proposition 47 (page 57)

Mutational solutions

Reachable sets of a nonautonomous differential inclusion
whose set-valued right-hand side is determined via feedback

— if the transitions are induced by additionally continuous maps,
i.e.each F € COSLIP(RN,RN) (Definition 103):

Proposition 105, Corollary 106 (page 101)

List of main results
formulated in § 1.11

Existence due to compactness (Peano): Proposition 99 (page 98)
Cauchy-Lipschitz Theorem: Proposition 100 (page 99)
Continuity w.r.t. data: Proposition 101 (page 99)

Existence under state constraints (Nagumo): Proposition 102

Key tools

Filippov-like Theorem A.63 of Donchev and Farkhi [69] about
differential inclusions with one-sided Lipschitz continuous right-
hand side (page 480)

Integral funnel equation for reachable sets of nonautonomous
differential inclusions: Proposition A.13 (page 447)

Table 1.3 Brief summary of the example in § 1.11 in mutational terms:
Modified morphological equations for compact sets in RY via bounded one-sided Lipschitz maps

97
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Proof  follows from Theorem A.63 (on page 480) in exactly the same way as
Proposition 50 about morphological transitions in LIP(RY RV) resulted from
Filippov’s Theorem A.6 (see page 61 for details). O

Obviously, [0,e0[ — (£ (RN),d), t — V¢(1,Ko) is ||F||--Lipschitz continuous
for every F € OSLIP(RY,R") and, the semigroup property of reachable sets still
holds (as in Lemma 52 on page 61). The same conclusions as for morphological
transitions in § 1.9.2 (on page 60 ff.) now lead to

Proposition 97.  For every set-valued map F € OSLIP(RY RV),
O : [0,1] x ' (RY) — 7 (RV)
(ta K) — 19F(I7K)

with 9p(t,K) C RN denoting the reachable set of the initial set K € ' (RY) and
the differential inclusion X' € F(x) a.e. at time t is a transition on (¢ (RN),dl) with

a(¥r) < max{0, LipF},
Br) < [IF|l-,
D(ﬁFaﬁG) < ay“’(F,G) g

Remark 98.  'We prefer excluding negative values of the transition parameter ot (r)
because Gronwall’s estimate (in form of Proposition A.2 on page 440) often serves
as key analytic tool, but does not cover exponential decrease here.

The next step consists in existence of solutions to initial value problems without
state constraints:

Proposition 99 (Peano’s Theorem for modified morphological equations).
Suppose F : (A (RN),d) x [0,T] — (OSLIP(RY,RN), d...) 10 be continuous and
sup (| #(M.,1)||« 4+ max{0, Lip .F(M,1)}) <.

Mex (RN)
te(0.7]

Then for every initial set Ky € # (RN), there exists a solution K : [0,T] ~ RY to
the modified morphological equation
K() > F(K(),)
with K(0) = Ky, i.e. K(-) is Lipschitz continuous with respect to d and satisfies
for L' -almost everyt € [0,T]
}1%1 5 d(Oz k@ (h, K1), K(+h) =0

Proof  results directly from Theorem 20 (on page 40) in combination with
Proposition 47 (on page 57) and Proposition 97. O
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Proposition 100 (Cauchy-Lipschitz for modified morphological equations).
Suppose the continuous function F : & (RV) x [0,T] — (OSLIP(RY,RY), dl..)
to be Lipschitz continuous in the first argument with

sup  ([.Z (M,1)||o + max{0, Lip .#(M,1)}) <.

Met (RN)
te(0.7]

Then for each initial set Ky € # (RN ), there exists a unique solution K : [0,T] ~ RN
to the modified morphological equation

K() > Z(K(),")
with K(0) = K.

Proof.  The existence of a solution results from preceding Proposition 99 and,
Proposition 24 (on page 42) implies uniqueness. O

Proposition 101 (Continuity w.r.t. initial data and the right-hand side).
Suppose F : (¢ (RN),d) x [0,T] — (OSLIP(RY,R"),d..) to be A-Lipschitz
continuous in the first argument with
o:= sup max{0, Lip.F(M,r)} < oo.
Mext (RN)
te[0,T]

For 9 : # (RN) x [0,T] — OSLIP(RY,RV) assume
sup do.(F(M,t), 9(M,1)) < .
M1

Any solutions K (+), K»(+) : [0,T] ~ RN to the modified morphological equations
{fa () 2 Z(K(),")
K2() 3 9(K(),-)
satisfy the following inequality for every t € [0,T)|
d(Ky(1), K>(1)) < (dl(Kl(O),Kz(O)) + t-sup dw(F (M, s), g(M,s))) QAHE) 1
M,s

Proof is also a consequence of Proposition 24 in combination with Proposi-
tion 97. ]

Furthermore, the existence of solutions with state constraints is again guaranteed by
a consequence of Nagumo’s general Theorem 19 (on page 40):

Proposition 102 (Nagumo’s Theorem for modified morphological equations).
Suppose F - (A (RY),d) — (OSLIP(RY,RN), d...) to be continuous with
sup  (|.# (M) +max{0, Lip .F (M)}) < oo.
Me ¥ (RN)
Then the following statements are equivalent for any closed subset V' C # (RV) :
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1. Every set Ky € V' is the initial set of at least one solution K : [0,1] — ¢ (RY)

to the modified morphological equation IO(() > Z(K(-)) with K(t) €V for
allt € [0,1].

2. ¥ C 2 (RN) is a viability domain of F in the sense that

F (M) € 7y (M) C OSLIP(RYRN) foreveryM € V.
O

This, however, seems to be the critical point at which the obvious analogies to
the morphological equations discussed in § 1.9 (on page 57 ff.) end.
In particular, Proposition 70 (on page 74) specifies the close link between any so-
lution of a morphological equation and reachable sets of a suitable nonautonomous
differential inclusion. Its counterpart for modified morphological equations can be
formulated here only under additional assumptions about the continuity of each
value # (M,t) € OSLIP(RY RV).
This results from the following feature: Replacing the Lipschitz continuity of § 1.9
by the one-sided Lipschitz continuity (in combination with upper semicontinuity)
implies an essential gap that is also pointed out in Remark A.64 (on page 481).
Indeed, every map F € OSLIP(RY,R") satisfies the assumptions of Theorem A.63,
but not every point xy € RY and vector vy € F (xo) has to be related to a solution
x(-) € WH([0,T],RN) of ¥/(-) € F(x(-)) satisfying x(0) = xo and
lim § - (x(h) —x(0)) = .
h|0

Definition 103. COSLIP(RY ,RY) consists of all maps in OSLIP(RY  RY) that
are continuous in addition, i.e. every set-valued map F : RN ~» RV satisfying

1. F has nonempty compact convex values that are uniformly bounded in RV,

2. F is continuous,

3. F is one-sided Lipschitz continuous, i.e. there is a constant L € R such that for

every x,y € RV and v € F(x), there exists some w € F(y) satisfying

(x—y,v—w) < Ljx—y[~

Lemma 104. Ler % : [0,T] — (COSLIP(RY,RV),d..) be £'-measurable
with sup (] (t)|| + max{0, Lip Z ()} ) < o and define the set-valued map

0.7 ~
et F: [0,7]xRY w RN, (1.2) m F(1)(x).
Then for every set Ky € & (RN), the reachable set 97 (-,Ko) : [0,T] — A (RV)

of the nonautonomous differential inclusion X' € F (+,x) a.e. is a modified morpho-
logical primitive of % ().

Proof results from Proposition A.13 (on page 447) in exactly the same way
as Lemma 58 (on page 65). Indeed, continuity of the set-valued maps with respect
to space (and not Lipschitz continuity) is assumed for proving the integral funnel
equation in Proposition A.13. U
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As a direct consequence of the uniqueness of primitives (Corollary 23 on page 41),
we obtain the counterpart of Proposition 57 (on page 64) and can characterize these
modified morphological primitives as reachable sets of nonautonomous differential
inclusions:

Proposition 105 (Modified morphological primitives as reachable sets).
Suppose 7 : [0,T] — (COSLIP(RY,R"),dl..) to be Lebesgue-measurable with
sup (|| ()]l +max{0, Lip Z(1)}) < o and define the set-valued map
te(0,T]
F: [0,T]xRY ~ RN, (t,x) — Z(1)(x).

A tube K : [0,T] ~ RN is a modified morphological primitive of % (-) if and only
at every time t € [0,T], its value K(t) C ]RZY\ coincides with the reachable set of the
nonautonomous differential inclusion x' € F(-,x) a.e.

K(t) = 9z(t, K(0)).

Corollary 106 (Solutions to modified morpholog. equations as reachable sets).
Let F : (' (RY),d) x [0,T] — (COSLIP(RY,RY),d..) be a Carathéodory
function (i.e. here continuous with respect to the first argument and measurable
with respect to time) satisfying

sup  (|[.Z(M,1)]| + max {0, Lip F (M,1)}) < eo.
Mex (RN)
te[0,7]
Then a continuous tube K : [0, T] ~ RY is a solution to the modified morphological
equation
K() > F(K()-)

if and only if at every time t € [0,T], the set K(t) C RN coincides with the reachable
set of the initial set K(0) C RN and the nonautonomous differential inclusion

X() e F(K(),)(x())






Chapter 2

Adapting Mutational Equations to Examples
in Vector Spaces: Local Parameters
of Continuity

The notion of transitions instead of affine linear maps in a given direction has proved
to be very powerful. Aubin’s definition of transition (Definition 1.1), however, is
too restrictive.

Indeed, many examples in vector spaces share the feature that the Lipschitz constant
of t — ¥(¢,x) cannot be bounded uniformly for all initial states x. In this chapter
we will study several examples in which the transitions are based on solutions to
linear problems in vector spaces. Doubling the initial state implies doubling the
transition value and thus doubling the Lipschitz constant with respect to time.

The main goal of the subsequent chapters is to weaken the conditions on tran-

sitions and solutions in the mutational framework such that Euler method still
provides existence of (generalized) solutions.
In this chapter, we implement two additional aspects in the recently introduced
terms: Firstly, we use an analog of the absolute value in the metric space (E,d).
Indeed, | | : E — [0,oo] is just to specify the “absolute magnitude” of each ele-
ment in E, but does not have to satisfy structural conditions such as homogeneity
or triangle inequality. In contrast to a metric, || does not serve the comparison of
two elements in E, but the continuity parameters (1), B(¢) will be assumed to be
uniform in all “balls” {x € E | |x] < r} with positive “radius” r > 0. The proofs do
not change substantially if we impose appropriate bounds on the growth of | 9 (-, x) |
for each initial element x € E.

Secondly, we admit more than just one distance function on E simultaneously.
A family (d;)jc.s of pseudo-metrics on E (i.e. reflexive, symmetric and satisfying
the triangle inequality, but not necessarily positive definite) replaces the metric d
always used in Chapter 1. The weak topology of a Banach space, for example, is
much easier to describe by means of many linear forms than by just a single metric
and, the suitable choice of linear forms will prove to be very helpful for semilinear
evolution equations discussed in subsequent § 2.4.

In a word, these extensions of the mutational framework do not require significant
improvements of the proofs in comparison with the preceding chapter. They share
the basic notion with later generalizations: For implementing additional “degrees of
freedom”, we focus on the question which parameter may depend on which others.

T. Lorenz, Mutational Analysis: A Joint Framework for Cauchy Problems 103
In and Beyond Vector Spaces, Lecture Notes in Mathematics 1996,
DOI 10.1007/978-3-642-12471-6_3, (© Springer-Verlag Berlin Heidelberg 2010
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2.1 The Topological Environment of This Chapter

E always denotes a nonempty set, but we do not restrict our considerations to a
metric space (E,d) as in Chapter 1.

Definition 1. Let E be a nonempty set. A function d : E x E — [0,00] is
called pseudo-metric on E if it satisfies the following conditions:

1. dis reflexive, ie. forallxe E: d(x,x) =0,

2. dis symmetric, ie. forallx,y € E:d(x,y) = d(y, x)
3. d satisfies the triangle inequality, i.e. forallx,y,z: d(x,z) < d(x,y) + d(y, 2).

In particular, a pseudo-metric d on E does not have to be positive definite, i.e.
d(x,y) = 0 does not always imply x = y.

General assumptions for Chapter 2. E is a nonempty set and, . = @ denotes
an index set. For each index j € &, d;: E x E — [0,09[ is a pseudo-metric on E
and, |-];: E — [0,00 is a given funct10n that is lower semicontinuous with respect
to the topology of (d;);c.#, i.e. strictly speaking,

|x]; < liminf |x,];

n— oo

for any x € E and sequence (X, ) ey in E with d;(x,,x) > 0 and sup,, |x,; < o
foreachi e .7.

Now the main goal of this chapter is to extend the mutational framework from a
metric space to the tuple (E, (d;) je.s, (-] j) je.sr ) Several examples in vector spaces
like semilinear evolution equations and nonlinear transport equations will follow.

2.2 Specifying Transitions and Mutation on (E,(d}) jc.7,(|-] ;) je.r)

Definition 2. 9 : [0,1] x E — E is called transition on (E, (d}) je.s, (|-] ) je.s)
if it satisfies the following conditions for each j € .7

1.) foreveryx € E : B(0,x) =x
2.) foreveryx € E,t € [0,1]: }zif% Fod;(O(t+h,x), O(h,O(t,x))) =0

3.) there exists o/j(¥;-) : [0,00[— [0, o[ such that for any x,y € E with
L]y <7 ly)j<r: limsup 2000 Z ) o :p) . gj(x,y)
4.) there exists Bj(ﬁ;~) : [Oh,log[ [0, o[ such that for any s,z € [0,1] and x € E
with [x]; <r:  d;(9(s,x), 9(t,x)) < Bj(Osr) - |t —s]
5.) there exists 7j(0) € [0,00[ such that for anyz € [0,1] andx € E :
[9(tx)]; < (Lx)j +%(0) 1) -
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Remark 3. In particular, this definition covers the special case of a transition
¥ :[0,1] x E — E on a metric space (E,d) in the sense of Definition 1.1 (on
page 32). Indeed, set .# = {0}, dp :=d and |-]o := 0. Then a(¥;-) and B(J;-)
can be chosen constant for each transition ¥ on (E,d). y(®) is defined as 0 arbi-
trarily.

Now the continuity parameters of a transition are fixed for each “ball” {x € E |
|x]; <r} (r>0,j€ 7). This does not cause analytical difficulties since condi-
tion (5.) provides a suitable a priori bound of |9¥(z,x); for r € [0,1]. The choice
of its structure is rather arbitrary (we admit), but it covers many examples and, the
following lemma lays the foundations inductively for extending many results of
Chapter 1 to transitions on (E,(d;) je.s,(|]j)jes)-

Lemma 4. Let ¥ ... Ok be finitely many transitions on (E, (dj)jess( L~Jj)jey)

with Yi == sup  Yj(h) < oo for some j€ 7.
ke{l..K}

Foranyxo € Eand 0=ty <t} < ... <tg with supy ty —ty_1 <1 define the curve
x(+) : [0,x] — E piecewise as x(0) := xo and

x(t) = Ox(t —ti—y, x(tx—1)) fort € |y, ], ke {1...K}.
Then, |x(t)]; < (lxol; + ¥j-t)- et atevery timet € [0, k).

Proof 1is given via induction with respect to k : The claim is obvious at time 7o = 0.
Assuming this estimate at time #;_1, we conclude for each 1 € ]t;_1,#]

(t_’k 1 x(te-1) ]
lx(te—1))j+ 7 (t —tr—1)) . el (t—ti1)
(Ixo) + Fy-tia) - %0 4 (1 =) - B 000
lxo];+7 - ) el

INIA

IN

K
(
(
(

O
The next step is to implement this locally uniform aspect of parameters in the dis-
tance between transitions. Following the basic idea of Definition 1.6 (on page 35),
we introduce

Definition 5. O (E,(d})jc.s,(|-]j)je.r) denotes a nonempty set of transitions on
(E,(d})jer,(|]j)jer) satisfying additionally

Dj(¥,t;r) == sup  limsup %~dj(19(h,x), 7(h,x)) < oo
X€E: |x];<r h|0
for any ¥, ’L’G@( jess (L] )jey)andrgO,ij.(If{xGE\ijjgr}:q),

set Dj(-,-;r):
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For each r > 0, the distance function

Dj(+,-3r): O(E,(d)jes(l-]))jes) x O(E,(d))jes,(|]))jes) — [0,
is reflexive, symmetric and satisfies the triangle inequality and thus, D;(-, -;r) isa
pseudo-metric on the transition set © (E, (d;) je.s, (|-] ) je.s )-

Similarly to Proposition 1.7 (on page 35), we can now compare the evolution of two
states in E along two different transitions:

Proposition 6.  Ler 9,7 € O(E,(d;)jcs,(|-]})jer) be arbitrary, r >0,j € 7.
Then for any elements x,y € E with |x]; <r, |y|; <r and times t;,t; € [0,1], the
following estimate is satisfied at each time h € [0,1] with max{t; +h, tn+h} <1

)

d;i(0(t1+h,x), T(ta+h,y)) < (d;(O(t1,x), T(t2,y)) + h-Dj(9,T;R;)) - % P:R)h
with Rj := (r+max{yj(19), y](f)}) . emax{y;(9), (1)}

Proof results from Gronwall’s inequality (in Proposition A.2 on page 440)
applied to the auxiliary function

Y h — dj(@(ll +h,x), T(lz+h,y)>

in exactly the same way as the proof of Proposition 1.7 (on page 36) because con-
dition (5.) of Definition 2 ensures for each & € [0, 1]

{Lﬁ(h>X)Jj < Rj
Lt(h.y)]j < R, O

As in § 1.2 (on page 37), the notion of first-order approximation leads to the
so-called mutation of a curve — as counterpart of its time derivative:

Definition 7.  Let x(-) : [0,7] — E be a function. The set

X(t) = {0 € O(E.(d))jer (') ))jer) |
Vjes: %lii% - d;i(O(h, x(t)), x(t+h)) = 0}

is called mutation of x(-) at time ¢ € [0,T[ in (E, (d}) je.sr, (1)) je.s)-

Remark 8. Remark 1.11 (on page 37) also holds for transitions on the tuple
(E.(d})jesr,(|]j)jer) : For every transition ¥ € O (E,(d))jcs,(|-];)jcr) and
initial element xo € E, the curve xy, (-) := ¥(-,x0) : [0, 1] — E has 9 in its mutation
at each time 7 € [0, 1]:

B € Xy (0).
This results directly from condition (2.) in Definition 2 and, it lays the basis for
constructing solutions by means of Euler method in the next section.
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2.3 Solutions to Mutational Equations

Now we focus on solving dynamical problems with feedback: For a given function
relating each state in E and time to a transition on (E, (d;)je.s,(|"]j)je.s), We are
looking for a curve in E whose mutation obeys this “law” at almost every time.
In comparison with Definition 1.13 (on page 38) for a metric space, however, the
families (d;)je.#, (|-];) je.r should be taken into consideration appropriately:

Definition 9. A single-valued function f: E x [0,T] — O (E, (d}) je.s, (|"] ) je.s)
is given. x(+): [0,T] — E is called a solution to the mutational equation

() > S,
in (E,(dj)jes,(|]j)jer) if it satisfies the following conditions for each j € .#:
1.) x(-) is continuous with respect to d;
2.) for #!-almost every ¢ € [0, T: }li?a Lodi(f(x(t),1) (h, x(1)), x(t+h)) =0
3.) sup [x(¢)]; < eo.

te(0,T]

A global bound of the continuity parameter f3;(-; R) implies that each solution is
even (locally) Lipschitz continuous with respect to d;.

Lemma 10. For f:Ex[0,T] — O(E,(d})jer,(|']j)jer) letx(-): [0,T] —E

be a solution to the mutational equation ;() > f(x(+),-) such that some j € % and
L;,R; € R satisfy forallt € [0,T]

{ ()1
Bi(f(x(r),0): R))

Then x(-) is Lj-Lipschitz continuous with respect to d; .

R;
L.

IAIA

Proof.  Fix s € [0, T arbitrarily. Then the auxiliary function
W[ T) — R, 1 di(x(s), (1))
is continuous due to Definition 9 (1.) and, it satisfies for .#!-almost every € [s, T]

limsup w < limsup - dj(x(t), x(t+h))
h10 110

< timsup £+ (d;(x(t), f(x(0),0) (h,x(1)))
h|0
i (£x(0),) (hox(0)), x(e+)) )
< L;+0.

Finally y;(r) < L;- (t—s) forall ¢t € [5,T] results from Gronwall’s inequality
(Proposition A.2 on page 440). U
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2.3.1 Continuity with Respect to Initial States and Right-Hand Side

The continuity of solutions with respect to given data plays a key role for solving
mutational equations by explicit methods such as Euler algorithm. For this reason,
we now extend Proposition 1.21 (on page 41) and Proposition 1.24 (on page 42) to
mutational equations in (E, (d}) je.s, (|-]})je.r) :

Proposition 11.  Assume for f,g : E x [0,T] — O(E,(d})jc.s,

[:]))jer) and
x,y:[0,T] — E that x(-) is a solution to the mumnonal equation x(-

(
x() 3 f(x(),7)
and y(+) is a solution to the mutational equation y () 280(),").
For some j € 7, let ;,R; > 0and @; € C°([0,T]) satisfy for almost everyt € [0,T]
x(0)]j ()] < R;
o (g(y(1),1); Rj) < 4
Dj(f(x(t),1), g(v(t),1); Rj) < @;(t).

Then, dy(x(0),¥(0) < (dj(x(0),5(0) + [ @y(s) e ®%ds) " for anyr €[0,7).

IN

By means of monotone approximation in the sense of Daniell-Lebesgue, this esti-
mate can be extended to Lebesgue-integrable functions ¢; : [0, 7] — [0, e[ easily.
Assuming one of the functions on the right-hand side to be Lipschitz continuous in
addition simplifies the comparison between two solutions w.r.t. a pseudo-metric d:

Corollary 12.  For some j€ .9 and each r > 0, suppose f : E x [0,T] —
O(E,(di)ics,(|]i)ics) to satisfy @, := sup, , @;(f(z,t); 1) <o and to fulfill
with a constant A, > 0 that for £ -almost every t € [0,T),

F): E.di) — (O(E, eI 1iesr), D, 51)
is A;j »-Lipschitz continuous. For g: E x [0,T] — @(E, (di)ics, (H,-)iej) assume
sup D(f(z,5), g(z,8); 1) <eo for each r> 0.
Z,8

Then every solutions x(+), y(+) : [0,T] — E to the mutational equations
X() 3 f((),) () 2 800(),)
satisfy the following inequality for every t € [0,T|
Oig:+AiR:
dj(x(1), ¥(1)) < (d,-<x<o>,y<o>> + 1o5up D;(f(2:5).8(2.5)): R;) ) ¢!
Z,8

with Rj := sup {1x( ()]} < ee.

rel0,T

Proof (of Proposition 11).  As in the proof of Proposition 1.21 (on page 43), we
consider the auxiliary function

v [0,T] — [0,00, 1t — d;(x(t), ¥(1)).
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It is continuous because any solutions x(-), y(-) to mutational equations are contin-
uous with respect to d; due to Definition 9.
Furthermore, we obtain for Lebesgue-almost every ¢ € [0, 7|

liIZILS(;lp Ledj(x(t+h), fx(1),1) (h,x(t))) =0
lirlzlls(:lp }ll'dj(f(x(t)’t) (h,x(2)), g((1),1) (h’x(t))) < Dj(f(x(t)’t)> g(y(t)vt);Rj)
lirzllsglp 5 -di(g0(@),0) (hy(1)), y(t+ 1)) =0

due to Definition 5 and Definition 9. For estimating y;(r + k), we conclude from
the assumed bound of a;(g(y(r),?); Rj), i.e.

lilﬁf(?p i (di(g0r(e),1) (h,x(1)), g(v(t),1) (h,y(1))) — wi(1)) < @;-w;(2),

and the triangle inequality of d;

limsup vi(t+h) — y;(t)
nl0 h

IN

- y(t) + Dj(f(x(1),1), g(y(1),1); R;)
< 0 yy(t) + 9(1)

at Lebesgue-almost every time ¢ € [0,7'[. Finally the claimed estimate results from
generalized Gronwall’s Lemma (Proposition A.2 on page 440). (|

A

Proof (of Corollary 12). It results from Proposition 11 in exactly the same way
as Proposition 1.24 was concluded from Proposition 1.21 (on page 44). U

2.3.2 Limits of Pointwise Converging Solutions:
Convergence Theorem

In preceding Proposition 11, the continuity of solutions (with respect to initial data
and right-hand side) is based on the assumption that two solutions are given. Hence
this result can hardly be used as a tool for proving an existence theorem.

Now we consider a sequence of solutions instead. If it converges with respect to

the topology of (d;) je.» then the limit function might be a solution to a mutational
equation. The following theorem extends Convergence Theorem 1.30 (on page 48)
and specifies the details.
It is worth pointing out briefly that we do not require uniform convergence of the
sequence with respect to each d, j € .#, but just pointwise convergence of subse-
quences, which can even depend on time. Moreover, perturbations of the right-hand
sides are also taken into consideration. This aspect will be very helpful for the Euler
approximations used in subsequent § 2.3.3.
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Theorem 13 (Convergence of solutions to mutational equations).
For each j € ., suppose the following properties of

fn’fZEX[O,T] —>9(Ea(di)i€fv(|_'Ji)i€f> (HEN)
X, X [0,T] — E :

sup [x(1)]j < oo,

nt
o = sup oj(fu(n1); R}) < oo,
nt.y

Bj = sgp Lip (xu(-) : [0,T] — (E,d;)) < oo,

].) Rj .

2. X, (1) 2 fulxn(:), ) (inthe sense of Definition 9 on page 107) for everyn € N,
3) Lim Dj(fu(x(t),1), fuynsta); Rj) =0  for L-almostevery t € [0,T] and
Z;ymsequences (tn)neN, n)nen in [t,T] and E respectively satisfying
lim t,=t and nli_r)lzc di(x(t),yn) =0, sug][ w]i <R; foreachi€ Z,
ne

Nn— oo
4.) for Lebesgue-almost every t € [0,T]| and any t € [0,T[, there exists a
sequence n, /' o of indices (possibly depending on t,t,j) that satisfies
form — oo and eachi € .9
(i) D;j(f(x(t),1); fu, (x(t),1): Rj) — 0O
(i) di(x(t), x,(t)) —0
(i) dj(x(t), xn,(7)) — 0

)
Then, x(-) is a solution to the mutational equation x(-) > f(x(-),-) in[0,T].

Proof.  Choose the index j € .# arbitrarily. Then x(-) : [0,T] — (E,d;) is Bj'
Lipschitz continuous. Indeed, for Lebesgue-almostevery ¢ € [0, T] and any 7 € [0, 7],
assumption (4.) provides a subsequence (xnm ())m o satisfying

di(x(t), xp, () — 0
(G50 = form
The uniform B i-Lipschitz continuity of x,(-),n €N, and the properties of d; imply
dj(x(t), x(7)) < dj(x(t), xn, (t)) + dj(Xn, (t), X0, (1)) + dj (3, (), x(7))
< dj(x(r). 3, (1)) + By [~ + d; (i, 1), 2(©)
— 0 +Bj|?—t\ +0 for m — eo.

This Lipschitz inequality even holds for any r € [0,T] due to the triangle inequality
of dj. Moreover the general hypothesis about lower semicontinuity of | -| ; ensures

Lx(i)J] S liminf anan)Jj S RJ
m—» oo
Finally we verify the solution property
him i di(f(x(0),0) (h, x(1)), x(+h)) = 0

for Lebesgue-almost every ¢ € [0, T[. Indeed, for Lebesgue-almost every ¢ € [0, T
and any h €0, T —¢[, assumption (4.) guarantees a subsequence (xp,(-))
satisfying for each i € .# and m — o

meN
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Dj (f(x(1),1), fu, (x(1),0); Rj) — O
di(x(t),  xp,(1)) —0
d;(x(t+h), xp, (t+h)) — 0

We conclude from Proposition 6 (on page 106) and Proposition 11 (on page 108)
respectively

di(f(x(2),0) (h, x(t)), x(
< di(f(x(2),1)

x(1),
—I—dj(xnm t

~
+
>
~—
~—

+
< h e&jh . Dj f(x(t),t), fnm(x(t)vt); Rj)

+ dj(x(1), Xy (1)) €% R sup Dj(fo (X(E)50), Fa (o (),5)5 R;)
t<s<t+h
+ dj(xn, (t +h), x(t+h)).

Now m — oo leads to the inequality
dj(f(x(1).1) (b, x(t)), x(t+h))
< he%ih. limsup sup Dj(fnm(x(t),t), S Xy, (4)5°); Rj)~

m—eo [t t+h]

For completing the proof, it is sufficient to verify
limsup limsup sup D;(f, (x(t),1), fun(n,(-),); Rj) =0
hl0 m—oo [t i+h]

for Lebesgue-almost every ¢ € [0, T[ and any subsequence (x;,,(-)) satisfying

meN

di(x(t), X, (1)) — 0 for m — oo and eachi € .¥.
Indeed, if this limit superior was positive then we could select some € > 0 and
sequences (/)1en, (my)ien, (s1)ien such that

D; x(),1)y fa (Xn, (E+51),8+51); Rj) > €
U (KO0 G (¢ 30) 131 ) oralll e
0<s <h <7q, my > 1

The consequence
~ [ —oo
d;i(x(1), Xy (t+s1)) < di(x(t), Xty ) + Bisi — 0

for each i € .# would lead to a contradiction to equi-continuity assumption (3.) at
Lebesgue-almost every time ¢ € [0, 7T O

Remark 14.  The continuity assumptions about (x,(-)),cn can be weakened easily.
Supposing for each index j € .# that the sequence (x,()),en IS equi-continuous

with respect to d; (instead of uniformly f3;-Lipschitz continuous) admits the same

conclusions and thus, the limit function x(-) is also a solution of ;() > f(x(+), )
in the sense of Definition 9.
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2.3.3 Existence for Mutational Equations without
State Constraints

Whenever equations are solved constructively, two principles usually bridge the gap
between approximations and the wanted solution: completeness or compactness. In
fact, both principles guarantee the existence of a limit, but compactness refers to
any sequence and focuses on a suitable subsequence whereas the concept of com-
pleteness is restricted to Cauchy sequences. In metric spaces, compactness usually
implies completeness.

For the tuple (E, (d})je.#,(|"]j)je.r ), however, we usually prefer compactness as
analytical basis for constructing solutions to mutational equations because a family
(dj) je.s of pseudo-metrics is admitted (and we have not even supposed the index
set .# # () to be at most countable).

Specifying a suitable form of sequential compactness in (E,(d;)jc.s,(|]})jcr)
plays an essential role in the mutational framework. Indeed, Aubin’s initial concept
(as presented in Chapter 1) considers metric spaces in which all closed bounded
balls are assumed to be compact. Now we have more than just one distance func-
tion and thus, the classical equivalence of compactness (with regard to covers) and
sequential compactness well-known in metric spaces might fail in this environment.

Our main goal is to construct solutions by means of Euler method and thus, the
piecewise Euler approximations using transitions should provide a convergent sub-
sequence. For this reason, we introduce the following version of compactness:

Definition 15 (Euler compact).

The tuple (E, dj)jes, (I-]j)jess G(E, (di),-ej,(L~Ji),-€y)) is called Euler com-
pact if it satisfies the following condition for any initial element xy € E, time

T €]0,c0[ and bounds &j,Bj,?j >0(jes):

Let A = A (x0,T, (0, Bj, Yj)je.s) denote the (possibly empty) subset of all curves
¥(+) : [0,T] — E constructed in the following piecewise way: Choosing an arbitrary
equidistant partition 0 =7y <1, < ... <t, =T of [0,T] (with n > T) and transitions
H...0, €0 (Ea (di)iefv (Hi)ie]) with

supy  ¥;(k)

supy, (0 (L), +% T) e 7)

sup; Bj(Vs (Lxolj +% T) el ")
for each index j € .#, define y(-) : [0,7] — E as

IN

Y
o

B;

VANVAN

¥(0) := xo, Y(t) =0 (t—ti—1, ¥(tx—1)) for t €]t_1,4), k=1,2...n.

Then for each ¢ € [0,T], every sequence (z,)uen in {y(¢)|y(:) € 4/} CE hasa
subsequence (zy,, ), converging to an element z € E with respect to each pseudo-
metric d; (j € %).
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Remark 16.  Euler compactness weakens the condition that all bounded closed

balls are compact — in the following sense: The family (d;) jc.» of pseudo-metrics

induces a topology of the nonempty set E. If every “ generalized ball” in E
{yeE|Vje s dilx,y) <rj, ] <Rj}

with arbitrary “center” xo € E and bounds rj,R; €]0,e0[ (j € .#) is sequentially

compact, then (E, (d;) je.s, (|-]})jess ©(E,(di)ic.s,(|-]i)ic.r)) is Euler compact.

Indeed, fixing the parameters xo, 7, (a,-,ﬁ,-,y,-) jes arbitrarily, every curve y(-) :

~

[0,T) — E in A = AN (x0,T, (0, B;,7;)jes) satisfies

0] < (xo)j+7T) ehi”
for each ¢ € [0,T] and j € .# according to Lemma 4 (on page 105). Furthermore,
condition (4.) of Definition 2 (about transitions) and the triangle inequality of d;
guarantee for each index j € . that y(-) : [0,T] — (E,d;) is Bj-Lipschitz contin-
uous and thus,

dj(xo, y(t)) < B; T
for every € [0,T]. Hence the set of all values {y(¢) | y(-) € A, t € [0,T]} CE is
contained in such a “generalized ball”.

The bound on the parameter ¢; is not used explicitly, but it weakens the conditions
of Euler compactness. Indeed, subsequent Theorem 18 about existence assumes
such a bound anyway and thus, the Euler approximations are based on transitions
with uniform bounds on all their parameters o;, f3;,7;.

In a word, Euler compactness ensures the existence of a convergent subsequence for
each point of time separately. This even implies the existence of one and the same
subsequence converging at every time. Specifying this conclusion in the following
lemma, we realize a counterpart of Arzela-Ascoli Theorem A.82 (on page 491) —
now, however, in the tuple (E, (d;)jc.r, (|-]}) je.s)-

Lemma 17 (Uniform sequential compactness due to Euler compactness).
Assume (E, dj)jes, (I-)j)jess Q(E, (di)ieja(L'Ji)ief)) to be Euler compact.
Using the notation of Definition 15, choose initial element xo € E, time T €]0,0|
and bounds @, 3;,7; > 0 (j € .¥) arbitrarily.

For every sequence (yn(+))nen of curves [0,T] — E in JV(xO,T, (aj,Bj,qA/j)jey),
there exists a subsequence (y,,,(-)),,cr and a function y(-) : [0,T] — E such that
forevery je 7|

sup dl(ynm(t)a y(t)) — 0 for m —— oo,
t€[0,7]

Furthermore if (yn(10))nen is constant for some ty € [0,T] then y(-) can be chosen
with the additional property y(to) = yn(to)-
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The last statement does not result directly from the convergence because the set
E supplied with the topology of (d;);c.» does not have to be a Hausdorff space.
The proof is postponed to the end of this section. As a consequence, we obtain the
extension of Peano’s Theorem 1.20 (on page 40) to the tuple (E, (d;);, (|-];);) and
its transitions.

Theorem 18 (Peano’s Theorem for nonautonomous mutational equations).

Suppose (E, dj)jes, (I-]j)jer, @(E, (d,-)iej,(L~j,-)iey)) to be Euler compact.
Assume for f 1 E X [0,T] — G(E,(di),-ej,(L~Ji),-€]) and each j € %, R >0,

1.) sup o;(f(z,1); R) < oo,

1
2) sup Bj(f(z,1); R) < o=,

z,
3) sup y;(f(51)) < e,

z,
4.) lim D;(f(zn,t), f(z,1);R) =0 for £'-almost every t € [0,T] and

any sequences (ty)nen in [0,T) and (zn)nen in E satisfying lim t, =t and
n— o0

lim d;(z,,2) =0, sup |zu]i <oo foreveryic.?.
e neN
Then for every initial element xy € E, there exists a solution x(-) : [0,T] — E to

the mutational equation
o

x() > flx(),)
in the tuple (E,(d})jc.s,(|]}) je.s) with x(0) = xo.
Proof (of Lemma 17).  Fixing the parameters xo, T, (0}, E . 7)) je.s arbitrarily, we
can assume the set A" = A (xo, T, (0}, B i.7j) je.s) to be nonempty (since otherwise
the claim is trivial).

Let (yu(-))nen be any sequence of functions [0,7] — E in 4. Then for every
j€F andn €N, the curvey, : [0,T] — (E,d;) is Ej—Lipschitz continuous due to
condition (4.) of Definition 2 (about transitions) and the triangle inequality of d;.

For each ¢ € [0,T], the assumption of Euler compactness ensures a subsequence
of (yn(t))n oy converging with respect to each dj. Cantor’s diagonal construction
provides a subsequence (yn,,(-)),, .y Of functions [0,7] — E with the additional
property that at every rational time t € [0,T], an element y(¢) € E satisfies

dj(ynm(t),y(t)) — 0 for m — oo
and each j € . since the subset QN [0, 7] of rational numbers in [0, 7] is countable.

Now we consider any ¢ € [0,7]\ Q. Due to Euler compactness, there exists a sub-
sequence (ynml (1)), . converging to an element y(t) € E with respect to each d;
(but maybe depending on ).

Then we even obtain d;(yn, (1), y(f)) — 0 for m — oo and each j € .#. Indeed,

the triangle inequality of d; and the B -Lipschitz continuity of each y,(-), n € N,
imply forevery s € [0,7]NQand [,m € N
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dj (Y (), ¥(6)) < dj (¥ (1)s Yy (5)) +j (Y ()5 Y, (5))
) (g (5): Yoy 1))+ (3 (1), ¥(0))
< By |t =51+ d;j (3, (5), Y, (5))
+ By 1t = sl 4y, (1), ¥(0)).
| — oo leads to the following inequality foreverym € N, s € [0,7]NQ and j € .¥
d; (3, (1), Y1) < 2By 0 = 5| + dj (i, (5), ¥(5)

and thus, limsup d;(y, (), y(t)) < inf 2B;|t—s| +0 = 0.
imsup i (), ¥(2)) et s Bj |t —s

Finally pointwise convergence of (y,,m(~))mEN to y(-) : [0,7] — E and the

B}—Lipschitz continuity of each y,,(-) : [0,7] — (E,d;), m € N, imply uniform
convergence with respect to d; in the compact interval [0, T'] for each index j € .7.
O

Proof (of Theorem 18). It is based on Euler approximations x,(-) : [0,7] — E
(n € N) on equidistant partitions of [0, T]. Indeed, for each n € N with 2" > T, set

hy = tk =kh, for k=0...2",
x:(0) = xo,
xu(t) = fn(th), 1) (1 =1k, xu(2})) for t € ek, tk1], k< 2m.

Using the abbreviation 7; := sup,, ¥;(f(z,¢)) < e, Lemma 4 (on page 105)
ensures
L)) < (Lxol; +7T) - T =i R,
foreveryt € [0,T], n € N (with 2" > T) and each j € .#.
Due to Euler compactness and assumptions (1.)—(3.), Lemma 17 provides a subse-
quence (x"m(’))meN and a function x(-) : [0, 7] — E with x(0) = x¢ and
sup  dj(xn, (1), x(t)) — 0 for m — oo

te(0,T]
and each j € ..

Finally we conclude from Convergence Theorem 13 (on page 110) that x(-) is a

solution to the mutational equation
x() 2 f(x(),)
in the sense of Definition 9 (on page 107). Indeed, as a consequence of Remark 8
(on page 106), each Euler approximation x,(-) : [0,7] — E, n € N, is a solution to
the mutational equation
Xn () > fn(xn(’)7 )

with the auxiliary function f, : E x [0,T[— O(E,(d})je.r,(|-];)jer) that is
defined in a piecewise way:  f,(y,1) = f(xu(t}), t§) for t € [tk thF1] k< 2m.
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At Lebesgue-almost every time ¢ € [0, 7], assumption (4.) about the continuity of f
implies indirectly

Dj(f(x(0),t),  fa,(x(0),1): R;) < sup  Dy(f(x(t),1),  flxn,(s),5): R))

st |s—t| < hy,,

— 0 for m — 0,

D/(fnm(x(t)ﬂt)’ fnm(ym’tm); Rj) § Sllph Dj(f(xnm(s)?s)v f(x,,m(?),@; R/)
stls—t| <hpy
5 }sff‘m\ <

— 0 for m — 0

for each j € .# and any sequences (t)meN, (Vm)men in [0,T], E respectively with
tm — t. (A similar indirect conclusion has already been drawn at the end of the
proof of Convergence Theorem 13 on page 111.)

Thus, all hypotheses of Convergence Theorem 13 are satisfied by the subsequence
(xn,, (*))men of Euler approximations and x(-). As a consequence, x(-) is a solution

to the mutational equation )Oc() > f (x(~), ) 0

Remark 19. A pointwise Cauchy sequence (x,(:)),en of solutions concluded
from Theorem 18 always converges to a curve x(-) : [0,7] — E in a pointwise way.
This form of completeness results from Euler compactness of (E,d,0(E,d,|-|))
and thus, it does not require assuming completeness of (E,d) additionally.

(This observation will be used in § 5.1.3.)

2.3.4 Convergence Theorem and Existence for Systems

The preceding results about convergence and existence of solutions can be extended
to systems of finitely many mutational equations in a rather obvious way, but this is
an important feature of the mutational framework as we have already pointed out in
§ 1.5 (on page 44 ff.).

Now a (possibly infinite) family (d;) je.» of pseudo-metrics should be taken into
consideration — instead of a single metric as in Chapter 1.
For this reason, we cannot use the same arguments as in Lemma 1.27 (on page 45)
and supply a product E| x E, simply with the sum of distance functions. In particu-
lar, the equivalence about componentwise mutations in Lemma 1.27 (2.) might lack
a suitable counterpart for products of tuples (E S dDiess (|]i)ie. ﬁ).

We prefer an alternative notion that has already been used for proving Peano’s
Theorem 1.26 for systems in metric spaces (on page 46 f.): The wanted mutational
properties are verified for each component separately while the other components
are regarded as additional time-dependent parameters. For proving existence of a
joint solution to the system in particular, we again rely on Euler approximations
for the system and select suitable subsequences successively according to Euler
compactness in each component.

The assumptions, however, are now doubling ...
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Theorem 20 (Convergence of solutions to systems of mutational equations).

Let the tuples (Ev,(d}) jes,,(|-]})jer,) and (EZa(dz)]eizv(L'Jz')jefz) satisfy the
general assumptions of this chapter (on page 104). @(El , (d )jes (L J )jejl) and

Q(Ez, (djz')jefz, (I_'J?)jejz> respectively denote nonempty sets of transitions as in

Definition 5 (on page 105).
For each j| € A, jo € 95, suppose the following properties of

fas F1 i Bt X Ep %

— @(E1,(d )zeﬂla(H )ie%)

i

[0,7]
fr%vfz:ElXEZX[O,T} 4)6(E2,( )lE?za(LJQ)iE:VZ)
xhoxb: [0,T] — E;
X2, X% [0,T] — E»
1) Ry = sup Lxh(0)]} & = s al (0 R0RL) < o
nt iyl y?
R}, = Sup La)]3, O‘JZZ = e o (fr (' y%,1); RE)) < oo,
ntyly
B : = sup Lip (x}(-) — (E,d})) < o,
e = sup Lip (x2(-) — (E,dj)) < o,

2) () 3 fr(), 50, )
1 . .

1
X2() 2 f2(x()

3) lim Dy (o (0, 22(0) 1), f (s v 1) Rl) —0
lim D2 (£ (@), (1), 1), £2Oh v ta)s R3,) =0

n— oo

2
» Xn
2
» Xn

for fl-almost every t € [0,T] and any sequences (ty)nen, (V))nen, (V2)nen

in [t,T], E| and E, respectively satisfying

n— oo

neN

(), *) (in the sense of Definition 9) for everyn € N,

lim t,=¢ and 11rnd( (),y,ll):O sup |y |} <R! foreachic .7,

lim dl-z(x (t ),yﬁ) =0, sup |y2|? <R? foreachic .9,
n— o0

neN

4.) for Lebesgue-almost every t € [0,T]| and any t € [0,T],
sequence n,, / o of indices (possibly depending on t,t, j1, j») that satisfies

form — o and each i} € Y\,iy € 9,

(i) Dl (fl( l(t),xz(t),t), (1),
D3, (f2( X2(t), 1), fo, (& 0),
I(x ) - O dl22
(x

(
gl I gy

Then, x'(-) and x*(-) are solutions to the mutational equations

(if)

1
(iii)  dj, (x

X3 ) ), XC) 3 ),

there exists a
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Theorem 21 (Peano’s Theorem for systems of mutational equations).
Suppose the uples (E, (d})jer,, ([']})jes, ©(E1,(d)ies,(L)})ies,)) and
(Ez, (d )jesys (H%)jejz, @(Ez, (d Jies, (- Jz)ie<ﬁ2>> to be Euler compact.

Assume for
fl : El X E2 X [OaT] B @(Elv(dil)i€f|?(L’J})iEﬂ])
f2 : El X EZ X [O7T] — @(E27 (diz)i€<ﬁ27(L'Jl'2)iE=]2>
and each j1 € A1, jo € S, R>0:

1) sup o (12,20 R) < =, sup o, (f*(z',25,1); R) < oo,
71,22t 7!, 22t

2) sup B (f'(2",2%1); R) < oo, sup B, (f7(z",2%,1): R) < o=,
71,22t b2t

3) sup 7 (f1(E20) < e, sup 73, (21, 220)) < oo,
22t 2,2

4) lim D} (f'(z3,z0t), f'(2",20) R) =0
lim Df, (£ (zoznta), f2(21,2%0): R) = 0
for L' -almost every t € [0,T] and any sequences (tp)nen, (22 )nen (22)nen
in [0,T),E1, E; respectively satisfying

lim 1, =t and lim dl(z Z,,) =0, sup |z}]} <o foreachic .7,
n—eo n— neN
lim d7(z%,23) =0, sup [2]7 <o foreachic 9,
oo neN

Then for any elements x}, € E1,x} € E,, there exist solutions x'(-) : [0,T] — E;
and x*(+) : [0,T] — E; to the mutational equations

X)), 2, )
X2() 3 LA (), (), )

with x'(0) = x}, x*(0) = x3.

The proofs do not really provide new analytical aspects in comparison with the
proofs of Theorem 13 (on page 110 f.) and Theorem 18 (on page 115 £.) respectively.
Thus, we verify only Convergence Theorem 20 in detail and, the formulation is
deliberately analogous to § 2.3.2:

Proof (of Theorem 20). Due to the symmetry with respect to x'(-) and x?(-),
we can restrict ourselves to the solution properties of x! ().
For each index jj € .#;, the function x!(-) : [0,T] — (E ,d}l) is ﬁjll -Lipschitz

continuous. Indeed, for Lebesgue-almost every ¢ € [0,T] and any 7 € [0, T], assump-

tion (4.) provides a subsequence (x,, ())m oy With

d]l-l ()c1 (1), x,llm@) — 0
£, (5D, 1, () — 0

for m — oo.
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Now the uniform E ! Lipschitz continuity of x}(-),n € N, implies
d}, (<), ' @) < d}, (1), 33,,(0) + d}, (s, (1), 3, D) + ], (3,0, 5" D)
< d}l( H0), 2,,(0) + B, 1] +d! (xh, @), X' ©)
— 0 + B} [r—1] L0 form — o

This Lipschitz inequality can be easily extended to all t € [0,T] by means of the
triangle inequality of dl-1 . Moreover the general hypothesis about lower semiconti-

nuity of |- |} ensures

171 s 1 1 1
¢ (f)le =< 1},{“_}2f Lxﬂm (f)le < le :
Finally we focus on the feature of first-order approximation

lim L-d} (f'(x'(t),2(),1) (h, x' (1)), x'(t+R)) = O

hl0
at Lebesgue-almost every time 7 € [0,T[. Indeed, for Lebesgue-almost every
€ [0,T] and any h €]0, T —t[, assumption (4.) provides a sequence n,, /" oo
of indices satisfying for each i; € %1, i, € % and m — o

— 0

We conclude from Proposition 11 (on page 108)

d (f' (0.2 (0).) (6 (1)), 2 (24 1)

Sh%”wmwmmmwwwm»
+d! (¥ (1), x}, (1)) ¢
wwzﬁ%mw>ummmzmMﬂ
+ d}-l (xh (t+h), x'(1+h)).
Now m — oo leads to the inequality
d} (1 (), 22 (0), 1) (hy 21 (1)), 2! (1+h))

al hoo.
< he%i -limsup sup D}I (fnlm(xl(t),x2(t),t), f,}m(xim(~),x,21m(~),~); Rj).

m—eo [t t+h]
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For completing the proof, it is sufficient to verify

0 = limsup limsup supD (fo, &' (1), (0),1), S o ()3 (+),°): Ry)
h|0 m—eo |t

for Lebesgue-almost every ¢ € [0,T[ and any subsequence (x,,(-)),, o satisfying
dil. (xl(t), 'x}!lm(t)) n=e foreach i € .,
dl.zz (xz(t), xﬁm (1)) 7T for each iy € 7.

Indeed, if this limit superior was positive then we could select some &€ > 0 and
sequences (1;)ien, (M1)ien, (8;)ien such that for every I € N,

D} (i, G022 @)0), i, (0, (- s0)x0, (t4s1),0 4505 Rj) = €
0<s <h<T, mp > 1.
The consequence
di (), 5, () < dl (K@), xh, () + Bl =50
l~>oo
diz2 (¥*(2), xrzzm, (t+s1)) < dizz(xz(t), X2 ()) + ﬁ

for any indices i € .} and i, € ., would lead to a contradiction to equi-continuity
assumption (3.) at Lebesgue-almost every time ¢ € [0, 7. O

IN

N

2.3.5 Existence for Mutational Equations with Delay

Euler method in combination with Euler compactness proves to be useful indeed.
Essentially the same approximations also provide solutions to mutational equations
with delay. Pichard and Gautier formulated and proved their existence for Aubin’s
form of mutational equations in a metric space [158]. Now we present the coun-
terpart for the tuple (E, (d))jc.s, (|-]j)je.»)- First we have to specify the type of
functions that are admitted as argument in the delay equation:

Definition 22. Let / C R be a nonempty interval.
BLip(, E; (dj)jes, (|]j)jer) denotes the set of all functions y(-) : I — E
satisfying the following conditions for each index j € .¥:

1.) y(-) : I — E is Lipschitz continuous with respect to d;
2) sup (1)) < =
tel

Proposition 23 (Existence of solutions to mutational equations with delay).
Suppose (E, dj)jes, (I-]j)jess Q(E, (d))ics, (Hi)ief)) to be Euler compact.
Moreover assume for some fixed T > 0, the function

f : BLlp([_TaO]a Es (d])]efa (I_J])]Ef) X [Oa T] — Q(E’ (di)iefa ( L'Ji)ieﬂ)
andeach je€ ¥ R>0:
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) sp o(f(z2(), 1); R) < oo,
2) sup Bj(f(z(),1); R) < oo,
o
)

lim D;(f(za(-),ta), f(z(-),2);R) =0 for £ -almost every t € [0,T] and
n— o0

any sequences (zn(*))nen, (tn)nen in BLip([f‘c,O], E; (d))jers, (Hj)jej)
and [0, T] respectively satisfying

lim t,=7 and lim sup d;i(z.(s), z(s)) = 0,

n—oo n—oo SE[—T,O]

sup  sup  |zu(s)]i < o foreveryi€ .?.
neN se[-1,0]

For every function xo(-) € BLip([—7,0], E; (d})je.s, (|-]j)jer), there exists a
curve x(+) : [—7,T| — E with the following properties:

(l) )C() € BLIP([fﬁE?T}v E; (d])jéfa (LJ])]EV),

(ii) for £'-almost everyt € [0,T], f(x(r+ -)’[77_0], 1) belongs 10 x(1),

(i) ()] = %00

In particular, the restriction x(-) |[ is a solution to the mutational equation

0,7]
x(t) > f(x(t+ Nz 1)
in the sense of Definition 9 (on page 107).

Proof. Similarly to the proof of Peano’s Theorem 18 (on page 115 f.), we
construct a sequence of Euler approximations on equidistant partitions of [0,7].
The (only) new aspect is due to the appropriate restrictions as argument of f(-,7).
Forevery n € N with 2" > T, set

hy = %, ko =rkh, fork=0...2",
x"(’)|[—1,0] = X0,
(1) = iy +0)[ g ) (1 =10, xaey)) for 1 € Joy, i), k< 2m.

With % := sup ¥j(f(-,-)) < e, Lemma 4 (on page 105) again provides a uniform
bound for every ¢ € [0,7], n € N (with2" > T) and each j € .# :

an(l‘)Jj < (LX()(O)J]+/’}7] T) . erT =: Rj.
Thus, exactly as in the proof of Peano’s Theorem 18, we conclude from Euler com-

pactness and assumptions (1.)—(3.) that a subsequence (x,,m()) converges to a
function x(+) : [0,T] — E in the sense that

meN

sup  dj(xn, (1), x(t)) — 0 for m — oo
te(0,T]

and each index j € .#. In particular, x(0) = x¢(0) due to Lemma 17.
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For every t € [0,T], the estimate [x(¢)|; < R, results from the general assumption
about | -] ; (on page 104) and, x(-) : [0,T] — (E,d;) is also B;-Lipschitz continuous
with B; :=sup B(f(:,-)) < ee. Defining x(- ’[ 0o = xo(-), we obtain
x() € BLlp([fﬂCv T]a E; (dj)jef, (LJ])]G]) .
Finally it is again the conclusion of Convergence Theorem 13 (on page 110) that
. 1 o
}11% 5 dj<f(x(t+ ~)’[_170}, 1) (h, x(1)), x(t+h)) =0

holds for arbitrarily fixed j € .# and #!-almost every ¢ € [0, T]. Indeed, each Euler
approximation x,(+) : [0,7] — E, n € N, can be regarded as a solution of

50) 3 fulanle+)] o 1)
with the auxiliary function
R BLip([_T’0]> E; (dj)j6f7 (L'Jj)j€f> X [O’T] - @(E (d')jEf>(I_'J ')j€ﬂ>>
(), 1) = f(x,,(~)|[tr,§_1_’t5], t%)  forany y(-) and t € [k, tiT1[, k < 2"

Fix index j € .# arbitrarily. At ' -almost every time ¢ € [0, T], assumption (4.) has
two indirect consequences. First,
Dj(f (et +)|(z0p2), i (et +)|[c,07): R;)
m— oo

< sup Dj(f( (f‘f")\[fr,o],f), f(xnm(s"i")‘[f‘r,O]as); Rj) — 0,

st|s—t| < hy,,
because for any index i € .# and 5,1 € [0,T],

sup di(x(t++), xn,(s+) < sup di(x(t+), 2, (t+-)) + Bils—1]
[~7,0] [-7.,0]

— 0 + ﬂ, |s—1¢].

Second, we obtain for any sequences (f)men in [0,7] tending to ¢ and
(ym(’))mEN in BLip([f’E,O], E; (d')jefa (Hj)jef)

(fnm( ()‘t 1] i)y Joo () st Rj)

S | s‘ugh D](f(x”m(.)‘[SfT,S]? )? f(‘xnm(.)hSN*T.,:ﬂ";); R]) — 0
EG{;m\;hZ:;

Finally we can now draw exactly the same conclusions as in the proof of Con-
vergence Theorem 13 (on page 110 ff.) — considering, however, x(-) and the subse-
quence (xp,,(+))men of Euler approximations restricted to [0, 7]. As a consequence,

. 1 o
lim - d; (£G4 g 1) (s x(0)), K(r+1)) = O
is satisfied for arbitrarily fixed index j € .# and at #!-a.e. time ¢ € [0,T]. O
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2.3.6 Existence Under State Constraints for Finite Index Set .9

If the index set . # @ consists of at most finitely many elements, then we even can
restrict our considerations to a single index (i.e. .# = {0}). Indeed, all conditions
on transitions and solutions respectively are then satisfied by
dp :=max dj: EXE — [0,00],
jes

[Jo = max RFE E — [0,o].

Even in this special case, the recent mutational framework is more general than its
counterpart in Chapter 1 because the parameters ¢, f of transitions and the distance
between transitions require merely “local” bounds, i.e. in every “generalized ball”
{x € E | |x]o < r} with arbitrary > 0.

This additional feature, however, does not have any significant consequences for
verifying the existence of solutions with state constraints. Now Proposition 1.28 (on
page 47) has the following counterpart:

Proposition 24 (Existence of solutions under state constraints for .7 = {0}).
In addition to % = {0}, let (E,dy) be a metric space and assume that for every
ri,rp > 0and xo € E, the (possibly empty) set {x € E|dy(x0,x) <ry, |x]o < r} is
sequentially compact. For each r > 0, suppose
f : (E,d()) - (@ (E, d07 L'JO)) DO('a ,r))

to be continuous with
) = supcp 00(f(2)ir) <,
r) = sup,cp Po(f(z);r) < ee,
sup.cp 0(f(2)) < e
Let the nonempty closed subset V' C (E,dy) satisfy the following viability condition
(with the contingent transition set as specified in Definition 1.16 on page 39) :

f2) e Iy (2) foreveryz €V,

ie. lirhnlionf i )1é1}:/ do(f(z) (h,2),y) =0 foreveryze V.

%)E) Q)

Then every xo € ¥ is the initial point of at least one solution x : [0,1] — E to
the mutational equation
x() 3 flx())
withx(t) € ¥ forallt € [0,1].

The proof follows exactly the arguments of Proposition 1.28 and is based on the ap-
proximative solutions in subsequent Lemma 25 in combination with Arzela-Ascoli
Theorem A.82 and Convergence Theorem 13 (on page 110).
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Lemma 25 (Constructing approximative solutions).
Choose any € > 0. Under the assumptions of Proposition 24, there always exists a
B-Lipschitz continuous function x¢(-) : [0,1] — (E,dy) satisfying

(@) xe(0) = xo,

(b) dist(xz(t), ¥) < € e® forallt €[0,1],
(c) xe(r) N {fR)|z€E do(z, xc(t)) < ea} #0 forallt €0,1],
(d) [xe(t)]o < (|x0lo+71) €' forallt €0,1].

This lemma differs from Aubin’s metric counterpart in Lemma 1.29 (on page 48)
merely in property (d). Following the proving arguments (on page 48 f.), how-
ever, this upper bound of |x(¢)]o can be implemented easily due to Lemma 4 (on
page 105). Now we dispense with further details verifying Lemma 25 and Proposi-
tion 24.

The analogy to Lemma 1.29 and its proof is a reason for restricting our consider-
ations in this subsection to a finite index set .#. Indeed, the indirect arguments for
Lemma 1.29 consider several points of time 7" + h,,, m € N, with a sequence A, | 0
related to

. 1 - _
11£anlonf 7 ~y1é1f1/ do(f(z) (h,z2), y) =0

for some z € ¥". Such a sequence should be chosen appropriately “uniformly” for
all indices j € .# if more than one distance function d; comes into play.



2.4 Example: Semilinear Evolution Equations in Reflexive Banach Spaces 125

2.4 Example: Semilinear Evolution Equations in Reflexive
Banach Spaces

In this example, we consider semilinear evolution equations
Lu(t) = Au(t) + f(u),1)

with a fixed generator A of a C° semigroup on a Banach space X. The goal is to
specify sufficient conditions on X, its topology and the generator A so that initial
value problems can be solved in the mutational framework.

Solutions to the corresponding mutational equations prove to be weak solutions.
A proposition of John Ball [20] implies that they are even mild solutions. Consid-
ering these results separately, they have already been well-known, but the essential
advantage of their fitting in the mutational framework is that we are free to combine
these evolution equations with any other example in systems. This opens the door
to coupling, for example, a reaction-diffusion equation (on the whole Euclidean
space) with a modified morphological equation for compact subsets (in the sense of
& 1.11). Such a result about existence for systems is formulated in Proposition 37
(on page 131) below.

Assumptions for § 2.4.
(L) (X,|I-|) is a separable reflexive Banach space.
(2.) The linear operator A generates a C® semigroup (S(t)),>¢ on X.

(3.) The C° semigroup (S(¢)),;>¢ of linear operators on X is @-contractive, i.e.
there is some @ > 0 such that ||S(7)x|| < e®’ ||x]| forallxe X,t>0.

(4.) The dual operator A’ of A has a family of unit eigenvectors {v’J} je.s spanning
the dual space X'. A; denotes the eigenvalue of A’ related to v/; for each j € ..

(5.) Foreachindex j € .7, set d;j: X xX — [0,0[, (x,y) — [(x—y,V})| and

L= 01

Among these five assumptions, condition (4.) is probably the most restrictive one:
The eigenvectors of A’ are spanning the dual space X’. First we specify two classes
of operators fulfilling this condition with an even countable family of eigenvectors.
In particular, the separability of the dual space X’ implies that X is also separable
[188, Chapter V, Appendix § 4].

Example 26.  Consider a normal compact operator A : H — H on a separable
Hilbert space H generating a C° semigroup (S(t));>o.

Then there exists a countable orthonormal system (e,-)l. ¢.7 of eigenvectors of A with
H = kerA® Y, ;Re; [184, Theorem VI.3.2]. Since H is separable, (ei)ief in-

duces a countable orthonormal basis (¢;);c.» of H with Ae;=0 forallie ¥\ .#.
In fact, each ¢; (i € ) is also eigenvector of the dual operator A’ as A is normal
[184, Lemma VI.3.1]. Hence, assumption (3.) of this section is satisfied. Symmetric
integral operators of Hilbert-Schmidt type provide typical examples of this class.
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Basic set E:=X aseparable reflexive Banach space
Distances Let (S (t)) /0 D€ a strongly continuous semigroup of

Absolute values

linear operators on X with its generator A.
The dual operator A’ of A is supposed to have a family
of unit eigenvectors {v; } je.s spanning the dual space X'.

dj: X xX — [0,e[, (x,y) = [(x=y,V})|

[J; ==l normofX

Transition For each v € X, set
0,1 [0,1] xX — X, (h,x) — S(h)x + /Oh S(h—s) v ds,
i.e. variation of constants formula for u’(¢) :.A u(t)+v, u(0) =x
Compactness All norm-bounded and w.r.t. (d;);c» closed balls are sequen-

tially compact due to Alaoglu’s Theorem: Lemma 34 (page 129)

Mutational solutions

Mild solutions to semilinear evolution equations

List of main results
formulated in § 2.4

Existence due to compactness (Peano): Theorem 33 (page 129)
Existence for systems with modified morphological equations:
Proposition 37 (page 131)

Key tool

Weak solutions to linear evolution equations are mild solutions
(Ball [20], Lemma 36)

Table 2.1 Brief summary of the example in § 2.4 in mutational terms:
Semilinear evolution equations in reflexive Banach spaces
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Example 27. Another example is the generator A: Dy — H (Dy C H) of a
C? semigroup (S(t)); >0 on a Hilbert space H under the assumption that the resolvent
R(%9,A) := (A9 -Idy —A)~' : H — H is compact and normal for some Ay.

For the same reasons as before, there exists a countable orthonormal system (e;);c.»
of eigenvectors of R(Ag,A) satisfying H = kerR(A9,A) ®Y,c » Rei =Y;c » Re;.
R(Ap,A) e; = U;-e; implies p; # 0 and that e; is eigenvector of A corresponding
to the eigenvalue Ap — i since (Ag—A)e; = (A—A)- i R(M,A) e; = i e;.
This example opens the door to considering strongly elliptic differential operators
in divergence form with smooth (time-independent) coefficients.

The variation of constants formula motivates the following choice of candidates for
transitions on (X, (d})je.r, (|- ||)jer)-

Definition 28.  For each v € X, the function 7,:[0,1] x X — X is defined as
mild solution to the initial value problem % u(t)=Au(t)+v, u(0)=xcX, ie.

(hx) == S(h)x + /oh S(h—s) v ds.

Proposition 29.  For each vector v € X fixed, the function T,:[0,1] xX — X
has the following properties for every j€ %, x,yyw € X and t,h € [0,1] with
t+h<1

1) 7,(0,x) = x
T(t+h,x) = 5, (h, 7,(,x))
lirzlls(;lp % (dj(Tv(h,x), Tv(h,y)) —dj(x,y)) < |Aj] dj(x,y)

(

(2.)

(3.)

(4) dj(x w(hx) < (Il +[v)) €™ h

) Mnmxll < (Il + vl h) e”

(6.) lirzlls(;lp 1od;j(ty(h,x), Tw(h,x)) < dj(v,w).

For preparing the proof, we summarize the essential tools about C° semigroups.
Subsequent Lemma 30 bridges the gap between the linear semigroup operators
and their dual counterparts. It is one of the reasons for assuming X to be reflexive.

Afterwards Lemma 31 implies that each vector v (j € #) is a eigenvector of every

dual operator S(r)’ (t > 0) belonging to the elgenvalue it

Lemma 30 ([76, Proposition 1.5.14], [154, Corollary 1.10.6]).

Let (S(t))i>0 be a C® semigroup on a reflexive Banach space with generator A.
Then the dual operators S(t)' (t > 0) provide a C° semigroup on the dual space
and its generator is the dual operator A’.

Lemma 31 ([76, Corollary IV.3.8]). The eigenspaces of the generator A and
of the C° semigroup operators S(t) (t >0), respectively, fulfill for every u € C

ker (u—A) = () ker (¢! =5S(1)).

t>0
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Proof (of Proposition 29). Statements (1.) and (2.) result directly from the
semigroup property of (S());>o.

(3.) Forevery x,y € X,h€[0,1] and j € .#, we obtain
dj(t(h.x), ©w(hy)) —d;(x,y) < [(x—y, (S(h) —Idx) V})|
lir,?follp i (di(n(hx), ©(hy)) = dj(xy) < [(x—y, A'V)]
A4l 1=y, Vi) .

(4.) Eachv’; € X’ is unit eigenvector of A’ related to eigenvalue A; by assumption.
Thus, Lemma 31 implies for every x € X, h € [0,1] and j € .¥

IN

h
dj(x, (k) = [((5(w) ~Tdy) x+/ S(h—s)vds, V')

< |<x, (S(h) —Idy:) v |+ |<v / S(h—s) ds>’

<l @+ [0 a]
0

< (Il + Ivl) e¥1#

(5.)  (S(t))s>0 is w-contractive with @ > 0. Thus, forevery x € X, h € [0, 1]

h
()l < s +/ Sth—s) v d
0
h
< el 4+ [0 ds ]
0
e A

[

(6.) For arbitrary vectors v,w € X, the functions 7,, T, : [0,1] x X — X satisfy
foreveryx € X and h € [0, 1]

dj(‘cv(h,x),rw(h,x)) =
h
W,/ S(h s'v'A ds>’
0
h
-(h—s) d ’
/0 e v s>

M el

(v, w). O

I
\&X/\ /\ ~

<

= §

<
lim sup %l-dj(rv(h,x), Tw(h,x)) <
hl0

Corollary 32. Foreachv € X, the function 1, : [0,1] x X — X specified in Defini-
tion 28 is a transition on (X, (d;)je.s, (|- ||)jes) in the sense of Definition 2 (on
page 104) with
o(wir) = 4]
Bi(mir) i= (r+2 [v]) @A
= max {[]v|, ®}
Dj(ty, tw;r) < dj(v,w).



2.4 Example: Semilinear Evolution Equations in Reflexive Banach Spaces 129

Theorem 33 (Existence of mild solutions to semilinear evolution equations).
In addition to the general assumptions of § 2.4, suppose for f : X x [0,T] — X

() supy, [lF(e0)l] < oo,

(ii) f is weakly continuous in the following sense: For £'-almost every t € [0,T]
and any sequences (twm)m, (Ym)m in [0,T], X respectively with t,, — t and
Y — y weakly in X for m — oo, it fulfills

FOm,tm) — f(y,1) weaklyin X Sform — oo,

Then for every initial vector xy € X, there exists a solution x(-) : [0,T] — X to
the mutational equation

X() 3 T,

on the tuple (X, (d;)jer, (|- ])jer) withx(0) = xo.
Furthermore every solution x(-) : [0,T] — X to this mutational equation is a mild
solution to the semilinear evolution equation

Lx(t) = Ax(t) + f(x(),1).

The proof results from Peano’s Theorem 18 (on page 114) and the following three
lemmas:

Lemma 34. (I1.) A sequence (ym)men in X converges to 'y weakly in X if and
only if sup,, ||ym|| <o and lim dj(ym,y) = O foreach index j € &.
m— oo

(2.)  Every ball {y € X | ||y|| < r} with arbitrary radius r > 0 is sequentially
compact w.r.t. the topology of (d;) je.». Hence (X, (d;);, (|| -||);) is Euler compact.

Lemma 35. Under the assumptions of Theorem 33, any solution x(-) : [0,T] — X
to the mutational equation

X() 2 Ti0),)
onthe tuple (X, (d;j)je.r, (||-|)jes) hasthe following properties for everyv' € X' :

|
(1) [0,T] — ]R t— (f(x(t),1), V') is continuous at £"-almost every time t,
T].X),

(2.) f@x(),-) € L=([0,T], X

)
(3) [0,T] — R, tr—>< (1),V') is absolutely continuous for every v € D(A’) C
X'and g ({0, V) = (x(0), V) + (Fx(e)on), ).

Lemma 36 (Ball [20]). Let A be a densely defined closed linear operator on
a real or complex Banach space Y and g € L' ([0,T],Y).
There exists for each xy € Y a unique weak solution u(-) of

{ L y(r) = Au(r) + g(t) on ]0,T]

(0) =xo
i.e. for every v € D(A") C Y', (u(-),v") e Wh(]0,T]) and
L (u(r),v) = (u@),AV) + (g(t),V) for almost all t,

if and only if A is the generator of a strongly continuous semigroup (S(t));>0, and
!

in this case, u(t) is givenby u(t) = S(t)xo + / S(t—s) g(s) ds.
0
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Proof (of Lemma 34). Statement (1.) is a standard result of linear functional
analysis since (V' )]ei spans X’ by assumption (see e.g. [188, § V.1, Theorem 3]).

The sequential compactness (of closed norm balls) in statement (2.) results from
Alaoglu’s Theorem due to the reflexivity of X. Finally we obtain Euler compactness
as a consequence of Remark 16 (on page 113). O

Proof (of Lemma 35). (1.) According to Definition 9 (on page 107), every
solution x(-) : [0,7] — X to the mutational equation

() 3 T,
on the tuple (X, (d})jer, (|| -1])jer) satisfies sup, [|x(r)|| < e and is continu-
ous with respect to each pseudo-metric d;, j € .#. Due to preceding Lemma 34,
x(+) : [0,T] — X is weakly continuous. For each linear form v € X’, assump-
tion (ii) of Theorem 33 guarantees the continuity of the composition

0,7] — R, t+—(f(x(t),1), V)
at #!-almost every time ¢ € [0,T].

(2.) Statement (1.) and the uniform bound
sup [(f(x(t), 1), V)| < [Iflle= V]lxr < oo
te(0,T]
imply the weak Lebesgue measurability of f(x(-),-). Banach space X is separable
by assumption and thus, f(x(-),-):[0,7] — X is (strongly) Lebesgue-measurable
due to the Theorem of Pettis (stated and proved in [188, § V.4], for example).

(3.) Choose any index j € .#. At Z"-almost every time ¢ € [0, 7], x(-) satisfies

0 = }11{% 3 di( T (hy x(1)), x(t+h))
= }1111’1;1) %'|<Tf(x(t),t)(h>x(t)) — x(t), V/]> — <x(t+h) - x(t), V/]>|

Due to Definition 28 (on page 127), we obtain for .2 -almost every ¢ € [0,T]
lim 4 (x(r-+1) = x(0), V) = (x(0), A'V}) + (F(x(0).), %)

and, the right-hand side is .#!-integrable with respect to r. These two properties
ensure that [0,7] — R, # — (x(#), v}) is absolutely continuous for every j € .%.
The corresponding integral equation

(0. v = ) = [ ({alo), A7) + (a

with arbitrary ¢ € [0,T] can be extended to every linear form v' € D( "y € X' since
(V) je.s spans the dual space X'. Hence, [0,T] — R, t+— (x(z),V') is abso-
lutely continuous for every v' € D(A") C X’ and satisfies

@ (X)) = (x(0), A + (flx(0),0), V). U

ds
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Proposition 37 (Existence of solutions to a system with semilinear evolution

equation and modified morphological equation).

In addition to the general assumptions of § 2.4, suppose for
f:Xx#RY)x[0,T] — X,
G : X x A (RV)x[0,T] — OSLIP(RVN,RV)

(@) sup (|lf(x,M,1)llx + [|¥(x,M.1)||. +max{0, Lip & (x,M,1)}) < oo.
XMt
(i) f and 9 are continuous in the following sense:

Fou,My,ty) — f(h,M,t) — 0 weakly inX
dos (G (Y0, My, 1,), G(y,M,1)) — 0

for n — oo

holds for £"-almost every t € [0,T] and any sequences (t,)nen, (Mp)nen and
(n)nen in [0,T),# (RN), X respectively satisfying t, — t, d(M,,M) — 0
and y, — y weakly in X for n — oo,

Then for every initial vector xo € X and set Ky € # (RN), there exist solutions
x(-):[0,T) — X, K(-): [0,T] — 2 (RYN) to the system of mutational equations

{f(') > Tfa(),K(), )
K() > 9(x(),K(),")

with x(0) = xo and K(0) = Ky. In particular,

(1.) x(+):[0,T) — X is a mild solution to the evolution equation
4x(t) = Ax(t) + fx(0), K@), 7).

2.) K(-) is Lipschitz continuous w.r.t. d and satisfies for £ -almost every t
D ry

}zif% % ~£ﬂ(ﬁg(x(t),l((t),t)(ha K(t)), K(t+h)) = 0.

(3.) If. in addition, the set-valued map 9 (x(t),K(t),t) : RN ~ RV is continuous
for each t € [0,T], then the set K(t) C RN coincides with the reachable set
Oy (x(-).k(),-) (t: Ko) of the nonautonomous differential inclusion

V() € G(x(), K(), ) ()

at every timet € [0,T].

Proof.  Itresults from Peano’s Theorem 21 about systems of mutational equations
(on page 118), Theorem 33 about mild solutions (on page 129) and Proposition 1.97
in combination with Corollary 1.106 about modified morphological equations (on
pages 98, 101). (|
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2.5 Example: Nonlinear Transport Equations for Radon
Measures on RV

Now the focus of interest is the Cauchy problem of the nonlinear transport equation

Lo+ dive(f(u,) 1) = g(u,) (in RN x]0, TT)

together with its distributional solutions () : [0,T] — .# (R") whose values are
Radon measures on the whole Euclidean space RY. The coefficients f(u,?), g(u,t)
are assumed to be uniformly bounded and Lipschitz continuous vector fields on RY .
Considering them as an example of the mutational framework here, we specify some
sufficient conditions on the coefficients f(-,-), g(-,-) for existence, uniqueness of
distributional solutions and even their continuous dependence on data.
In particular, this nonlinear transport equation takes nonlocal dependence into con-
sideration because the arguments of the coefficient functions f(-,#) and g(-,) are
not restricted to local properties of measures, but consider the Radon measures on
whole RY. This example provides some technical preparation for the structural pop-
ulation model in § 2.6 below.

2.5.1 The W' Dual Metric p_,; on Radon Measures ./ (R")

For implementing these transport equations in the mutational framework, we first
specify the basic set and an appropriate metric.

Definition 38. C%(R") denotes the space of continuous functions RY — R
with compact support and Cg(]RN ) its closure with respect to the supremum norm,
respectively.

Furthermore, . # (RN ) consists of all finite real-valued Radon measures on RN , i.e.,
it is the dual space of (CJ(RY), || [|») (due to Riesz theorem [5, Remark 1.57]).
M (RN) denotes the subset of nonnegative measures y € . (RV), i.e. u(-) > 0.

The weak* topology on . (R") is a rather obvious choice. There is, however, a
very useful alternative which proves to be equivalent if we restrict our considera-
tions to subsets of Radon measures which are “concentrated not too far away from
each other”.

Definition 39. A sequence (Uy),en in .# (RY) is said to converge narrowly to
u € . (RN) if for every bounded continuous function ¢ : RV — R,

lim RN(pd/.L,, = /RN(pd/,L.

n— oo

Definition 40. A nonempty subset ¥ C .# (R") is called tight if for every € > 0,
there exists a compact set K C RY such that the total variations of all y € ¥ satisfy

sup ’,u|(RN\Kg) < &
unev
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Absolute values

Basic set E:=#RV)= (Cg(]RN))l
the space of all finite real-valued Radon measures on RV
Distances W dual metric p_y : 4 (RV) x A (RV) — [0, 0]

P, v) = S“P{_/RN v d(u—v) \ y e C'(RY),

W)y VY] < 1}
(in tight subsets, it is equivalent to the narrow topology, Prop. 43)

|-] :=|-|(RY) total variation of the Radon measure

Transition

For each b € W1=*(RY RV) and ¢ € W' (R, R), define
B @y bt [0, 1] X A RY) — A RY), (t,v0) — 1
as the distributional solution to the linear autonomous problem
ol + divg(by,) = cu, in [0,7]
Ho = Vo

Compactness

Euler compactness since the flow X}, along b implies tightness:
Lemma 52 (page 142)

Mutational solutions

Narrowly continuous distributional solution to nonlinear trans-
port equations % pAdive(f(u,) ) = g(u,-) 1 inR¥x0,T[

List of main results
formulated in § 2.5

Existence due to compactness (Peano): Theorem 53 (page 142)
Uniqueness due to Lipschitz continuity: Theorem 54 (page 143)

Key tools

Explicit solutions to autonomous linear transport equations:
Proposition 46 (page 137)
Uniqueness of solutions to nonautonomous linear equations:
Proposition 47 (page 138)

Table 2.2 Brief summary of the example in § 2.5 in mutational terms:
Nonlinear transport equations for Radon measures on RY
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Remark41. (1.) On every tight subset of .# (RY), the narrow topology is
equivalent to the weak* topology (with respect to .# (RV) = CJ(RN)’).

(2.)  Tightness is just one of the many concepts which are often introduced
(merely) for probability measures or positive Radon measures (see e.g. [3, 4, 6]).
Many results also hold in .# (R") by considering the total variation (if necessary).
Here we want to dispense with any global restrictions in regard to sign or total vari-
ation of Radon measures. and so, we cannot simply use any Wasserstein metric (for
probability measures) in particular.

(3.) A nonempty subset ¥ C .#(RV) is tight if and only if there is a function
¥ : RN — [0,00] whose sublevel set {x € RY | ¥(x) < ¢} is compact for every
¢ € [0,0[ and which satisfies

sup ¥(x) dlu|(x) < e

pey JRN
[6, Remark 5.1.5]. In regard to total variation |u

sup  sup / O(x) du(x) < eo.
RN

HEV $ecO®N):
lo|<¥

, the last condition is equivalent to

The topology of narrow convergence on . (R") is metrizable on tight subsets
with uniformly bounded total variation:

Definition 42.
MRY) < M(RY) — [0,e0]
(w.v) — sup { [ wau-v)|we ' ®), |yl vyl <1}
RN
is called W' dual metric p_; on .4 (RV).
1.) Forevery X >0and u,v € .#(RY),
L, odu—v)|oec®). lpl.<a, Vol <2}

1

A

7 /RN @d(p—v) ’ e W'RY), [|¢)l. <A, [|Vo|. < A}
||l“L_vH(W11eo>/

Proposition 43.

= sup

(
p.u(f,v) = sup{
{

(2.)  For any tight sequence () en and W in # (RN), the following equivalence
holds

Jim pg (b, pt) = 0

sup || (RY) < oo

neN

<~ U, — U weak*  for n — oo
< U, — U narrowly for n — oo

(3.) Foranyr>0,theset {u€.#RN)||u|(RN) <r}is complete wrt. p.y.

(4.)  Every tight set ¥ C . (RN) with sup |u|(RY) < oo is relatively compact
ney
with respect to p_y.
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Proof.  (1.) Considering the restrictions to an arbitrarily fixed compact subset
of RV, each function in W!*(R") can be approximated by elements of C*(RY) C
C'(RV) N W= (RV) with respect to supremum norm. This implies the equivalent
characterizations of p_, (i, V) claimed here.

(2.) The equivalence of narrow and weak* convergence results from the assump-
tion of tightness according to Remark 41 (1.).

Now let (i,)nen be any sequence in .2 (RV) and u € .# (RV) satisfying
lim g (ka, 1) = O, sup || (RY) < eo.
e neN

In particular, /N o du, — /N @ du for n — oo and every ¢ € W= (RN).
R R

We obtain / o du, — / ¢ du for n — oo and every ¢ € Cg(RN)
RN RN

since WL=(RY) NCY(RY) is dense in (CJ(RY),| - ||-) and the total variations of
(Un)nen are bounded. Thus, the sequence (L,),en converges also weakly* in
M (RN) = CY(RNY.

Finally, assume the tight sequence (U,),cn in . (RV) to converge weakly*
to u € #(RN). Then C := sup |u,|(RY) < oo due to the uniform boundedness
neN
theorem and, |u|(RY) < liminf |u,|(RY) < C. We still have to prove for n — oo
n— o0
swp { [0 d(wi—n) [ eco®), ol <1, [Vol. <1} — o.
Choose € > 0 arbitrarily. Then there exists a sufficiently large radius R > 0 with
sup_ |1 (R \B(0)) + [u|(R¥\Be(0)) <
ne
since {, | n € N} is tight. Due to Arzela-Ascoli Theorem A.82,
{0 €CZ(Br+1(0) | lollo <1, [IVoll. <1}

is relatively compact in (C°(Bg41(0)), || - [|). Hence, there always exist finitely
many functions @ ... ¢, € Co(RY) with support in Bgy(0) and ||@i]l < 1,
V@il <1 such that

{oeCr®Bria(0) |loll-<1,[Voll-<1} < {J {o[lo— il 0l <e}-
i=1..ke
This implies
Sup{/RN ¢ d(un— 1) ‘ e eCCRY), o<1, Vol < 1}
d(u, — CRY), lolle <1, Vol < 1
ap{ [ wd(u-w) [0 eCT@). ol <1 Vol <1} +e

sup{/BR(O) Gid(m—u) |1<i<k}+2Cere
<e+2Ce+e

IN

IN

for all n € N sufficiently large (merely depending on €) since y, — u weakly*.
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(3.)  Let (ly)nen be a p_z-Cauchy sequence satisfying sup,cy [t |(RY) < r < oo,
The arguments proving the first part “=" of statement (2.) imply that (U),en
is Cauchy sequence with respect to the weak* topology of .# (RV). There is the
unique measure i € .# (RV) as weak* limit of (i,),en due to [5, Theorem 1.59].
In particular, |u|(RV) < linriinf |ua | (RY) < .

We still have to verify p_yz (t,,t) — 0 for n — oo. Indeed for arbitrary € > 0,
there exists ne € N such that for all m,n > n,

0 € Co(RY), [lgll-. Vol <1} < ¢

Pt (tim, 1) = sup {/RN @ d(tm — 1n)

Due to the weak* convergence of ({y)nen to  in .4 (RN) = (CY(RY), || - Hw)/,
the limit for n — oo reveals for every m > ng

bt ) 2 sup { [ 9 (st 1) 0 € C2(EY), 9. [Vl < 1
< sup { lim /RN 9 d(tn—tn) |0 € C2(RY), [l9]l-, IVl < 1}

< e

(4.) Due to the assumption of tightness, the relative compactness of ¥ with
respect to p_4 results from its weak* compactness in . (RY) = CJ(RV)' and,
the latter is ensured by the Banach-Alaoglu Theorem.

(Alternatively, the so-called Prokhorov Theorem states that bounded and tight sub-
sets of positive Radon measures are sequentially relatively compact with respect
to narrow convergence [3, 6, 169]. Finally the claim about signed Radon measures
here can also be concluded from this compactness statement by means of Jordan
decompositions.) O

2.5.2 Linear Transport Equations Induce Transitions on ./ (RV)

Among the transport equations for Radon measures, the linear one is much simpler
to solve, of course. Indeed, the method of characteristics even provides an explicit
solution to the initial value problem:
Let b:RY — RY, ¢:RY — R be bounded and Lipschitz continuous. For given
Vo € # (RY), the linear problem here focuses on a measure-valued distributional
solution pt : [0,T] — # (RN), t — p; of

{ a, My + diVx (bul‘) = C U in [O,T}

Ho = Vo

in the sense that

/<p dp (x /(p dvo(x // Vo(x)-b(x)+ ())dus(x)ds

for every ¢ € [0, 7] and any test function ¢ € C*(RV, )
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Definition44. X, : [0,7] x RY — R¥ is induced by the flow along b, i.e.
Xp(-,x0) : [0,T] — RN is the continuously differentiable solution to the Cauchy
problem

{ 4 (1) = b(x(tr)) in [0,T],

x(0) = xo.

As a well-known result about ordinary differential equations, solutions to Cauchy
problems are continuously differentiable with respect to initial data and right-hand
side if the vector field (on the right-hand side) is continuously differentiable and,
the following estimates result from the corresponding integral equations and Gron-
wall’s Lemma (see e.g. [92, Chapter V], [93, Chapter 17], [181, § 13]).

Lemma 45. For any vector fields b,b € CHRN,RN) n W= (RN RN, the
solution maps Xy, X : [0,T] x RN — RN are continuously differentiable with

Lipr([’.) < eLipb~t’
||Xb(t,-)—XB(t,.)||m < [[b=bl« Ltelilinh

Proposition 46.  For any b € W'=(RV RVN), ¢ € WH=(RY,R) and initial mea-
sure vy € M (RN), a solution 1 : [0,T] — # (RN), t — 1, to the linear problem

{a[ Uy + diVx (bu[) = C U in [0, T}
Ho = Vo
(in the distributional sense) is given by

[ odu = [ o) -exo( [ cXo(s.0) ds) dvolo)
forall ¢ € C/(RV).

Proof.  First, we verify that the right-hand side provides a distributional solution
to the linear problem with the initial measure vy. In fact, it is absolutely continuous
with respect to ¢ because for any subinterval [s,z] C [0,T],

]/ wduz—/ ¢ ds

’ / 0 (Xp (1,x)) - b c(Xn(rx)) dr_ (p(xb(s,x)).ef5c<xb<r.,x>>dr) dlio(x)‘
o o=t

L ([ [o%0(ox)52 |1+ o(Xo (x| [ef o0004r] " Y )
RN o=s

(||V<P||«> [b][- (I*S) elel=+ |- eIl )ic|l.. (th)) |t (RY)

At #'-almost every time ¢ € [0,7], we conclude from the chain rule for weak
derivatives

IN

IN
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/RN (X (t,2)) - exp ( /0’ ¢(Xp(s,x)) ds) ) dvo(x)

- /R o (VO (1,)) - B(X(1,2)) + @(Xp(1,)) (X (1,3)) ) s o) gy

SRS

= [, (700)b0) + 00) )t ). .

This solution is already well-known and usually denoted in the form of a push-
forward. Furthermore, it is unique because solutions to the nonautonomous linear
transport equation fulfill the following comparison principle (see also [3, 6, 64]):

Proposition 47 (Maniglia [ 134, Lemma 3.5, Proposition 3.6]).

Let v:t v+ v, be a Borel vector field in L' ([0,T]; W' (RN, RY)) and c(-,-)
a Borel bounded and locally Lipschitz continuous (w.r.t. the space variable) scalar
function in 10, T[xRN.

(1.)  For each probability measure [y on RN (i.e. positive measure iy € .4 (RN)
with o(RN) = 1), there exists a unique narrowly continuous u : [0,T] — .# (RV),
t — W solving the initial value problem (in the distributional sense)

oy + dive (v 1) = ¢y in ]0,T[xRY, Uo = Ho.

(2.)  The comparison principle holds in the following sense: Let G :t — 0; be
a narrowly continuous family of (possibly signed) measures solving

8, o + diVX(Vt Gt) = (; O¢ in }O,T[XRN

with o9 <0 and
T
[ L, (ml+ lawl)  dloilw dr <
OT RN
/0 (10:1(B) + sup v + Lipwls) di < =
B
T
/0 (10:1(B) + sup ler| + Lip i) di < =
B

for any bounded closed set BC RN.  Then, o, <0 forany t €0,T].
Now the solutions to the linear problem lay the basis for transitions on .2 (RY):

Definition 48. Foreach b € W!'=(RN RY) and ¢ € W!*(RV R), define
O @) b [0,1] X A RY) — A (RN, (t,10) —
with i : [0,7] — .# (RY), t — p, denoting the unique solution of
oy + dive(bpy) = cyy  in [0,7)

(in the distributional sense) as specified in Proposition 46.
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Lemma 49. Forany b,beC! (RN, RM)AW L= (RN,RN) and c,c € W= (RN, R),
the measure-valued maps

19kﬂ(RN),b,C’ ﬁ/ﬂ(RN),B,E: [0, 1} X <%(RN) — <%(RN)
fulfill for any po, vo € 4 (RN) and t,h € [0,1] with t +h < 1
(@) O4mny,p,c(0, to) = Ho

(B) O 4@y bc(hy Op@y)pc(t;H0)) = O y@nym,o(t+h, to)

(©) |9 4Ny p,(hs bo)|(RY) < ellellt o] (RY)

(d) P.ar (B @) et ), B gy@my (4R, 1)) < A ([t [l€]|) el
- | ol (RY)

(€) P (B gy s 10)s B gy pe(hs V) < Pt vo) el? PFlelyr=)
(f) p///(ﬁ M (RN), b, c(h ‘U()) "3 #(RN),b, L(h ‘u())) <
< (Ib=bll Vel 4 lc —G|) B Lo b max{lelficle}) . | yo|(R)

The proof in detail is postponed to the end of this section.

Remark 50.  Assuming b,b € C'(RY,RY) in addition to b,b € W'= (RN RN)
serves the single purpose that we can use the estimates of preceding Lemma 45
for the comparisons specified in Lemma 49.

The additional regularity of b,b does not have any influence on the inequalities
though. Indeed, for each i € [0,1] and o € .# (R"), the map

(b,C) — 19L///(RN),b,c(h’ [.10)
is continuous with respect to the L™ norm according to statement (f). For this rea-
son, we can extend all statements in Lemma 49 to arbitrary b,b € W= (RN RVY)
because C!' (RY, RN) nW 1= (RN, RV) is dense in W= (RN, RY) with respect to the
L* norm and, bounded subsets of .# (R") are complete w.r.t. p_, as specified in
Proposition 43 (3.) (on page 134).

Definition 2 (on page 104) and Definition 5 (on page 105) lead directly to

Proposition 51.  For every b € WL (RY RY) and ¢ € W' (RN R),
19/{( RN),b c- [0 1}X%(RN) *)%(RN)
is a transition on (M ( N), a0 |- |(RY)) with
(19//(
B0 4 (my
Y(ﬁ/f/(RN
D(B ymn),b,er O

Lipb + |[c[ly1

(bl fiellee) ell=

lelle

i7) < (Ib=blle+[le—2ll) 7

From now on, the set of these transitions on (.# (RN), p.y, |-|(RY)) is abbreviated
as O (A RY), p.y, |-|(RY)).

)
C

;)
)

T =
Il

);
);
)b
).b

(RN
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Proof (of Lemma 49).  Statements (a) and (b) result directly from the explicit
formula in Proposition 46 (on page 137) and the semigroup property of the flow

Xp(-°)
Xb(h, Xb(t,x)) = Xb(l‘—l-/’l, x)
forallx € RN and ¢,h > 0.

(c) The total variation of any measure i € .2 (R") in openset A C RV is

ul@) = sp{ [ oau|peciia) o<1}

according to [5, Proposition 1.47]. Thus, we conclude from Proposition 46 for every
Uo € 4 (RN) and h € [0,1]

|0 &™) b, e (s Ho)[(RY)
= sup { [0 40y p(h o) |9 eCA®Y), floll-<1}
h
= sup { [ @(Xo(r.) - D i) | 9 € COURY), gl <1
=t sup { [ ool 0)]  dluolx) | @ € CORY), oo <1}
RN
elll= - Jug|(RY).

IN

IN

(d) Let ¢ € C°(RM) be an arbitrary function with [|@]l. < 1, ||[Vol. < 1.
Due to Proposition 46 again, we obtain for every to € .# (RY) and t,h € [0, 1] with
t+h<1

fo @

(ﬁ///(RN) (t+h, to) — O ywny b, Ho))

d b,c
= [ h [ 00 0. bl w)0) ds
- [ /( mw+¢wmwwwmmm¢mw ds
s/’ (1991 Ibll + 1911~ lcl-) [ 0, b.c(5: 10)|(RY) s

IN

(Iblle + flefl--) ell="|o| (RY)
as a consequence of statement (c). The supremum with respect to all these functions
@ leads to claim (d) about Pz (9 4@ b, (1, Ho)s O &Ny b, (1 4Py Ho))-

(e) Let ¢ € C2(RY) again denote any function with [|¢[l« < 1, |[Vo|. < 1.
Then, any measures Ly, vy € . (RV) satisfy at every time & € [0, 1]

/RN @ d (B 4@v),p,c(h Ho) — O ymn) b (1 Vo))
h
_ /RN o(Xp(h,x)) - exp(/o (X (s,2)) ds) - d (o — vo) (¥)

< el Ptlelyi)t g (1o, vo)
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Indeed, the last estimate results from Proposition 43 (1.) (on page 134) because the
composition

v RY — RV x v o(Xp(h,x)) - exp(/oh c(Xp(s,x)) ds)

is continuously differentiable with compact support and, Lemma 45 (on page 137)
implies

Wil < [l = < elicl="
19yl < 9 (19l 195000, o+ gl - [ 19l [V, ) )
< ellell=h (eLip by p 2 b-h)
< el btlel=) (1 4 p Vel

otip btllelle) B ||Vee

(Lip b+ lclly1.) i

IN

= e

The supremum with respect to all ¢ € C*(R") satisfying ||¢[|« < 1, |[V@[|. < 1
leads to

p///(ﬁ///(RN),b,c(}L ‘U()), ﬁL//(RN),b,c(ha VO)) < e(Lip bt(elly1,00) B p‘//l(.UOaVO)

(f)  For estimating pk//;(é‘//,(RN%b’C(h, o), 19‘//[(]1%,\,)75_’5(}1, o)) with any g €
A (RN) and h € [0,1], we again choose an arbitrary function ¢ € C*(RY) with
o]l <1, |IV@|l < 1 and consider now an appropriate convex combination  :
[0,1] x [0,1] x RN — RN:

(A, h,x) == @(A Xp(h,x)+(1—2)X;(h,x)) - o8 (X () + (1=A) E(X () dr
Obviously, v is continuously differentiable and, Lemma 45 (on page 137) ensures
8 -max{||c c
|57 Wk < IVolle [Xnh,) =Xy, )| - e mextlel=lel-)
h
el - / le(Xn(r,-) — &(X; (1)) || dr et maxtliel= I}
0
< |[b—Dblfe h bk max{liclle ]}
+h (|le =l + [[Vellollb = bllo 710 P hmaxtliclefe]-}
< (b =Bl Vel 1 e = [|.) Rl (Lin rmax{el 2]-)

Hence we obtain

/RN ® d(0 4@y)p,c(h o) = D 4y 5 (1 Ho))
= [, (k) = y(0.h0) dpo()

/RN /01 9 y(hx) dA dpo(x)

177 vonll. ol (RY)
(IIb =Dl "IVel= 4 ¢ — ) fr he b brma{lellEl=d) || (RV). O

IAN

IN
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2.5.3 Conclusions About Nonlinear Transport Equations

Now we exploit the preparations and draw some conclusions about the nonlinear
transport equation of Radon measures — in the mutational framework. Here Euler
compactness plays the role of a key ingredient to existence, but its slightly technical
proof is postponed to the end of this section (on page 144).

Lemma 52. The tuple ((//Z(RN), oz, |- I(RY), @(///(]RN), Py | |(RN)))
is Euler compact (in the sense of Definition 15 on page 112), i.e.

choose Wy € 4 (RN), T >0, R > 0 arbitrarily and let N/ = N (Uy, T,R) denote
the subset of all curves [ (-) : [0,T] — .# (R constructed in the following piece-
wise way: Choosing an arbitrary equidistant partition 0 =ty < t; < ... <t, =T
of [0,T] (withn>T) andby ... b, € WE=(RN RN), ¢ ... c, € WI=(RN,R) with

max { by, lellwi= [ 1 <k<n} <R,
define u(-) : [0,T] — E, t — U as
He i= Q%(RN%bk:ck (t_tkfl’ ufk—l) for telny,u), k=1,2...n.

Then at each time t € [0,T], the set {y; | u(-) € ¥} C #(RV) is relatively se-
quentially compact with respect to the W' dual metric p_.

Furthermore, the set of all measure values of A (U, T,R), i.e.
{u |1 € 0.1, k() € N} C ARY),
is tight.

Theorem 53 (Existence of solution to nonlinear transport equation).

For f=(f1,f5) : A (RY) x [0,T] — WL=(RN,RV) x Wh=(RN R) suppose

(@) supy, (1Dl + (0 [y1) < oo

(ii) £ is continuous in the following sense: For £'-almost every t € [0,T] and
any sequences (tw)m, (Lm)m in [0,T], 4 (RN) respectively with t, — t,
P-4 (s 1) — O form — oo and sup,, || (RY) < oo, it fulfills

f( W t) — £(u,t) in L°(RV,RV) x L=(RN,R)  for m — oo.

Then for every initial Radon measure lg € 4 (RN), there exists a solution
u(:): [0,T] — 4 (RN) to the mutational equation
HO) 3 D) w0 i),
onthe tuple (M (RY), p.z, |- |[(RY)) with 1(0) = o and, all its values in /4 (RV)
are tight.
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Furthermore every solution u(-) : [0,T] — .# (RY) (to this mutational equation)
with tight values in .# (RN ) is a narrowly continuous distributional solution to the
nonlinear transport equation

iy + dive (F1 (e, 0) ) = foa(e,t) te in RN x 10,7

in the sense that
[codu— [ oduo= [ [ (Vo) s+ o)) dusx) ds

for everyt € [0,T) and any test function ¢ € C=(RN,R).

Corollary 12 (on page 108) provides sufficient conditions for the uniqueness of
solutions to mutational equations. Moreover, the comparison principle in Proposi-
tion 47 (2.) (on page 138) implies uniqueness for the linear (but) nonautonomous
transport equation. The combination of these two results leads to uniqueness of
measure-valued solutions to the nonlinear transport equation:

Theorem 54 (Uniqueness of solution to nonlinear transport equation).
For £=(f1, /) : #(RY) x [0,T] — WI=(RN RV) x Wl (RN R) suppose

(i) supy, ([[f1(e0) e + 220 [r) < o
(ii) fis Lipschitz continuous with respect to state in the following sense: There

exists a constant X > 0 such that for £"-almost every t € [0,T] and every
Ho, U1 S ‘%(RN)a

Hf(‘ll(),t) - f(.ul?t)Hoo < A P//l(an .ul)

Then for every initial yy € 4 (RYN), the solution u(-) : [0,T] — .#(RN)
to the mutational equation

H(G) 2 Ba@y), b ue), ), Hue),)
on the tuple (. (RY), p g, |- |(RY)) with p(0) = o is unique.

In particular, the distributional solution u(-) : [0,T] — .# (RN), t — y; to the
nonlinear transport equation

iy + dive (F1 (e, 0) ) = fa(est) pe in RV x 0,7

being continuous with respect to p_, having initial Radon measure [y € .4 (RN)

at time t = 0 and satisfying sup |u|(RY) < oo is unique.
t€(0,T]

Remark 55.  The two preceding theorems exemplify how to benefit from the mu-
tational framework appropriately. Indeed, the results of § 2.3 (on page 107 ff.) cover
a generalized type of solutions, namely to mutational equations. Theorem 53 reveals
the connection to the more popular concept of distributional solutions.
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On this basis, the results of § 2.3 lead to further statements about measure-valued
distributional solutions to nonlinear transport equations with delay or in systems
with other examples of mutational equations. We are not going to formulate them
in detail here.

Proof (of Lemma 52). In regard to Definition 15 (on page 112), choose
Uo € #(RN), T >0 and R > 0 arbitrarily and let .4/ = A4 (uy,T,R) denote
the subset of all curves p(-) : [0,7] — .# (R") constructed in the following piece-
wise way: Choosing an arbitrary equidistant partition 0 =1y <#; < ... <t, =T of
[0,7] (with n > T) and by ... b, € W (RN RN), ¢; ... c, € WI=(RN R) with

max {kuHWL‘”’ HCkHWl,oo ’ 1<k< n} < R,
define u(-): [0,7] — 4 (RN), t — p; as
U = d//l(]RN),bk.,ck (l*lk_l, .utk,1) for lG}lk_l,[k], k=1,2...n.

Then we have to verify at each time ¢t € [0, 7] : The set {t, | u(-) € A} C .4 (RV)
is relatively sequentially compact with respect to the W' dual metric p_.

As a consequence of Lemma 49 (c) (on page 139), the total variation |v|(R") is
uniformly bounded for all measures v € {y, | € [0,T], u(-) € #'} C .4 (RN):

VIRY) < T |uo|(RY).
Thus, due to Proposition 43 (4.) (on page 134), it suffices to prove that this set
{w|re0,1], u(-) e/} C.#(R) is tight.

For every € > 0, there exists a compact subset K, C R with |uo|(RV\ K¢) < €
Then,
| |(RV\ Brr(Ke)) < | |(RV\Bgi(Ke)) < €ef' < gefT

holds for all 7 € [0,T] and u(-) € A (Uo,T,R).
Indeed, we consider the underlying equidistant partition 0 =#) <t} < ... <t, =T
of [0,T] and by ... b, € WI=(RN RN), ¢ ... ¢, € WI=(RN R) with

Uy = 0k//l(RN)-,bk+l-,Ck+l (t*tk, ‘u'tk) for IS ]tk,tk_'_l}, k:O,l ...n—1.

Then, we obtain for each ¢ € |, 1] — via induction with respect to k

’lvtt ’ (RN \BRt(Ks))

= sup{ [ 0D 10, (0~ 1k ) | 9ECURY\Bru(Ke)), [lpll<1}
<sun{ [ Blix, o dHl0) e E| GECOURN\Bri(ke)), [16]-<1
<sup{ [ w0) du () R | ye CORN\ Bry (K)), 1yl <1}

= et tk |u ’ R \BRIk(KE))
O
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Proof (of Theorem 53).  The existence of a solution () : [0,7] — .# (R") to
the mutational equation results directly from Peano’s Theorem 18 (on page 114)
and Proposition 51 (on page 139). Its proof is based on Euler approximations in
combination with Lemma 52 (as presented on page 115 f.).

In addition, with R > 0 denoting the bound of assumption (i), Lemma 52 states that
the values of all Euler approximations in .4 (U, T,R),

{Vt ’t € [O,T], V() € JV(,U(),T,R)} C %(RN),
are tight. Thus for every £ > 0, there exists a compact set Ko C R satisfying
Vi (RV\Ke) < € forallz € [0,7] and v(-) € A4 (o, T,R).

Since the solution p(-) :  — g, is constructed as p_,-limit of Euler approxima-
tions, each measure i, is weak* limit of a sequence in {v; | v(-) € A (o, T,R)}
due to Proposition 43 (2.) and, the lower semicontinuity of total variation implies
| |(RV\ Ke) < €. Hence, {y |t €[0,T]} C.#(RV) is tight.

Now we provide the claimed link to distributional solutions.
Let pu(+) : [0,7] — # (RY), t — u; be a solution to the mutational equation

H() 2 D) (), (w0, )
with tight values in .#(RY). In particular, () is continuous w.r.t. p_, and,
R:=1+ sup,co 7 || (RY) < oo. Due to Proposition 43 (2.) (on page 134),
u(+) is narrowly continuous.
There exists a .#’' -measurable subset A C [0, T] such that ([0, 7]\ A) =0,
co ]
i 5 o (Beens 00w, 6y, ot (s 1)) =0
for every t € A and that assumption (ii) about the continuity of f is satisfied at every
time ¢ € A. Choosing the test function ¢ € C*(R",R) arbitrarily, we obtain

. 1 _
}l%l R /RN @ d(tin = O @)ty (), o (s ) = 0

for each t € A. The auxiliary function v :[0,7] — R, 1 +— /N ¢ d L is con-
R
tinuous due to the p_y-continuity of (-) and, it fulfills at every time r € A C [0, 7]

i VO W@
lim = lim 5 Lo @ A0 0000 s (s 1) = 1)
. S0 £t t) (X, () (s20) ) dis
=i [ (00 - 200 G +9)

~ 0x)) ()
_ /RN (Vo) ik, )(x) + o) foll, () d(x).

In particular, the last integral on the right-hand side is continuous with respect to ¢
for each ¢ € A. Thus, y : [0,T] — R is even absolutely continuous and, its weak
derivative is

Gv0 = [ (Vo) film 0w + o) flu.®) dul)
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for .#!-almost every 7 € [0,T]. As a consequence, ii(-) is a distributional solution
of

Oty + divy (Fr (1) ) = falllest) W in RYx 10, T

O

Proof (of Theorem 54).  Lipschitz continuity of f with respect to state implies
uniqueness of solutions to mutational equations according to Corollary 12 (on
page 108).

Now let p(-) : [0,T] — .4 (RN), t — , be a distributional solution of
iy + dive (F1(te,0) W) = ol t) Wy in RVx 10,7

that is continuous with respect to p, and satisfies sup; (o7 | | (RY) < oo,
Then we can show that p1(+) is a solution to the mutational equation

H() 2 D) (), (w0, )
on the tuple (#Z(RN), p.y, |-|(RY)) and thus, it is uniquely determined by
Uo € # (RY). Indeed, the composition

g: [0,7] — WI=@RNVRY)x WI=(RNR), 1 (fi(u.1), folur,1))

is continuous with respect to the L norm Lebesgue-almost everywhere in [0, 7.
Theorem 53 (on page 142) guarantees a solution v(-) : [0,T] — .#Z (RY), t — v,
to the mutational equation

o]

V() 2 Dy®y) (), ()

on the tuple (.#Z(RY), p_y, |-|(RY)) with vo = ity and, it is a distributional solu-
tions to the nonautonomous linear transport equation

a, vy + leX(g](t) Vt) = gz(t) Vi in RNX}O,T[
Finally the comparison principle in Proposition 47 (2.) (on page 138) implies
v() = (). O
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2.6 Example: A Structured Population Model with Radon
Measures over R = [0, o]

Now we focus on measure-valued solutions to a nonlocal first-order hyperbolic
problem on R(J)r S [0,0[ describing a physiologically structured population:

Oty + O (Fa(e,t) ) = F3(lhs,t) Ly, in Ry x [0,7]
Fy(u;,2)(0) 1, (0) = /W Fi (1) (x) dpy(x), in ]0,T]
Ho = Vo,

Avoiding structural restrictions on its coefficients, we specify continuity assump-
tions sufficient for global existence of distributional solutions, whose values are
tight finite Radon measures on ]Rar , and their continuous dependence on the given
data. These results can be easily extended to systems describing more than one
species because this problem is considered in the mutational framework.

2.6.1 Introduction

A Joint Framework for Both Continuous and Discrete Distributions:
Radon Measures

Global existence and stability of solutions to structured population models were es-
tablished for states defined in Banach space L' [94, 182]. In this case it was possible
to prove strong continuity and structural stability of solutions. However, it is often
necessary to describe populations in which the initial distribution of the individuals
is concentrated with respect to the structure, i.e., it is not absolutely continuous with
respect to the Lebesgue measure.

In these cases it is relevant to consider initial data in the space of Radon measures as
proposed in [137]. It covers both finite measures of the Euclidean space being abso-
lutely continuous with respect to Lebesgue measure and all Dirac measures that are
suitable for describing discrete distributions.

For linear age-dependent population dynamics, a qualitative theory using semigroup
methods and spectral analysis has been laid out in [137]. The follow-up work [59]
is devoted to constructing nonlinear models. Some analytical results concerning the
existence of solutions are given in [60]. All results there about continuous depen-
dence of solutions on time and initial state are based on the weaks* topology of
Radon measures. Moreover, there exist even simple counterexamples indicating that
continuous dependence, either with respect to time or to initial state, cannot be ex-
pected in the strong (dual) topology in general [60].

In this section, we use the W1 dual metric on .2 (R() as introduced in Def-
inition 42 (on page 134). It metrizes both weakly* and narrow topology on each
tight subset of Radon measures with uniformly bounded total variation according to
Proposition 43.
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Furthermore bounded Lipschitz continuous test functions have proved to be
particularly useful for investigating continuity properties of solutions to the linear
subproblems here in § 2.6.2.

In general, using a dual norm can be interpreted in regard to modelling biological
processes. The basic notion of weak* topology is to compare features of two linear
forms individually. Considering the dual space of any topological vector space, the
features of interest result from the effect of a linear form on each vector separately.
Here we use Radon measures i,V on Rg in combination with bounded Lipschitz
continuous functions ¢ : R — R. Then ¢(x) indicates the relevance of each struc-
tural state x € R and, the integral ng ©(x) d(u—v)(x) reflects how much y and
v differ from each other in regard to this weight function ¢.

Restricting to bounded Lipschitz continuous functions instead of any real-valued
function vanishing at infinity, however, is based on our interest only in those weight
functions ¢ : Ra“ — R being not too sensitive with respect to structural state. For
modelling biological systems, it is not recommended to take features into consider-
ation which are extremely sensitive with respect to the structure parameter.

The Nonlinear Model of Physiologically Structured Population

The structured population models considered in [94, 182] focus on solutions u(-,¢) €
L (R§) to first-order hyperbolic problems of the general form

Oru(x,t) + O (Fa(u(-,1), x,t) u(x,t)) = F3(u(-,t),x,t) u(x,t) in Ry x [0, 77,
Fy(u(-,1),0,t) u(0,r) = /W Fi(u(-,t), x,t) u(x,t) dx in 10,71,

u(x,0) = uogx) in R}

Here x denotes the state of individuals (for example, the size, level of neoplastic
transformation, stage of differentiation) and u(x,¢) the density of individuals being
in state x € R at time . By F3(u,x,) we denote a function describing the individ-
ual’s rate of evolution, such as growth or death rate. F»(u,x,t) describes the rate of
the dynamics of the structure, i.e., the dynamics of the transformation of individual
state. The boundary term describes influx of new individuals to state x = 0. Finally,
uq denotes initial population density.

In the special case of the so-called Gurtin-MacCumy model, the coefficient func-
tions F; depend on the integral ng u(x,t) dx [182, § 1.3] and, additional weight
functions were taken into consideration later (e.g. [60]).

In this section, we investigate existence of measure-valued solutions i, € .# (RJ)
to the corresponding nonlinear equations

O e + Ok (Fa(ue,t) ) = F3(Us,t) Wy in Ry x [0,7]
B0 u(0) = [ R0 dio 0,7 @1

0
Ho = Vo
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and their dependence on both the initial measure vy € .# (R} ) and three coefficient
functions Fy, B, Fs : A (R)) x [0,T] — WI=(RY).

In particular, there are no structural assumptions about the coefficients F; such
as linearity with respect to the measure ;. Furthermore, the partial differential
equation and the boundary condition on ]0, 7| are nonlocal because the coefficients
depend on the whole measures as elements of the space .# (Rg ) —and not on their
local properties in R} .

Problem (2.1) is interpreted in a distributional sense: The wanted solutions are
weakly* continuous curves {i : [0,7] — .#(R{) = CJ(R{)’ satisfying the prob-
lem in a distributional sense, i.e. in duality with all test functions in C* (R x [0, 7).
The additional assumption F; (-) > 0 guarantees that positivity of initial measure vy
is preserved by the solution g, constructed here. This feature is of particular interest
for modelling population dynamics. The main results of this section are:

Theorem 56 (Existence of solutions to nonlinear structured population model).
Suppose that ¥ : 4 (R§) x [0,T] — {(a,b,c) € W'=(R{)* | b(0) > 0} satisfies
(i) sup  sup |F(v,0)||p1e < oo

1€[0.T] ved (RY)
(ii) F: (A (R),narrow) x [0,T] — (W'=(R§)?, || - ||) is continuous.

Then, for any initial measure Vo € .H (Rg ), there exists a narrowly continuous dis-
tributional solution |t : [0,T] — .# (R) to the nonlinear population model (2.1)
with 1(0) = vp.

If, in addition, vy € A" (R) and Fy(v,t)(-) >0 foreveryv € 4" (Ry),1 €[0,T],
then the solution [1(-) has values in .4 (R).

Theorem 57 (Lipschitz contin. dependence of distributional solutions on data).
Assume that for F,G : # (R) x [0,T] — {(a,b,c) € WI=(R{)?| b(0) > 0},
() Mp := sup  sup  [[F(U,0)[ly1eggys < o
1€[0.T) pe.tt (RY)
Moi= swp s [G(0lyogin < =
1€0.T] pest (RY)
(ii) for any R > 0, there are a constant Lg > 0 and a modulus of continuity wg(-)
with |[F(it,5) ~F(V,0) sy < Li - par(,v) + or(lr —s)
forall u,ve.#(R§) with |u|(Ry), [v|(R) <R
(iii) G: (M (RS),p.r) X [0,T) — (WH=(RS)3, || - ||) is continuous.

Let u, v :[0,T] — .# (R() denote p_4-continuous distributional solutions to the
nonlinear population model (2.1) for the coefficients ¥(-),G(-) respectively such
that sup, |l|(RJ) <eo, sup, [V|(R}) < e and all their values are tight in .4 (R}).

Then there is C = C(Mp, Mg, |to| (RS ), |vol(Ry)) € [0,00[ such that for allt € [0,T],

pu(bve) < (par(bo,vo) +Ct - sup  [[F() = G(,-)[|) €.
M (RE)x[0,T]
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Comparison with Earlier Results of Diekmann and Getto

Model (2.1) is a generic formulation of a nonlinear single-species model with a
one-dimensional structure. The model was considered by Diekmann and Getto [60]
in a case where the functions F; depend on the population density via weighted
integrals [ 7% (x)dy,. Diekmann and Getto proved the global existence of solutions
and their continuous dependence on time and initial state in the weak™® topology of
M (IR(J)r ). The results were formulated under the assumptions of Lipschitz continuity
of functions Fy, F> and F3 and the global Lipschitz property of the output function ¥.
For solving the fully nonlinear problem, Diekmann and Getto applied the so-called
method of interaction variables. The method consists of replacing the dependence
on the measure U incorporated in Fy, F> and F3 by input /(¢) at time ¢, and splitting
the nonlinear problem (2.1) into a nonautonomous linear problem coupled with
a fixed point problem. Indeed, their linear problem is determined by parameter
function I(-) of time and, it is solved by extending the concept of semigroup.

The feedback law relates the parameter function I(-) to the wanted solution and
thus provides a fixed point problem equivalent to the original nonlinear problem.
Appropriate assumptions about the coefficients lay the basis for applying Banach’s
contraction principle.

In this section, we investigate the nonlinear problem (2.1) in the mutational
framework. Similarly to § 2.5 about the nonlinear transport equation, the transitions
on (A (R]), p.u,|-|(Ry)) are induced by the underlying linear problem, i.e.

oy + (b)) =cly, in R x [0, 7],
bO O = [ adw, inlo.T) 2)
0
Ho = Vo.

with a(-), b(-), ¢(-) € W'=(R{) and 5(0) > 0.

The key estimates for this linear problem are obtained using the concepts of duality
theory applied to transport equations similarly in [64]. In subsequent § 2.6.2, the
smooth solution to a dual partial differential equation provides an integral repre-
sentation of a measure-valued solution 1 : [0,7] — .Z(R) to equation (2.2). In
particular, this solution exists and depends continuously on the initial measure vy
and on the coefficients a(-), b(-) and ¢(+).

In comparison to the approach of Diekmann et al. [59, 60], the connection with the
nonlinear problem (2.1) is not based on the contraction principle, but on Euler com-
pactness in the mutational framework.

It has the advantage that existence of weak solutions to the nonlinear population
model (2.1) does not require Lipschitz continuity of the coefficients Fi (-,¢), F(,?),
F3(-,1), but merely continuity. In addition, assuming Lipschitz continuity of the
model coefficients Fi (-,#), F>(-,t), F3(-,#) ensures uniqueness of the weak solution.
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Absolute values

Basic set E:=#R7)
the space of all finite real-valued Radon measures on Rg
Distances W= dual metric p y : A (R) x M (RJ) — [0,00]

P, v) = sup{/IR+ v d(u—v) |y eC'(R]),

W]y VY] < 1}
(in tight subsets, it is equivalent to the narrow topology, Prop. 43)

-] :==|-|(R§) total variation of the Radon measure

Transition

For each a(-),b(-),c(-) € WI=(R{) with b(0) > 0, define
ﬁa‘,b,c : [07 ” X %(RK) - %(Rg)v (h7 VO) = Hp

as the narrowly continuous distributional solution to the linear
autonomous problem

I+ 0k (D) = ¢y in Ry x [0, 1],
bO () = [ adw ino.1)
0
Ho = Vo

Compactness

Euler compactness: Lemma 69 (page 165)

Mutational solutions

Narrowly continuous distributional solution to the nonlinear
structured population model

o Uy + Ok (Fz(#n ) u) = F( in RY x [0, 7]
Fa(r0)( / (1) (x) de(x) in 10,7]
Vo

with tight values in .# (R*)

List of main results
formulated in § 2.6

Existence due to compactness (Peano): Corollary 71 (page 166)
Continuous dependence on data: Proposition 73 (page 167)
Extension to models with delay: Remark 74

Key tools

The measure-valued solution to the linear problem is represented
by means of a dual partial differential equation:
Definition 61 (page 153), Proposition 63 (page 154)

The dual PDE problem is equivalent to an integral equation,
which is an inhomogeneous Volterra equation of second type at
the initial point of time f = 0 : Lemma 62 (page 153)

The additional assumption a(-) > 0 about ¥, . preserves posi-
tivity of Radon measures: Corollary 64 (page 155)

Table 2.3 Brief summary of the example in § 2.6 in mutational terms:
A structured population model with Radon measures over Ry = [0, o[
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2.6.2 The Linear Population Model

Now we consider the linear structured population model

oy + o (b)) = ¢y in Rj x [0, 77,
bO w(©O) = [ adu o7, 23)
0
Ho = Vo,

where a,b,c : ]RO+ — R are bounded and Lipschitz continuous functions with
b(0) > 0 and, vy € .# (R ) is a given initial Radon measure.

Similarly to § 2.5.2 (about linear transport equations for Radon measures on RV),
we first assume b(-) € C'(R{) in addition and then extend the subsequent estimates
to b(-) € Wh=(R{) by means of L™ continuity (correspondingly to Remark 50 on
page 139). All proofs of the following results about problem (2.3) are collected at
the end of this subsection.

The Statements

Formal integration by parts motivates how to define a weak solution [0,7] —
A (Ry) to the linear problem (2.3).

Definition 58. 11 :[0,T] — .#(R{), t — L is called a weak solution to prob-
lem (2.3) if u is narrowly continuous with respect to time and, for all test functions
¢ € CLRY x [0, T)) NWE=(R} x [0,T]),

/ ¢(x.T) dir (x) / @ (x,0) dvo(x)
_/ / 0rp(x,1) dy (x dt+// o Q(x,1) ()Jr(P(x,t)C(X))du,(x)dt

+/0 0(0,1) /Rg a(x) dy, (x) dt

Now the key point is an implicit characterization of the solution to the linear prob-
lem (2.3) by an integral equation exploiting the notion of characteristics. This so-
lution is derived for any initial finite Radon measure vy € .# (R and coefficient
b(-) € CHRF) NWE=(R]) with b(0) > 0.

Motivated by the application to population dynamics, we then specify a suffi-
cient condition on a(-) for preserving nonnegativity of measures, namely a(-) > 0.
The corresponding solution map can easily be extended to less regular coefficients
b(-) € Wh=(R}) as specified in Corollary 66 below (on page 156).

Remark 59.  Adapting Definition 44 (on page 137), each function b € W' (R, R)
induces the flow X, : [0,T] x R+ — R in the following sense: For any initial point
xp € R{, the curve X, (-, xp) : [0 T] — Ry is the continuously differentiable solu-
tion to the Cauchy problem
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{ 4 x(t) = b(x(t)), in [0,T],
X(O) = Xp € Ra_.

The additional property 5(0) > 0 ensures that all values of X}, are in Rj.

The local assumptions b € C'(RJ) NW'=(R;), b(0) > 0 and Gronwall’s Lemma
imply continuous differentiability of solutions to ordinary differential equations
with respect to parameters and initial data [92, 93, 181]. We summarize in the
counterpart of Lemma 45 (on page 137):

Lemma 60. Ifb e C (RJ)NWI=(R)) and b(0) > 0, then X, : [0, T) x Rf — R
is continuously differentiable with

(i) 110X (t, )|l < ellobl=r,
(ii) Lip d:Xp(-,x) < ||04be ellFl=T
(itd) 1 Xp(1,) = X5(t, ) < b= DBlleo 1 el¥PI=" for any b e W'=(R{), b(0) > 0.

For every weak solution y1 : [0,7] — .#(R]), integration by parts provides a
characterization using a dual problem in the form of a partial differential equation:

Definition 61. Let y € C'(R))NW1=(R)). We call ¢, € C'(R] x [0,7]) the
solution to the dual problem related to y(-) and ¢ if it satisfies

{81(;),7w+b(x) O @y +c(x) @y +a(x) 9 y(0,7) = 0 in Ry x [0,1], o

Gry(,1) = v in Ry.

The formulation of the dual problem is particularly useful as tool for proving exis-
tence of weak solutions. Knowing the solution to the dual problem, the solution to
the linear problem (2.3) is given by the integral formula explicitly stated in Propo-
sition 63. First we collect the properties of the dual problem though.

Lemma 62. Let a,b,ce W'(R{) and b€ C'(R{), b(0) > 0. Forany function
v e CLRS)NWI=(RY) and time t €]0,T], the solution ¢ := @y to the related
dual problem (2.4) is unique and, its equivalent characterization is given by the
integral equation

o(x,7) = Y(Xp(t—1,x)) - olt cXp(r=1,)) dr
t S
+ / a(Xb(S — T,_x)) (p(07s) ef‘[ C(Xb(r777x)) dr ds_ (2'5)
T



154 2 Adapting Mutational Equations to Examples in Vector Spaces

Moreover, for any t > 0 and y € C'(R}) N"W'=(R{) fixed, the following holds

@) ©(0,-) : [0,t] — R is a bounded and continuously differentiable solution to
the following inhomogeneous Volterra equation of second type

0(0,7) = y(Xp(t—1,0)) et cXolr—0) dr
! s
+ / a(Xp(s —1,0)) @(0,5) els Xelr=r0)dr gg (26)
T

with 00w < sup [w(2)] - (1+[laflr) ellal=tel=)r

2 |bllot
102¢(0, )| < const([la[y1e, [|Bl|ee, [le]lypr) - max{ ([ yle, [|0x W} -

2 lall=tllell)t (1 4 ).
(ii) @(x,-) : [0,t] — R is continuously differentiable for each x € R§ with

[0z (x, )|l < const([|allyie, [[b]l, [cllyr=) - max{[[y|[-, |dxy[-}
2 lalt el (1 44y,

IN

(iii) @(-,7) : Ry — Reis continuously differentiable for every T € [0,t] and satisfies

10, 7)o < || W] €2l lell)t
19:0(, Tl < max{]|osy]|e, 1} emxWlle1}3alyr ot 1bloctlellyr o)t

(iv) For every t >0 and y € C'(R)) NW'=(R{), there exists a continuously dif-
ferentiable solution @ : R x [0,f] — R to integral equation (2.5). It is unique
and has the regularity properties stated in parts (ii) and (iif).

(v) If additionally w € C*(RJ) NW2=(R(), then dx@(x,-): [0,/] — R is Lips-
chitz continuous and, its Lipschitz constant has an upper bound depending only
on ||a|lyie, 1bllwie, llcllwie=, |W|lw2e and, in particular, on t in an increas-
ing way.

Proposition 63.  Let ¢,y € C' (R x [0,1]) denote the solution to the dual prob-
lem (2.4) or equivalently, the integral equation (2.5) foranyt > 0 and y € C'(RJ )N
Wi=(R{). For any Radon measure o € M (RS), let p: [0,T] — 4 (R]),
t — U be given by

[ vdu / 01y (x,0) o (x). @.7)

Then

(i) U satisfies the following form of the semigroup property for every 0 <s <t <T
and y € C' (R NWI=(RS) :

/ w(o) d (x / Q1 (x,5) ity (x). 2.8)
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(ii) t — / . Wdu is Lipschitz continuous for every y € C'(R)NWE=(RY) with
IRO
Lipschitz constant < const(Hanm,Hwa,Hclem,T) Nwllwr= [to|(RY).
Furthermore, | |(Rf) < e2Ulal=tlecl=)t 01 (RT).

(iii) U is a weak solution to the linear problem (2.3) (in the sense of Definition 58).

(iv) For any ¢ € C°(R{) such that supp ¢ C [||b||wt,0[, the following estimate
holds with ¢ (x) := sup,, 9(z) :

[ 0t bllet) dlpole) > e =1 [ 0x) ().
RO ]RO

We can also exploit the preceding properties to demonstrate that nonnegativity of
finite Radon measures is preserved.

Corollary 64. Under the additional hypothesis that a(-) > 0, all values of the
weak solution 1 : [0,T) — .# (R]) presented in Proposition 63 are nonnegative
Radon measures for every nonnegative initial measure Uy € M (R(}L ).

The preceding results provide more information than just the existence of solutions.
Using the construction of Proposition 63, we obtain a continuous solution map for
the linear problem (2.3). Furthermore, these solutions depend continuously on the
coefficients a(-), b(-), c(-).

Proposition 65.

Let a(-), c(-) € WI=(R{) and b(-) € CHRJ) NWI=(RY) satisfy b(0) > O.
The weak solutions to the linear problem (2.3), characterized in Proposition 63,
induce a map

Ve [0,1] x A (R]) — A (R]), (1,10) —
satisfying for any Ug, Vo € ///(]Ra’), t,h €[0,1], a,c € W'=(R]), EECI(Ra’) N
Wh=(RS) with t+h <1, b(0) >0

(i
(ii
(i) | Oup.c (h, o) | (R < |uo|(RE) - e lalltlels)

) Vabe(0,) =1d 4 gy
)
)
() Pt (Vapc(t, M0), apc(t+h o)) < - C(llallyr, [1B]les, ll€llyr) - [ o] (Ry))
) p.
) p.

abc(h ﬁabc(t ,U())) = 1947b7c(l‘+h,‘u0)

(v ( Oape(h o), Oapel(h Vo)) < ph%('uon/o).e3(”a”Wl.m""Habuw‘FHCHWI.w)h

(Vl ( abC(h l“LO) z;(hJJO)) h ||(a,b,c) _Saazaa||m 6 ‘NOKR(T)
with a constant C = C(||allyi=, l[ally1.=, Bl [Bllyr=s lellypres &)

(vii) If additionally a(-) > 0, then V4 ([0,1], 4+ (RY)) C A T(Ry)).

IN
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The additional hypothesis b(-) € C!(R{) is dispensable — similarly to Remark 50
about the linear transport equation in .2 (R") (on page 139):

Corollary 66.  For any functions a(-),b(-),c(-) € Wh=(Ry)) satisfying b(0) > 0,
amap Vqp.: [0,1] x A (RT) — A (R) can be constructed in such a way that
up.c(-s o) is a weak solution to the linear problem (2.3) for each py € # (R()
and the statements (i)—(vii) of Proposition 65 hold for all Ly, vy € A4 (Ry), t,h €

[0,1], @,b,¢ € Wh=(R}) with t+h <1, b(0) > 0.

In terms of the mutational framework, we have obtained the following statement as
main result of § 2.6.2:

Corollary 67 (Transitions due to linear problem (2.3)).
For arbitrary functions a(-),b(-),c(-) € Wh=(R{) satisfying b(0) > 0, the corre-
sponding solution map of linear problem (2.3)

Dape 1 [0,1] x A (R)) — A (Ry)

is a transition on (M (RY), p.a, |- |(R)) with
*(ape; 1) = 3([lallwre + [[9ebllee + [[€]lpr-)
B(Bape; 1) = Clllallwie, Dl llellwr=) - 7
¥ abc) = 2(Han+H0|| )
D(Vyp.c, ﬁiib = < H (a,b,c) a,b,E)”>°

From now on, the set of these transitions on (M (R, p.«, |- |(Ry)) is abbreviated

The Proofs About the Linear Population Model

Proof (of Lemma 62 on page 153).
We start with the proof of integral characterization (2.5). Fix ¢ > 0 arbitrarily. For
any b € CH{RI)NWI=(RS),c€e Wh=(R}) and f € WL=(R{ x [0,#]) with 5(0) < 0
and every y € C! (R§), the semilinear initial value problem
{815()@1) + b(x) & (x,T) + ¢(x) E(x,7) + f(x,7) =0 in R x [0,1]
6(70) =y in Ra—

has a unique solution & € C! (]Rg x [0,t]) given explicitly by
E(x,7) = w(X_j(1,x)) - e 0 X glemra)dr
T ~
7/ f(Xig(T*S,x), s) - Ji e (t—rx)) dr ds.
0

This explicit representation of & (x, T) results from the classical method of char-
acteristics. It was presented by Conway [49] for the corresponding problem in R"
instead of Rg. Since b(0) < 0, i.e., Rg is invariant under the characteristic flow of

—b(+), the expression obtained in [49] can be restricted to RS-
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Substituting @(x,7) := & (x,7 — 7) yields the solution to the corresponding partial
differential equation with an end-time condition and the coefficients b(-) and ¢(+)
satisfying b(0) > 0. Indeed, let >0, b € CL(R)NWI=(R{), c e WI=(R{) and
feWh=(R} x[0,7]) be arbitrary with »(0) > 0. For any function y € C'(R}),
the semilinear partial differential equation
drp(x,7) + b(x) (x,7) + ¢(x) @(x,7) + fx,7) =0 in Ry x[0,1],
¢(1) =y in Ry,
has a unique solution ¢ € C! (Rg x [0,2]) explicitly given by

O(x,7) = Y(Xp(t — 7,x)) - el Kolrmr0) dr

4 S
+/ F(Xp(s —1,x), 5) - ele CHlr=m)dr g
T

Applying this resultto f(x,7) = a(x) (0, T), we obtain the equivalence between
equations (2.4) and (2.5) for every function ¢ € C! (R§ x [0,7]) (with Lipschitz con-
tinuous @(0,) : [0,7] — R).

Now we proceed with the proof of the statements (i)—(v) of Lemma 62:

(1) Volterra equation (2.6) results directly from equation (2.5) by setting x = 0.
The upper bound of |¢(0, )], restricted to [0,z], is a consequence of

!
900 el < sup [y N+ Jall [ |p0.9)] ell-sds
z<|bll-t T

and Gronwall’s Lemma (Proposition A.1 on page 439).

Moreover, the right-hand side of Volterra equation (2.6) is continuously differen-
tiable with respect to T and thus, ¢(0,-) € C'([0,¢]). The product rule reveals that
at every time 7 € [0,7]

|7 0(0,7)]
< el 6D (|- b+ 1Yl (llclat (=) [l [B]1-) )
+ =09 (Jlal |90, )|+ (1—7)- (HfMHw 1B]]ex [[@(0; )|
alle 190, )l (llellt 11kl 18] ) ) ).
(i)  For arbitrarily fixed x € R, ¢(x,-) : [0,z] — R is continuously differen-
tiable since it satisfies the integral equation (2.5) and @(0,-) is continuous. The

upper bound of the derivative ||dz@(x,-)||- results from considerations similar to
the conclusions concerning sup|d; ¢(0,-)| in statement (i).

(iii)  The upper bound of ||@(-,7)||- results directly from the integral equa-
tion (2.5) and property (i):
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190,Dll= < [¥ll= (=4 [l (14 flalls) el s elel=s )

< 1l (1= + 1] / (14 (lallo 42 ] )s) =2 1el) )

= ||y ( lell=t 4| g||os ¢ ellall=2lcl)- )
< [y elell=+2lel-)- (1 + llallt)
< y|we (21lallet2lclleo) -

The last inequality results from 1+ s < ¢° for all s > 0. The form of the right-
hand side of integral equation (2.5) ensures that ¢(-,7) : Rg — R is continuously
differentiable for every 7 € [0,7]. Furthermore, for every x € Ry, the chain rule and
Lemma 60 (on page 153) imply

% o(x, r)’ . ellell= (7t

1
0l - 12— e+ (Ve [ 19l - 0=z )] dr
1 s
+ [ (19l 10Xo(s=2.ll + llalle [ kel - 0K (1.} dr)
9(0.9)] ds.

and thus due to property (i),

10:0][o < | Qcw]]eoe10Pl=Hlell=)t | sl || Dy oo 1P l=Hlell=) 4
4 |yl e (21|aljoot[| OBl o2 [ ]]o0) (HaaH [l Bsc] ¢ )

(2 lalleet | Oxblleat2 |c]leo) ¢

< max{[yll.1} e
2

(14 1Wlle (195l + [sall) £ + 1Yl e 1Ol 5 )
< max{[|Oxy|lw, 1} - emXUIWll=1d-3 (lallyrtl0blltlielyr =)

(iv)  Volterra equation (2.6) has a unique continuous solution, since the integrand
is Lipschitz continuous with respect to @(0,s) [173, 181]. It induces directly the
unique continuously differentiable solution to equation (2.5) and thus equivalently
to dual problem (2.4).

(v)  This feature results from differentiating equation (2.5) with respect to x.
Indeed, due to Lemma 60 (on page 153), the functions [0,7] — R, t — d, X (¢, x)
are uniformly Lipschitz continuous for all x € Rg . O

Proof (of Proposition 63 on page 154).
(i) Choose arbitrary 0 < s <t < T and y € C'(R]) "W (R]).
Let & € CY(R{ x [0,5]) denote a solution to the semilinear differential equation
0:&E+b(x) & + c(x)E+a(x)E(0,7) =0 in R} x[0,s],
g('?s) = (PIJI/('?S) in R(J)ra
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or (as an equivalent formulation) to the integral equation for (x,7) € R x[0, ]
é(x, ‘L') _ (Pt,y/(Xb(S o T,x), S) . efT“ c(Xp(r—1,x))dr
N
+ [al(o—.0) £0,0) Ff w0 4o,
T

According to Lemma 62 (iv), such a solution exists and is unique since @ y(-,s) is
continuously differentiable and bounded in W' (R7). Thus, & = @1y (-,") gt v 0.

and, using the duality formula (2.7), we conclude that
Jo v @) = [0 (0) driot
f 60 diot) = [ gt duso)

(i)  The total variation of L, can be characterized as a supremum [5, Proposi-
tion 1.47]. Therefore, due to Lemma 62 (iii),

wl®) = swp{ [ u) dwl) | ue®), Jul.<1})

= sop{ [ uw du  [uecl®), Jul.<1

}
27) sup{/R+ @ u(x,0) d Uo(x) ueCe(Ry), [lull < 1}
J

0
sup{||<p,u<-,o>||w ol (R)
< e Ual=llcll=)t | o (R ).
For arbitrary 0 < s <t < T and y € W'*(R) NC!(R), we obtain

‘/Rg vdpy /Rg vdys| = ‘/W Gy (x,s) dpts(x / Gy (x,1) dis(x )]
Pry(x.5) - q»,w(x,n\ a0

0
Js

(t—5) (19 @1, yll- sl (RE).
Lemma 62 (ii) implies Lipschitz continuity due to v € W1=°°(]Ra‘).

AN

ueCHRY), flull-<1

IN

IN

(iii) First we focus on autonomous functions y € C2(R} ) N"W>=(IR{) and prove

lim %'(/ﬂduz—/yduth) = /W(b-axw+cw+aw(0))duz

hl0O
for any ¢ €]0,T]. Indeed, statement (i) implies forany 0 < h <r < T

/wduz /‘l/dlith =/R+“’ﬂx”,f+”duth(x)~
0

In particular, Lemma 62 (ii) and (v) provide upper bounds for the W !> norm of

Rg SN R, X — ‘PI.V/(XJ_:) — y(x)

t—h .
|20 < const(lallyie 1Bl liellwi=s T) - Wiy,

O @ry (- 1—=h) — Ay () H
7

which depend on || y||y2., but not on ¢,

_ < const({laflyres [[Bllwres l[ellwres T [[Wllwae)-
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Hence property (ii) provides a constant C({|a||y 1=, [|D|ly1=, [[c|lwie: | W|ly2e,T)
such that for every i €10,1],

1 — — Py (oi=h) = y(x) . +
’h (/ngd“’ /Ra‘l/dlith) /RS 7 dut(x)‘ < C-h-|uo|(Ry).

In regard to the limit for / | 0, we conclude from ¢y, € C'(R{ x [0,7]) solving
the dual problem (2.4)

im L. _ — Pry(xi—h) = y(x)
}5% 7 (ngdut /R arl//dut—h> }11% - 7 d i (x)

/Rg (b~8xq/+cq/+aq/(0)> du,.

Finally we will provide the missing link to weak solutions to the linear prob-
lem (2.3) in the sense of Definition 58 (on page 152). Indeed, for any smooth test
function ¢ € C(R{ x [0,7]), the auxiliary function

C:0T)x 0.7 — B (s0) — [ () du()
has continuous partial derivatives '

§en = [ (p-aotn ot +ao0n) du,

o6n = [ APL) di)

Hence, {(-,-) € C'([0,T] x [0, T]). Due to the chain rule, the function [0,T] — R,
t — {(z,1) is continuously differentiable with

G = [ (b:acon) +coln) +ap0.n) du+ [ ae(.0) du

0
Thus, p(-) satisfies the integral condition on weak solutions for all smooth test
functions ¢ € C°(RJ x [0, T]). This property is easy to extend to all test functions
¢ € CY (R} x [0,T])NW1=(R} x [0,T]) by means of continuity with respect to the
W1 norm.

(iv)  supp¢ C [||b]|«t,0[ implies ||¢;,¢(0,)||«. = O due to Lemma 62 (i). Hence
the integral equation (2.5) for ¢; 4 simplifies to

Go(x,7) = 0 (Xp(t—1,x)) ot e(Xy(r—,0))dr
for all x € Ry and 7 € [0,7]. Finally, we conclude for o(x) = sup.<, #(2)
cllellet /}R+ O (x+1 bl dlpo|(x) > /R+ (X, (£,x)) el Xl dr g 101 (x)
’ 0
> /+ ¢(Xb(t,.x)) ef(gc(xb(r.,x))dr dIvLO(X)
RO

= [ ool 0)duot) = [ o(s)du(o).
O
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Proof (of Corollary 64 on page 155). The construction of i, via equation (2.7)
implies that nonnegativity of measures is preserved if we can ensure that

V)20 = @y(.0) > 0.

Setting x = 0 in the integral characterization (2.5) of ¢y leads to the Volterra
equation (2.6) for ¢y (0, -). In particular, supposing y/(-) > 0 implies

o0, > [ a((s-0)) uy(0.5) ST g
The additional hypothesis a(-) > 0 guarantees for all 7 € [0, 7]
max{O, —@ry(0, ’L’)}
< max{O, — /Tta(Xb(s— T,O)) @,y(0,5) el c(Xp(r=7,0))dr ds}
S/Tta(Xb(sf’L' 0)) max{0, — ¢ y(0,5)} e Ji cXp(r—20))drgg

and, we conclude from Gronwall’s Lemma (Proposition A.1 on page 439) that
@y (1) = w(-) =0 implies max {0, — ¢ y(0,-)} = 0, i.e. ¢y (0,-)>0. O

The next lemma is very useful for proving Proposition 65 (vi) afterwards because it
provides a link between two solutions to the dual problems for different coefficient
functions a(-),b(-),c(:) and a(-),b(-),c(-) respectively. Appropriate convex combi-
nations lay the foundations:

Lemma 68. Suppose a, a, ¢, ¢ € W'=(R]), b, be C'(Ry) NWE=(R]) with
b(0) > 0 and b(0) > 0. Fixing t €]0,1], A € [0,1] and y € C'(RJ)NWI=(R{)
arbitrarily, let ¢* € CO(R§ x [0,1]) satisfy the integral equation

efé(lc(Xb(rfnx» (1-2) &X; (r—7.x)) )dr
(A Xp(1=T0)+(1=2) Xz (1—7.x))

+/ (A a(Xp(s—1,0) +(1-4) d(X(s— 7,2))) - @*(0,5) -
Xef,(mx,,(r 7)) +(1-2) X5 (r—1,%)) )dr ds. (2.9

ot (x,7) = w’

Then, A — @*(x, ) is continuously differentiable for every x € Ry and t € [0,1]
and there is a constant C = C({|ally1, [|@lly1.=, [|bllw1.= [Dllw1=, l[ellwr, [€llwi)
such that

|50 (00| < € max{|ylle 0y, 1} (1= ) €0
% (lla—=allw+ b= bl + llc — ).
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Proof (of Lemma 68). Similarly to Lemma 62 (on page 153 f.),
0] —R, 7+ ¢*(0,7)

is a bounded and Lipschitz continuous solution to the following inhomogeneous
Volterra equation of the second type

0 1) — S (R (X% (r=2.0))+(1-2) E(X;(r—7.0)))dr
9*(0.7) Vf‘ )LX,,(t—r,O)-&-(l—?L)X;(’_T0)) ‘ b
t
+/ (2 a(Xp(s—17,0))+ ) @ (X;(s—7.0))) - 9" (0,5) -
—7.0)))dr ds.

 elt (A e(Xp(r=2.0))+(1-2) (X5 (r

The bounds on the L™ norm and the Lipschitz constant mentioned in Lemma 62 (i)
can be adapted by considering max{||al|y1, ||d]ly1.~} instead of ||a||y1~ and so
forth.

Furthermore, ¢*(0,7) depends on A in a continuously differentiable way [181,
§ 13] and, using the abbreviations @ := max{||a||e, ||a]|e}, € := max{||c]|co, ||€]|o}

’81 ¢ ( )‘ e—E»(t—T)
< (lowle (- 1.0)= X~ 7,0
vl (= 7) (et clo-sp o]z ~X;l(—<0)

+ [ (10309 (la= e+ 12l [%(s - 7,0) ~ X505~ 7.0))
10, 04 (0.9)] @

+197(0,5) - (=) (lle = €lleo+|xclleo SUP [Xp](—.0)= X (—z0) \)) ds.

[7.5]

Lemma 60 (on page 153) provides the estimate
1Xp(s,7) = X5, )loo < b= Bl|eo - 5 ellOPl=s
for all s > 0 and thus, Gronwall’s Lemma implies the bound
|2 040.0)] < Co- max {[yile. [0yl 1} - = 7) 000
x (la = all+ [1b = b+ [|c —]|.)

with a constant Co = Co([|allw1=; [lallwre, [Dllwie, [Bllwre [lellwie, [[€llwre)-
Integral equation (2.9) ensures that @*(x,7) is continuously differentiable with

respect to the parameter A. Similarly to the preceding estimate of ‘% 0*(0,7)],
the differentiation of equation (2.9) yields for all x € R{, 7 € [0,7]

‘%(Pl(x,r)‘ < C- max{||¥le, | Ox W], 1} - (t—17) €T
% (lla—alle + |6 = bl|es + [lc = |.).

with a constant € = C([lallyr.=. lallyr.=. [6ly1=. [Bllyi= el =, [Ellyr=). O
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Proof (of Proposition 65 on page 155). (i) Itis a consequence of equation (2.7)
in Proposition 63 (on page 154).

(i1) It results from equation (2.8) in Proposition 63 (i), which can be written in
the form

A V) dbs) = | enen) du) = | Py (0) duao).

0
for every y € C'(Ry) "W =(Ry ). In particular, @y, y(-,2) = @y y(-,0) results
from partial differential equation (2.4) characterizing @,y since all its coefficients
are autonomous.

(iii)) It has already been verified in Proposition 63 (ii).

(iv) Itresults directly from Proposition 63 (ii) and the definition of p_4(+,-):
P« (ﬂa,b,c (ta [.Lo), 19a,b,c(t + h> u0)>

= sup {/]Rar 14 d(ﬁa_’b_rc(lJrh,}lo) — 19a,b,c(t,.u{))) ’

yeC'®R), [wle<1, oyl <1}
const(|aflyr =, [1B]l=s llellyr=) - [Hol(Bg) - b

IN

(v)  Choose any y € C!(R{) with ||y|. < 1 and ||dyy|- < 1. Employing the
notation of Proposition 63, we obtain

L. v d(Ouselhpo) = Bupct ) = [ ony(x.0) d (o= vo) ()

and, due to Lemma 62 (iii), x — ¢y, (x,7) is continuously differentiable with
| @hy (1) |0 < e2lallotllelles) .
(| @y (1) |0 < o3 Ulallyreo+l10:Dlleotllelly1.00) B

Now Proposition 43 (i) about the W1 dual metric p.#(+,+) (on page 134) implies
o Pry(0) d(to—vo)
’ < p.u(to,vo) max 2 lalleotllellee) e3(||a||W|,m+H3bue=+HCHW1.w>h}
< p.u(tio, Vo) &3 Ulally1.eo 10Dl ot elly1.00) B

and thus,

p///(ﬁa.’b_’c(h’uo), @a,b,c(h,vo)) < p.a(to, Vo) - o3 (lallyr.eo+l10bllt el yy1.e0)
(vi) It is based on the estimate in Lemma 68 (on page 161) and therefore it uses
notation @*(-,-) for some arbitrary y € C'(RJ) with ||yw <1, | W] <1
(see equation (2.9)). Indeed, Proposition 63 (on page 154) implies that for every
Uo € #(Ry) and t € [0,1]
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/ llfd( Ve (t, lo) — 75(1,140)) = /R+ ((pl(x,O)—(pO(x,O)) dup(x)
0
1
= /}Rg/o 20*(x,0) dA  dpo(x).

Lemma 68 guarantees that for every x € Ra’
|7 o (5,0)] < €t e (la= et |l =Bl + e~ 2l-),

with a constant C = C([|ally1., [[@lly1.=, [Bllw1=, [Dllwre, el [[€llyi=)-
Now we obtain uniformly for all y € C1(R{) with || y|le < 1, [|0y y]le < 1

L. v d(Buneltgio) = 0550 00)) < €1 € ol (B
Ry N
(lla =+ [Ib— Bl + llc ~2.).

(vii)  If additionally a(-) > 0, then nonnegative initial measures lead to solutions
with nonnegative values in .# (R;]) according to Corollary 64 (on page 155). [

Proof (of Corollary 66 on page 156).

The solution map O, : [0,1] X .#(R}) — #(R) is continuous with respect
to the coefficients (a(-),b(-),c(-)). In particular, Proposition 65 (vi) (on page 155)
indicates that the distance between two solutions to the problem with the same
initial data but a different coefficient b(-) can be estimated by the L norm of the
difference in the values of b.

Therefore, we can extend our obtained results to the problems with coefficients
b(-) € WE=(RS) \ CH(RY). Indeed, CY(RY) NWI=(Ry) is dense in WI=(R)
with respect to the L™ norm and thus, any b(-) € W' 'f°°(]Rar ) can be approximated by
asequence (b"(-)), _ in C'(Rg) NW'=(Ry) converging to b(-) in L™ (Ry)).
According to Proposition 43 (3.) (on page 134), the subset of Radon measures
{we.#a®R)| Iul(Ry) < r} (with arbitrary r > 0) is complete with respect to
the W' dual metric p_, and, the sequence of solutions ¥, (7, o), n € N, has
uniformly bounded variation due to Proposition 65 (iii) (on page 155). The Cauchy
sequence (19“-,b"-,€(t’“0))neN has a limit O (1, o) € A (R]).

As a consequence, we can extend Proposition 65 to coefficients b(-) € W1=°°(RO+)
with 5(0) > 0. O

2.6.3 Conclusions About the Full Nonlinear Population Model

As main result of § 2.6.2, the linear population model (2.3) provides transitions
Ogpc(+,-) on the tuple (#Z(R7), p.s. |-|(R})) and, Corollary 67 (on page 156)
specifies the underlying parameters of continuity.
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Now we pass to the nonlinear problem

oMy + O (Fa(Ust) M) = F3(lst) Wy in Ra—x [0,7]
RO m0) = [ AE@due mor 2o
Uo = Vo

with F: 4 (R§) x [0,T] — {(a,b,c) e W=(R{)? | b(0) > 0} and v € 4 (R{))
given.
Due to Definition 58 (on page 152), u:[0,T] — # (R ), t — L is regarded
as a weak solution to this nonlinear problem (2.10) if it is narrowly continuous and
satisfies for every test function ¢ € C'(RJ x [0,T]) "W=(R{ x [0,7])
[, o) dur() ~ [ (x0) avo(x)

R{ R

0

:/OT/ 8,(P xaf)+ax(P(x>t)~F2(Hz,t)(x)+(p(x,t)~F3(/,L,,t)(x)) dys (x) di
[ o0 [ R0 duto d

Mutational equations (presented in § 2.3) serve as tools for proving existence,
stability and uniqueness of weak measure-valued solutions to problem (2.10). In
particular, we have to focus again on the relationship between solutions to the mu-
tational equation in (.#(Rg), p.z, |-|(Ry)) and weak solutions to the nonlinear
problem (2.10) (in the sense of distributions).

Let us formulate the main results of this section before giving all proofs in detail:

Lemma 69. The tuple (4 (Ry), p.us |- |(RG), O(A(RS), purs |- 1(RG))) is
Euler compact in the sense of Definition 15 (on page 112) :

For any initial measure [y € # (RS ), time T €)0,0[ and bound M > 0, let N =
N (o, T, M) denote the set of all measure-valued functions . : [0,T] — 4 (Ry)

constructed in the following piecewise way: For any finite equidistant partition

O0=19 <t <...<ty =T of [0,T) and n tuples {(a},b",c")}"_, C W'=(R])’
with — b5(0) >0,  [|d]|y1e+[1D]l[wre+[Ic}lwie <M foreachj=1...n

define 11 : 10,T) — A (R}), t — 1 by
W= ﬁtl?-,b?w? (lfljfl, ,lltj71> for te ]ljfl,lj], j=1...n

Then for each t € [0,T), the union of all images {y; | € A} C M (RY) is tight
and relatively compact in the metric space (M (R§),p.x)-

Proposition 70 (Solutions to the underlying mutational equation)
Suppose that ¥ : .4 (R§) x [0,T] — {(a,b,c) e whe (R+)3 | b(0) > 0} satisfies
(@) sup  sup [[F(v,7)[ly1e <oo.
te[0.T] ved (RY)
(i) F: (A (RS),p.nr) x[0,T) — (W'=(R§)?, || [|) is continuous.
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Then, for any initial Radon measure vy € M (]Rg), there exists a solution
w:[0,T] — #(Ry), t — Uy to the mutational equation

Mo Oriun
n (MRS, pas |- |(RS)) with tg = Vo and tight values in 4 (R(), i.e

(a) w(-) is continuous with respect to p_y,
(b) hm 3Pt (OF (). (). Fa () (B e )s Hein) = O for L'-ace. 1 €10,T],

(c) SUP e |(Rg ) < oo

0<t<T
If, in addition, vo € M T (R}) and Fy(v,1)(-) > 0 forevery v € 4 (RJ),1 €[0,T],
then this solution [1(-) has values in 4" (Ry).

Furthermore every solution i : [0,T] — # (Ry), t — I to this mutational
equation with tight values in M (R(}L ) is a narrowly continuous weak solution to
nonlinear population model (2.10).

The continuity conditions on F : . (R]) x [0,7] — W!'=(R})? can be formu-
lated for the narrow topology on .# (]Rar ) and, we obtain Theorem 56 (on page 149)
as a corollary:

Corollary 71 (Existence of solutions to nonlinear structured population model).
Suppose that F : 4 (R§) x [0,T] — {(a,b,c) € W'=(R{)* | b(0) > 0} satisfies
(i) sup  sup [[F(v,1)[lyre <o

1€[0.T] vet (R])
(i) F: (A (RS),narrow) x [0,T] — (W'=(R§)3, || - ||) is continuous.

Then, for any initial measure vy € M (Rg ), there exists a narrowly continuous
weak solution 1 : [0,T] — 4 (R to the nonlinear population model (2.10) with
1(0) = vo.
If, inaddition, vy € 4" (R}) and Fy (v,t)(-) > 0 forevery v € .4 (R}, 1 €[0,T],
then the solution |1(-) has values in 4+ (Ry).

Lipschitz continuity of the coefficient function F with respect to state measures
implies the opposite inclusion, i.e. every weak solution to population model (2.10)
is also a solution to the corresponding mutational equation.

Proposition 72 (Weak solutions solve the mutational equation).
Suppose that F : 4 (R§) x [0,T] — {(a,b,c) € W'=(R{)* | b(0) > 0} satisfies

() sup  sup  [F(v.0) e <o

1€[0.T] vet (R])
(ii) F: (AMRS),p.ar) < [0,T] — (W'=(RJ)?, || ||) is Lipschitz continuous.
Then every narrowly continuous weak solution @ : [0,T] — # (R]), t — L to
the nonlinear population model (2.10) with tight values and sup, |l|(Rg) < o

is a solution to the mutational equation Ijt S (g, in (AR, s |- |(RY)).
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We conclude uniqueness of weak solutions and their continuous dependence on
data directly from the more general Proposition 11 (on page 108) and Gronwall’s
inequality (Proposition A.2 on page 440). As a consequence, we obtain the estimate
stated already in Theorem 57 (on page 149):

Proposition 73 (Lipschitz continuous dependence of weak solutions on data).
Assume that for F,G : .4 (R]) x [0,T] — {(a,b,c) € W= (R} )3 b(0) > 0},
() Mp:= sup  sup  [F(u0)llyr- < e
1€[0.T) pe.tt (RY)
Mg = sup  sup G|y < o
1€[0.T] pe.#t (Ry)
(ii) for any R > 0, there are a constant Lg > 0 and a modulus of continuity wg(-)
with [F(t,s) = F(v.0) |« < Lg - pa(it,v)+ or(|i —s|)
forall p,ve . #(Rg) with |u|(Ry), [V|(Ry) <R
(iii) G: (M (RS),p.ar) % [0,T) — (WH=(R3)3,|| - ||«) is continuous.

Let 1, v : [0,T] — #(R}) denote p_y-continuous distributional solutions to
the nonlinear population model (2.10) for the coefficients ¥(-),G(-) respectively
such that sup, ||(Ry) < oo, sup, |vi|(R}) < o and all their values are tight in
MRY).

Then there is C = C(Mp, Mg, |tto|(R), [Vo| (R)) € [0, 0] such that for all t € [0,T],
pa (e vi) < (pa(o,vo) + Ct-sup [F() = G(:,)[l) €.
Remark 74.  Furthermore, Lemma 69 and Proposition 70 lay the foundations for
applying the mutational tools to a nonlinear population model with delay:
Ot + O (Go(ly—r.s 1) ) = G3(Wlp—z.5 1) My in Ry % [0,7]
Go(tlp-z,,)(0) 1 (0) = /Rg Gi((Up—z,q, ) (x) dpy (x) in]0,T]
Bli—z0 = Vo
with given initial data vy € BLip([—7,0], .Z(R), p.z, |- |(R{)) and
G :BLip([-7,0}, . #(R), p.z, |- |(Rg)) x [0,7] — {(a,b,c) e W= (R)* |
b(0) >0}

for a fixed time interval [—7,0] # @ (BLip is introduced in Definition 22 on
page 120). Indeed, p_,-continuous weak solutions are guaranteed by Proposition 23.

The Proofs About the Nonlinear Population Model

Proof (of Lemma 69 on page 165). Every subset of .2 (R) with exactly one

Radon measure is tight, of course. Therefore, Remark 41 (3.) (on page 134) provides

a nondecreasing continuous function ‘¥ : R(J)“ — R(J)“ with lim ¥(x) = e such that
X—00

. dlol <
IRO
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Setting £ :=MT > sup |b}||T, letus define yr : Ry — Roas
je{l..n}
__Jo for x <x,

Yrx) = { ¥(x—x%) for x> .
Obviously, yr is continuous, nondecreasing and thus nonnegative, but unbounded.
Considering any measure-valued function pt(-) € .4, Proposition 63 (iv) implies a
uniform integral bound for any function ¢7 € C°(R{}) satisfying |¢7| < yr and for
each time 7 € [0,T]:

/ or dy < e”C”NT/ wr (- +%) d|pol
Ry Ry

and thus / yr d|w|
Ry

IN

eHchT/ W dlgo| < oo

Ry

T [ dlp] < .
Ry

Therefore, the set of all values {u(t)|u € A",t € [0,T]} C .4 (R{) is tight due to
Remark 41 (3.) (on page 134).
Furthermore, all total variations |g;|(R;) are uniformly bounded, i.e.

sup e |l (Rg) <o
t€(0,T]

IN

as a consequence of Proposition 65 (iii), Corollary 66 and the piecewise construc-
tion of each u(-) € 4. Finally the assertion about compactness follows from
Proposition 43 (4.) (on page 134). O

Proof (of Proposition 70 on page 165).
Peano’s Theorem 18 (on page 114) guarantees the existence of a p_,-continuous
solution it : [0,T] — .# (R{), t — L to the mutational equation

HeD Dpiun)
with Uy = vp. Its proof by means of Euler method reveals that the set of all its values
{u |1 €[0,T]} C A (Ry) is tight — as a consequence of Lemma 69.
Suppose in addition that F; (v,t) € W!=(R{') is nonnegative for any v € .7 (R ),
t € [0,T]. Then the piecewise Euler approximations used in Peano’s Theorem 18
have nonnegative values due to Corollary 64 (on page 155). As .4 (IRE)'r ) is closed
in (# (R ),p.x), all values of the resulting solution  are also in . " (R ).

For the last step, let 1 : [0,7] — .# (R{), t — L denote any solution to the
mutational equation
HeS Opa)
with tight image in .#(R{). Then p : [0,T] — .# (R{) is narrowly continuous
due to Proposition 43 (2.) (on page 134).
We have to verify that y is a distributional solution to the nonlinear model (2.10).

Similarly to the proof for the linear model in § 2.6.2 (Proposition 63 (iii) on
page 154), we first choose an arbitrary test function y € C*(Ry}). Then,

¥ [0,7T] — R. IH/W w(x) duy(x)

is continuous because Proposition 43 (1.) (on page 134) implies
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[owdw = [ wan] < max {1 [yl [0} - puoi).
IRO IRO

The solution () is even Lipschitz continuous with respect to the W' dual metric
p.y due to Lemma 10 (on page 107) and thus, ¥ is Lipschitz continuous.
At Z!-almost every time ¢ € [0, T, the derivative of ¥ is

lIl/(t) = lim % . - v d(ﬁF(ﬂ[,ﬁ(h’nut)_lut)
0

because Proposition 63 (iii) (on page 154) ensures

” Vodiy, — /}R+ vdy - /Rg v d (Op(0 (b 1) — )

L d(llt+h Oy, )(h llt))‘

< max{l [Wlleos 102w} - Pt (Mees O ) (o i)
= o(h) for h | 0.
The special form of ¥, ) (h, ;) has the consequence

:‘I’—‘

mi [ /R (V) Filp1) () + 0 () - Falpa 1) (1)
FY () Fa(Hest) () By, (5,120) () s

for #!-almost every ¢ € [0,T].
Finally, this derivative proves to be an integral just with the Radon measure ; :

W) = [ (W0)-Fy ) )+ 0w Fapr) )+ ) Fs () () ).

Indeed, using the abbreviation M := sup  sup  [|[F(v,t)||y1~ < o, Propo-
1€[0.T] ve# (RY)

sition 43 (1.) (on page 134) and Proposition 65 (iv) (on page 155) yield for any

s€]0, 1]

‘/ ) Fi(es )+8xq/~F2(u,,t)+1//-F3(;1,,t)) d (O () (5, 1) — )

< const(M IWllwie) - P (Or(u o (s:1te), 1)
< const(M, || y||y1-) - const(M,sup, |uc|(Ry)) - s

The last representation of ¥/(¢) at .#!-almost every time ¢ € [0,T] leads to

/ ydpy —/ v dvy
//}R+ ) Fi (s )+8xw~Fz(ut,t)+w-Fs(ut,t)) dys ds

for every 1 € [0,7] and y € CZ(R}). The more general interpretation of non-
linear equation (2.10) using nonautonomous test functions ¢ € C' (R} x [0,7])N
W!=(R{ x [0,T]) results from the chain rule and the continuity with respect to the
W= norm in exactly the same way as for Proposition 63 (iii) (on page 159 f.). [
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Proof (of Corollary 71 on page 166). SetM := sup  sup [[F(v,1)||y1= <oo
tel0.T] ved (RY)

as an abbreviation and, consider the subset .4 (vy,T,M) of all Euler approxima-

tions [0, 7] — .# (R ) as specified in Lemma 69 (on page 165). In fact, the proof

of Lemma 69 (on page 167 f.) reveals that the subset

Ao = {u [t €[0,T], u(-)€ A (vo,T.M)} C A (Rg)

is tight and has uniformly bounded total variations. Hence, narrow convergence
and the W' dual metric p_, induce the same topology on Mo, C A (Rg) and,
o, is relatively compact according to Proposition 43 (on page 134).

Let Ao C A (Rg) denote the closure of o,r) with respect to p_,. In particular,

o,r] supplied with the narrow topology is a compact topological space metrized
by p.«- Due to assumption (ii) of this Corollary 71, the restriction

F: (‘/V[O.,T], P//l) X [OvT} — (W17w(Ra_)3, H : ||°°)
is continuous and, all corresponding transitions on (</V[0,T]7 P, |-1(R))) have

their values in 4o 7). This lays the basis for continuing with the same conclusions
as in Proposition 70 (on page 165). O

Proof (of Proposition 72 on page 166).  Suppose that
F: (AR]), p.ar) x [0.T] — (W'(RS), || [|--)
is Lipschitz continuous and bounded. Let yt : [0,7] — .# (R ), t — L, denote a

narrowly continuous weak solution to the nonlinear population model (2.10) with
tight values and  sup ||(R]) < .

te(0,T]
As a consequence of Proposition 43 (2.) (on page 134), u(-) is continuous with
respect to p_,. Now we still have to verify for .#!-almost every 7 € [0,T]

e 5Pt (Ox () (o) Hren) = 0.

Choosing any y € C'(R))NWI=(R{) with [|y]lw < 1, [0yl < 1, we conclude
from the definition of weak solution and Proposition 63 (on page 154 f.) respectively

‘/Rg v d (O, (1) — .ut+h>‘

t+h
/ (/}R+ (W(0) - Filut)  + 0w Faun,t) + - Fs(ui1)) diy
! 0

)

—/W (w(0) - Fi(s,s) + oy Fa(Us,s) + - F3(Us,s)) dus) \
5))
) -

t+h
< /t /W(II/(O)'FI(HS,S) + - Fa(Us,s) + v F3(Us,s)) d(w us)ds]
0
+ h - const(||yllyie, LipF) - (B + sup p(uei) - (R
t<s<t+h
< h- const([[ylly1, sup [[F(-,-)]l») - sup P (s )
t<s<t+
+ h - const(|[ Yy, LipF) - (h + e p.a (s 1)) - |l (Ry)

t<s<t+h

= o(h) for h |0 uniformly with respect to ¥ with ||yl < 1, [[Viy]le <1. O
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2.7 Example: Modified Morphological Equations for Compact
Sets via One-Sided Lipschitz Continuous Maps
of Linear Growth

In comparison to Aubin’s original suggestion in Chapter 1, the extensions of
Chapter 2 lay the basis for a more general type of morphological equations.

Indeed, in § 1.9, we have applied the (original) mutational framework to nonempty
compact subsets of the Euclidean space RY supplied with the Pompeiu-Hausdorff
distance d and, we have used reachable sets of differential inclusions as so-called
morphological transitions. The set-valued maps in LIP(RY RY) have served as
appropriate right-hand side of these differential inclusions as specified in Proposi-
tion 1.53. According to Definition 1.49 (on page 60), a map F € LIP(RY,R") is
characterized by the following two conditions:

1. F has nonempty compact values that are uniformly bounded in R,
2. F is Lipschitz continuous with respect to the Pompeiu-Hausdorff distance dl.

Then, in § 1.11, the Lipschitz continuity has been weakened to one-sided Lipschitz
continuity in combination with upper semicontinuity. Indeed, the set-valued maps
F : RN ~ RN in OSLIP(RV ,RV) lead to differential inclusions whose reachable
sets are transitions on (% (RY),d) as specified in Proposition 1.97 (on page 98).
According to Definition 1.94 (on page 96), every map F € OSLIP(RY ,R") has to
satisfy the following three conditions:

1. F has nonempty compact convex values that are uniformly bounded in RV,
2. F is upper semicontinuous,
3. F is one-sided Lipschitz continuous, i.e. there exists L € R such that for every
x,y € RV, v € F(x), there is some w € F(y) with (x—y, v—w) < L|x—y|*
The condition of uniformly bounded values is still a severe restriction though.
In particular, the concept of Chapter 1 does not admit simple /inear differential
inclusions in RY for transitions on .# (RY). This obstacle is now overcome by
means of a linear growth condition (instead of a uniform bound):

Definition 75. LOSLIP(RY,R") consists of all set-valued maps F : RY ~» RV
satisfying the following four conditions:

1. F has nonempty compact convex values,

2. F is upper semicontinuous,

3. F is locally one-sided Lipschitz continuous, i.e. for each radius r > 0, there is
a constant L, € R such that for every x,y € B,(0) C R and v € F(x), there
exists some w € F(y) satisfying

(x—y,v—w) < L, |x—y|%
The smallest constant L, € R with this property is abbreviated as Lip F|g, .

4. F has linear growth, i.e. there is a constant ¢ > 0 satisfying for all x € R,

SUpyer(y [V < e (14 x]).
The smallest constant ¢ > 0 with this property is denoted by ||F||ie.
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Absolute value

Basic set E = (RV)
the set of nonempty compact subsets of the Euclidean space RV
Distance Pompeiu-Hausdorff metric d : # (RV) x 7 (RY) — R,

d(K;,K;) := max { sup dist(x,K>), sup dist(y,K; )}
xek; yEKy
|-] := ||~ supremum of Euclidean norms of all elements

Transition

For each F € LOSLIP(RVN RV), i.e. upper semicontinuous and
locally one-sided Lipschitz continuous map F : RY ~» RN with
compact convex values and linear growth (Definition 75), define

O 1 [0,1] x #(RV) — ¢ (RV)
by means of reachable sets of the autonomous differential inclu-
sion X' (+) € F(x(+)) a.e.:
Or(t, Ko) == {x(r) | there exists x(-) € W1 ([0,7],RV) :
X () €F(x(-) L'-ae. in[0,1],
X(O) S Ko}.

Compactness

Closed bounded balls in (. (RV),d) are always compact:
Proposition 1.47 (page 57)

Mutational solutions

Reachable sets of a nonautonomous differential inclusion
whose set-valued right-hand side is determined via feedback

— if the transitions are induced by additionally continuous maps,
i.e. each F € CLOSLIP(RY , R") (Definition 86):

Proposition 87, Corollary 88 (page 177 £.)

List of main results
formulated in § 2.7

Existence due to compactness (Peano): Proposition 81
Cauchy-Lipschitz Theorem: Proposition 82 (page 175)
Continuity w.r.t. data: Proposition 83 (page 175)

Existence under state constraints (Nagumo): Proposition 84
Existence for equations with delay: Proposition 85 (page 176)

Key tools

Filippov-like Theorem A.63 of Donchev and Farkhi [69] about
differential inclusions with one-sided Lipschitz continuous right-
hand side (page 480)

Integral funnel equation for reachable sets of nonautonomous
differential inclusions: Proposition A.13 (page 447)

Table 2.4 Brief summary of the example in § 2.7 in mutational terms:
Modified morphological equations for compact sets via one-sided Lipschitz continuous maps

of linear growth
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Remark 76.  Obviously, the following inclusions hold and are even strict:

{F e LIP(RV,RY) | F has convex values} C OSLIP(RV,R")
C LOSLIP(RY RN).

The key advantage of the linear growth condition here is concluded from Gronwall’s
inequality in the next lemma:

Definition 77.  For any nonempty bounded subset K C R", define
K| := sup |y| € [0,
yeK
Lemma 78.  For every set-valued map F € LOSLIP(RY RY) and any initial set
Ko € # (RN), the reachable set at each time t > 0 fulfills
|9 (1. K0)[.. < (Koleo + [|F s 1) - et
In particular, sup |9r(t,Ko)|. < (|Kolw + [IFlie) cellFlhe

t€(0,1]

Proof.  Forevery pointx; € 9 (t,Kp), there exists a solution x(-) € W1-1(]0,¢],RV)
to the differential inclusion x'(-) € F(x(-)) a.e. satisfying x(0) € Ko, x(r) = x,. Then,
for every 7 € [0,¢],

[x(7) —x(0)|

IN

[ IPCE) ds < [Tl 1+ () ds
IFlhe 1+ Koke) + [ Il J1(5) —x0)] ds

AN

and, Gronwall’s Lemma (Proposition A.1 on page 439) implies

t
|x(t) =x(0)| < [|Fllet (1+|Kolw) + [ el R IR s (14 [Kole) ds
= (1+|Kole) (eHFng" —1),
| < |Kolw+ (1+]|Koleo) — (elFlhe —1)
< |Kole elFlet 4[|l 1 elFlhe. O

Proposition 79.  Choosing arbitrary r,L >0 and T > 0, set R:= (r+LT) e-T.
For any sets Ki,K; € ¢ (RY) and set-valued maps F,G € LOSLIP(RY RN with

K,K, C Er(O),
HFnga HGHIg < L . .
A = max{Lip F|BR+1(0>’ Lip G‘BRJA(O)} eRrR
the reachable sets Vr (t,Ky), 96(t,K2) C RN are compact subsets of RN and, the
Pompeiu-Hausdorff distance between the reachable sets at time t € [0,T| satisfies

Lﬂ(@F(l‘,Kl), ﬁg(I,K2)> < (Lﬂ(K],KQ) +t- (ﬂ“’(F‘]BRH(O)? G|IB§R+1(0))) ~€At.
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Proof.  Whenever compact initial sets Ky, K are chosen within a ball B,.(0) C RN
of arbitrarily fixed radius » > 0, Lemma 78 provides a joint a priori estimate for any
s,t €[0,T),i.e

o [Or@KD]L < (P IIF] T) T R,

(s,

Restricting now our considerations to Bz, 1 (0) C RN, we can draw exactly the same
conclusions from Theorem A.63 (on page 480) as we have already done for

e Proposition 1.96 (on page 96) about transitions in OSLIP(RY,RV) and for
e Proposition 1.50 (on page 60) about morphological transitions in LIP(RY RY)
by means of generalized Filippov’s Theorem A.6 respectively. O

In particular, each set-valued map in LOSLIP(RY,RV) induces a transition on
(A (RN),d,|-|) and, we identify the relevant parameters of continuity easily:

Proposition 80.  For every set-valued map F € LOSLIP(RN RV),
O [0,1] x A (RY) — #(RV)
(t, K) — Op(t,K)
with O (t,K) C RN denoting the reachable set of the initial set K € ¢ (RY) and

the differential inclusion X' € F (x) a.e. at time t is a transition on (X (RV),d, |- |-)
in the sense of Definition 2 (on page 104) with

a(p; r) = max{0, Lip Flg,, 0 }

B(orr) = Flhg (14 (r+ |F ) el )
1) = HFlllg,
D(OF, ¥g:r) < du(Fls,, ©0) Glb,.,0) O

As an abbreviation, we again identify each set-valued map F € LOSLIP(RY,RV)
with the corresponding transition 9 : [0,1] x # (RY) — ¢ (RN).

Now evolving compact subsets of the Euclidean space R" are regarded in the recent
mutational framework for the tuple (% (RY),d, |- |..) and, the results of § 2.3 pro-
vide directly the counterparts of the propositions about existence and continuous
dependence in § 1.11 (on page 98 ff.).

Proposition 81 (Peano’s Theorem for modified morphological equations).
For F : # (RV) x [0,T] — LOSLIP(RY  RY) and each radius r > 0 suppose

(1.) sup (Hﬁ(M,t)ng—i—max{O, Lip f(M,t)’Br((»}) < oo,
Mex (RN)
te(0,7]

(2.) for L"'-almost everyt € [0,T)] and every set K € # (RN), the function
(A (RY),d) x[0,T] — (LOSLIP(RV,RV), d..( -
(M,s) — F(M,s)
is continuous in (K,t).

r1(0)5 |Br+l(0>)) ’
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Then for every initial set Ky € # (RN), there exists a solution K : [0,T] ~ RY to
the modified morphological equation

K() > Z(K(),-)
with K(0) = Ky, i.e K(-) is bounded, continuous with respect to d and satisfies
for £'-almost every t € [0,T]

lim i d(Dz k@ (h K1), K(t+h)) =0

Proof results from Peano’s Theorem 18 for nonautonomous mutational equations
(on page 114) in combination with preceding Proposition 80. U

Proposition 82 (Cauchy-Lipschitz for modified morphological equations).
Suppose F : H# (RV) x [0, T] — LOSLIP(RY ,RN) to satisfy for each radius r > 0
(1.) & := sup (Hﬁ(M,t) |lie +max{0, Lip .%(M,1) ’B)_(())}) < oo,

Mex (RN)
te(0.7]

(2.) for £ -almost everyt € [0,T] and every set K € # (RN), the function
(A (RN),d)x[0,T] — (LOSLIP(RY,RV), dl..( -
M,s) — F(M,s)
is continuous in (K,t),
(3.) there exists A, > 0 such that for £ -almost every t € [0,T],
(A (RY),d) — (LOSLIP(RY,RY), dw( - I3,,,(0) “|5,.1(0)))
M — F(M,r)
is Ay-Lipschitz continuous.
Then for every initial set Ky € # (RN), the solution K : [0,T] ~ RY to the modified
morphological equation I%() > Z(K(-),-) with K(0) =Ky exists and is unique.

By (0) ' B,000)))

Proof.  Existence due to continuity has just been specified in Proposition 81.
Uniqueness of solutions results from Corollary 12 (on page 108). O

Proposition 83 (Continuity w.r.t. initial data and the right-hand side).
In addition to the assumptions of Proposition 82 about

F : H (RV) x [0,T] — LOSLIP(RY,RY),
suppose for 4 : # (RN) x [0,T] — LOSLIP(RY ,RY) and each r > 0
i;lp dm(y(Mat)‘Br(O)a g(Mat)hBr(O)) < oo,
ot
Consider any solutions Ki(-),K>(-) : [0,T] ~ R to the modified morphological
equations o
{m () 2 Z(Ki(), )

K2() > 9(Ka(), )
with sup {|K\(t)|w, |[K2(t)|o | 1 €[0,T]} <R.
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Then the Pompeiu-Hausdorff distance of K (t), K, (t) satisfies for every t € [0,T]
d (K\(1), K (1))
gQﬂKmmmxm)+p$pi49@Lgmﬂww%@Lgmﬂww)AM“WR

Proof is an immediate consequence of Corollary 12 (on page 108). O

Proposition 84 (Existence of solutions under state constraints).
For 7 : # (RN) — LOSLIP(RY,RN) and each radius r > 0 suppose

(1)  sup (|| #(M)|), +max{0, Lip Q(M)]B,_(())}) < oo,
Me# (RN)
(2.) the function
(# (RY), d) — (LOSLIP(RY,RY), dw (- |5, ,,0) “|5,..(0))
is continuous.
For the nonempty closed subset V' C (Ji/ (RM), cﬂ) assume the viability condition:

liminf L. inf d (05 (h,M), N) =0 Mevy.
11;1110n 5 nf (t/(M)( ), N) forevery M €

Then every compact set Ky € V' is the initial compact set of at least one solution
K(-):[0,1] — 2 (RY) to the modified morphological equation
K() > F(K())
with K(t) € ¥ forallt € [0,1].

Proof.  Ttis a corollary of Proposition 24 (on page 123). U

As a new result in comparison with § 1.11, we now obtain the existence of
solutions to modified morphological equations with delay additionally. Indeed,
Proposition 23 (on page 120) implies the following statement:

Proposition 85 (Existence for modified morphological equations with delay).
Assume for some fixed T > 0, the function

Z :BLip([-7,0], # (RY); d, | -|-) x [0,T] — LOSLIP(R",R¥)
and each radius r > 0 :
(1.) sup (|7 (M(-),1)ll +max{0, Lip F (M(:),1)
M(-),t

B 0)}) <=

(2.) ,,IEIL doo(F (Mn(-), t)lB,.,(0), -F M(-),1)lB,, ) =0
for L'-almost every t € [0,T] and any sequences (My(-))nen, (ta)nen in
BLip([f‘c,O], H(RN); d, |- \m) and [0, T] respectively satisfying

lim t, =1, lim sup d(M,(s), M(s)) = 0.
€[-1,0]

n— oo n— oo
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For every function Ko(-) € BLip([—7,0], # (RY); d, |- |-), there exists a curve
K(-): [-7,T] — 2 (RY) with the following properties:

(@) K()€BLip([~7,7], #(RV);d, ||-),
(ii) for £'-almost everyt € [0,T], F (K(t+ ~)|[_T‘0}, 1) belongs to Ig(t)
(i) KO, = Ko()
In particular; the restriction K (~)’[0‘T} is a solution to the modified morphological
equation '

K@) 3 F(K(t+)| e g 1)-

In § 1.9.3 and § 1.9.6 (on pages 64, 74 ff. respectively), we have discussed the
equivalence between solutions to morphological equations and reachable sets of
nonautonomous differential inclusions (whose set-valued right-hand side depends
on the wanted tube).

Then in § 1.11, this relationship is extended to modified morphological equations
by assuming continuity of set-valued maps additionally. It motivated the definition
of COSLIP(RY,RV) as abbreviation used in Corollary 1.106 (on page 101).

The same additional hypothesis of continuity for all set-valued maps inducing tran-
sitions lays now the foundations for generalizing this equivalence once more — by
means of Proposition A.13 (on page 447).

First we introduce the following abbreviation:

Definition 86. CLOSLIP(RM RY) consists of all maps in LOSLIP(RY,RV)
that are continuous in addition, i.e. every set-valued map F : RY ~» R satisfying

1. F has nonempty compact convex values,
2. F is continuous,

3. F is locally one-sided Lipschitz continuous, i.e. for each radius r > 0, there is
a constant L, € R such that for every x,y € B,(0) C RY and v € F(x), there
exists some w € F(y) satisfying

(x=yv—w) < L x—y]
4. F has linear growth, i.e. there is a constant ¢ > 0 satisfying for all x € RN ,

SUPyer(x) V| < e (14 |x]).

Proposition 87 (Modified morphological primitives as reachable sets).
For 4 :[0,T] — CLOSLIP(RY ,RY) and each radius r > 0 suppose that

(1.) sup (||(t)];e + max{O, Lip %(t)]Br(())}) < oo,

t€[0,7]
(2.) [0,T] — (CLOSLIP(RY,R"), dws( - |, ., (0) ‘IB,.,(0))), t+—¥(1)
is Lebesgue measurable.

Moreover define the set-valued map G: [0,T] xRN ~ RN (t,x) — () (x).
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A tube K : [0,T] ~ RY solves the modified morphological equation

K()>9()
if and only at every time t € [0,T), its compact value K(t) C RN coincides with the
reachable set of the nonautonomous differential inclusion X' € G(-,x) a.e.

K(1) = 94(t, K(0)).

Corollary 88 (Solutions to modified morphological equations as reachable
sets). Suppose F : # (RY) x [0, T] — CLOSLIP(RY  RY) to satisfy for each r >0

(1.) sup (||3’7(M,t)||1g+max{0, Lip ‘?(M’t)h&,(o)}) < oo,
Mex (RN)
t€(0,7]

(2.) F: (A (RY),d)x[0,T] — (CLOSLIP(RY,RV), d..(- I8, ., (0)> -|Br+1(0)))

is a Carathéodory function (i.e. here continuous with respect to the first argu-
ment and measurable with respect to time).

Then a continuous tube K : [0,T] ~ RN is a solution to the modified morphological
equation

k()3 Z(K(),)
if and only if at every time t € [0,T], the set K(t) C RN coincides with the reachable
set of the initial set K(0) C RN and the nonautonomous differential inclusion

X() € F(K(), ) (x().

Both the recent proposition and its corollary result from Proposition 82 about
uniqueness and the following morphological features of reachable sets:

Lemma 89. [naddition to the assumptions of Proposition 87 about 4 :[0,T] —
CLOSLIP(RN RY), define again G: [0,T] xRN ~ RN (t,x) — 9 (t)(x).

Then for every initial set Ko € ¢ (RN), the reachable set
K(:):=0g(-Ko): [0,T] — J# (RY)

of the nonautonomous differential inclusion X' € G(-,x) a.e. is a solution fo the
modified morphological equation
o

K()> 9(-).

Proof. It follows from Proposition A.13 (on page 447) in exactly the same way
as Lemma 1.58 (on page 65).

Indeed, K(-) := ¥5(+,Ko) : [0,T] ~» RY has compact values and is Lipschitz con-
tinuous with respect to d for the same reasons as in Proposition 80. In particular,
sup, |K(¢)|- <R for some R > 0 sufficiently large. Thus without loss of generality,
we can assume for G additionally that |G|« < sup, [|4(t)]|,;- (1+R) < oo
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Now Proposition A.13 guarantees a set J C [0, 7] of full Lebesgue measure (i.e.
Z1([0,T]\J) = 0) such that at every time ¢ € J and for any set M € # (RV),
L. dl(ﬁa(ﬂm)(h, M), | (x+ h~G(t,x))) —~ 0  forkloO.
xeM
Applying the same Proposition A.13 to the autonomous differential inclusion with
G(t,") : RYN ~» RN and arbitrary ¢ € [0, T], we obtain

%wﬂ(ﬁa(nv)(h,M), U (x+h-€;(t,x))) —~0 forhloO.

xeEM
Hence, the triangle inequality of d implies for every t € J and M € # (RV)
1
bed(050, (M), Og, \(h M) — 0 for 10,

i.e. for M := ¥4(t,Ko) € ¢ (RV) and each 1 € J,

~az<ﬁé(t+h, Ko)y O (hy %(%Ko))) —.0  forhlO.
0

==

Remark 90.  Corollary 88 differs from Peano’s Existence Theorem 81 in the
regularity assumptions about .%. Indeed, the regularity of a Carathéodory function
is weaker than the continuity of . in every point of % (RV) x J with a subset
J C [0,1] of full Lebesgue measure (i.e. Z!([0,T]\J) =0).

Scorza-Dragoni Theorem A.9 (on page 446), however, provides a very useful link in
separable metric spaces for drawing conclusions about existence from this weaker
assumption approximatively. Similarly to the proof of Existence Theorem 5.4 (about
mutational inclusions on page 396 ff.) below, the following statement results from
Theorem 81 together with Corollary 88:

Corollary 91.  Suppose 7 : # (RY) x [0,T] — CLOSLIP(RY,RN) to satisfy
foreachr >0
(1.) sup (||9(M,t)||lg+max{0, Lipﬁ(M,t)|Br(0)}) < oo,

Mex (RN)
t€(0,7]

(2) F (:%/(RN), Lﬂ) X [O,T] — (CLOSLIP(RN,RN), Lﬂw( |Br+l(0)’ . |Br+l(0)))

is a Carathéodory function (i.e. here continuous with respect to the first argu-
ment and measurable with respect to time).

Then for every initial set Ky € & (RN), there exists a compact-valued Lipschitz con-
tinuous tube K : [0,T] ~ RN such that at every time t € [0,T], the set K(t) C R
coincides with the reachable set of the initial set Ky and the nonautonomous differ-
ential inclusion

X() € Z(K(),) (x().






Chapter 3

Less Restrictive Conditions on Distance
Functions: Continuity Instead
of Triangle Inequality

This chapter extends the mutational framework in four essential respects: First,
distances do not have to satisfy the triangle inequality any longer and thus, we can
also use powers of pseudo-metrics, for example.

Second, we use possibly different families of distances (d;);c.s, (e;) c.» for the
continuity with respect to state and time. They are to provide the same concept
of sequential convergence, but may differ in quantitative features. This extension
makes the mutational framework applicable to semilinear evolution equations with
a strongly continuous semigroup of bounded linear operators.

Third, the notions of weak convergence and weak compactness are introduced be-
yond vector spaces — just on the basis of distances with an appropriate structure.
The latter serves as a further pillar for proving the existence of solutions.

Fourth, some additional assumptions about Euler curves in any compact time inter-
val make the condition of w-contractivity on transitions dispensable because we can
construct a family of equivalent distances such that each of the modified distances
between any two states can grow (at most) exponentially along one and the same
transition. This fourth aspect does not change the foundations of the mutational
framework, but it extends the class of examples significantly since the additionally
assumed inequality about Euler curves holds for many nonautonomous problems.
These four respects have already been sketched as Steps (C) — (F) in § 0.3.4.

In a word, the triangle inequality serves essentially the purpose to estimate the
distance between two points by means of a third state. It might be regarded as one
of the simplest ways of providing such a relation.

Mutational analysis, however, requires several parameters (for its transitions) so that
we can verify the key estimate along transitions in Proposition 2.6, for example:

d;((h,x), ©(h,y)) < (dj(x,y) + h-Dj(,T;R;)) - e% (PR

withx,y € Eand R; := (max{|x|;, [y];} + max{y;(®), 7;(1)}) - e™{%(®): %(0)},
Indeed, the right-hand side of this inequality reflects very well the basic notion of
distinguishing between the “initial error”” and “first-order terms”.

For choosing d; and D; suitably in some applications like stochastic analysis, it is
recommendable to dispense with the triangle inequality of d; in its classical form.
Instead we modify the definitions of D; and of solutions to mutational equations
in such way that the basic structural influence of “initial error” and “transitional
error” on comparing estimates is preserved. This “conceptual shift” opens the door
to replacing the triangle inequality of d; and D (-, -;r) by appropriate assumptions of
continuity. In particular, the results of preceding chapters prove to be special cases.
T. Lorenz, Mutational Analysis: A Joint Framework for Cauchy Problems 181

In and Beyond Vector Spaces, Lecture Notes in Mathematics 1996,
DOI 10.1007/978-3-642-12471-6_4, (© Springer-Verlag Berlin Heidelberg 2010
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3.1 General Assumptions of This Chapter

E is always a nonempty set and, .# = @ denotes an index set. For each index j € .7,
dj, ej. EXE — [0,00[,
L)) E — (0,0
are supposed to satisfy the following conditions:
(H1) d;j and ej are reflexive,  i.e. forallx € E: dj(x,x) =0 = ej(x,x),
(H2) d;j and e; are symmetric, i.e.forallx,y€E: d;j(x,y) = d;(y,x),
ej(x,y) = €;(y,x),
(H3) (d;)je.r and (e;) jc.» induce the same concept of convergence in E and are
sequentially (semi-) continuous in the following sense:

(0) (Vjes: lim dj(x,x,) = 0)
n— o0
— (Vjes: lim ej(x,x,) = 0)
n— oo
for any x € E and (x,),cn in E with sup |x,]; <eo foreachie€ .#.

neN
@) djlxy) = lim  dj(,y),
ej(x,y) < limsup e;j(xy,yn)
for any x,y € };;:d (%n)neN> (Vn)nen in E fulfilling for each i € .7,
nh_{r:c di(x,xn) = 0 = nli_r)r:q di(yn,¥), slelp {Lxnlis yn)i} <eo.
i) 0 = lim dj(x, x)

for any x € E and (xn)neN, (Vn)nen in E fulfilling for each i € .#

nanl’ di(x>yn) =0= nlijgo ei(ymxn)v sgg{anJi’L nji} <o
(i) 0 = li_r& dj(x, x,)

for any x € E and (¥,)nerts ()kert (Zkn)enens in E fulfilling

lim ei(x, yi) = 0 foreachie.#,
l1m di(Yks Zkn) = 0 foreachie Z keN,
n—o0

lim sup ej(zxn, xs) = 0 foreachie.?,

k—eo psk ’

sup {[xn]is yilis [2kn)i} < oo foreachie ./.

ne
(H4) |[-]; is lower semicontinuous with respect to (d;)ic s, i.e.,
|x]; < liminf |x,];
Nn— oo
for any element x € E and sequence (x,),en in E fulfilling for eachi € .7,

lim d;i(xp,x) = 0, sup |[x,]; <oo.

n—ee neN



3.1 General Assumptions of This Chapter 183

Remark 1. In comparison to Chapter 2, these assumptions do not imply the
triangle inequality of d; since d; does not have to be a pseudo-metric in the sense
of Definition 2.1 (on page 104).

But obviously property (H3) is satisfied whenever d; = e; is a pseudo-metric for
each index j € .. Hence the topological environment of Chapter 2 is a special case.

A transition ¥ : [0,1] x E — E is expected to satisfy essentially the same con-
ditions as in Definition 2.2 (on page 104).
In fact, we can even dispense with the generalized form of semigroup property
since estimates will be done “uniformly” along transitions ¥(-,x) : [0,1] — E
as hypothesis (H7) will clarify in a moment. Indeed, up to now, we have drawn
all quantitative conclusions from the “local” features of transitions close to the
initial element, i.e., for time tending to 0. (See, for example, Definition 2.5 and
Proposition 2.6 on page 105 £.)
As key new aspect about single transitions, we are now free to use different distance
functions (namely d; resp. e;) for the continuity estimates with respect to initial
elements and time. These families of distance functions (d;)jc.s, (ej)jcs are
linked according to hypothesis (H3). In particular, they induce the same concept of
convergence, but they might differ in quantitative features.
For extending Definition 2.2, we specify the conditions on a transition — now on

the tuple (E, (d))je.r, (¢j)jes, (I)j)jer):

Definition 2. A functlon 19 [0,1] x E — E is called transition on the tuple
(E dj)jes, (ej)jes, (I-]))je y) if it has the following properties for each j € .#:

1.) foreveryx € E: 19(0,x)
3.) there exists oj(¥;-) : [0,00[— [0,o0[ such that for any x,y € E with
x]j<r|y]j<r: limsup
hl0
4.) there exists B;(1; -) : [0,00[— [0, e[ such that for any 5,7 € [0,1] and x € E
with [x]; <r:  ej(D(s,x), 9(t,x)) < Bj(O:r) - |t —s]

dj(‘l?(h.,x)., 0([’;’75})) 7dj(x=y) S a](ﬁ’r) . d(x,y)

5.) there exists ¥j(1) € [0,eo[ such that for any 7 € [0,1] andx € E :
[9(t,x)]; < (LXJ]‘ + 7;(9) t) - eli(0)1

The essential new aspect about comparing two transitions comes now into play as
counterpart of Definition 2.5 (on page 105): O (E,(d;)jc.s,(ej) jess (|-])jes)
denotes a nonempty set of transitions on (E,(dj)jej,(ej‘)jej,(L'Jj)jej) and,
for each j € .7, the function

D @( (d))js(e)js (L)) ) X @( (dj)js (e (L]5); ) X [0,00[ — [0, 00

is assumed to satisfy the following conditions:
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(H5) foreachr >0, 13]-( -, -3 r) is reflexive and symmetric,
for every ¥, 7, the function D;(,7; - ) : [0,o[ — [0,°0[ is nondecreasing,
(H6) forany r > 0,
Dj(-,57): O(E,(d)),(e)),(|-]))) x O(E, (d)), (e)), (|-],)) — [0,
is sequentially continuous with respect to (D;);c.s in the following sense:
1) Bj(é‘, T,r) = lim Bj(é‘,,, T3 1)
n— oo
for any transitions ¥, 7 and sequences (¥, )nen, (Tn)nen satisfying
foreveryie .# andR >0
lim Di(®, %;R) = 0 = lim Di(t, T,; R).

n—oo n— oo
(i) lim D;(®, T;r) = 0
n—oo
for any transition ¥ and sequences (Y, ),en, (T1)nen satisfying for
everyi€ £ andR >0

lim Di(®, %,;R) = 0 = lim Di(®, T,: R).

n— oo n— oo

di(O(t1+h t+h,y)) — d;j(O(t t - e%(TR})h
(H7) limsup (O +h,x), T(tathy) = di(B(1,%), T(6,y)) - e
nl0 R h
Dj(ﬁ,T;R) < oo
for any 9,7 € O (E, (di);i, (e,)i, (|-]1)i), x,y € E, tl,tze[O 1,r>0,je.s
with |x];, [v]; <r and R;:= (r+max{y;(9d),7;(1)}) - ™% @)%},

IN

Not even D i(+,-37) has to satisfy the triangle inequality. Instead we restrict our
assumption (H6) to the aspect of continuity. More generally speaking, the triangle
inequality can be regarded as the classical tool for simplifying the verification of
continuity in metric spaces.

Hypothesis (H7) specifies D ;i(+,-;7) in a rather global way whereas Definition 2.5
of Dj(-,-;r) (on page 105) was comparing the evolution of one and the same initial
point along two transitions. The criterion here in (H7) is motivated by a question
focusing on vanishing times: Which “first-order terms” of the time-dependent dis-
tance cannot be estimated just by the initial distance growing exponentially in time ?

Remark 3. If d; = e;j satisfies the triangle inequality in addition, then the proper-
ties (HS) — (H7) can be concluded from Definition 2.5 and from Proposition 2.6 (on
page 106). Thus, the results of Chapter 2 prove to be a special case based merely on
the additional assumption of the triangle inequality for d; = e;.

Remark 4 (about separate real time components). In some examples, time is
recommendable to be taken into consideration explicitly. One of the easiest ways
is to consider tuples in E := R x E with the first real component representing
the respective time. In subsequent § 3.5 (on page 221 ff.), we formulate modified
hypotheses allowing the same conclusions as in §§ 3.2 — 3.4,
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3.2 The Essential Features of Transitions Do Not Change

Appropriate continuity assumptions (instead of the triangle inequality) and two
families of distance functions do not have any significant consequences for the
features of transitions. We now verify the essential aspects:

Lemma5. Let O ... 9 be finitely many transitions on (E,(d;),(e;),(]-];))

with Yi = sup  Yj(%h) <o for some j € S .
ke{l..K}

Foranyxo € Eand 0 =1y <t; < ... <tg with sup; ty —tr—1 < 1 define the curve

x(+) : [0,tx] — E piecewise as x(0) := xo and

x(t) = ﬁk(lftk_l, x(tk_l)) fort e ]tk—la lk], ke {1 K}
Then, LX(I)J]' < (L)C()Jj + /’}7]t) .677]"1 at every time t € [O,IK}.

Proof results from exactly the same arguments as Lemma 2.4 (on page 105). U

The following lemma provides the first tool for applying Gronwall’s estimate (in

Proposition A.2 on page 440). Indeed, it is an immediate consequence of hypothe-
ses (H3) (o), (i) and guarantees that the distance between two continuous curves in
E is always continuous with respect to time.
Our version of Gronwall’s inequality (in the appendix A.1) has the essential advan-
tage that even lower semicontinuity is sufficient for concluding a global estimate
from local properties. (This will be relevant for proving subsequent Proposition 11
on page 189.)

Lemma 6. Let x(-), () : [0,T] — E be continuous with respect to (d;)ic.s
(or equivalently with respect to (e;)je.s) and bounded with respect to each |-|;
(j€ F). Thenforeachindex j € 7, the distance function

[0,7] — [0,c0], t — dj(x(t), y(1))

is continuous. O

Proposition 7. Let 9,7 € é(E,(dj)je], (ej)jes,(|)j)jes), r=0,j €7 and
11,12 € [0,1] be arbitrary. For any elements x,y € E suppose |x]; <r, |y|; <r.

Then the following estimate holds at each time h € [0, 1{ with max{t,+h, t,+h} <1
dj((t+h,x), T(+h,y)) < (dj(é‘(tl,x), (t2,y)) +h-13,»(19,r;1ej)) (TR

with the constant R; := (r+max{yj(19), y](‘c)}) . emax{7j(9), %(1)} < oo,
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Proof results from Gronwall’s inequality (in Proposition A.2 on page 440)
applied to the auxiliary function

¢ h— dj(ﬁ(h-f—h,x), T(tz-i—h,y))

similarly to the proofs of Proposition 1.7 (on page 36) and Proposition 2.6 (on
page 106). Indeed, ¢; is continuous according to Lemma 6 and the time continu-
ity of transitions (in condition (4.”) of Definition 2). Moreover condition (5.) of
Definition 2 ensures |9 (h,x)|; <R;, |t(h,y)]; <Rj foreach h € [0,1].

Dispensing with the triangle inequality of d; in this chapter, however, we conclude
directly from hypothesis (H7) about D i(+,-s R;) for any ¢ and small 2 > 0

0;(t+h)—;(t)

= dj(9(ti+1+h,x), T(h+t+h,y)) — di(D(ti+t,x), T(+1,y))
< dj(O(t+t+h,x), T(t+t+h,y))  — dj(O(ti+t,x), T(+t,y)) % TRIA
+dj(9(t1+1,x), T(t2+t,y)) - e TR — d@; (O (ty+1, %), T(ta+1,y))
and thus, limsup w < D](ﬁ, sRj) + (T R;) - ¢;(r) <
h|0
Finally, Gronwall’s inequality (in form of Proposition A.2) provides the link to the
claimed estimate. 0

3.3 Solutions to Mutational Equations

For any single-valued function f: E x [0,T] — O (E, (d;) je.r, (¢}) je.ss (-] }) jer)s
a solution x(+) : [0,T] — E to the mutational equation

x() > f(x(), )
is expected to fulfill the same conditions as in Definition 2.9 (on page 107), i.e.,
it should satisfy for each index j € .#:

1.) x(-) is continuous with respect to d;
2.) for #'-almostevery t € [0,T[: lim +-d;(f(x(t).t)(h,x(t)), x(t+h)) =0

h10
3.) sup [x(¢)]; < eo.
te(0,T]

Due to the lack of triangle inequality for d;, however, it is much more difficult to
compare such a solution x(¢ 4 -) with a transition starting in another “initial point”.
Indeed, there is no obvious way to draw conclusions about distances d; vanishing in
first order for i | 0.

For the same (rather technical) reason, we have already introduced hypothesis (H7)
(on page 184), which is motivated by the earlier estimate in Proposition 2.6 (on
page 106) and which has just been used in the proof of Proposition 7 here.
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Thus, we specify the term “solution” by a slightly stronger condition (2.'). It
is also motivated by the notion that the first-order properties of x(¢ 4+ k) cannot be
distinguished from the features of f(x(¢),¢)(h,x(¢)) for k | 0.

As the essential new aspect, however, the direct comparison
viadj, i.e.
h — dj(f(x(t),t)(h, x(1)), x(t+h)),
is now replaced by the comparisons with 4 — ¥ (s+h,z) € E
for any transition ¥ € é(E, (dj)jes,(€))jes, (Hj)jej) and
arbitrary initial point ¥(s,z) € E.
So far the estimate in Proposition 7 and its counterparts in preceding chapters are

the main tool for comparing the evolutions along transitions. Now we employ it for
specifying the notion of “being indistinguishable up to first order”:

Definition 8. R
A single-valued function f : E x [0,T] — O (E,(d})je.r.(ej) jes, (-] j)jes) is
given. x(-):[0,T] — E is called a solution to the mutational equation

X() > f(x()> )
in (E,(d})jes(ej)jes,(|']j)jer, (D)) jes) if it satisfies for each j € .&:
1.) x(-) is continuous with respect to e}, i.e.,
limt ej(x(s), x(t)) = 0 foreveryt € [0,T],
85—
2.") there exists o (x;-) : [0,00 — [0, o[ such that for #!-a.e.t € [0,T]:
J(9(s+h,2), x(t+h)) — d;(9(s,2), x(z)) - % D

lim sup d h < ﬁj(ﬁ, F(x(8),); Rj)
h1O

is fulfilled for any ¥ € é(E,(dj),(ej),(Hj)), s €[0,1], z € E satisfying
I_ﬂ(UZ)Jj’ Lx()J] <Rj,

3.) sup [x(r)]; < eo.
te(0,T]

The continuity with respect to (e;) jc.» is equivalent to the continuity with respect
to (d}) je.s due to hypothesis (H3) (o) (on page 182).

Furthermore condition (2.”) always implies the preceding property (2.) because
d; and D i(+,-,r) are assumed to be reflexive. The inverse conclusion “(2.) =
(2)” holds if d; is a pseudo-metric (as in Chapter 2). Indeed, Proposition 2.6
(on page 106) then ensures the equivalence of Definition 2.9 (on page 107) and
Definition 8 here.

By means of Gronwall’s inequality for lower semicontinuous functions again, essen-
tially the same arguments as for Proposition 7 guarantee that the local criterion (2.")
implies a global estimate of the same type for comparing solutions and transitions:
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Lemma9. Letx(:):[0,T] — E be a solution to the mutational equation
x() 3 f(x(), )
in (E, (dj)jeﬂi(ej)jefa(Hj)jeﬂa (Dj) je.s) according to Definition 8.
Suppose ¥ E@( J(dj)jes,(e))jes (] )]ey) ZEE, r>0,5€]0,1], t €[0,T],
J € F tobe arbitrary with |z]; < r and the abbreviation
R; == max{sup [x()];, (r+¥(0)) e} < oo,
Then, d;j(9(s+h,z), x(t+h))
< (d5(9(s,2), 2(0)) + - sup Dy(D, F(x(),)s Ry) ) - R ¥
[t,14h]
foreveryhe[0,1] with s+h<1and t+h<T. O

In particular, the analogy of Lemma 9 and preceding Proposition 7 reflects
how we interpret the generalized conceptual goal that a solution x(7 + -) cannot be
“distinguished” from the curve f(x(¢),#) (-, x(z)) : [0,1] — E along the transition
F(x(),1) “up to first order”.

Finally, we focus on the Lipschitz continuity of solutions. For every transition
¥ and initial point z € E, the curve [0,1] — E, t — 9(¢,z) is assumed to be
Lipschitz continuous with respect to each e;. For solutions to mutational equations,
the same regularity with respect to d; (j € .#) can be concluded from Lemma 9 by
means of the identity transition Idg on E:

Corollary 10 (Sufficient conditions for Lipschitz continuity of solutions).
Assume that © (E, (d)ic.s,(¢}) je.s,(|-]i)ic.r ) contains the identity transition

Idg : [O l|]xE —E, (h,x) — x.
For f:Ex[0,T] —>@( 1)) (e)j, (1] j))) let x(-) : [0, T] — E be a solution to

the mutational equation X(~) S F(x(),) in (E,(dics,(eics(|-))ics,Di)ic.s)
such that some j € % and Lj,R; € R satisfy for all t € [0,T]

[x(1)]; < Rj, D;(Idg, f(x(t),1): R;) < L.
Then x(-) is Lipschitz continuous with respect to d;.
Proof.  We use arguments very similar to the proof of Lemma 2.10 (on page 107):
Fix s € [0, T arbitrarily. Then, v;:[s,7] — R, ¢ +— d;(x(s), x(t)) is con-
tinuous due to hypotheses (H3) (0), (i) and, it satisfies for .Z’ Lae.te [s,T]

. yit+h) —y(t) _ 1
limsup WD Wi limsup (d,- (Idg (h,x(s)), x(t + 1)) — dj (x(s), x(t)))

eaj(x;Rj) I’lil
h
= y;(t) - aj(x;R;) + L.

< y;(r) - limsup +L;
hl0

Finally y;(r) < L;e%@R)T . (r—5) forallz € [s,T] results from Gronwall’s
inequality (Proposmon A.2 on page 440) and y;(s) = 0. O
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3.3.1 Continuity with Respect to Initial States and Right-Hand Side

Dispensing with the triangle inequality of distance functions, we have already faced
several difficulties for dealing with further distances vanishing “in first order” for
time 2 | 0. So far the conclusions proved in preceding chapters have usually served
as motivation for adapting definitions so that we can bridge the gap due to lacking
metric structure.

Now the list of definitions is (almost) completed and, we have to find alternative
ways for investigating the continuity of solutions with respect to initial states and
right-hand side, for example.

The idea is very similar to our way from property (2.) of solutions to condition (2.")

(in Definition 8): We do not compare two solutions directly by means of d; as in

Proposition 2.11 (on page 108), but we use the respective distances from one and

same (arbitrary) state z € E, i.e. we are interested in an upper estimate of the auxil-

iary distance function [0, 7] — [0,e0[,t —  inf  (d;(z,x(t)) +d;(z,¥())).
z€E: |z];<p

Proposition 11.  Assume for f,g : E x [0,T] — 9( (d))j.(ej)j,(L-]));) and

x,y:[0,T] — E that x(-) is a solution to the mutatlonal equation x(+) 3 f(x(-),")
and y(-) is a solution to the mutational equation y (1) > g(y(+),") in the tuple

(E (d')je%(ej)je%(H ')jeﬁ,(ﬁ')jei)-
For some j € %, let 0j,R; > 0 and @; € C°([0,T]) satisfy for £'-a.e.t € [0,T]

lx(@)]j, (0)]; < R,
o (5 Rj), a;(yiRj) < 0
Di(f(x(0),1), g((1),0); R}) < @;(1)
lim Dj(f(x(t),t), f(x(t+h),t+h); R;) = 0.
Then, §;:[0,T] — [0,0[, t— inf  (d;(z.x(t)) + d;(z,(t)))

Z€E: |z]j<R;

Sfulfills 6j(l‘) < (61(0) + /0’ (Pj(S) e 0its dS) et forevery t € [0,T).

Proof. Due to hypotheses (H3) (0), (i), the auxiliary function [0,7] — [0, o],
t — dj(z,x(t)) +d;(z,y(t)) is continuous for each element z € E. Hence the infi-
mum J;(-) with respect to all z € E with |z] < R; is lower semicontinuous.

At .Z"-almost every time 7 € [0,7[, Lemma 9 and the reflexivity of d;, D;(-,-;R;)
imply for every z € E with |z] < R; and any sufficiently small 2 > 0

8i(t+h) <d;(f(x(1),t) (h, 2), x(t+h))+d;(f(x(t),t) (h, 2), y(t+h))
S(dj(z, x(1)) + - sup Dj(f(x(r),1), f(X(t+~),t+~);Rj)) GO

[t,+h]

+ (dj(z, y(t)) + k- sup (pj> o
[t,1-+h]
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The infimum with respect to z € E satisfying |z] < R; additionally leads to

8j(t+h) < (1) %"+ sup @;-h- "
[t,0+h]
8i(t+h)— 8t ah g
limsup Oj(t+h) = o,(t) < 8;(t) - limsup ¢’
K10 h nl0 h

= 8;(1) - o+ ;(1).

+ @;() -limsup %t
hl0O

Finally the claim results directly from Gronwall’s inequality (in Proposition A.2).
O

Remark 12.  6(t) < dj(x(t),y(r)) results directly from the reflexivity of d; (due
to hypothesis (H1)). If d; satisfies the triangle inequality in addition, then this
infimum 6(¢) is always equal to d;(x(z),y(¢)).

3.3.2 Limits of Graphically Converging Solutions:
Convergence Theorem

On our way to the existence of solutions, the next step focuses on the question
which kind of convergence preserves the solution property.

In Theorem 2.13 (on page 110), pointwise convergence has already proved to be
appropriate under the assumptions that all solutions x,(-) : [0,7] — E are uni-
formly Lipschitz continuous and that d; is a pseudo-metric. Now we weaken the
conditions on convergence and admit perturbations with respect to time as specified
in subsequent assumption (4.) — although d; does not have to fulfill the triangle
inequality any longer.

Here the two families of distance functions (d;)jc.s, (¢;)je.s come into play
explicitly for the first time.
In the next theorem, we consider an appropriately converging sequence (x,(-))sen
of solutions, each of which is continuous with respect to every e; by definition.
Concluding the continuity of their limit function usually requires some form of
“equi-continuity”. For this purpose, the family (e;)c.» is used instead of (d;)jc.»
and, we suppose uniform Lipschitz continuity with respect to each e; (j € ).
Strictly speaking, this Lipschitz continuity is a “quantitative” feature and, we now
separate its distance functions from the other quantitative properties of solutions
(such as condition (2.") in Definition 8). “Qualitative” aspects like the topological
concepts of convergence and continuity, however, are not concerned — due to
hypothesis (H3) (o).
These separate families of distance functions and the continuity assumptions replac-
ing the triangle inequality are two new aspects of the mutational framework in this
chapter.
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Theorem 13 (Convergence of solutions to mutational equations).
Suppose the following properties of

fnv f: E x [OaT} — é(Ea(di)iaﬁ?(ej)j&ﬁa(L'Ji)iaﬁ) (l’l S N)
Xpy X [0,T] — E :
L) R; = sup [xa ()] < oo,
aj(p) == sup oj(x;p) <o for p>0,
Ej :=sup Lip (x4(-) : [0,T] — (E,ej)) < e  foreveryjc .7,

2) X (*) © falxn(), ) (inthe sense of Definition 8 on page 187) for everyn € N,

3.) Equi-continuity of (fu)n at (x(t),t) at almost every time in the following sense:
for L1-almostevery t € [0,T]: lim D; (f(x(t), 1), fulbnstn); 1) =0 for
Nn— oo
each j€ .7, r >0 and any (tn)nen, (Yn)nen in [t,T] and E respectively
satisfying lim t, =t and lim d; (x(t),yn) =0, sup |yn]i <R; foreachi,
n— oo n—s oo neN
4.) For £'-almost everyt € [0,T[ (¢t = 0 inclusive) and anyt € t,T|, there is a
sequence ny, /" = of indices (depending on t < 1) that satisfies for m — o

(i) Dj(fx(t),0), fan(x(6),0):7) — O forallr >0, j€ .7,
(ii) there is a sequence 8, \,0: d;j(x(t), Xy, (t+ &) — O forall j,
(i) there is a sequence Sn N O: dj(x(7), xn,(T— gm)) — 0 forall j.

| — E is a solution to the mutational equation X(5) 3 flx(), )
dj)jes; (€j)jes (I')j)jess (D))jes)-

Remark 14.  Assumptions (4.ii) and (4.iii) admit small perturbations with respect
to time. This is much weaker than pointwise convergence (as in Theorem 2.13 on
page 110) and, it can be regarded as a generalized form of converging graphs.

In regard to the influence of index j € .#, however, assumptions (3.) and (4) are
slightly stronger than in Theorem 2.13 because we have replaced the triangle in-
equality of distance functions by hypotheses (H3), (H6), which draw conclusions
only from convergence of sequences with respect to all i € .# simultaneously.

Then, x(-):[0,T
in the tuple (E, (

Proof (of Theorem 13).  Choose the index j € .# arbitrarily.
Then x(-) : [0,T] — (E,e;) is B;-Lipschitz continuous. Indeed, for Lebesgue-
almost every ¢ € [0,T[ and any 7 €]¢,T], assumption (4.) provides a subsequence

(X (~))mEN and sequences 8, \, 0,5, \, 0 satisfying for each i € .

di(x(t), xn, (t+8n)) — 0
{a’i(x@, X, (f — Sm)) —0

for m — oo.
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The uniform Ej—Lipschitz continuity of x,(-),n € N, with respect to ¢; and
hypothesis (H3) (i) (on page 182) imply
ej(x(2), x(7)) < limsup e;j(xn, (t+ 8n), Xn, (T — Sm))

m-— oo

limsup Bj [t — S — t — O

Am — 00
Bjlt—1l.
This Lipschitz inequality can be extended to any ¢, € [0,T] due to the lower semi-

continuity of e; (according to hypotheses (H3) (0), (i)). Moreover, hypothesis (H4)
about the lower semicontinuity of |- |; ensures

IN

IN

Finally we verify the solution property

dj(ﬁ(s‘f’h,Z), x(t+h)) — dj(ﬁ(s,z)., x([)) ~gaj(X;p) h
h

< Dj(®, f(x(1),1); p)

limsup
hl0
for #'-almost every # € [0,T[ and for any ¥ € é(E, (di)ie.s, (ei)ics, (| )i)ies)s
se[0,1, z€E, p>R; with |9(-2)]; <p,
Indeed, for Lebesgue-almost every ¢ € [0,7[ and any & €0, T —¢[, assumption (4.)

guarantees a subsequence (xnm(~))m oy and sequences Om \, 0, &, \, 0 satisfying
foreachi€ .#, r>0and m — oo

Di(f(x(£),2), fun (x(2),8); 7) — 0

d; (x(t), Xn,, (T + Sm)) —0

di (x(14h), X, (14— 8y)) — 0.
Now we conclude from Lemma 9 (on page 188) and the continuity of d; (due to
hypothesis (H3) (i) on page 182) respectively
dj(O(s+h,z), x(t+h))

= dim dj(O(s+h— 8, 2), Xa, (47— 82))

m—s oo

limsup (dj(é‘(s+5m, 2y Xy (t+8m))
+h- sup Dj(0, fun (), ) p)) . 0i(P) (h=8u=3m)
(48, t+h—5p]

< (&(9(s,2), x(1)) + h-limsup sup D9, i, (i, (), ): p) ) - eI
m—oo 146, t+h]

IN

(In fact, the last inequality justifies why (H3) (i) provides the continuity of d; and
not just its lower semicontinuity as for e;.)  For completing the proof, we verify

limsup limsup sup ﬁj(ﬁ,fnm(xnm(~),-);p) < f)j(ﬁ, f(x(@),1); p)
hl0 m—eo (148, t+h]

for Lebesgue-almost every ¢ € [0,T[ and any subsequence (x;,,(+))

{ di(x(1), Xy (E+8m)  — 0

men Satisfying

13,~(f(x(t),t),fnm(x(t),t); r) — 0
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for m — o andeach i€ .4, r > 0. Indeed, if this inequality was not correct
then we could select some € > 0 and sequences (/;);en, (1;)ien, (81)ien such that

Dj(0, fa, (Xn (t+51),t+51); p) > Dj(0, f(x(1),1); p) + €
Sy <si<h <%, om>1
Due to property (H3) (ii), the uniform Lipschitz continuity of (x,,, (-))men implies
IILII:Q di(x(1), Xy, (t+s)) =0
for each i € .#. Thus at .%'-almost every time 1 € [0,T], assumptions (3.), (4.) (i)
and hypothesis (H6) about the continuity of D;(-,-; r) (on page 184) lead to a
contradiction because for any r > 0,

lli_)n:c D;(v, oy Gony (F50), 14 57)3 1) = Dj (9, f(x(r),1); r). O

forall/ € N.

3.3.3 Existence for Mutational Equations with Delay
and without State Constraints

Although the modified topological assumptions (H1)-(H7) have replaced the
triangle inequality, Euler method in combination with Euler compactness (almost)
leads to the existence of solutions to mutational equations without state constraints.
We can even draw our conclusions for mutational equations with delay in essentially
the same way as in § 2.3.5 (on page 120 ff.). The proofs are again postponed to the
end of this section.

Remark 15. (1.) Theset BLip (I, E;(dj)jer, (Hj)jej) consists of all “bounded”
and Lipschitz continuous functions I — E as in Definition 2.22 (on page 120).

(2.) Theterm “Euler compact” was introduced in Definition 2.15 (on page 112)
and does not have to be adapted significantly to the modified topological environ-
ment in this chapter. N
Indeed, (E, (d)j)jes, (€j)jes, (:]j)jer, O(E,(d)ics,(€i)icsr,(|-]i)ics))
is called Euler compact if it satisfies the following condition for any initial ele-
ment xo € E, time T €]0, o[ and bounds ¢;, 3;,7; >0 (j € .#):

Let A = A (x0,T,(@;,B},7;) jc.r ) denote the (possibly empty) subset of all curves
¥(+) : [0,T] — E constructed in the following piecewise way: Choosing an arbitrary
equidistant partition 0 =7y <t; < ... <t, =T of [0,T] (with n > T) and transitions
V... €O(E,(di)ics, (€)ics,(|-]i)ics) with
supy 7(04) =
sup, 0 (s (xo)j+% T)el7) < 0
sup; Bj (O (lxo);+%T) el ™) < B;
for each index j € .#, define y(-) : [0,7] — E as
y(O) =X, y(l) = (l*lk_l, y(tk—l)) for ¢ E}tk_l,tk], k=1,2...n.
Then for each ¢ € [0,T], every sequence (z,)nen in {y(#)|y(:) € #} CE hasa
subsequence (2, ),,cry and some z € E with  lim d;(z,,,,z) =0 foreach j € .7.
m-— oo
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Since d; and e; are now lacking the triangle inequality, we have to cope with a
further difficulty: Are curves defined by transitions in a piecewise way like

{ D (2,x0) for r € [0,1]

0,2] — E, t+— 1920_1’191(1’)@)) for t € ]1,2]

still always Lipschitz continuous with respect to each e; ? In particular, Lemma 2.10
(on page 107) might fail if d; = e; was not a pseudo-metric.

Corollary 10 (on page 188) has already provided a sufficient condition on the
transition set for verifying Lipschitz continuity with respect to d;, namely via
identity transition. In regard to subsequent results about the existence of solutions,
however, we prefer introducing a separate assumption focusing on Euler approxi-
mations and the distance function e; (j € .¥):

Definition 16. R

The tuple (E, (d))jer (¢j)jess (I-]))jers O(E (d)ics,(€ics:(|-]i)ics)) is
called Euler equi-continuous if it satisfies the following condition for any initial
element xo € E, time T €]0,0[ and bounds a,-,ﬁj,?,- >0(jeSf):

Let A = A (x0,T, (0, Bj, Yj)je.s) denote the (possibly empty) subset of all curves
¥(+) : [0,T] — E constructed in the following piecewise way (as in Definition 2.15
on page 112): Choosing an arbitrary equidistant partition 0 =1y <t} < ... <t, =T
of [0,T] (with n > T) and transitions O ... 9% € O (E, (di)ic.r, (¢)ic.r (|-])icr)
with

IN

Y
o

Bj

supy  7;(%)
supy @ (9 (150l +7 T) e 7)
supe B (O ([xolj+7T) e )
for each index j € .#, define y(-) : [0,7] — E as
¥(0) := xo, (1) = (t —ty_1, y(tx—1)) for t €lf_1,4], k=1,2...n.

Then for each index j € .#, there is a constant L; € [0, such that every curve
y(-) € A" is Lj-Lipschitz continuous with respect to e;.

VANVAN

Remark 17. 1f dj = e is a pseudo-metric then Euler equi-continuity (with L; := E )
results directly from the triangle inequality and Lemma 2.10 (on page 107) in a
piecewise way.

This additional hypothesis opens the door to selecting “pointwise converging” sub-
sequences of Euler approximations and, we obtain the counterpart of Lemma 2.17
(on page 113) — but with a weaker type of convergence. The subsequent main result
about existence is based on this pointwise convergence and specifies continuity as-
sumption (4.) in a stricter way than its counterpart in Proposition 2.23 (on page 120):
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Lemma 18 (Euler compact A Euler equi-continuous —> pointwise compact).

Assume (E, (d})jc.r, (€j)jes, (I-)j)jes O, (d)ics,(e)ics,(|-]i)ics)) tobe
Euler compact and Euler equi-continuous.  Using the notation of Definition 16,

choose any initial element xo € E, time T €]0,0| and bounds a,-,[i,-, 7i>0(je.).

For every sequence (yu(+))nen of curves [0,T] — E in ,/V(xo,T, (ajaﬁja?j)jeﬂ)»
there exists a subsequence (y,,(+)),,cny and a function y(-) : [0,T] — E such that
¥(+) is Lipschitz continuous with respect to each e; and for every j € #,t € [0,T],

dj(ynm(t)7y(t)) — 0 for m — oo,

Furthermore if (yn(to))nen is constant for some ty € [0,T] then y(-) can be chosen
with the additional property y(to) = yn(to).

Theorem 19 (Existence of solutions to mutational equations with delay).

Suppose (E, (d))jc.s, (ej)jess (|-]j)jess O(E,(d)ics(e)ics,(|-]i)ics)) to
be Euler compact and Euler equi-continuous. Moreover assume for some fixed
T > 0, the function

f:BLip([=7,0], E: (&), (|-]:)i) x [0, 7] — O(E, (di)i, (er)i. (|]:):)
andeach j€ # R>0:
1) sup o(f(z2(-), 1); R) < oo,

2) s(u)p Bi(f(z(-),1); R) < oo,
3.) sup ¥i(f(z(+),1)) < oo,

z(),t
4.) for £'-almost every t € [0,T]: lim Bj(f( (), 1)), f(20),12); R) =0
for each j€ ., R >0 and any sequences (t\)nen, (t2)nen in [0,T] and

(Zrlz(’))neN: (Zﬁ(’))neN in BLip([f‘E,O],E (e )1677 (LJ )/€7> satisfying
foreveryie # ands € [—1,0]

lim ¢! =7 = 11m tn,  lim di(z(s),2(s)) = 0 = lim di(z:(s), z(s))

n— oo n— oo - n— o0
sup sup [z,7(-)]i < .
neN [—1,0]

For every function xo(-) € BLip([—7,0], E; (¢j) je.s, (|- ) je.s ), there exists a curve
x(+) : [=7,T] — E with the following properties:

(l) )C() € BLIP([fﬁE, T}, E; (@j)jef, (LJJ)]Ef) ’
i) x|y = 00
(iii) the restriction x(-)| 0754 solution to the mutational equation
x(t) 3 f(x(t+~)|[7770], 1)
in the sense of Definition 8 (on page 187).
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Proof (of Lemma 18).  Fix xo € E, time T €]0,[ and bounds ¢;,f;,7; > 0
(j € &) arbitrarily. Moreover without loss of generality, we assume the set of curves
N =N (x,T, (0, B i,7j)je.s) to be nonempty. Supposing Euler equi-continuity
provides a constant L; € [0, for each index j € .# such that every curve y(-) € .4
is L;j-Lipschitz constant with respect to e;. Let (y,(-))ncny be any sequence in .4

We focus on a pointwise converging subsequence and adapt the proof of
Lemma 2.17 (on page 114):

For each t € [0,T], the assumption of Euler compactness ensures a subsequence
of (yn(t))n oy converging with respect to each d;. Cantor’s diagonal construction
provides a subsequence (y,,m(~))m oy Of functions [0,7] — E with the additional
property that at every rational time t € [0,T], an element y(¢) € E satisfies

dj(Yn, (1), y(t)) — 0O for m — oo
and each j € . since the subset QN [0, 7] of rational numbers in [0, 7] is countable.
Now we consider any ¢ € [0,7]\ Q. Due to Euler compactness, there exists a
subsequence ()’nm, (t)) ey Maybe depending on #, but converging to an element
y(t) € E with respect to each d;. Lacking the triangle inequality of d;, however, we
conclude from hypothesis (H3) (on page 182)
lim  dj(yn, (1), y()) = 0 foreach j € 7.
m— oo
Indeed, assumption (H3) (i) implies for every s € [0,7]NQand j € .¥

ej(v(s), ¥(1)) < limsup €V, (8)s Y, (1)) < Lils—1].

Now choose any sequence (si)xen in [0, 7] NQ with s — ¢ (k — o). This implies

sup ej(yn(se), ya(t)) < Ljlt—si| — 0 for k — oo
neN

and each index j € .#. Together with

lim  d;(yn,, (sc), y(sx)) 0 foreveryke N, je .7,
m— oo

we conclude from hypothesis (H3) (iii) directly
lim  dj(yn, (1), y({) = 0 foreach j € 7.
m—s oo

Finally, hypothesis (H3) (i) ensures the L;-Lipschitz continuity of y(-) w.r.t. ¢;. [

Remark 20.  In this proof of Lemma 18, we have applied hypothesis (H3) (iii)
for the first time. Indeed, all other conclusions are based on hypotheses (H3) (i) or
(H3) (ii) in combination with assumption (H3) (o).

For examples with a separate real time component, we are free to draw the same
conclusions under the additional assumption that either s; > ¢ for all k € N or
s <t for every k € N. This opens the door to taking a form of “time orientation” into
consideration as mentioned in Remark 4 (on page 184) and explained in subsequent
§ 3.5 (on page 221 ff.).
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Proof (of Theorem 19). As in the proof of Proposition 2.23 (on page 121 f.),
we use a sequence of Euler approximations on equidistant partitions of [0,7].
For every n € N with 2" > T, set

hy = %, tk =kh, fork=0...2",
x"(.)|[—1,0] = X0,
xu(t) = f(xn(t,’l‘+-)][470],t,’l‘)(t—t’,;, X (tX)) for t € Jek, ek 1], k< 2m,

Due to Euler equi-continuity, there is a constant L; € [0, for each index j € .#
such that every curve x,(-) is L;-Lipschitz continuous with respect to e;. Setting
Y :=sup ¥;(f(-,-)) < oo as further abbreviation, Lemma 5 (on page 185) provides
foreveryt € [0,T], n € N (with 2" > T) and each j € .¥

(0] < (1x0(0)]j+%T) - eiT = R;.

Assumptions (1.)—-(3.) are combined with Euler compactness and Euler equi-
continuity. Thus, Lemma 18 guarantees that a subsequence (x,,m ())m oy converges
to a function x(+) : [—7, T] — E in the sense that for every j € . andt € [—7, T],

dj(xn, (1), x(t)) — 0 for m — oo,

In particular, x(-) = xo(+) in [—7, 0].

For every ¢ € [0,T], the estimate |x(r)]; < R; results from hypothesis (H4) about
the lower semicontinuity of |-]; (on page 182) and, x(-) : [-7,T] — (E,¢;) is
also L;-Lipschitz continuous due to the lower semicontinuity of e; (in hypothesis
(H3) (i)). Hence we obtain

x(-) € BLip([—7,T], E; (ej) je.srs (|-])jes) -

Finally it is a consequence of Convergence Theorem 13 (on page 191) that
limsup d; (0(s1h2),x(t+h)) 7hdj(19(s,z).,x(t)> B

hl0
holds for .#!-almost every ¢ € [0,T] and arbitrary j € .%, p > Rj, s€[0,1],
2€E, ¥ €O(E,(di)ics,(€)ics,(|-]i)icr) with [9(z)]; <p. Indeed, each
Euler approximation x,(-) : [0,T] — E, n € N, can be regarded as a solution of

%) 3 fal)

< Dj(v, Fe49) e g0 1) P)

with the auxiliary function
fn : [07 T] — @(Ea (dj)j&ﬁa (ej)j&ﬁa ( LJ])]E]),
) = f(xn(')|[t1;-r,z,/gr t%)  forany t € [tk tFF1[ k< 2n.

Similarly set f: [0, 7] — é(E, (dj)jefv(ej)jeﬁ(HJ')JEV)’
t— fx(e+)| g 1)
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At Z!-almost every time 1 € [0,T], assumption (4.) has two key consequences.

First, with the abbreviation 7y := [ hy,, € Nhy,,
Dj(f(1), fun () p) = Dj(f(xt 4|z 0]y 1) f Qo 28, ) 2.0 26,): P)
=T,

for every j € .# and p > R; because for any index i € .# andr € [0,T], s € [-7,0],
the pointwise convergence of (xy,,())men and continuity property (H3) (ii) imply
m— oo

di(x(t+5), xn, (5 +5)) = 0.
Second, we obtain for any sequence #,, — ¢ in [0, 7] and for every j € &, p > R;
D (fun (1), fan(tm): P) = Dj(fGon, (¢, + 201 25),
f(xnm(trlx:, + ')‘[71,0]7 trl[,”,,); P) =0
with the abbreviations 7 = [h;—m] R [h’ﬁ] hy,, because due to continuity
property (H3) (ii) again, the following convergence holds for any i € .¢, s € [—7,0)]

di(x(t+5), xu, (1} +5)) m2E 0

{d,-(x(tJrs), Xy, (11 +5)) mZE .
Hence the assumptions of Convergence Theorem 13 are satisfied by fcn ()3 fn()
and thus, x(:)[jo;r) solves the mutational equation X(-) > f(-) in the tuple

(E, (dj)jer, (ej)jer,(L]))jess (Bj)jey), ie., x(~)\[oﬂ is a solution to the muta-
tional equation

X(1) 3 f(l+9)] g 1) O

3.3.4 Existence for Systems of Mutational Equations with Delay

Considering mutational equations with delay and without state constraints, the pre-
ceding results about existence and convergence of solutions can be extended easily
to systems. This feature is regarded as an important advantage in regard to applica-
tions as we have already pointed out.

Indeed, starting with the same assumptions as in § 3.3.3 (i.e. Euler compactness
and Euler equi-continuity) for each component, Euler method provides a sequences
of approximative solutions. Then Lemma 18 (on page 195) is applied to each com-
ponent successively so that we can extract a subsequence of approximative solutions
whose components converge pointwise respectively.

Finally it is to verify that each component of the limit solves the corresponding
mutational equation in the sense of Definition 8 (on page 187). For this purpose,
we regard the other components as an additional, but known dependence on time
— as we have already done successfully in the proof of Theorem 2.20 (on page 118).

Now we formulate the results about two mutational equations in detail and then
restrict our considerations of proofs to the aspect of convergence again.
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Theorem 21 (Convergence of solutions to systems of mutational equations).

Let the tuples (Ela (dl)'efp (e})jefp (I_J})]Ejp (5})j€f|)
and (E27 (d )]672, (eﬁ)je]za (LJ?)]EYP (Dg)jefz)
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satisfy the assumpttons of § 3.1 (on page 182 ff.) respectively with nonempty sets
9 (Ela (d )]€f| 1) ( )j€f| 9 ( LJ})]€f| ) Lll’ld 9 (E2a (djz')jejza (ei)jejza (I_J?)]Efz)

Suppose the followmg properties of
fn,f‘ E| X E; x [0,T

} ] ll ll
f2 Ey X Ey X [O T] ( (diz)iefp (eiz)ieﬂz? (I_'Jiz)ieﬂz)
x,ll, xl: [0,T] — E|
x2, x%: [0,T] — E, :

1.) foreach j) € S, jr € S and every p > 0,

!

( (d‘l )ie% ) (e- )i€f| ’ (I_J ] )iefl) (n € N)

Ry =sup )]} < @ (p) = sup @ (£0'5%0)cp) < o

ity y?
2

R =sup 1203 <= Gh(p) = swp o (20" 0%0:p) < o

nt ntyl,y?

() 0,7] — (Er,ej)) < e,

= sup Lip (x}
2 :=sup Lip (x%() :[0,T] — (Ez,ei)) < oo,

3.) for £'-almost every t € [0,T] :
fim Dj, (3 (6 (1), 2(0),1), i O v 0); P) = O

n— oo

lim D3, (£7(< (), (1), 1), £2(0h v t); P) = O

n— oo

2(0) 3 f2(xL(), x2(+), ) (in the sense of Definition 8 on p.187) for any n,

foreach jy € 1, jo € S, p >0 and any sequences (tn)nen, (Va)nens (V)nen

in [t,T], E| and E, respectively satisfying

lim t, =¢ and lim d} (x'(t),y;) =0, sup |y}]! <R} foreachic .7,

oo e
n n neN

lim d7(x*(t),ya) =0, sup |ya]7 <R; foreachic .7,
n—oo

neN

4.) for Lebesgue-almost everyt € [0,T] (t = 0 inclusive) and any t €t,T|, there

exist a sequence ny, /" o of indices and sequences 6y, \, 0, 0, \, 0 (depending

ont,t) satisfying for m — o and each j| € Sy, jo € S5, p >0
a>ﬁu%w>%>»mwwfmwwy~o
D3 (f*(x! (t),1), fr (x'(2), X*(1),1); p) — O

(if) (xl , xl (t+68m) — 0, dJZ.Z(XZ(t), X2 (t+8m))
dj (x' (1)

nm nm
(iif)

1 (" 5 ) Oa djz'z(xz(f)v x%m(iifgm)) -

— 0



200 3 Continuity of Distances Replaces the Triangle Inequality

Then, x'(-) and x*(-) are solutions to the mutational equations

o1

X () 2 fl (xl(')axz(')’ ')’ ;2(') > fz(xl(')’xz(')a )
in (Ev, @))jess (€))jes> (I]))jesn (l:)})jeyl)
and l (E27 (djz')jefZ’ (e%)jeﬂza (LJ%)]Eﬂza (Di)]6f2>
respectively.

Theorem 22 (Existence of solutions to systems with delay).
Suppose each of the tuples

(El ) (d}')jeﬂl ) (e}')jefl ) (LJ})]E%] ) @(El ) (dl)lé BZ% ( )lE 1 (L J 1)1'6:?1 ))
(E27 (djz')jefza (djz')jefza (LJ?)]Eﬂza 9(E27 (diz)lejp( €; )lEfza (|_ Ji )iE]z))
to be Euler compact and Euler equi-continuous. For some fixed T > 0, set
BL* = BLip([—1,0], Ex; () jess (11)%)jen) (k=1,2).
Assume for the functions
fl : ‘@gl X ‘@gz X [OaT] — é(Ela (dil)i€f| ) (eil)iejla(l_'Jil)iefJ
fz : %gl X ‘%gz X [Oa T] — é(EZa (diz)l'efzﬂ (ez‘z)iEjza(l_'Jiz)iefz)
and each j1 € S, jo € $H,R>0:

1) sup o (f'(z,2,0); R) < e, sup o, (f2(2',2%,0); R) < oo,
A2 2,20t
2.) p Bl (f' ("2, 0);R) < oo, Isup B (f(2",2%.1); R) < oo,
t
3) sup )/]l(f (z},22,1)) < oo, sup ’)/2»2 (z',2%,1)) < oo,
2l 22t 2t

4.) for £'-almost every t € [0,T] :
Tim Dy (f' 5 3750) f' (2 2ta)s R) = 0
HIEI}Q Di (fz(yllwy;%vsn)v fz(zrlnzﬁvtn); R) =0
for every ji € 41, jo» € #, R > 0 and any sequences (sp,tn)nen, (V),z) ) nen

(V2,22 )nen in [0,T), BLY, BL? respectively satisfying for each k € {1,2},
i€ I, s €[-1,0],
lim s, =t= lim #,, lim df (45 (s), 2(s)) = 0 = lim d¥(2(s), ()
e " Kok

sup sup {[V;()Jf, [z ())F} < e

neN [—1,0]

Then for any initial functions x(l) € BYL l,x(z) € BL? given, there exist curves
x'(-) € BLip([~7,T], Ei; (€])jes, (L]})jen)
x*() € BLip([~7,T], E; () jers, (I]7)jens)

with x1(~)\[,r70] =x}, x2(~)\[,r70] = x3 whose respective restrictions to [0,T] solve
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the two mutational equations with delay

) > )| gy 2

) )‘ [—7,0]» )

OE fz(xl(f+‘)|[—r,o], +)=r0) 1)

in (E17 (d]l)]eﬂw (e})jefw (LJI)JEJI’ (é} JGJI)
and (Ez2, (d3)jern, (€9) ey, (LJz)]Efza (DY) jes)-

Proof (of Theorem 21). We focus on x'(-) and choose the index j € .#| arbitrarily.
Then, x!(-):[0,T] — (El,e}) is B ]l -Lipschitz continuous as a consequence of as-
sumption (4.) and the lower semicontinuity of e1 (hypothesis (H3) (i) on page 182).
Hypothesis (H4) about the lower semlcontmulty of |- j ensures sup |x' (- )J} < R}-.

Finally we verify the solution property

limsup - (d]l (0! (s+h,2"), +n) — dj(®'(s,2"), x'(1)) -eah(p)h)
K10

<DL (D!, f1' (), 52(1), 1) p)
for Lebesgue-almost every ¢ € [0,T[ and for any ¥ € é(El,(d}),(e}),(L.Jl.)),
s€[0,1[,z" € E1, p > R} with [8'(-,2")]; <p,
Indeed, for Lebesgue- almost everyt € [0, and any h €]0, T— [ assumption (4.)

guarantees a subsequence (x,,m())m oy and sequences Om \, 0, O, \, O satisfying
foreachi; € 4, € #,r>0and m — o

D (£ (' (1), x*(), 1), fnm( He), x*(1),1); 1) — 0
dh (x'(1),  x, (t+6m)) —0
a’l-z2 (¥*(2), X2 (t+8m)) —0
di1| (xl(t+h), xim(tJrh F )) —0

Now we conclude from Lemma 9 (on page 188) and the continuity of djl- (due to
hypothesis (H3) (i)) respectively for each index j € .7

d}(ﬁl(s—i—h,zl), x!(t+h))
= lim  d (9 (s+h—8n 2"), X, (1+h— )

m-— oo

< limsup (d}(é‘l(er&n, 2, x4+ 6m)
Fhesup DYDY A (k2 p) ) O
[(+8n, t+h—5]

IN

(d}(tﬁ‘l(s,z), x'(t)) +h-limsup sup 5}-(191, fnlm(x,lqm,x,%m,~); p)) (P
m—eo (48, t+h]
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For completing the proof, it is sufficient to verify

limsup limsup  sup 5} (191, f,:m(x,llm,xim,~);p) < 5} (ﬁl,fl(xl(t),xz(t),t); p)
hl0 m—oo (14§, t+h]

for Lebesgue-almost every 7 € [0, 7| and any subsequence n,, , e satisfying

dil1 (xl(t), x}qm(t—i—ﬁm)) — 0
dizz(xz(t), X2 (t+68y) — 0
ﬁjll (fl(xl(t)axz(t)’t)a fr}m(xl(t)’xz(t)at); V) — 0

for m — o and each iy € A1, i € S, r> 0.

Indeed, if this inequality was not correct then we could select some € > 0 and
sequences (h;);eN, (my)ien, (s1)1en fulfilling for all/ € N

D} (v, f;ml(x;ml(wrsl),x,%ml(z+s,),t+sl);p) > Di(0 f'(x' (1), (1), 1); p) + &,

S < s < b < 4, my > 1.

Due to property (H3) (ii), the uniform Lipschitz continuity of (x} (-))m, (2, (-))m
implies

dizz(xz(t), x2 (t+s)) — 0

nml

{d}l (xl(t), x,llml(tJrsl)) — 0

for | — oo and each i; € .7, ir € %. Thus at .Z!-almost every time/{ €[0,T],
assumptions (3.), (4.) (i) and hypothesis (H6) about the continuity of D}( S5 T)
would lead to a contradiction because for any r > 0,

lhm ﬁ}(ﬁlv fnlml (xrllml (I+S1),Xﬁml (I+S1),I+S1); V) = B}(ﬂlafl(xl (t)vxz(t)v t); }") .
J

3.3.5 Existence Under State Constraints for a Single Index

Similarly to § 2.3.6 (on page 123 f.), we restrict our considerations to the special
case that the index set .# # 0 consists of a single element: .# = {0}.

Now the goal is to specify sufficient conditions for the existence of solutions to
mutational equations with state constraints. Aubin’s adaption of Nagumo’s Theorem
(about ordinary differential equations) formulated in Theorem 1.19 (on page 40)
serves as a starting point and provides the viability condition.

In contrast to the counterparts in preceding chapters, we now dispense with
assuming sequential compactness of all “closed balls” in (E,dy). Instead we focus
on the compactness properties of curves which are constructed via transitions in a
piecewise way. But this piecewise construction does not have to be restricted to an
equidistant partition of [0, 7] as in Definitions 2.15 and 16 about Euler compactness
and Euler equi-continuity respectively (on pages 112 and 194).
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Definition 23. (E, (d))jes ())jess (I:)))jess OE,(d)i, ()i ([]i)i))
is called nonequidistant Euler compact if it satisfies the following condition for any
initial element xy € E, time T €]0,0[ and bounds a,-,ﬁj,;?,-,Lj >0(jes):

Let N = PN (x0,T, (aj,lgj,?j,Lj)jej) denote the (possibly empty) subset of
all curves y(+) : [0,T[ — E with the four following properties

(1) ¥(0) = xo,

(2.) foreachje ., y:[0,T[— (E,e;)is L;-Lipschitz continuous,

(3.) foreach je.7, sup|y(-)|; < (lxo); +%7T)-ehT = R,

(4.) forany e [0,T], thereareselr—1,1] and © € O(E,(d:)i, (e:)i, (|-]:):)
with y(s+ ) = 9(-, y(s)) in an open neighborhood / C [0, 1] of [0,—s]
and  o;(%; R)) < @, Bi(9; R;) < By, ¥%(9) <7

Yi>
Then for each ¢ € [0, T, every sequence (z,)nen in {y(¢)|y(:) € A} CE hasa

subsequence (2, ),y and an element z € E with d(z,,,,z) — 0 for each j € ..

The tuple (E, (d})jes, (¢j)jes, (|-]j)jer O, (d)ics,(ei)ics (|-]i)ics))
is called nonequidistant Euler equi-continuous if for any initial element xo € E, time

T €0, and bounds @;,B;,7; > 0 (j € &), there exists A; > 0 for each j € &
such that

@JV(X(M Tv (aja Bj7 ?jv w)jetf) = @JV(X(% T7 (ajv Bja 5/\]'7 lj)jef%
i.e., every curve y(-) : [0,T[ — E satisfying preceding conditions (1.), (3.), (4.)
is Aj-Lipschitz continuous with respect to ¢; for each j € 7.

Remark 24.  We provide two simple implications for the special case .# = {0}:

(1) Ifforevery ri,r; >0and xo € E, the set {x € E | eg(x0,x) < ry, |x]o <12}
is sequentially compact, then the tuple (E , do, €0, |*]o, @) is always nonequidistant
Euler compact.

(2.) If dy = ey is a pseudo-metric, then all curves piecewise constructed by
transitions are Lipschitz continuous due to Lemma 2.10 (on page 107). Finally

nonequidistant Euler equi-continuity (with Ay = ) results from the triangle in-
equality.

Proposition 25 (Existence of solutions under state constraints for .7 = {0}).
In addition to % = {0}, let E # 0 and

do, eo: EXE — [0,00[,
|_'J0 : E - [Oa 00[7
Dy : EXEx[0,00] — [0,09]
satisfy hypotheses (H1) — (H7). Assume (E, do, eo, |]o, é(E,do,eo, HO)) to be
nonequidistant Euler compact and nonequidistant Euler equi-continuous.
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For each r> 0, suppose

[ (E,do) — (O(E, do, e, |-]0), Dol--1))
to be continuous with
r) = supep 0o(f(2)ir) <o,

r) = sup,cp Po(f(2)ir) < oo
=sup.cp W(f(2) <

%)E) Q)

Let v C (E,dy) be a closed subset whose projection E ~ ¥ has always
nonempty values and whose distance function dist(-,¥") : (E,dy) — [0,00[, z+—
ing/ do(y,z) is 1-Lipschitz continuous. Assume the following viability condition
ye

f(z) € Iy (2) foreveryz eV,
ie. lirhnlionf L dist(f(z) (h,2), ¥) = 0 foreveryze V.

Then every state xo € ¥ is the initial point of at least one solution x : [0,1] — E
to the mutational equation

() > f(x()

in (E, do, eo, |-]o, 50) with the state constraint x(t) € ¥ forallt €[0,1].

For proving this proposition, we first construct approximative solutions satisfy-
ing weakened forms of the mutational equation and state constraints. Lemma 1.29
(on page 48) and Lemma 2.25 (on page 124) have the following counterpart with
Ao > 0 denoting the appropriate Lipschitz constant resulting from nonequidistant
Euler equi-continuity and depending on ¥, x, essentially.

Lemma 26 (Constructing approximative solutions).
Choose any € > 0. Under the assumptions of Proposition 25, there always exists a
Ao-Lipschitz continuous function x¢(+) : [0,1] — (E, eg) satisfying

(@) x¢(0) = xo,

(b) forallt€[0,1], dist(xe(r), ¥) < & % .

(c) forallt €[0,1[, there exist ¥ € {f(z) |z € E :do(z, xe(1)) < € ¥} C
O(E,dy, e, |-]o) and s € [0,1] with xe(s+-) = (-, xe(s))
in an open neighborhood I C [0,1] of [0, t—s],

) forallt€[0,1], |xe(t)]o < (|x0)o+71) €.
Proof (of Lemma 26).  For € > 0 fixed, let 2% (xy) denote the set of all tuples

(T, x(+)) consisting of some Ty € [0,1] and a Ay-Lipschitz continuous function
x(+) : [0,T,] — (E,ep) such that
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(a) X(O) = X0,
(b)) 1.) dist(x(Ty), ¥) < re(Tx) with re(t) := €% 1,
2.) dist(x(r), ¥) < re(1) forallz e [0,Ty],
(©) forallz € [0,T;], thereexist © € {f )|Z€E do(z, x¢(1)) < re(l }C
O(E,dy,e, |-]o) and s € [0,7] with x¢(s+
neighborhood I C [0,7;[ of [0, t—s]. R
(d) forallz € [0,Ty[, [xe(t)]o < ([xoJo+71) €.

) = ¥(-,x¢(s)) inan open

Obviously, 27 (xp) is not empty since it contains (0, x(-) = xo). Moreover, an order
relation < on &% (xo) is specified by

(T x()) 2 (T, ¥()) &= T<T andx=y|,p.

Hence, Zorn’s Lemma provides a maximal element (7, x¢(-)) € (xo).

As all considered functions with values in E have been supposed to be Ay-Lipschitz
continuous, x¢(+) : [0,T[ — (E,ep) is also Ag-Lipschitz continuous. In particular,
xe(+) can always be extended to the closed interval [0, 7] C [0, 1] in a Lipschitz con-
tinuous way because the tuple (E, do, e, |-]o, O(E, dy, eo, [-Jo)) is assumed to be
nonequidistant Euler compact (and for each k € N, we are free to extend x(-)| 0,7-1]

to [0, T] by means of an arbitrarily fixed transition ¥).

Assuming T < 1 for a moment, we obtain a contradiction if x,(-) can be extended
to a larger interval [0, 7 4 6] C [0,1] (8 > 0) preserving conditions (b’), (c), (d).
Due to the assumption about the set-valued projection on ¥ C E, the closed set ¥
contains an element z € E with dy(x¢(T),z) = dist(xe(T), ¥) < re(T).
As a consequence of the viability condition, there is a sequence %y, | 0 in ]0,1—77
such that dist(f(z) (hm,2), V) < € hn for all m € N.
Now set for each r € [T, T + hy]

xe(t) == f(2) (1 =T, xe(T)).
Obviously, this extension of x¢(+) satisfies the two conditions (c), (d) in [0, T+h].
Furthermore, the estimate dy (z, x¢(T')) < re(T) < re(1) and the continuity of x¢ ()
provide some sufficiently small & €0, %] with
dist(xe (1), ¥) < do(xe(t), z) < re(1) foreveryt € [T, T + 9]

and thus, the extension x(-) fulfills condition (b’)(2.) in the interval [0, T + J].
For any index m € N with h,, < 8, we conclude from the 1-Lipschitz continuity of
dist(-,¥") with respect to dy and Proposition 7 (on page 185)

dist(xe (T +hw), V) < do(f(2) (hm, xe(T)), f(2) (hm, 2)) + dist(f(2) (hm, 2), V)

< do(xe(T), 2) - €™+ &y

< gl T . Ohmyg.p,

< re(T +hm),
i.e. condition (b’)(1.) is also satisfied at time t = T + h,, with any large m € N.
Finally, x¢(-) ’ 10, T+ provides the wanted contradiction and thus, 7 = 1. O
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Proof (of Proposition 25).  Considering a sequence of approximative solutions
(x1/2(-))nen in the sense of Lemma 26, we can select a subsequence (xy /(")) jen
that is converging pointwise to a Ag-Lipschitz continuous curve x(-) : [0,T] — E.
Indeed, this selection is based on the same arguments as Lemma 18 (on page 195 f.).
Moreover, x(-) has all its values in the closed set of constraints ¥ C E.

Finally we have to verify that x(-) solves the mutational equation x(-) 3 f (x())-
It results from Convergence Theorem 13 (on page 191) and the continuity of f.

3.3.6 Exploiting a Generalized Form of “Weak” Compactness:
Convergence and Existence without State Constraints

In § 3.3.3 (on page 193 ff.), the combination of Euler compactness and Euler equi-
continuity has laid the foundations for the existence of solutions to the initial value
problem without state constraints (in Theorem 19).

This form of compactness with respect to (d;) jc.», however, might be very difficult
to verify in many applications. In the simple example of a Banach space with affine
linear transitions (extending Example 1.2 on page 2), we would have to assume
that all transitions have their values (after any positive time) in a finite dimensional
subspace. Undoubtedly, it is a very severe restriction.

Similar obstacles have already led to the concepts of weak convergence and weak
compactness in functional analysis. They are closely related with linear forms in
the considered topological vector space, but such linear functions do not prove to be
appropriate for drawing any conclusions in the general tuple (E, (d)) jc.s, (¢}) je.7 )

In regard to extending the notion of weak convergence to such a tuple, we suggest
another well-known relation of linear functional analysis as starting point for bridg-
ing the gap between strong and weak topology: In every Banach space (X, || - ||x)
(with By denoting its closed unit ball), the norm of any element z € X satisfies

lzllx = sup {y*(z) | »* : X — R linear, continuous, sup, g, [y (0)lx <1}

Skipping now any aspects of linearity, we realize that the metric on X is represented
as supremum of further pseudo-metrics. In particular, weak convergence focuses on
the convergence with respect to all these pseudo-metrics instead of their supremum.
Such a connection via supremum can be extended easily to (E, (d)) jc.z, (€j) je.s)-

Additional assumptions for § 3.3.6.

In addition to the general hypotheses (H1)—(H7) about dj,e; : E x E — [0,00]
specified in § 3.1 (on page 182 ff.), let ¢ # 0 be a further index set. Assume
dji,ejx: EXE—[0,00 (j€ 7, k€ _#)tosatisfy (HI)—(H3) (with index set
& x g instead of .# for distance functions) and additionally
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(H]) dj(x,y) = sup dj(x,y),
Ke g
ej(x,y) = sup ejx(x,y) forallx,y€eE, j€ 7.
Ke J

Moreover, we tighten up hypothesis (H4) in the following form:
(H4") || is lower semicontinuous with respect to (d; x)ic.s xe 7, i-€.,
lx]; < lilrrliolgf EAN
for any x € E and (x,),en in E fulfilling foreachi€ .,k € 7
lim d;x(x,x) =0, sup |x,]; <eo.
n—ee neN
Definition 27 (weakly Euler compact).
_ The tuple (E, (dj)jes, djx)jcrxe g, (€))jes (€jx)jesne s, (I-]j)jer
O(E,(d;),(ei),(|]i))) is called weakly Euler compact if it satisfies the following
condition for any element xo € E, time T €]0, [ and bounds a,-,B,-, Yi>0(jef):
Let A = A (x0,T, (0, B}, Yj)je.s) denote the (possibly empty) subset of all curves
¥(+) : [0,T] — E specified in a piecewise way in Definition 2.15 (on page 112) and
equivalently in Remark 15 (2.) (on page 193).

Then for each ¢ € [0,T], every sequence (z,)uen in {y(t)|y(:) € 4/} CE hasa
subsequence (zy,, ),,cn and an element z € E with

lim d;(z4,,2) =0 foreach j€ S, xc 7.
m— oo

Now the existence of solutions is proved in this modified environment, i.e. on
the basis of weak Euler compactness, but still by means of Euler approximations.
The next theorems about existence and convergence, however, require a form of
“weak continuity” (with respect to state) for the transitions which occur on the
right-hand of the mutational equation. This is the novelty in assumption (5.) below:

Theorem 28 (Existence due to weak Euler compactness).

Suppose (E, (d})je.r, (¢j)jes, (:]j)jer, O(E,(di)ics,(ei)ics,(|-]i)ics)) to
be Euler equi-continuous (in the sense of Definition 16 on page 194) and the tuple

(E, (d))j, (djn)jns (e)js (ejn)ims (1-)7)is O(E,(di)is(ei)is(|-]1)i)) to be

weakly Euler compact.

Moreover assume for some fixed T > 0, the function
f+BLip([=7,0], E; (ei)i, ([-])i) x [0,T] — O(E. (di)i, (ei)i, ([]1)i)
andeach je€ # R>0:

1) sup o(f(z(-),1); R) < oo,

2) sup B(FG().1):R) < o

z(),t

3.) Sup Yi(f(z(); 1)) < oo

(),
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4.) for £'-almost every t € [0,T]: lim ﬁj(f(z,ll(-),trl), f(Z2(),22);R) =0
n—oo
for each j€ .#, R >0 and any sequences (t\)nen, (t2)nen in [0,T] and
(2 ())nen, (Z%('))nEN in BLip([—r,O], E; (ej)jess (Hj)jeﬂ) satisfying
foreveryic #, x€ ¢ ands € [—1,0]
lim £ =t= lim ¢, lim d;(z0(s), 2(s)) = 0 = lim djx(z2(s), 2(5))
n—oo n—oo n—oo 15 n— o0
sup sup [z,7°()]i < ee.
neN [—1,0]
5.) for every z(-) and £"-a.e. t € [0,T), the function f(z(-),t) (h,-) : E — E is
“weakly” continuous in the following sense:

lim - dj«(f(z(), 1) (hy), f@z(),0)(h,yn)) = 0

n— oo

for each x € ¢, h €]0,1], y € E and any sequence (yn)nen in E satisfying
di o (y,yn) — 0, sup, |yn)i <eo foranyic S k' c /.

For every function xo(-) € BLip([—7,0], E; (¢j)je.s, (|-]j)jesr), there exists a
curve x(+) : [—1,T] — E with the following properties:

(@) x(-) € BLip([~1,T], E; (¢))jer, (|-] ) jes),
() 50| g = 200
(iii) For £'-a.e.t €[0,T], }11% }ll.dj(f(x(t+~)|[_170], t) (h, x(1)), x(t+h)) =0.
If each d; (j € J) satisfies the triangle inequality in addition, the restriction
x() | 0.7] is a solution to the mutational equation ;(t) > flx(t+) | —e,0) )
in the sense of Definition 8 (on page 187).

For constructing a candidate x(-) : [-7,T] — E, we can follow exactly the same
track as for Euler compactness in § 3.3.3 (on page 193 ff.). In particular, the
arguments for preceding Lemma 18 (presented on page 196) provide a subse-
quence of Euler approximations whose restrictions to [0, 7] converge to a function
x(-) : [0,T] — E pointwise with respect to each dj  (j € £, K € Z).

Now we still have to focus on the solution property of x(-) ’ 0.7]"

Proposition 29 (about “weak” pointwise convergence of solutions).
Suppose the following properties of

fnv f: E x [OaT} — é(Ea(di)ief,(ej)jefa(L'Ji)ief) (l’l S N)
Xny X [0,T] — E :

1.) R; = sutp [Xn(1)]j < oo,
aj(p) :==sup aj(xy;p) <o for p>0,

Bi  :=sup Lip (x,(-):[0,7] — (E,ej)) < o  foreveryj€ .7,
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2) X, () 2 fulxn(),-) (inthe sense of Definition 8 on page 187) for everyn € N,

3.) Equi-continuity of (fu)n at (x(¢),t) at almost every time in the following sense:
for £ -almost every t € [0,T] : im D (fu(x(1), 1), fumrta); 7) =0
Nn— oo

foreach je Z, r>0and any (tn)nen, (Yn)nen in [t,T) and E respectively
satisfying  lim t, =1, lim d;x(x(t),yn) =0, sup |yn]i <R; foranyi,x,
n—s oo n—s oo neN

4.) For £'-almost everyt € [0,T| (t = 0 inclusive) and anyt € |t,T|, there is a
sequence ny, /" = of indices (depending on t <1) that satisfies for m — o

(i) ﬁj(f(x(t),t), T (x(2),1); r) — 0 forallr >0, j€ 7,
(i) forallje 7, x€ 7 dj(x(t W (1) — 0,
(iii) forallje 7 k€ 7 : djx(x(), xu, () — 0.

5.) Weak continuity of each function f(x(t),t)(h,-) : E — E at £'-almost every
time t € [0,T] in the following sense:

lim - dj(f(x(t), 1) (hy), f(x(0),1) (yya)) = O

for each x € 7, h €)0,1], y € E and any sequence (y,)nen in E satisfying
di o (y,yn) — 0, sup, |yn)i <eo foranyic S ,x' c /.

>xn

Then, x(-) is B i-Lipschitz continuous with respect to e; for each index j € % and,
at L' -almost every time t € [0,T],

lim - d;(f(x(t),t)(h,x(t), x(t+h)) = 0

hl0
holds for every index j € 7.

If each d; (j € J) satisfies the triangle inequality in addition, then the curve
x(+) 1[0, T] — E is a solution to the mutational equation X(-) > f(x(-), ") inthe
tple (E, (d))je.r, (ej)jes: (|']1)jers (Dj)jes)-

Proof (of Proposition 29).

Similarly to the proof of Theorem 13 (on page 191 ff.), choose the index j € .#
arbitrarily.

Then x(-) : [0,T] — (E,¢j) is Bj—Lipschitz continuous. Indeed, for Lebesgue-
almost every ¢ € [0,T[ and any 7 €]¢,T], assumption (4.) provides a subsequence
(% (-)) ey satisfying foreachie .7, x € 7

di,x(x(t)a xnm(t)) —0
di,K(x(f)7 xnm(f)) —0

The uniform Bj—Lipschitz continuity of x,(-), n € N, with respect to ¢; and
hypothesis (H3) (i) about (e; x)ic.7 xe # imply for every Kk € 7

for m — oo.
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ejx(x(t), x(1)) < linrpjip €jic (X, (1), X, (1)) < B; [f—1],
ej(x(t), x@) = sup ejx(x(t), x(7)) < B i1

NS 4

This Lipschitz estimate even holds at any points of time ¢,7 € [0, T] due to the lower
semicontinuity of e;, (hypotheses (H3) (o), (i)). Furthermore, hypothesis (H4")
about the lower semicontinuity of |- |; guarantees the bound

LXG)J] S liminf anan)Jj S RJ
m— oo
Finally we verify at .#!-almost every time ¢ € [0, T
lim sup ,ll~dj(f(x(t),t) (h, x(2)), x(t+h)) = 0.
h10

Indeed, for #!-almostevery ¢ € [0, T[ and any & €]0, T—t[, assumption (4.) ensures
a subsequence (xy,(+)), _\ satisfying foreachic .%, k€ #, r>0and m — oo

meN
Di(f(x(t),1)s fu (x(0),1)5 1) — 0
di,K(x(t)v xnm(t)) — 0

di(x(t+h), xp,(t+h)) — 0.

For any indices i € .# and x € ¢, we conclude from assumption (5.)
Jim - di e (f(x(2), 1) (h, x(2)), f(x(0), 2) (R, 20, (1)) = 0.
Now hypothesis (H3) (i) about (d; x )ic.7 xe ¢ implies for every k € 7

dj (f(x(t),1) (h, x(t)), x(t+h))
= lim - djx(f(x(0),1) (, X, (1)), X, (£ 4 )
gligljgp di(f(x(2),1) (hy xn, (2)), X, (t+h)).

Lemma 9 (on page 188) provides an estimate with p > 0 sufficiently large
dj(f(x(0),1) (h, x(2)), x(t+h))
< h-limsup sup Bj(f(x(t),t), Fim G (), )5 P) -e%i(P)h,

m—eo |t t4h]
For completing the proof, we verify

limsup limsup sup D;(f(x(t),8), fu, (xu,(-),); p) = O
hl0 m—e [t t+h]

for £!-almost every ¢ € [0,T[ and any subsequence (x,,,(-)), . satisfying
dix (x(1), X (1)) — 0
Di(f(x(l),t),f,,m(x(t),t); }") — 0

for m — oo andeachi € ., x € ¢, r > 0. Indeed, if this equation was not correct
then we could select some € > 0 and sequences (/;);en, (m7)ien, (81)ien such that
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ﬁ' t,t’ t ’t ; =€
J(f(x() ) f"'"[ (x"mz( +s51), 1+ 51) p) - forall/ € N.
0<s <h<i, mp > 1

Foreachi € .#, every curve x,,, : [0,T] — (E,e;) (m € N) is B,--Lipschitz continu-
ous. Hypothesis (H3) (ii) about (d; «)i.x, (€i,x)i,x implies forany i € &, x € 7

llim die(x(1), xn,,, (t +51)) = 0.
Thus at .#!-almost every time ¢ € [0,T[, assumptions (3.), (4.) (i) and hypothe-

sis (H6) about the continuity of D j( -, -5 r) (on page 184) lead to a contradiction
because for any r > 0,

lim D (£(x(), £), fo, (ny (E+50), t450); 1) = 0.

[—oo
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3.3.7 Existence of Solutions due to Completeness:
Extending the Cauchy-Lipschitz; Theorem

In general, many theorems about existence of solutions are based either on a form
of compactness or on a version of completeness. Now we prefer the latter analytical
basis and extend the Existence Theorem of Cauchy-Lipschitz to the current muta-
tional framework.

Aubin’s adaptation to mutational equations in metric spaces has already been pre-
sented in Theorem 1.15 (on page 38). It starts with a compactness assumption about
all closed bounded balls (in the metric space) though.

Now the main goal is to formulate its extension assuming merely an appropriate
form of completeness. In return for this weaker structural hypothesis, however, the
right-hand side of the mutational equation is supposed to be Lipschitz continuous —
in an appropriate sense.

Definition 30. The tuple (E, (d))je.r, (¢))jes, (|-]))je.r) is called complete
if for every sequence (x,),en in E with
lim sup dj(xm, x,) =0
k—eo mpn>k
wp lx ;<
neN
there exists an element x € E fulfilling lim d;(x,,x) = 0 forevery j € .Z.
n— o0

foreach j € .7,

Theorem 31 (Extended Cauchy-Lipschitz Theorem for mutational equations).
Suppose the tuple (E, dj)jes, (€))jer, (Hj)jej) to be complete and the tuple

(E, (d))jes, (e))jess (")) jess é(E/a\(di)ie,ﬂa(Q)ieﬂ»(l_'ﬁ)ieﬂ)) to be Euler
equi-continuous For f 1 E x [0,T] — O(E, (d})je.r, (¢})je.s, (|']})jer) assume
(1.) Foreachje % andR >0,
%j(R) = supy, o;(f(x,1); R) < oo,
Bi(R) = supy, Bj(f(x,1); R) < e,
’Yj = Supx,t ’)/](f(x,t)) < 2,
(2.) f is Lipschitz continuous w.r.t. state and continuous in the following sense:
for each tuple (r;) je s in 0,007, there exist constants Aj,11; >0 (j € .F)
and moduli of continuity (@;(+)) je.s such that §; : E x E — [0, 0],
8i(x,y) == inf{dj(x,2)+ ;- ej(z,y) |z€E, Vie S |z]i <ri}
satisfies for every j € &
Dj(f(x.s), f(1); 1j) < Aj-8i(x,y)+ ;(|t —s])
whenever (x,s), (y,t) € E x [0,T] fulfill max{|x];, [y]i} <ri foreachi.
Then for every initial element xo € E, there exists a solution x(+) : [0,T] — E to the
mutational equation X (-)  f(x(:), ") in the sense of Definition 8 (on page 187)
with x(0) = xo.
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Proof.  We use Euler approximations on equidistant partitions of [0, 7] again, but
now we conclude their convergence to a candidate x(+) : [0,7] — E (with respect
to each distance d;, j € .#) from completeness. Finally, Convergence Theorem 13
(on page 191) implies that x(+) is a solution to the mutational equation of interest.

For every n € N with 2" > T, set

hy = 4, thi=khy for k=0...2",
xn(0) == xo,
Xu(t) == fla(h), ) (e =1k, x, (%)) for 1 € ek, k1], k< 2m.

Assuming Euler equi-continuity, we obtain a constant L; € [0,oo[ for each index j
such that every curve x,(-) is L;-Lipschitz continuous with respect to e;. Moreover,
Lemma 5 (on page 185) guarantees for every 7 € [0,T], n € N(with2" >T), j€ &

()] < (%0l +7%T) - el = R;.

Assumption (2.) provides constants A;, 1; > 0 (j € .#) related to the tuple (R)) jc.»
such that Lipschitz continuity with respect to the corresponding auxiliary function

5]': EXE — [0,
(x,y) +— inf{dj(x,2)+ ;- ej(z,y) |2€E, Vie I |z} <R}

holds for every index j € .#. In particular, we conclude from Proposition 7 about
estimating evolutions along any two transitions (on page 185) in a piecewise way:
For each j € .% and every n >m, t € |tk 5311 Jed, 1),

); Xn(1)) -
< dj(n(th), xn(th)) + (= 10)- Dy (Fom(1h), ), f(ealeh). 1): R;)
< dj(on(t)s xa(tn) + (6= 1) - (A) 8 (m (), xn()) + 05 (187 = 1))
< dj(xm(ta), xn(t3)) + (6= 13) (A (djCom(t3,), () + 1 - € (o (83,) % (13)))

+wj(hm))
(1)) + Al - Lt + @j (b))

A\
\Q..
—

=

3
—
g
N
=
=
=
S
S~—
SN—
+
—
=
\
S
~
—
>
~.
e
=
3
—
~
L.
N

and thus, sup d;(xn(s), xu(s)) < const(i;,Lj,A;) - (hm+ ®j(hm)) it
s€[0,]

for every 1 € [0,T]. The sequence of Euler approximation (x,(-))

a uniform Cauchy sequence with respect to each d;, j € /.

nen 18 (even)

Due to completeness, there exists an element x(¢) € E at every time ¢ € ]0,7]
such that lim d;(x,(t), x(r)) = O holds for every index j € .#. Setting x(0) := xg
n— oo
is a rather obvious choice.
As a consequence of Convergence Theorem 13, x(-) : [0,7] — E is a solution to
the mutational equation ;() > f(x(-),) inthe sense of Definition 8. This results

from essentially the same arguments as the proof of Theorem 19 (on page 197 f.).
O
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3.4 Local w-Contractivity of Transitions Can Become
Dispensable

Definition 2 of transitions (on page 183) implies the restriction that the initial dis-
tance between two points may grow (at most) exponentially while evolving along
the same transition ¥, i.e. for any x,y € E and h € [0,1], j € .7,

dj (9 (h,x), B(h,y)) < dj(x,y) - e®"
with a constant ¢f; € [0,0] depending on ©¥ and max{|x|,|y|} < e=. The key goal
of this subsection is some way out if the candidates for transitions only satisfy
dj(ﬂ(h>x)’ v(h,y)) < C- dj(x’y) ceh

with a constant C > 1.

In a very broad sense, we apply the same notion as for the step from Hille-Yosida
Theorem (about contractive C° semigroups) to the Theorem of Feller, Miyadera and
Phillips (about arbitrary ol semigroups) (see e.g. [76, Theorem I1.3.8]). Indeed, we
introduce a suitable auxiliary distance d '/ being “equivalent” to d;, but in the muta-
tional framework there is no linear resolvent operator available as in the standard
proof of the Theorem of Feller, Miyadera and Phillips. Hence we start from a more
general inequality of error propagation in finite time intervals instead.

General assumptions and notations for § 3.4.

(A1) O(E,(d});,(e;)j,(|]);) is a nonempty set of functions © : [0,1] x E — E
satisfying for each j € .
(1.) foreveryxe E: ¥(0,x)=x

(3.) thereis B;(¥;-) : [0,00[— [0, o[ such that for anys,r € [0,1], x€E
with [x]; <r:  ej(D(s,x), 9(t,x)) < B(D;r) - |t —s]

(4.) thereis ¥; € [0,eo[ (not depending on ¥) such that for any ¢ € [0, 1]
andx € E : |[0(t,x)]; < (lx); + 7 1) - eV

Moreover, a parameter function o; : © (E,(d});,(e;);,(|-]);) x [0,00 —
[0, o[ is nondecreasing with respect to its second argument. (Its purpose is
clarified in (A4) below.)

(A2) For any initial element xo € E, time T €]0, e[ and bounds &j,Bj >0(jeSs),
the set A = A (xo,T, (&j,ﬁj,i/})jey) consists of all “Euler curves”
0, 7] — E related to piecewise constant curves in O (E, (d;);, (e;);,(|-]);)
as in Remark 15 (2.) (on page 193) — but with the global bound 37] < oo
(mentioned in (A1) (4.)) instead of y;(0).

(A3) b/ : é(Ea (dj)j’ (ej)ja (LJ )]) X é(Ea (dj)jv (ej)ja (LJ )]) X [O,oo[ - [O,oo[
satisfies hypotheses (HS) and (H6) (on page 184), but not necessarily (H7).



3.4 Local w-Contractivity of Transitions Can Become Dispensable 215

(A4) There is a nondecreasing function C; : [0,00[ —]0,c0[ satisfying:
Choose the bounds aj,Bj,Rj,T > 0 (j € #) and initial points xp,yp € E
arbitrarily with max{|xo];,[yo];j} < R; and set p;(r) := (Rj + ¥jt) eI’
for each j € .#. Then any curves x(-) € :/V(xo,T,(&j,Bj,?j)jey), y() €
JV(yo,T,(&j,B\j,?j)jey) and the corresponding piecewise constant ¥, 7 :
0,T] — O (E, (d;);,(e;);,(|-]);) (as in Remark 15 on page 193) fulfil

dj(x(T),%(T)) < (C5(0) d;(x0,%0)
T

v

(1) [ D (006), w(5): py(s)) e T as) - T

t
with the abbreviation d]’-) () == /0 0j(t(s); pj(s)) ds.
(As T is chosen arbitrarily, the restrictions of x(-),y(-) to [0,¢] provide this
estimate at even every time ¢ € [0,T].)

In comparison with the preceding general assumptions of this chapter in § 3.1 (on
page 182 ff.), the essential new aspect is specified in assumption (A4). Indeed, the
details about aj(¥;-) and D i(+,-37) are now reduced and, we assume the structural
inequality (of Proposition 7 on page 185) with three modifications:

(i) the initial error is now multiplied by a constant C '1(0) (possibly > 1),

(i) we suppose this modified inequality for all “Euler curves” related to piecewise
constant curves in O (E, (d});,(e;);j,(|-]);) in a finite time interval [0, T,
—aPs) . . .
(iii) there is an additional factor e~ % ) in the integral — for technical reasons, but
this is no severe restriction because we can usually adapt the choice of C;(T).

Constructing Auxiliary Distances with Equivalent Concept of Convergence

Now we bridge the gap between functions in O (E,(d;);,(e;);,(|]);) and tran-
sitions (in the strict sense of Definition 2 on page 183) by means of an auxiliary
distance function d;.

Additionally, further real components are introduced for technical reasons. They are
essentially to record properly to which “ball” {|-]; < r} C E we have to refer for
the choice of ;,D; and each j € .#. (Indeed, the tuple (x, (p;) je.s) € E x [0,00[”
is related to ;e {|*]; < pj- P’} C E. This separate exponential factor is just to
facilitate updating the radius along transitions.)

Proposition 32.  Consider
E = {(x,(pj)jes) €EEXR” | foreach je .7, |x|;<pj-ePi} CEx[0,00]”
with the inclusion E —E, x — (x, ([x]j)jer) and

the projection ;:E — [0,%[, (x,(p})jes) — pi

Define the extensions of d;(-,-), e;(-,-), |-]j and © € © (E,(d})},(e;)j,(|-]);) as
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di: ExE — [0, ((x1,(p})), (32, (p}))) — dj(x1,x2),

ej:  ExE — [0, ((x1,(p1)), (x2,(p7))) — ejlx1,x2),
[ E — [0, (x,(p1)) > [x];,

9:[0,1]xE — E, (h, (x,(pi))) — (O(h,x), (pi+%ih)ics).

For each index j € .7, there exist some Tj > 1 and a function an tExE — 0,00
satisfying for any ©,7 € O (E, (di)i (e)is (|-]1)1), %,5 €E, t1,t2,h > 0 with t+h,
1+ h <1 and the abbreviation R; := (max{r; X, m;y} +7;) - M {7V} 4

(1) di(-,-) <d;(-.) < Cj(0) - dj(-,")
(2.) d;(3(t1+h,%), d(ta+hy)) < d;(d(t1,%), O(t,y)) - " 1 HHOR)),
(3.) d;(D(t1+h,%), (tz+h,y))

(O(t1+h,%

< (d(9(0,9), T(0.3)) + h-Ci(Ty) Dy(D,T:Ry) ) - o (ei(wR),

In particular; each function ¥ € O (E,(d});,(e;);,(|-]);) induces a unique tran-
sition on the tuple (E, (Jj)j, (ej);, (H])]) in the sense of Definition 2 (on page 183).

In a word, the auxiliary distance functions d i, j€Z,on E (instead of E) guarantee
the form of w-contractivity that we need for transitions (according to statement (2.))
and, they lead to the same concept of sequential convergence as the original distance
functions (d;) je » (according to statement (1.)).

In particular, statement (3.) indicates explicitly how to adapt the distance function
D ; between transitions and the parameter of error propagation.

If we ensure the general hypotheses (H1) — (H3) for d; : E x E — [0,0[ (j € .%)
additionally, then all preceding results about well-posed Cauchy problems in this
chapter can be applied to the tuple (E, d);, (¢j)j»([-];);) and its (simply ex-
tended) transitions immediately.

As the construction of d ;7 in the proof below shows, reflexivity and symmetry of
each d i (J € &) result from the corresponding properties of d;. The “equivalence”
between d ;i and d; lays the basis for verifying hypotheses (H3) (o), (ii), (iii) about
converging sequences (on page 182) easily.

The sequential continuity in the sense of hypothesis (H3) (i) is nontrivial though.
In the next lemma we prove it under the additional assumption that d; is uniformly
continuous on each “ball”. Naturally this form of continuity results from the triangle
inequality if d; is a pseudo-metric, for example. It is worth noticing, however, that
the triangle inequality for any power df (p > 0) also proves to be sufficient here.
This case will be useful in regard to nonlocal stochastic differential equations (§ 3.6).

Lemma 33 (Sequential continuity of d i+ (H3) (i)).

Suppose for some j € I that dj: E x E — [0,e0] is locally uniformly continuous
in the following sense: For each r > 0, there exists a modulus of continuity ®; .(-)
such that for all x,x',y,y € E with max { |x], [x'|;, [v];, '];} <r
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|dj(x,y) = d;(X )| < 0 (djx,x) + dj(v,5)).
Furthermore assume Otj( -37) to be bounded for each r > 0.
Then the function d. I E x E — [0,00[ is sequentially continuous in the sense that
lim d; (%, o) = d; (¥, )
for any %5 € E and sequences (%, )nen, (Vn)nen in E fulfilling for eachi € .7,
lim d;(¥,%,) = 0 = lim d&;(,,Y), sup {[Fnli, [P i} < eo.
e neN

n— oo

Proof (of Proposition 32 on page 215 f.).  Fix T; > 1 with C’j(O) ce it <
and define d; : E x E — [0,0[ as

1
2

d\/j()\éo,y/o)

= sup{ et (&)(50.50) -0 =¢(1)- [ By(0(0) w(0):p(s) -4 V)|
e0,7}], @ Bi>0 (i),

~

v

X(-) € A (X, 1, (&,-,B\,-,@)i) related to piecewise const. ¥(-) : [0,7] — O,
¥(-) € A (Yo, t, (0, Bi, 7):) related to piecewise const. 1(-) : [0,1] — O,
pj(t") == (max{m;Xo, m; Yo} +3;1) - em T mI I
t/
5 (1) 1= / o;(v(s); p;(s)) ds foreachf € [0,1] 3
0
(1) dv](vo, Vo) > dj(Xo,Y0) is obvious for all Xy, ¥y € E (due to the option ¢ = 0)
[i(-,-) < Cj(0)-dj(-,-) < o results directly from assumption (A4)

(2.) This claim is a special case of statement (3.) because D i(+,+;p) is assumed to
be reflexive in hypothesis (A3).

(3.) Choose any %, € O (E,(d});,(e;)j,(1-]);), %0,Y0 € E, t1,t2,h > 0 with
t1 +h<1,tp+h<1andfors > —h, define the abbreviation
pj(s) == (max{m; do(r1,%), 7; 70(12,50)} + 7 - (s +h))-
. emax{m; Bo(r1.%0), m; T (t2.30)} + %+ (s+h) < R;.

In regard to an upper bound of dvj(ﬂo(tl—i—h,io), T (t2+h,¥0)), choose ¢ € [0,T],
0;,B;i > 0 (i € .¥) arbitrarily with oj(7o;R;) < @ (without loss of generality) and
select any two “Euler curves”

H() € A (o(t1+h,0),1, (3, B Fic.s )
V() € A (t0(t2+h,¥), t, (0, Bi, T)ic.s)
related to piecewise constant functions 9 (), 7(-) : [0,7] — © respectively.

Extend X(-),¥(-) and ¥(-), 7(-) to [—h,t] according to

{)E() = 13()(1‘1 +h+ -, )f()), 19() = vy, i [—h 0[
¥() = wl+h+-, Vo), () =1 i
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Then,
!
d;(5(1),3(t)) - e~ 4 _&(T) /0 By(0,wp) e | ds
t
= ) (a4, (80) 5(0) e L1 P E4(Ty) [ Bylo.5py € Fr s
¥ 0 s . +
+G(T)) hDjRﬂxmﬂe_ﬁ*a”ﬁp”dQ
and if we now assume ¢ + h < T in addition,
v v 0 N
< PGORD (i (¥(-h), Y(~R) & C(T)) | Di@.wpy), -1 ds)
< eho‘f(f";Rf)(Vj(ﬁo(fl,fo), T(t2,50)) ¢+ C5(T5) h- Dj(ﬂo,fo;RJ))
Ift+h>T;Ge.Tj—1 < T;—h <t < T;), we conclude from assumption (A4)
P . t P
e (40 50)- 40— ¢ym) [ Dyw.mpye | as)
< e’ C(0)-d;(x(0), ¥(0))
= 5 di(o(t+h,%o), To(ta+h,Y0))
and so, this second case is not relevant for estimating d; (S0 (t1+h,Xo), To(t2+h, o))
as a supremum. Finally, the upper bound for ¢ 4/ < T; leads to the claim. O

Proof (of Lemma 33 on page 216).  Assume that d; : E x E — [0, 0] is locally
uniformly continuous in the following sense: For each r > 0, there exists a non-
decreasing modulus of continuity ®; ,(-) such that

|dj(x,y) — di(¥',y)| < @ (dj(x, ¥) + di(,Y))
holds for all elements x,x’,y,y’ € E with max { |x];, |¥'];, [y];, Y'];} <r.
Now choose 7 € [0, ;] and any piecewise constant functions ¥ (-),7(-) : [0,¢] — ©
as in the definition of d i(X0,Y0) (at the beginning of the previous proof on page 217).
For any initial states ¥o,¥1,Y0,y1 € E, we can easily construct curves ¥o(-), %1 (-) :
[0,£] — E related to ©(-) and ¥o(-),¥1(-) : [0,7] — E related to 7(-) in a piecewise
way. Then assumption (A4) and the reflexivity of D; guarantee

{dj(xvo(t)> )\51([)) < éj(()) : dj()f(), xvl) %0

d;(3o(1), 31(1)) < €;(0) - d; (3o, 1) - "

and thus,

’dj()ZO(t)’)\;O(I)) *dj()f](l),)\)/l(l))’ < a)j,r<é]’(0) 655;(1), (dj(fo,)fl) +dj(}70,)71)))

with sufficiently large r > 0 (depending only on |Xo|;, [¥1];, [Jo]j, [1]; and %)).
In particular, this estimate is uniform with respect to ¥(-), 7(-) and thus, we obtain

dj (0, 5o) — di(, )| < @y (C50) €T - (d(F0, 1) + dj (o, 1)) ) - O
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How to Verify Solutions by Means of the Original Distance Functions (d;) jc »

A solution % : [0,7] — E to the mutational equation
HOER(EON
in the tuple (E,(d);,(e;);, ([];);, ©) is obliged to satisfy the condition (2.) of
Definition 8 (on page 187), i.e. there exists o;(X;-) : [0,00] — [0,00[ such that for
#'-almost every ¢ € [0,T]:
limSup dJ (ﬁ(s—’—h? Z)> )\é(t—’—h)) - dj(ﬂ(saz)> )\é(t)) ) eaj(i;Rj)h
nlo h
< Gi(T)) - Dj(9, f(&(1),1); R;)

is fulfilled for any ® € O, s € [0,1], € E satisfying [9(,%)];,|%(")|; < R;.
This condition, however, can be very difficult to verify in examples because it uses
the auxiliary distance functions d;, j € .#, which might not be known explicitly.

Hence we are interested in a sufficient condition on a curve x : [0,7] — E such
that its embedded counterpart in E solves the corresponding mutational equation in

(E, (dvj)jej, (e))jers, (H/’)J'Ef)'

Proposition 34.  Assume for x: [0,T] — E, © : [0,T] — © and each j € .%

(i) x(-) is continuous with respect to d; and satisfies R; = [sou[} [x(-)]j < oo,
T
(i) for eachr >0, O()is continuous with respect to D;j(-, -; r) and satisfies

sup {0 (9(-):r), Bi(O()ir)} <o,

)

(iii) the modified inequality in assumption (A4) (on page 215) holds for these
curves x(-),9(-) and any y(-) € JV( 0), T (Ot],ﬁ],’)/])Jey) with its related
piecewise constant T : [0, T] — O in the following sense: For eacht <T,

4i(x(0):50) < 1) [ Bi(00),(s)s i) ds -
!
with the abbreviations p;(t) := (R; + ;1) e?i* 665) (1) := /0 a;(t; pj)ds

Then % : [0,T] — E, t — (x(t), (|x(t)];)je.r) is a solution to the mutational
equation

#() 3 9(.)

in the wple (E,(d})jer,(¢))jes (|-]})jer,(Ci(T)) - D))jes) in the sense of
Definition 8 (on page 187).

Proof (of Proposition 34).  Tts basic notion is to approximate x(-) by means of
Euler curves, whose embedded counterparts in E are obviously solutions to some
“perturbed” mutational equations. Then the limit process is to preserve the solu-
tion property for the original equation — as a consequence of assumption (iii) and
Convergence Theorem 13.
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Choose the bounds @;, ; < = (i € .#) sufficiently large such that all values of ()
are admissible. For each n € N, the curve 9,(-) : [0,7] — O is constructed as the
piecewise constant extension of () restricted to the points of any finite partition
of [0,T] with mesh < % As an indirect consequence of assumption (ii), we obtain
for every radius r > 0, sequence 8, | 0 and index j € .¥

lim  sup D;j((s), 9(t); r) = 0.

n—02 0<st<T

[t—s| < &n

Now in a piecewise way, each 9,(-) (n € N) induces a continuous curve x,(-) :
[0,T] — E starting at the same point x(0) € E as x(-). Due to assumption (iii), the
resulting sequence (xn(~))n <y converges uniformly to x(-) with respect to each d;
and thus, the embedded curves ()Z,,())n N

toeachd; (j € .#). Forevery n € N, the curve %,(-) solves the mutational equation

converge uniformly to X(-) with respect

Xn () > 19n(‘)
in the wple (E,(d))jes,(¢))jer(|-]j)jess(Ci(T}) - Dj)jer). Finally Conver-
gence Theorem 13 (on page 191) ensures that X(-) solves the mutational equation

() 2 0C).
O
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3.5 Considering Tuples with a Separate Real Time Component

In some examples, it is useful to take time (or rather chronological differences)
into consideration explicitly. Then the product E:=RxEisto play the role of
the basic set and, the first real component represents the respective time. The tilde
usually reflects that we consider such tuples in E. Now we sketch how this time
component can be implemented easily — without changing any essential aspect of
the preceding conclusions.

Adapting the Hypotheses About the Distance Functions d;, ej(jes)

Reflexivity and symmetry of each distance function a?j, e EXE — [0, (j € &)
are still obligatory. Thus, hypotheses (H1) and (H2) are not changed.
Continuity hypothesis (H3), however, might be difficult to verify in examples
— particularly if d;(X,y) or ¢;(%,y) depend on the time components of %,y € E.
Thus we formulate the following modifications with 7 : E — R, X = (t,x) —t
always denoting the canonical projection on the real time component:

H)HG) (@5 = lim djF5),
ej(x,y) < limsup e;(X,,yn)
for any x,y € L%;:d (Xn)neNs n)nen in E fulfilling for each i € .
Jim di®5) = 0 = lim d,55).  sup {I%oTuli} <o

andforallneN: mx, < my,.
H3) (i) 0 = lim d;(%%,)
n— o0
for any X € E and (%, )nen» (Fn)nen in E fulfilling for each i € .7
lim di(}aj’vn) =0 = lim gi(j’vnafn)a sup L}nJia b’vnji}<°°a
Nn— oo n— oo neN
mxX < my, <mx, VneN or mx > my, > mx, VneN.

(H3) (i) 0 = lim d;(%%,)
n— oo
for every index j € .7, any element X € E and sequences (%,)nen.
(Vk)keNs (Zn)knen in E fulfilling

7'5121{7,1 =muyu < mXx, = mx foreachk,neN,
klim € (X, ) =0 foreachie .7,
lim &;(fk,fk‘n) =0 foreachi€ & ke N,
n—oo ’
klim sup  €i(Zxn,xn) =0 foreachi € .7,
— n>k
sup {[Xn]is Vilis [Zknli} < o0 foreachie .#.
kneN
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These assumptions differ from their counterparts in § 3.1 (on page 182) in regard
to additional constraints about the time components. They are even “weaker” than
original hypotheses (H3) (i)—(iii). Hypothesis (H3) (o) about the equivalence of con-
vergence with respect to (d;) je.» and (¢;) je s is not changed.

The Time Components of Transitions and Solutions

Whenever we consider curves X(-) : [0,T] — E, the time component is expected
to reflect the evolution of time properly. Hence we usually demand additivity in the
sense of

m kv(t) = m 35(0) + t
for every ¢ € [0,T]. In particular, transitions and solutions are expected to fulfill this
condition, i.e., we always assume

m O3 = mx+h
for every transition © on (E, (d;) je.s,(€;) je.ss (-] ) je.s ), time h € [0,1] and ¥ € E.
Moreover, Definition 8 of solutions (on page 187) is enriched by a further condition:

Definition 35.  Let f:E x [0,T] — O(E, (d})je.s,(€)) jess (|-] ) je.sr) be given.
A curve X(+): [0,T] — E is called a fimed solution to the mutational equation
OENICON
( ]67, (€))jes,(L-]j)jer, (B')je_;) if it satisfies for each j € .#:
1.) ( ) is continuous with respect to ¢},
2.") there exists o (X; ) : [0,00 — [0, o[ such that for #'-a.e.t € [0,T]:
. Ry = (WR;j) h ~ o~ o~
limsup GCEHD.T0t) = GO 0TI o 55 Fs(r), 00 R))
hl0
forany O € 9( (d ),(€).([-]5)), s<1, Z€E with | (- ,2)] 5, 1x(1)] <Rj,

3) sup [F(1)]; < e,
te(0,T]

4.) foreveryr € [0,T], mx(t) = m x(0) + 1.

In our subsequent conclusions about existence and stability of solutions, however,
we are free to restrict all comparisons to states with identical time components. This
leads to a further definition of solution which is slightly weaker than the preceding
one and does not have to be equivalent to it:

Definition 36. Let f:E x [0,T] — O(E, (d)) je.r, () jers (-] ;) jer) be given.
() : [0,T] — E is called a simultaneously timed solution of ~ X(-) > f(%(-), -)

in (E, ((:Z;;')jej, (€j)jes,([-])jers (5]-)]-6,%) if for each j € .#, it satisfies condi-
tions (1.), (3.), (4.) of Definition 35 and
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2.") there exists oj(X;-) : [0,00[ — [0,c0[ such that for #!-a.e.t € [0,T]:

limsup d;((st+h.2), Fe+h)) — ;i,-(ﬁ(s,a,;(z)).e“f@’*f”

st < D;(9, f(#1),); R;)
forany 9 € © (E, (d;),(€)),(|-];)), s € [0,1][ and Z € E with s+ m 2z = m x(1)

and Lﬁ(w@ij |X()]; <Rj,

Reformulating Some of the Preceding Results for Timed Solutions in E

Now we have laid the foundations for drawing exactly the same conclusions as in
the preceding sections 3.2 and 3.3. Some of the results are formulated here explicitly
for taking the time component into consideration properly, but we dispense with the
detailed proofs.

Furthermore, the step from timed solutions to simultaneously timed solutions just
requires restricting distance comparisons to states in E with identical time compo-
nents, but it does not have any significant influence on the proofs.

Hypothesis (H3)(T) implies directly the counterpart of Lemma 6 (on page 185):

Lemma 37. Let x(-),5(-) : [0,T] — E be continuous with respect to ((ji;)ietﬁ
(or equivalently with respect to (¢;)ic.#) and bounded with respect to each |-|;
(j€.9). Assume m X(-) < m y(+) in [0,T).

Then for each index j € ., the distance function
[0,T] — [0,e0], t — dj(f(t), jzv(t))

is continuous. O

Proposition 38. Letﬁ,?e é(ﬁ, (de)jey,(Zj)jej,(L~jj)j€j), r>0,j€ % and
11,1y € [0,1] be arbitrary. For any elements X,y € E suppose |X]; <r, |y]j<r.
Then the following estimate holds at each time h € [0, 1{ with max{t,+h, t,+h} <1

& (B +h,3), Tz +h,9) < (d(3(11,9), T02,9) +h-Dj(D,F:R;) ) e

with the constant R;j = (r+max{yj(5), v (7)}) - {1 () (D) < oo,

Proof is the same as for Proposition 7 (on page 185). O

Essentially the same inequality still holds for the comparison of timed solutions and
transitions on E — correspondingly to Lemma 9 (on page 188):
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Corollary 39 (comparing a timed solution and a curve along transition).
Let X(+) : [0,T] — E be a timed solution to the mutational equation

HOEWICON
in (E (d )]ey, (e])]ey,(L 1) jess (ﬁj)jey) according to Definition 35.

Supposeﬁ E@( (d )jess(€))jes, (1] )]ey) ZCE r>0sc [0,1], t €]0,T],
Jj € F tobearbitrary with |Z]j < r and the abbreviation

R; := max {sup [¥(-)]j, (r+7%(D)) - eV} <o
Then, d;(9(s+h,z), X(t+h))

< (6;'}(5(&27, (1)) + k- sup D;(0, f(Z(),"); R,-)) (TR b
[t,14h]

foreveryh e [0,1] with s+h<1and t+h<T. O

For comparing two timed solutions, we formulate the counterpart of Proposition 11
(on page 189):

Proposition 40 (Continuity w.r.t. initial states and right-hand sides).
Assume for [, : E x[0,T] — 9( (d )ir(€j);,([-];);) and %,5: [0,T] — E
that X(-) is a timed solution to the mutational equation %() > f(x(),) and

¥(:) is a timed solution to the mutational equation ;7() 32800(),)
in the tuple (E,(d)) je.r, () e, (|]j)jess (D)) jer)-
For some j € ., let 0;,R; > 0 and ¢; € C°([0,T)) satisfy for £'-a.e.t € [0,T]

xX@)] D0)]; < R;

Ot](xR), (G R;) < @
D, (FE0.1). §610)0): B;) < 5(0)
lim D (7)), F(Fe+h) t+h), R;) = 0.
Then, the distance function
61: [O>T] - [O’M[L
tn—>inf{d~(~())+d( ) |Z€E:|Z]; <R;}
fulfills 8i(t) < (8;(0) + / 0;(s e %S )ea‘j" forevery t €10,T].

O

Remark 41.  All the preceding inequalities in Proposition 38, Corollary 39 and
Proposition 40 do not require identical time components (as long as we do not con-
sider simultaneously timed solutions instead). Thus we can even estimate perturba-
tions with respect to time — rather than state in E.
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A similar influence of time has already occurred in Convergence Theorem 13 (on
page 191) which we now adapt to timed solutions. In fact, the proof consists of
almost the same steps as before and, assumptions (4.ii), (4.iii) provide additional
properties which ensure m; x(¢t) = m; X(0) + ¢ forevery s € [0,T].

Theorem 42 (Convergence of timed solutions to mutational equations).
Suppose the following properties of

Jus 1 Ex[0,T] — O(E, (d)ie.s (&) jes (|- ]1)icr) (neN)
Xny X [0, T] — E :
1.) Rj = srtltp [Xn(1)]j < oo,
@(p) = sup (% p) < oo for p>0,
Bj = sép Lip (X,(-) : [0,T] — (E,Ej)) < oo foreveryje .z,

2.) %u(-) 2 fu®(-),-) (in the sense of Definition 35 on page 222) for every n,
3.) Equi-continuity of (fn)n at (x(¢),t) at almost every time in the following sense:
for £'-almost every t € [0,T] : lim D, (f,,()?(t), 1), fuGnstn); r) =0
n— oo
foreach j€ ., r>0 and any (ty)nen, (Vn)nen in [t,T] and E respectively
satisfying lim f, =t and lim dNi(kv(t),f,,) =0, sup |yu]i <R; foreachi,
n— oo n— oo neN

T yn N\ T X(7) forn — oo,

4.) For £'-almost everyt € [0,T][ (t = 0 inclusive) and anyt € t,T|, there is a
sequence ny, /" = of indices (depending on t < 1) that satisfies for m —

(i) Dj(F(F(t),1), fun&(0),0);7) — 0 forallr >0, j€.7,
(if) 38, \0: Vj:di(R(1), Fup(t+8n)) — 0, 1 %, (1 + ) \o 701 X(1)
(iii) 3 8, \0: Vj: dj(T7), T (T—8n)) — 0, 71 %, (F— 8) / m %(7)

o]

Then, X(-) is always a timed solution to the mutational equation X(-) > f(x(-), ")
in the tuple (E. (d;) je.s, (€))jer ('] j)jer: (D))jer)-

Finally we formulate the counterpart of Existence Theorem 19 (on page 195).
As the time component of each timed solution grows at a constant speed of 1, we
introduce a further abbreviation:

BLip(1, E; (€);, (|-]:)i) consists of all functions %(-) € BLip(I, E; (&);, (|-]1):)
satisfying m X(b) = m;x(a) + b—a forall a,b €I in addition.
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Theorem 43 (Existence of timed solutions to mutational equations with delay).
Suppose (E, (d))jer, (€))jes, (|-]j)jess OE (d)ics, (@)ics,(|-]i)icr)) to
be Euler compact and Euler equi-continuous. Moreover assume for some fixed
T > 0, the function

£+ BLip([=7,0], E; ()i, (|-]1)i) x [0,T] — O(E, (di)i, (&), (|-]:):)
andeach je€ # R>0:
1) supsy, o(fE(),1):R) < =,
2.) supy(, Bi(fE(),1);R) < e,
3.) sup; z%(f((),f))<°°’
)for.Z1 -almost every t € [0,T] : lim 13( GO, f@ 2(),t2):R) =0
t

for each j€ ., R >0 and any sequences (tDpens (t2)nen in [0,T] and

t
@ (Dners @(Nnen in BLip([=7,0], Es (€))jer, (|]))jes) satisfying
foreveryi€ % ands € [—1,0]

lim 7! =7=lim 2, lim &;(Z}(s),2(s)) = 0 = lim &(2(s),2(s))

n— o0 n— o0 n— oo o n— oo
sup sup |z,7(7)]i < oo
neN [-1,0]

For every function xy(-) € ELip([—T,O], E; (€j)jess (|-]j)jer), there exists
a curve X(+) : [-1,T] — E with the following properties:
() X(-) € BLip([~7.T), E; (¢)) jess (L)) jer);
i) 50| g =Sl

(iii) the restriction X(-) |[ is a timed solution to the mutational equation

0,7]
OE f(f(t+~)|[7770], 7).

For verifying the existence of solutions to this mutational equation (via Euler ap-
proximations), all the transitions f(Z(-),) € @( ,(d),(€),(|-]:))) are required as
functions merely on the subset [0, 1] X {y cE | Ty > t} C [0,1] x E.

Implementing the Aspects of ‘“Weak” Convergence in E

Finally, we adapt the concept of weak Euler compactness and its consequences
in regard to existence of solutions. Correspondingly to § 3.3.6 (on page 206 ff.),
let ¢ # 0 denote a further index set. For each index (j, k) € .# x _Z, the functions

dj7,<, gj7,<l EXE — [0,00[

are assumed to fulfill in addition to hypotheses (H1), (H2) and (H3)
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(H4”) ] j is lower semicontinuous with respect to (d; x )ic.7 ke s, i-€.,
Lﬂj § liminf Lkvnjj
Nn— oo
for any X € E and (%,)ne in E fulfilling for eachi € ., k € ¢
im d;(%,%) = 0, sup |%,)i <oo.
n—ee neN
(H8)  dj(%.5) = sup djx(%),
NS4

&(x,3) = su)[; ¢jx(%,9) forallx,yeE, je.7.
K‘E(,

In a word, the separate time component does not have any significant influence
on the proofs of the main results in § 3.3.6, i.e., Existence Theorem 28 (on page 207)
and Proposition 29 about weakly converging sequences of solutions (on page 208).
Just for the sake of subsequent references, we give the formulation in detail:

Theorem 44 (Existence due to weak Euler compactness).

Suppose (E, (d))jc.s, (€))jess (|-]j)jess O(E,(di)ics.(€)ics,(|-]i)ics)) to
be Euler equi-continuous (in the sense of Definition 16 on page 194) and the tuple
(E. (d))j, djuc)joes (€)js (€G)jocs (L]7)s, O(E,(di)i. (@)i,([-)i)i)) 10 be
weakly Euler compact (in the sense of Definition 27 on page 207).

Moreover assume for some fixed T > 0, the function
[ BLip([=7,0], E5 (&);, (|-]i)i) x [0,7] — O(E, (di)i, ()i, (|-]):)

andeach je€ # R>0:

1) sup o(FGE().1):R) < o=,

Z(+),t _

2) sup Bi(FGE(),1:R) < =,

Z(+),t _

3.) sup ¥(f(E(), 1)) < e,
Z(+),t

4.) for £'-almost every t € [0,T]: lim Bj(f('zv},(),t,%), f(’z%(),t,f);R) =0

n— o0

for each j€ ., R >0 and any sequences (t\)nen, (t2)nen in [0,T] and
@ (Dnens (Z())nen in BLip([—7,0], E; (&))jer, ([-]))jesr) satisfying
foreveryic #, x € ¢ ands € [—1,0]
lim 1, =1 = lim 1, lim dic(Z,(5),2(s)) = 0 = lim dix(Z(s), 2(s))

n— oo n
sup sup |7,7())i < e
neN [—1,0]
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5.) for everyZ(-) and £ -a.e. t € [0,T), the function f(Z(-),t) (h,-) : E — E is
“weakly” continuous in the following sense:

nlgrgo (j],K(f(z()a t) (hvy)? f(z()a t) (hayn» =0
foreach x € ¢, hel0,1], ye€ E and any sequence (Y,)nen in E satisfying

di(¥,Yn) — 0, sup, |yu|i <oo foranyic .7, x' € ¢, my<myn

For every function Xy(-) € ELip([—‘L’,O], E; (€j)jes, (I)j)jer), there exists a
curve X(-) : [=7,T] — E with the following properties:

(i) X(-) € BLip([~7,T], E: (&) e (|]j)jer).
(@) X()|(_rg = %o(),
(iii) For £'-a.e.t€[0,T], lim %~c’z';-(f(f(t+-)|[7770],t) (h, X(1)), X(t+h)) = 0.

If each c’z'v] (j € J) satisfies the triangle inequality in addition, )7(-)’[0 7]
is a timed solution to the mutational equation X (t) > f()?(t +)] o) 1)
in the sense of Definition 35 (on page 222).

Proposition 45 (about “weak” pointwise convergence of timed solutions).

Suppose the following properties of

fur F1EX[0,T] — O(E,(di)icr, (@) jes (| ])ics) (neN)
Xny X [0, T] — E :
L)R;, = sutp [Xu(1)]; < oo,
aj(p) = sup aj(Xn; p) <o for p>0,
B :=sup Lip (%.():[0,T] — (E,&})) < o foreveryj€.7,

o]

2) %u(:) 3 fuGu(-),-) (in the sense of Definition 35 on page 222) for everyn € N,

3.) Equi-continuity of (f,)n at (X(1),t) at almost every time in the following sense:

~

for L' -almost every t € [0,T] : lim D; (fn()?(t), 1), ﬁ,(in,tn); r) =0
n— oo
foreach je .7, r>0and any (ty)nen, n)nen in [t,T) and E respectively

satisfying  lim t, =1, 1im d;x(X(1),92) =0, sup [ya]i <R; foranyi,x,
n—s oo n—s oo neN
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4.) For £'-almost every t € [0,T] (t = 0 inclusive) and any t €]t,T|, there is a
sequence ny, /" = of indices (depending ont < 1) that satisfies for m — o

(i) Di(f(1),1), fun(&(t),1);7) — 0 forallr >0, je.7,
(i) Vjeg ke 7 dic(X(t), T, () — 0, I, ) \umX(0),

(iii) VjEf,KE/Z djﬂ(()?@, fnm(f)) —>0, mfnm(f) /‘77:1)7@,

5.) Weak continuity of each function f(x(t),t)(h,-) : E — E at £ -almost every
time t € [0,T] in the following sense:

lim - dj(f(&(0), 1) (), fE@), 1) (h3n) = 0

foreach x € ¢, hel0,1], y e E and any sequence (3,)nen in E satisfying
di (3, n) — 0, sup, |[yu]i<eo foranyic S k'€ ¢, my<myn.

Then, X(-) is B i-Lipschitz continuous with respect to e; for each index j € . and,
at L' -almost every time t € [0,T)],

fim ;- d; (fE(0),0) (, 5(0)), Sa+m)) = 0

holds for every index j € .

If each d~] (j € J) satisfies the triangle inequality in addition, then the curve

X(-): [0,T] — E is a timed solution to the mutational equation X(-) > f(x(-),")
in the tuple (E, (dj) je.s, (€))jess (') j)jesr (D))jes).

Extending the Cauchy-Lipschitz Theorem to Timed Solutions

Similarly the results of § 3.3.7 (on page 212 f.) are rather easy to extend to timed
solutions in E. The counterpart of Cauchy-Lipschitz Theorem concludes the exis-
tence of a timed solution to a given mutational equation from an appropriate form of
completeness. In particular, using this property for Euler approximations at a fixed
time respectively, we are free to restrict the completeness assumption to sequences
in E with constant time component.

Definition 46.  The tuple (E, ((,’ivj)jefy, (€)jers (1] j)jer) is called timed com-
plete if for every sequence (%,)ncn in E with

lim sup Jj(fm,fn) =0
k—eo mn>k
sup ’77:1xm - mxn| =0 for each j € .,
mneN
sup | %], < oo
neN

there exists x € E fulfilling lim c?j(fn,fc)) = 0 forevery j € & and 7 x = 7| xp,.
n— oo
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Theorem 47 (Extended Cauchy-Lipschitz Theorem for timed solutions).
Suppose the tuple (E, (d})jc.s, (€})jes, (|-]j)je.s) to be timed complete and

(E, (d))jess @))jes; (L] ))jess O, (dics, (@ics,(|:]i)icr)) to be Euler

equi-continuous For f 1 E x [0,T] — O (E, (d})je.r, (¢j)je.s, (|']})jer) assume
(1.) Foreachje % andR >0,

5j(R) = sups, ey(fF0:R) < o,
Bi(R) = supg, Bi(f(%.1):R) < .

Yo = supy, K(f(ED) < e

(2) fis Lipschitz continuous w.r.t. state and continuous in the following sense:
for each tuple (r}) je.s in [0,00[7, there exist constants Aj, ;>0 (j € %)
and moduli of continuity (@;(-)) je.s such that §; : EXE — [0,00],

§;(%.) = inf{d;(X,2) + ;- &(Zy) |Z€E, mZ < min{m X, my},
Vie s Lﬂigri}
satisfies for every j € &

Di(f(&s), FG.1): 1) < A (E5) + 05(Jt —s])

whenever the tuples (%,s), (,t) € E x [0,T] fulfill mX<m5y, s<t and
max {|x];, |y]i} < ri foreachindexic 7.

Then for every initial element Xy € E, there exists a timed solution (-) : [0,T] — E

to the mutational equation X (-) 3 f(x( ), -) in the sense of Definition 35.

Remark 48. This existence result can also be extended to systems easily.
Now completeness has joined compactness for providing (timed or simultaneously
timed) solutions to mutational equations.

With regard to systems of mutational equations, however, combining the preced-
ing Cauchy-Lipschitz Theorem with Peano-like Existence Theorem 43 should be
treated with some caution. Indeed, each component based on Euler compactness
leads to a pointwise converging subsequence of Euler approximations.

When inserting it in the mutational equations of the remaining components (to
which Cauchy-Lipschitz Theorem is then to be applied), we usually need to assume
some form of uniformity (about the continuity of the right-hand side, for example)
for adapting the constructive proof of Theorem 31 (on page 213), i.e. for verifying
that these components of Euler approximations induce a Cauchy sequence.

Remark 49. The results of § 3.4 can be adapted easily to tuples with separate
real time component, i.e. under suitable additional assumptions the candidates for
transitions do not have to be w-contractive in the sense that

di(D(t1+h,7), D(ta+h,5)) < di(3(11,5), D(12,5)) - e PR

for all X,5 € E, t),t,h € [0,1] and sufficiently large R; > 0. We dispense with
further details here.
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3.6 Example: Strong Solutions to Nonlocal Stochastic
Differential Equations

Stochastic differential equations are very popular for modelling processes with
uncertainties. This is not necessarily restricted to applications in finance, biology
or engineering, of course. Whenever competing with opponents, we might now ex-
actly the rules of each participant, but we are possibly lacking precise information
about the current state of the competitors and so, some form of estimator (like the
expected value modified by means of the second moment) has to come into play.
Such a situation leads to stochastic differential equations of the form

dX, = hi(t, E(o1(X)), E(1X:%), X;) dt + hao(t, E(¢2(X:)), E(IX:[?), X;) dW,.

They differ from what is usually called a “stochastic functional differential equa-
tion” (as e.g. in [135, 187]) because its right-hand side can depend on nonlocal
features of the current random variable X; : 2 — R (instead of the more popular
pathwise dependence).

Now the mutational framework is to provide the (probably) first existence results
for so-called nonlocal stochastic differential equations.

Even a short glance at the standard literature reveals that stochastic differential

equations (in R) are usually considered in combination with the L?> norm on the
corresponding vector space of adapted stochastic processes (with bounded second
moments).
Applying the mutational framework, however, our attempts are likely to fail be-
cause the Ito integral implies asymptotic properties of v/ for short periods 4 > 0.
This obstacle has now motivated us to choose the square deviation E(| - — - |) as
distance function (instead of its square root). Admittedly, this alternative does not
satisfy the triangle inequality, but we can still handle the Cauchy problem by means
of the generalizations in this chapter.

First, in § 3.6.3, we sketch rather briefly how to conclude existence from Cauchy-
Lipschitz Theorem 31 (on page 212) via the weakening modifications in § 3.4.
In regard to mathematical transparency, however, the disadvantage is that distance
functions and transitions (with all their parameters) are not specified explicitly in
this approach and so, we discuss a (very) special case with fixed additive noise in
more detail in § 3.6.4. It deals with stochastic differential equations like

dX, = h(t, E(|X.|), E(|X,[*)) dt + b(t) dW,

with a bounded Lipschitz continuous function A(-). The main existence result of this
case is formulated in subsequent Theorem 56 (on page 240).
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Basic set Ey = {(t,X) | >0, X: Q — R is &-measurable,
E(IX]*) <e}

with a complete probability space (£2,.<7,P), a Wiener process

(W;)r>0 and a filtration o/ = (<% );>0 given

Distance dop:EyxEy — R, ((5,X), (t,Y)) — |t —s| +E(|X —Y?)
(mean square deviation does not satisfy the triangle inequality,
but d, p is still equivalent to the metric of | - [+ | - [l ;2(@,o.p)

Absolute value [ ]ezp: Ey— [0,00], (t,X)+— |t +]E(\X|2)

Transitions

(i) non-@-contract. For a,b € W' (RR), consider the strong solution (X;)o<;< to the
candidates linear autonomous stochastic ordinary differential equation

dX;, = a(X;)dt + b(X;) dW;
with bounded second moment.

(ii) special case Fix b € L™ (R) for additive noise. Each constant a € R induces

in§3.64 a transition on E, via the Ito process
T t
X =X, + ads+ [ b(s) dW
J1y JIg
with finite second moment.

Compactness Not available in an obvious way here.
Completeness of L?(£2, .7, P) is used instead.

Equi-continuity Euler equi-continuity w.r.t. c? o7 p results from a priori estimates of
strong solutions to nonautonomous stochastic differential equa-
tions in an arbitrary time interval [0, T].

Mutational solutions | Strong solutions to a stochastic ordinary differential equation:
Lemma 54 (page 236)

List of main results Existence due to completeness (Cauchy-Lipschitz): Theorem 53
formulated in § 3.6 Cauchy-Lipschitz Theorem for fixed additive noise in § 3.6.4:
Theorem 56 (page 240)

Key tools Existence and several a priori estimates of pathwise unique
strong solutions to stochastic ordinary differential equations:
Proposition 51 (page 234)

Table 3.1 Brief summary of the example in § 3.6 in mutational terms:
Strong solutions to nonlocal stochastic differential equations
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3.6.1 The General Assumptions for This Example

(Q,4/,P) is assumed to be a complete probability space. (< );>o denotes an in-
creasing family of sub-c-algebras of o/ and, W = (W;),>¢ is a standard scalar
Wiener process such that (o7 ),>¢ is right continuous, 2% contains all P-null sets
in &/ and for all 0 < s <t, W; is <% -measurable with

EW: | 2%) = 0, EW, —W;| %) =0 with probability 1.

Following the remarks in [106, § 3.2], the o-algebra 24 may be thought of as a
collection of events that are detectable prior to or at time ¢t > 0, so that the .o-
measurability of Z; for a stochastic process (Z;);>o indicates its nonanticipativity
with respect to the Wiener process W.

For T €]0,c[, we define a class .#2 ([0, T]) of functions f : [0,7] x 2 — R with

(1.) fisjointly £ x o7-measurable,

R S

(3.) foreveryt €[0,T], E(|f(t,-)]*) < e and

(4.) foreveryr€[0,T], f(t,-): Q2 — Ris o%-measurable.

In addition, we consider two functions in -#2 ([0, T}]) to be identical if they are equal
for all (t,w) € [0,T] x £ except possibly on a subset of .Z! x P-measure 0. Then
with the norm

1/l 2 o7y o= (/[O’T] E(lf(,)P) dt)7>

£2,([0,T]) (together with the identification mentioned before) is a Banach space.
As Kloeden and Platen have already pointed out [106], the characterizing conditions
on f € .£2,(]0,T]) are stronger than f € L*([0,T] x Q,.Z! x o/, x P). Indeed,
Fubini’s Theorem guarantees E(|f(t, -)|*) < o only for Lebesgue-almost every t.

3.6.2 Some Standard Results About Ito Integrals and Strong
Solutions to Stochastic Ordinary Differential Equations

In this subsection, we summarize some well-known properties of the Itd integral
and strong solutions. All these results are just quoted and serve as tools for spec-
ifying transitions in the mutational framework later on. The proofs can be found
in standard references such as the monographs of Friedman [85], @ksendal [147],
Karatzas and Shreve [97] or Kloeden and Platen [106].

Proposition 50 ([85, § 4], [106, Theorem 3.2.3], [147, § 3.2]).
T
The 1to stochastic integral 1(f) : Q — R, o +— / f(s,0) dWs(®) has the
0
following properties for every f,g € £%([0,T]) and A1, 22 € R :
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(a) I(f) is ofr-measurable,
(b) E(I(f)) =0,
(c) 1A f+aag) = MI(f)+Mal(g) with propability 1.
(d) It6 isometry: E(|I(f)?) = /OT E(|f(t,-)]?) at,
© E(()1E) = [ EGC)80)

(f) Martingale property: E(I(f) ’427;) = /Ot f(s,-) dWs  foranyt €10,T).

Proposition 51 (Existence, uniqueness of strong solutions a priori estimates
[106, Theorems 4.5.3, 4.5.4]).

Suppose
(i) a,b:[0,T] x R — R are jointly £*-measurable,
(ii) there exists a constant A > 0 such that for allt € [0,T], x,y € R,
{ la(t,x) — a(t,y)] < A [x—y]|
|b(t,x) — b(1,y)] < A [x—y]|
(iii) there exists a constant ¥ < oo such that for allt € [0,T], x € R,
ja(t,x)|+1b(t,x)] < ¥ (1+|x]),
(iv) Xo: — R is ofy-measurable with JE(|X0\2) < oo,

Then the stochastic differential equation
dXt = a(t,X,) dt + b(t,Xt) dW,
has a pathwise unique strong solution (X;)o<; <71 on [0,T] with initial value X, and

sup IE(\X,|2) < oo,

0<t<T
i.e., there exists a function [0,T] x @ — R, (t,0) — X;() in £2,([0,T]) with
! 1
(1.) foreveryt€[0,T], X, = Xo + / a(s,X;)ds + / b(s,X;) dW;,
0 0

(2.)  for every solution Y, of this preceding integral equation with Yy = X,
P( sup |X,—Y|>0) =0.

0<t<T

Moreover, for everyt € [0,T), it fulfills following estimates with constants Cy,Cy,Cs
depending only on ¥,A,T
E(1X[*) < (E(|Xo|?) +Cat) €1
E(|X — Xol*) < G5 (E(|Xo[*) + 1) &“17 1.
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3.6.3 A Short Cut to Existence of Strong Solutions

Applying the mutational framework, the first essential steps are always to specify
the basic set, its distance function(s) and the candidates for transitions.

For taking the filtration (<% );>¢ into consideration properly, we use a separate real
component indicating time and hence, we choose as basic set

Ey = {(t.X) | 1>0, X: Q — R is & -measurable, E(|X[*) <oo}.

Furthermore the last estimate in Proposition 51 indicates that Lipschitz continuity
with respect to time is ensured merely for the square deviation (and not for the
standard L? norm). This observation motivates the following choice:

dyp:EyxEy — [0, ((.X), (1,Y)) — |t=s| + E(IX —Y])
[Jap: Ey — [0,%], (t.X) — 1l +E(XP).

On the basis of Proposition 51, solutions to autonomous siochastic ordinary differ-
ential equations provide the candidates for transitions on E /. There is a significant
obstacle though: w-contractivity is usually lacking — as required in Definition 2 (3.)
of transitions (on page 183).

Indeed, the following lemma compares strong solutions to nonautonomous stochas-
tic differential equations by means of their initial values and coefficients. Although
the estimate is a quite simple consequence of Gronwall’s inequality, there is no ob-
vious way for eliminating the constant coefficient > 1 of the initial square deviation
on the right-hand side.

Lemma 52. For k= 1,2, let a, by : [0,T] x R — R fulfill the assumptions
T
of Proposition 51 with / ([lax(s, )12 + [be(s, ) ||2) ds < o and the joint Lipschitz
parameter A > 0. (X; )0<,<T denotes a strong solution of
dth = ak(ta th) dr + bk(ta th) aw;
with sup E(|th|2) < oo,
0<i<T
Then, there exists a constant C = C(A) such that for everyt € [0, T]

E(X! - X?P) < (3-E(1X} - X3P)

! 2 Cte!
40 [[ (o) = an(s 2 + o105, — a2 s) 1

Although lacking an error estimate sufficient for w-contractivity, we can still benefit
from the results in § 3.4 (on page 214 ff.) bridging this gap via auxiliary distances.
Indeed, Lemma 52 ensures assumption (A4) there (on page 215) if we choose au-
tonomous stochastic differential equations with A-Lipschitz continuous coefficients
as candidates for transitions. In particular, the Lipschitz constant A > 0 is fixed.
Moreover this estimate is useful only if both ||a; — a2]| < o and ||b] — bal|e < o0
and so, we restrict our considerations to bounded and A-Lipschitz coefficients (in
this subsection 3.6.3).
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Proposition 51 indicates explicitly how to choose further parameters of the
mutational framework for guaranteeing the remaining assumptions of § 3.4. It
leads to the main result of this example:

Theorem 53 (Ex1stence of solutions to nonlocal stochastic diff. equations).
Assume for £= (fi, ) : Ey — W'=(R,R) x W'=(R,R)

(1.) supy.z, [FF) 1 < oo,
(2.) fis locally Lipschitz continuous in the following sense:
For every R > 0, there exists a constant Ag > 0 such that for all Y ,Z € Eoy
withmax{|Y | o p, | Z]zp} <R,
~ ~ ~ ~ 2 ~ ~ ~
[fe) —F20)| . < M- dup(¥.2).

Then for every initial tuple Xo :~(t0,X0) € E  and period T > 0, there exists a
continuous curve [ty, to+T]| — Eq, t — X; = (¢,X;) such that the stochastic
process (X,) is a strong solution to the nonlocal stochastic differential

o <t<ty+T
equation
{dXt(w) = filt,X) (X () di + fr(t,X) (X (@) dW, (@) in [to, 10+ T]
X, = Xo

and, it belongs to L% ([to, to + T)).

Indeed, both Proposition 32 and Lemma 33 (on page 215 ff.) provide a superset

LVT? o C E o X R+ and a distance d, 7 p such that the “simultaneously timed” counter-
part of extended Cauchy Lipschitz Theorem 47 (on page 230) can be apphed to the

tuple (EQV, dup, ddp, | s || |2) with all those trivial extensions to E..
Hence, the mutational equation X > f (nEW ) has a simultaneously timed solution

X: [0, t0 +T] — E!Qy, t — (¢t,X;,p;) starting in (to,Xo, I_(to,Xo)Jthp) € E!Qy,
Lipschitz continuous w.r.t. d p and bounded w.r.t. |- |/ p.

We (just) have to verify that the corresponding stochastic process (X,) o <1<104+T

solves the original stochastic differential equation:

Lemma 54 (Link from mutational to nonlocal stochastic diff. equations).
In addition to the hypotheses of Theorem 53 about £ = (f1, f>) : E.y — W'=(R)?,

suppose [to, to+T] — Ey, t— X = (t,X;,p1) to satisfy the four conditions on
simultaneously timed solutions of N

) X> f(ﬂgﬂ/)?)
in (E%, dVQKP, dep, |)apr |- H%x) stated in Definition 36 (on page 222).
Then ( )Io<t<l()+T
dX,(0) = fi(1.X) (X () dt + f(1.X) (X (@) dW(0) in [t, to+T).

is a strong solution to the stochastic differential equation
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Proof (of Lemma 54 on page 236). The compositions
a:[0,T]xR — R, (t,2) — fi(X,)()
b:[0,T]xR — R, (t,2) — fr(X)(2)

satisfy the hypotheses of Proposition 51 (on page 234). Hence, there exists a path-
wise unique strong solution (¥;);, <;<,+7 to the stochastic differential equation

Y = a(t,Y,)di + b(t, %) dW;
with the same initial value Xo as (X; )i, <: <47 and sup, | (£,¥;)]zp < R < oo,

Then, [to, 10+ T] — E.p, t— Y, = (t.Y:, [(1,Y;)]7) is a simultaneously

timed solution to the mutational equation ¥ > f ( g, ) This results directly from
Proposition 34 (on page 219) in combination with Lemma 52.

Finally we conclude m X = m, ¥ from the “simultaneously timed” counterpart of
Proposition 40 (on page 224) since the following auxiliary distance is identical to 0:

[IO, to + T} [07 oo[’

t — inf {dyp(Z.X) + dop(2.7)) ]z € EQ{ mZ=t,
|Z]op < 1+max {R, R}} O

Proof (of Lemma 52 on page 235). By definition, (X*)o<,<7 solves the integral
t t

equation X} = X¥ + / ar(s, XY ds + / bi(s, XY dw; at each time ¢ € [0, 7).
0 0

Due to the simple inequality (r; 4+ 1)> = r% +2r rn+ r% <3 (r% + r%) for all
r1,r2 € R, we obtain for each r € [0,7]

E(1X! - X7I*) - 3-E(1X) —X5%)

<3.5( ]/ @il — @l ds +/ ity — bl x) dwsz)
<9 ]E((/o [1l(s.x) — @25 x2)| dS) (fot [Pl xt) = B2ls )| dWs)z)
<9 (r /OtE(|al|(s,x;>*“2‘<s,x3>|2)ds + /Ot]E(!blks.,x;)*b2|(s,xz>!2) ds)
<9-¢ (/OtE(|al|(s,x;>*“2‘<s-,x3>|2)ds + /Ot]E(!blks.,x;)*b2|(s,xz>!2) ds)
as a consequence of Holder inequality and Ito isometry (in Proposition 50). In fact,
/ot E(|ai (s, X)) — ax(s, X2)[?) ds

3. /t ( (las (s, x1) — az(s,Xl)|2)+E(|a2(s,XSl)faz(s,XSZ)lz)) ds
3. / ar (s, -) —aa(s, )| +A2~JE(|XSI—X32|2)) ds

t
and, the corresponding estimate holds for / E(|b1(s, X, ) — ba(s, X;) |2) ds.
0

IN

IN

Finally the claimed upper bound of IEI(\X,1 — Xt2|2) results from Gronwall’s inequal-
ity (in Proposition A.1) applied to 7 — E(|X! — X?*) -e™". O
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3.6.4 A Special Case with Fixed Additive Noise in More Detail

Now we approach nonlocal stochastic differential equations without the auxiliary
construction of § 3.4. In particular, distances and transitions on E, in use are
specified explicitly and verified. These full details imply a disadvantage though.
We have to restrict our considerations to the special case of an initially fixed diffu-
sion coefficient b(-) and real-valued drift coefficients (as a function of state in E ).
It leads to nonlocal stochastic differential equations of the form

dX(0) = (%)) di + b(t)(@) dWi(w)
with a bounded Lipschitz function f: (E o s d, ap) — R.

Stochastic Ordinary Differential Equations with Fixed Additive Noise Induce
Transitions

In contrast to § 3.6.3, we now start from stochastic differential equations only with
constant real-valued drift and fixed diffusion coefficient. Strictly speaking, their
strong solutions are “just” Ito processes, but they have all the features we need for
timed transitions on E .

The only relevant obstacle to Definition 2 (of transitions on page 183) and its timed
counterpart is related to the comparison estimate for evolving random variables.
We restrict it to simultaneously timed states in E ¢z SO that the It6 integrals do not
occur explicitly in the inequalities.

Lemma 55. Let a,a € R satisfy max{|al, |a|} <7 and, suppose b : [0,00] — R
to be L' -measurable with ||b||1~ < 7 < oo.

Then the Ito processes
~ ! t
X, = Xo + ads + b(s) dW;
To fo
induce a unique map {ifﬂﬁ 0 0,1] x Ey—Ey, (h, (to,)?o)) — (to+h, Xiy1n)
with the following properties for all XY € E7, R>0, t,hy,hy € [0,1] (hj+hy < 1)

(1) &af,a,b(ov ) = HdEg/

(2.)  Veap (b1 +h, ) = Borap(h2, Ozap(hn,-))

(3.) dup(X, Duyap(t,X)) < const(7) - ([X]wp+1)-1t

(4)  [Derap(t:X) | < e (|X]  p + const() 1)
(5) 3C=CR): if mX=mY and max{|X | p, |¥]wpr} <R,

lim Aoy p(Berap(hX), 5&%,115,1;(’177)) — dyp(XY) < C-la—al

hl0
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Proof. Statements (1.) and (2.) are obvious because the It6 integral is additive
with respect to the interval of integration. Furthermore, statements (3.), (4.) result
from the upper bounds of E(|X; — Xo|?) and E(|X;|?) in preceding Proposition 51.

Finally, we focus on property (5.) for X = (t0,X), Y = (t0,Y) € E.; with X; and ¥,
denoting the It6 processes

t !
X, =X+ [ ads+ | b(s) dW;

fo fo
t t

Y, =Y+ | ads+ | b(s) dW,
T fo

respectively. Then we obtain at every time ¢ € [to, fo + 1]

. 2
E(IX —Y[?) = E(|X =Y +(a—a)- (1 —1)|")
E([X=Y?) +EQX-Y) (a—a)(t—1)) + |la—al*|t—1f
B(|X - YP) +2-E<|X|+|Y|>-\a—a|r—ro\+|a—a|2\r—ro|2
E(|X —YP) + E(XPP+[YP) -la—allt—to| + la—al*|r —1o]?

IN N

and thus,
lim Aoy p(Dr0p(nX), &4}15,1;(’1-,57)) —dyp(XY)
h|0

< (IX]ap+Y]p) - la—al

because in each of these distances, two simultaneous states in £, are compared. []

The Step to Nonlocal Stochastic Equations: Existence of Strong Solutions

For every ¢t > 0, the vector space of .o,-measurable functions X :  — R with
E(]X|?) < oo is known to be complete with respect to its L? norm /E(| - — - [2).
As an obvious consequence, the tuple (E , d~ P d~ P HM p) is timed complete
in the sense of Definition 46 (on page 229). Moreover, Proposition 51 implies Euler
equi-continuity. Hence, these two features are good starting points for concluding
the existence of solutions from Cauchy-Lipschitz Theorem.

First, however, we should clarify what kind of stochastic differential equations is
considered within the mutational framework and what type of solution is obtained.
Indeed, after fixing a bounded .#!-measurable diffusion coefficient b : [0, — R,
we use the transitions 5% ab:10,1] xE,; — E .z induced by any constant a€R and
specified in Lemma 55 (on page 238), i.e., for any initial state (to,Xo) €E o given,
the second component of 19((21 ab (h (to,Xo)) €E ' results from the It6 process

X, =Xo+ [ ads+ b(s) dW;
fo o
for every ¢t € [to, to+h].
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In regard to a mutational equation, we prescribe the real-valued drift a € R as
a function of time ¢ and .%-measurable random variable 2 — R with bounded
second moment in an appropriately continuous way:

f:Ey — R.

In particular, for any X= (1,X) € E. given, f()? ) € R might depend on the first
or second moment of X : 2 — R, for example. We interpret such a dependence
as a functional relationship and thus, our subsequent initial value problems deal
with stochastic functional differential equations. But it differs essentially from the
other examples in the literature such as [135, 187] because it is not a pathwise
dependence. Thus, we regard it as more appropriate to call this problem nonlocal
stochastic differential equation.

Furthermore the comparative estimate in Lemma 55 (5.) is restricted to states

X,Y € E,; with identical time components 7 X=mY— essentially for preserving
the characteristic dependence on “initial error”” and “transitional error”.
As a consequence, any bounds of distances between Euler approximations are
available only at identical points of time and, this constraint leads to simultaneously
timed solutions to mutational equations in the sense of Definition 36 (on page 222).
The aspect of required simultaneity concerns only the distances between states in
E ., but not the distances between transitions when assuming Lipschitz continuity,
for example, as the detailed proof of Cauchy-Lipschitz Theorem 31 (on page 213)
clarifies.

Theorem 56. Assume for f: E, — R
(1) supyez, IF(F)] < o,

(2.) fis locally Lipschitz continuous in the following sense:
For every R > 0, there exists a constant Ar > 0 such that for all Y ,Z € E 4
withmax{|Y ] o p, | Z]zp} <R,
|J?(I7) - f(Z)’ < Az - Jmp(?,z)-

Then for every initial tuple Xo = (t0,X0) € E o and period T > 0, there exists a
simultaneously timed solution [to,to+T] — Eo, t — Xy = (t,X;) 1o the
mutational equation

X > f(X)
in the sense of Definition 36 (on page 222) with }?,0 = Xo = (10, Xo)-
In particular, the stochastic process (X,)
local stochastic differential equation

{dXt(w) = (1. %) dt + b(t)(w) dW(o) in [to, to+ T
Xy = Xo

o<1 <ip+T IS @ strong solution to the non-

and, it belongs to L% ([to, to + T)).
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Proof.  As mentioned briefly in § 3.5, the existence of simultaneously timed
solutions results from exactly the same arguments as Cauchy-Lipschitz Theorem 31
— after restricting the structural estimate (for distances between states evolving
along two transitions) in Proposition 7 to simultaneous states in E ;.
Due to the transition properties in Lemma 55, there exists a simultaneously timed
solution [to, to+7T] — E., t — X; = (#,X;) to the mutational equation

o

X > f(X)
in the sense of Definition 36 (on page 222) with X,, = X and sup, | X, | P SR < oo,
In particular, assumption (1.) provides a constant L > 0 with
dop(Xs, Xi) < Llt—s] for all 5,7 € [to, 1o+T].
Now the composition
a:[0,T] — R, 1+ f(X)

is Lipschitz continuous and together with b € L™ (IR;), it induces the Itd process
!

t
Y, = Xo+ [ a(s)ds+ | b(s) dW;
fo fo
with the same initial value Xy as (X; ), </<s+7 and sup, [(2,Y;)]zp < R < oo,
Then, [tg, fo+T] — E., t — Y, = (1Y) is a simultaneously timed solu-
tion to the mutational equation

Y > f(X).
Indeed, choosing any ¢ € [ty, to + T[, @ € R and .o%-measurable Z; : Q@ — R with
bounded second moment, let (Zs), <s<1+7 denote the auxiliary Itd process

) S
Zs = 7t + / ads —|—/ b(s") dWy .
1 1

Exactly the same arguments as in the proof of Lemma 55 (5.) (on page 239) provide
a constant C > 0 depending explicitly just on |(t9,Xo)] P, [(t,Z)]wp, T, L and
the supremum in assumption (1.) such that
timsup § - (dugp (Dusan(h, (1.2)), (+h, Yin)) = dusp(Z2,Y))
h1O
< C-limsup ’Zz\f f(X,+H)|
H]0 ~

=C-|a - f(X)]
due to the continuity of f The “simultaneously timed” counterpart of Proposition 40
(on page 224) implies that the auxiliary distance

[th t0+ T] — [0700[7
t v inf {dyp(Z, X)) + duyp(ZY)) | ZE€EEy: mZ=1,
|Z]op < 1+max {R,R}}

is identical to O and thus, X; =Y, satisfies the claimed nonlocal stochastic differential
equation in the strong sense. U
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3.7 Example: Stochastic Morphological Equations
for Square Integrable Random Closed Sets in RY

Many geometric processes in nature share the basic property that aspects of growth
and birth interfere simultaneously and, there is often no obvious way to describe
the birth of additional shape components in a deterministic way. One of the most
popular examples is crystal growth, but such forms of “uncertain shape evolution”
also occur in mineralization, solidification and DNA replication.

This observation motivates us to implement morphological set evolutions in a
stochastic environment. In other words, we now suggest a stochastic counterpart
of morphological equations for describing the evolution of shapes in dependence on
both feedback and random effects.

By comparison with the original morphological equations of Aubin (in § 1.9),
stochastics comes into play in two respects: First, it is not compact subsets of RY
that evolve according to a given feedback rule, but we consider random closed sets in
RY, i.e. measurable set-valued maps on a complete probability space with nonempty
closed values in RV, Second, the shape evolution is not based on solutions to (deter-
ministic) differential inclusions in R, but now we use strong solutions to stochastic
differential inclusions. In particular, Theorem A.67 of Da Prato and Frankowska
assumes the central role of Filippov’s Theorem A.6. These two respects are the
starting points of this new example: Stochastic morphological equations in RV,

This approach to stochastic shape evolution has many advantages in common with
morphological equations: We are not obliged to guarantee any regularity proper-
ties of boundaries (for specifying deformations in normal direction, for example).
Moreover, set evolutions may be determined by nonlocal features of the respective
sets and do not have to obey the inclusion principle.

Last, but not least, this proposal is not restricted to convex sets. In the deterministic
case, integrating a set-valued map of time (only) is usually interpreted in the sense
of Aumann and thus, it always leads to convex subsets. This “curse of convexity”
has been overcome quite easily in § 1.9 by “integrating” along differential inclusions
x' € F(x,1), whose right-hand side may depend on space explicitly: Their reachable
sets are not necessarily convex any longer. We benefit from the same advantage
of additional feedback now if random closed sets in R evolve along stochastic
differential inclusions (instead of just some integration in time).

Random closed reachable sets are always related to their initial set and thus, they can
describe only growth processes (§ 3.7.3). Nucleation means here that an additional
random closed set initiates such a growth process at a possibly later point of time.
This aspect is described as a given set-valued map of time in § 3.7.4.
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3.7.1 The General Assumptions for This Example

Morphological equations for nonempty compact sets in RN were discussed in § 1.9
(on page 57 ff.) and, their transitions are induced by reachable sets of differential
inclusions in the Euclidean space. Filippov’s Theorem A.6 (on page 443 f.) proved
to be the key tool for verifying the required features in the mutational framework.
Now we are going to draw the corresponding conclusions for random closed sets in
RN from Da Prato-Frankowska Theorem A.67 about stochastic differential inclu-
sions and so, we start with essentially the assumptions of § A.8.1 (on page 482 ff.).
For the sake of transparency, however, we neglect the aspect of predictability, i.e.
the underlying filtration (%7 ),>0 is constant: <7 := & for all ¢+ > 0. (Indeed, this
simplification avoids an additional real component, which is just monitoring the
respective points of time as in § 3.6.)

General assumptions in § 3.7
(1) (Q,,P)is acomplete probability space.
(i) W = (W;);>0 is an m-dimensional Wiener process.
(iii) For finite 7 > 0 fixed, define the class .#2([0,T],R") of functions f :
[0,T] x Q — R with
(1) fisjointly £ x o7-measurable,
) [, B P) dr <=
3. foreveryt €[0,7], E(|f(t,-)]*) < e and
(4.) foreveryt € [0,T], f(t,"):Q — R is o/ -measurable.

(iv) Let Lin(R™,R") consist of all linear functions R — RV,

Set |[M|.. := sup |y| € [0,0] for any subset M C R¥ (as in Definition 2.77).
yeM
(v)  Jo(Xo,7,0) denotes the Itd process associated with
the initial state Xy € L*(Q, «/,P; RV),

the drift y € £2([0,T], RY) and
the diffusion o € fﬂ([O T], Lin(R™,RN)), i.e. for t € [0,T],
W0, 1,0)0) =Ko+ [ y)ds + [ ols)aw,

t
30050700109 5= \/B00P) + E( [ 11 as) + B( [ Iot*ds).

In the deterministic example of morphological equations, we consider the metric
space (% (RV),d), i.e. the set of all nonempty compact subset of RV supplied with
the Pompeiu-Hausdorff metric d. Stochastic differential equations with a Wiener
process, however, imply the obstacle that the pathwise growth of their solutions is
difficult to bound explicitly. Thus we modify the type of subsets under consideration
and focus on closed sets. Furthermore the class of subsets is to be related with the
probability space (£2,.27,P) and thus, we use the concept of measurable set-valued
maps specified in § A.10.1 (on page 489 f.).
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Definition 57 (Random closed set). Let % denote the Borel o-algebra on RY.
A random closed set in RV is a measurable set-valued map (Q,.27) ~ (RN, %)
with nonempty closed values. %% (€2, R") consists of all these random closed sets.

A random closed set M € %€ (Q,R") is called square integrable if there exists
a square integrable selection f: Q — RN of M, i.e. f(-) € [*(Q,/,P;R") with

flo) e M(w) forall w € Q.

Y%%K(M ) C L*(Q,<7,P; RV) abbreviates the set of all square integrable selections
Q — RN of M. The set of square integrable random closed sets Q ~» R" is de-
noted by #¢°(Q,RN).

Remark 58. Due to Castaing’s Characterization Theorem A.75 (on page 489), a
set-valued map M : (Q,.%7) ~ (RN, %) with nonempty closed values is measurable
if and only if it is the pointwise closure of the union of (at most) countably many
measurable functions f,, : Q — RN (n € N):

= U Sfo(@) forevery m € Q.
neN
Remark 59. (1.) As aconsequence of the preceding remark, every square inte-
grable random closed set M : £ ~~ RN can be represented by a sequence (g, ),ecn in
L*(Q,/,P;RV) as
= | gn(o) forevery m € Q.
neN
Indeed, there exists at least one selection g € L?(Q,.o7,P; RY) of M by definition
and for each m € N, the auxiliary function g, :  — R is square integrable with
_ o iEm=1<|ful<m
Enm = g  otherwise.

(2.) The essential purpose of subsequent Lemma 60 is that many conclusions
about any set M € Z#¢> (£2,RV) result from just a single pointwise covering family
(gn)nen in L2(Q, o7 ,P; RY) (in the sense of statement (1.) above).

(3.) For every M € Z6*(Q,RV), 72.(M) is closed in L?(Q,/,P; RV) and
so, each separable closed subset of Lz(.Q </ ,P; RY) induces a square integrable
random closed set uniquely (see also Proposition 65 below). M € %€ (Q,RV),

however, does not have to satisfy E(|M|%) = / sup |z* dP(w) < oo.
Q2 eM(w)
Lemma 60 (Approximation by step-functions [141, Lemma 2.1.3]).

Let the sequence (g )nen in L*(Q, .97, P;RN) satisfy M(® U gn(o) for any o.
neN
Then for every f € %(M) and € > 0, there exists a finite measurable partition

m
AL As ... A of Q such that Hf ~ Y g,
=1

< E.
12(Q)
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Basic set E = Z6*(2,RV)
set of square integrable random closed sets M : Q ~» RV
= decomposable closed subsets of 12 (Q, o, P, RV ) (as selections)

with a complete probability space (£2, .27, P) given

Distance d g (My, My)? 26 max sup  E(dist(f, Mz)z),
fez, ()
sup  E(dist(g, M)?) } € 10,0
8€ (/{;;Zﬁ (M)
square of the so-called mean square Pompeiu-Hausdorff distance
(Definition 61), which does not satisfy the triangle inequality

Absolute value -] =0

Transitions: Fix an m-dimensional Wiener process (W;);>o and A > 0. Each
Non-m-contractive measurable/A-Lipschitz (Fj,F) : Q xRY ~» RN x Lin(R", RV)
candidates with nonempty compact and uniformly bounded values (Def. 69)

induces a possibly non-@-contractive candidate
Br 2 [0,1] x ZEHQ,RN) — ZE€*(Q,RY)

via the random closed reachable set of the autonomous stochastic
differential inclusion dX; € Fi (-, X;) dt + B (-, X;) dW, (Def. 64)

Compactness Not available in an obvious way here.
Completeness w.r.t. dl sz is used instead: Lemma 63 (page 246).

Equi-continuity Nonequidistant Euler equi-continuity w.r.t. cﬂ%ﬁ, results from
a priori estimates for random closed reachable sets of nonauto-
nomous stochastic differential inclusions in any interval [0,7]:
Proposition 68 (1.) (page 249).

Mutational solutions | Random closed reachable sets of nonautonomous stochastic dif-
ferential inclusions whose set-valued right-hand side is deter-
mined via feedback: K(t) = 95 .)(¢,Ko) P-almost surely in
for every ¢.

List of main results Existence for growth process (Cauchy-Lipschitz): Theorem 72
formulated in § 3.7 Existence for systems of growth process and nonlocal stochastic
differential equation: Corollary 74 (page 253)

Existence for birth-and-growth problems: Theorem 76 (p. 255)
Existence for continuous or expanding nucleation: Corollary 79

Key tools The closure of every nonempty decomposable subset of
L2(Q, o7, P;RY) is the selection set of a square integrable random
closed set £ ~~ RY: Corollary 66 (page 248)

Filippov-like Theorem A.67 of Da Prato and Frankowska about
nonautonomous stochastic differential inclusions (page 483)

Table 3.2 Brief summary of the example in § 3.7 in mutational terms:
Stochastic morphological equations for square integrable random closed sets in RV
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Definition 61. The mean square Pompeiu-Hausdorff excesses and distance
oor e dag : HE(QRY) x ZGH(QRY) — RU{}

are defined as

€y (M1, Mp) == sup  /E(dist(f, M>)?),

f €M)
e,y (My, My) :==  sup E(dist(g, M;)?),
8EF2 (M)
d%(M], Mz) = max{ e%(Ml, Mz), e%%(Ml, Mz)} .

Remark 62. (1.) In the following, we do not exclude explicitly that the mean
square Pompeiu-Hausdorff distance between two sets M|,M, € Z€ 2(Q,]RN ) is oo,

. . d e (M) M
Indeed, there are some standard transformations for metrics such as —ﬂ,(; 1:Mp) ,
1+ d gy (M, M)

but they do not provide any additional insight here.

(2.) In combination with Selection Theorem A.74 of Kuratowski and Ryll-
Nardzewski (on page 489), Lemma 60 ensures for any sets M{,M, € %% 2(Q,]RN )
and a sequence (f,),en in L2(Q,.27,P; RY) with

Mi(o) = | filo), for every o € Q:
neN
sup  E(dist(f, M2)?) =  sup inf  E(f—g?)
f e 72, (M) Fe3 (M) 8€ Zig(M2)
. 2
= sup inf fm— 8 RNY -
meN  ge 2 () H m HLZ(Q,RN)

As a first consequence, we obtain for any three sets My, M| ,M, € %€ 2(Q,RN )
€50 (My UMY, My) = max{ep, (M, Ma), €5, (M}, M>)}

which will be of technical use for birth processes in § 3.7.4. More significantly here,

d gy (M, M) = max{ su inf - RN
M( 1 2) feﬁffzﬁMl) ge,ﬁfjé(Mz) Hf gHLZ(Q,RN)
sup inf ||f - gHLZ(Q;]RN) }

g€S2, (M) fEL2.(My)

= sup{ | inf A= fl2 = inf [l —g] hGLz(.Q;RN)}

T2 (M) T M2)
is a metric on %¢%(Q,RY) — with values in R} U {e} though.

According to a general result about the Hausdorff metric topology of nonempty
closed subsets in any metric space [27, Theorem 3.2.4 (1.)] [40, Theorem II.3],
the completeness of L?(Q, <7, P; RV) implies directly:

Lemma 63. %¢°(Q,R") is complete with respect to d z.
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3.7.2 Reachable Sets of Stochastic Differential Inclusions
are to Induce Transitions on %¢*(Q,R)

In the deterministic case, morphological transitions on (% (RV),dl) are based on
reachable sets of autonomous differential inclusions, i.e.
Or(t, Ko) := {x(r) € RV | there exists x(-) € W!1([0,7],RV) :
¥(-) € F(x(-)) ZL'-ae.in[0,t], x(0) € KO}
for a given set-valued map F : RN ~+ R" according to Definition 1.48 (on page 60).
Filippov’s Theorem A.6 about differential inclusions implies the properties required

for transitions if F € LIP(RY,RY), that means, if F : RV ~» RY is a Lipschitz con-
tinuous set-valued map with nonempty compact and uniformly bounded values.

Now we extend this approach to stochastic differential inclusions with a given
m-dimensional Wiener process W = (W, );>0.
The definition of “reachable set” uses square integrable strong solutions and then,
Theorem A.67 of Da Prato-Frankowska (on page 483) is the key tool in regard to
transition properties. Hence, as in § A.8, Jo(Xo,7,0) : [0,7] x Q — R denotes
the Itd process associated with

o the initial state Xy € L*(Q, «/,P; RV),

o the drift y € Z2([0,T], RY) and

o thediffusion o € .£2([0,T], Lin(R™,RY)),
ie.forr €[0,T], 0 € Q,

J0(Xo,7,0) (t,0) = Xo(w) + /ot Y(s,0) ds + /ot o(s,0) dW;(w).

Definition 64 (Random reachable set).
Consider an m-dim. Wiener process W = (W;);>o on the complete probability space

(Q,.27,P) and a set-valued map F = (F},F>) : [0, T]x 2 xRN ~» RN xLin(R",RV).
The random reachable set O (t,Mp): 2 ~RY of the stochastic differential inclusion
Xm € E(ta '7XI) dt + E(ta 'aXI) dVVl
and initial set My € Z¢*(Q,RV) attime 1 € [0,T] is defined via strong solutions as
Oa(t,Mo) == {X, | 3Xo € (2, ,P;RY), ye £2([0,T], RY),

o €.22([0,T], Lin(R™,RV)) :
X =39(Xo,7,0), Xo€ My P-almost surely
and for (£ x P)-almost all (s, @) € [0,1]x L,
¥Y(s,®) € Fi (5, @, Xs(@)),
o(s,0) € F(s, 0, Xs(®)) }.
The random closed reachable set Oz(t,My) : 2 ~ RV is the random closed set

whose set of selections in L?(€,.o7, P; RY) coincides with the closure of all these
solutions X; € L?(€,.o7, P; RV) starting in My P-almost surely.
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Obviously, 9z(0,My) = My holds for every My € %% 2(Q,R") and set-valued map
F :[0,T] xRN ~» RN x Lin(R™,RY) because My is characterized by S (My) # 0.

The next step is to verify that 97 (¢,Mp) : Q ~ RV is well-defined in ¢’ 2(Q,RN)
— essentially due to pathwise structure of the stochastic differential inclusion. For
this purpose, we quote a general criterion for subsets of L>(Q, .o/, P; RN ) inducing
random closed sets:

Proposition 65 (Decomposable sets and selections [141, Theorem 2.1.6]).

Let Z be a nonempty closed subset of L*(Q,.%/,P; RV).

Then there exists a random closed set M : Q ~ RN with Y]%/ (M) = E if and only
if £ is decomposable in the following sense: For any &,& € Z and A € a7, the
function ya-E1+ (1 —xa)-& : Q — R also belongs to = (with ya : Q — {0,1}
denoting the characteristic function of A C Q).

The proof of this equivalence as it is presented in the monograph of Molchanov
[141], for example, provides the following implication for the case that the
nonempty set = C L*(Q,.27,P; RV) is not assumed to be closed:

Corollary 66. Let = be a nonempty subset of L*(Q,.27 ,P; RV).

If E is decomposable then there exists a square integrable random closed set
M : Q ~ RN whose set %2, (M) of L? selections is equal to the closure of E.

Corollary 67.  Forevery F :[0,T] xRN ~» RN x Lin(R",RN), My € #6*(2,RY)
and t € [0,T), the set-valued map Oz (t,Mp) : Q ~ RN defined via the L* closure
of solutions X; € LZ(Q,sz ,P; RN) starting in My is a square integrable random
closed set.

Proof.  Attime ¢ € [0,T] consider the set = of all X; € L?(Q,.<7,P; RY) induced
by an Itd process X = Jy(Xop,y, o) which solves the stochastic differential inclusion
dXy € Fi(s, -, X,) ds + Fy(s, -, X;) dW; and starts in Mo, i.e. Xo € 72, (M) and
for (.Z'x P)-almost all (s, ) € [0,T]x €,

¥(s,0) € Fi (s, o, Xs(w)),
o(s,0) € B(s, 0, X()).

This subset = is decomposable because each integral related to the Itd process
Jo(Xo,7,0) is evaluated pathwise. Hence there exists a set M; € #¢ 2(Q,RN) with
S (M) = E C L*(Q,/,P; RY) and by definition, 93 (¢, M) := M,. O
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Now the continuity properties of 0z : [0,T] x Z6*(Q,RY) — %¢*(Q,R")

decide whether random closed reachable sets induce transitions on Z¢>(2,RY)
with respect to the mean square Pompeiu-Hausdorff distance d 5.
The Filippov-like Theorem A.67 of Da Prato-Frankowska (on page 483) is the
analytical basis for comparing the evolution of two initial sets in Z% 2(.(2,]RN )
— in essentially the same way as we used Filippov’s Theorem A.6 for morphologi-
cal transitions in Proposition 1.50 (on page 60).

Proposition 68. Ler F,G : [0,T] x Q x RN ~ RV x Lin(R™, RV) satisfy

(i) F,G have nonempty compact values,

(ii) for every x € RN, F(-,-,x) and G(-,-,x) are measurable,
(iii) AA >0 foranyt €[0,T],0 € Q: F(t,0,-), G(t,0,-) are A-Lipschit,
(iv) 3 7> 0: max {|F(t,0,%)|w, |G(t,0,%) | } <7 holds for all t,®,x.

Then the following statements hold for any 0 < s <t and M, M;,M, € Z#€*(Q,R")
(1) doe (Op(s,M), Dp(t,M))> < 18 7 ¢ - (1 —s)
(2.) dge (O5(t.My), D51, M)

! ~ ~

<C- (cﬂ%g)(Mth)Z-i-/ sup cﬂ,%(F(s,.’Y),G(s’.,y))st) eternl
0yer?

with a constant C > 1 depending only on A.

The proof will be given in a moment. We now focus on the consequences:

Firstly, the estimates reveal that Lipschitz continuity with respect to time is verified
for the square distance d g (-, -)2 (rather than the metric d 4y ). Secondly, random
closed reachable sets of autonomous stochastic differential inclusions might not be
-contractive with respect to afijéj because the constant C in the second estimate
could be larger than 1.

Statement (2.), however, concerns nonautonomous stochastic differential inclusions
and, it enables us to bridge this gap by means of the distance construction in § 3.4
(on page 214 ff.). Indeed, the arguments for Proposition 32 (in the simplified case
|-] = 0) lead directly to the following result about autonomous stochastic differen-
tial inclusions with “measurable/Lipschitz” right-hand side:

Definition 69. For A > 0 fixed, MLIP, (€, RY;R™ R™*™3) consists of all set-
valued maps F = (F|,F>) : Q x RN ~» R™ x R™*™3 with the following properties:
(1.)  F has nonempty compact values,

(2.) foreveryx € RY, F(-,x) is measurable,

(3.) forevery w € Q, Fi(w,-) and F>(®,-) are A-Lipschitz continuous,

Dct

@) ||F|le = sup{|F(®,x)| | @ € 2, x ERN} < oo,
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Corollary 70. Fix the parameter A > 0 arbitrarily. Then there exist

d%y : FEH(Q,RV) x #6*(Q,RN) — [0,00]
and a constant ¢ > 1 such that for any F,G € MLIP, (Q,]RN; ]RN,Lin(R’”,RN))
and all sets M\,M, € %2( ), t,t,h>0witht;+h, tp+h <1

(1) () < dop(-r) < & dge(-,-)?
(2.) dy (Or (t1+h, M), D (+h,M2)) < d%y (O (1,M,), Op (12, M) - €,
(3.) (O (1 +h,My), Og(t2+h,M>))

< (@ (Fr(01,M1), D612, M2)) + b+ & da(F,G)?) - .
Random closed reachable sets of each map F € MLIP, (Q,RN ; RV, Lin(R™, RN ))
induce transitions on the tuple (%Z(Q,RN), dv%ﬂ, cﬂ% 2y O).

Proof (of Proposition 68).
(1.) Remark A.66 (on page 483) mentions the general estimate

E(’JO(XO,Y,O-)(I)’ ) <9 ¢ ||J0(X07Y,O-)H3-,[0,f]
X ) t
Def. 9 ¢ (E(‘X()|2) +E</ |Y|2ds) +E</ |G|2ds))
0 0
for any initial Xo € L2(Q,.«/,P;RY), drift y € .i”é (0.7.BY) and diffusion
o € £,,([0,T],Lin(R”,R")). This implies for a solution
X =00(X..7.0) : [s] — [2(Q./ . PRY)

to the stochastic differential inclusion dX, € Fy (1, %) dt + 172(1, X;) dW; starting in
X, at time s

B(% - )

IN

* 300,703

- (2( [ 1P as) + 2( [ o7 as))

<9 27 (t—ys).

IN

(2.) Due to the symmetry of dl4z¢ and the definition of 0_F(I,M1) via L? closure, it
is sufficient to prove for every solution X = Jy(Xo,7,0) : [0,1] — L*(Q, ,P;RN)
to the stochastic differential inclusion dX; € Fi (s, - X) ds + F>(s, - X;) dW; starting
in a selection Xy € L*(Q, .27, P; RY) of M| € #€*(Q,RV):

E(dist(X;, 05(,M>))?)
t —~ ~
S 9 C(E(dist(X07M2)2) +/ (ﬂ%(F(S,’,XS), G(S7”X5))2 dS) . €C (2+t>t
0

with a constant C > 1 depending only on A.

Choose a selection Yy € .72, (M,) with || Xo — Y()Hiz = E(dist(Xo,M>)*) by means
of Proposition A.80 about marginal maps and Selection Theorem A.74 (on
page 489 f.).
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According to Theorem A.67 of Da Prato-Frankowska (on page 483), there exist a
constant C = C(A) > 1 and a strong solution Y : [0,¢] — L*(Q,.o7,P; RY) of

dY; € Gi(s,,Y;) ds + Ga(s, -, Ys) dW,
starting in ¥y such that

Iy = X|3 0, <C- ((|y0_x0|2)
+/ dlSt 5,),0(s,4)), 6(S,~,XS))2) ds).ec.(l-H)t

Remark A.66 (on page 483) and the definition of dl 4 (-,-)? via L* selections imply
E(dist(X;, 95(1,M2))*) < E(|Y; — X,|?)
<9¢ - (E(dist(Xo, M2)?)

! ~ ~ 2
+/ d ¢ (F(s,.,XS), G(S,‘,XS)) ds) )
0 O

3.7.3 The Main Conclusions About Stochastic Growth Processes

We have just laid the foundations for applying the mutational framework to the
tuple (%¢*(Q,R"),d%,,,d’%,,0) and the random closed reachable sets Oz (-,-)
induced by the set-valued maps in MLIP, (Q, RY; RY, Lin(R™,R")) with an
initially fixed Lipschitz bound A > 0.

Proposition 68 and Corollary 70 indicate two essential features: Firstly, the tran-
sition parameters can be chosen as a function of the parameter A and secondly,
the corresponding transition distance is defined as ¢(A) - dlo(-,-)? < oo.

Now we can handle the stochastic counterparts of morphological equations (origi-
nally introduced by Aubin for (# (RY),d) and discussed in § 1.9 on page 57 ff.),
i.e. the evolution of square integrable random closed sets is prescribed as a function
of their current shape.

The geometric interpretation of a solution plays an important role again. In regard
to (deterministic) morphological equations, Proposition 1.57 (on page 64) provides
the equivalent characterization as reachable sets of nonautonomous differential
inclusions in RY. Now a similar link with nonautonomous stochastic differential
inclusions results directly from Proposition 34 (on page 219) due to Proposition 68:

Lemma 71.  Suppose F : [0,T] — (MLIP, (Q,R"; RV Lin(R™,R")), d..)
to be continuous with supy 1) |7 (t)|| < e and define the set-valued map

F: [0,T]x QxRN ~ RV xLin(R™,RY),  (t,0,x) — Z(t)(®,x).
Then for any Ko € #6*(Q,RN), the random closed reachable set K (-) := V5(,Ko):
0,T] — Z#€*(Q,RN) is a solution to the mutational equation I%(t) > Z(1)
in the tuple (%€*(Q,RY), d%,, d%g, 0, &(A)-du(-,)?).
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The extended Cauchy-Lipschitz Theorem 31 (on page 212) guarantees existence of
solutions due to completeness:

Theorem 72 (Cauchy-Lipschitz Theorem for stochastic morpholog. equations).
Assume for A > 0 and

F = (F1,%) : #€*(Q,RY) x [0,T] — MLIP, (Q,RY;R¥ Lin(R",RY)) :
(1.) there exists ¥ > 0 such that sup |.Z(")||l <7

(2.) Z is Lipschitz continuous w.r.t. state and continuous in the following sense:
There exist a constant A > 0 and a modulus of continuity () such that for
any My, M, € Z#€*(Q,RN) and 1,1, € [0,T),

do(F(Mi,12), F(Ma,12)) < A-dg (M1, M2)” + 0(|ty —12]).

Then, for any initial set Ky € #€*(Q,RY), there exists a unique curve K(-) :
0,T] — %€ (Q,RN) which is Lipschitz continuous with respect to d’, and has
the two following (equivalent) properties:

(i) for Lebesgue-almost everyt € [0,T] : I%(t) > F(K(1),1),

i.e. for any random closed set M € %#¢*(Q,RY) and bounded set-valued
map G € MLIP, (Q RVN; RN Lin(R™ RV) ) it satisfies
)

limsup } (d]/(ﬁ(;(h M), K(t+h)) — d%, (M, K()) ~e5h)
hl0

< & da(G, F (K@), 1)’

where d%.. : ZE*(Q,RN) x %6 (Q,RV) — [0,0[ denotes the distance
Sfunction and & = &(A) the constant mentioned in Corollary 70 (on page 250),

(i) foreveryt€[0,T]: K(t) = Oz, >(t Ko),

i.e. K(t) always coincides with the random closed reachable set of the non-
autonomous stochastic differential inclusion

dX,(0) € F1(K(),1) (@, X:(0)) dt + F2(K(1),1) (0, X (@) dW, ()

and initial set Ky € %Z(Q ,RN) (in the sense of Definition 64 on page 247)
P-almost everywhere in €.

Remark 73.  Property (i) generalizes the criterion for the time derivative of a curve
in #¢*(Q,R") as we have already discussed in the beginning of § 3.3.

Property (ii) can be regarded as “integral” characterization. In a figurative sense,
it is the set-valued counterpart of the well-known integral criterion for absolutely
continuous functions [0, 7] — RN,
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An advantage of this existence result by means of the mutational framework
is that we are immediately free to combine these stochastic growth processes in
#€*(L2,RY) with any other example.

Here we select exemplarily a system with a nonlocal stochastic differential equation.
This kind of dynamic problem occurs in models where a stochastic differential equa-
tion depends on an uncertain control parameter whose control set in Z%’ 2(Q,]RN )
is prescribed in a closed-loop way.

For the sake of simplicity (merely), we restrict the next corollary to an autonomous
system with <% = < forallt € [0,T].

Alternatively, we can apply the same existence arguments to systems with nonlocal
reaction-diffusion equations in fixed cylindrical domains (discussed in § 3.9 below),
for example.

Corollary 74 (System with a nonlocal stochastic differential equation).
Assume for A > 0 and

f=(f1, fr) : L(R) x Z#6*(Q,RY) — WI=(R,R) x WH(R,R),
F =(F1,F): P(;R) x #6*(Q,RY) — MLIP, (Q,RY;RY, Lin(R",RY)) :
(1.) (SY“AE) (I, M) [l + (|7 (Y, M) [|ee) < oo,
(2) f and & are Lipschitz continuous in the following sense:
There exists a constant A > 0 such that for all Y,,Y, € L*(Q, .o/ ,P;R) and
My, M, € %6*(Q,RV),
2 2
€Y1, M) () — £V, Ma)(-) ||} + deo(F (Y1, M), F (Y2, M)
2
< - (E(N = 1) + dage (M1, 1))

Then for any initial states Xy € L*(, </ ,P;R) and Ky € Z#€*(Q,R"), there

exist unique curves X : [0,T] — L*(Q,./ ,P;R) and K : [0,T] — %#€*(Q,R")
with the following properties:

(i) X:[0,T] — L*(2,4/,P; R) is Lipschitz continuous w.r.t. E(|- —-|?),

K :[0,T] — %#€*(Q,RN) s Lipschitz continuous w.r.t. d gz (-,-)?.

(ii) X is a strong solution to the stochastic differential equation
dXy(®) = fi(Xs, K(s)) (Xs(@)) ds + fr(Xs, K(s)) (Xs(@)) dWs(o)

(iii) for everyt € [0,T), K(t) € #€*(Q,RN) coincides with the random closed
reachable set of the stochastic differential inclusion
dYs(®) € F(X,K(s5)) (0, Ys(w)) ds + Fr (X, K(s)) (0, Ys(0)) dW;(w)
and the initial set Ky (P-almost everywhere in Q).
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3.7.4 Extensions to Stochastic Birth-and-Growth Processes

The evolution of random closed sets along stochastic differential inclusions covers
a quite broad class of growth processes. In particular, it is not restricted to convex-
valued or expanding set evolutions in %62 (Q,RN).

Theorem 72 and Corollary 74 do not consider any form of nucleation though.
Roughly speaking, the growth process is initiated completely by the initial random
closed set Ky € #¢€*(Q2,RV) at time = 0 — and not by some additional random
process starting maybe elsewhere and later.

In this section, we suggest how this restriction can be overcome in some cases by
means of approximation. Obviously, there is no significant difficulty in solving the
following problem in a piecewise way:

K()> Z(K(),:) ZL'ae.in0,T]

K(0) = Ky
K(1) = lim K(r) UN,
tTy

with given random closed sets Ky,N| € %z(Q,RN ), the time of nucleation
t; €]0,T| and the function
T = (F1,5)  #6*(2,RV) x [0,T] — MLIP, (Q,RY;R¥ Lin(R",RY))

satisfying the assumptions of Theorem 72. Here the limit on the right-hand side is
understood in %€ (Q,RN) with respect to d s and, its existence results from the
Lipschitz continuity of solutions with respect to cﬂ%]é) (due to Proposition 68 (1.)).
Lemma 71 applied first to [0,7] and then to [t;, T] leads to the geometric character-

ization of the unique solution K(-) : [0,7] — Z¢€*(Q,RN):
Bz ik (t, K if 0<r<t

K1) { 7k, (1, Ko) | I

199‘([(7.>(t, Ko) U 19,/”("(K(t1+~),t1+-)(t_t1v Nl) if n <t<T.

This simple example is based on a single additional nucleation at time #; €]0,77.
Now the central question is which type of convergence of the time-dependent nu-
cleation is appropriate for extending this piecewise construction approximatively.

Proposition 75 (A priori estimate for countably many nucleation processes).
Fix A > 0 and assume for k = 1,2,

Tk = (FF, F5): #6*(2,RY) x [0,T] — MLIP, (2,RY; RV Lin(R™,RV)) :
(1.) there exists ¥ > 0 such that sup ||.Z*(-,)||= <7,

(2.) F# kis Lipschitz continuous w.r.t. state in the following sense: There exists a
constant A > 0 such that for any My,M> € Z€*(Q,RN) and t € [0,T),

do. (F* (M, 1), yk(Mzaf))z < l'tﬂ%f(Mth)z-
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Let I1,I, C [0,T] be (at most) countable and contain 0. Assume for the functions
Ny : 1} — FEH(Q,RN) and Ny - I, — FE€*(Q,RN) that the Hausdorff excesses
between their graphs are bounded with respect to time in the following sense:

Lo— R, o Af) = inf (|t—s| + egw(Nl(t),Nz(s))z)
s€hN[0k] )

L RS, 1 M) = inf (|H| + €5 (Na(1), Ny (s))z)
sel; N[0, -

are bounded.
Suppose Ky, K : [0,T] — Z€*(Q,RN) to fulfill for everyt € [0,T] and k = 1,2
K@) = U Ostgorsr) (=5 Nls)).
sefN[04]

Then, there is a constant C = C (A,¥,T) > 0 such that the following estimate
holds for every t € [0,T]

dore (Ki (1), Kx(1)* < € e ((sup Adlypog + 1+ sup duo(F', 7)),
k=12

This proposition clarifies which “distance” between nucleation rules is relevant
for the corresponding solutions. So far we prescribe the nucleation by means of a
function | — Z¢*(Q,R") with an (at most) countable domain I C [0,T].

Now this results is the main tool for solving a birth-and-growth problem approx-
imatively if the domain / of the nucleation function is possibly not countable.
We formulate the characterizing comparison via d % because it is not immediately
clear then whether the union for all s € IN[0,¢] is a random closed set (Remark 77).

Theorem 76 (Existence of solutions to some birth-and-growth problems).
As in Cauchy-Lipschitz Theorem 72 (on page 252), fix A > 0 and assume for

F = (F1,5) : #€*(Q,RY) x [0,T] — MLIP, (Q,RY;R¥ Lin(R",RY)) :
(1.) there exists ¥ > 0 such that sup ||.Z(-,")||l« <7,

(2.) Z is Lipschitz continuous w.r.t. state and continuous in the following sense:
There exist a constant A > 0 and a modulus of continuity () such that for
any My,M> € Z#€*(Q,RN) and t,,1t, € [0,T),

dm(y(Ml,tl), f(Mz,tz))z < l-cﬂ%g(Ml,Mz)z + w(\tl —IQD.

Let I C [0,T] contain 0 and, assume for N : I — Z€*(2,RY) that a sequence
($u)nen in I satisfies s1 =0 and

sup inf (\tfsm\ + egw(jv(t)’ N(Sm))z) 0 forn—ses
t€In[0,T] miy{nlé}n}:

Then there exists a function K(-) : [0,T] — %#€*(Q,RN) with

sup  dgg (K(t), U 19‘9(1((3_‘_,)7 H_,)(l—s, N(S))> =0.
1e(0,7] seln[0]
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Remark 77.  The union

U l?y(K(s+.>7 s+ (l‘ -, N(S)) :Q ~ RV
seln(0y]
consists of possibly uncountably many sets in Z% 2(Q,]RN ) and, it is not obvious
if it also belongs to %¢*(2,RY). Each of these random closed reachable sets,
however, is constructed by means of solutions X; € [? (Q, o, P; RN ) to a stochastic
differential inclusion in a time interval [s,¢] and, each set of these L? functions is
decomposable as mentioned in Corollary 67 (on page 248).
Corollary 66 states the existence of M, € %% (€2, R") such that .72, (M,) coincides
with the L? closure of the union of all solutions X; € L?(Q,.«7,P; R") inducing
B2 (K(s+-), s+ (t—s, N(s)) for any initial time s € /N [0,7]. In this selection-wise
sense, M; can be regarded as the closure of the union above:

U ﬁf(K(s+.>7S+.)(t7S’ N(S)) = M, E%Z(Q,RN).
selIn0t]
Finally, the condition on K(-) : [0, T] — %¢*(2,RY) in Theorem 76 is equivalent
to K(t) = M, foreveryt € [0,T].

Remark 78 (extension to possibly empty sets of nucleation).  An assumption
of Theorem 76, namely N(t) € %¢*(Q,RY) for each ¢ € I, implies that the
sets N(t)(w) C RN are nonempty for all + € I and ® € Q. It serves essentially
the rather technical purpose that the mean square Pompeiu-Hausdorff excess
€5, (N(1),N(sm)) is well-defined in [0, 0] via L? selections of N(#).

For many applications in modelling, however, this hypothesis is not a significant
obstacle. If all considerations are restricted to random closed sets in a fixed closed
subset K C RY | for example, then we should assume

FM,1)(-,) = {0} € RN xLin(R",RY)  inQ x (RV\K)

for all M € %#€*(Q,RY) and ¢ € [0,T] anyway so that the admissible solutions
to stochastic differential inclusions cannot move outside K. Now we choose some
arbitrary point xo € RY \ K and always consider N(1) € #¢*(Q,RV) with the
additional feature xo € N(¢, @) for all @ € Q. This modification does not have any
explicit influence on the evolution of the random closed sets K (r) € Z#¢€*(Q,RY).

Corollary 79 (Two special cases of birth-and-growth processes).
In addition to the hypotheses about A and % in Theorem 76, suppose N : [0,T] —
FE*(Q,RN) to fulfill one of the following conditions:

(a) N() is continuous with respect to d s or,

(b) N(-) is measurable w.r.t. d sz and expanding in the sense that N(t;) C N(f)
P-almost surely in Q whenever 0 <t; <t, <T.

Then there exists a function K(-) : [0,T] — %€*(Q,RN) with

sup d%(ﬂf)v U 19@(K(s+»)-,s+~>(t’s’N(S))):0'
t€[0,7] seln[0]
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Now we complete this subsection with the missing proofs:

Proof (of Proposition 75 on page 254).  The main tools are the explicit continuity
estimates of random closed reachable sets with respect to time and initial set as
specified in Proposition 68 (on page 249).

Fix € > 0 arbitrarily. For each s € [, there exists a point of time r € I, N [0, s] with

ls—r| + €5 (Ni(5), Na(r))? < Ay(s)+e
by definition of A; (s). Moreover, Proposition 68 (1.) states
o 2 52
d z¢ (KQ(r)’ a@z(Kz(r-&-»).,r-‘r') (S =-h K2(r))) < 18y~ e (S - r)
and, the inclusions
Ny(r) C Kx(r)
19’/6,‘2(K2(r+.)7r+.) (s—r, KQ(I’)) C KQ(S)

hold P-almost surely in £2 due to the characterizing assumption about K5 (+).
Thus, we obtain

e (V1) Ka5))” < 3 (€50 (V1 (6), M)+ g (Nar), Ki(s))’)
<3-max{l, 18 ¥ '} (Ai(s)+e).

The detailed proof of Proposition 68 (2.) (on page 250 f.) and assumption (2.) about
the Lipschitz continuity of .% ensure for every ¢ € [s,T]

e;;g(mm M) T =5 Ka(s))
<C (‘?EM(N +/ 91|K1 o Zk, s/),sf>)2ds’) LCOHT)T
SC.<e%‘g(N +/ - (supd..(.F" jz)
+A - d,ﬁ(l(l(s’),l(z(s/))z)ds/)_eC(zmT

with a constant C > 1 depending only on A. As € > 0 is arbitrarily small, we can
specify a larger constant C = C(A,%,T) > 1 such that forevery s € I; and ¢ € [s,T],
the following estimate holds:

- 2
egcjfg (13,/5:'([(1 (s+1), s+ (l —s, N; (S)), Kz(t))
- . 2
< f?ff(%l(m<s+->,s+»)(’*% Ni(8)),  Oz2ky (5151 (L= KZ(S)))
e t
C- <A1(S)+(I*S) - sup cﬂw(ﬁl,fz)an A / d g (Ki(s), Kz(s’))zds’).

Remark 62 (2.) (on page 246) has already mentioned that the excess of a (finite)
union from a fixed set in Z€%(2,RV) is the supremum of the excesses. For the
same reasons, countable unions of random closed sets share this property and hence,

IN
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e!CZ%(Kl (t)v KZ(I))ZZ‘?%‘K< U 19-@(1(1(3#--),3-&-»)([757 N (S))v KZ(I))z

sel; N0,
. 2
< sup ey (ﬂ,g(Kl(s+~),s+») (t—s, Ni(s)), Kz(f))
sel; N0,
~ t
<C- sup (Al(s) + (t—s) - sup aﬂw(fl,fz)z—i- A / d ¢ (K1, K2)2 ds')
sel; N0, s

<C- ( sup  Aj(s) + ¢ - sup dw(ﬁl,fz)z—i-l -/tcﬂ,%(l(l, K2)2 ds')
selN[0] 0

is satisfied for every ¢ € [0, T]. The same arguments lead to

e (K1), Ka(t))®
<

o~ t
C-( sup  Ao(s)+t-sup dm(91,92)2+l~/aYW(Kl,KZ)zds’).
sebNn0] 0

Finally, the claim about
2 Def.

e (Ki (1), Ka(0))® 2 max {5 (Ki (1), Ka(0))?, €5 (K1 (1), Ka(1))}

results from Gronwall’s inequality in Proposition A.1 (on page 439).
O

Proof (of Existence Theorem 76 on page 255).
For each n € N, set I, := {s...s,} C I, and Cauchy-Lipschitz Theorem 72
(on page 252) provides a solution K,, : [0,T] — %¢*(Q,R) to the problem

K@) = U Ozk(sr) st (t—5 N(s))
s€l,N0]
for every t € [0,T] — in a piecewise way as described at the beginning of this

subsection. Proposition 75 and the asymptotic assumption about (s, ),cn in / imply

the Cauchy property of (K,, ())n ¢y 10 the following sense:

sup sup  d gy (Kn, (1), K,,z(t))2 — 0 for m — oo,
ny,np2m t€(0,7T]

Hence, the completeness of the metric space (%¢2(Q2,RV), dz) guarantees a
limit function K (-) : [0, 7] — %¢>(2,RY) with
sup  doe (Ka(t), K(t))2 — 0 for n — oo.
t€(0,7]

The asymptotic hypothesis about (sy),en is uniform w.r.t. ¢ € [0,T] and so, we
conclude from the detailed proof of Proposition 75 that

ey%f( U 19&‘(K(s+~),s+-)(t*3, N(s)), U B (K(s+-), s+-) (t—s, N(s)))
selIN0t] s€l,N[01]

converges to 0 for n — e and each 7 € [0,T]. Obviously the second argument is
contained in the first union and thus, the corresponding excess e, is 0.
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Furthermore Proposition 68 (on page 249) and the Lipschitz continuity of % (-,s) in
assumption (2.) lead to the convergence of

d%( U ﬁﬁ:(K(SJr-),SJrJ(t*Sa N(S)>7 U 09‘(Kn(s+-),s+-)(tfsv N(S)>)
s€l,N0] s€l,N0]

to 0 for n — oo and every ¢ € [0,T]. Finally the claimed identity results from the
triangle inequality of dl s .
O

Proof (of Corollary 79 on page 256).

(1.) If N(-)is continuous with respect to dl 4z then it is even uniformly continuous
in the compact interval [0, T]. This implies directly the assumptions of Theorem 76
concerning N(-) and a sequence (s, )neN-

(2.) LetN(-):[0,T] — %€*(Q,R") be measurable and expanding.

Now we use Lusin’s Theorem, that relates measurability to continuity of metric
space-valued curves (Lebesgue-almost everywhere) and that is a special case of
Scorza-Dragoni Theorem A.9 (on page 446) for functions with just one argument
(see e.g. [5, Theorem 1.45], [30, Theorems 7.1.13, 7.14.25], [84, Theorem 2B]):
For every & > 0, there is a compact subset S¢ of [0, 7] such that ' ([0,7]\ S¢) < &
and the restriction of N(-) to S is continuous with respect to d sz

The uniform continuity of N|s, provides finitely many points of time s ... s, in Sg
with .mlin (|r = si +d%(N(t),N(si))2) <€ forevery t € S¢ C [0,7].
I1=1...n

Set 5,41 := T additionally. At each time 7 in the complement (i.e. 7 € [0,T]\ S¢),
we can find some ' € Se U{T} witht <t' <t+¢ dueto Z!([0,T]\ Se) < €. Now
the expanding property of N(-) implies N(z) C N(¢') P-almost surely in £ and thus,

Cmin (j=sl e (NO) N(s)?)
<, min (el =il + €5 (N(), N(si))?) < 2e.

Finally, we replace the fixed parameter € > 0 by a sequence &, | 0 and continue this
supplementary selection of finitely many points of time in [0, 7] inductively. This
procedure provides a (not necessarily monotone) sequence (s ) en in [0, 7] with

sup inf (‘t_sm‘ + ftocj%)(N(t)’ N(Sm))Z) 0 e o
telIn(0,T] mes,ffg,”}:

O
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3.8 Example: Nonlinear Continuity Equations with Coefficients
of Bounded Variation for .#"-Absolutely Continuous
Measures

The continuity equation
4+ dive(bp) = 0 (in RN x 10, T])

is the classical analytical tool for describing the conservation of some real-valued
quantity g = p(¢,x) while “flowing” (or, rather, evolving) along a given vector
field b : RV x [0,7] — RN. Thus, it is playing a key role in many applications
of modelling like fluid dynamics and, it has been investigated under completely
different types of assumptions about b(:,-).

In § 2.5 (on page 132 ff.), we have already focused on the nonlinear transport

equation for Radon measures on R". Its coefficients were bounded and Lipschitz
continuous vector fields on RY prescribed as a function of time and the current
Radon measure.
The main goal now is to weaken the regularity conditions on the vector fields con-
sidered as coefficients in the continuity equation. In particular, spatial vector fields
b(-) of bounded variation have aroused interest for weakening the assumption of
(local) Lipschitz continuity.

Recent results of Ambrosio [3, 4] make a suggestion how to specify a flow X :
[0,T] x RN — RY along certain vector fields of bounded (spatial) variation in a
unique way. This uniqueness is based on an additional condition of regularity, i.e. the
absolute continuity with respect to Lebesgue measure .Z" is preserved uniformly:
For any nonnegative function p € L'(RN)NL*(RY), the measure pg:=p £V
satisfies X(z,-); o < C.ZN forall 1 € [0,7] with a constant C independent of 7.

This result of Ambrosio about the so-called Lagrangian flow serves as starting point
of this example and thus, it motivates to replace the set .# (R") of finite Radon
measures by

L=M(RN) == {p£N | p e L' RY)NL"(RY), p >0}.

After summarizing some features of the Lagrangian flow, we exploit the corre-
sponding vector fields of (locally) bounded spatial variation for inducing transitions
on these measures. It allows us to deal with nonlinear continuity equations in the
mutational framework.

The main conclusions presented in subsequent § 3.8.4 consist in sufficient conditions
for existence, uniqueness and stability of distributional solutions p(-) : [0,7] —
L="1(RM) to the Cauchy problem

4u+dive(f(u, ) ) =0 inRNx]0,7]
1(0) = po 2V € L= (RY)
for a given functional relationship in the form of
£: LoNH(RY) x [0,T] — BVioe(RY,RY)NL=(RY,RV).
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Basic set L=MRY) = {p2V | pe L'RY)NL(RY), p >0}

Distances dipem(, v) = [@;- (u—v)|(RY)

with a suitably dense family (¢;);e, of smooth positive
Schwartz functions satisfying [V @;(-)| < A4;- ¢;(-) (Lemma 86)

Absolute values lu] = o]l gy + HO-HL‘”(RN) for g = 0.2V e L*"(RV)

Transition Each b € BV} (RV,RV)NL” with D-b = divh £V « .#N
and divb € L*(R") induces the unique Lagrangian flow Xp(-,-).
Set

ﬁ]l“’@““,b 2 [0,1] x ]Lwﬂl(RN) N LNQI(RN)’
(hvuo) — )(h(]’l7 )t Mo

Compactness weak Euler compactness with respect to
d; e pon (V) = ‘ /RN 0 (@ — @) d(i—v)| (Def.87)

essentially due to Prokhorov’s Theorem: Lemma 95 (page 272)

Equi-continuity Euler equi-continuity results from uniform Lipschitz continuity
of transitions and the triangle inequality of d; y =n1.

Mutational solutions | Narrowly continuous distributional solution to nonlin. continuity
equation o Wy + divy (f(pe,2) 1) = 0 in RV x 10,7

List of main results Existence due to weak* compactness:  Theorem 96 (page 272)
formulated in § 3.8 Uniqueness due to Lipschitz continuity: Theorem 99 (page 274)
Continuous dependence of solutions on data: Theorem 100

Key tools The Lagrangian flow in the sense of Ambrosio is specified by the
linear continuity equations with coefficients of bounded spatial
variation: § 3.8.1

Explicit solutions to the linear continuity equations with coeffi-
cients in Wkl)"coo (RM RN)N L* (for approximating the Lagrangian
flow): Lemma 92 (page 267)

Table 3.3 Brief summary of the example in § 3.8 in mutational terms:
Nonlinear continuity equations with coefficients of bounded variation for .#’¥-absolutely conti-
nuous measures
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3.8.1 The Lagrangian Flow in the Sense of Ambrosio

Considering the linear continuity equation
4+ dive(bp) =0 (in RVNx 10, T]),

the regularity of the coefficient b: RN x [0,7] — RN plays the decisive role in
the question if the method of characteristics provides an explicit solution directly.
Proposition 2.47 (on page 138), for example, guarantees such a solution if b is
bounded, Lipschitz continuous with respect to space and Lebesgue integrable with
respect to time.

Motivated by the results of DiPerna and Lions [64], Ambrosio has suggested how
to specify characteristics under weaker assumptions about spatial regularity [3, 4].
Now we summarize the properties relevant for our subsequent conclusions in the
following proposition:

Proposition 80 (Ambrosio [3, 4]).

Assume b : [0,T] x RY — RN 1o be in L! ([O,T], BVIOC(RN,RN)) satisfying
b o

(1.) 7 € L'((0,7], L' (BY)) + L' ([0, 7], L=(RY)),

(2.) divy b(t,-) LN < LN for £ -almost everyt € [0,T),
(3.) [diveb]~ € L'([0,T], L=(RY)).

Then there exists a so-called Lagrangian flow X :[0,T] x RN — RN such that
@ X(-,x):[0,T] — RY is absolutely continuous for £~ -almost every x € R,
X(t,x) = x+/ot b(s, X(s,x)) ds  forallt€[0,T),
(b) there is a constant C > 0 satisfying X(t,-); (6 ZN) < C| ol LN
forallo € L"(RM)NL=(RY), 6 >0, and t € [0,T].

X(t,-) : RN — RV is unique up to £N-negligible sets for every t € [0,T] and,

w(r) :==X(t,-)4 Ho is the unique distributional solution to the continuity equation
4y + dive(bp) = 0 in RNx10,T]

for every initial measure uy := o N with 6 € L'(RV)NL=(RY), 6 > 0.

Mollifying each (t) with a joint Gaussian kernel p € C' (RN ]0,00[), the measures
Us(t) := u(t) * ps solve the continuity equation

% Us + dive (bs ig) = 0 (in the distributional sense)

with bg(t,-) = % being in L' ([0, T, WIL’:’(RN,RN)).

In particular, at every time t € [0,T], us(t) — w(t) narrowly (i.e. with respect to
the duality of bounded continuous functions) for 8 | 0.
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Remark 81 (about the proof of Proposition 80).  This proposition collects several
results of Ambrosio in [3, 4], but it is not formulated in this summarizing form
there. The arguments of its proof are rather widespread in the lecture notes [3].

Indeed, extending [3, Theorem 4.3] to vector fields of locally bounded spa-
tial variation (as stated at the end of [3, § 5]), there exists a Lagrangian flow
X:[0,7] x RYN — RN with properties (a),(b) and, it is unique (up to .#M-negligible
sets).

The proof of [3, Theorem 3.5] bridges the gap between the Lagrangian flow and
the measure-valued solution to the continuity equation (by means of push-forward).
The uniqueness of p(-) results from the comparison principle of the continuity
equation (due to the assumptions about B) according to [3, Theorem 4.1].

Finally the proof of [3, Theorem 3.2] implies the narrow sequential compactness
of ng := (x, XS$(~,x)) 4Ms (0) (using Prokhorov compactness theorem). In particular,
its equation (3.3) implies the narrow convergence of Ug(¢) to its unique limit u(z).

Similarly, [3, Theorem 4.4] and the remarks at the end of [3, § 5] guarantee:

Proposition 82 (Stability of Lagrangian flows, Ambrosio [3]).
Assume b, b, : [0,T] x RY — RV (n € N) 10 be in L' ([0,T], BV (RY,R"))
satisfying conditions (1.)—(3.) of Proposition 80. Furthermore suppose

(i) by — b in L} (10, T[xXRY) for n — oo,

loc .
(ii) there exists a constant C > 0 such that for alln € N, |b,| <C,

(iii) { [divy b~ | n € N} is bounded in L' ([0,T], L (RY)).

Let XB’XEn (n € N) denote the Lagrangian flows relative to B,Bn respectively and,
choose = p N with p € L'(RN), p > 0 arbitrarily.

1 1 ~ (. — ~( . N =
Then, ,}EEQ ox 1[512;)]( m1n{|Xn(,x) X;(x)], p(o)} d2Nx 0

Remark 83.  In comparison with the nonlinear transport equation investigated in
§ 2.5 (on page 132 ff.), it is remarkable that the linear problem here is stable with
respect to L' perturbations of the coefficient field whereas all estimates in § 2.5 are
taking the L™ norm into consideration (see e.g. Lemma 2.49 (f) on page 139 and
consequently Theorem 2.53 on page 142).

Corollary 84. In addition to the hypotheses of Proposition 82, let t € [0,T] and
Uy = 00 LN be arbitrary with 69 € L' (RN). Then,
Xgn (t,)sto — XB(I, )t Mo narrowly for n — oo,

i.e., for any bounded and continuous y : RN R,

/RN v(X; (1.3) oplx) dLVx — /RN w(Xs (%) oo(x) dLVx. O
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3.8.2 The Subset 1.°"1 (RN) of Measures and its Pseudo-Metrics

In this example, Proposition 80 of Ambrosio is to provide the measure-valued so-
lutions to the linear continuity equation. It motivates our choice of both coefficient
functions and measures on RV,

Definition 85.  Set L="!'(R") := {p #N | p € L'(RV)nL=(R"), p > 0}.

In regard to distance functions on ="' (RV), we suggest the weighted total varia-
tion — with a countable family (¢;)jc.» of smooth positive weight functions whose
gradient can be estimated by the function itself. In comparison with the W1 dual
metric used in § 2.5, this last property proves to be particularly useful for estimating
the effects of distributional derivatives via initial data.

Lemma 86. There exists a countable family (@;)jcy of smooth Schwartz
functions RN — [0, 0] with the following properties

(1) (9))jes is dense in (CHRY, [0,[), || [|--) ,
(2.) C2(RN,[0,|) is contained in the closure of (@;);c.s w.rt. the C' norm
(3.) foreach j € 7, there exists Aj > 0 with [V @;(-)] < 4;- @;(-) inRY,

Definition 87. Let (¢))jec.s be afamily of Schwartz functions as described in
Lemma 86 and, ¢ C . denotes the subset of all indices x € . with 0 < @ < 1.
For each indices j € . and k, k" € _#, define
djpent, dj o p=nt: LM (RY) x L=MH(RN) — [0,00]
as
djpeni(i,v) = |@;- (n—v)|(RY)

Def.

= sup { kzb ’ /Ek ¢ d(u— v)’ ‘ (Ex)ken pairwise disjoint

Borel sets, RN = U Ek},
keN

Qi (V) = | [0 (pe=00) d(u=v)].

Remark 88.  Obviously, Gronwall’s Lemma implies ¢; > 0 in RM unless 0;=0.
Assuming @; # 0 forall j € . from now on, each d;;~n1 takes all points of RN
into consideration — in a weighted form.

Moreover, all functions d; =1, d; v 1~ (JEF, K,k € ) are pseudo-metrics
on L="1(RY), i.e. in particular, they satisfy the triangle inequality.
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Before presenting lacking proofs, we specify the relation between the functions
dijen, dj o p=m (J€F, k,k" € #) and more popular topologies of Radon
measures mentioned in § 2.5.1 (on page 132 ff.). The next lemma enables us to
apply the existence results of § 3.3.6 (concluded from a generalized form of “weak”

compactness on page 206 ff.) later on.

Lemma 89.  For every finite Radon measure u € .# (RN) and open set A C RV,
the total variation satisfies

i) = sw{ [ wan|weca), lvl-<1}
R
and thus, for all yw,v € L="1(RVY),
djme(,U,,V) = sup dj,K,K’,IL“"m(.u’v)'

k,x'e 7
Lemma 90. (i) Let (Un)nen be in L="1(RN) with bounded total variation.
(Un)nen converges weakly* to i € L= (RN) with respect to (CY(RY), || - [|sup)
if and only if for every indices j€ .7, K, x'€ ¢,

111’1’1 dj,K,K/,mel(l“Ln7u) = O

n— oo

Assuming in addition that {l, | n € N} is tight (in the sense of Definition 2.40),
this equivalence can be extended to narrow convergence of (Un)uen (in the sense of
Definition 2.39 on page 132).

(i) Let (ty = 6, LN )nen be a tight sequence in L= (RN) with bounded total
variation and consider i = ¢ N € L= (RV).

Then, ©, — O in LIIOC(RN)for n — oo if and only if for every index j € .7,
lim  d;peni (U, 1) = 0.

n— oo

Proof (of Lemma 86). Such a family of functions ¢; € C*(RY,[0,0[) can be
generated by means of convolution.

Indeed, C3 (RN, [0,00[) is known to be separable with respect to || -||.. Now consider
a countable dense subset ( f; )ren of C2°(RN,[0,00[) together with

|x2 )

Vs :RN — ]0’00[’ XH——=CsN - exp(—5 T+ ]

for arbitrarily large § > 0 and the constant c5y > 0 such that ||ysl|1@v) = 1.
Then, each convolution f; * w5 : RY — R is smooth, nonnegative and satisfies

IV(fixws)| = [fix(Vws)| < 0 fixvs

since the auxiliary function Vs :[0,00[ — ]0,1], r —— cgy - exp(—0 lr—jr) is
smooth with

4 Gs(r) = =8 " Gs(r) € [-3,0]- Ws(r)
and thus, S Ws(r) = O(r) forr —07.
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Furthermore, f; * ys is a Schwartz function because so is W and f; is assumed to
have compact support. (fi * Ws)sen is dense in (C(RY, [0,50]), || - [|) since so
is (fi)ren and (Ws)sen is a Dirac sequence.

Finally it satisfies the second required property because for any g € C(RY, [0, 0[)
and subsequence (fi; ) jen With [|g — fi;[lc — 0 (j — ), we obtain for j — oo

V(fi; #Ws) = fi;*(Vws) — gx(Vys) = (Vg)+ s uniformly

and, the last convolution converges uniformly to Vg for § — oco. O

Proof (of Lemma 89). The representation of total variation as supremum is
proven in [5, Proposition 1.47], for example.

As a consequence of Lemma 86, the set {@ |k € #} is dense in CJ(RY, [0,1])
with respect to the supremum norm. Thus, {¢x — @ | K, K’ € #} is dense in
CY(RN, [—1,1]) with respect to the supremum norm. Finally the first equality in this
Lemma 89 implies for every finite Radon measure p € .7 (RV)

v Pidlul = e /RN Qj (Px— @) du. O
Proof (of Lemma 90). (i) Due to Lemma 86, {@x — ¢ | K, k" € 7} is dense
in CJ(RY, [—1,1]) with respect to the supremum norm and thus, {@; (¢x — @) |
j€I, kK € g} isdensein (CIRYN), || |lsup)-

Hence the first claimed equivalence is just a special case of a standard character-
ization of weak™* convergence by means of strongly dense subsets (see e.g. [188,
Theorem V.1.10]). The equivalence of narrow and weak* convergence for tight
sequences has already been mentioned in Remark 2.41 (1.) (on page 134).

(i) Itis a direct consequence of tightness and Lemma 86. O

3.8.3 Autonomous Linear Continuity Problems Induce Transitions
on L="(RN) via Lagrangian Flows

Motivated by Proposition 80 of Ambrosio (on page 262) again, we introduce an
abbreviation for suitable autonomous vector fields on RY and specify candidates
for their associated transitions on L™ (RV):

Definition 91.
BV 4Y(RN) denotes the set of all functions b € BVjoo(RY,R¥) 0 L=(RY,RV)

loc

satisfying D-b = divb £V < ¢V and divb € L™(RN).
For each vector field b € BV;’SN(RN ), define
ﬁ]lf“m,b : [07 1] X ]mel(RN) - ]mel(RN)? (l’l,‘U()) E— Xb(h7 )ﬁ Ho

with Xp(+,-) denoting its Lagrangian flow according to Proposition 80.
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Now we first investigate the regularity features of 19]me7b(-, -) for more regular

vector fields b € V[ﬁé:(RN ,RY) ML= with respect to each pseudo-metric d;n1
(j € #). Afterwards the approximation via convolution and Ambrosio’s stability

result in Proposition 82 lead to the estimates for b € BV;;fiV(RN ) in Proposition 94
below.

Lemma 92.  Suppose b,by,by € W,o7 (RN, RV) (L.
Then, for any o = p N, vo e LN (R) and j € 7, s,t,h € [0,1] witht +h < 1,

(1) Oy (0,2) = Tdpni vy,
(2.) Opentp(hy Openiy(t,0)) = Op=nip(t+h, fo),

. d, 1t (9 ont y(htt0). Byt (h0)) — d; corrt (o Vo)
jL ﬂ'( L=>Nlp LeNlp jL
(3.) timsup T, o (o)

(4) ’(p] ﬁﬂf“”,b(huo)) ’ (RN) g ’(p] ‘U()’ (RN) . ez’j ”bH‘*'t’

(5) dj,me(ﬂme,b(SaIiO), 19Le=m’b(f,l~lo)) < |t —s|- ;b ehilbll= ’(leio|(RN),

d;pent (Wb, (o), B, (h,to))
7

< 4;j bl

(6.) limsup

< Aj | @j by —by| po| (RY)
h|0

< Ajlplle - H‘Pj b *b2|HL1(RN)~

In regard to the choice of |-]; (j € .#), there are even two candidates now.
The first one is the weighted total variation (as mentioned here in Lemma 92 (4.)).
Dispensing with the weight function ¢;, however, we find the total variation as
an alternative whose growth also proves to be bounded in the required way. State-
ment (6.) in Lemma 92 motivates us to take the L™ norm into consideration (if
possible) and thus, we introduce for u = o N € L="1(RV)

] o= [ (RY) +

Supplying L= (RV) with the weak* topology (w.r.t. C)(RY)), this functional |-
is lower semicontinuous and thus, hypothesis (H4") (on page 207) is fulfilled.

%H«, = llollprmy) + [0l =y -

Lemma 93. For every vector field b € BV;’cdiV(RN ) and initial measure

u=oc22" eL="I(RY), the Radon-Nikodym derivative O; of Oy~ri (1) with
respect to Lebesgue measure £V satisfies
|0t < [[O]e eltPl=1,
|0 (1, 1)[(RY) = [loillpr < [lo]l & 1Pl=r.

The gap between vector fields in WIIO:(RN ,RV)NL* (as assumed in Lemma 92) and

BV;;‘CdiV (RM) can be bridged by means of mollifying as indicated in Proposition 80.

The stability result presented in Corollary 84 implies about the limit for § | 0:
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Proposition 94.  For every vector field b € BV v (RN), the function

loc
ﬁﬂ_‘wﬂl_’b: [0,1} XLwﬁl(RN) RN ]Lwﬂl(RN)
is a transition on the tuple (L="1(RY), (d; j=n1)jess (d;p=nt)jes, |]) with
(B i 1) = A [[b]l-
BVt i 1) == A [blle [[@)]le iVl
V(D=1 p) 2 ||div b|..
Dj(Opent p Oponi 3 1) = 4 - r 3 llavbll o) |b_b‘HLI(RN)~

Moreover, for every h € [0,1] and indices j € .7, K,k € _Z, the function
Openip(hy-) o (L"HRY), weakly* wrt.CQ) — (L=M(RN), d; o o penit)

is continuous.  From now on, the set of these transitions is abbreviated as
O (L="(RN), (djp=r)jes, (djp=n)jes, ).

The lacking proofs in detail are to complete this section:

Proof (of Lemma 92).

The measure-valued flow Oy ~n1,: [0,1] x L= (RN) — L= (RY) still satisfies
the semigroup property and thus statements (1.), (2.).

Forany po =p . £V, vo = 0. N cL>"(RV), the definitions of total variation and
push-forward imply

d; gt (Opent (B, fo), Bpent p(h, Vo))
=] 9 (X )z 0 — X () vo) | (RY)
< /RN ®;(Xp(h,-)) lp—o| dN
< /RN|<PJ'(Xb(hw))*<Pj! p—o| d.2N + |- (10— vo) | (RY).

The choice of ¢; (in Lemma 86) has the consequence

lirlillsup }ll . (dj_’]Leem (6me|7b(h,y0), ﬁlmmlb(/’l,Vo)) — dijm(uo,Vo))
0

< timsup b+ [ [0;(Xo(h)) 9y Ip — 0| 4.2
h|0 R

< LIVos) bl lp—of a2

< bl [ 20 p-ol a2

< Ablle Ay - djpeni(Ho, Vo).

Applying this estimate to vo = 0 and O ~n1 (2, o) (instead of i), we conclude
property (4.) from Gronwall’s inequality (in Proposition A.2 on page 440) because
the lower semicontinuous auxiliary function

8 :[0,1] — R, 1+ [@; Dpern (1, 10)| (RY) = |@; (X (1)) po| (RY)

is one-sided differentiable and satisfies % Oe(-) < Aj[[bleo- e (-).
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Correspondingly we obtain statement (5.) by estimating the auxiliary function

/5\8 (5,1 — R, — Q; (ﬂme|7b(t,u0) — 19]Loom7b(s,[.to))| (RN)
= |(@;(Xp(t—5.")) = @;) Op=ni p(s, o) (RY)

with s € [0, 1] fixed and
4= 8e(t) < Ay Iblle [ @ O mnn (1, 10)| (RY) < 2; [[bl|eo €2 1P | pg] (RY).

In regard to property (6.), choose any by,b, € WILS(RN ,RVM)N L~ and initial
measure (o = p .2 € L="1(RV). Then, for every € [0,1],

lim sup % . dj,Hf"m (ﬁme17b1 (/’l,[.L()), ﬂme17b2 (/’l,[.to))

h1O
S/ limsup |(Pj(Xbl(h,'));(Pj(Xhz(h,'))‘ |p| dgN
RY  plo
< Jon Aj @j [b1—by| p| 42"
< A’J ||pH‘>° H(pj |b17b2‘HLl(RN)~ 0
Proof (of Lemma 93). As mentioned in Proposition 80 mollifying with a

Gaussian kernel leads to approximating vector fields bgs € Wl (RN, RN), & >0,
with divbg € L™. [4, Remark 6.3] implies for all # > 0 and FNae.xeRN

exp (=t [|[divibs] 7 ||.) < det DeXp,(t,x) < exp(t ||[divebs]™|.)-

Now we conclude from the area formula and the transformation of Lebesgue inte-
grals that for any y = 6.2V with 6 € L'(RV) N L= (RV),

|13]L°°m,b§(tv.u)|(RN) = ’Xbé(tv') :u’(RN)

ﬁox*,s ‘ dgN

g/ |60 (X, (1, )ydi - exp (¢ [|[divibs] )

S/RN o dN - HdetDXXbé(t,~)Hw~exp(t | [divybg]~ [|L).-

According to Corollary 84, Oy «n1y, (t, 1) converges narrowly to Oy=n1 (7, it) for
0 | 0. In particular, the total variation is lower semicontinuous with respect to weak*
convergence (see e.g. [5, Theorem 1.59]) and thus,

’ﬁlmm’b(t,‘u” (RN) < lilsnliglf |19me17b5 (t,u)| (RN) < ol o2 [[divh||t

For proving the first statement, we start with the duality relation between L! and
> and then use the area formula. Indeed, the L™ norm of ¢; is equal to
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sup{ [ wor a2 we @Y, vl <1}
— sup {timsup [ yd 0y, (1. 0)] v € GTRY), vl <1
510 e

(e}
= Ssu {limsu (—)
P 510p v det Dy Xy (1,) / X (1)
< sup {timsup [ o el9Pol-a. V| ye iy (RY), il <1}
510

< HGHw eHdivawz ) 0

2| we @)yl <1}

Proof (of Proposition 94).  Choose a Gaussian kernel p € C'(RY,]0,e[) and
set ps(x) := 6V p(3) for § >0. Each vector field bs := b * ps belongs to

W (RN, RN) and satisfies ||bs|e < [[b||e. < oo, [[divybg]| < [|divyb||es < oo,

Hence, foreach b € Bv:div (RV) and § > 0, Lemmas 92 and 93 imply the transition

loc
properties of Oy wnip,. () 1 [0,1] x L= (RN) — L=>"1(RN) with the parameters

o(Opnt g3 1) = A [bsle < 4 |[bll,
BB pg: 1) = A [bglles (|9l € Pall= 1 < 2 [Ib]le ]| € 1P 1
Y(Op=n1p;) = 2 |[|divbsll < 2 ||divb||e.

Moreover for arbitrary b,b € BV:)Cd'V(RN) i, o € L*N1(RY) and 8,8 > 0,
h € [0,1], we conclude
dj.,]L‘”m(ﬁL"“m bé(h ul) ‘L?me Bg(h Hz))

o1
% ba A [|bgleo 2

Hw ;b5 — §|HL1(]RN)) e

(dijmﬂ' (.le,llz) + A L] ellavbll- 'H(Pj [bs 7B§|HL1 (RN)) eribsll=h

from Lemma 92 (6.), Lemma 93 and Gronwall’s inequality in exactly the same way
as for Proposition 2.6 (on page 106). In particular, this estimate motivates

) = A'] . re3 HdiVb(S”'x‘ .

IN

(o0 (1, 12) + 25 sup|

IN

|9; bs _B§|HL1(RN)
< Ay re Il lg; by —b

Dj(ﬁﬂf“m,bga 19me1763; r
§|HL1(RN)'

For arbitrary vector fields b,b € BV;’:)Cd Y(RN) and measures py, up € L="H(RV),

we now consider the limit for 6 | 0 and conclude from the narrow convergence
mentioned in Corollary 84

dj_y]me (ﬁlxml b(hv ,Ul),ﬁme B(h’ ,u2)>
= sup dj et (Oent (b 1), Oyt 5k, p2))

K,K'e
= Sup hmd',K,K’,]L‘”m (19L°°m,b5 (h> .ul)a 19]]_‘eeﬂl‘gA(h> [,Lz))
KK’E/Sl )
< hmsupd] Leenl (ﬂLwﬂl bs (h ,u]) ]mel b (l’l /Jz))
610

< (e (i p2) + Ay L] el P [b =B 3 g ) €M="
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As a consequence of Lemma 93, Oy -n1,(+,-) : [0,1] x L= (RY) — L="1(RY)
fulfills all conditions on a transition with

a(ﬁﬂ_‘wﬂl7b; r) = )uj HbHoo

B(Op-rip: ) = A [bll (@)l P~

'y(ﬁlwﬁl_’b) = 2Hleme
Dj(Op=rn s Do g3 1) 1= Ay o e 1Pl gy b=l g,

Finally, we have to verify that for every i € [0,1] and indices j € .¥, kK, Kk € 7,

the function

Oty (hy) : (L="1(RN), weakly* w.rt.CJ) — (L="1(RN), dj7K7K/7me1)
is continuous.
Let (, =0, 2"),  be any sequence in =" (R") converging weakly* to y =
o N e LM (RY). Choose h€]0,1], § >0and ¢ € CJ(RN) arbitrarily.

Using a smooth Gaussian kernel p as described in Proposition 80 (on page 262),
the mollified measure pg(t) := 6me|7b(t, W) * ps solves the nonautonomous conti-
nuity equation

4 s + divy (bs tg) = 0 (in the distributional sense)
with the time-dependent vector field bg(r,-) = %
tion space L'([0,7], W, (RY,RY)). In comparison to the Lagrangian flow of
be BVE’SW (RN), the flow X, 1[0,7] % RN — RN along b has the supplementary
advantage of being continuous and, the solution can be represented as push-forward

s (t) = X, (t,-): (1(0) % ps).
Now we conclude from the well-known features of convolution

/RN ¢xps dOp=nip(h,i) = /RN ¢ d(ﬁme,b(haﬂ)*PS)

belonging to the func-

1,00

oy @ dus(h)
/RN @ (Xvy(h,-)) xps 0 dLV

= lim @ (Xpy(h,))*xps 0 dLV = ...

n— oo RN
= lim [ (@xps) dOpenip(h ),
n—oo JRN 5
ie., /RN VoAV = lim [y A ()
for all functions y in a dense subset of (Cj(R"), || - ||sup) . Due to the uniform bound

of total variation, i.e. sup,, [ ~n1p(h, ty)|(RY) < sup, |, |(RY)-e? laivblle < oo,

we obtain Oy ~ni (A, ) — Open (k1)  weakly* with respect to CY(RM)
and, thus the claimed continuity of Oy «n1y(h,-) W.rt.everyd; . =n1. O
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3.8.4 Conclusions About Nonlinear Continuity Equations

Now we specify sufficient conditions on the functional coefficient

f£: L=NY(RN) x [0,7] — BV 9V(RN)

loc

for the nonlinear Cauchy problem

L+ divy (f(u,) ) = 0 in RVx 0,7
1(0) = po LN € L7 (RY)
being well-posed in the distributional sense. The transitions introduced in
Definition 91 (on page 266) and the general results of § 3.3.6 (about solving
mutational equations via a generalized form of “weak” compactness) are to provide
the required tools for existence. In particular, the additional hypothesis (H4’) (on
page 207) results from the lower semicontinuity of total variation.
After formulating the main results of this example, we collect all proofs at the end.

Lemma 95. (1) The tuple (L= (RY), (d;y=n)jes; (dj g pon)jmns

(dj,IL“'m )j€:77 (dj,K,K’,L“'m )j.,K.,K/v LJ? @(LMQI(RN)v (dj,]L“’m)v (dj,]L“’m)v LJ))
with the pseudo-metrics specified in Definition 87 (on page 264) and the transitions
of Proposition 94 (on page 268) is weakly Euler compact (in the sense of Defini-
tion 27 on page 207).

(2.)  The tuple (L™"'(RN), (dj1=n1)jes, (djp=n)jer |-]) in combination

with the transitions in é(L“m(RN), (d;g=m), (d;g=m), |-]) is Euler equi-con-

tinuous (in the sense of Definition 16 on page 194).

Theorem 96 (Existence of L= (RY )-valued solutions).
For £:L="1(RN) x [0,T] — BV (RY) suppose

loc
(i) SUPy ¢ (Hf(nu’t)HLw + Hdivxf(,u,t)HLw) < oo

(ii) fis continuous in the following sense: For £-almost everyt € [0,T| and any
sequences (tn)men, (Um = Om LN )men in [0,T], L= (RN) respectively with

fm =1 for m — oo,
Wn — W weakly* with respect to Cg(RN) for m — oo,
sup (HGmHLI + H6m||L°<') < oo,

meN

it fulfills £, tm) — £(u,1) in L} (RN, RN) Sfor m — oo,

Then for every initial measure g = 0y~ € L= (RN), there exists a solution
u(-):[0,T] — L="Y(RN) to the mutational equation
H () > ﬁme-,f(/J(')»')
on the mple (L="V(RY), (d;grt)jer, (d;pem)js, [-), (Bj)jer) satisfying
w(0) = o and, all its values in L.°"'(RN) are tight.
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Moreover every solution u(-) : [0,T] — L=V (RN) (to this mutational equation)
with tight values in 1.7 (RY) is a narrowly continuous distributional solution to
the nonlinear continuity equation

a[u[ + diVx (f(u[,t) IJvt) =0 in RNX]O,T[
in the sense that for every t € [0,T] and any test function ¢ € C>(RV,R),

/]RN P dp - /RN ¢ dpo = /0, /RN Vo (x) - f1 (s, 5)(x) dus(x) ds.

Remark 97. In § 3.3.6, Theorem 28 (on page 207) states the existence of solu-
tions to mutational equations with delay. Strictly speaking, we can even handle
L>=>"1(RN)-valued solutions to nonlinear continuity equations with delay.

The uniqueness of L“QI(RN )-valued solutions to the linear, but nonautonomous
continuity equation is guaranteed by Proposition 80 of Ambrosio and, it is the
starting point for the opposite implication:

Proposition 98 (Distributional solutions satisfy mutational equation).
For £:L°"{(RY) x [0,T] — BV (RV) suppose

loc
@) supyy (18600 + v u.),) <
(ii’) £ is continuous in the following sense: For .£'-almost every t € [0,T] and
any sequences (tn)men, (Um = Om LN )men in [0,T], L="H(RN) respectively,
u=ocLNeL""YRN) with
tm — 1 for m — oo
On — 0 inL{ (RY) for m— oo,
sup (/o1 +[[omllL=) <<,
meN
it fulfills €W, tm) — £(u,1) in Ll (RYRV)  for m — o,
Let u(-) = o(-) N :[0,T] — L="Y(RN) be a distributional solution of
ot + divy (F(,7) ) = 0
with the properties
(@) {u(t)|0<t<T} c L°"Y(RN) is tight,
(b) o(-):[0,T] — L{ .(RN) is continuous,
(©) o0 +100) -z, is bounded in (0.7,

Then, () solves the mutational equation

R 3 Buen pu). )
on the tuple (L“’m(RN), (dj1=n1)jess (djp=m)jes, [], (Dj)jey>.

Uniqueness and continuous dependence on data result directly from the general
statements about mutational equations (in § 3.3.1 on page 189 f.) and the local spec-
ification of transitions in Proposition 94 (on page 268). Thus we even dispense with
their proofs in detail.
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Theorem 99 (Uniqueness of solution to nonlinear continuity equation).
For £: L= (RY) x [0,T] — BV (RN) suppose

loc
(i) supy, ([[f(0)]] = + [ldivef(u, ) ) <
(ii’) fis continuous in the sense specified in assumption (ii’) of Proposition 98.
(iii) fis Lipschitz continuous with respect to state in the following sense: For each

Jj € I, there exists a constant A; > 0 such that for £ -almost everyt € [0, T)]
and every vy, v, € L>M(RN),

H(pJ |f(V1,l) - f(VQat)H’Ll(RN) < Aj . djLwﬂl(Vla V2)~

Then for every Ly € L=V (RN), the distributional solution [0, T] — L="1(RN),
t— W, = o(t) LN to the nonlinear continuity equation
&tut + diVx (f(‘u,[,t) u[> =0 in RNX]O,T[

1
loc

initial measure Uy at time t =0 and tight values in L.~ (RN) is unique.

being continuous w.rt. Ly (RY), bounded w.rt. || - ||p1@v) + || - | p=ry), having

Theorem 100 (Continuous dependence; on initial data and coefficients).
For £, g: L="1(RV) x [0,T] — BV (RY) suppose

loc
(i) supy, (||€(,0)]- + [|dive f(1,0)]|,) < oo,
Supu,t (Hg(.uvt)HLw + Hdiv)‘g('u’t)HL“') < oo

(ii) fand g are continuous in the sense specified in assumption (ii) of preceding
Existence Theorem 96.

(iii) fis Lipschitz continuous with respect to state as in Uniqueness Theorem 99.
Let u(-) : [0,T] — L="YRN), t — p(t) LN be a distributional solution of
oty + divy (f(ue,t) ) = 0 in RN %10, T

being continuous w.r.t. L (RN), bounded w.rt. | - vy + [ - || = (mvy and having
tight values in L= (RV).

For any parameter R > 0, there exist constants Cj > 0 (j € .#) depending only
onf, g, |Uo|, R with the following property:

For every measure vy = 09N € L*"H(RN) with 100l 1 Ny + 1100 1=y < R,

there is a narrowly continuous distributional solution v(-) : [0,T] — L>"1(RV),
t— o(t) LN to the continuity equation

a[ Vi + diVx (g(vt,t) V[) =0 in RNX ]O,T[
being bounded w.r:t. || - || 11wy + || - || =), having initial measure vy at time t =0

and satisfying for every t € [0,T] and j € .9 additionally

H(pJ (p(t) - G(t))HLl S (H(P] (pO_ GO)HLl(RN)'i_CJsup H(pJ (f_g)HLl(]RN)) ecjt.
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Proof (of Lemma 95). (1.) In regard to Definition 27 (on page 207) and
Lemma 90 (on page 265), choose uy € L="1(RY), T >0 and R > 0 arbitrarily and
let A4 = A (Uo,T,R) denote the subset of all curves u(-) : [0,7] — L="(RN)
constructed in the following piecewise way: Choosing an arbitrary equidistant par-
tition 0 =19 < #; < ... <t =T of [0,T] (n > T) and by ... b, € BV (RV) with

max {|[bg/[z=, [[divibgllz= | 1 <k <n} < R,
define u(-) : [0,7] — L="Y(RN), t — p; as
P = Vpen (tftk_l, ,u,kfl) for t €lty_1,8], k=1,2...n.
Then we have to verify at each time t € [0,T] : The set {g; |u(-) € A4} CL="1(RY)

C . (RV) is relatively sequentially compact with respect to the weak* topology
(w.rt. (Cg(RN)> |- ||sup))~

Due to Lemma 93 (on page 267), the total variation |v|(RY) is uniformly
bounded for all measures v € {g |t € [0,T], u(-) € A} C A (RV):

VIRY) < &R || (RY).

Finally, all these measures are tight as a consequence of the inequality
|ka (t,x) — x’ < Rt

(for a.e. x € RN and all ¢ € [0, T]) and essentially the same arguments as the proof
of Lemma 2.52 (on page 144) although the Lagrangian flow Xy, (z,-) : RY — RV
does not have to be continuous.

(2.) Euler equi-continuity with respect to the pseudo-metrics (d;  ~n1) je 7 is a di-
rect consequence of Proposition 94 (on page 268) and the triangle inequality of each
d; ~n1. This implication has already been pointed out in Remark 17 (on page 194).

J
O

Proof (of Existence Theorem 96).

The existence of a solution to the mutational equation results from Theorem 28
(on page 207) due to the preparations in Lemma 90 (on page 265), Proposition 94
(on page 268) and Lemma 95 (on page 272).

In addition, with R > 0 denoting the bound in assumption (i), the proof of
Lemma 95 (1.) implies that the values of all Euler approximations in .4 (o, T,R),
{vi|t€10,T], v(-) € A (o, T,R)} C L="(RN),

are tight. Thus for every € > 0, there exists a compact set Ke C RV satisfying
IV I(RV\Ke) < € forallz € [0,7] and v(-) € A (o, T,R).

Since the solution (-) : t — g is constructed by means of Euler approximations,
each measure i is the weak* limit of a sequence in {v; | v(-) € 4 (o, T,R)} due
to Lemma 90. The lower semicontinuity of total variation implies | |(RN \ K¢) < €.
Therefore, {u, |t €[0,T]} € L*"I(RY) C .#(RVN) is tight.



276 3 Continuity of Distances Replaces the Triangle Inequality

Now we verify the claimed distributional property of any solution ¢ — U, =
o(t,") £N to the mutational equation

o

H(-) > Opent g(u(),-)
on the tuple (]me(]RN), (dijm)jej, (dj_Loom)jej, L], (Bj)jej).

Indeed, due to Definition 8 (on page 187), u(-) is continuous with respect to each
pseudo-metric d; ; -n1 (j € #) and satisfies for each index j € ¥

}ELH(]) % ’ ’(Pj ) (Xf(,ul-,t)(h7 ')ﬁﬂt - /Jt+h)| (RN) = 0.

at Z!-almost every time r € [0, T.

Assuming tight values in addition implies the continuity of p(-) with respect to
narrow convergence as a consequence of Lemma 90.

Furthermore, the Lagrangian flow Xy, ») : [0,1] x RN — RV of the vector field

fu,1) € BVw’diV(]RN ) satisfies for #V-almost every x € RY

loc

h
X 1) (h,x) = x+/0 f(u,,t)(Xf(uﬁ,)(s,x)) ds forall i € [0,1]

according to Proposition 80 (a) (on page 262). Hence there exists a set I C [0,T] of
full Lebesgue measure such that for every ¢ € I, the following right Dini derivative
exists and is uniformly bounded in /

d* : 1
df_*/RN"’f dy = tim 71'/RN (0;(Xe0) (1) — 9;(x) 6(t.x) d.LVx

_ /R Vi) - 1) () o(1,x) dLVx.

The continuous function [0,7[— R, 7+ / L d 1, is even Lipschitz con-
R

tinuous as a consequence of Gronwall’s estimate (in Proposition A.2 on page 440)
and, its weak derivative is

[ ordu = [ Vo, -t ) du )

Now every nonnegative test function ¢ € C*(RY), ¢ > 0, can be approximated by
() je.r with respect to the C ! norm due to Lemma 86 (on page 264). Thus,

0,7 — Ry, +— / o dy,
RN
is also absolutely continuous and satisfies at .#’!-almost every time € [0, 7|

4 odn = [ VoW e du .

Moreover the condition ¢ > 0 is not required, i.e., the same features are guaran-
teed for any ¢ € C°(RY). Indeed, choosing any nonnegative auxiliary function
& eC(RN) with € =||@||+1 in By (supp@) C RY, we apply the previous results
(about absolute continuity and its derivative) to both @(-)+&(-) >0 and £(-) > 0.

d
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Proof (of Proposition 98). Let u(-) = o(-)ZN : [0,T] — L="1(R") be any
distributional solution to the nonlinear continuity equation
iy + divy (F(u,2) 1) = 0
with the additional properties
(@ {u()|0<t<T} C L*"Y(RN)is tight,
(b) o(-):[0,7] — L .(RY) is continuous,
© 100 2qan) + IGC)] (e, is bounded in 0,7,

Hence 1 (+) is continuous with respect to each of the weighted L! distances d jLe=n
(j € ) due to Lemma 90 (on page 265).

Continuity assumption (ii*) and the transitional distances D;(-,~r) (j € .#) speci-
fied in Proposition 94 (on page 268) imply that the function of time

T: [OaT] B <é\(Lwﬁl(RN)’ (di,]l‘”ml)iEfv(dij[f"m')iefa |_J)7 l/j](a’r))
I — ﬁmel,f(u,,t)("')

is continuous for each radius r > 0 and index j € .#. Theorem 96 (on page 272)
thus provides a solution v(-) : [0,7] — L= (R") to the mutational equation

o]

v() > ()
on the tuple (L="(RY), (d;1~n1)jes; (d;per)jes -], (D) je.r) with initial

measure Vo = Lo and tight values in "' (RV). Furthermore, it is a narrowly con-
tinuous distributional solution to the nonautonomous, but linear equation

v + divy (f(,t) vi) = 0 in RV x 10, 7.

Proposition 80 of Ambrosio (on page 262) guarantees that the Cauchy problem of
such a nonautonomous linear continuity equation always has unique solutions with
values in L™ (R") and thus, v(-) = u(-), i.e. u(-) solves the mutational equation

H() > 19Lwﬂ|7f(u(.)7.)

on the tuple (L= (RY), (d; =01 je.ss (d;pon1) jess L] (D)) je.r)-
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3.9 Example: Nonlocal Parabolic Equations
in Cylindrical Domains

3.9.1 Motivation: Smoothing an Image, but Preserving its Edges

In the field of mathematical image processing, the challenge of smoothing images
and detecting edges simultaneously was discussed thoroughly in the popular article
[41] of Catté et al. in 1992.

Indeed, Perona and Malik had proposed to let the given image grey values ug(+)
evolve according to a nonlinear diffusion equation whose smoothing diffusion term
depends on the absolute value of the (spatial) gradient [155, 156]. Indeed, |V,u|
large indicates a potential edge and thus, diffusion is to be reduced, maybe even
“switched off” (if possible). |V,u| being small, however, indicates where to smooth
the image locally. Their experimental results had been remarkable in comparison
with other algorithms. From the mathematical point of view, however, the underly-
ing initial value problem of

%u — dive(g(|Vul) Vu) = 0
with a smooth weight function g(-) > 0 is not well-posed in general. This drawback
was among the motivations of Catté et al. for suggesting the smoothing of Vu by
means of a convolution:
2 u — dive(g(lu*VGs|) Vu) =0 in ]0,T[xQ
Vu-vg =0 on |0,T[x0Q
u(0,) = up in QCRY

2
with the Gaussian kernel G4 (x) := m - exp ( - %). This nonlinear problem

is rather a nonlocal diffusion equation because the convolution implies the immedi-
ate dependence on all other simultaneous grey-values (in a weighted form though).
Existence of strong solutions, their uniqueness and continuous dependence on data
belong to the main contributions of article [41].
Nonlinear diffusion equations have become the pillar of several image smoothing
algorithms which are not to loose relevant edges. In monograph [183], for example,
Weickert discusses continuous and discrete methods whose weight functions g(+)
take also the direction of the approximated gradient into consideration (and not just
its absolute value). The final diffusion equations are anisotropic.

Now we want to cover a class of nonlinear parabolic equations in a fixed cylin-
drical domain |0, 7| x  which generalize the functional dependence on the wanted
function:

— G+ divi (Al (g, - Vi) + divie (b g - 1)
+ /(@) - Y + col @y v = diva €l gy + 8

(tvu(tv'»

(Aluey) Ve + bl ey @ — Hliue)) - Ve
+ bol(,u, ) U = Wi u,) on 92

u(0,-) = up in Q
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The solutions are always understood in the distributional sense and, v denotes the
inner normal of a bounded domain 2 C R" with Lipschitz boundary. The coeffi-
cients are given as suitably bounded continuous functions of time ¢ and the current
spatial function u(t,-) € W!2(Q), i.e.

A [0,T)x (WH(Q), |- l;2@) — Wh=(€2, Sym(RV*V))
b: [0,7]x (W'2(Q), [ [ 12q) — W'™(2,RY)

c: [0,7]x (W'2(Q), || ll29) —  L7(2,RY)

bo: [0,T]x (W'2(Q), |- ll2) — L7(09)

co: [0,T]x (WH2(Q), | 2@) — L7(2,R)

£: [0,7)x (W'2(Q), |- l2@) — W2, RY)

g: [0,T]x (WH(Q), |- l20) — L*2,R)

v (0.7 x (WH(Q), ||l 2@) —  L*(09)
Starting from the corresponding linear problems, mutational analysis leads directly
to conditions sufficient for the existence of strong solutions, their uniqueness and
continuous dependence on data.

3.9.2 The Main Result

First we specify the parabolic problem of interest and the concept of weak solu-
tion used in this example. Such a linear parabolic initial-boundary value problem is
called a conormal problem and, it is known to have a weak solution [114, § VI.10].

Definition 101 ([114, § VL.10]).
Let Q C RY be a bounded domain with Lipschitz boundary and T > 0, up € L*(Q2),

A € L7([0,T] x Q, Sym(RN*NY), f e 12([0,T] x Q,RN),
b,é € L=([0,T] x Q,R"), g € IX([0,T]x Q,R),
by € L=([0,T] x 0Q), Vo € L*([0,T] x 0Q).

do € L=([0,T] x Q,R),
A function u : [0,T] — L*(Q) is called weak solution to the conormal problem
— 24 4 dive (A-Vu) + dive (b-u) + & Vu + & u = divef + ¢
(AVu + bu — ) -vo + bou = Y on[0,T]x0Q
u(0,) = uy in Q
if it satisfies
(i) uel*([0,T]x Q) and Vu € L*([0,T] x Q),
(ii) foreachs € [0,T], u(r,-) € L*(Q) and sup |lu(s,-)|l;2(q) <o,
0<s<T
(iii) for every test function ¢ € C'([0,T] x ) vanishing at {T} x Q,
[ ] (~uae+ (A Vutb u—1)- Vo
0.7]/0

~ (@ Vutdou—g)- o) dcd

= / / (I;oqulflo)%pda)xdt + / up - ¢(0,-) dx
0,7] /o2 Q
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Basic set Eq =W (Q)
for a bounded domain 2 C R with boundary 9.Q of class C?

Distances do = | -—- ||i2(g)
o 2
€Q = ” T ”L'(Q)
Absolute values Lo =1 llwg
Transitions: For the autonomous coefficients
Non-@-contract. A e Wi=(Q, Sym®RVN)),  fe wi2(Q,RY),
candidates b € wh=(Q,RY), §e L*QR),
¢ L2(Q,RY), W € L[*(0Q),
&y € LN(Q,R), i?() S LN(aQ)

with the condition of uniform parabolicity, consider the weak
solution u(-) : [0, 1] — W12(Q) to the conormal problem

— 94 4 div, (A- V) +divy (b u) + & Vu+ o u = divy F+¢

(A Vu+f) uff') - Vo +1;0 u= "y
u(0) = up
Compactness Every closed norm-bounded ball in W!?2(Q) is compact in

L?(£2) due to Sobolev’s Embedding Theorem. It implies Euler
compactness: Corollary 112 (page 286)

Equi-continuity Euler equi-continuity results from standard a priori estimates for
nonautonomous conormal problems in finite time intervals.

Mutational solutions | Weak solutions to nonautonomous conormal problems
with spatially nonlocal dependence of coefficients
(Link to strong solutions: Remark 113 on page 288)

List of main results Existence due to compactness,

formulated in § 3.9 uniqueness due to Lipschitz continuity and
continuous dependence of solutions on data:
Theorem 103 (on page 281 f.)

Key tools Existence of weak solutions to nonautonomous linear conormal
problems with some a priori estimates:
Proposition 102 (page 281)

Higher regularity of weak solutions to nonautonomous linear
conormal problems and corresponding a priori estimates:
Proposition 105 (page 283)

Comparative estimate for two solutions to nonautonomous linear
conormal problems: Corollary 108 (page 284)

Table 3.4 Brief summary of the example in § 3.9 in mutational terms:
Nonlocal parabolic equations in cylindrical domains
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Proposition 102 ([114, Theorems 6.38, 6.39]).

Let Q C RN be a domain with Lipschitz boundary, T > 0 and A, b, b, &, &, T, g, W
be measurable functions as in Definition 101. Furthermore assume A() to be uni-
formly parabolic in the sense that a constant A > 0 satisfies

EN A > ALEP

forall (t,x) € [0,T] x Q and & € RV,
Then for every ug € L*(82), there exists a weak solution u : [0,T] — L*(Q) of

*%—'f + diVx(A~VM) + divx(lvyu) +¢-Vu+ &u = divxf'+gv
(AVu +bu— f')-v_Q +bou = o on [0,T]x9Q
u(0,-) = uy in Q
Every weak solution u(-) satisfies

CT (|1} . .
IVl 1w+ e iy < € €T (1l + Ll + ol + aolz)
T
with a constant C > 0 depending only on A,N and the L= norm of A, b, by, &, &.
Now these results about the linear problem are extended to the more general case

that the coefficients are prescribed in dependence on the current spatial functions.
This relationship may have nonlocal character in space, of course.

Theorem 103.  Ler Q C RN be a bounded domain with C* boundary and T, A > 0.
Assume the coefficient functions

Az [0,T]x (WH(Q), ||l p) — W'(€Q, Sym(®RYN))
b: [0,7]x (W), || lp@) — W'(2,RY)

c: [0,7]x (W), |- llp@) — L7(2,RY)

bo: [0,T]x (W"(Q), ||l 2) — L7(99)

cp - [O’T] X (W172(9)7 H HLZ(Q)) — Lw(ga R)
f:(0,7]x (W'(Q), |l 2) — W(Q,RY)

g: 0.7)x (W2(Q), Il 2@) — L(2R)

v (0,7 x (WH(Q), ||l 2@) —  L*(99)

to be uniformly bounded w.r.t. the respective Sobolev norms of their values,
continuous w.r.t. the L or L norm of their values respectively and
satisfy the condition of uniform parabolicity ET - A(t,v)(x) € > A |E|?
forallt €[0,T],ve W'?(Q), xc Q, £ c RV,

Then for every initial uy € W'2(Q), there exists a weak solution u(-) : [0,T] —
W12(Q) to the nonlinear conormal problem with the composed coefficients

A = A(vu()) : [OaT] X — RNXN? (t>x) — A(t> u(t> )) (x)
b= b(au()) : [Ov T] X — RNv (t>x) — b(t’ u(t> )) (x) etc.
In fact, u € C°([0,T], L*(Q)) N L*([0,T], W'*(Q)), dyue L*([0,T], W'2(2)").
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Lipschitz continuity of the coefficients A, b, by, ¢, co,f, g (w.r:t. the L™ or L* norms of
their values respectively) implies uniqueness of this weak solution and its continuous
dependence on the given data. As a consequence, the existence result can then be
extended to initial functions uy € L*>(Q) approximatively.

3.9.3 The Underlying Details in Terms of Mutational Analysis

Now we give the detailed proof of Theorem 103 via the mutational framework.
The use of these analytical tools lay the basis for coupling nonlocal conormal
problems and any other example of mutational equations in systems. In particular,
nonlocal diffusion equations in image processing (mentioned in § 3.9.1 on page 278
and discussed in [41, 183]) can be combined with morphological equations for
compact sets in RY, which are discussed in § 1.9 and applied to image segmenta-
tion in § 1.10.

The first step is to specify the basic set and the transitions.

Due to Proposition 102, the linear conormal problem serves as a starting point and
50, L?(Q) is a suitable choice for the basic set E — at first glance. It causes difficul-
ties in regard to time regularity though. Indeed, according to the general theory of
parabolic equations, rather moderate regularity assumptions about the coefficients
guarantee distributional time derivatives of each weak solution in L2, but this does
not lead to a form of Lipschitz continuity in time as it is needed for transitions.
Hence, we prefer another space of measurable functions €2 — R with two essential
advantages:

(1.) In each of its “bounded” balls, the L> norm proves to be equivalent to any
other L? norm with 1 < p < o so that we will be able to benefit from the
Holder inequality in regard to time regularity.

(2.) General a priori estimates about parabolic conormal problems provide some
finite maximal radius for all weak solutions (and potential Euler approxima-
tions) related to a given initial function ug : Q2 — R.

Furthermore, the regularity of weak solutions required for transitions will be con-
cluded from the general theory of parabolic differential equations [112, 114]. These
additional aspects motivate us to consider Eq := W'2(Q).

Lemma 104. For a nonempty bounded domain Q C RN with Lipschitz boundary
consider

Eq = W'?(Q),
dg = ” T HiZ(_Q)
- 2
eQ = ” T HU(Q)
LJe =1 llwi2

Then the tuple (Eg,dg,e_q, HQ) satisfies the general assumptions (H1) — (H4)
in § 3.1 (on page 182 ff.).
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Proposition 102 (on page 281) quotes some results about weak solutions to the
linear conormal problem from Lieberman’s monograph [114, § VI]. Now we com-
plete the general statements which we use for discussing this nonlocal example in
the mutational framework afterwards:

Proposition 105 (Weak derivatives of solutions, [112, Remark I11.6.3]).

In addition to the hypotheses of Proposition 102 (on page 281), let Q C RN be a
bounded domain with C* boundary. Suppose the weak spatial derivatives VA, Vb
10 be in L and div, f € L*([0,T] x Q) respectively.

Then every weak solution u(-) € L*([0,T] x Q) to the linear conormal problem
has square integrable weak partial derivatives w.r.t. time up to order 1 and w.r.t.
space up to order 2, i.e.

du € L*([0,T] x 2, R),
Vu € L*([0,T] x Q, RV),
VZu € L*([0,T] x Q, RVN),

u satisfies the parabolic differential equation almost everywhere in [0,T] x Q.

Furthermore there exists a constant C > 0 depending on A, N, Q and the
L norms of the coefficients A, VA, b, Vb, by, €, & such that for every t € [0,T],

2 2 2
|‘8f“’|L2([o,z]xQ)+ HV“(I")HLZ(.Q)"' HVzMHLZ([O,t]XQ)
< €t (HV“(O”)HZ(Q) + || = Gu + dive (A V“)HiZ([o,z]xQ))'

Remark 106.  (1.) The weak partial derivative d; u will be used for verifying
the required Lipschitz continuity of (potential) transitions with respect to time. The
partial derivatives in space are the tools for proving Euler compactness.

(2.)  Due to Cauchy’s inequality, the preceding estimate and Proposition 102 en-
sure a constant C > 0 depending on the same parameters as C such that each weak
solution u(-) € L2([0,T] x Q) satisfies at every time ¢ € [0, T

2 2 2
19 ulli2 0.y + IV 0l )2y + V202

< C el ([0, )| g + || divi

0,t]x )

it :

L2([04]x Q)

2 2 y
2qoaxe) T Il qoxa) + 18]

+ HM(O’)”iZ(Q) +||II/0||%2([07,]X39>)-

(3.) The regularity assumptions about the coefficients concern only derivatives in
space and are still rather moderate (see also details in [111, § II1.4], [112, § IIL.6]).
This will be useful for the step from autonomous linear conormal problems (induc-
ing candidates for transitions) to corresponding Euler approximations.
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Corollary 107 (Lipschitz continuity w.r.t. time).
Under the assumptions of Proposition 105, every weak solution u(-) € L*([0,T] x
Q) to the linear conormal problem satisfies for any s,t € [0,T]

€Q (“(Sv')v u(ta’))

§ C ‘t 7S| : (”MOHWIZ + Hwalz ([0,T]x Q) + ||gV||1242([07T]><‘Q) + HIIJOH%AZ([QT]XQ_Q))
with a constant C depending only on A, N,  and the L norms of the coefficients
A, VA b, Vb, by, ¢, &.

Corollary 108 (Comparing solutions of two linear conormal problems).

In addition to the hypotheses of Proposition 105, let v € L*([0,T] x Q) denote the
weak solution to the conormal problem associated with further coefficients A, b, by,
¢ ot 8, Wy of the corresponding regularity and the initial function vy € Eq.

IV, VA -,

[bllz=, [[Vb]|.-,

|bol|L=,

1Bollz=, 1[€]|z=, (||
such that for everyt € [0,T],

da (u(t), v(1)))
< 666t . (dg(u(),\/o) + (|

v o~ ~

(A, b,& &) — (A, b,¢ 8

0) HL“"([OJ]XQ) 1

.. B o2
+[|(.8) — & D2 0. <0
v a2 L a2
+ (b0 boll o2y T+ W0 = Wollz20.x00) )
(1 vollyra)? - C ).
Now we specify the autonomous linear conormal problem inducing the candidates

for transitions on the tuple (E_Q, dg,eq, | _Q). All proofs are again postponed to
the end of this section.

Proposition 109.  Let Q C RN be a nonempty bounded domain with C* boundary
and define Eq, do, eq, || o as in Lemma 104. For the autonomous coefficients

A € Wh=(Q, Sym(RV*N)), fewl2Q,RY),

b e W“"(Q,RN), e L*(Q,R),
¢ e L°(Q,RVY), W € L[*(0Q),
& e L7(Q,R), by € L=(0Q)

with the condition of uniform parabolicity ET-A(x) & > A |E|? for all x,E and any
initial function uy € Eq, the unique weak solution ©(-,ug) = u(-): [0,1] — L*(Q)
to the linear conormal problem

—% + divx(A~Vu) + divx(f)~u) + & Vu+&u = divef+ 3
(AVu +bu —f)-vo +bou = W on[0,1]x9Q
u(0) = ug
has the following properties for every s,t € [0,1], vo € Eq :
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Def.

(1.) ©(t,up) e Wh2(Q) =

[9(t,u0)]] 2y < C-e' (H“OHLZ(Q)

EQa
+18ll 2 + 190l 200 )

a5+ 1902 00

+[[E

|V (t,0) 720y = € ([0l 12(0) +
(2.) O(-,up) has the semigroup property,
(3.) do(9(t,u), B(t,v0)) < C-dq(uo, vo)
(4) ea(d(su0), B(t,u0)) < [s =11+ C ([Juol[yua + 52+ 181152 + o2

By

50

Furthermore let ¥ (-,vo) = v(-) : [0,1] — Lz(.Q) denote the solution associated
with further autonomous coefficients A, b, b, €, ¢y, £, 8, o of this kind and the
initial function vo € Eq. R

Then there exists a constant C depending only on A, N, £ and the respective Sobolev
norm of all the coefficients such that for every t € [0,1],

d_Q (‘L?(l‘,uo),ﬁz(l,\/o)) < 6€Ct . <dQ(M(),V())

+t-<]
v N 2 o ~ 2
(8 — 8)] 2+ %0 — ol )

x(1+ vollyi2)* €e).

v

(A, B, Bo, & &) — (A, B, bo, &, &)|[7

In the following, Og denotes the set of all weak solutions ¥ : [0,1] x Eq — Eq
to linear conormal problems related to coefficients A, b, by, & &, f, g, Yo as in
Proposition 109.

Remark 110. (1.) This proposition summarizes essential properties in regard
to transitions on the tuple (Eq,dq, eq, |-]@) (in the sense of Definition 2 on
page 183). There are two obstacles though. First, ¥ : [0,1] x Eg — Eq is not
w-contractive, but satisfies

do (9 (t,u0), B(t,v)) < C-dal(uo, vo)

for all ug,vy € Eq and t € [0, 1] with a constant C possibly larger than 1. The results
of § 3.4 (on page 214 ff.) based on an auxiliary distance equivalent to dg will prove
to be useful for this gap.

Second, statement (1.) does not provide an obvious choice for the parameter (1)
such that |9 (¢,u0) |0 = Hé‘ t,ug lez q) < (||u0||W1,z(Q) +7;(9) 1) - eli(0)1
holds for every up € Eq and? € [0, 1]. P0551b1y the standard inequalities quoted from
[112, 114] can be “improved” slightly, but now we just point out that these explicit
a priori estimates for any time interval [0, 7] are sufficient for excluding “explo-
sions” of any Euler curves in finite time. Hence all the essential arguments in the
mutational framework can still be applied to this example although we cannot use
Lemma 5 (about general a priori bounds of Euler curves on page 185).
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(2.) Statement (4.) formulates that ¥ (-,ug) : [0, 1] — Eq is Lipschitz continuous
with respect to eq, but it is just a special case of Corollary 107 above. In muta-
tional terms, this corollary even guarantees that the tuple (E 0,do, e, '], éQ)
is nonequidistant Euler equi-continuous in the sense of Definition 23 (on page 203).

(3.)  Similarly, Corollary 108 is stronger than just the last estimate in Proposi-
tion 109. It ensures that hypothesis (A4) in § 3.4 (on page 215) is satisfied — with
the slight modification that we have explicit a priori estimates for any Euler curves
in each finite time interval (instead of the conclusions via the exponential growth
parameter 7).

This lays the foundation for applying the approach of § 3.4 and con51der1ng tran-
sitions on Eq := Eo x R with an auxiliary distance d_Q Eo xEq — [0,00]
equivalent to dg in the sense of Proposition 32 (on page 215 f.)

In regard to compactness, we conclude from Sobolev’s Embedding Theorem and
the fact that each norm-closed ball in the Hilbert space W'*z(Q) is weakly compact:

Lemma 111.
Every closed ball {w € Eq = 2 wi2Q) | [Wllwiz@) < r} with finite radius r > 0

is sequentially compact with respect to the L*(Q) norm.

Then the a priori estimates for the nonautonomous linear conormal problem in
Propositions 102 and 105 guarantee immediately:

Corollary 112 (Nonequidistant Euler compactness).
The tuple (EQ, do,eq, |] _Q) in combination with the candidates for transitions in

Oq is nonequidistant Euler compact in the sense of Definition 23 (on page 203).
In fact, the following (slightly more general) statement holds:

Fix any bounds A ,M > 0 and choose sequences of coefficients

A" ¢ 2([0,T], Wh=(Q, Sym(RY*M))), ' € L=([0,T], W'2(2, RY)),
b* € L=([0,T], Wh=(Q, RV)), g e L=([0,T], L[*Q,R)),
¢ e L~([0,7], L*(Q,R")), ¥ € L7([0.T], L*(99)),
& e r=([0,7T], L*(Q,R)) by € L([0,T], L=(9Q))

with the condition of uniform parabolicity ET-A"(t,x) & > A |E|? forall n,t,x,E,

max { [ A" ooy, (1Bl =iy 158l ooy 1€ e 1]l
1811w 2ys 118" =22)s 196 =r2) } < M-

For each n € N, let u"(-) € L*([0,T] x Q) denote the unique weak solution to the

respective nonautonomous linear conormal problem with a joint initial ug € Eq.

Then for everyt € [0,T), a subsequence of (u"(t, ))n o converges to a function
in Eq = W12(Q) with respect to do.
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In regard to the proof of Theorem 103 about the full nonlinear conormal problem
(on page 281), we can now draw conclusions from the mutational framework:

Assume the coefficient functions

A [0,T)x (WH(Q), |- lr2@) — W'=(€2, Sym(RM*Y))
b: [0,7]x (W'2(Q), || [l20) — W'=(2,RY)

c: [0,7]x (W'2(Q), |l 29) — L7(Q,RY)

bo: [0,T]x (W'(Q), ||-ll2@) — L7(09)

co: [0.T]x (WH(Q), ||l 2@) — L7(Q.R)
£:0,7]x (W'(Q), |l 2) — W(Q,RY)

8- [O’T}X(WII'Z(Q%H HLZ(Q)) - LZ(Q,R)

v (0,7 x (WH(Q), ||l 2@) —  L*(99Q)

to be uniformly bounded w.r.t. the respective Sobolev norms of their values,
continuous w.r.t. the L or L? norm of their values respectively and
satisfy the condition of uniform parabolicity &7 -A(¢,v)(x) & > A |&?
forallz € [0,T], ve W'2(Q), x€ Q, £ € RV,
Let #q(-,-) abbreviate the tuple of these coefficient functions on [0,7] x Eq.

Now the construction in § 3.4 provides both the basic set Eq S Ego x R related to

2w, 2(.(.2) and the auxiliary distance do on Eg equivalent to dg such that
the solutions in ég (to autonomous linear conormal problems) induce transitions
on (E" 0,do.eq, [-] Q) . Furthermore this tuple is both nonequidistant Euler compact
and nonequidistant Euler equi-continuous due to Corollary 112 and Remark 110 (3.)
respectively — if we use the explicit a priori estimates for each Euler curve (instead
of the exponential growth parameter ¥ < o).
Hence Existence Theorem 19 (on page 195) states that the mutational equation

i(t) 3 Faolt, u,))

hasasolutioni: [0,T] — Eq, t — (u(t,-), p(t)) in the tuple (Eq, da,ea, | o,
const- (|| - [|z=+]| - [|2)) for each given initial state (o, |uo] o) € Eq.
Finally we have to verify that u(-,-) is a weak solution to the nonlinear conor-
mal problem with the composed coefficients (¢,x) — .#(t,u(t,-)) (x). Indeed, the
nonautonomous, but linear conormal problem in w with these coefficients, i.e.

(9w +d1Vx (A‘ (t,u(t VW) + divy, (b‘(t,u(t,-)) . W)

i ,->> YWt ool W= dive )
(Aliue VW + bliuc,)

(tu(r,))

(Lult) * Ve
+ bol(,uie ) W = Wi u@,) on 9Q

w(0,-) = uo in Q
has a unique weak solution w € L*([0,T] x ) according to Proposition 102.
Due to Proposition 105, w : [0,7] — W!?(Q) is continuous with respect to the

L'(©) norm and bounded with respect to the W!2(€) norm. The comparative
estimate in Corollary 108 assures the condition sufficient for mutational solutions in
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Proposition 34 (on page 219) and thus,
w: [0,T] — EQ? f— (W(tv’)v ||W(tv’)HW1~2(Q)>
is a solution to the mutational equation
W) 3 Falt, ult,)
in the tuple (Eq, dq, eq, |-]o, const: (||-[|z=+]-||2)). Due to the joint initial value
u(0) = up =w(0,-), Proposition 11 (about the continuous dependence of mutational

solutions on given data on page 189) implies dq (u(t), w(t)) = 0 forall 7 € [0,T].
This completes the proof of Theorem 103.

Remark 113 (about strong solutions). In a word, the proof of Theorem 103 re-
flects a basic strategy of the mutational framework: The general existence theorem
provides a continuous curve i = (u,p) : [0,T] — Eq as a solution to the muta-
tional equation. Its first component u(-) is inserted in the coefficient functions and,
the resulting nonautonomous linear problem has a weak solution w(-) which solves
a (simpler) mutational equation. Thus, u(-) = w(-).

The general regularity properties stated in Proposition 105 imply that w(+) is even
a strong solution to the nonautonomous linear conormal problem and so, strictly
speaking, the proof of Theorem 103 guarantees the existence of strong solutions to
the functional conormal problem (on page 281).

The Remaining Proofs About the Basic Set £, and the Transition Properties

Proof (of Lemma 104 on page 282).  Hypothesis (H1) about reflexivity and (H2)
about symmetry are obvious.

(H3)(0) The claimed equivalence between sequential convergence w.r.t. dg and
e results essentially from Sobolev’s Embedding Theorem because all considered
sequences are assumed to be bounded in W!2(Q).

Indeed, let u € W'2(£2) and (u,),en be a bounded sequence in W!2(Q) with ||u, —
ull @ —0 for n — eo. Then a subsequence (uy, )ken converges to u almost
everywhere in 2. Due to Sobolev’s Embedding Theorem, a further subsequence
(again denoted by) (un, )xery converges to some v € L*(£2) with respect to the L*(£2)
norm. Then v = u almost everywhere in {2 and, we obtain indirectly that the whole
sequence (i) ey converges to u in L2 (). Hence, the convergence of (i) ey W.LL.
eq implies the convergence w.r.t. dg.

The opposite implication results directly from Holder inequality since .#N () < .

(H3) (i) — (iii)) can now be concluded from the triangle inequality of v/dgo and
\/eq respectively.

(H4) The lower semicontinuity of |-]o = || - lw12(q) wrt. the L?(Q) norm
results indirectly from the general facts that each closed ball in the Hilbert space
W12(Q) is weakly compact and the norm is always lower semicontinuous with
respect to weak convergence. O
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Proof (of Corollary 107 on page 284). It is based on the estimate in
Remark 106 (2.) and the Holder inequality. Indeed, forany 0 < s <r < T,

Vealuls. ), ult, )

Def.

|M(Sa')—“(f,')HL'(.Q)

<9 ull 1 )

<N () |t s Haf”HLZ([o,T]xQ)
<\ LN Q) |t \/6' <||M0||€V1,z +HI,. + 1812 + H‘i’()”iz)-

Proof (of Corollary 108 on page 284).  For an initial function vy € E and further
coefficients A, b, by, ¢, ¢o, f, &, W, letv € Lz([O, T] x ) be the weak solution of

O

—% + divx(A-Vv) + divx(f)~v) + & Vo4 v = divef+ ¢
(A Vv + bv — f) Vo + bov = W on [0,T]xdQ
v(0,-) = vp in Q.
The difference w := u —v € L*([0,T] x Q) satisfies the linear conormal problem

—%—;V+divx(1§~Vw)+divx(f)~w)+é-Vw+50w div, f + 2

(A Vw +bw — f)~v9 +bow = W on [0,T]xdQ
w(0,:) = up—vo
with the coefficients
=f -f — (A—A)-Vv — (b —Db) -,
=8¢ —§& —(€-¢ -V - (f()*fo) v,
Vo = Vo — P — (bo — bo) -v.
Due to the estimates in Proposition 102 and 105 (on pages 281, 283),

OQ1 =i

vt )iy < €S- (14 [ollwiza)

holds for every ¢ € [0,T] with a constant C depending only on A,N,Q, ||A]|.~,
IVA]|z=, [|bllz=, [|Vb]|L=, ||bol|r=>]|€]|z=, ||0||z=. HOlder’s inequality and the con-
tinuous trace operator on d€2 € C? imply for each 7 € [0, ]
1Bl 2 0xe) <IE —Fllrzogx0) + <||A*A\\Lw([o,z]xg)+||l3 —bl| (012 )Pt
18l 2(0x0) <& —&ll2(ox)t (||é — & =(ox) + ||50—50\\Lw([o,t]x9)> pr
[Woll2(j0.4x00) < 1Wo— Woll2(j0.0x00) + C |lbo—Dbollz=(j0.1xa02) Pt
with the abbreviation

P = CeCt . (1 + HV()le,Z(Q)) . XN(Q) t.
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The estimate in Proposition 102 ensures a modified constant C>0 (determined
and ||&||z~) such that for any 7,

||W(t’.)Hi2(Q) < C e (HMO_VOH 12(Q) + HfHLZ [0,4]xQ) +||gHL2 ([0,4]x Q)

+ HWOHLZ 0_], xaQ)/"

Together with the preceding inequalities, we obtain the claimed bound of

dg(u(t,~),v(t,-)) = ||W(t’.)H%2(Q>' O

Proof (of Proposition 109 on page 284).  Existence and uniqueness of the weak
solution u(-) are guaranteed explicitly by Proposition 102 (on page 281). This im-
plies the semigroup property claimed in statement (2.).

Statement (1.) results directly from Proposition 105 (on page 283) in combination
with the estimate in Proposition 102.

Statement (3.), i.e. |9 (t,up) — 19([,\/0)HL2( o <C [0 —vol| 2(q) for all 7 € [0, 1],

is a consequence of Proposition 102: Due to the linearity of the conormal problem,
B (-,up) — ¥(+,vo) solves the homogeneous conormal problem and starts at ug — vg.
Statement (4.) and the final estimate comparing solutions to two problems result
immediately from Corollary 107 and 108 (on page 284) respectively. O

Remark 114 (about extending the results to ug € L*(Q)).
Essentially the same proof as for Corollary 108 provides the following estimate

do (u(t)7 V(t))> < é\ec (dQ anVO (H( ) (Aa Ba éa é\o>|‘i°°([()7t]><ﬂ)

s R

+ H(fa g) - (f> g)HLZ([()J]XQ) + Hbo_bOHL“([O,t]xaQ)
+ [0 — 0l 22 0.1 x02))

(1 oollz -+ B2+ [l + 19oll2)? - € e€)

due to [Vl 20, 2) H VYo%) < € (Ivoll 2 +I1Ell2 + 112112 + ol 2).-

In comparison with Corollary 108, the right-hand side depends just on ||vo[[;2()
instead of ||vg ||W|,z( @)» but it is lacking the factor 7, which indicates first-order terms
in the mutational framework.

This modified inequality implies the additional statement in Theorem 103: If the
coefficients A, b, by, ¢, co,f, g are Lipschitz continuous (w.r.t. the L= or L? norms of
their values respectively), then the existence result can then be extended to initial
functions uy € L?(£2) approximatively. Indeed, any sequence (u}),cn in W!2(Q)
converging to ug in L?(Q) induces a sequence of weak solutions
W) 0,T] — W'(Q)  (neN),

which proves to be a Cauchy sequence in C°([0,T],L?(Q2)). Hence, there exists
a limit u € C°([0,T],L*(L2)). The coefficients being composed with u(-) specify
a nonautonomous, but linear conormal problem with a unique weak solution w €
L%([0,T] x ) due to Prop. 102. Finally the estimate applied to w,u" ensures u = w
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3.10 Example: Semilinear Evolution Equations
in Arbitrary Banach Spaces

Now we consider semilinear evolution equations again

Lu(t) = Au(t) + f(u(t),1)

with a fixed generator A of a strongly continuous semigroup (S(f));>0 on a Banach
space X. The goal is to specify sufficient conditions on the semigroup and the
function f : X x [0,7] — X so that initial value problems can be solved in the
mutational framework.

In contrast to the example in § 2.4 (on page 125 ff.), however, we dispense with any
hypotheses about the Banach space X (such as reflexivity and separability) and, we
prefer topological assumptions about the semigroup or the image of f instead.

In particular, a single distance function on X is to cover the strong continuity
of the semigroup appropriately. This challenge has been the main motivation for
introducing two distance functions d,e in the mutational framework recently. The
first distance refers to comparing (mostly simultaneous) states whereas the second
one is rather related to changes in time (as explained in § 44, Step (C) on page 22 f.
and § 3.1 on page 182 ff.).

The required regularity of transitions with respect to time makes now tuples with a
separate real time component (as in § 3.5 on page 221 ff.) very useful indeed.

Assumptions for § 3.10.
(1) (X, |- |lx) is a R-Banach space, X :=Rx X and 7, : X — R, (£,x) —1.

(2.) The linear operator A generates a CY semigroup (S(¢)),>0 of bounded linear
operators on X.

(3. (S(#))r>0 is w-contractive, i.e., there exists a constant @ > 0 such that
1S(t) x||x < e®"||x||x forallxeX,z>0.

Remark 115.  All the essential results about semilinear evolution equations in this
section 3.10 can be extended easily to non-w-contractive C° semigroups (S(t));>o-
For the sake of transparency only, we dispense with the detailed statements here.
There are two arguments why the -contractivity of (S()),> is not really needed.
First, we have discussed in § 3.4 (on page 214 ff.) that non-w-contractive candidates
for transitions can fulfill all required conditions in the general mutational framework
if the distance function d on E is replaced appropriately. This conclusion holds in
this example because every C” semigroup (S(¢)),>o satisfies an estimate of the form
IS(#)x]|x < M e®" ||x||x forall x € X, t > 0 with fixed constants M > 1, > 0.
Second, the theory of one-parameter semigroups of bounded linear operators on Ba-
nach spaces even provides an equivalent norm on X with respect to which (S(z));>0
is contractive (i.e. @ = 0,M = 1). This explicit construction (via powers of the resol-
vent operator) is the key ingredient in the standard proof of the Generation Theorem
of Feller, Miyadera and Phillips [76, Theorem I1.3.8], which provides the link to
Hille-Yosida Theorem about contractive semigroups.
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Basic set X =R x X with any real Banach space X

(The additional real component indicates the respective point of
time for simplifying the aspects of regularity in time.)

(S(t))>0 is an @-contractive C° semigroup of bounded linear
operators on X with the generator A.

(By means of § 3.4, the main results can be extended easily to
strongly continuous semigroups which are not @w-contractive.)

Distances dop: XxX — R{, ((s,)c)7 (t,y)) — \t—sH—Hx - yHX
% XxX — R, ((5,%), (1,)) = |t —s|+]|S(—s)x—y]|,
(if s <1)
Absolute value |15 :Xv—ﬁRa‘, (t,x) — |t] + || x]||x
Transitions: For each vector v € X, the variation of constants formula induces

7,:[0,1]xX — X,
h
(h, (t,x)) — (t—l—h, S(h)x—&-/o S(h—s)vds)

Compactness (i) Assume (S(7));>0 to be immediately compact in addition:

§3.10.3 (page 300 ff.) — the “standard” situation [76, 154]
(i) Suppose f to have relatively (weakly) compact image set:
§3.10.4 (page 306 ff.)

Equi-continuity Nonequidistant Euler equi-continuity results from representing
any Euler curve by means of the variation of constants formula.

Mutational solutions | Mild solutions to the semilinear evolution equation

% x() = Ax() + F(x(), )

List of main results (i) in §3.10.3:

formulated in § 3.10 Existence due to compactness: Theorem 129 (page 301)

Existence for equations with delay: Corollary 130
Existence for systems with modified morph. equations:
Corollary 132

(ii) in § 3.10.4:
Existence for equations with delay and norm topology:
Theorem 134 (page 307)
Existence for equations with delay and weak topology:
Theorem 136 (page 308)

Key tools Variation of constants formula
Integral representation of the linear resolvent operator

Table 3.5 Brief summary of the example in § 3.10 in mutational terms:
Semilinear evolution equations in arbitrary Banach spaces
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3.10.1 The Distance Functions (c@) jeRE) (e}) jerg 0N X=RxX

In this example, the essential aspect is to take the strong continuity of (S(¢)),>¢ into
consideration properly. This regularity has influence on the chronological features
and thus on the family (¢;); of distance functions (rather than (d;);). In particular,
it is the main motivation for considering tuples with separate time component, i.e.,
X instead of X. As abbreviations, set R := [0,c0[ and R :=]0,co].

Definition 116.
Under the general assumptions of § 3.10, we define for each index j € R(J)r

dj:}?X)? I [va[v ((va)v (t,y)) | — ‘I*S‘ + ||S(])x - S(j)yHX

Ilg: X — [0, (t,x) —fe] + [lx]x

g XxX — [0,

(623, (19)) — Jr—s] + | S(j+1—s)x—S(j) vy ifs<t
AR IN® fo(jJrsft)yHX if s>1
Obviously, d;)(-, )= ||-—|l5 holds inX xX. Infact, the convergence of norm

bounded sequences with respect to (d;) jer+ 18 equivalent to norm convergence in

X as proved in following Proposition 117. The detour via j € R* (instead of j = 0)
serves merely the purpose of concluding the convergence with respect to dy from ¢.

Proposition 117. For every element X € X and any bounded sequence (Xn)neN

in (X, ||| %), the following properties are equivalent:
(0 T [F— %y = 0

(it) VjeRT: lim d;(x,x,) =0

(iii) ¥V jeRT: Tim ej(x,x%) =0

(iv) lim 2(F %) = 0

This equivalence and subsequent Lemmas 119 — 121 imply directly

Corollary 118.  The tuple ()? ,d~0,?0) satisfies hypotheses (HI1), (H2), (H3) (o),
(H4) (on page 182) and hypotheses (H3) (i)—(iii) (on page 221). O

Proof (of Proposition 117). “(i) = (ii)” and “(iv) = (iii)” are obvious
consequences of Definition 116 since each linear operator S(j) : X — X (j € RY)
of the C° semigroup is continuous.

“(ii) = (i)”  Assume for X = (t,x) and the bounded sequence (%, = (f4,X))
s Def.

inX that  d;(%,%,) =

neN
|t*tn‘ + HS(])X - S(j)anX — 0 (”*“X’)



294 3 Continuity of Distances Replaces the Triangle Inequality

holds for every j € RT. The resolvent R(A,A) of the generator A of (S(¢));>0 is
known to have the representation as limit of Bochner integrals
T
R(A,A)y = lim / e M S(t)y dt
T—o Jo

forevery y € X and A € C with Re A > w (see [76, Theorem I1.1.10], for example).
As a consequence, Lebesgue’s Theorem about Dominated Convergence leads to

IR(@+2,4) (x =) |
It implies ||x —x,|[x — 0 since R(w+2,A): X — X is a bijective contraction
with [[R(@+2,4)[ <1

— 0 for n — oo,

“(iii) = (iv)” Tt also results from the integral representation of the resolvent

R(w+2, A). Indeed, assuming for a norm bounded sequence (fn = (tn,xn))n cN

GET) 2 l—tal + [ISG+ =) x = SG+ =t ) xaly =50
for every j € RT (with the abbreviation r* := max{r,0} for r € ]R) implies

IR(@+2,4) (S((ti—1)") x — S((tftnﬁ)xn)Hx =0

andthus, 2o(X, %) = [r—ts] + |[S((ta—1)") x — S((t—ta)") xa||, == 0.

“(ii) = (iii)”  Let the sequence (X, = (fn, X)) and ¥ = (t,x) € X be arbi-

neN
trary with d;(x,%,) — 0 for each j € RT.
First we assume t,, > ¢ for all n € N in addition. Then,

ej(x, xn)f|t7tn\+HS ]thnft)fo HX

<=l + ||SG) - S(j anX—i—HS )x — S(i+ta—1)x|y
= dj(f, Xn) +e®/ Hx - S(t,,—t)x”x
— 0 forn — coand each j € R™.

Similarly we obtain under the additional assumption t, <t foralln € N

(%, Xn) = |t —ta| +||S(j) x — S(j+t—ta) xa|
< |t —ta| + ||S(+1—1a) x —S(j+t tn) X[ ][ SU) x — SGi+—ta) x|
Sr—to|+e® ) |[S()x — S()xally 4 €®7 |]x = St—1a)x]|,
< e® il dNJ’(x, Xn) + e [lx = S(r—1) x|y
— 0 forn — o and each j € RT.
Applying these cases to subsequences, we conclude without additional assumptions

ei(x, %) — 0 for n — oo and each j € RT.

“(iii)y => (ii)”  Let the sequence (X, = (fn, X)) and ¥ = (1,x) € X be arbi-

trary with €;(x,x,) — 0 for each j € R*.

neN

First we suppose ¢, > ¢t for all n € N in addition. Then,
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di(F %) = li—n +[SG)x = SG)x
Slt—tal 4+ ||SG+tn—1) x = SG)xa |y + [ISG)x = SGi+ta—1) x|
=¢;(¥, X,) + e®/ Hx - S(t,,ft)xHX
— 0forn — o and each j € RT.

Complementarily we conclude under the additional assumption #, <t foralln € N

di(% %) = [t —ta] + [|SG) %0 — SG) x|

<lr—tl + [|SG=t4)|| [[SG+—t) 10— SG+1—1) x|
<ty + @ rtn) (HS(%-l-l—fn)xn —S(%)x“x

+ IS+ —t) x = S(5) x|
<0 GHionl (G (5 %) + [[SG+-t)x = S5 xy

— Oforn — oo and each j € RY.
Hence, d; (35, %) — 0 holds for n — o and every index j € R™ in general. [J

Lemma 119. The tuple ()? ,dNO,EO) fulfills hypothesis (H3) (i) (on page 221).

Proof.  Choose any X = (s,x), y = (t,y) € X and sequences (X0 = (5n,%n))
(yn = (tna.Vn))neN with

neN’
lim dy(%,5,) = 0 = lim do(3,%,).
n— oo n— o0
Obviously, d~0 satisfies the triangle inequality and thus,
%(i 5]') = nanL %(fna yn>
For verifying the same continuity property of ¢y, we assume s, <t, for all n € N

sufficiently large. Then, s < ¢ and, we conclude from the semigroup property and
o-contractivity of (S(-))

le0(X.3) =@, 3n)| < [ls—tl = s —tal| + |[S(c = 5)x = yllx
—HS(tn—sn)xn—yon’
< ’sft — (sn—ta)| + HS(t,,fsn)xn fS(tfs)xHX
v =l
< \sfsn\+\tft,,|+||S(tnfs,,)xnfS(t,,fsn)xHX

+||S(tn—sn)x — S(t—5)x||
Hlyn =]y )
< ea)|t,,—sn\ d()()?a ;n)JrHS(tn *Sn)xfs(tfs)xHXerO()”jyn)

— O0forn — .

Finally, property (H3) (i) is fulfilled. O
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Lemma 120. The distance functions c?j, €j: XxX — [0,00[ (j €RT) fulfill
hypothesis (H3) (ii) (on page 221).

Proof. Let ¥ = (s,x) € X and the sequences (¥, = (sn.%n)),cpy (% =
(tnsn)),, ey in X be arbitrary with

lim d( X,9n) = 0 = lim &;(,,x,) forevery;ecR".

n—oo n— oo
In particular, f, — s and thus, s, — s for n — oo,
Under the additional assumption s < t, < s, for all n € N, we obtain forevery j € R"

Jj(fn, X) =sp—s+ HS(j)x,, - S(j)x“x
gSn*tnﬁLHS(]')xn*S(jﬁLsn*tn)ynHX
1S+ 50— 1) yn— SGi + 50— ta) x|
+1, fs+||S J+sn—ta)x—S8(j x||X
Sej(xna )’n)-l-ew‘s" il ‘(Yn,f)
+ —s—I—HS J+Sn—t)x—S8(j xHX
— Oforn — co.
Correspondingly, the supplementary hypothesis s > 1, > s, for all n € N leads to
diGn, 3 = s—su + ||SG)x — S() x|y
< s—sp + ISG+sa—t)llax) - ISG+ta—su) 20 — SE) |y
+ IS4 +sn = tn) | 2x.x) ‘HS ($)yn = S(3) x|l
+ HS(j—I—sn—tn)x — S(j xHX
< s—s + e®J (gj/z(}n,yn) + dj/Z(j)vna 56))
+ [ISG+sn =) x = S() x|
— Oforn — oo.

Finally, property (H3) (ii) also holds. U

Lemma 121.  The tuple (X ,do, o) fulfills hypothesis (H3) (iii) (on page 221).

Proof.  Choose any element X € X and sequences (X,)neN, (Vk)keN> (Zkn)kneN
in X fulfilling

71712](7,1 =my < mXx, = mx foreachk,neN,

lim do(F5) =0,
lim  do(k,Zkn) = 0 for each k € N,
n—oo ’

lim sup  €p(Zin,Xn) =0,

k— o0 n>,l( B ] _

sup {[Xuli, [Vkli [Zhn)i} < oo

kneN
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As abbreviations, set X = (£,x), X, = (,X4), Yk = (tsYk), Zen = (Tks2kn) € X.
Then, klim tr = t results directly from klim do(X,¥x) = 0. The auxiliary elements

gn = (tn,xn) ex (l’l € N) fulfill

(én,fc) = |ty — 1]+ ||S(t — 1) X0 — x|,
<t—t,,+]|S —tn) Xn — S(2(t—tn)) Zun |
+[[SQ2(1=12)) zn — S2 (t—1)) ¥x ||y
+]|S(2( f,,))yka(Z(tftn))xHXJrHS(Z(tftn))xfoX
< e® 1 G0 (R, Zin) + €221 (do Gy Y1)+ do(k, X))
+HS(2(t—tn))x—xHX.

Choosing first k € N and then n € N sufficiently large leads to
lim (&, X) =0

and due to Proposition 117, limsup do(x,,, X) < 11m do(én, xX) =0. O

n— oo
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3.10.2 The Variation of Constants Induces Transitions on X

Similarly to the preceding example in § 2.4 (on page 125 ff.), a simple affine
linear initial value problem motivates the choice of candidates for transitions.
Definition 2.28 on the basis of the variation of constants formula is now extended
to tuples inX=RxX:

Definition 122.  For each v € X, the function 7, : [0,1] x X — X is defined as

mild solution to the initial value problem % u(t)=Au(t)+v, u(0)=x€X, ie.

h
t(h,x) = S(h)x +/ S(h—s) v ds.
0
Furthermore, set 7, : [0,1] x X — X, (h, (t,x)) — (t+h, 1,(h,x)).
Lemma 123.  For every vector v,w € X, the functions T,, T, : [0,1] x X —X

have the following properties for every j € R(‘)*, X,y € X and s,h € [0,1] with
s+h<1

(1) %03 =¥

2) T(s+h,x) = T(h T(s,X))

(3) &(% T(h3) < ke (LU [v]y)

(4) 1% %)y < (JFlg + A (1+pllx) e

(5) dj(T(h, %), Tu(h,3) < dj(®%F) -e®" + h-e® U y—w|x.

Postponing its proof for a moment, we conclude directly from these estimates in
combination with the semigroup property of 7,:

Proposition 124. For each vector v € X, the function T, : [0,1] x X —X
specified in Definition 122 is a transition on (X, (d;) jer+, (€)) jer+, (|| - [I5) jer+)
in the sense of Definition 2 (on page 183) with

0j(T;r) == o
Biiir) = 1+ vl - 20
v(%) = max{1+|[x, o}

and the additional property 1 T,(h,X) = mX+h forallX e X, he [0, 1]. O

Inequality (5.) in Lemma 123, applied to j = 0, however, reveals an alternative to
the family (d;) jcgr+, which is even more popular: the norm of X.

In fact, we even have transitions on the simpler tuple ()? , c%, €, | ) and, the norm

- llg
instead of the family (d;);cg+ Will provide a direct link between timed solutions
(to mutational equations) and mild solutions (to semilinear evolution equations) in
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subsequent § 3.10.3. In regard to the preceding topological results of § 3.10.1, the
hypotheses (H1) — (H4) are also fulfilled by the latter tuple — due to the equivalence
of convergence in Proposition 117 (on page 293).

Corollary 125.  For each vector v € X, the function T, : [0,1] x X — X specified
in Definition 122 is a transition on the tuple (X, do, €, || - H)?) with

(T r) = @
Bo(Tsr) = 1+ ||v||x - e®
w(®) = max{l+|v|x, o}

and the additional property m T,(h,X) = mx+h forallXe X, hel0,1].
Furthermore setting
Dy(Ty, Ty, r) = [v—w|x
Jor any vectors v,w € X and radius r > 0, the function ﬁo( -, 3 1) is a metric of these

transitions on X and, hypotheses (H5) — (H7) (on page 184) are fulfilled.
(|

Proof (of Lemma 123). Statements (1.) and (2.) result from the semigroup
property of (S(¢));>0 in a quite obvious way.

(3.) ForeveryX = (t,x) €X,hec[0,1]and j € Ry,
h
& (1), 8 (1, (1,))) = 1+ h—1+ | S() (S(h)x+/0 S(h—ryvdr)
—S(j—l—t—l—h—t)xHX

h

:h+H/ S(j‘l’h*}’)vd}’H
0 X

<h+h U |v|x.

4)

- we obtain for every X = (f,x) € X, hel0,1]
h

|7, ) ||z = lt+h] + HS(h)x +/0 S(h—r)vdr”x
< Jrl+h + e xllx + ho e |vlix
< et (Il + - (1+v]x) -

(5.) Finally, the definitions imply for any X = (s,x), = (t,y) € X and h € [0, 1]
~ ~ . h
d; (%, (5,2)), B (. (1,9))) = |t —s| + Hs<1>(s<h>x + [ stn=ryvar)

(S er/hS(hfr)wdr) H

<|t s|+e®|[SG) =2y +h U v —wllx
<dj(®y)- e +h U v—w|x.
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3.10.3 Mild Solutions to Semilinear Evolution Equations in X
— Using an Immediately Compact Semigroup

The recently proposed transitions on ()? L do, e, |- |l ) are based on autonomous
linear evolution equations. Now the mutational framework provides the tools for
the step to nonautonomous semilinear evolution equations and their mild solutions.
For this purpose, we first prove the existence of timed solutions to the corresponding
mutational equations by means of Theorem 43 (on page 226). Then we focus on
the connection between these timed solutions and the more popular concept of mild
solutions (to the underlying semilinear evolution equation in X).

Existence Theorem 43 is based on assuming Euler compactness and Euler equi-
continuity. For the tuple (}? ,do, €, || -|l5), however, even the nonequidistant coun-
terparts of these two properties (specified in Definition 23 on page 203) are not
difficult to verify because the variation of constants formula provides a useful inte-
gral representation of every (nonequidistant) Euler approximation.

If the w-contractive C° semigroup (S(t)),>0 on X is immediately compact in addi-
tion, then nonequidistant Euler compactness also holds.

Lemma 126 (Characterization of nonequidistant Euler approximations). B

Suppose for Xo = (19,x0) € X, ¥>0 and a |- || z-continuous curve y(-) : [0,T[— X

(2.) foranyt € [0,T[, there exists €lt—1,t] and v € X with ||v||x <7¥ and
Y(s+-) = T,(-, ¥(s)) in an open neighborhood I C [0,1] of [0, t—s].

Then there exists v(-) € L*([0,T], X) with ||v||r~ < ¥ and for everyt € [0,T|,
!
50) = (0t S@x0+ [ s@=r)vi) dr)

This representation of an Euler approximation in combination with the proof of
Lemma 123 (3.) implies directly its Lipschitz continuity with respect to e:

Corollary 127 (nonequidistant Euler equi-continuous).

Every || - ||g-continuous curve y : [0,T[ — X satisfying conditions (1.), (2.)
in Lemma 126 is Lipschitz continuous with respect to ey and, its Lipschitz con-
stantis < 1+7 - e®T.

Thus, ()?, c%, eo, || - ||§) together with all the transitions of Corollary 125 is

nonequidistant Euler equi-continuous in the sense of Definition 23 (on page 203).
O

Lemma 128 (nonequidistant Euler compact).

Assume in addition that (S(t));> o is immediately compact, i.e., for every t > 0, the
linear operator S(t) : X — X is compact.

Then the tuple ()?, do, o, |-ll5) together with all the transitions of Corollary 125
is nonequidistant Euler compact in the sense of Definition 23 (on page 203).
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Now preceding Theorem 43 (on page 226) provides the existence of timed solutions
to mutational equations in (X, do, €, | - ||z). They prove to induce mild solutions
to the underlying semilinear evolution equation in X:

Theorem 129 (Existence of mild solutions to semilin. evolution equations in X).
Let m:X =RxX — X, (t,x) — x abbreviates the canonical projection on
the second component and, A denotes the generator of an immediately compact,
w-contractive C° semigroup (S(t));>o of linear operators on X. Assume for
f:Xx[0,T] —X

(i) sup,, [f(x2)[x <o
(i) for L'-almost everyt € [0,T), the function f(-,t) : X — X is continuous
with respect to || - ||x.

Then for every X = (to,X0) € X, there exists a timed solution 3(-) : [0,T] — X

to the mutational equation X (-) > Ty(z, (), .) in ()?, do, ¢, || - l%)-

Moreover if X(-) : [0,T] — X is a timed solution to this mutational equation, then
x(+) := mXx(+) : [0,T] — X is a mild solution to the semilinear evolution equation

() = Ax() + SG0), )

In fact, Theorem 43 takes even delays into consideration. Its full generality and
the preceding relation to mild solutions (mentioned in Theorem 129) lead to the
following existence result.

Corollary 130 (Existence of mild solutions to semilinear equations with delay).
Let 1 : X =RxX — X , (t,x) — x abbreviates the canonical projection on
the second component and, A denotes the generator of an immediately compact,
w-contractive C° semigroup (S(t));>0 of linear operators on X. Moreover assume
for fixed T > 0 and

f:CO([_T’O]> (X> HHX)) X [O>T] — X

(@) supy(, [1F(z0)0)]lx < e,

(ii) for £'-almost everyt € [0,T], lim || f(zh(),10) ff(zﬁ(-),t,%)HX =0
n— oo
for any sequences (ty)nen, (13)nen in [0,T) and (z,(-))nen, (z3())nen in

C([~7,0], (X, ||-|Ix)) satisfying for everys € [—T,0]

lim #! =7 = lim ¢2, lim Hz,ll(s) - z(s)|| =0 = lim Hzi(s) - z(s)H
n— oo n— oo n— oo 12 X Nn— o0 X
sup sup [z, 7()[lx < o

neN [—1,0]

For every Lipschitz continuous function xo(-) : [—7,0] — (X, || - ||x), there exists

a curve X(+) : [-1,T] — X with the following properties:



302 3 Continuity of Distances Replaces the Triangle Inequality

(i) %(-) € BLip([-7,7], X; &, | -Ilg),
(i) x(tr) = (¢, xo(t)) foreveryt e [—1,0],

(iii) the restriction X( )|[ is a timed solution to the mutational equation

0,7]
2t ~
X2 )] )

in the sense of Definition 35.

In particular, the projected restriction 7 X(-)| 07 - [0,T] — X is a mild solution
to the semilinear evolution equation with delay '

% x(t) = Ax(t) + f(x(t—|— -)’[7170], t) in [0,T].

O

Remark 131. In comparison with standard literature about evolution equations,
neither Theorem 129 nor Corollary 130 are completely new results. The essen-
tial point is, however, that these semilinear evolution equations are solved in the
mutational framework — just by adding a separate time component temporarily
and introducing distance function ¢y suitable for handling the strong continuity of
(S())ez0-

In particular, we are free to combine this type of dynamical problem with
any other example fitting in this mutational framework. Correspondingly to
Proposition 2.37 (on page 131), we conclude from Existence Theorem 22 about
systems of mutational equations and from the example in § 1.11 (on page 96 ff.)
immediately:

Corollary 132 (Existence of solutions to a system with semilinear evolution
equation and modified morphological equation).

Suppose A to be the generator of an immediately compact, ®-contractive CO semi-
group (S(1));> ¢ of linear operators on X and, assume for

f:Xx#RY)x[0,T] — X,
G : X x A (RV)x[0,T] — OSLIP(RVN,RV)
(@) sup (|lf(x,M.1)llx + [|¥(x,M,1)||. + max{0, Lip & (x,M,1)}) < oo.
x,M.t
(ii) f and 9 are continuous in the following sense:

| f Gns Masta) = (2, M,1)|, — O
Cﬂw(g(ynaMnatn)v g(y,M,t)) — 0

for n — oo

holds for £"-almost every t € [0,T] and any sequences (t,)nen, (Mp)nen and
(Vn)nen in [0,T], 2 (RN),X respectively satisfying t, — t, d(My,M) — 0
and ||yn—y|lx — 0 forn — oo

Then for every initial vector xo € X and set Ky € # (RV), there exist curves
x(-):[0,T] — X and K(-): [0,T] — # (RN) with x(0) = xo, K(0) = K¢y and
the following properties:
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(1.) x(-):[0,T] — X is a mild solution to the evolution equation
Lx(t) = Ax(t) + f(x(t), K(t), 1).
(2.) K() is Lipschitz continuous w.rt. d and satisfies for £ -almost every t
lim 3 d (Vg k0.0 (B, K(1), K(t+h)) = 0.

(3.) If. in addition, the set-valued map 9 (x(t),K(t),t) : RN ~ RY is continuous
for each t € [0,T], then the set K(t) C RN coincides with the reachable set
Vg (x(-) k(),-) (t, Ko) of the nonautonomous differential inclusion

Y() € 9(x(),K(),-) (0())

at every time t € [0,T). O

Finally, we close the gap of lacking proofs.

Proof (of Lemma 126). Due to assumption (2.) and the finite Lebesgue mea-
sure of the domain [0, 7, there exists an (at most countable) set of pairs (s;,#)
(I € N C N) with the following properties:

(1) foreveryl e N, 0<s; <t; <T and ;,—5;, <1,
for some lp €N, s, =0,
(i) the intervals ]s;,;[ (I € N) are pairwise disjoint,
i)y |J [su] = [0.7],
leN
(iv) forevery I € N, there exists a vector v; € X with |lv/||[x <7 and
37() = ;EV[( C S, S)V(Sl)> in [Slvtl['
Setting v(¢) := v; fort € [s7,4;] (I € N), the function v(-) is well-defined Lebesgue-
almost everywhere in [0,7[ and belongs to L”([0,T[,X). Then the definition of
T, (+,-) and the continuity of y(-) (with respect to || - ||x by assumption) lead to the
claimed integral representation in [0, T'[. O

Proof (of Lemma 128).  We claim that (X, do, o, |- | %) is nonequidistant Euler
compact in the sense of Definition 23 (on page 203). Due to the integral representa-
tion in Lemma 126 (on page 300), it is sufficient to verify the following statement:

Choose xp € X and T €0, e[ arbitrarily. Let (v,(-)),cn be a bounded sequence
in L([0,T],X) and, set

Yu: [0,T] — X, t+— S(t)xo+/0t S(t—r)vu(r) dr

= S(t) xo +/0 S(s) va(t—s) ds

foreachn € N.  Then forevery 7 €]0,T], there exists a subsequence of (yn@)
converging strongly in X.

neN

This proof is based on the supplementary assumption that the semigroup (S(z));>0
is immediately compact, i.e., for every z > 0, the operator S(z) : X — X is compact.
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For each k € N with } <7, the sequence

ya(t) — /S va(t—s) ds = % /S ) valt—s) ds) (neN)

has a subsequence converging with respect to || - ||x. Cantor’s diagonal construction
provides a strictly increasing sequence (n;);cy of indices and a sequence (zx )ken in
X such that for every k € N with % <1,

ynl() / Vn, —s5)ds — z for [ — oo,

In particular,

IN

1
lim sup Hy,,,@ - zkHX limsup H/Ok S(s) vp, (t—5) dsHX
e

| —oo

1 o
7o ek sup, [[valle=-

IN

Furthermore, (z;)xen is a Cauchy sequence in X since for any kq,ky € NN ]%,oo[,

2k, — 2, llx

1 1
. T =
= lim yn,@—/ " S(s) v (2 —5) dsfyn,(’t)nt/ 2S(s)v,,,(t—s)dsHX
1 '} 1 o
<sup(— eft v ll=+ — e* |lvyllr~).
leg(kl H n[HL k2 H anL )

Hence, (zx)ren converges to a limit z € X and, ||z — z|x < mlm for all
large k € N. Finally we obtain ||y,, () —z|lx — 0 for / — o simply by means of
the triangle inequality. O

Proof (of Theorem 129).
The existence of a timed solution to the mutational equation

() 2 Tpm), )
in ()?, do, @, || - ||5) results from Theorem 43 (on page 226) due to Corollary 127
and Lemma 128 (on page 300). Indeed, the projection 7, : (X, || - lg) — X, |- lIx)
is continuous and thus, the composition X x [0,7] — X, (Z,t) — f(mZ, 1)
fulfills the continuity assumptions of Theorem 43.
Now we focus on the second part of the claim: If X(-) : [0,7] — X is a timed
solution to this mutational equation, then x(-) := mX(-) : [0,7] — X is a mild
solution to the semilinear evolution equation

Fx0() = Ax() + fx(), ).
Indeed, the composition [0,7] — (X, || - ||x), # —— f(x(¢z), t) is continuous and,

[0,T] — Z(X,X), t — S(t) is bounded with respect to the operator norm. Thus,
the auxiliary function

¥ s [0,T] — (X, || [lx), — S +/ S(t—s) £(x(s), ) ds

is continuous, bounded and, it satisfies for every 7 € [0,T, h € [0, 1}
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. h
s (1 50) = S0 3(0)+ [ S(h=9) x(0), 1) ds
= S(t+h) x(0) +/(;S(t+hfs) f(x(s), s)ds

+ /0 " S(h—s) F(x(2), 1) ds

t+h
= S(t+h)x(0)+ A S(t+h—s)

X f (x(min{s,7}), min{s,r}) ds.
It implies at Lebesgue-almost every time ¢ € [0, 7]

1
o 1) = T (1 y(0) |
1 t+h

i St n=) (7(x(s). ) = f(x(0).1) as|

< O (TH1) sup Hf(x(')") _ f(x(;),t)|‘x—> 0 for h|O.
[t,t+h]

As a consequence, this auxiliary function supplied with a real time component,
i.e.,

o) : [0,T] — X, 1 +— (7171 x(0) +1¢, S(t)x(0) + /Ot S(t—s) f(x(s), 5) ds)

is a timed solution to the mutational equation

o

V() 3 ). )
in (X, do, e, || - ||5). Finally Proposition 40 (on page 224) ensures

0 = inf {[[z—%()|[g + 7-5)[g | Z€ X:llg < 1+sup {IFO)lg. IV} }
= [I¥0) = 50l

forevery t € [0,T], i.e., x(-) =y(-). O
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3.10.4 Exploiting Relatively Compact Terms of Inhomogeneity

Considering an immediately compact semigroups (S(¢));>0 on X in the preceding
section 3.10.3 has served essentially one single purpose, namely to guarantee Euler
compactness (as formulated in Lemma 128 on 300 and proved on page 303).

In particular, all other conclusions like the connection between mutational equations
and mild solutions to semilinear evolution equations do not require this supplemen-
tary assumption explicitly.

Now we suggest an alternative aspect for compactness to come into play, i.e., the
image of the function f in the semilinear evolution equation

%x(-) = Ax() + f(x(),).

Lemma 133 (nonequidistant Euler compact).
Let W # 0 be a compact subset of the Banach space (X, || - ||x)-

Then the tuple ()?, do, e, || - ) together with the transitions T, : [0,1] x X—X
induced by any vector v € W as in Definition 122 is nonequidistant Euler compact
in the sense of Definition 23 (on page 203).

Proof.  According to Lemma 126 (on page 300), every nonequidistant Euler ap-
proximation y(-) : [O T[— X is characterized by a function w(-) € L*([0,T], X)
satisfying ||w||z= <7 and forevery t € [0,T],

yt) = <t0+t, ) Xo +/ St—r)w dr)
Wy = co (WU{0}) is convex and compact in X due to [168, 11.4.3 Corollary].

Ateach time ¢t € |0, 7], the state 7, y(¢) is contained in the subset
t

Vi = S(t)xo + / S(s)Wods C X
0
whose set-valued integral is understood in the sense of Aumann.
V; is totally bounded in X. Indeed, the function [0,7] x Wy — X, (s,x) — S(s) x
is uniformly continuous due to [76, Lemma 1.5.2]. Hence for each € > 0, there exists
a sufficiently large integer ne € N such that
HS([nes] t) x — S(s) xHX < ?
for every x € Wy and s € [0,7] (with [r] always denoting the largest integer < r).
This piecewise constant approximation of S(-)|w, and 0 € W lead to

t
V; CStxo—i—/ ngs] )WO—HB% (O)) ds

:“

C S(t)xo+ 5 - Z WOHBag()

and, the last superset can be covered by finitely many balls of radius 2 € due to the
compactness of Wj. Finally, the set V; is relatively compact in X for each ¢ € [0, T].
d
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Theorem 134 (Existence of mild solutions to semilinear equations with delay).
Let m:X =RxX — X, (t,x) — x abbreviates the canonical projection on the
second component and, A denotes the generator of an w-contractive C° semigroup
(S(2))s >0 of linear operators on X. Moreover assume for some fixed T > 0 and

f:C([=7,0, (X, ]I-llx)) x [0,T] — X

(i) the image of f is relatively compact in X and (thus, in particular) it satisfies
sup, (), [If(z():)llx < oo

(it) for £'-almost everyt € [0,T], nli_r& Hf(z,ll(),t,b - f(zﬁ(),tf)“x =0

for any sequences (t)),en, (t2)nen in [0,T] and (z)(-)nen, (22(-))nen in

CO([-7,0], (X, || - llx)) satisfying for every s € [—1,0]
o] N 1 . 2

lim 1, =¢= lim 17, lim |zn(s) = 2(8)]|y = 0 = Jim |za(s) — 2(9)||

sup sup [lzy*(-)|lx < eo.

neN [—1,0]
For every Lipschitz continuous function xo(-) : [~7,0] — (X, || - |x), there exists
a curve X(+) : [—7,T] — X with the following properties:

@ x(-) € BLip([-7,T], X; @0, |- II3),
@) x(t) = (¢, x0(t)) foreveryt € [—1,0],
(iii) the restriction X(-)| 0754 timed solution to the mutational equation
2 ~
X2 T, g0
in the sense of Definition 35.

In particular, the projected restriction 7 X(-)| 07 [0,T] — X is a mild solution
to the semilinear evolution equation with delay

% x(t) = Ax(t) + f(x(t—l— -)’[7170], t) in [0,T].

U

In regard to an alternative topology on X, Ulger formulated a criterion sufficient
for the relative weak compactness of Bochner-integrable functions in the 1990s and,
we quote it in Proposition A.85 here. It is used for verifying the following lemma
about weak Euler compactness:

Lemma 135 (weakly Euler compact).
Let W # 0 be a weakly compact subset of the Banach space X.

Then the tuple ()’(v, do, ¢, || - ) together with the transitions T, : [0,1] x X—X

induced by any vector v € W as in Definition 122 is weakly Euler compact in the
sense of Definition 27 (on page 207).
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Proof.  According to Lemma 126 (on page 300), every nonequidistant Euler

approximation 5(-) : [0,7[— X is characterized by a function w(-) € L=([0,T], X)
satisfying ||w||z= <7 and forevery ¢ € [0,T],

yt) = (to+t, S(t) xo +/0t S(t—r) w(r) dr).

Now we benefit from the additional property that the values of w(-) belong to the
weakly compact set W C X. Due to Proposition A.85 of Ulger (on page 492),

{w(-) € L'([0,T], X) | forall € [0,T]: w(t) e W}

is relatively weakly compact in the space L' ([0,T],X) of Bochner-integrable func-
tions with values in Banach space X.

Hence, for any sequence (y,()), _y of nonequidistant Euler approximations in

neN
PN = PN (%,T, 0, B ,7,L) # 0, there always exists a sequence ny; " o« of
indices such that the corresponding characterizing functions wy, (), k € N, in
L=([0,T],W) converge weakly in L'([0,T],X). Their weak limit is denoted by
w(-) € L'(0,T],X). In particular, Proposition A.86 implies [|w]|;=(0.71.x) < 7-

As the linear operators S(7) : X — X, 0 <t < T, are uniformly bounded, the weak

convergence of (wy,(-)), o to w(+) has the consequence for each t € [0, T

t
Tog(t) = (101, S(t)x0 +/0 S(—r)w(r) dr) *=5 0 weakly in R x X.
O

In regard to mild solutions, we now apply Existence Theorem 44 (on page 227 f.)
and use the link between mutational equations and semilinear evolution equations
presented in § 3.10.3.

Indeed, the transitions (based on the variation of constants formula in Defini-
tion 122) are always weakly continuous with respect to state because they are linear
with respect to the initial state and each operator S(¢) : X — X, t > 0, is assumed
to be bounded.

The final result is very similar to preceding Theorem 134, but takes the weak topol-
ogy on X into consideration.

Theorem 136 (Existence of mild solutions to semilinear equations with delay).
Let 1 : X =RxX — X, (t,x) — x abbreviates the canonical projection on the
second component and, A denotes the generator of an ®-contractive C° semigroup
(S(2))s >0 of linear operators on X. Moreover assume for some fixed T > 0 and

f:CO([_T’0]> (X> ||HX)> X [O>T] — X

(i) the image of f is relatively weakly compact in X and (thus, in particular)
sup.(), If(z(-),0)[x < oo,
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(ii) for £ -almost everyt € [0,T]: f(zh(-),1}) — f(z2(-),t2) "= O weakly in X
for any sequences (ty)new, (t)neny in [0,T] and (z,(-))ner. (25(-))neny in
Co([—7,0], (X, ||- |lx)) satisfying for some z(-) € C°([~7,0],X) and every

s € [-1,0]
lim £ =7 = lim 12 12
imt#, =t=lim #;, sup sup |z,;°(")|lx < oo,
n—eo n—eo neN [~1,0]

Z;la(s) — z(s) weakly (n — o)
Zrzz(s) — z(s) weakly (n — oo).

For every Lipschitz continuous function xo(-) : [=7,0] — (X, || -||x), there exists
a curve X(+) : [=1,T] — X with the following properties:
() x(-) € BLip([-7,T], X; e, |- Ilg).
@) x(t) = (¢, x0(t)) foreveryt € [—1,0],

(iii) the restriction X(-)| 0.1] is a timed solution to the mutational equation

*() 3 i) 0

in the sense of Definition 35.

In particular, the projected restriction m X(-)| 07 [0,T] — X is a mild solution

to the semilinear evolution equation with delay

%x(z) = Ax(t) + f(x(t+')’[—r,0]’t> in [0,T).
O
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3.11 Example: Strong Solutions to Parabolic Differential
Equations with Zero Dirichlet Boundary Conditions
in Noncylindrical Domains

Applying the previous examples of the mutational framework to partial differential
equations, we can usually handle problems in fixed domains in the Euclidean space.
In particular, the coupling with set evolutions has been restricted to the coefficients
of the differential equations so far — but not via their domains. Proposition 2.37
(on page 131) and Corollary 132 (on page 302), for example, focus on the system

{ 4x(r) = Ax(0) + £(x(0). K(1), 1)
K@) > 9(x(t), K(t), 1)
with mild solutions x(-) : [0,7] — X to a semilinear evolution equation, but fixed

generator A of a C® semigroup.

The next example is a step in the direction of coupling via time-dependent domain.
Indeed, we want to draw conclusions about strong solutions to the semilinear initial-
boundary value problem of parabolic type

< lz_ll akl axk ax, z bk axk (t ) - %) u
u=20 on dQ(t)
u(0,-) = up in Q(0)

F(t,u) in Q1)

with a set-valued map Q(-) : [0,T] ~ R that might be determined by a morpho-
logical equation. In particular, the set £(¢) C RY will be free to change some of
its topological properties while time ¢ is increasing. The typical approach based on
time-dependent transformations to a fixed reference domain (as in [32, 107, 116],
for example) is to fail here.

3.11.1 The General Assumptions for This Example

The coefficients
ak]Z[S,T}XRN—)R (k,lle)
by:[S,T] xRN — R (k =1...N)
c:[S,T] xRN — ] —co, 0]
are assumed to be bounded, continuous and uniformly elliptic, i.e., there is some

u > 0 such that for any x,y € RN and ¢ € [S,T],

N

2 ap(t,x) yp yi > U M
ki=1
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Basic set Eé =R x Cg(ﬁs)

This example applies essentially the results about semilinear evo-
lution equations in § 3.10 to parabolic differential equations in
a fixed noncylindrical domain g with zero Dirichlet boundary
condition.

Due to Lumer and Schnaubelt [133], the linear parabolic problem
with fixed L, Q induces a contractive C° semigroup (.#(¢));>0 on
CJ(5) by means of suitable extensions.

Distances dg: Eé — RE, ((s,u), (t,v) — |t—s|+||u - v||Sup
e5: E!% — R, ((s,u), (1,v) — |tfs|+||<5”(tfs)u7v||sup
(if s < 1)
Absolute value I :JEN’f2 — R, (tu) — |t + | l|sup
Transitions: For each function F € Cg (és), consider

Vg 0,1 xEg — Eg,
(h, (t,u)) — (r+h, y(h)u+/0h Y(hfs)Fds)
which is related to the linear parabolic problem
Lv=F in Q,
v(s,-) = u(s,-) in Q(s) CRY
v=20 on 852_;\({s} X ﬁ(s))
(Theorem 139, Remark 140 and explanations on page 318)

Compactness We apply the existence results in § 3.10.4 (page 306 ff.) based on
relatively compact terms of inhomogeneity.

Equi-continuity Nonequidistant Euler equi-continuity results from representing
any Euler curve by means of the variation of constants formula.

Mutational solutions | Strong solution u € C° (!NTO) N W)i2.(20) (withany p > N+2)

to an initial-boundary value problem of parabolic type
Lu(t,”) = F(tu)(-)  in Q@) forae.t€]0,T],
u(0,-) = uo in Q(0)CRY,
u=0 on 90\ ({0} x 2(0)).

List of main results Existence Theorem 146 (page 317)
formulated in § 3.11

Key tools Semigroup approach of Lumer and Schnaubelt [133] to nonauto-
nomous linear parabolic differential equations in noncylindrical
domains: § 3.11.2 (page 313 ff.)

The uniform tusk condition on f)s is a sufficient condition for
approximative Cauchy barriers: Proposition 158 (page 326)

Table 3.6 Brief summary of the example in § 3.11 in mutational terms:
Strong solutions to parabolic differential equations with zero Dirichlet boundary conditions
in noncylindrical domains
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As an abbreviation set L := 2 ayg axk axl + Z by 2 P %

ki=1
Fixing p > N + 2 arbitrarily, we define for any nonempty open set Qc [S,T] x RN

Q. :=Qn (Js, T] x RY),
Q(s) == {yERN | (s,y) € £~2} fors e [S,T],

(Qs) |V Vc Qﬂ(}S T[xRN) with compact closure :
du 9 B
P 3Xkax[ €LP(V) fork,l=1...N}

D(L,Qs) := = {ue % Q) ’uerloc(Qs) and 3geCQg): Lu=g
LNae.in QN (]S, T[xRY)}

3.11.2 Some Results of Lumer and Schnaubelt About Parabolic
Problems in Noncylindrical Domains

In [133], Lumer and Schnaubelt present a very sophisticated approach for time-
dependent parabolic problems in noncylindrical domains. It is based on Lumer’s
earlier results about so-called local operators and provides a successive construction
of a so-called variable space propagator which can be regarded as a generalization
of strongly continuous evolution families (in the sense of [76, § V1.9]).

In this section, we summarize some of their results in regard to parabolic differential
equations on noncylindrical domains. They serve as tools for specifying transitions
in the mutational framework later on.

Definition 137 ([133, Definition 4.8]). Let I C R be an interval and for each
t €1, Y(t) denotes a real Banach space which is isomorphic to a subspace ¥ (¢)* of
a fixed Banach space Y*.

A family of linear operators U(t,s) : Y(s) — Y(t), (s,¢) € I*,s <t, is called
variable space propagator if it satisfies the following conditions:

(i) U(s,s) = ldy for every s € I,
(ii) Ul(t,s) = U(t,r)oU(rs) forevery r,s,t €1 with s <r<t,
(iii) {(s,t) €PP)|s <t} — Y5, (s,t) — (U(t,s) f(s))jj is continuous

for any function ¢ — f(¢) € Y (¢) whose transformed counterpart
I —Y* t+—— f(t)! is continuous.

The propagator is called bounded if sup [|U(t,s)||Lin(y(s), ¥ (1)) < -

s<t
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Definition 138 ([133, special case of Definition 3.1]). A nonempty open set
Qc ]S, T] xRN possesses a so-called Cauchy barrier with respect to L if there exist

a compact set K C Q and a function i € D(L,Q \ K) satisfying
() h>0and (L—A)h < 0 in Q\K forsome A >0,

(if) forevery € >0, there exists a compact set Ke with K C K; € Q and
0<h<einQ\K.

Now we formulate a special case of [133, Theorem 6.1] restricted to bounded sub-
sets of [S, T] x RN and Dirichlet boundary conditions:

Theorem 139 ([133]).  Let Q be a bounded open subset of [S,T] x RY, s € [S,T],
£ €CY((s)) and the function F satisfy
(i) Qn ({t} xRN) £ 0 foreveryt€[S,T),
(i) Qg is the intersection of finitely many open subsets of 1S, T] x RN each of
which admits a Cauchy barrier with respect to L,
(iii) FeC®(Q), F=0 ondQ\({s}xQ(s)) if S<s<T,
F € Cy(Ly) if s=8

Then there exists a unique function u € C° (.Q ) nw

. 10C(.és) solving

Lu=F in £
u(s,”) = f in Q(s) CRY
u=0 on 9\ ({s} x Q(s))
If F = 0 in addition, then ||ul[sup < ||f|lsup -

If f and —F are nonnegative in addition, then u is also nonnegative.

Furthermore, there exists a bounded variable space propagator (Ug (t,s))s<s<i<T

depending only on Q and L such that assuming an extension Fy € C8 (S~25) of F to
ﬁs provides the representation

u(t,”) = Uglt,s) f — /t Ug(t,7) Fo(t,-) dt  in Q(tr) CRV.

More generally, considering trivial extensions to RN by 0 respectively (and indi-
cating it via ), there is a bounded variable space propagator (U’i (t $))s<s<t<T
depending just on L and Q such that the solution u € CO( ) N W (ﬁs) is the
restriction of the continuous function
vi[s,T]x RN — R
with
!
Wi) = UL (ts) fF — / UL (1,7) F(z,) dt in RV,

N
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Remark 140. According to [133, Proposition 4.18], this bounded variable space
propagator (Ué (t,5))s<s<i<r is related to a contractive CO semigroup (.7 (7)) =0

on the Banach space (Cg(és), | |lsup) in the sense of
F(OF: Qs — R, (t,x) — UL(t,t—1) Fi(t—1,")

for every function F € Cg(ﬁs) and its trivial extension F? : R x RY — R (by 0).
This close relation provides the link with the results in § 3.10.

For applying this existence theorem, a key question is how to guarantee Cauchy
barriers as required in hypothesis (ii). Lumer and Schnaubelt prove the following
sufficient geometric condition:

Proposition 141 ([133, Proposition 6.4]). In addition to the assumptions about
coefficients in § 3.11.1, let Q be a bounded open subset of [S,T] x RV satisfying

() QN ({t}xRY) # 0 foreveryt€[S,T),

(ii) the boundary 00 is given by x; = Qp(t,x1 ... Xi—1, Xit1 ... Xy) for some
i € {1...n} and finitely many functions @ that are defined on open sub-
sets of [S,T] x RN —1. continuously differentiable with respect to t and twice
continuously differentiable with respect to x,

(iif) Qs locally on one side of its boundary.

Then, .(TZS X Qn (]S ,T] x RN ) possesses a Cauchy barrier with respect to L.

Their characterization of well-posed Cauchy problems by means of so-called exces-
sive barriers is the basis for concluding from [133, Corollary 3.26] directly:

Lemma 142 ([133]).  If the nonempty open set Q is the intersection of finitely
many open sets each of which admits a Cauchy barrier with respect to L, then 2
possesses a Cauchy barrier with respect to L. O

In their joint publications [ 132, 133], however, Lumer and Schnaubelt do not specify
any method for extending such results to countably many intersections or to merely
local geometric criteria similar to the exterior cone condition, for example, which
has proved to be very useful for strong solutions to elliptic partial differential equa-
tions of second order (see e.g. [87, Theorem 9.30]).

Roughly speaking, the essential challenge is to construct a global function satisfy-
ing both the zero boundary condition and the differential inequality. For this reason,
we replace the assumption of Cauchy barriers by a weaker condition which serves
exactly the same purposes in the proofs of Lumer and Schnaubelt. The basic idea
is to guarantee the auxiliary “barrier” function not globally (as in Definition 138),
but depending on the special approximative features needed for the respective con-
clusions close to the boundary.
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Definition 143. A nonempty open set QcC ]S,T] x RY is said to possess a family
of approximative Cauchy barriers with respect to L if there exists a compact set
K C Q with the following property: For every compact set K with K CK' C Q
and any scalar 0 < & < &, there exists a function & € D(L, Q2 \ K) satisfying

() h>0and (L—A)h <0 in Q\K forsome A >0,
(i) h>e inK,
(iii) there exists a compact set K with K’ C K" C Q and h < g, in Q\K".

Studying the general proof of [133, Theorem 3.25] reveals that assuming a family of
approximative Cauchy barriers (instead of a single Cauchy barrier) also implies the
well-posedness of the linear homogeneous Cauchy problems considered in [133,
§ 3]. Finally we conclude from the same arguments as for preceding Theorem 139
quoting a special case of [133, Theorem 6.1]:

Corollary 144.  Theorem 139 holds if its assumption (ii) is replaced by

(i) f)s possesses a family of approximative Cauchy barriers with respect to L.
O

Remark 145 (about the proof of Corollary 144).  Strictly speaking, we have to ver-
ify that a family of approximative Cauchy barriers enables us to draw essentially the
same conclusions as Lumer and Schnaubelt did in regard to well-posedness and its
consequences. Most of their steps are based on local approximation and comparison
and thus, it is to check whether their “global” Cauchy barrier can be adapted to the
required “accuracy” locally.

In particular, [133, Theorem 3.25] applied to our parabolic problem in a nonempty
bounded open set 0 C £~25~ states that the Cauchy problem induced by L is well-posed
in Cg(ﬁ ) if and only if & has a Cauchy barrier with respect to L. We focus on the
sufficient aspect of Cauchy barriers (providing existence of solutions). Although all
sets under consideration here are bounded, we avoid applying [133, Lemma 3.24]
immediately, but instead we start with selecting an expanding sequence %, T O of
open sets and functions %, (n € N) in the family of approximative Cauchy barriers
in an alternating way such that Iy >nin ¥, and 0 < h,, <5 Lin Q \ #i1.

In a word, h is to take the role of the “global” Cauchy barrler h whenever we
consider restrictions to 7/,,+2 C O. Then we can follow essentially the conclu-
sions of Lumer and Schnaubelt for constructing so-called locally excessive barri-
ers as in [133, Lemma 3.24]. For initial functions with compact support in &, the
approximative solutions in [133, Corollary 3.9] form a Cauchy sequence due to
the parabolic maximum principle in [133, Theorem 2.29] and, its limit solves the
parabolic Cauchy problem of interest in [133, Theorem 3.25].

This existence of solutions due to approximative Cauchy barriers provides the tools
for verifying further statements in [ 133, Proposition 3.17 and Theorems 4.11 —4.14].
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3.11.3 Semilinear Parabolic Differential Equations
in a Fixed Noncylindrical Domain

In this subsection, we consider § < 0 < T < T and assume Q C [S,T] x RN to be a
fixed open subset of [S,T] x RV satisfying the assumptions (i), (ii’) of Theorem 139
and Corollary 144, i.e.,

() QN ({t}xRY) £ 0 foreverys € [S,T),
(ii’) Qg possesses a family of approximative Cauchy barriers with respect to L.
The results of Lumer and Schnaubelt focus on existence and uniqueness of solutions

uec® (Q ) N Wpl lzoc(ﬁf) to the inhomogeneous linear parabolic problem

Lu=F  in O
u(s,)=f in £~2£s) CRN -
u=20 on 9\ ({s} x Q(s))

for given s € [0,T[, f € CY(2(s)), FeCO(Q)wnhF 00n 99\ ({s} x Q(s)).

Our goal is to obtain similar existence results for the semilinear parabolic differen-
tial equations in the smaller time interval [0, T] i.e., the function F' on the right-hand
side is prescribed as a function of time 7 and the current solution u(z,-) : Q(t) — R.
The results are essentially direct conclusions of § 3.10 about evolution equations.
Nevertheless we discuss the steps of proof in detail afterwards.

Theorem 146 (Existence of solutions to semilinear parabolic problem in ﬁ).
In addition to the hypotheses of § 3.11.1 (onpage 311 f.) and S <0< T < T, assume
Q C [S,T] xRN to be a nonempty bounded open subset of [S,T] x RN satisfying
(i) QN ({1} xRY) £ 0 foreveryt €[S,T),
(ii”) .§~25 possesses a family of approximative Cauchy barriers with respect to L.

Furthermore, let .7 : Ure o7 ({r} x Cg(ﬁ(t))) — CO(RN) fulfill

(iii) forallt € [0,T) and v € CY(Q(1)) : supp F(t,v) C Q1) C RY,

(iv) the image {F(t,v)|t € [0,T], ve Co 1)} C CARYN) is bounded, equi-
continuous and, there exist constants ot € ]O 1], Cz € [0,e0[ such that for all
(t,v) of the domain,

|y(tvv)| < Cz- diSt((t’ ')7 R1+N\§S)aa

(v) Z is continuous in the following sense: Hﬂ‘(r,v)’j - ﬁ(t,,,vn)ﬂﬂsup —0
for any t € 0,7],ve a(Q Q(t)) and sequences (tn)nens (Vin)nen satisfying

vy € CY(Q ( ))forallneN and 1, — 1, —V¥|sup — O for n — oo,
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Then, for every initial function uy € (o (!NZ(O)) there exists a strong solution

ueCo(Q)ﬂW

iy oc(QO) to the initial-boundary value problem of parabolic type

Lu(t,) = Ftu)()  in Q) foraetc)0,T],
u(0,-) = ugp in Q(0) C RV,
u=0 on 9\ ({0} x Q(0)).

Specifying the Set E 5 and Its Distances via the Related Semigroup (-7'(7)):>0

The vector space C) ((1)) (t € [0,T]) supplied with the supremum norm is a very
obvious choice indeed. _

Due to the obstacles of strong continuity and time-dependent domains €(r),
however, we would prefer a fixed Banach space supplied with a separate real
time component and use the results of § 3.10 (on page 291 ff.). This motivates the
choice of C8 (Qy) and the supremum norm, but it might lead to difficulties in regard
to defining transitions for all periods 4 € [0, 1] because ¢ + /& might be larger than 7.

Hence, we return to Remark 140 (on page 315) and use the contractive CY semi-
group (.(7))z >0 on the Banach space (C)(£s), || - [|lsup) specified by
Ug(t,t—r) Vi(t—1,-) if t—T>S

F(1)v: Q — R, (¢,
(Dv: Qs (X)H{o if r—1<S

for every function v € C(€s) and its trivial extension v¥ : R x RN — R (by 0).

In other words, after defining

Q(s) == Q(S) c RN forevery s’ < S
additionally and extending the coefficients of L to | — o, S] x Q(S) C Rx RN con-
stantly (with respect to time), the respective function (Y (T)v) (t,-) : () — R

at time 7 < T is induced by the unique solution u € C°(€2;) N Wp1 T () to the

homogeneous linear parabolic problem starting at time s := t — T €| — o0, T
Lu=0 in Q,
u(s,-) = vi(s,-) in Q(s) C RV
u=0  on 9\ ({s} x Q(s))
Inthe case of s = ¢ — T > S, existence and uniqueness of this solution result directly

from Theorem 139 of Lumer and Schnaubelt and, otherwise (i.e. if t — 7 < §), the
parabolic maximum principle excludes any alternative to the trivial solution.
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Strictly speaking, we consider the set
Eg = R x Cg(.QS)
supplied with the functions
E[) — [0,20],
w=(t,u) — [t[+ [[ul|sup,

|lg -

EsxE; — [0,00[,
((s,0), (1,v)) = [s—t] + ||ju— ]|

sup’
: — [0,],

((s,u), (t,v)) ¥— |s—t] + || L (t=5)T)u— Z((s—1)") v
using the general abbreviation r* := max{r,0} forevery r € R.
Obviously, d satisfies the triangle inequality. Furthermore, e fulfills the so-called

sup *

timed triangle inequality, i.e. whenever u, v, w € E = satisfy mpu < mv < myw, then
eg(u,w) < ex(u,v) + ez(v,w).

The analytical “detour” via the contractive C° semigroup (.#(7))¢>0 on the fixed
Banach space (C)(s), || - [|sup) has the essential advantage that we can apply the
results of § 3.10 (on page 291 ff.). In particular, the arguments for Corollary 118

ensure that the tuple (E dQ, R Q) fulfills hypotheses (H1), (H2), (H3), (H4)

required for the mutational framework in § 3.5 (on page 221 ff.).

Specifying Transitions on E 3

Due to a glance at mild solutions to semilinear evolution equations (in § 3.10), the
variation of constants formula serves as starting point for specifying transitions on
E. The results of § 3.10.2 (on page 298 ff.) lead to:

Definition 147.  For any function F € C3(€s), define
19527F: [071] XE@ — Ef)a (h7 (tau)> — (t+h, ﬁé,F(h’ (t,u)))

with the function 9 ,.(h, (1,u)) : Qs — R,

h
O (h, (1,1)) = L(h)u + /0 S(h—s)F ds.

Q.F
Lemma 148.  For every F € Cg(ﬁs), the function 5§_F 1 [0,1] x E_Fz — Eé

is well-defined and, the continuous function Og ..(h,(t,u)) : Qg — R maps

(5,0) v (VA (5, 5 ) (s — ") — /Shug(s,r) Fi(z,) dt) ().

s—

with the variable space propagator (Ué (t,8))s<s<t<T mentioned in Theorem 139.
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It has the properties for all 57\7655, GECS(SNZS), hyhy hy €10,1] with hy+hy < 1:

Qo

(1) gp(0,-) = ldg_,

(2.) 19~ (h, 9, (h2,~)) = Vg (i +ha, ),

(3) dg(Bgp(h i), Do 7)) < dgl@ ) + |F—Glluph

(4) e5(i, Og p(h, “)) < (1+ IFHqup)

(5) ! (h, @) |5 < il + (L4 [1Fllsup) 1 O

\ u

Corollary 149.  Forevery F € C8(S~25), the function {%F :10,1] x Eﬁ — Eé is

a transition on (E~ dg, €5, |-|3) in the sense of Definition 2 (on page 183) with

Q
oc(1§~_F; r) =0
B(Vgpsr) = 14 [IFllsup
Y(Ogr) = 1+ [Fllsp
D(ﬂf),F’ 19~7G; r) = ||F —G|lsup
and the property 19 ( i) = mu+ h forallu GE_(N), he[0,1]. O
Remark 150. The timed triangle inequality of distance function EQ and semi-
group property (2.) in Lemma 148 imply directly: The tuple (E d_Q, IR Q)

together with the transitions in Definition 147 is Euler equi-contlnuous in the sense
of Definition 16 (on page 194).

Existence of a Timed Solution to the Mutational Equation

Up to now, we are lacking suitable global a priori estimates (for Q and L) implying
that the C* semigroup (.7(7))r>0 is immediately compact. This gap prevents us
from applying the existence results of § 3.10.3 (on page 300 ff.) and thus, we prefer
the conclusions of § 3.10.4 (on page 306 ff.).

The closure of ﬁs is compact as Q is assumed to be bounded. As a consequence,
Arzela-Ascoli Theorem A.82 (on page 491) provides a characterization of relatively
compact subsets in (CJ(£2s), || - ||sup) in terms of boundedness and equi-continuity.
Now we conclude from Existence Theorem 134 (on page 307) about timed solutions
to the mutational equation and their corresponding mild solutions to the semilinear
evolution equation:
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Proposition 151 (Existence of timed solutions to the mutational equation).
In addition to the hypotheses of § 3.11.1 (onpage 311 f) and S <0< T < T, assume
Q C [S,T] xRN to be a nonempty bounded open subset of [S,T] x RN satisfying

(i) QN ({1} xRY) £ 0 foreveryt € [S,T),
(ii’) Qg possesses a family of approximative Cauchy barriers with respect to L.

(F(7))r>0 denotes the contractive C° semigroup on Cg(és) related to differential
operator L as specified on page 318.  Furthermore, let f: Eé — Cg(QS) Sulfill

(iii) the image of f is bounded in (CO( s), || - [lsup) and equi-continuous,

(iv) f: (E d; 5) — (CO(.QS) | - llsup) is continuous.
Then for every initial element iy = (to,up) € E & there exists a timed solution u :
[0,T] — Eg to the mutational equation u(-) > V5 Fay) (E dQ, egllg,D )

with u(0) = up. Its second component is a mild solution to the corresponding semi-
linear evolution equation in (CJ(£2s), || - |lsup)- O

The Step from Mutational Equations to Parabolic Differential Equations

Strictly speaking, we are taking more information into consideration than we need
for the semilinear initial-boundary value problem

Lu(t,)) = Z(tu) (") in Q) for L'-ae.1€0,7T],
u(0,-) = ug in Q(0) C RV
u=0 on 9\ ({0} x 2(0))

Indeed, the wanted functions u(r,-) € CO( (t)), t €[0,T], have been replaced by
the states in E, 5 2R x Cg(QS) providing information about the whole domain Q

in space-time (and not just about the spatial set Q(7) C RY at time € [0, 7).
Now the suitable “section” in the cylinder [0,7] x  C R>*" is to lay the basis

for the step “back” to the original parabolic problems in the noncylindrical domain
QN ([0,T] x RN).

For identifying such an appropriate section, we focus on the approximative con-
struction leading to the timed solution in preceding Proposition 151. Indeed, the
proof of Theorem 134 starts with equidistant Euler approximations.

Similarly to Lemma 126 preparing mild solutions to semilinear evolution equations
(on page 300), the variation of constants formula provides an integral character-
ization of all Euler approximations. The proof uses exactly the same (piecewise)
conclusions as for Lemma 126 (on page 303 f.) and thus, it is skipped here.
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Lemma 152 (Characterization of nonequidistant Euler appr0x1mat10ns)
Assume for iy = (tp,up) € E , M >0 and a continuous curve ii : [0,T] — EN

(1.) u(0) = up, N
(2.) foranyte [O,T], there exist s € |t—1,t] and F € CY(Qs) with ||F ||sup < M,
u(s+-) = 199 (o, u(s)) in an open neighborhood I C [0,1] of [0,1—s].

Then there exists a piecewise constant function G(-) € L=([0,T], Cg(ﬁs)) with (at
<M and

most) countably many points of discontinuity in [0,T),
i(t) = (to+t, u(t)) €Eg
_ i ﬁ (s—t)N (.-
u(t) (s,x) = (U (s, 5—1) / UL(s,7) G(t—(s-1)(x, )dr) (x)
foreveryt € [0,T) and (s,x) € L.

If, in addition, assumption (2.) holds with a finite partition of [0,T], then G(-)
is piecewise constant with respect to the same finite partition of [0,T], ie.,
G(+) has at most finitely many points of discontinuity in [0,T)].

O

Lumer and Schnaubelt’s characterization of unique solutions to the linear problem
(in Theorem 139 on page 314) can be applied to finitely many time intervals succes-
sively. Thus, it provides a link between Euler approximations with finite partition of
[0,T] on the one hand and parabolic initial-boundary value problems on the other
hand (by focusing on s — t = const, in short).

Corollary 153 (Euler appr0x1mat10ns solve parabolic initial value problems)
For any initial state iy € E and bounds 0. [3 ¥>0let NV = JV(M(), (@, B 7))

denote the (possibly empty) subset of all curves u(-) : [0, T] — E_Q constructed via
transitions in the piecewise way as specified in Remark 15 (2.) (on page 193).

~

Then for each curve u(-) € JV(uo, (o ﬂ ¥)) and time parameterty €] —oo, T,
the function

QN ([to, o+ T)xRY) — R, (t,x) — @t —10)(1,x)
is a strong solution u(-,-) to the linear parabolic initial-boundary value problem
Lu(t,x) = G(t —10)(t,x)  for almost every (1,x) € Q N (to, 1o+ T] x R)
ulto, -) = uh(to. -) in Q1) CRY
u=20 on 9(2;0 \ ({lo} X fl(lo))

~

Gl 0.7,y < 7

with a piecewise constant function G : [0,T] — Cg(és)
(]
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Finally, we have to check whether such a relationship also holds for the limit as
the step size of Euler approximations is tending to 0. The main analytical tool is the
following local a priori estimate. In fact, the initial assumption p > N + 2 comes
into play here (again).

Proposition 154 (Interior a priori estimate [112, § IV.10], [114, Th. VIL7.22]).
In addition to the general assumptions of § 3.11.1 (on page 311 f.), let Q' C RN be
any bounded subdomain of Q with Q' C Q.

. . 12 /A~ N
The.n there exists a constant Cg, such that every function v € Wp,loc(QS) NLP(Q)
satisfies

”al‘vHLp(ﬁ/) + ”aXV”Lp(ﬁ/) + ngszLp(_(N)/) < C_()’ ’ (”vHLp(ﬁ) + ”LV”Lp(ﬁ)) .

Proposition 155. Suppose the assumptions of Proposition 151 (on page 321)
for Q,Land f:Eg5 — CJ(Ls).

Then for every initial element uy = (0,up) € E & there exist a continuous curve

= (-u):0,T] — (Eﬁ,d:i) and a strong solution i € Co(ﬁo) N W;;IZOC(SNZO)
to the initial-boundary value problem of parabolic type

Li(t,-) = f(a()(,") in Q(t) for L-ae.1€)0,T],

1(0,-) = up(0, ) in Q(0)c RN
=0 on 9\ ({0} x (0))
with i(r,x) = u(t)(t,x) forallt €[0,T], x € RN with (1,x) € Q.

Proof (of Proposition 155).  Let iin(-) = (-,un(-)) : [0,T] — E_é» n €N, denote

the sequence of equidistant Euler approximations starting in g = (0,u) € E & and
related with step size i, := 21,, (as e.g. in the proof of Existence Theorem 19).

Then for each index n, Corollary 153 always provides a piecewise constant func-
tion G, € L= ([0, T, CJ(£2s)) with G,,(t) € { f(itn(s)) | s € [0,] By, ()} for each.

There is a sequence n; /" oo of indices such that there exist w(-) € C°([0,7], C(2s))
and G(-) € L'([0,T], C§(€2s)) with
(i) un () — u(") swongly in (CO([0,7], CY(Ls)), |- Ilsup)+

(i) Gn(-) — G() weakly in L'([0,T], C§(£s)) for k — oo.
Indeed, assumption (iii) and Arzela-Ascoli Theorem A.82 (on page 491) ensure that
the set of trivial extensions {f(ﬁ)ﬁ’a’ ve E_Fz } is compact in (Co(és), Il sup)-
As a first consequence, the functions u,(-), n € N, are equi-continuous. Moreover,
they are pointwise relatively compact due to Lemma 133 (on page 306) and so, we
conclude relative compactness from Arzela-Ascoli Theorem A.82 (on page 491).
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Second, Ulger’s Proposition A.85 guarantees that {G, |n € N} is relatively weakly
compact in L' ([0, 7], C(Ls)). Atevery time € [0,T], we obtain

u(t) = F(t) uo + /0' Flt—5)Gls) ds € COQs).

In particular, [0,7] — Eﬁ, t — (¢, u(t)) is exactly the timed solution to the cor-
responding mutational equation mentioned in Proposition 151.

Further results about convergence, however, can be concluded from Mazur’s
Lemma about strong approximations of weak limits (e.g. [188, Theorem V.1.2])
and the interior a priori estimate in Proposition 154.

According to the well-known Lemma of Mazur, there exists a sequence (Hy )N in
L'([0,7], C3(£2s)) converging strongly to G() and satisfying

Hy(") € c0 {Gu (), G Y L([0,7], (%))

An appropriate subsequence (again denoted by) (Hk) keN instead ensures in addition
that for Lebesgue-almost every 1 € [0,T], ||Hx(t) — — 0 for k — oo,

Mg+ 1

t) Hsup
Due to H (1) € 0 { f (i (5)), flng,,(5)) - | (t —hw)™ <5 <1}, assumption (iv)
about the continuity of f guarantees G(t) = f(u(t)) for Z'-ae. € [0,T].

As a further consequence, each function Hy(+), k € N, is also piecewise constant,

i 0.7 — ADs), 1 — S o + /Ot F(t—5) Hy(s) ds

belongs to the convex hull of Euler approximations uy, (-), uy,,, (-) ... foreach ke N

and thus, at every time ¢ € [0, 7], [|ve(t) — u t)Hsup — 0 for k — oo.
For the same reasons as in Corollary 153, the function
B QN(OT]XRY) — R, (1,%) — wi(1)(t,%) (keN),

is a strong solution to the linear parabolic initial-boundary value problem
LV (t,x) = Hi(t)(t,x) for almostevery (r,x) € 2 N ([0, T] x RV)
50, ) = uo(0,-) in Q(0) cRY
%o=0 on 9\ ({0} x 2(0)).
For k — oo, the sequence (ﬁk(~, )ken converges pointwise to
i QN(0,T]xRY) — R,  (£,%) — u(t)(t,x).

Finally the interior a priori estimate in Proposition 154 and Lebesgue’s Theorem
of Dominated Convergence guarantee for any bounded subdomain Q' of Q with

Q cQn ([0, x RY) that the following Cauchy property holds

sup (H«% (% — 1) @y + 1197 (=)
kI>K

K —oo
0.

Ll’(.é/) + Hax (ﬁkf\\jl)’ Ll’(ﬁ/))

Thus, i € Co(ﬁo) Wp1 IQOC(QO) and for almost every (¢,x) € Q N ([0, T] x RY),

Li(t,x) = G(t)(t,x) = f(t,u(t))(,x). O
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Extending the Functions Prescribed by . from a Subset of C) Q1)
to Cg (Qs)

The last essential gap between Existence Theorem 146 (on page 317) and
Proposition 155 is due to the type of prescribed data.

Existence Theorem 146 focuses on strong solutions u € C°(€2) N Wpl_;lzoc(ﬁo) to
the semilinear initial-boundary value problem of parabolic type '

Lu(t,) = Z(t,u)(-)  in Q(r) forae.t€l0,T],
u(0,-) = ugp in Q(0) CRY,
u=0 on 9\ ({0} x Q(0)).

Here for every ¢ € [0,7] and v € c (R2(1)), we have to specify the function
F(t,v) € CY (é(t)) for the right-hand side of the partial differential equation.
Strictly speaking, it is again a functional relationship because it does not have to be
based on pointwise composition.

In contrast, Proposition 155 assumes a function f : E 5 — Cg(és) for the right-
hand side of the corresponding mutational equation. The comparison of the values
reveals that more information (namely on whole 2 C R x R¥ instead of Q(¢) C RV)
is required here.

The following lemma suggests a very easy way to bridge this gap by extending. The
price to pay for its analytical simplicity, however, consists in stronger assumptions
about the decay close to the topological boundary of 5. Indeed, by assumption,
there exist constants o €]0,1] and C € [0, o[ such that

| Z(t,v)()] < Cgz - dist((t,), RN\ Qg)”

holds for all € [0,7] and v € c (£(¢)). This very restrictive condition can surely
be weakened whenever an extension operator preserves boundedness and equi-
continuity in an appropriate way. We complete the proof of Existence Theorem 146.

Lemma 156. Let d; fls() denote the Euclidean distance from the complement

of Qs =2 QN (S, T] xRY), i.e.

dgés(-) : RxRY — R, (t,x) — inf{\(s,y) — (t,x)| | (s,y) € R”N\QS}.

For each o. €]0,1] and C > 0, the operator U ({r} x Cg(é(r))) — Cg(és)
1€[0,7]

mapping any (t, v) € {t} x CY((t)) to the continuous function

Qs — R, (s,y) — max{min{v(y), C- dcﬁs(s,y)a}, —-C- dcﬁs(s,y)a}
is continuous with respect to the supremum norm.

Whenever the trivial extensions of some functions (to RN) are uniformly bounded
or equi-continuous, the set of their images shares the respective property. O
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3.11.4 The Tusk Condition for Approximative Cauchy Barriers

Effros and Kazdan investigated sufficient conditions for the continuity of solutions
to the heat equation at the boundary in [75] and, they formulated a counterpart of the
classical cone condition known for elliptic differential equations of second order.
Later Lieberman took up their boundary condition geometrically similar to a tusk
and extended it to more general parabolic differential equations in 1989 [115].
His essential contribution was to construct a function that serves as local barrier
from earlier time and vanishes (merely) at the peak of the tusk.

In this subsection, we use Lieberman’s local barrier function for concluding
a family of approximative Cauchy barriers (with respect to L) merely from the uni-
form exterior tusk condition.
Now we specify the tusk condition as in Definition A.48 (on page 473) and then
formulate the main result of this subsection:

Definition 157 (Exterior tusk condition [114, § 3], [115]).
A nonempty subset M C R x RV is called tusk in (ty,xp) € R x RV if there exist
constants R, T > 0 and a point x; € RY with

M= {(t,x) eRxRY |1p—1 <1 <1,

(x—xg) — \/toTﬁxl’ < R\/to_—t}.

A nonempty subset Q CRx RN satisfies the so-called exterior tusk condition
if for every point (z,x) C dQ belonging to the parabolic boundary of Q (i.e.

{(5,9)) ERXRN | |x—y| <€, 1—e<s<t} \Q #0 foranye>0),
there exists a tusk M C R x RV in (r,x) with MNQ = {(t,x)}.

A nonempty subset Q C R xRV is said to fulfill the uniform exterior tusk condition
if it satisfies the exterior tusk conditions and if the scalar geometric parameters
R, 7 > 0 of the tusks can be chosen independently of the respective points (¢,x) of
the parabolic boundary of Q.

Proposition 158.  Let Q be a nonempty open subset of [S,T] x RV satisfying
(i) Q is bounded,
(i) Qn ({t} xRN) # 0 foreveryt €[S,T],

Def.

(i) Q5= Qn (]S, T] x RY) fulfills the uniform exterior tusk condition.

Then és possesses a family of approximative Cauchy barriers with respect to L
(in the sense of Definition 143 on page 316).
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The proof of this proposition is based on subsequent Lemma 159.

In fact, [115, Lemma 12.2] implies the following existence of a local barrier func-
tion for a single boundary point — even under weaker assumptions about the
coefficients than the general hypotheses in § 3.11.1 (on page 311 f.):

Lemma 159 (Tusk condition provides local barrier from earlier time [115]).
Let Q C | —o0, O[ xRN be a nonempty bounded open set such that the complement
of.(~.2 contains a tusk in its boundary point (0,0).

Then for every ¢ > 0 sufficiently small, there exist positive constants 1,7v1,Y, and a

continuous function w : Q\ {(0,0)} — R which is continuously differentiable with
respect to time and twice continuously differentiable with respect to space such that
forevery (t,x) € Q,

Lw(t,x) < —n-max{|x|,|f|2}°2
n-max{|x,[f2}° < w(tx) < max{jx],|r[2}°
IDw(t,x)| < max{|x],]r|2}o!

w(0,y) =% - (1—e 2P%) i (0,y) € 2\{(0,0)}.
The successive choice of admissible 6 > 0 and then of 1,71, > 0 depends only
on the supremum norms of the coefficients of L, its constant of uniform ellipticity,

the diameter of Q2 and the geometric parameters R, T > 0 of the tusk in (0,0).
O

In [115], Lieberman then applies this local barrier from earlier time to parabolic

problems with locally Holder continuous coefficients for proving the existence of

classical solutions to the first initial-boundary value problem by means of Perron

method.

Now we leave this track of Lieberman and, we focus on merely continuous coeffi-

cients and strong solutions in C% N Wpl_;lzoC (with p > N +2) instead.

For each T’ > 0 and any smooth cut-off function y € C¢°(R, [0, 1]), the problem
{Lw =1 in 10,7’ x RN

w(0,y) = n-(1—e V) y(ly]?) forye RN

is known to have a solution w € C°([0,T'] x RV) N W;;lzoc(]O, T'[ xRN) vanishing
at infinity [133]. Due to the parabolic maximum principle quoted in Proposition 161

below, the auxiliary function
(1,x) — w(t,x) — &1t — & x> w(|x*)

(with €1, & > 0 sufficiently small) is nonnegative in any compact neighborhood of
(0,0) in [0,7"] X Bygpp y.. (0) € [0,7'] x RY. In combination with the local barrier
function from earlier time in Lemma 159, we conclude:
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Corollary 160 (Tusk condition implies local barrier not just from earlier time).
Let Q C R xRN be a nonempty bounded open set such that the complement of Q
contains a tusk in its boundary point (0,0).

Then there exist constants y,8,1M,06 > 0 and a function w € C° (é) N Wp 10C(ﬁ)

such that for Lebesgue-almost every (t,x) € Q,

Lw(t,x) <0
n - max{|x|,|r|2}° < w(r.x) < max{|x]|f]2}°  ifr<0
7o (P41 < ow(rx) ift>0.

The suitable choice of ¥,8,M,06 > 0 depends only on the supremum norms of the
continuous coefficients of L, its constant of uniform ellipticity, the diameter of Q
and the geometric parameters R, T > 0 of the tusk in (0,0).

For the sake of completeness, the following parabolic maximum principle on cylin-
drical domains has served as a tool:

Proposition 161 (Bony maximum principle for parabolic PDEs [70, Th VH.28]).
Let O be a bounded domain in RN and Q :=10,T] x O. Suppose u € WN+1 10c(Q),

(lz_'lakl Wszbk T—i_()_E)M

where akl,bk,c : O — R are bounded measurable, (5k1) >0andc<0.

ki=1..N
If u attains a nonpositive minimum at (ty,xo) € Q, then

lim ess inf(; ) . ( Lu(s,y) > 0.

10,%0)

Proof (of Proposition 158). Due to the assumptions of Proposition 158, .(~25
fulfills the uniform exterior tusk condition. Hence, there exist strictly increasing
moduli of continuity ®;(-),@;(-) :]0,00[ —]0,0[ (i.e. ®;(r) + wa(r) — 0 for
r | 0) such that for each boundary point X = (¢,x) € dQ with ¢t > S, Corollary 160
provides a function wy € C° (.(N.Z) nw'2 (S~2) satisfying for Lebesgue-almost every

p,loc
(s,y) € Q,

Lwi(s,y) <0
1 1
o1 (ly=x| + [s=1[2) < wi(s,y) < @(ly—af + [s—1]2).
In regard to a family of approximative Cauchy barriers with respect to L, choose

0 < & < & and a compact subset K’ C [S,T] x RN with K’ C Qg arbitrarily.
The boundary of the bounded set Qis compact. As a consequence, firstly,

p = inf{\y—x\+\s—z|% (s,) €K', (t,%) eaﬁ} > 0.
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Secondly we can select finitely many points x| = (71,x1) ... X = (t, %) € 9Q with
k
~ N 1 4] .
Q@ c | {(s,y) eRxR ’ o (ly—xj|+[s—1j]2) < & %} = Nyg-

j=1

. == 12 ~
Then, w:= 52 - min, g, 1 Q — [0,c0[ also belongs to C°(2) N W,7..(€2)

and, it satisfies for .#’!-almost every (s,y) € Q and its related index j € {1 ... k}

Lw(s,y) <0
1 1
oty o (ly—xil + s —1]2) < wisy) < 5% oaly—x5] + [s—1]2).

In fact, w(s,y) > wle(zp) ~irllfa)1 (ly—x| + \sftlﬁ) > g for (s,y) €K'
1 —_—
and  w(s,y) < wf(zp)- @ (ly—xj|+|s—1j]2) < & for (s,y) € QsNN, 5.

O

3.11.5 Successive Coupling of Nonlinear Parabolic Problem
and Morphological Equation

We restrict our consideration to a rather simple way of coupling an initial-boundary
value problem of parabolic type with a morphological equation.

If the morphological equation does not depend on the wanted solution to the
parabolic problem, we are free to solve it by means of § 1.9.6 first. This leads
to a time-dependent reachable set of a nonautonomous differential inclusion and,
then its graph provides a noncylindrical domain for the parabolic problem.

In regard to appropriate assumptions, however, we should prefer considera-
tions in the opposite direction. Indeed, Theorem 146 (on page 317) always guar-
antees a strong solution to the parabolic problem if the noncylindrical domain
Qg C]S,T] x RN has a family of approximative Cauchy barriers with respect to L.
Proposition 158 (on page 326) provides a geometric condition sufficient for such a
family, namely the uniform exterior tusk condition.

Finally we need an appropriate link between this tusk condition and reachable sets
of differential inclusions in R" because every solution to a morphological equation
is a reachable set of a nonautonomous differential inclusion (according to Proposi-
tion 1.70 on page 74).

In fact, Corollary A.50 (on page 474) provides conditions on the differential inclu-
sion sufficient for such a connection, but we obtain the exterior tusk condition for
the complements of graphs of reachable sets.

Moreover, their exterior tusks are guaranteed to be uniform only after the reachable
sets have evolved for an arbitrarily small period. For “imitating” such an evolution
in the past (i.e., before the initial time 7y = 0), we suppose the uniform exterior ball
condition on the open initial set {2y (whose complement starts deforming along a
differential inclusion at time #y = 0).
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For the sake of transparency, we prefer summarizing this notion in terms of reach-
able sets of nonautonomous differential inclusions (rather than noncompact-valued
solutions to morphological equations). As in § 3.11.3, we suppose S <0< T < T.

Proposition 162. Let Qo C RN be a nonempty bounded open subset satisfying
the uniform exterior ball condition at its boundary. B
In regard to Corollary A.50 (on page 474), suppose for G : [0,T] x RN ~ RV

(a) every value of G is nonempty, compact, convex and has positive erosion of
uniform radius p > 0 (see Definition A.25 on page 455),

(b) the Hamiltonian of G(t,-) at each time t € [0,T]

G

(t,,): RVxRN — R, (x,p) — SUP_ G P2
is twice continuously differentiable in RN x (RN \ {0})

(c) there exists Ag > O such that for £"-almost everyt € [0,T],

H%(I’ E ')HClvl(RNx aBy) < A‘é

iv) foreveryt € [0,T), the reachable set O~(t, RN\ Qo) is not identical to RN.
G

Then the complement of the graph t — V(t, RN\ ) induces the set
Q= (5.0]xQ) U |J ({1} x@®"\ 050, RV\Qp))) C [S,T]xRY
t€(0,T]

fulfilling the uniform exterior tusk condition with respect to L and thus, Q satisfies
the assumptions (i), (ii’) of Existence Theorem 146 (on page 317).

In addition, let F : Urepo7 ({r} x Cg(f) (1)) — C2RN) satisfy the hypotheses
(iii) — (v) of Theorem 146.

Then, for every initial function uy € C) (£~2(0)) there exists a strong solution

ueC? (ﬁ_o) nwH (.(50) to the initial-boundary value problem of parabolic type

p,loc
Lu(t,) = Z(t,u)()  in Q) foraete€l0,T],
u(0,-) = uo in Q(0) CRV,
u=0 on 9\ ({0} x Q(0)).



Chapter 4

Introducing Distribution-Like Solutions
to Mutational Equations

In this chapter, we focus on examples of evolving compact sets in the Euclidean
space and draw them on new useful aspects for generalizing the mutational frame-
work.

Now the normal cones of the compact sets are to have an explicit influence on
the geometric evolution. Reachable sets of differential inclusions still induce the
transitions on % (R"), but we leave the typical metric space of .# (R") supplied
with the Pompeiu-Hausdorff metric d (as in the preceding sections 1.9, 1.11, 2.7).
Additionally we take the graphs of limiting normal cones into consideration.

This type of problems reveals two obstacles which motivate the main aspects
of generalizing in comparison with Chapter 3. Analytically speaking, these exten-
sions have a weakening effect on how “uniform” the continuity parameters o;(9;r),
B;(¥;r) of transitions have to be.

For the Regularity in Time: Distance Functions Do Not Have to Be Symmetric

Let us consider first the consequences of the boundary for the continuity of U :
[0,1] x 2 (RY) — ¢ (RN) with respect to time.

The key aspect is illustrated easily by an annulus

Ko expanding isotropically at a constant speed.

After a positive finite time 73, the “hole” in the

center has disappeared of course.

In general, the topological boundary of a time-dependent reachable set U (-,K) :
[0,00] ~+ RN (with K € # (R")) is not continuous with respect to d. Furthermore,
the normals of later sets find close counterparts among the normals of earlier sets,
but usually not vice versa.

For this reason, we dispense with the symmetry condition (H2) on distance func-
tions. Whenever we consider distances in this chapter, their first arguments refer to
the earlier state and their second arguments to the later state. For the sake of trans-
parency, all general results about mutational equations are formulated for tuples
with separate real time component.

T. Lorenz, Mutational Analysis: A Joint Framework for Cauchy Problems 331
In and Beyond Vector Spaces, Lecture Notes in Mathematics 1996,
DOI 10.1007/978-3-642-12471-6_5, (©) Springer-Verlag Berlin Heidelberg 2010
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For the Regularity with Respect to Initial States: The Distributional Notion

Applying now the typical steps of mutational analysis, we encounter analytical
obstacles soon. In particular, [0,1] — [0,e0[, ¢+ d;(D(t,x1), V(t,x2)) does
not have to be continuous for arbitrary initial elements x1,x>.

Consider e.g. reachable sets 07 (¢,K}), Or(t,K2)
of a differential inclusion x'(-) € F(x(-)) with
initial sets K1,K; € ¢ (R") and a given map
F € LIP(RY,RN). The figure on the right-hand
side sketches a situation in which the distance
between topological boundaries
0,1] — Ry,
t— dist(aﬂF(t,Kz), dVr(1,K7))

cannot be continuous.

Even if we do not take normal cones into account explicitly, it is difficult to find a
(possibly nonsymmetric) distance function on .# (R") depending on the boundary,
but without such a lack of continuity.

As a first important consequence, we require a form of Gronwall’s inequality
which starts from weaker assumptions than its continuous counterpart in stan-
dard textbooks like [10, 92, 181]. The essential advantage of Proposition A.2 (on
page 440) is that only lower semicontinuity of the real-valued function is supposed.
For estimating the distance d; between transitions and (e;) je »-continuous curves,
we will use an additional semicontinuity condition on transitions rather than a gen-
eral hypothesis about distances.

Nevertheless, we have to exclude such a discontinuity of evolving boundaries
— for short times at least. In the first subsequent geometric example (in § 4.4 on
page 359 ff.), additional assumptions about K| are needed. Suitable conditions on
F € LIP(RY R") can guarantee that compact sets with C!:! boundary preserve this
regularity for short times (see Appendix A.5.3 on page 458 ff.) and, their topologi-
cal properties do not change essentially.

Assuming restrictive conditions on one of the sets Ki,K> €  (R") prevents us
from applying the recent mutational framework, though. Thus we want to introduce
a form of distributional solution.

For a set with families of distance functions, however, there are no obvious gen-
eralizations of linear forms or partial integration and hence, distributions in their
widespread sense cannot be introduced. This gap makes a more general interpreta-
tion of distributional solutions indispensable. In fact, their basic idea is to select an
important property and preserve it (only) for all elements of a given fixed “test set”
— instead of the whole “basic set”.

Usually this important feature is the rule of partial integration and, it is preserved
for smooth test functions with compact support (or Schwartz functions).
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In the mutational framework, one of the most important properties so far has
been the estimate comparing two states while evolving along two transitions, i.e.,
according to Proposition 3.7 (on page 185)

di(9(1+h,x), T(r+h,y)) < (dj(ﬁ(l‘l,x), 7(t2,y)) +h'5j(19>T;Rj)) e (TR

with radius R; := (max{|x];, [y];} + max{y;(9), ¥;(7)}) - 4% (9):7(D} < oo,
As explained in the beginning of § 3.3, it has even laid the foundations for adapting
the definition of solution to a mutational equation in Definition 3.8 (on page 187)
— in form of the condition:

2.") there exists ¢ (x;-) : [0,00[ — [0,00[ such that for Z!-a.e.t € [0,T]:

. 4 L% (Rj) h ~

limsup 422 X)) Z]w(s"z%x(m < < Di(9, f(x(0),1); R;)
hl0

is fulfilled for any ¥ € O(E,(d;),(e;),([-];)). s € [0,1], z € E satisfying

[9(,2)]j, [x() ] <Ry,

These key estimates should be preserved while comparing with all elements z of
a given fixed “test set” & # 0 (instead of all z € E as in Chapter 3). It is plausible
to demand that such an element z € 2 stays in the test set 2 for a short time while
evolving along a transition so that the comparison is feasible for this short period
(at least). This notion leads to a form of distributional solution in the mutational
framework and, it still dispenses with any linear structure.

In addition, it opens the door to making the continuity parameter ¢¢; and the tran-
sitional distance D ; “less uniform” — in the sense that they are free to depend on
the respective test element of Z. In other words, admissible transitions can now be
“less regular” than in Chapter 3.

Motivated by the finite element methods of Petrov-Galerkin in numerics (e.g. [21]),
we do not assume that the fixed test set & has to be a subset of the basic set E.
This additional aspect of freedom will be very useful in the second subsequent geo-
metric example in § 4.5 (on page 372 ff.).
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4.1 General Assumptions of This Chapter

2 and E are always nonempty sets and, 2 =Rx9,E:=RxE. (9 C E is not
required in general.) m; : ZUE — R, X = (¢,x) — ¢ abbreviates the canonical
projection on the real component. .# # @ denotes an index set. For each j € .7,

dj,&;: (ZUE) x (ZUE) — (0,0,
BIE PUE — [0,0

are supposed to satisfy the following conditions:
(HD) c’iv] and ¢; are reflexive, i.e. forallx e JUE: d;(f,fc)) =0 = ¢;(x,x).

(H3’) (d})jec.r and (€;)jc.» induce the same concept of convergence in E and are
sequentially (semi-) continuous in the following sense:

(o1

(0r)

(i)

()

(iiy)

(Vjes: lim d;(F %) = 0)
n—s oo
— (Vjes: lim ¢(x ) = 0)
n— oo
for any X € PUE and (X,)nen in Z2UE with X < m X;, for all n
and sup |X,|; <o foreachie€ .7.
neN
(Vjes: lim di(%, %) = 0)
n—s oo
— (Vjes: lim (X, x) = 0)
n— oo
for any X € PUE and (X,)nen in Z2UE with m X, < my X for all n

and sup |X,|; <o foreachie€ .7.
neN

jj(};’y’) < limsup Jj(}myn)?
n—oo

¢j(x,y) < limsup (%, yu)
n— oo

forany x,y € 2 UE and (Xn)nens (Vn)nen in JUE s.t. foreachi € .7
lim d;(x, x,) = 0 = nlim din, ¥),  sup {[Xuli, | Vn)i} <o
- neN

n— oo

andforallneN: mx < mx, < my, < my.

d;(z,5) > limsup d;(Z, 5n),

n—oo

forany 7 € 2, y e E and (¥n)nen in E fulfilling for each i € .%/
Tim di(y, yn) = 0, sup [ V)i <o

neN
andforallneN: mz < my < @ y,.

0 = lim d;(%,%,)

n— oo
for any ¥ € E and (%, )nen» (F)nen in E fulfilling for each i € .7
lim dl'(-’fa an) =0 = lim gi(ina -’fn)a sup {LfnJia Lynjl} < oo,
n— oo n—s oo neN

mx < my, < mx, foral neN.
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(i) 0 = lim d;(%%,)
n— oo

for every index j € .#, any element X € E and sequences (%, )nens
(Vk)keNs (Zkn)knen in E fulfilling

mX < MZkp = Myr < mX, foreachk,neN,

klim &:()ijvk) =0 for eachi € .7,
lim d~i()7k,’zvk_n) =0 foreachi € . ke N,
n— oo )

klim sup  €;(ZknsXn) =0 for eachi € .Z,

7 n>k

sup {[Xnlis Vilis [Zknli} < o0 foreachi € .#.

k.neN

(iii,) 0 = lim d; (%, %)
for every index j € .#, any element x € E and sequences (X, )nens
(V) kens (Zkn)knen in E fulfilling

X, < 7'5121{7,1 =my < mx foreachk,neN,

Jim di (5. %) =0 foreachi € .7,
lim dA;(Zk_n,fk) =0 foreachie€ J ke N,
n—oo !

lim sup €;(Xy,Zkn) =0 foreachi e .Z,

k— oo ”>~k B N

sup {[Xn]is Vklis [Zknl)i} < o0 foreachie€ .7.

kneN

(H4) |-]; is lower semicontinuous with respect to (d;);c.s, i.e.,
L)?JJ < liminf I_fan
n—s oo
for any element ¥ € E and sequence (%, )ey in E fulfilling for each i € .#

lim c;';(fn,fc') =0, mx, / mxforn—e and sup |X,]; <eo.
n—ree neN

Now we adapt the definition of transition and admit different properties of the time
component for elements of basic set E and the test set Z:
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Definition 1. A function 9 :[0,1] x (ZUE) — (ZUE) is called timed transition
on the tuple (E 2, (d )]Ey, (€))jes, (|-]))jer) if it satisfies for each j € .7:
1.) foreveryXc E: 0(0,%) = X
3.') forevery Z € 7, there are T;=T; (5 z) €10,1], (x](g"zv, -) 1 [0,00[— [0, 00
such that foranyy € E, r € [0,T;[with |y];<randr+mz < my:
d;j(0(t+h,3), ﬁ(h}li'))— d;(9(1,3),5) < Otj(g; ) - dj(ﬁ )“f)

lim sup
h10

4.) there exists ﬁj(g; -) 1 [0,00[— [0, o[ such that for any r > 0, 5,7 € [0, 1] and
XEE with |3];<r:  ej(9(s,%), D(1,%) < Bj(Fsr) - |t —s]

5.) there exists ¥;(1%) € [0, o[ such that for any 7 € [0,1] and X € E :

_ BD); < (15 +%(9) 1) - enr,
limsup sup (|9(h2)]; — [2]; @) < o,

hlO  zeg
6.) foreveryze 7: O(h,z) € 2 forallhe [0, T;(0,2)[, sup [D(-,2)]; <eo
B 0T
7.) foreveryy€ E : O(h,y) € {h+my}xE CE  forallh €10,1],

foreveryze 2: mo(,2) < m 5(h,2} < h+4+m7Z foralk <h<1

8.) foreveryze 2,1 <Tj(8,2): d;(9(1,2),5) < limsup d;(F(t—hu,2), )
n— oo

for any (h,)nen, (Fn)nen in ]RO ,E andy € E with h, — 0, ¢i(¥n,y) — 0
foreachi € % and m O(t—h,,2) < Ty, /W y.

Remark 2. (i)  Four additional assumptions lead to almost the same environ-
ment as in Chapter 3 (see § 3.5 on page 221 ff. in particular):
() 7=E,

(i) Ti() =1,

(iii) each function d,,e, (je ,ﬂ) is symmetric,

(iv) continuity parameter ()61(13l Z,r) > 0 does not depend on Z € 2.
Indeed, the only relevant difference is that condition (3.”) here is restricted to
comparisons with merely earlier test elements. This is indicated by the constraint
t+ m z < my and, it is consistent with our general intention to sort the arguments
of distances by time.
There is no corresponding condition on time components in Definition 3.35 of timed
solutions (on page 222), for example. Hence, all variants of the mutational frame-
work presented in preceding chapters prove to be special cases.

(i) Hypothesis (H3’)is to make the timed triangle inequality (p. 319) dispensable.
Condition (8.), however, does not result directly from the timed triangle inequality.
We will need it essentially for applying a semicontinuous version of Gronwall’s
inequality later on (see e.g. Lemma 5 and Proposition 6).
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@(E 2, (d iess (€j)jes (1] j)jesr) denotes a nonempty set of timed transitions
( (d; (dj)jes, (€j)jes, (l-]j)jer) and, for each j € .7, the function

Dj: O(E,2,(d));,(€);.(1)1)))° x 2 x (0,00 — [0,00]

is assumed to satisfy the following conditions:

(H5%) foreachze @ r>0, D; (-, -3, r) is reflexive (but possibly nonsymmetrlc)

for any Z € Z and timed transitions 9,7, the function D; (13l T,Z,) ¢
[0,00[ — [0, o[ is nondecreasing,

(H6’) foreachz e 2 and any r > 0,

Dj(+:%,r): O(E,(d)), (), (1)) x O(E,(d)), (@), (|:];)) — [0,
is sequentially continuous with respect to (D )ics in the following sense:
() Dj(9, %2, r) = lim Dj(Oy, 132, 1)
n—s oo
for any timed transitions ¥, T and sequences (9 )nen, (Tn)nen satis-
fying foreveryie€ ¢, 7 € Z2andR >0
lim D;(9, 9,;Z7,R) = 0 = lim Di(%,, 7.2, R).
n—oo n— oo
(i) lim Di(9,%:%,r) = 0
for any timed transition ¥ and sequences (19 YneNs (Tn)nen satisfy-
ing foreveryi€ .#, 7' € Zand R >0
lim Di(d, 0,:2,R) = 0 = lim Dy(%,, Ty; 2, R).

n— oo n— oo

T (B(sh2). Foih o EER)R
(HT) fimsup LD Heihs) - LD Fen) TV f L 73 R))
hl0
for any 9,7 € O(E, 7, ( ,),,(e,),,(H,)i), €9, YEE, t1,h €[0,1],
r>0,je.# with r <T; (19 2), h+mz<tb+my, [y];<r and

R; = (r+7(7))-en(®.

Remark 3. In this chapter all general results about mutational equations are
formulated for elements in E and 2 respectively, i.e. for states with a separate real
time component.

If this time component is not relevant to distances or transitions, however, we are
free to skip it. Indeed, the step from transitions on (E, Z) to (E, Z) by means of

O(h, (1,%)) = (t+h, O(h,x))

has already been indicated in § 3.5 (on page 221 ff.). For the sake of consistency,
we then skip the adjective “timed” as well. In particular, we will benefit from this
simplification in the geometric example of § 4.4 (on page 359 ff.), but not in the
second example in § 4.5 (on page 372 ff.).
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4.2 Comparing with ‘““Test Elements” of 17
along Timed Transitions

Following the typical “mutational track” similarly to § 3.2 (on page 185 f.), we first
mention briefly that the “absolute value” of states in E evolving along finitely many
transitions is bounded in exactly the same way because the generalizations do not
have any effect on the simple arguments having proved Lemma 2.4 (on page 105).

Lemmad. Let 9 ... g be finitely many timed transitions on (E, é, (L’Z;-)jey,

(€))jers (I]j)jer) with 7= ?up } 7 (%) < oo for some j € 7.
ke{l..K

ForanyX € E and 0=1y <1, < ... <tg with sup; tp —tr_1 < | define the curve
X(+) : [0,tx] — E piecewise as X(0) := Xy and

i(t) = (t—ny, X(n-1))  forr€ln i, u], ke {l...K}.
Then, |X(1)]; < ([Ro); + ¥j-1) - areverytimet € [0,1x]. O

Due to the possible lack of symmetry of d~] (j € &), we now conclude from con-
dition (8.) on timed transitions (in Definition 1) — instead of the global hypothesis
(H3’) about continuity of distance functions:

Lemma5. Let %(-):[0,T] — E be any curve satisfying m x(t) = t + 1 x(0),
}HI& ej(x(t—h),x(r)) =0 foreveryt €]0,T], j€ 7.
Choose any timed transition ¥ on (E, 2, (cfivj)jey, (€)jes, (I')j)jer), element
Z € 9 and points of time t, € [0,T;(¥,2)[, 22 € [0, T[ with 1) + mZ < m X(t2).
Then each distance function
[0, min{T;(3,2) —t1, T —t2} [ — (0,0,
s — d:(g(tl +5,2), X(t2 +S))
(j € &) fulfills the following condition of lower semicontinuity at every time s
dj(0(t +5,2), X(t2+5)) < limn dj(dt1+s—h32), X(ta+s—h)). O

Proposition 6. Let 9,7 € é\(E,é,(Jj)jej,(gj)jej,(l_'Jj)jej), r>0,je9
and 1,1, € [0,1] be arbitrary. For any elements y € E and % € 9 suppose vl <
< Tj(‘l?,?) and 1 +mz < tp+my. Set R; = (r—|— ’}/J(T)) . eY() < o,

Then at each time h > 0 with t; +h < Tj(g,a and th +h <1,
& (B +h,2), F+h,5)) < (@ (D(11,2), F(12,5))+ h-Dj(D, B Ry)) e BRI
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Proof. It is based on essentially the same arguments as corresponding
Proposition 3.7 (on page 185), but now the rather weak regularity assumptions
of Gronwall’s inequality in Proposition A.2 (on page 440) are exploited to their full
extent.

Consider the auxiliary function

0;: [0, min{Tj(ﬁ,Z) —t, 1 7t2}] — R, hr— dj(ﬁ(l] + h,X), ’f(l2+h,5))).

Indeed, ¢; satisfies ¢;() < limsup, o ¢;(t —h) according to preceding Lemma 5.
Furthermore condition (5.) of Definition 1 ensures | T(h,y)]; <R foreach i € [0,1]
and due to condition (7.) on timed transitions,

mon+hz) < n+himz < nthtmy = m Tt +hy).

Hypothesis (H7’) about D i(+,-sR;) (onpage 337) implies for every ¢ in the interior
of the domain of ¢;

¢j(r+h)—¢;(1)

= d; (1) +1+h,2), T(ta+1+h, 7)) — dj (11 +1,2), T(ta+1,7))

< J«(@(z1+t+h 2, Hta+1+h3)  —d;(0(t+1,2), Tta+1,5)) % TR

+d;j(D(n+1,7), Wt +1,5))) - TR d;(3(1y +1,7), T2+, 7))

and thus, limsup w < Di(9, T, R)) + 0;(T;Z,R)) - 0;(t) <
hl0

Finally, the claimed inequality results directly from Gronwall’s inequality (in form
of Proposition A.2). O

4.3 Timed Solutions to Mutational Equations

In comparison with Definition 3.35 of timed solutions (on page 222) in the muta-
tional framework of Chapter 3, the essential differences are based on two aspects:
First, the arguments of distances are sorted by time and second, only “test elements”
of 7 evolving along transitions are admissible for comparing distances.

This leads to the following definition:

Definition 7. Let f: E x [0,T] — O(E, (d})je.s»(€}) jes, (|-] ;) je.sr) be given.
A curve X(+): [0,T] — E is called a fimed solution to the mutational equation

() 3 f(F), )
in (E, 9, (c;’;-)jey, (€)jess ([-)j)jesrs (5j)j€y> if it satisfies for each j € .7
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1.") X(-) is continuous with respect to €; in the sense that there exists a modulus
of continuity ®;(x;-) : [0,e0[ — [0,00[ with li% w;(x;p) = 0 and
p

ej(x(s), x(r)) < wj(x, t—ys) forevery 0 <s<r<T,

2. for each element Z € &, there exists 0,j(X;Z,-) : [0,00] — [0,0[ such that
for #'-ae.t €[0,T[:
- . L Ees oy GEERNE
lim sup 2009 Seh) - 400D, 50T - () Fw ()05 5 R;)
hl0O
for any & € B(E,,(d)), (@), (1-]))). s € [0, T;(8.2)[ with [¥()], < &,
and s+mz < mx(t),

3) sup [F(0)]; < e,
te(0,T]

4.) foreveryr € [0,T], mXx(t) = m x(0) + ¢.

In combination with Lemma 5, the same arguments at .#’' -almost every time as for
Proposition 6 (on page 339) lead to the following estimate:

Lemma 8 (comparing timed solution and curve in 9 along transition).
Let X(+) : [0,T] — E be a timed solution to the mutational equation

o

() > f(F),-)
in the tuple (E, é, (de)je% (?j)je% (Hj)je% (Bj)jef)-

Suppose O € O(E, 7, (d)ic.r,(@&)ic.r,(|]1)i), 1€ F, 7€ D, s€[0, T;(9,2)],
1€ [0,T] to be arbitrary with s+mz < mXx(t) andset Rj := 1+sup [X(-)]; <oo
as an abbreviation.

Then,
dG(D(s+1,9), Tu+h) < (4(3(2), 70))

+h- sup 5](5’ f(;{()’)z, R])) . eDlj()?;Z,Rj)h
[t,1-+]

forevery h € [0, 1] with s—i—hSTj(g,Z) and t+h<T. O
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4.3.1 Continuity with Respect to Initial States and Right-Hand Side

In § 3.3.1 (on page 189 f.), we suggested the auxiliary distance function

[0,T] — [0,00, £+ inf  (dj(z,x(r)) + d;(z.¥(1)))

Z€E: |z]; <R;
for comparing two solutions x(-), y(-) : [0,7] — E to mutational equations.
For taking the separate time component into consideration, this proposal was modi-
fied in Proposition 3.40 (on page 224):

[0,T] — [0,00], ¢+ inf {d;(Z.3(1)) + d;(Z5(0)) | Z€ E: |2]; < R;}.
Now we have to obey in addition that arguments of d1stances are sorted by time and
that timed solutions are characterized by comparing with evolving test elements of
2 shortly. Thus, it is plausible to consider the auxiliary distance function

t s inf {d;(Z30)) + d;(Z30)) | 7€ 2:12]; < R;,
m Z < min{m x(t), m y(r)}}.
This infimum at time ¢ € [0,7 is approximated by a minimal sequence (Z,)en in
2 whose elements evolve along the transition f(f( t),t) characterizing X(¢ +-).

An additional assumption about its time parameters
T; (f(f(t), t), Zn), n € N, however, is required so that
we can compare the evolutions for a sufficiently long
time. Indeed, without such a lower bound providing
a form of uniformity, the typical approach to a global
estimate by means of Gronwall’s inequality might fail
because two limit processes are exchanged.

The detailed analysis leads to the following versions:

Proposition 9.
Assume for f,g - E x [0,T] —>9(E 2., )],(eJ)J,(H ) ) and %,y : [0, T] —E
that X(-) is a timed solution to the mutational equation ( )3 F(x(),) and
¥(+) is a timed solution to the mutational equation y( )280(-),")
in the tuple (E, 7, (d))je.r, (€))jes: (|:]j)jer: (Dj)jer)-
For some j € .7, let @;,7;,R; > 0 and @; € C°([0,T]) satisfy for every t € [0,T]

1x(0)];, (@®)]; < R;

_sup {0 (B2 R)), aj(&v;'iRj)} <

7€ 7|2, <R; R

1 (fE0).0) < %

imsup  sup  D; (FE(e),1), FF(+h),1+h); ) < (1)

R0 Ze:|7];<R;

limsup  sup  D;(f&(t).1), FEe+h),t+h); ) =0
hl0  Ze:|7];<R;
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For some ¥ € @(E,@,(di)i,(?i)i,(L~j,~),') assume inf T;(%,z2) > 0 and
7€ 9: [zl; <R;

sup sup Dj(~ F&@)0: Z ,-) *.
1€l0.T] ze2:(z); <R,
Considering the distance function
0;:[0,T] — [0,c0],
t — inf {d;(Z,X(t)) +d;(Z5()) |Z€ 21 |Z]; < R;,

m 7 < min{m x(¢), 7 y(¢ }}
suppose at Lebesgue-almost every time t € [0,T] that the infimum of 0;(t) can be
approximated by a minimal sequence (Z,)nen in 17 satisfying

sup, [2n); < Rj,
MZn < W Zpr1 < min{m x(t), m j}v(t)} for every n e N,

inf T;(f((0).1), %) > 0.

! ~ ~
Then, 8i(r) < (8;(0) + / @j(s) e % ds) %! forevery 1 €0,T].
0

Proposition 10.
Let f,§:E x 0,7] — @(E 2, (d )Jv(ej)Jv(Hj)j)a %y:[0,T| —E, je.7,
@;,7;,R; >0 and ¢; € C°([0,T]) fulfill the same assumptions as in Proposition 9.
Considering the same distance function
8+ [0,T] — [0,],
t — inf {d;(Z,3(t)) +d;(Z5()) |Z€2: |Z]; < R;,
m z < min{m x(t), m y(1)}},
suppose at every time t € [0,T] that the infimum of 6;(t) can be approximated by a
minimal sequence (Zy)nen in 9 satisfying
sup, |Zn); < Rj,
MZn < Mz < min{mx(r), my(t)} foreveryneN,
&G, 5(0)) + di(Gn 30) — 8(0)
T, (FE()1), )
Furthermore assume the local equi-continuity of the distance family
dj(Z): ImZ e xE — R (F€ 2, [Z];<R))
in the following sense:  Every sequence (E,,)neN in E and element E € E with
lirr; a(g,,,g) = 0 foreachi€ ¥ and m E,, <m En+1 ya 71715 forn — oo
;lzgve the asymptotic property

lim s {7 &) — dE &) | 7€ T mi<m&, [E;<R} = 0.

— 0 for n — oo,

t —~ —~
Then,  &(1) < (8;0) + / 0i(s) e %70 ds) B forevery 1€ [0,T].
0
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Remark 11.  On the basis of Remark 2 (i) (on page 336), Proposition 9 implies
the estimates of Propositions 3.11 and 3.40 (on pages 189, 224) as special cases.

Advantageously, Proposition 10 dispenses with supposing a positive bound of the

time parameters like T ;(f(X(t),7), z,), but it makes assumptions about the relative
features of T;(f(X(¢),1), Z) and d;(Zn, X(t)) + d;(Zn, 7(t)) — 8;(1) for n — eo.

This conclusion, however, results from another semicontinuous version of Gron-
wall’s inequality specified in Proposition A.4 (on page 442) and thus, it requires fur-
ther assumptions about the equi-continuity of dNJ(Z ):E—R(Ze?, [Z] i <Rj).
Note that the timed triangle inequality of d;(, -, L.e.

dj(@,w) < dj(i@v) + d;(7,w)
whenever i,7,w € E satisfy mpu < mv < mw, is always sufficient for this
supplementary hypothesis.

Proof (of Proposition 9). It is based on the same notion as Proposition 3.11.

Choosing a timed transition ¢ with 75 :=inf; 7. - . T;(9,2) >0 and

sip  swp D (D, J50).0: % Ry) <
1€[0.T] ze2: (2], <R,

Lemma 8 (on page 340) provides a constant C = C(¢, it 0) < oo foreacht €]0,T]
such that for every 1 €]0, 75[ and 7€ Z with h+mZ < min{m x(¢), m y(t)},
|Z]i < R, the following estimates hold

dj(D(h,2), ¥(1) < (dj(Z Xt —h)) + Ch) - "

di(0(h2), 3()) < (d;(Z $(t—h)) + Ch) - .
Due to property (5.) of timed transitions, it implies §(t) < limsup 6;(r —h).

h10
At L'-ae. timet € [0,T[, we can choose a sequence (Z,)ney in 2 and 7 > 0 with
sup, LE"JJ R

A

js
< min{m x(¢), my(t)},
T (FE0.0.5) = 7. i
Lemma 8 (on page 340) implies for eachn € Nand h € [O, T;(f(x(2),1), zn) [
dj(f(x(0).1) (h, %), X(t+1))
< (4G, #0)) + - sup Dy (F(R0).0), FEC), ) 2 Ry) ) -

| En < Ty Zn-‘rl

and
dj (f(kv(t)at) (hv Zn)v S}V(t+h)>
< (4G 50)) + - sup By(FE(0.0), BG(),): o Ry)) e,
[t,14h]
Hence, we obtain an upper bound of

8i(t+h) < di(f&(1).1)(h,Zn), Xt +h)) + dj(f&().1) (%), F(t+h))
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for every h € [0,7[ C [0, inf T;(f(¥(t),1), Zn)[ and, n — oo leads to
m

8j(t+h) < (Sj(t)—i—h- sup sup D;(f(¥(t),1), F(%(),"): Z R))
[ne+h] zeg
+hsup sup D (F(E(0).1), EF0), )5 T Ry)) e
[th_h] €9
Thus,
limsup w < - 6i(t) + 0+ @j(t) < eo.
hl0
Finally Gronwall’s inequality in Proposition A.2 (on page 440) implies the claim.

O

Proof (of Proposition 10). It draws conclusions very similarly to the preceding
proof of Proposition 9, but cannot rely on uniform positive bounds of the transition
parameter T(-,-). For this reason, it uses the modified Gronwall’s inequality in
Proposition A.4 (on page 442) for the first time so far.

Choosing any sequence ki, | 0, the assumption about local equi-continuity of d~]('zv, )
ensures for every r €]0, 7T

Tim sup {dj(Z 7)) — dj(E Ft—ha)) | mZ< mF1) ~ b [2];<R;} =0
€9
lim sup {dNJ(Z, 1)) — dNJ'(Z, Y(t—hy)) ‘ mzZ<myt)—hn, [2];< RJ} =0

n—oo _ T~
€9

and, it implies ~ §;(r) < liglnlionf 0j(t—h) foreveryt<|0,T|.

At every time 1 € [0, T, we can choose a sequence (Z,)nery in 2 with
sup, |z < Rj,
MZn < MZnp < min{mx(t), my()},
dj(@, (1)) + dj@n 3(0) = 8;() < 55 Ti(F(E(0).0), %)
In exactly the same way as for Proposition 9, Lemma 8 (on page 340) provides an
upper bound of
8j(t+h) < dj(f(F(1).1) (h,Z), X(t+h)) + d;(F(&(t),1) (h,Z0), (e +h))
for every h € [ , T;(f(%(r),1), Zx) [ now still depending on n € N though:
8i(r-+h) < (8(r) + HUEGDE) 4. sup Dy (FE0.0), FZ0). ) % )
t,t

+h sup Dy (F(F(1),0), EE(),): Fay Ry) ) €%
[t,t4h]

Setting 4 := —T-’(f(i(nt)’t)’zn) <

(Zu)nen ensure for n — oo
8;(t+h) — 8;(t)
7

% for each n € N respectively, the assumptions about

liminf

h10
Gronwall’s inequality in Proposition A.4 (on page 442) bridges the gap to the
claimed bound for every € [0,7]. O

< - 6i(t) + 0+ @j(t) < eo.
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4.3.2 Convergence of Timed Solutions

In spite of all the conceptual generalizations presented in Chapter 4 so far, the char-
acterization of timed solutions is stable with respect to the same type of graphical
convergence as in § 3.3.2 (on page 190 ff.) and § 3.5 (on page 221 ff.).

The following theorem lays the foundations for constructing timed solutions to
initial value problems by means of Euler approximations in the next section.

Theorem 12 (Convergence of timed solutions to mutational equations).
Suppose the following properties of

fas FEx[0,T) — @(E@,(Ji)iefa(gj)jef,(L'Ji)fef) (neN)
Xny X [0,T] — E :
1) R; s=sup [X(r)]; + 1 < oo,
a;(z,p) = sl;tp (%02, p) < oo foreach 7€ 7, p >0,
B; = s;lp Lip (%(-) : [0,T] — (E,&})) <o forevery j€ 7.

2) %n () 3 fuu(-), ) (in the sense of Definition 7 on page 339) for every n.
3.) Equi-continuity of (ﬁ)n at (x(¢),t) at almost every time in the following sense:
foranyZe J and L -a.e.1€[0,T]: lim Dj(fo(X(t),1), fulns1a): 5 7) =0
foreach j€ 7, r >0 and any (t,,),,r;;: n)nen in [t,T] and E respectively
satisfying ,}LHL t, =t and nILHL d;(f(t),yvn) =0, sup |y.]i <R; foreachi,
Ty, \, T x(1) }()EVNI’Z — oo,
4.) For £"'-almost every s € [0,T| and any t < t' in [0,T], there is a sequence
nm /" o of indices (depending on s,t,t") that satisfies for m — oo
(i) D;(f(F(5),5), fun(3(5),8); 5 7) — O forallZe P, r >0, j€.7,
(i) 38 \0: Vj:di(F(t), Tny(t+8m)) — 0, 13, (t+6) \ 71 X(t)
(iii) 3 8, \O0: V)1 dj(Fnpy (1= 80), (1)) — 0, 701 %o, (1= 8) / T (1)

Then, X(-) is always a timed solution to the mutational equation X(-) > f(X(-), ")

in the tuple (E, 2, (d)) je.s, (€))jess (1] })jess (D) jer)-

Remark 13.  In comparison with Convergence Theorem 3.13 and its timed coun-
terpart (i.e. Theorem 3.42 on page 225), assumption (4.) is slightly stronger because
convergence property (ii) is now supposed for every ¢ € [0, T[. This modification is
required for proving the Lipschitz continuity of X(-) w.r.t. each ¢;.

Itis caused by two differences in general assumptions between Chapter 4 and § 3.5:
First, d;,e; do not have to be symmetric. Second, hypothesis (H3") (i’) (on page 334)
considers only sequences with a stronger condition on their sorted time components

than hypothesis (H3) (i’) (on page 221).
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Proof.  In comparison with the proof of Theorem 3.13 (on page 191 ff.), we just
have to take two key aspects into consideration properly: Arguments of distances
are sorted by time and, timed solutions are characterized by means of comparisons
with evolving earlier test elements of 2.

For the sake of transparency, the analogous formulation is to underline the parallels.

Choose the index j € .# arbitrarily.
Then x(-) : [0,T] — (E,¢;) is Bj-Lipschitz continuous. Indeed, for any # < ¢’ in
[0, 7], assumption (4.) provides a subsequence (X, (-)) and sequences &, \, 0,

~ meN

Om "\, 0 satisfying for each index i € .
di (x(t), B (1480)) — 0, 7%, (1 +8,) L m X(7)
~ ~ ~ for m — eo.
di (%, (t' = 8n), X(1")) — 0, X, ([t —8n) S m ()

Firstly, we conclude m x(¢') = ¢ —t + m X(t) = m Xy, (t') for each m € N.
Secondly, the uniform f3;-Lipschitz continuity of X,(-),n € N, with respect to ¢; and
hypothesis (H3”) (i’) (on page 334) imply

& (x(0), %)) < limsup (%o, (7 + 8n)s T (7' — )

m—s oo

limsup Bj \t’fgm — t — O

IN

m—eo

Bj |t —1l.

Moreover, hypothesis (H4) about the lower semicontinuity of |- | ; ensures
[%(¢)); < liminf [, ('~ 8,)]; < Rj—1.

IN

Finally we verify the solution property

d;(D(s X — di(D(s2), 7(1)) - 4 TP ~ o~ o~ _
d;(O(s+h.2), K(t+h)) hd,(ﬂ( 2), x(1)) - ¢% < B,(B, FE0)1): %K)

limsup
h1O

for .#!-almost every ¢ € [0,T[ and any O € é(g,é, (c’i;)iej,(E,-)iej,(L~j,-)iej),
7€9, se [0, Tj(‘l?,f)[ with s+m 7z < m x(¢).
Indeed, for Lebesgue-almost every ¢ € [0,T[ and any & €0, T —¢[, assumption (4.)

guarantees a subsequence (fnm())m cn and sequences 8, N\, 0, 8, "\, 0 satisfying
foreach 7 € @ ie S, r>0and m — o

Bi(f(f(t)vt)v ﬁ,m(f(t),t);zr) —0,
Jz(f(t)» fnm (t + 6m>> — 0, Ty fnm (t + 6m> N\ T f(l‘),
di (B (14— 8,), X(t+h))  — 0,  mZy(t+h—8p) / T E(t+h).

For every test element 7 € & and each time s > 0 with s+ mZ < m X(¢) and
s+h < T;j(¥,z), we conclude from condition (8.) on timed transitions that for all
k €0, h[ sufficiently small (depending on £, s,¢,7)

d;(D(s+h,3), Ft+h) < dj(D(s+h—k7), X(t+h)) + h>
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Lemma 8 (on page 340) and the semicontinuity of a’NJ (in the sense of hypothesis
(H3’) (i’) on page 334) imply

dj(0(s+h,2), X(t+h) — i

< dj(O(s+h—k2), x(t+h))
< dimsup (4(3(s, D, T r+k—8) +
(k) s DD, fu, () ZRy) ) eBERD O,

[t+k—8n, t4+h—5y]

Choosing now suitable subsequences (8, )icn, (8n, )icn and a sequence (k;)en
such that the preceding limit superior for m — e coincides with the limit for [ — oo

and 8y, <kj— &y, < % for each / € N, we obtain successively

llim c@()?(t), fnml(f‘Fkl_gmz)) =0,

limsup dj(9(s,2), X, (t+k—0m)) < dj(9(s,2), X(1))

| — o0
as consequences of hypotheses (H3”) (ﬁl), (T”) (on page 334). Now | — oo leads to
di(O(s+h,73), X(t+h) — 20 — d;(D(s,2), %(1)) - XER)
< h-limsup sup Bj(ﬁ, ﬁm(fnm(), O E,Rj) . o0 ER)

m—eo [t+8y,, t+h]|

For completing the proof, we verify

limsup limsup  sup  D;(0, fu, (T (),): ZR;) < Dj(0, F(&(1),0): Z,R;)
hl0 m—oo (148, t+h]

for .#!-almost every r € [0,T[ and any subsequence (Xy,(+)) _ satisfying

meN
{CZ({(;), T (t+0m)) 0
Di(f(&(t).1), fu, (¥(1),1): Z.7) — 0

for m — o and each i€ .#, r > 0. Indeed, if this inequality was not correct
then we could select € > 0 and sequences (%;);en, (17)1en, (s1)ien s.t. forall €N,

Bj(57 ﬁzm, (X, (¢ 50), 1+ 51); Z,Rj) > ﬁj(g, FE(e),1); ZRj) + ¢,
S < st << g, mp>1
Due to property (H3’) (ii}), the uniform Lipschitz continuity of (X, (+))men implies
lim di(3(0), %, (¢ +51) = 0

for each i € .#. Hence, at .#'-a.e. time 7, assumptions (3.), (4.) (i) and hypothesis
(H6’) (on page 337) lead to a contradiction with regard to D; (9, f(X(t),1); Z, r)
for any r > 0.

O
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4.3.3 Existence for Mutational Equations with Delay
and without State Constraints

Euler approximations in combination with a suitable form of sequential com-
pactness have proved to be very useful for verifying the existence of solutions to
mutational equations.

The concept of Euler compactness as specified in Definition 2.15 (on page 112)
and Remark 3.15 (2.) (on page 193) focuses on pointwise sequential compactness,
i.e., the convergence of Euler approximations is considered at an arbitrary, but fixed
point of time ¢ € [0, 7].

Preceding Convergence Theorem 12, however, admits vanishing perturbations with
respect to time. In general, this notion of convergence is weaker than pointwise
convergence if we dispense with the symmetry of distances and, it may be rather
associated with “graphical” convergence of curves in E.

Assuming compactness of Euler approximations with respect to this modified
convergence can be of particular interest whenever the transitions have “smoothen-
ing” effects on the elements of E instantaneously. Indeed, in subsequent § 4.4 (on
page 359 ff.), we consider geometric evolutions along reachable sets of differential
inclusion which exploit such an effect (see Proposition 36 on page 368).

Definition 14 (transitionally Euler compact).

(E, 2,(d))jes (€)jes (|'])jes, OE, D, (d)icr (@)ics (|-]i)icr)) is called
transitionally Euler compact if it satisfies the following condition for any element
Xo € E, time T €]0, 0] and bounds &; : 2 — [0,[, B;,7; >0 (j € .#):

Let A4 = A (X0, T, (0, Ej, Yj)je.#) denote the (possibly empty) subset of all curves
¥(+) : [0,T] — E constructed in the following piecewise way: Choosing an arbi-
trary equidistant partition 0 =1 <#; < ... <t, =T of [0,T] (with n > T) and timed
transitions ¥ ... 9, € @(E, 2, (d)ics, (€)ics, (Hi)iej) with
sup; ¥ (%) <
supe 0 (0 2 ([%o)j +7 T) €4 7) < ()
supe Bi(O ([Folj+7T)elT) < B;
for each index j € .# and test element Z € 7, define 3(-) : [0,T] — E as
j)v(O) ‘= Xp, Slv(l) = (l*lk_l, Slv(lk_l)) for ¢ E}tk_l,tk], k=1,2...n.

N

Then for each time 7 € [0, 7’| and sequence &, | 0, every sequence (y,(+))nen in A
has a subsequence (Y, (), and some element X € E satisfying for each j € .7,

nl)N’nm(t) = t+mXy = mX
Jim (0, 9 —0
lim sup d;(%, Yo (t +hy)) =

k— oo m>k
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Remark 15.  1If each distance function dNJ (j € #) is symmetric in addition, then
Euler compactness (in the form of Remark 3.15 (2.)) always implies transitional
Euler compactness — due to hypothesis (H3") (ii;) (on page 334).

Just for avoiding misunderstandings, we reformulate the definition of “Euler
equi-continuous” for the current case of possibly nonsymmetric distance functions.
The main idea coincides with Definition 3.16 (on page 194), but now the arguments
of e; are always sorted by time.

Definition 16.

(E> @ (d )Jeja (ej)JeJa (Hj)jef» (E @ (d )zeﬂ (€i)ics (Hi)ief)) is Callfffj
Euler equi-continuous if it satisfies the following condition for any element Xy € E,

time T €]0, o[ and bounds 0 : P — [0,e], ij?j >0(jes):

Let A = A (X0,T, (0}, B i.7j) je.sr) denote the (possibly empty) subset specified in
Definition 14. Then, for each index j € .7, there exists a constant L; € [0,o[ such
that every curve y(-) € .4 satisfies for all 5,7 € [0,T] with s < ¢

&i(5(s), 1)) < Lj-(t—>s).

In this particular sense of Lipschitz continuity (i.e. always with the arguments of ¢;
sorted by time), we also consider BLip(/, E; (&);, (|-]:);) from now on.
Finally the counterpart of Existence Theorem 3.43 (on page 226) states:

Theorem 17 (Existence of timed solutions to mutational equations with delay).

Suppose (E, 2, (d))jc.r (€)) jess (|-] ) jer, © (E D, (d)ics (@)ics,(|-]1)iesr))
to be transitionally Euler compact and Euler equi-continuous. Moreover assume for

a fixed period T > 0, the function

f+ BLip([~7,01. E: (@), (L)0)) x [0.7] — O(E, 7, (d)s. (@) (|-]):)
andeach'zveé, jJeESL, R>0:
1) sups(y, o(f((), 1% R) < oo,

2,) SuPy Lo Bi(FG0), 0 R) < e,

3) supy(y, 1(F(), 1)) < oo,

4.) foer1 -almost every t € [0,T]: lim lA)J(f(f,l,(),ti), f(j)v,%(),tf)'zv,R) =0
holds for each j € #, R > 0 and ;;; sequences (t))en, (t2)nen in [0,T] and
(n(Dners Ga(-Dnen in BLip([=7,0, E; (&))jers (1:]j)jer) satisfying
foreveryie # ands € [—1,0]

lim ¢} =¢= lim 2, lim c;':(fz(s),ﬂ(s)) =0 = lim &:(i(s),i,zl(s))

n— o0 n— oo n— o0 a2 n— oo
sup sup |y, (-)]i < oo,
neN [—1,0]
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For every function Xy(-) € ELip([—T,O], E; (€j)jess (|-]j)jer), there exists

a curve X(+) : [-1,T] — E with the following properties:
() X(-) € BLip([~7.T), E; (¢)) jess (L)) jer),
(i) T)[ = T,

(iii) the restriction X( )|[ is a timed solution to the mutational equation

(1) 3 FEE+)_pqp 1)
in the sense of Definition 7 (on page 339 f.).

0.7]

Proof.  Similarly to the proof of Theorem 3.19 (on page 197 f.), we use a sub-
sequence of Euler approximations for constructing a limit curve X : [—7,7] — E
and, Convergence Theorem 12 (on page 345) ensures that the restriction x(+)| 0,7] 1
a timed solution to the given mutational equation.

For every n € N with 2" > T, set

hy = L&, it i=kh, for k=0...2",
)7,,(~)|[470] = Xo,
Xu(t) = f()?n(t,]f+-)’[7r7o],t,]f)(t—t,lf, X(tK)) for t € )tk th+1] k<2,

Xu(1) = f(fn(ﬂ-)y[_ﬁo],T)(pT, %,(T)) forte]T, T+1].

Due to Euler equi-continuity, there is a constant L; € [0,oo[ for each index j € .¥
such that every curve X,(-) is L;-Lipschitz continuous with respect to ¢;. Setting

Yj :=sup ¥;(f(-,)) < e, Lemma4 (on page 338) guarantees for every ¢ € [0, T +1]
and each j € .

B0 < ([%0(0)]j+7 - (T+1)) - BT+ = R;.

The next step focuses on selecting subsequences (X, (+))meN, (A Jmen such that

some X(-) : [-7,T] — E satisfies X( )[~z,0 = Xo and forevery ¢ € [0,T], j € .¥

lim  d;(%, (t —hy ), 3(1)) =0
m— oo =

lim  d;(x(r), Xny(t+hy)) =0
m— oo

mx(t) =t + mx0(0).

Indeed, at every time ¢ € [0,7 +1], transitional Euler compactness provides a se-
quence n; /" o= of indices and an element X(z) € E satisfying for every index j € .

lim - d; (%, (1), X)) =0
lim sup d;(X(t), Xu(t+h)) = 0.
k—eo >

Now Cantor’s diagonal construction lays the foundations for extending this selec-
tion to countably many points of time simultaneously. In particular, there exists a
joint sequence ny " e and a function X(+) : [0,7] NQ — E such that for every
rational ¢ € [0,7] and each index j € .7,
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Jim dj (%o, (1), X(1)) =0
lim sup dj(x(r), Fn(t+h)) =0
— 00 l>

77:1)7(1‘) =1+ 77:1)70(0).

Choose ¢ € [0,T]\ Q arbitrarily. As a consequence of transitional Euler compact-
ness again, there exists a subsequence ny, oo possibly depending on ¢ such that an

element %(t) € E fulfills for every index j € .%

Jim dj(%, (1), X(1))
lim sup d((), Xnkl/(f‘f‘hl))

| —oo >

0
0.

mx(t) = t + mxp(0).

Hypothesis (H3") (on page 334 f.) even ensures the convergence of (fnk()) ren at
this time 7 € [0, 7]\ Q in the following sense for each index j € .#

lim dj (T (1 = hy), X(0)) =0
lim - d; (¥(0), Tt 4+2h) = 0. )

Indeed, assumption (H3") (T’) implies for every s € [0,/ NQ and j € ¥
¢j(x(s), x(r)) < limsup Ej(fnkl (s+hy,), fnkl (1)) < Ljls—1].
| — o0

Choosing any sequence (s;);en in [0, NQ with 7 —h; < s; <t foralll € N,
we obtain for every index j € &

lim d;(%s), @) =0,

khm ;(ink (s1), X(s)) =0 foreach/ € N,
lim sup (%, (t—h), X (s1)) < lim Ljh = 0.
I—e LeN [—oo

and thus, hypothesis (H3") (iiir) (on page 335) guarantees
llim d}(fnl (t—h), %)) =0 foreach j € 7.

Similarly any sequence (s});en in |, T+1]NQ with r < s < ¢+ hy for all [ €N leads
to

llim c;'vj()?(t), x(s))) =0,

klim c’iv](f(s;), X (S)+h)) =0 foreachl € N,
lllm sup EJ(fnk(S;—l-h[), fnk(l‘—I—Zhl)) < llim Lih =0
=% keN e

for every index j € .# and thus, hypothesis (H3’) (i?i;) (on page 335) implies
llim dj(x(1), Xn(t+2h)) = 0 foreach j € ..

In a word, preceding statement (*) about the convergence of (%, (-)) reny holds at
every time ¢ € [0,7].
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For every r € [0,T], the estimate |x(r)|; < R; results from hypothesis (H4’)

about the lower semicontinuity of |- |; (on page 335) and, x(-) : [0,T] — (E,¢;) is
also L;-Lipschitz continuous (in time direction) due to the lower semicontinuity of
e; (in hypothesis (H3) (i’)). Defining x(-) ’ 0T Xo(-), we obtain

() € BLip([~7.T], E; (&) jes (|- })jesr) -

Finally, Convergence Theorem 12 (on page 345) is to guarantee that x(-)|jo,7) is
a timed solution to the mutational equation

X() 5 FE )| o gr 1)
in the wple (E, 7, (d))je.r, (&))jes» (L]i)jess (Dj)jes)-
Indeed, each shifted Euler approximation X, (- +3hy) : [0,T7—3h,] — E, n € N,
can be regarded as a timed solution of ;7() > fu(-) with the auxiliary function
Fi[0.T) — B (E, Z,(d))jer @) jess () ))jes),
fult) = ~(}n(-)|[t5+3_17t5+3], t543) forany r € [tk 1], k < 2",

(The time shift here is caused by convergence statement (x) and ensures that all
arguments below are sorted by time properly.)

Similarly set £ [0,T] — O(E, 2,(d)) je.r () jess(|-]))jer),
t’—>f()7(t+')’[7170], ).

At #!-almost every time ¢ € [0, T], assumption (4.) has two essential consequences.
First, with the abbreviation 7}, := ([7=]43) hu, € Jt 42k, t+3hy],
3

Di(f(t), fu (1):2.p) = Dj(fEt+)—r.0p 1)s FGu(th +Miz.0 1h): Z.P)

k— o0
— 0,

forevery j€ .7,2€ 9 and p > 0 because forany i € .# andt € [0,T], s € [-1,0],
statement () about the convergence of (X, (-))men and hypothesis (H3”) (ii;) imply

k— o0

dNi()?(t—i—s), fnk(t,lqk +s)) — 0.
Second, we obtain for any sequence txy — #in [¢,T] and 7 € é, jeEFL, p>0
Dj(fu (1), fug 0): 2, p) = Dj(f G (th, +i—z.005 12,),
FGuy (4 )0 1) 2 p) =50
with the abbreviations 7}, := ([ﬁ] +3)hy < Bk o= ([htTkk] +3) hy, because

due to hypothesis (H3’) (ﬁl) and statement (x) again, the following convergences
hold forany i € .#, s € [-1,0]

&t +s), Tl +5)) =50, &7t +s), T ik +5) =50,
Hence, the assumptions of Convergence Theorem 12 are satisfied and, x(-)| 7

~

solves the mutational equation X(-) > f(-). O
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4.3.4 Existence of Timed Solutions without State Constraints
due to Another Form of “Weak” Euler Compactness

Now we formulate the counterparts of the results in § 3.3.6 (on page 206 ff.).
The main idea is again that firstly, each distance function d;, €; (j € %) can be
represented as supremum of further distance functions c’ivj,,(, €ix (k€ ) and
secondly, the assumptions about sequential compactness focus on the right conver-
gence with respecttod; (j € S, k€ 7).

In contrast to § 3.3.6, however, we consider the left convergence with respect to
each d; (j € .#). This difference in regard to topology is particularly useful for
proving the adapted Convergence Theorem (in Proposition 21 on page 355 below)
and, it motivates the term “strong-weak” for the current form of transitional Euler
compactness in Definition 18.

Additional assumptions for § 4.3.4.

In addition to the general hypotheses (H1), (H3’), (H5*)—(H7’) about the distance
functions d,,e, (PUE) x (2UE) —> [0,00[ specified in § 4.1 (on page 334 ff.),
let _# # @ denote a further index set. For each index (j, k) € & x _Z, the functions

db,(, €ix: :EXE — R+ are assumed to fulfill in addition to hypotheses (H1),(H3")
(H4") |-]j is lower semicontinuous with respect to (d,-_,,(),-ey_’,cef, ie.,
I_fjj < liminf L)AC'an
n—s oo
for any X € E and (X, )nen in E fulfilling for eachi € ., x € ¢

lim d, x(Xn,x) = 0, T Xy /" 7 X forn — oo, sup | X, ]i <eo.
oo neN
(H8”) J](’ ) = sup @7K(~,-), €j(-,-) = sup €j(,-) foreachje .7,

NS Ke g

Definition 18 (strongly-weakly transitionally Euler compact).

The tuple (E, 7, (d))jer, (djx)jes.xe g+ (€))jess €jx)jesxe s> (] i)jes
(E @ (d ),ey, (€)ics, (-] )l'ej)) is called strongly-weakly transitionally Euler

compact if it satisfies the following condition for any X, € E, time T €]0,eo[ and

bounds 0;; : D — 10,00, B\ja?j >0(jef):

Let A = A (X0,T, (0}, B i.7j) je.sr) denote the (possibly empty) subset specified in

Definition 14 (on page 348). Then for each time ¢ € [0,7[ and sequence Ay, | 0,

every sequence (Y, (-))sen in .4 has a subsequence (Y, (+)),,cy and some element

X € E satisfying foreach j € % and k € ¢,

T Yn, (1) = t4+mX = mX
Tim  dj e (3, (1), %) =0
lim sup a?vj()?, Y (E+ i) = 0.

k— oo m>k
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Remark 19.  The essential difference between Definition 18 and its counterpart
in Definition 3.27 (on page 207) used in Theorem 3.44 and Proposition 3.45 (on
page 227 ff.) is that d; « is considered only for the right convergence, i.e. for all j, K

lim dj (1), X) = 0,

m—

whereas the left convergence is formulated with respect to d; i, 1.e. forall j € .7,
lim sup d;(f, Yuu(t+h)) = 0.

7 m>k
The main advantage of this stronger type of convergence is that we obtain exis-
tence and convergence results about timed solutions to the mutational equations
— without assuming the triangle inequality for each d; (j € .#) in addition (as in
Theorem 3.44). In the geometric example of subsequent § 4.5 (on page 372 ff.),
this special form of compactness proves to be appropriate indeed.

Theorem 20 (Existence due to strong-weak transitional Euler compactness).
Suppose the tuple (E 2, (d})jes (djx)jes e B2 (€))jes (€j,x)jers ke B2 (L1
(E 2, ( ,),,(el)l,(L 1:)i)) to be strongly weakly transitionally Euler compact

and (E 9 (dj)jes, (€j)jes: ([']j)jes, O (E 9, (d l)l,(el)l,(u ),)) to be Euler

equi-continuous (in the sense of Definition 16 on page 349).
Moreover assume for a fixed period T > 0, the function
£ BLip([=7,0], E; (&)is ([-))i) < [0,T] — O(E, 2, (di)i, (&)is (|-]):)
andeachZEé, jeEIL, R>0:
]) Sup}()t O‘J(fN(S;()’t)aZ? R) < oo,
2.) sup} i Bi(FOC) 0 R) < oo,
3.) supsiy V(F((), 1)) < oo,
4) or,jfl -almost every t € [0,T] : hm D, (f( 10),th), FG2(), 12); ZR) =0
t

for each je .Z, R >0 and any sequences (tDnen, (t2)nen in [0,T] and
(

Fh(Dnere G2(-Dnen in BLip([=7,0], E; (€))jes, (|:)))jes) satisfying
foreveryi€ % ands € [—1,0]

lim ti =t = lim t,%, lim dN,(jT(s),jzv,ll(s)) =0 = lim dt@(s),i,%(s))

n— o0 n— o0 n— o0 o n— o0
sup sup [y, “(-)]i < ee.
neN [—1,0]

For every function Xy(-) € ELip([—r,O], E; (€)jes, (I)j)jes), there exists
a curve X(+) : [-1,T] — E with the following properties:

(l) }() € ELlP([*T, T}, E; (Zj)jeﬂ, (LJJ)]EY)?

() FO)_rg = Rl

(iii) the restriction X(-) |[

]

07) i @ timed solution of x(t) > f(f(t + -)’[7170], 7).
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The proof of this Existence Theorem is based on exactly the same conclusions as the
one of preceding Theorem 17 (on page 350 ff.). Indeed, the first key difference is
due to considering d; « (j € &,k € ¢ ) for all statements about right convergence.
Second, we need an adapted form of Convergence Theorem:

Proposition 21 (about “strong-weak’ convergence of timed solutions).
Suppose the following properties of

Fur £ EX[0,T] — O(E, 7, (di)ic.r (@) jes (| ]i)icr) (n€N)
Xp, X : [0,T] — E :
1) R; s=sup [X,(r)]; + 1 < oo,
a;(z,p) == Sl;tp ij(fn;z P) < o for each 7 € é, p >0,
Bj = Sl:l:tp Lip (X,(-) : [0,T] — (E,?])) < oo foreveryj€ .z,

o

2.) %0 (-) 2 fu®u(-),-) (in the sense of Definition 7 on page 339) for every n.

3.) Equi-continuity of (fn)n at (x(¢),t) at almost every time in the following sense:
foranyZe J and £'-a.e.t€(0,T]: lim D;(fu(®(1), 1), fuGasta)s Z7) =0
foreach j€ .7, r>0 and any (ty)nen, Vn)nen in[t,T) and E respectively
with lim t, =t and nli_lgo dA;(kv(t),szn) =0, suI[;I |¥nli <R; foreachi,

ne

n—oo

T yn \, T X(2) forn — oo,

4’.) For £'-almost every s € [0,T[ and any t <t' in [0,T], there is a sequence
- / oo of indices (depending on s,t,1') that satisfies for m — oo
(i) Dj(f(R(5),5), fon (F(5),8): 2, 7) — 0 forallZ€ 2,r >0, j€ .7,
(i) 38, \0:Vj:  dj(F(1), Xup(14+8n)) — 0, m o (1+8m) N ¥(1)
(ii) 38 \0: ¥ j, K2 dj e (T (1= 8), (') — O, 701 Ty ('— 8) /T (1.

Then, x(-) is always a timed solution to the mutational equation X(-) > F&O), )
in the tuple (E 2, (d))jes, (€))jes, (I-)j)jes, (Dj)jes).

Proof (of Proposition 21). It imitates the proof of Convergence Theorem 12 (on
page 346 f.), but takes the right convergence with respect to d; (kK € #) into
consideration appropriately.

Choose the index j € .# arbitrarily.
Then x(-) : [0,T] — (E,¢;) is Bj-Lipschitz continuous. Indeed, for any # < ¢’ in

[0,T], assumption (4’.) provides a subsequence (fnm ())m < and sequences Om \, 0,
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Sm \ 0 satisfying for any indices i € £,k € ¢

di ((r), T (4 8)) — 0, 711 T, (£ + )\, 71 X(7)
~ ~ ~ for m — oo,
di (X, (t' = 6, X(1")) — 0, 71X, (' —6n) / mX(t)
First, we conclude m x(t') = ¢/ —t + mx(t) = m X,,(t") for each m € N.

Second, the uniform B -Lipschitz continuity of x,,(-),n € N, with respect to ¢; and
hypothesis (H3’) (i) about (€;,x) je.7 ke s (on page 334) imply for each k € _#

&i(3(0), (1)) < limsup €T (t+ ), T (' — 8))
m—» oo
< limsup B |t — 8y — t — Onl
m—» oo
S ﬁ] ‘tlft‘a

N

&i(%(0), 7)) < Bjle' 1.

Moreover, hypothesis (H4") about the lower semicontinuity of |- | j ensures

|X(¢")]; < liminf |%,, (' —&,)]; < Rj—1.

m-— oo

Finally we verify the solution property

1:(O(s X — d:(D(s3), (1)) TP B ~ o~ o~ _
d;(O(s+h.2), H(t+h)) hd,(ﬂ( 2), x(1)) - ¢% < B,(B, FE0) 1) % R)

limsup
h10
for .#'-almost every ¢ € [0,T[ and any O € @(E,é, (d)ic.ss@)icrs(|-]1)ics)s
7€9, se [0, Tj(‘l?,f)[ with s+mz < m x(¢).
Indeed, for Lebesgue-almost every ¢ € [0,T[ and any & €0, T —¢[, assumption (4.)

guarantees a subsequence (Xp, (+)) and sequences 0, \, 0, 0, \, O satisfying

meN
foreachze 2, ic S, xe€ Z,r>0and m — oo

Di(f(%(£),1), o, (F(1),0): 5, 7) — O,
d; (3(1), X (t4+8m)) — 0, WX, (t4+8n) N\ m (1),
El}dfnm (t+h— Sm), f(H—h)) — 0, mX,, [+h— 5,,1) /" m X(t+h).

For every test element 7 € 2 and each time s >0 with s+mz < mx(¢) and
s+h < T;(0,z), we conclude from condition (8.) on timed transitions that for all
k €10, h[ sufficiently small (depending on A, s,t,7)

di(D(s+h,2), Tt+h) < di(ds+h—k7), t+h) + .

Due to Lemma 8 (on page 340) and the semicontinuity of c’i;,c (in the sense of
hypothesis (H3”) (i’) on page 334), the index x € _¢# depending on h,k,s,,7Z can be
selected such that
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~ ~ ~ ~ ~ _ h?
di(O(s+h,2), Xt+h)—h< d;j(S(s+h—k73), ¥t+h)) — >

< dj(O(s+h—k2), X(t+h))
<limsup (@7K(5(s+hfk,2),fnm(t+hfgm))

< limsup (dj(g(s, 2), %, (1 + k= 8))
F (=K sup DD, fon () BR))
[t-+k—8n, 1+h—61)
x e%i(GR}) - (h=k)

From now on, the influence of the index x € _¢ is of no further relevance and,
we continue exactly as in the proof of Convergence Theorem 12:

Indeed, choosing suitable subsequences (6, )icn, (Sml)leN and a sequence (k;)jen
such that the preceding limit superior for m — eo coincides with the limit for / — eo

and 8, <k — 8y, < + foreachl € N, we obtain successively
lll)II‘;lc d; (kv(l), fnml (I +k— 5”"1)) = 0,
limsup dj(ﬁ(s, 2), fnml (t+k — 8m,)) < dj(z?(s, 2), f(t))
| — oo
as consequences of hypotheses (H3”) (ﬁl), (Y”) (on page 334). Now [ — oo leads to
dj(O(s+h,2), Xt+h) — 2k — d;(0(s,2), X(t)) - eHERI) 2
<h-limsup  sup  Dj(D, funGun(),)s ZLR;) - @R R
m—oo (148, t-+h]

For completing the proof, we verify
limsup limsup  sup  D;(&, fu, Gnn(-),): ZR;) < Dj (0, f(&(t),1); Z.R))
hl0 m—oo  [t45,, t+h]

for #!-almost every ¢ € [0,T[ and any subsequence (%, (-)) satisfying

meN
{ di(x(t),  Fu,(t+82)  — 0
Bi(f(kv(t)vt)a ﬁlm(f(t)’t)§ z, r) — 0
for m — o and eachi€ .#, r > 0. Indeed, if this inequality was not correct
then we could select € > 0 and sequences (%;);en, (17)1en, (81)ien s.t. forall €N,

{Bj(é, Fmy G (EF50), t+51): 5, R)) > Dy(0, f(&(1), 1) %, R)) + &,

S < st <y <5, m > 1.

Due to property (H3”) (iNil), the uniform Lipschitz continuity of (¥, (-))men implies
Jim di(X(t), X, (t+51)) =0

foreachi € .#. At Z'-ae.timet € [0, T[, assumptions (3.), (4 ) (i) and hypothesis

(H6’) (on page 337) lead to a contradiction with regard to D; (19 f(&(), 0): 2, r)
for any r > 0. ]
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4.4 Example: Mutational Equations for Compact Sets in RV
Depending on the Normal Cones

J (RN) consists of all nonempty compact subsets of RY. One of the main goals in
this chapter is to take the normal cones at the topological boundary of the respective
compact set into consideration explicitly. The introduction has already revealed that
there are some obstacles which we want to overcome by means of nonsymmetric
distance functions and the notion of distribution-like (timed) solutions.

In this section, we present a geometric example in detail. It also uses reachable
sets of autonomous differential inclusions for inducing transitions. A separate time
component, however, is of no additional use here and thus, we simply skip it.

4.4.1 Limiting Normal Cones Induce Distance d y on ¢ (RY)

The so-called Pompeiu-Hausdorff excess is an example of a nonsymmetric distance
function on % (RY) that is very similar to Pompeiu-Hausdorff distance d:
e“(K1,Kz) := sup dist(x,K>)
xeKy
e (K1,Kz) := sup dist(y,K)).
yeK
for K1,K € ¢ (RN). Obviously, the link to the Pompeiu-Hausdorff distance is

(ﬂ(K] ,Kz) = max{eC(Kl ,Kz), eD(Kl,Kz)}
(see also [10, § 3.2] and [162, § 4.C], for example).

In the following, we prefer taking the boundaries into consideration explicitly.
The Pompeiu-Hausdorff excess ¢ (Kj, K2), however, does not distinguish between
boundary points and interior points of the compact sets K, K;. Thus, a new distance
function d yn on 2 (RM) is defined in a moment. Strictly speaking, we even use
the first-order approximation of the boundary represented by the limiting normal
cones of a set. Following the standard definitions as in [162, 180], the proximal
normal cone NZ(x) and the limiting normal cone N¢(x) of any nonempty closed
subset C C R are introduced in Definition A.23 (on page 454).

As a further abbreviation, we set °N¢(x) := Ne(x)NB = {v € Ne(x) : |v| < 1}.

Definition 22. Set dyy : K (RY) x # (RY) — [0,09[,
d%N(Kl,KQ) = cﬂ(Kl,Kz) + eD(Graph bN](I, Graph bN[(Z).

Obviously, the function d 4 is an example of a so-called quasi-metric on the set
 (RN), ie., it is positive definite and satisfies the triangle inequality, but in gen-
eral, it is not symmetric.
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The properties of d 4y with respect to convergence depend on the relation be-

tween the normal cones of compact sets K, (n € N) and their limit K = Lim, . K,
in the sense of Painlevé-Kuratowski (if it exists).
In general, they do not coincide of course, but each limiting normal vector of
K can be approximated by limiting normal vectors of a subsequence (Knj) JEN-
This asymptotic inclusion is formulated in the next proposition and, its proofs re-
sults from Proposition A.72 (on page 487), [14, Theorem 8.4.6], [50, Lemma 4.1]
or [162, Example 6.18], for example. But the inclusion might be strict.

Proposition 23. Let (My)ren be a sequence of closed subsets of RY and
set M := Limsupy_, ., My in the sense of Painlevé-Kuratowski. Then,

(1.) Graph N}, C Limsup;_,., Grath,{;k,
(2.) Graph Ny C Limsup; .., Graph Ny, .

Corollary 24.  Let (My)xen be a sequence of closed subsets of RN whose limit
M := Limy_,.. M}, exists in the sense of Painlevé-Kuratowski. Then

Graph Ny C Liminf; _, ., Graph Ny, .
In particular, oM C Liminfy_ .. dM.

Proof is an indirect consequence of Proposition 23 due to M = Limy_,.. M. [

4.4.2 Reachable Sets of Differential Inclusions Provide Transitions

Now we focus on reachable sets of a differential inclusion
x'(-) € F(x(-)) and the evolution of limiting normal cones
at the topological boundary. In particular, we use the Hamil-
ton condition as a key tool. It implies that roughly speaking,
every boundary point xy of Y (#,K) and normal vector v €
Ny, (1,k) (o) have a solution of x'(-) € F(x(-)) and an adjoint
arc linking xy to some z€ dK and v to Nk(z), respectively.

Furthermore the solution and its adjoint arc fulfill a system of partial

differential equations with the so-called (upper) Hamiltonian of the

set-valued map F : RN ~» RV,

My RNxRVY — RN, (x,p) — sup p-y.
yEF(x)

Although the Hamilton condition is known in much more general forms (consider
e.g. [180, Theorem 7.7.1] applied to proximal balls), we use only the following
“smooth” version — due to later regularity conditions on F.
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Basic set E = (RV)
the set of nonempty compact subsets of the Euclidean space RY
Test set D = Ao (RY)

the set of all nonempty compact N-dimensional
¢! submanifolds of RY

Distance dyn(K1,Ky) := d(K;i,K>) + e (Graph "Nk, , Graph *N,)
with the limiting normal cone Nk, (-) (Definition A.23,
page 454),

"Nk, (x) := Nk, (x) "B = {v € N, (x) : |[v| < 1} and

Pompeiu-Hausdorff excess e~ (M, M,) := sup dist(y, M)
yeEM;

(It is not symmetric, but satisfies the triangle inequality.)

Absolute value [-]:==0

Transition Foreach F € LIPSLW) (RY,RN), i.e. set-valued map F : RN ~» RN
with compact convex values and C L1 Hamiltonian (Def.26), set
9 1 [0,1] x H(RV) — ¢ (RN)
by means of reachable sets of the autonomous differential inclu-

sion X' () € F(x(+)) a.e.:
Or(t, Ko) := {x(r) | there exists x(-) € W1 ([0,7], RV) :
X () €F(x(-) L'-ae. in[0,1],
X(O) S Ko}.

Compactness transitionally Euler compact — if the transitions are restricted to
(L)

maps F € LIPS /(RY, RY) ¢ LIPY) (RY, RY) (Definition 34)

due to smoothing effects of C2 Hamiltonians on interior spheres
in reachable sets (§ A.5.5): Proposition 36 (page 368)

Mutational solutions | Reachable sets of a nonautonomous differential inclusion
whose set-valued right-hand side is determined via feedback

— if all set values are C!'! submanifolds of RY: Remark 39

List of main results Existence due to transitional Euler compactness:
formulated in § 4.4 Corollary 37 (page 369)

Existence for equations with delay: Corollary 38

(No appropriate results about uniqueness or continuity w.r.t. data,
however, because lower bounds of T (9, M) > 0 are lacking for
M € 9 so far, see § 4.3.1. This gap motivates the next example
in § 4.5 below.)

Key tools The adjoint arc is a necessary condition on boundary points and
their limiting normals: Proposition 25 (page 362)

Boundary regularity of reachable sets of differential inclusions
(by means of adjoint arcs) in Appendix A.5 (page 454 ff.)

Table 4.1 Brief summary of the example in § 4.4 in mutational terms:
Mutational equations for compact sets in RN depending on the normal cones
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Proposition 25. Suppose for the set-valued map F : RN ~~ RN
1. F(-) has nonempty convex compact values,
2. H#%(-,-) is continuously differentiable  in RN x (RV\ {0}),
3. the derivative of % has linear growth in RN x (RV\By), i.e.
| D5 (x,p)|| < const-(1+|x|+|p|)  forall x,p RN, |p|>1.

Let K € ¢ (RN) be any initial set and ty > 0.

For every boundary point xo € d Ur(to,K) and normal v € Ny, x)(x0) \ {0},
there exist a solution x(-) € C'([0,10]),RY) and its adjoint arc p(-) € C'([0,1o),RV)
with

Y1) = L Ax(0), (1) € Fl), x(to) = %0, x(0) € IK,

P = =& Hr(x(0), p(1)), p(to) = v, p(0) € Nk(x(0)).

These assumptions give a first hint about adequate conditions on F : RV ~s RV
for transitions with respect to d . Supposing D7+ to be Lipschitz continuous
(in addition) provides some technical advantages such as global existence of unique
solutions to the Hamiltonian system (see also Remark 30 (a) below).

Definition 26.  For any parameter A > 0, the set LIPEL%?)(RN ,RY) contains all

set-valued maps F : RN ~» RV with
(1.) F:RY ~» R has nonempty compact convex values,
2) A () € CHRYx (RV\{0})),

Def.

Gy N Hrllcmyxas) = [ lcr@yx o) + Lip DAF|py g8, < A.

The Lipschitz continuity with respect to time is a first (and still rather simple) exam-
ple how the Hamiltonian system in combination with the bounds on the Hamiltonian
can be used:

Lemma 27. Forevery F € LIPE{%)(RN,RN) and K€ #(RN), 0<s<t<T,

din (Vr (5.K). 05 (1K) < A(FT+2) - (1),

Proof.  Obviously, the Pompeiu-Hausdorff distance satisfies for every s,z >0

d(Vr(s,K), Or(1,K)) < sup [[F()[leo - |t —s] < Ar—s].
RN

Proposition 25 guarantees that for every 0 <s <t¢, x € dOp(t,K) and p €

k’NﬁF(,_,K) (x)\ {0}, there exist a solution x(-) € C'([s,#],R") and its adjoint arc

p(-) € C'([s,1],RN) satisfying

{ YD) = & (D) p(r) € Fa(D), x(t)=x a(s) € I0p(s.K),
P(1) ==& Hrx(7), p()), p(t) = p; p(s) € Nop(sx) (x(s))-
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Obviously, ¢ is positively homogeneous with respect to its second argument and
thus, |p/(7)] < 4 |p(7)| for all 7. Moreover |p| < 1 implies that the projection of
p on any cone is also contained in B;. Finally we obtain

dist((x, p), Graph "Ny, (o)) < [t =(s)| + [p—p(s)

P 0

< = Ix o
_s?ipgt<|ap‘%‘Hax‘%‘)‘umpm =
< (),—f—),em) (t—s).

O

Now the next question considers the choice of suitable “test sets”.
The difficulties in regard to regularity usually occur when the topological boundary
of the reachable set is not continuous. This rather qualitative observation motivates
the question for which type of compact subsets and differential inclusions we can
exclude such discontinuities — within short periods at least.
In subsequent Appendix A.5 (on page 454 ff.), the regularity of reachable sets is
investigated. Let us summarize some results which are of special interest here:

Definition 28. 711 (RY)  abbreviates the set of all nonempty compact
N-dimensional C"! submanifolds of R with boundary.
A closed subset C C RY is said to have positive erosion of radius
p >0 if for every r €]0,p|, there is a closed set M C RY with

{ C = {xeR¥|dist(x,M) <r},

M = {xeC |dist(x,dC) >r}.
2 (RV) consists of all sets with positive erosion of radius p > 0
and, set (RN = U HPRN).
p>0

Proposition 29. Let F: RN ~» RN be a map of LIPEI%) (RN RN).  For every
compact N-dimensional C*' submanifold K of RN with boundary, there exist a
time T =T (9 ,K) > 0 and a radius p >0 such that for all t € [0,T|,

(1.) Or(t,K) € K11 (RN) with radius of curvature > p,
2) K = RN\ﬁ_F(t, RN\ 95 (1,K)).

Remark 30. (a) A complete proof is presented in Propositions A.34 and A.36.
For statement (1.), we use the evolution of Graph (Nx(-)NdB) C RN x RV along
the Hamiltonian system with .77 .

Indeed, Lemma A.35 (on page 458) specifies sufficient conditions on the system so
that graphs of Lipschitz continuous functions preserve this regularity for short times.
Applying this lemma to unit normals to reachable sets of K € 1.1 (RY) requires the
Hamiltonian 7 to be in C1! (RN x (RV\ {0})) instead of C'.

In fact, this Lemma A.35 is an analytical reason for choosing 1.1 (RY) as “test
subset” of .# (RY) — instead of compact sets with C' boundary, for example.
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(b) Together with Proposition 25, statement (2.) provides a connection between the
boundaries dK and d ¥r (¢, K) — now in both forward and backward time direction.

(c) Sets of positive erosion are closely related to “sets of positive reach” (in the
sense of Federer). Further details are presented in § A.5.1 (on page 454 ff.).
Lemma 31. AssumeforF,G € LIPSL%J) RV RN, Ky, Ky € # (RY) and p, T >0
that all the sets Vr(t,Ky) € Zp11(RY) (0 <t <T) have positive reach > p (in
the sense of Definition A.26 on page 455).

Then, for every t € [0,T],
d,)ff,N(ﬁF(taKl), ﬁG(taKZ))
S E(AF-‘rl)t . <d)£/N(K1, Kz) + 6Nt H%*%Hcl(RNXaBl))

with Ap = 962)LT H*%ﬂFHCU(RNxa]B]) < 962)LTA < oo,

Postponing the proof for a moment, we now obtain all the parameters needed for a
transition on 7 (RY):

Proposition 32. For every A >0, the reachable sets of the set-valued maps
in LIP&’K) (RN,RN) induce transitions on (# (RY), Hc11(RN), d iy, dyn, 0)

in the sense of Definition 1 and Remark 3 (on page 336 f.) with
a(r;-,-) =10 A,
B(DF;-) = (),
Y(9r) =0,
D(Vr, ¥g:-,-) = 6 N || — A5 c1 v s, -

Proof (of Lemma 31). Proposition 1.50 (on page 60) concludes the following
estimate of the Pompeiu-Hausdorff distance from Filippov’s Theorem A.6 about
differential inclusions (with Lipschitz continuous right-hand side)
At _
d(9r(1,Ky), 96(1,K>)) < d(Ki,Kp) - e + sup d(F(-),G()) - <5
d(Ki,K>) - e* + sup | —HG| -t M.
RN x 81831

IN

Now we still need an upper bound of e~ (Graph bNﬁF (1K), Graph bNﬁG «, Kz))'

Choose x € d U6(t,K2), p € Ny, (1,k,)(x) N dB; and & >0 arbitrarily. According

to Proposition 25 (on page 362), there exist a solution x(-) € C'([0,7],R) relative
to G and its adjoint arc p(-) € C'([0,],RY) with

¥() = 5 H6((), p(-) € G(()), P'(-) = = £ HG(x(), p(-) € Alp(-)| - B
x(0) € dK,, p(0) € Nk, (x(0)),
x(r) = x, p(t) =p.
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Gronwall’s inequality guarantees
0<e ™ < |p()] < e
and hence, p(0) e € °Ng, (x(0)) \ {0}.

Now let (yo,4o) denote an element of Graph °Ng, with Go # 0 and

|(v0,30) — (x(0), p(0)e=*")| <
< e’ (Graph "Nk, , Graph kaz) + 4.

Assuming that all sets Ur(s,K;) €
2 (RY) (s€0,¢]) have uniform pos-
itive reach implies the reversibility
in time due to Proposition A.36 (on
page 461):

RN\ K = O_p(t, RN\ Or(1,K})). =2 i

time

In particular, yo is a boundary point of the (not bounded) N-dimensional chl
submanifold RM\ K1 = O_r(¢, RV \ ¢ (¢,K;)) with boundary and, —gp belongs
to its limiting normal cone at yy. As a consequence of Proposition 25 again and due
to . r(z,v) = H#(z,—v) forall z,v, we obtain a solution y(-) € C'([0,7],RV)
and its adjoint arc ¢(-) satisfying

YO = ZA00)a0)  q() = =L H00), q(),

¥(0) = yo, q(0) = Go e*" # 0,

y(t) € dUr(t,Ky), q(t) Ntk (0(1))-
According to Lemma 33 below, the derivative of 7% is Ap-Lipschitz continuous on
RN x (B .7 \B,-ir). Thus, the Theorem of Cauchy-Lipschitz leads to

dist((x,p), Graph "Ny, (k) < |(x,p) — (), q(t))|
< M- |(x(0), p(0)) — (o, Goe*)| + =t - sup |DAF — DA
0<s<t (x(s),

m

Ar P(s))
HF and G are positively homogeneous w.r.t. the second argument and thus,
d
’a_x, (A — ) (x5, pis) | < €' DA — DAG| o v o, )
d
’a—p_, (A — H6) ((s). pisp| < 3+ 160 — ol o1 @y o) -
as the partial derivatives in the proof of Lemma 33 below reveal. Now we obtain
dist((x, p), Graph bNﬁF(,_’KI))
< AR (x(0), p(0) e ) — (v0,40)| + M 't -6 N e || A — Al cr v o, )
and, since 6 > 0 is arbitrarily small and |p| =1,

e (Graph bNﬂF(,_’Kl), Graph bNﬂc(,_’KZ))

< eAr+h)r {eD(Graph "Nk, , GrapthKz) + 6Nt - ||%_%“C1(RNXQBI)}|~:|
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Lemma 33. For every F € LIP( )(]RN RY) and radius R > 1, the product
9R% A is a Lipschitz constant of the derivative D restricted to RN x (Bg\ B 1)
R

Proof (of Lemma 33). Tt results essentially from the fact that % (x, p) is posi-
tively homogeneous with respect to p:

For every (x,p) € RY x (Bg\ ]]Oﬂ%l ), we conclude from % (x, p) = |p| 7 (x, \%I)

dHAr(x,p) _ 0 a
5—17(11))*9_1’/'@“ K () + ol ;«m‘%’ﬂ et Ty T
N
o _ pipk o Sk
= Gr A F el B g Al (= 5+ )
_ P)
= o ‘(ﬁi’%(x,ﬁ) - ﬁ : 9_%|(x“—)) + ap HE | (x xk)-

Thus, the Lipschitz constant of p — ap #(x,p) has the upper bound
J

. Pj d
Lip (pr— 15) (140 oz ey + 1 H&—%nco(mml))

. 14
1-Lip(p— 7] )(Llp%mwml +|| %Hco RVxoB,) T 1- Lip

d
%2 Hrlen )+Lip v 2 Lip 2 A fow
(9]7 |R x 0B ( |p|) (9]7 |R x 0B

IN

.0
2R [ ||cv v < omy) + 2R - 2 || D A | comy s om,) + 2R - 2 Llp%%hRNX&B]

A

6R - (| o1y x 38, ) -

Correspondingly the Lipschitz constant of x — % A (x,p) is bounded from
J
above by 2 |[DAr|lcormyygp,) < 22 and thus,

Llpa}ﬁ: < max{Lip(xH%ja%(x,P»aLip(p'_}%%(x’p))}

R>1
< OR- || Hrllcrimyx o)
Furthermore, %jjfp(x, p) = |p| - %jfﬂ o 2) has the consequence
Lip (x — %ﬁ* < R'Lip%%‘RNXaBI < R-4,
Lip (p — %) < 1] %E lco@om,) + R-Lip & Hrlpnam, -Lip (p = )
< A+R-1-2R 2R, O

Proof (of Proposition 32 on page 364).
The semigroup property of reachable sets implies again

de;gN(ﬁp(h, 191:(1‘,[()), 1317(1‘+h, K)) =0,
d)VN(ﬁF(t+ha K)v 19F(h7 6F(I,K))> =0

forall F € LIP( TRV RY), K€ #(RV), h,t >0 since dyn is a quasi-metric.
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According to Proposition 29 (on page 363), every map F € LIPEljﬂ (RYRY) and
initial set Ky € 11 (RY) lead to a time T(Jr,K;) >0 and a radius p >0 such
that 9r (t,K;) € K11 (RY) has positive reach of radius > p for any t < T(9F,K)).
Lemma 31 guarantees for all K; € #11(RY) and K, € # (RY) with K| # K,

dyn(OF (h,K1), OF (h,K2)) — d (K1, K2)

hIZILS(;l P i :‘h dyn(K1,K2)
< limsup (e(% HA).h*l) = 104 = o)
10

and for every F,G € LIP&”) (RN RN)

limsup ; (d%N(ﬂF(h, K1), 9(h, K2)) — dxn (K1, K2) - elO)Lh)
hlo

lim sup (d,K,N(Kl, K2) - 3 (e(%u””)'h - elo’”')
hlo

IN

+ 6N || #F — HG o1 mv < o8, e(%“”*’l)'h)
= 6 N || A — A o1 (mv « 58, ) -

This estimate justifies the definition

Def.

D(O, Yg:+,") = 6 N-[|AF — AGl 1 (rrx o8, ) -

Moreover Lemma 27 (on page 362) states the uniform Lipschitz continuity with
respect to time

dan (V6 (5.K), Or(1.K)) < A(eF+2) - (1=9)
forany 0<s<t<1 and K € .7 (RV).

Finally we verify
limsup d,)gN(ﬁF(l —h,Ky), Kz) > d%N(ﬁF(l,Kl), Kz)
110

forall F € LIP\) (RN RN), Ki € H#z11(RY), Ky € 7 (RY) and 0 < 1 < T(9,K) )
because in combination with the triangle inequality of d »;y, it implies condition (8.)
on (timed) transitions in Definition 1 (on page 336).

Proposition A.36 (on page 461) ensures the reversibility in time in [0, T(dr,K;)][,
i.e. forevery 0 < h <t < T(9,K1),

RN\ﬁF(I 7/’1,K1) = 19_1:(/’1, RN \ @F(I,Kl)) .

Assuming F € LIPEI'%)(RN ,RN) (in the sense of Definition 26 on page 362), the

flow of the Hamiltonian system even induces a Lipschitz homeomorphism between
Graph Ny, (;—nk,) and Graph Ny, x,) since each limiting normal cone contains
exactly one direction and Ny, x,)(-) = — NW(.)'
Thus, Corollary 24 (on page 360) implies

Graph NﬁF(t,Kl) = Limhw Graph NﬁF(f—h-,Kl)
and finally, dyn (O (1,Ky1), Op(t—h,Ky)) — 0 for h | 0.

The last claim results from the triangle inequality of d . O
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4.4.3 Existence of Solutions due to Transitional
Euler Compactness

For applying the existence results of § 4.3.3 (on page 348 ff.), we now have to
focus on an essential question: What are sufficient conditions on set-valued maps

F e LIP;jﬂ (RN, RN) for the transitional Euler compactness with respect to d .y ?

P
Definition 34. Forany A >0 and p > 0, the set LIPE(% )(]RN ,RN) consists

of all set-valued maps F : RN ~ RV satisfying

(1) F:RN~s RN has compact convex values in .7 (RV).
(2) L;fjv(a) € CZ(RNX (RN\{O}))a

Gy Al myxos) = I lc1myxos,) + LipDAF gy, 5, < A.

Remark 35, LIPY) (RN RV) is a subset of LIP{”)(RY,RY) introduced in
Definition 26 (on page 362).

Its set-valued maps, however, even fulfill standard hypothesis (%’Zp ) (specified in
Definition A.39 on page 464). In particular, they make points evolve into convex
reachable sets of positive erosion for short times according to Proposition A.41.
This is the “geometrically smoothening” effect on reachable sets which we are now
using for verifying transitional Euler compactness.

Proposition 36.

. (ALY N Ny /s .
For any A,p >0, consider the maps F € LIP,”° '(R™,R"Y) (i.e. their reachable

sets, strictly speaking) as transitions on (' (RN), Hc1(RY), dyn, dyn, 0)
in the sense of Definition | and Remark 3 (on page 336 f.).

P
Then, (%(RN)a e (RY), dyn, dxn, 0, LIPEL%" >(RN,RN)) is transitionally
Euler compact in the following sense (see Definition 14 on page 348):

P
Suppose each Gy :[0,1] — LIPE{% )(RN,RN) to be piecewise constant (n € N)
and set with arbitrarily fixed Ky € # (RVY)

Gy : [0,1] xRN ~ RV, (1,x) — Gn(t)(x),

Ku(h) := 05 (h,Ko) for h>0.
Furthermore let (h;)jen be a sequence in ]0,1] with h; | 0 and chooset €]0,1].
Then there exist a sequence ny, /" = of indices and a set K(t) € ¢ (RN) satisfying

limsup d n (Kn, (1), K(1))

k— o0

=0,
limsup sup  dyn(K(t), Ku (t+hj)) =0.
k>j

j*)oo
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In fact, we obtain as an immediate consequence of Theorem 17 (on page 349 f.):

Corollary 37 (Existence of compact-valued solutions w.r.t. d ).
ol
Let f: . (RY)x[0,T] — LIPY* ) (RN RN sarisfy

H‘%}F(Kl,tl ‘%Kz t2 Hcl ]RNxalB ) S w(dJKN(Kth) + t2—t1)

for all Ki,K, € # (RY) and 0 < t; < t, < T with a modulus w(-) of continuity

and consider the reachable sets of maps in LIP( >(RN RN) as transitions on
(S (RY), Hea(RY), dyn, dxn, 0) accordmg to Proposition 32 (on page 364).

Then for every initial compact set Ky € # (RN), there always exists a solution

K:[0,T] — 2 (RN) to the mutational equation I%() > f(K(-),-) (in the sense
of Definition 7 on page 339 and Remark 3 on page 337) with K(0) = Ky, i.e. here,

(a) lir;félp i (o (O, o (he M), K(1+h)) — doy(M, K(1))-€'0*") < 0
for every compact N-dimensional submanifold M C RN with C'' boundary
and £ -almost every t € [0,T].

(b) dxn(K(s),K(t)) < const(A,T)-(t—s) forall 0<s<t<T.
(|

Corollary 38 (Existence of compact-valued solutions to equations with delay).
Let T > 0 be a fixed period, A > 0 and assume for

P
f: BLip([~7,0], # (RV); d gy, 0) x [0,T] — LIP\*)(RV,RY)
and £ -almost everyt € [0,T|:

lim ||, (). =0

n—oo )

= A Hcl (RN x9By)
holds for any curve M(-) € BLip([—7,0], # (RY); d 4y, 0) and sequences (ty)nen,
(My(+))nen in [0,T) and BLip([—7,0], & (RN); d 4w, 0) respectively satisfying
lim ¢, =1, lim dyn(M(s), Mu(s)) = O foreverys € [—7,0].
n-—oo n— o0
For every function Ko(-) € BLip([—7,0], 2 (RY); d ., 0), there exists a curve
K(-) EBLlp([ T, # (RV); dyn, O) with K(- ’[ o = = Ko(-) and

limsup b (o (905K r) O M), K(HR)) = dn (M, K (1)) -+ ) < 0

for £'-almost every t €[0,T[ and any compact N-dimensional submanifold M of
RN with C'! boundary.
O
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Remark 39.  We hesitate using the term “morphological equations” here be-
cause we have usually reserved it for mutational equations in the metric space
(o (RN),d) with transitions induced by LIP(RY RY) — as introduced by Aubin
(see § 1.9 on page 57 ff.). In this section, however, % (RY) is supplied with the
other distance function d y and we apply the mutational framework with “test
elements”.

The characterization reveals that every solution to a mutational equation in this
recent generalized sense solves the morphological equation in the sense of Aubin
(see § 1.9.6 on page 74 ff.) whenever all its values are in %11 (RY).

Proof (of Proposition 36).

Every closed bounded ball in (.# (RV),d) is compact accord-

ing to Proposition 1.47 (on page 57). Hence, there exist a

sequence of indices n; /" oo and a set K(¢) € .# (RV) with
(’ﬂ(Knk(t)aK(t))—)O (k—)oo)

Thus, d(K(t),Ky (t+h)) < d(K(t),Ky (t)) + Ah — Ah

for k — eo. Furthermore Corollary 24 (on page 360) implies

dﬂfN(Knk(t)’ K(t)) — 0.

Now we want to prove that K(r) satisfies the claim by selecting subsequences of
(nk)ken for countably many times and finally applying Cantor’s diagonal construc-
tion.

An important tool is Proposition A.41 (on page 464). After choosing radius 7 > 0
sufficiently large with 0. K (t) C B7_1(0) C RY, it ensures the existence of ¢ =
neN

o(A,p,7)>0and 7 =h(A,p,7) > 0 such that the reachable set ﬁ—é,,(t+h—-.-)(h’ 2)

-~

is convex and has positive erosion of radius o & for every h €]0,h] and z € B;(0).
In the following, we assume 0 < h; < 7 for all J € N without loss of generality.
Moreover, each set K, (¢) at time ¢ > 0 is the closed r-neighborhood of a compact
set with a sufficiently small radius r = r(n,t) > 0.

Now the asymptotic properties of

e” (Graph bNK(,), Graph bNKnk (,+h)) (k — <o)

have to be investigated for each h €10, A].
According to Definition A.23 (on page 454), every limiting normal cone results from
the neighboring proximal normal cones, i.e.
Ne(x) = Limsupy—s NE(y)
"
for every nonempty set C C RY and point x € dC. Thus, Graph Nc = Graph Ng
and from now on, we confine our considerations to the excess
D b baTP
e (Graph Nk (1), Graph NKnk (z+h))

-~

forany % €]0,h].
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Py = Ky(r) N 19—6,,(z+h—~,~)(h’ dK,(t+h))
is a subset of dK;,(¢). More precisely, it consists
of all points x € K,,(¢) such that a solution of G,
starts in x at time ¢ and reaches d K, (¢t +h) at
time ¢ + h. In addition, every boundary point y
of K,(t+h) is attained by such a solution.

By means of boundary solutions and their adjoint arcs, the Hamiltonian system
in Proposition 25 (on page 362) leads to the following estimate for every n € N
(similarly to Lemma 27)

e (Graph "Ni, 1) p,,» Graph bN,‘?n(Hh)) < const(4) - h.

In fact, whenever such an adjoint arc traces a proximal normal vector of K, (t + h)
back to the boundary of K, (), it ends up in a proximal normal vector to K, (¢) (and
not just a limiting normal vector) because each point of the corresponding boundary
solution has evolved into convex sets of positive erosion shortly while time is going
back. Hence, we even obtain the estimate

e (Graph le?,,(z) p,,» Graph le?,,(t-&-h)) < const(4) - h.

The proximal normal cones Npi(t) (x) = —NP . (x) contain exactly one

RN\K, K(t)
direction for every point x € P, as a consequence of Lemma A.24 (on page 454):

Indeed, first, Nm (x) # 0 for all x € dK, () since K,(t) is a r-neighborhood.

Second, NII; ) (x) #0 forallxe P,y
because ¥ g ) .7.>(h, dK,(t+h)) is a closed o h-neighborhood of a compact
set (Proposition A.41) and K, () N (9_ Gn(z+h—-,-)(h’ 0K, (t+h))) =0.

For the same reason, the proximal radius of K (r) at each x € P, (in its unique
proximal direction) is > o h. As this lower bound of proximal radius does not
depend on n € N (but merely on h, A,p,7), Proposition A.72 (1.) (on page 487)
ensures

e” (Graph "Ni(;), Graph °NE (
g

) P,,J,) — 0 (k — )

-~

for every h €]0,h]. The triangle inequality of e~ leads to the estimate for every h,
li]in sup e” (Graph bNK(,), Graph bNII;,k (t+h)) < const(A) - h.
For completing the proof of transitional Euler compactness, a sequence (/;) jen

-~

in ]0,h] with h; — 0 is given. By means of Cantor’s diagonal construction, we
obtain a subsequence (again denoted by) (ny)ren satisfying for every j €N, k > j

e (Graph bNK(,), Graph bNI};,,I{(t-rh_;)) < const(A) - hj + %’
0.

and thus, limsup sup dyn(K(), Ky (t+hj))
Joee k2]
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4.5 Further Example: Mutational Equations for Compact
Sets Depending on the Normal Cones

In the preceding section 4.4, we consider a geometric example with the evolution of

compact subsets of RV depending on their respective normal cones. Indeed, the set

 (RN) of all nonempty compact subsets of RY is supplied with the quasi-metric
dyn(K1,K) = d(K;,Ky) + e (Graph °Nk,, Graph "Ng,).

11 (RY) consisting of all nonempty compact subsets with C!+! boundary is used

for “test elements”. Then for any parameter A > O fixed, the set-valued maps

F : RN ~s RN satisfying

(1) F:RM ~+ RN has nonempty compact convex values,

(2)  Hi(x,p) = sup,cpy p-v belongsto CHI(RN x (RY\ {0})),

Def. .
B) NHrllcimyyom,) = [l @y os,) + LiPDAF|py 98, < A

induce transitions on (%f (RY), Zea (RN, dogwn, d, 0) by means of their reach-
able sets of differential inclusions.

Under stronger assumptions about the Hamiltonian 7%, the required properties of
transitional Euler compactness are also verified in Proposition 36 (on page 368) and
thus, we obtain the existence of solutions to the corresponding mutational equations
(in the sense of Definition 1 and Remark 3 on page 336 f.)

The estimates between solutions (presented in § 4.3.1 on page 341 ff.) do not
provide uniqueness though. Indeed, the smooth sets in 1.1 (RY) stay smooth
for short times while evolving along such a differential inclusion, but there is
no obvious lower bound of this period satisfying the approximating hypotheses of
Proposition 9 or 10 (on page 341 f.).

Lacking results about uniqueness are the key obstacle motivating a further example.

In this section, we introduce another distance function for describing evolutions
of compact subsets of RY in Definition 41 below. In contrast to the example of
§ 4.4, the substantial idea is now to

1. use all nonempty compact subsets as “test elements” (instead of #¢11 (RV)), but

2. take only the proximal normals with an exterior ball of radius
> j into consideration simultaneously. Choosing the parameter
J here as positive real number induces a family of distance func-
tions specified in subsequent Definition 41.

The essential geometric advantage is that Proposition A.46 (on page 469) pro-
vides an upper estimate how fast these exterior balls can shrink (at most) and
thus, the corresponding time parameter T(-,-) may depend on j, but not on the
“test element”.
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3. “record” the period & > 0 how long the compact set K (s+4) C RY and the “test

set” Or(h,K(s)) have been evolving while being compared. This period deter-
mines the radii of exterior balls that are related with each other for calculating
the “distance” between these two sets.
The separate time component is to provide in-
formation about period /# : The compact set
K(s+h) is supplied with a linearly increasing
time component whereas all “test sets” pre-
serve their initial time components. Then the
wanted period results from their difference.

For implementing this notion in the mutational
framework, we introduce an additional com-
ponent being either 0 (for “test elements”)
or 1 (otherwise) and indicating the growth
of the time component while evolving (see
Definition 44 on page 376 below).

4.5.1 Specifying Sets and Distance Functions

Now we consider

E:= {1} x #(RN), E :=Rx {1} x #(RN),
) N and thus, ~

P := {0} x & (RN) P =R x {0} x #(RV).
In comparison with the earlier geometric example in § 4.4, the main advantage
of this second approach is the uniqueness stated in subsequent Proposition 51 (on
page 383).
From now on, fix the parameter A > O arbitrarily. It is used for both the distance
function d x;; in Definition 41 and the set-valued maps (whose reachable sets induce
candidates for timed transitions) in Definition 43.

Definition 40. Let C C RY be a nonempty closed set.

For any p > 0, the set Ng_p (x) C RV consists of all proximal
normal vectors 1 € N£(x)\ {0} with the proximal radius > p
(and thus might be empty). Furthermore "N£ , (x) := NE , (x) NB.

Definition 41. Set

H~(RV) == Rx {1} x H(RN),
HY(RY) = R x {0} x # (RV).
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Basic set E =RV Dﬁr’Rx{l}xi}{/(RN)

Test set 9= (RY) 2 R x {0} x #(RV)

(The second component in {0, 1} is just to indicate if the real
time component is increasing linearly along transitions or not.)

Distances J;@((S,/.L,C), (t,v,D)) =
d(C,D) + limsup / y(p+K+200A |t —s|) -
kl0  Jj
D, (p+Kk+200A |t—s|)’

Graph °NE. o ) dp
with a fixed nonincreasing weight function y € C5'([0,2[, [0,22[)

e (Graph °NF

and each j € [0, 1]. (It satisfies the timed triangle inequality.)
Absolute value [-]:==0
2
Timed transition For each F € LIPEXC J(RV RM), i.e. set-valued map F : RN ~s RV

with compact convex values and C? Hamiltonian (Def.43), define
Or : [0,1] x (ZRV)UL (RY)) — A RV)UZ  (RY)

- . t+h 1, Op(hK)) ifp=1
as ﬁF(hy (tv.u'7K)) = {Et, 0, 9r(h,K)) ifpu=0

by means of reachable sets Ur (h, Kp) of the autonomous differ-
ential inclusion x’(+) € F(x(-)) a.e.

Compactness strongly-weakly transitionally Euler compact

(due to asymptotic properties of proximal normals with positive
proximal radii bounded from below, § A.9): Lemma 49 (p. 381)

Mutational solutions | Reachable sets of a nonautonomous differential inclusion
whose set-valued right-hand side is determined via feedback:
a consequence of Proposition 1.57 (page 64)

(This geometric relation holds without the restriction of preced-
ing § 4.4 that all set values have to be C"'! submanifolds of R¥
as in Remark 39, page 370.)

List of main results Existence due to strong-weak transitional Euler compactness:
formulated in § 4.5 Proposition 50 (page 381)

Uniqueness due to Lipschitz continuity: Proposition 51

Key tools The adjoint arc is a necessary condition on boundary points and
their limiting normals: Proposition 25 (page 362)

Proximal balls at the boundary of reachable sets of differential in-
clusions (by means of adjoint arcs and matrix Riccati equations)
in Appendix A.5.6 (page 469 ff.)

Table 4.2 Brief summary of the example in § 4.5 in mutational terms:
Mutational equations for compact sets in RY depending on the normal cones
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For each index j, x € [0,1], define
dtje: (HXRYYUKL (RV)) x (X (RY) UKL (RV)) — [0,00],

by

J)ﬂf,j,l(‘((sauac)a (t,V,D)) =

d(C,D) + / v(p+K+200A |t —s|) - €~ (Graph bNDP_V (PLK+200A [1—s])’

J
Graph "Nf. p) dp
with a fixed nonincreasing weight function y € C;°([0,2[), y > 0. Furthermore set
J[]((S,H,C), (I,V,D)) = sup ‘Z)i/,j,K((Sv.u?C)? (I,V,D))

k€]0,1] _
= limsup d,)if,j,K((sal"L>C)v (I,V,D)).
K]0

In fact, the second component (being either 0 or 1) does not have any influence on
dyjand dyj . Its purpose will only be to determine the evolution of time com-
ponents for “test elements” and “normal” elements in a different way (as specified
in subsequent Definition 44).

Lemma 42. For each j € [0,1], the function d #j is reflexive and satisfies the
timed triangle inequality on ¥ (RN)U ¢~ (RN).  Moreover, (J%{j,x)xe]o,l]
satisfies the following generalization of the timed triangle inequality:

JJ{’,j,KJrK’ (fl, E3) < JJ{’,J‘,K/ (El, Ez) + ij,x(fz, E3)
forany K, K E]O, 1}, 1?1,1%2,[%3 € KX(RN)UJZ}:’(RN) with m 1?1 <m 1?2 <m 1?3.
Thus, (&T;Kj)je]07l] and (af,’;g,j_,,c)jﬂ(e]o’l]fulﬁll the hypotheses (HI), (H3’) of § 4.1.

Proof.  Reflexivity is obvious. For verifying the timed triangle inequality, choose
any (tla.ul,Kl)a (IZa.llZaKZ), (t3a.u37K3) € R x {07 1} X ‘%/(RN) with 151 g 5] S 3.
Then, we obtain for every x,k’ >0
barP b
e~ (Graph NK3, (p+K+K4+200A (3—11))° Graph NI}()l-,P)

C barP barP
< e (Graph Ny (i 12004 (13—1,)) Graph Nkz.,(p+x+200/\(zrt1>>)

barP
+ €= (Graph "Ny, (5412004 (,—1,))»  Graph bNI};l-,P) :
With regard to the weighted integral in JJKJ-,HK’ ((r1,11,K1), (13,13,K3)), a simple

translation of coordinates (for the first distance term) and the monotonicity of
(related with the second distance term) imply

ijjﬂﬁ»x'/((tl?ulaKl)? (t37.u37K3))
< dyje (0111, Ky, (12, 12,K2)) +d g e (02, 12, K2), (13,143, K3))
< dy; (11, K1), (02,12, K2)) + d g (12, 12, K> ), (13,13, K3)). O
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4.5.2 Reachable Sets Induce Timed Transitions
on (£~ (RY), 2 (RY))

The Hamilton condition in Proposition 25 (on page 362) is to bridge the gap between
the geometric evolution of proximal normal cones and its analytical description. In
particular, Corollary A.47 (on page 470) gives a bound how fast the exterior ball in
a proximal direction can change its radius at most. For applying this result as a tool
in a moment, we choose the following class of set-valued maps:

2
Definition 43. For A > 0 fixed, the set LIPE\C J(RN,RV) consists of all set-
valued maps F : RN ~ R satisfying

1.) F: RN ~ RN has nonempty compact convex values,

2.) ##(x,p) := sup p-vis twice continuously differentiable in RV x (RV\ {0}),
veF(x)
3) |5 |l comn < 9my) < A-

2
These set-valued maps of LIPE\C )(]RN ,RN) induce the candidates for timed transi-
tions on (.~ (RY), ¥ (RN), (J%/.,j)je]O,l]v (i%ﬁj)je]O,l]v 0) in the following sense:
2
Definition 44.  For any set-valued map F € LIPEXC J(RN,RV), element (1, u,K) €
R x {0,1} x ' (RN) = #*(RV) U ¢~ (R") and time & > 0, set

Or (h, (6,10,K)) = (1+ph, p, Op(hK))
with the reachable set ¥ (h,K) C RN of the differential inclusion x(-) € F(x(-)) a.e.

Proposition 45.  The maps
O :[0,1] x (HXRNYUL([RY)) — X (RY)UZ(RY)
2
ofall F € LIPE\C )(RN ,RN) introduced in Definition 44 induce timed transitions on

the tuple (" (RN), ZX(RN), (dyj)icions (d)jejo, 0) with

oi(Op; -, ) 10 A 24 T0A),

Bidr:-) = AL+l (et + 1)),

n(r)  E o,

Tj(gp, ) = min{1(j,A), 1} (mentioned in Corollary A.47),

Def.

Di(Vr,9c:+,-) = (1+6N|yln) - | — |1 @ om, ) -

The proof consists of several steps which we first summarize and then verify
in detail. They are very similar to the proofs in § 4.4.2 indeed, but take the prox-
imal radii into consideration additionally.
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2
Lemma 46. For every set-valued map F € LIPEXC )(]RN ,RN), initial element
K= (b,1,K) €. (RN) and any times 0 < s <t < 1,
day(Or (5, K), O (1K) < A1+l (e +1) - =5,

Lemma47. Forany j€]0,1], let 7(j,A) > 0 denote the time period mentioned
()

in Corollary A.47 (on page 470). Choose any maps F, G € LIP, /(RN RN), initial
elements K, = (1,0,K;) € infvy(RN), K = (1,1,K;) € infvﬂ(RN) with t; < ty.
Then for all h € [0,7(j,A)[, the following inequality holds
dyj <5F(h,1?1)7 5G(h’lzz))
< el 0 (L (Ra, Bo) o (1+ 6N W) B[~ Aol v, )

with the abbreviation Ay = 9A > TUA),

Corollary 48. Under the assumptions of Lemma 47,

L?,;g{j <I§F(l+h,kl ), 56(/’1,E2))
< o b (o (B (1K) R) 4 (1 OV W L — v,

forall hyt>0 with t+h<7t(j,A) and
1?1 = (tl,O,Kl) S %/X(RN), 1?2 = (tz,l,Kz) S e%/_’(RN) with t; <t,.

Proof (of Lemma 46). Obviously, the Pompeiu-Hausdorff distance satisfies for
every s,t >0

d (V7 (s,K), O (1,K)) < sup [F()l|w - |t —s| < Alr—s].
RN

Let 7(j,A) > 0 denote the time period mentioned in Corollary A.47 (on page 470).
Without loss of generality, we can now assume 0 < t —s < m 7(j,A) asa
consequence of the timed triangle inequality.

For any (x,p) € Graph *Nf_, o (200 (s 204 p = j with p+200A (1 —5) <2,

Corollary A.47 and Proposition 25 (on page 362) provide both a solution
x(-) € C'([s,¢],RY) and its adjoint arc p(-) € C'([s,¢],R") satisfying

{x’(c) — 2 H(x(0), p(0)) € F(x(0)), x(r) =%, x(s) € IVr(s.K),
p'(0) = — £ A (x(0), p(0)), p(t)=p, p(s) € Ny, (g (x(5)
and, p(s) has proximal radius > p+200A (t—s) — 81 A (r—s) > p.
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Obviously, ¢ is positively homogeneous with respect to its second argument and
thus, its definition implies |p'(0)] < A |p(o)| for all c. Moreover |p| <1
implies that the projection of p on any cone is also contained in B; and so finally,
we obtain similarly to Lemma 27 (on page 362)

e ((x,), Graph "N, ) < bx—x(s)|+ |p = p(s)]

pa J

< ~Z# — B
_sgs?ypg,(‘ap P15 F')’uw),p(o)) (=)
< (A+Ae’”)'(f—s)~

O

Proof (of Lemma 47).  Proposition 1.50 (on page 60) concludes the following
estimate of the Pompeiu-Hausdorff distance from Filippov’s Theorem A.6 about
differential inclusions (with Lipschitz continuous right-hand side)
Ah _
d(0r (K1), 96(h,K2)) < d(Ki.K2) - " 4 sup d(F(),G()) - <5
R
< d(K\,Ky) - er + sup |t — Hg| - h e
RN x 331

According to Definition 44,
O K) € {n}x{0}x A (RY) c AXRVY),
6(h,Ks) € {tr+h} x {1} x Z(RV) C 2~ (R).

Now for any xk €]0,1] and p > j with p+x+200A (t —t; +h) <

2, we need
anupper boundof < (Graph bNgG( hK>) Graph °N gF

, (p+K+200A (ry—11+h))? (h,K1), p) :

Choose any 6 >0, x € d 9(h,K>) and p € Nga(h,Kz)(x) N 0B, with proximal
radius > p + K+ 200A (; — t; + h) arbitrarily. According to Corollary A.47
and Proposition 25, there exist a solution x(-) € C'([0,4],R") and its adjoint arc
p(-) €C'([0,h],RN) fulfilling

() = & Ho(x(), p()) € GO, () = — & Ax(), p()) € Alp()|- B
%(0) € 9K, p(0) € NE (x(0)),
x(h) = x, p(h) = p.

and, the proximal radius at x(0) in direction p(0) is
> p+K+200A (r—t1+h)—81Ah > p+Kk+100Ah+200A (,—11).

Gronwall’s inequality ensures e 4" < lp()] < M in [0, /] and hence,
p(0) e € 'NE, (x(0))\ {0}.
Now let (yo,q0) denote an element of Graph bNl‘?I (p100AR)
00.0) — (x(0), p(0)e=")|

barP NP
<eS (Graph Nky. (p+x+100A 142004 (1—1,))> OTaPH "N, (p+100Ah>) +9o.

with go #0 and
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As another consequence of Corollary A.47, we get a solution y(-) € C'([0,h],RV)
and its adjoint arc ¢(-) satisfying

V() = & AG(),q(), q() = =% 0(),q(-) €Alg(-)|-B
¥(0) = yo, q(0) = Z]\o A h 0,
W) € 20p(hKy), alh) € N? i O(0)

and the proximal radius at y(k) in direction g(h) is > p+100Ah —81Ah > p.
¥ is assumed to be twice continuously differentiable with || || 2y gm,) < A-
Moreover, % (x,p) is positively homogeneous with respect to p and thus, the
derivative of % is A -Lipschitz continuous in RN X (B,a.¢(ja) \ IE%E, A-t(iA))

with the abbreviation A, = 9 A 24 7UA) (due to Lemma 33 on page 366).

Correspondingly to the proof of Lemma 31 (on page 364), the Theorem of Cauchy-
Lipschitz applied to the Hamiltonian system leads to

eC(( p), Graph NﬁF(hKl)p)
< | p) = (), ()]

lﬂ .h. . ~ Ah ez’,)f
< et |((0),p(0)) — (o, Goe™) | + 5= Hsup DA = DA ) oy

J+ and G are positively homogeneous with respect to the second argument and
thus,

d
o (A = H6)|(x(5), )

IN

M DA _D%HCO(RNxaB])’

IN

’aip, (A — 26) | (x(s). pls))

3 || — Al o1 (v xomy)-

We obtain
“((np). Graph °NG, 5,).) < B (|(2(0), p(0) ™) = (30.0)|

+h -6N || — A5 e (RNxaBm)

and, since 0 > 0 is arbitrarily small and |p| =1,

barP
e~ (Graph NﬂG(hJ(Z), (p+K+200A (t—t1+h))’ Graph N O (h,K1), P)

Graph "Ng Ky, (p+100A h))

Ap+A) b
< el { (Graph K>, (p-+K-+100A h+200A (n—1,))°

+ 6N - H%—%H@(WB])}.
With regard to J%j7k<1§p(h,1?1), ‘5(;(}1,]?2)), integrating over p and the mono-

tonicity of the weight function y (supposed in Definition 40) leads to the claimed
estimate for all 4 € [0,7(j,A)][. O

Proof (of Corollary 48). It results directly from Lemma 47 since
O (t+h, K1) = {11} x {0} x O(t+h, K1) = O (h, Dr (t,K1)),
‘L?F(t K]) = {tl}X{O}XﬁF(I,Kl) S J{,/X(RN) O
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Proof (of Proposition 45). The semigroup property 9 (h, 9 (1,K)) = Or (t-+h, K)
holds for all F € LIP\C) (RN, RY), K € ¥ (RN) U2~ (RN), h,t > 0.
Moreover, Definition 44 has the immediate consequences for every K € 2 (RM),
Ze X X(RN)and h € [0,1]

9 (0,K) = K

O (hZ) €  {mZ}x{0} x #(RN) C A ¥(RV)

Or(h,K) € {h+mK}x{1} x # (RN) C "~ (RV)
i.e., conditions (1.), (6.), (7.) of Definition 1 (on page 336) are also satisfied.

Set T (5F, ) Z min{t(j,A),1} with the time parameter 7(j,A) >0 men-
tioned in Corollary A.47 (on page 470). Then, Corollary 48 guarantees for all

Ze XX(RN), Ke A~ (RV), te[OT(ﬁp Z)| with t+mZ < mK

g (Op (1+h,2), Op (0.K)) — d (D (1.2),K)
h o dy (O (t.2),K)

limsup < Ap+A < 10A A T0A),

hl0
Lemma 46 implies condition (4.”) of Definition 1 with the Lipschitz constant

Dct

Bi(Or:-) = AL+l (e +1)).
Setting forall Z € # *(RY) and F,G € LIPEX )(RN,RN),

[y Y > ef.
Dj(Or, 9: Z,-) = (1+6N|wln) |7 — Hlcr v o5, -
hypotheses (H5’) — (H7’) (on page 337) are fulfilled due to Corollary 48.

Finally condition (8.) of Definition 1 has to be verified, i.e.,
limsup dy (O (t —hu, 2), Kn) > dy;(Or(t,2), K)

n— oo
forall Ze . *(RV), K,K, € £~ (RY), 1 € [0,T;(9,Z)] and h, | O satisfying
mZ<mK, S m E and dN;/](En,E) — 0 for each j €]0,1].

Indeed, d (O (t —h,Z), O (t,Z)) — 0 holds for h | 0 and any set Z € ¢ (RV).
Proposition A.72 (on page 487) states for any 0 < r < p and (K, ),en tending to
K e (RVY)

Limsup, _,., Graph bNgF(thn,z) C Graph bNgF(z,z)

P P
Liminf,, .. Graph bN,’; o D Graph bN,’;_’p
Thus, we obtain for every Z = (a,0,Z) € %X(RN) K= (b,1,K), K, =
(bu,1,Ky) € £~ (RY), p >0, k €]0,1] and ¢ € [0,T;(dr,Z )] with a<b, /b
. . b
hn“illlf e (Graph Nk K, (p+5-+200A |by—al)> OT8PD NG, O (1= Z)p)

b
(Graph Nk K. (p+x+200A [b—a)> CTaph Nﬂp(t-,Z)-,P)'

Due to 51: (t—h,Z) = a = m Op(t,Z), this inequality, the monotonicity of
y(-) and Fatou’s Lemma imply the wanted relation with respect to d ;. U
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4.5.3 Existence due to Strong-Weak Transitional
Euler Compactness

In §§ 4.3.3, 4.3.4, the results about existence of timed solutions to mutational
equations are based on two appropriate forms of transitional Euler compactness
(see Definitions 14, 18). Considering a converging sequence of compact sets, some
features of their proximal cones are summarized in Appendix A.9 (on page 487 f.).
In particular, the inclusion

Graph N,’gp C Limsup, _, ., Graph ngn,p
does not hold for every radius p > 0 in general. This rather technical aspect is the
obstacle why we now prefer the second approach of § 4.3.4 using “strongly-weakly
transitionally Euler compact” and Existence Theorem 20 (on page 354).
In fact, each timed solution K(-) = (-,1,K(-)) : [0,T] — 2#~(RY) induces a
solution to the underlying morphological equation in the sense of Aubin (due to
H (RN =2 = (RV) 2R x 7 (RV)).
Lemma 49. The muple (A~ (RY), ZX(RY), (dxj)jep1s (drjx)jrelon:
~ ~ 2
(dxj)jer0.)s ([drjx)jxeion 0, LIP&C )(RN,RN)) is strongly-weakly transitionally
Euler compact (in the sense of Definition 18 on page 353), i.e. here:
2

Suppose each function G, :[0,1] — LIPE‘C )(]RN ,RY) (n€N) to be piecewise
constant and set with some arbitrarily fixed Ky = (19,1,Ko) € 2~ (RN)

G : [0,1]xRY ~ RN, (1,x) — G,(t)(x),

Ky(h) := {to+h} x {1} x O (h.Ko) € #~(R")  for he[0,1].
Foranyt € [0, 1] and sequence hy, \, 0, there exist a sequence ny /" = of indices
and an element K = (1,1,K) € #~ (RN) satisfying for every j,x €]0,1]

lim (K (1), K) = 0,

k— o0

lim sup J%j(l?, I?nk(f‘f'hm)) = 0.

m—s oo k>m

Proposition 50.
~ 2
Regard the maps Or of all set-valued maps F € LIPE‘C )(]RN ,RN) (as in Definitions
43, 44) as timed transitions on (= (RN), ¥ (RN), (d,)if,j)je]o,l]a (d,)if,j)je]o,l]a 0)
according to Proposition 45.
~  —~ 2
For f: ¢~ (RN)x [0,T] — LIPEXC )(RN,]RN), suppose continuity in the sense that
||‘%}N([?[) - ‘%}N'(Nm7tm) HCI (]RNX aBl> "i? O
whenever t, \,t and LZKO(E,E,,,) —0 (E,Em c (RN, m K<m Em)
Then for every initial element Ky € A (RN), there exists a timed solution K=
(1,1,K) : [0,T] — £~ (RN) 10 the mutational equation K (-) > f(K(-),").

. . 1 _ 1
In particular, hrzlls(:lp 5ed (ﬁf(l?(z), 9 (h, K(2)), K(t—l—h)) =0 forZL -aet
and, K(t) CRY coincides with the reachable set ﬁf(]?(.)_ ) (1, K(0)) for everyt.
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Proof (of Lemma 49). It is very similar to the proof of Proposition 36 (on
page 370 ft.), but takes the proximal radii into consideration additionally.

Each closed bounded ball in (' (RY),d) is compact due to Proposition 1.47
(on page 57). Hence, there exist a sequence n; " oo of indices and K = (¢,1,K) €
A (RN) with d (K, (1), K) — 0 (k —> o). Proposition A.72 (3.) (on page 487)
ensures for all p,x >0

e~ (Graph °Nf, . ., Graph 'Ng 0.p) — 0 (k — oo)
S N _ n \1)s
and thus, dyjx(Kn(t),K) — 0 for every j,k €]0,1].
Now we prove  sup dN;y](E, Enk(tnLhm)) — 0 for m — oo,
k>m

i.e. in particular, the convergence is uniform with respect to k €]0, 1].

Indeed, e© (Graph bN,’;nk (1),p> Graph bN,’;_’p) — 0 (k — o0)
results from Proposition A.72 (1.) (on page 487) for every p > 0 and hence,

Lebesgue’s Theorem of Dominated Convergence guarantees

2
C baTP baTP
/0 e (Graph NKnk(t).,p’ Graph NK-,p) dp — 0 (k — o).
Thus,
dyj(K, Ky (1)) X
< (KK, () + [yl [ e (GraphNE . Graph'NE ) dp
— 0 (k — o).

Finally the timed triangle inequality of d. ;j (according to Lemma 42 on page 375)
and the uniform Lipschitz continuity in time (according to Lemma 46 on page 377)
imply for any sequence A, \, 0

sup J,gj(l?, I?nk(t—l—hm)) — 0 (m— ). O
k>m

Proof (of Proposition 50). It results from Existence Theorem 20 (on page 354).
Indeed, d 4 and d ; (j €]0,1]) satisfy

d(K1,K2) < di(Ki,K2) < dyo(Ki,Ka)
< dgi (K, K) + [Wllee (1K [l [1K2l4-2) j
forall Ky = (11, 141,K,), K» = (12, 112, K2) € %*(RN)UJ{Y(RN)
For any sequence (Km = (tm;1,Km)) ey I A~ (RV)and K = (1,1,K) € #~ (RV)
suppose f,, \, t and d,;;,{j(K,Km) — 0 (m — o) foreach j €]0,1]. Then,
JKO(E,Em) = limsup dN;;/](E,Em) 7T 0

Jjlo
and finally ||<}sz(,?7[) = i) et (v x 9B)) "% 0 — as needed for Theorem 20.
The claimed link to reachable sets of the nonautonomous differential inclusion

y' € f(K(-), ) (y) results from Proposition 1.57 (on page 64). O
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4.5.4 Uniqueness of Timed Solutions

In comparison with the preceding geometric example in § 4.4, an essential advan-
tage of the current tuple

(A (RY), HXRY), (dag) o ([dr)jeroas O)

is that Proposition 9 (on page 341) leads to sufficient conditions (on the right-hand
side f) for the uniqueness of timed solutions to the mutational initial value problem.

~ —_— —~ 2
Proposition51.  For f: (2~ (RN)UZ ¥ (RY)) x [0,T] — LIP'C ) (RN RY),
suppose that there exist a modulus ®(+) of continuity and a constant L > 0 with

15524 = Hrien o @vxas,) < L-droZK) + &t —s)

forall 0<s<t<T and Zc #*(RY), Ke #~RY) (mZ<mK).

Then for every initial Ky € ¢~ (RN), the timed solution K : [0,T] — A (RN)

to the mutational equation K (-) > f(K(-), ) with K(0) =Ky is unique.

Proof. It results from the arguments for Proposition 9 (on page 341 f.) in
combination with the Lipschitz continuity of f:

For any element Ky = (19, 1,Kp) € 2~ (RY) fixed, let K| (-) = (to+-,1,K;(-))
and K>(-) = (to+-,1,K5(-)) denote two timed solutions [0,7] — %~ (RN) to
the mutational equation K, (-) 3 f(K,(-), -) with K (0) = Ko = K>(0).

Then the continuity of K (-), K> (+) with respect to cach d_ #; (in forward time direc-
tion) implies the continuity of the tubes K (-), K2(-) : [0,7] — # (RY) w.rt. d.
Hence, R > 1 can be chosen sufficiently large with

Ki(t) UKx(t) C Bg_1(0) C RV forall7 € [0,T].
Set R := 4(R+1) (||y]l1+1) >R as an additional abbreviation.

Without loss of generality, we can restrict our considerations to compact subsets
M, , M, of the closed ball B5(0) C RY. In particular, for all j €]0,1], we obtain

do ((11,0,M1), (12,1,M2)) < oy ((11,0,M1), (12, 1,M2)) + |9l 1=2 (R+ 1) j
implying

1755~ koo @vvon,) < L dej(Z.K) + L|yl=2 (R+1) - j + &(t—s)
forall s<1<T, Ze #“(RV), Ke £~ (R) with ;Z<mK, Z,K CBg(0).
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In regard to Proposition 9, the auxiliary function 6; : [0,7] — [0, 0]

50 =, inf (D Ki0) + deyZ Ralt)
m Z<ty+t

has the obvious upper bound
8i(r) < d(Ki(t).K2(0)+ Wl QR+2) < IR

as the choice of “test element” Z := (fo+1—3, 0, K (1)) with any small § > 0 shows.
Thus, 8;(¢) can be described as infimum over all Z = (s,0,Z) € #*(R") satisfying
Z C B(0) C RY additionally:

&) = it (dyylZ Ki) + duy(Z, Ba(r)).

Ze A~ (RN):
my Z<tg+t, || Z]leo <R

Furthermore, the time parameter T (-, -) (specified in Proposition 45 on page 376
and characterized in Corollary A.47 on page 470) depends only on j € 10,1] and A.
Due to K (0) = K>(0), Proposition 9 and the Lipschitz continuity of %ﬂf(ﬂ) men-
tioned before guarantee for each 7 € [0,7] and j €]0, 1] '

8(r) < const(L, A, [yl R.T) - j 22 0

in the same way as we have already proved Proposition 1.24 (on page 44).
Finally, the triangle inequality of the Pompeiu-Hausdorff distance d implies

d(Ki(1), Ka(1)) < inf 8(1) = 0.



Chapter 5
Mutational Inclusions in Metric Spaces

After specifying sufficient conditions for the existence of solutions to mutational
equations (in the successively generalized framework of the preceding chapters),
the next step of interest is based on the notion of admitting more than just one
transition for the mutation of the wanted curve at (almost) every state of the basic
set E. This goal corresponds to the step from ordinary differential equations to
differential inclusions in the Euclidean space, for example.

In this chapter, we are going to discuss two situations.

First we investigate mutational inclusions with continuous right-hand side in § 5.1.
This direction is motivated by the classical results of Antosiewicz and Cellina [8],
but has to pass the traditional border of vector spaces.

To be more precise, we extend the conclusions of Kisielewicz from separable
Banach spaces in [103] to metric spaces here. In particular, the existence of mea-
surable selections of set-valued maps is a key tool and thus, we restrict these
considerations to the mutational framework with transitions in a metric space.

Second we provide existence results for solutions to inclusions with state constraints
in § 5.2. Following the classical approximation of Haddad for differential inclusions
in RV, we need more “structure” of “transition curves”. Indeed, this concept uses
weak sequential compactness of curves whose values are transitions. For this rather
technical reason, we focus on morphological inclusions in (% (RY),d) and find
a counterpart for the well-known viability theorem about differential inclusions in
RV [14].

Whenever sufficient conditions for the existence of solutions with state constraints
are available, it is not really difficult to formulate and solve control problems whose
states are not in vector spaces. Subsequent § 5.3 gives more details about the special
case of morphological control problems in (% (RV),dl).

T. Lorenz, Mutational Analysis: A Joint Framework for Cauchy Problems 385
In and Beyond Vector Spaces, Lecture Notes in Mathematics 1996,
DOI 10.1007/978-3-642-12471-6_6, (© Springer-Verlag Berlin Heidelberg 2010
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5.1 Mutational Inclusions without State Constraints

In a word, we return to the topological environment of metric spaces and in contrast
to Chapter 2, we take only one metric on E into consideration:

General assumptions for § 5.1

Let (E,d) be a nonempty separable metric space. |-] : E — [0,0[ is supposed to
be lower semicontinuous with respect to d.

O(E,d,|-|) denotes a set of transitions in the sense of Definition 2.2 (on page 104).
Supply the transition set ©(E, d, |-]) with the topology induced by (D(-,-;r)) - .
ie., ¥ — ¥ (n— ) isequivalent to nlEIL D(0,,0;r) = 0 foreach r > 0.

In addition, ©(E,d, |-]) is supposed to be Hausdorff, separable and complete.

Due to Definition 2.5 (on page 105), each function D(9, ¥; - ) : [0,00] — [0, 00[
(91,92 € ©(E.d,|-])) is nondecreasing and thus, the topology of O(E,d, |-]) is
induced by a pseudo-metric like, for example,

. ¥ o D@10xn)
D(®, %) == Y, 2 1+ D(,0:n)

n=1
The supplementary hypothesis about the Hausdorff separation property implies that
D(-,-) is positive definite in addition and thus, D(-,-) is a metric on O(E,d,|-]).
Finally, ©(E,d, |-|) is a complete separable metric space.

5.1.1 Solutions to Mutational Inclusions: Definition and Existence

Solutions to mutational inclusions extend Definition 2.9 (on page 107) about solu-
tions to mutational equations. In particular, they are to satisfy the same conditions
with respect to continuity and boundedness.

Definition 1. Let the set-valued map .% : E x [0,T] ~ ©O(E,d,|-]) be given.
A curvex: [0,T] — E is called a solution to the mutational inclusion

50N F(). ) £ 0
n (E,d,|-]) if it satisfies the following conditions:
(1.) x(-) is continuous with respect to d,

(2.) for #!'-almost every t € [0,T][, there exists a transition ¥ € .Z (x(¢),t) C
O(E.d,|-]) with
lim 5-d(9(h,x(t)), x(t+h)) =0,
(3.) sup [x(r)] < eo.

te(0,T]
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At first glance, the term “inclusion” and the symbol N might make a contradictory
impression, but the mutation X (t) is defined as set of all transitions providing a
first-order approximation (in Definition 2.7 on page 106). The curve of interest,

x(-) : [0,T] — E, is characterized by the existence of a joint transition in both x (r)
and the prescribed transition set .7 (x(t),t) C O(E,d, | -|) at £"'-almost every time ¢
— denoted correctly as an intersection condition.

Every solution x(+) : [0,7] — E to a mutational inclusion can be characterized by
an appropriate measurable selection of % (x(-),) : [0,T] ~ ©(E,d, |-]).

Proposition 2. Suppose the set-valued map .7 : E x [0,T] ~ O(E,d,|-]) to
have the image set 7 (E x [0,T]) contained in a compact subset € C O(E,d,|-])

with sup o(;R) < e foreachR>0 and sup y(¥) < .
ve? ve?

x:[0,T] — E is a solution to the mutational inclusion X (-)N F(x(),) #0
in (E .d, H) if and only if it has the following properties:
(i) x(-) is continuous with respect to d,
(ii) there exists a measurable function ¥(-) : [0,T] — O(E,d, |-|) with
{ B(t) € x(1) for Lebesgue-almost everyt € [0,T]
V(1) € F(x(1),1) foreveryt € [0,T]

(i)  sup |x(r)] < oo.
t€(0,T]

The equivalence results from Selection Theorem A.74 of Kuratowski and Ryll-
Nardzewski (on page 489) if the intersection

[0,T] ~ O(E,d,|-]), t = x(t) N .F(x(t), 1)
proves to be measurable. The aspect of measurability does not change for this set-

valued map by modifying it on a subset of Lebesgue measure 0. Hence, this feature
can be concluded from the next lemma and Proposition A.77 (on page 490):

Lemma 3.  Assume for x(-) : [0,T7] — E and € : [0,T] ~ O(E,d,|-])

(1.) x(-) is continuous with respect to d,

(2.) R:=14sup [x(-)] < oo,

(3.) € is upper semicontinuous with nonempty compact values and satisfies
sup {a(9:R), (V) |9 €€ (1), 1 €[0,T]} <o

(4) X(t) N €(t) is nonempty for Lebesgue-almost every t € [0,T].

Then the map [0,T] ~ O(E.d,|-|), t —x(t) N €(t) is Lebesgue-measurable in
the sense of Definition A.73 (on page 489).

Its detailed proof is postponed to § 5.1.3 (on page 395 ff.).
The main result of this section 5.1 is the following existence theorem for mutational
inclusions without state constraints:
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Theorem 4. Assume (E,d, |-], O(E,d,|-|)) to be Euler compact in the sense of
Definition 2.15 (on page 112). Let % : E x [0,T] ~ ©O(E,d,|-]) be an integrably
bounded compact-valued Carathéodory map in the following sense:
(i) all values of F are nonempty, compact and satisfy for each r > 0
sup {o(;r), B(O;r), Y(V) ’ Ve F(xt), x€E, 1€[0,T]} < oo,
(ii) foreveryxcE, Z(x,):[0,T]~ O(E,d,|-|) is measurable,
(iii) foralmosteveryt € [0,T], Z(-t): (E,d) ~ (O(E.d,|-]), D) is continuous,
(iv) for each R > 0, there exist img(-) € L'([0,T]) and 9 € O(E,d, |-|) such that
for £-almost every t,
sup {D(&,9:R) | ¥ € F(x,1), x€E, |x] <R} < miglt).
Then for every initial state xy € E, there exists a solution x(-) : [0,T] — E
to the mutational inclusion

in the tuple (E,d, H) with x(0) = xo.

5.1.2 A Selection Principle Generalizing the Theorem
of Antosiewicz-Cellina

In their classical paper [8] in 1975, Antosiewicz and Cellina showed for differential
inclusions x' € G(x,) in finite space dimensions that the Carathéodory regularity
of the set-valued map G(-,-) is sufficient for the existence of useful selections on
the way of proving existence of solutions. Indeed, their new essential aspect was to
focus on continuous functions g : RY — L!([0,T],R") with g(x)(¢) € G(x,t) for
#!-almost every ¢ and every x.

Kisielewicz extended their results to separable Banach spaces in [103] in 1982.
Now we generalize it to the separable metric spaces (E,d), (©(E.d,|-]),D) and
adapt essentially the arguments of Kisielewicz, but avoid measures of noncompact-
ness. Strictly speaking, the statements in this subsection do not use that @ (E,d, |-])
consists of transitions on E and so, they hold for any pair of separable metric spaces
whose second component is complete.

Proposition 5.  Let the set-valued map F : E x [0,T] ~ O(E,d, |-|) fulfill the
following conditions:

(i) all values of F are nonempty, compact and satisfy for each r > 0
sup {a(9;r), B(D;r), Y(V) | ¥ € F(x,1),x €E, 1 €[0,T]} < oo,
(ii) for everyx € E, F(x,-):[0,T] ~ O(E,d,|-|) is measurable,
(iii) for £'-almost everyt € [0,T], Z(-,t): (E,d) ~ O(E,d,|-]) is continuous,
(iii’) the family (F (-,t))ic(o,r) of maps E ~ O(E,d, |-]) is equi-continuous.
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Then there exists a single-valued function f : E x [0,T] — O(E,d, | -|) satisfying
(a) at Lebesgue-almost every time t € [0,T]: f(x,t) € F (x,t) foreveryx € E,
(b) foreveryx€E, f(x,-):[0,T] — O(E,d,|-]) is measurable,

@ fim [ B(fGen), fun)di =0
I—e J]0,T]

whenever a sequence (x;);cn in E converges to x € E with respect to d.

Corollary 6. If the set-valued map % : E x [0,T] ~ O(E,d, |-]) satisfies the
Carathéodory conditions (i)-(iii) of Theorem 4, then there exists a single-valued
function f 1 E x [0,T] — ©O(E,d, |-]) with

(a) at Lebesgue-almost every time t € [0,T]: f(x,t) € F (x,t) foreveryx € E,
(b) foreveryx€E, f(x,-):[0,T] — O(E,d,|-]) is measurable,

(¢) lim D(f(x,t), f(x;,t))dt =0

[—eJl0,T]

whenever a sequence (x;);cn in E converges to x € E with respect to d.

The proof follows the approximative arguments initiated by Antosiewicz-Cellina
and continued by Kisielewicz. All these subsequent conclusions do not require the
linear structure of a Banach space and thus, we can apply them in the metric spaces
(Evd)v (O(E,d, LJ),D)

Lemma 7.  Suppose the assumptions of Proposition 5 about Z (-, -).

For each € > 0, there exists a function fe 1 E x [0,T] — O(E,d, |-|) satisfying
(a) dist(fe(x,1), F(x,1)) Dgﬁei;fx.,)b( fe(x,1), ) <& foranyx€E, 1<T,
(b) foreveryx € E, fe(x,-):[0,T] — O(E.d,|-]) is measurable,

() Jim or D(fe(x,1), fe(x,1)) dt =0
whenever a sequence (x;);cn in E converges to x € E with respect to d.

Proof (of Lemma 7). Fix € > 0 and choose x € E arbitrarily. As in the proof
of [103, Lemma 3.2], the equi-continuity of the set-valued maps .7 (-,t) : E ~>
O(E,d, | ]|),t €[0,T], provides some o (x,€) > 0 with

db(g(ylat),j(y%t)) < €

for all # € [0,T], y1,y2 € Bs(x¢)(x) C E. Here d 5 denotes the Pompeiu-Hausdorff

distance between nonempty subsets of @(E,d, |-|) with respect to the metric D
specified in § 5.1 (on page 386), i.e.,
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dp (A1, M) = max{sup, .y infose.n, D(O1,2),
Supﬁzehﬁz infﬂlehﬁl D(ﬁla%)}

for any nonempty sets .#,,.#> C O(E,d,|-]).

The open balls B¢ (x)° C E (with respect to d), x € E, cover E. By assumption
(on page 386), (E,d) is separable and thus, we can select a countable cover of E
from these balls. As a consequence of Stone’s Theorem, a further selection even
provides a countable cover (Bé(xmve)(-xm)o)m ¢ that is locally finite in addition.
There exists a subordinated continuous partition of unity, §, : E — [0,1] (m € N).

This lays the basis for a countable partition of the interval [0, 7| depending on the
element x € E in a continuous way. Indeed, we set forx€c Eandm=1,2...,

) (x) = Oa

tn(X) = t_1(x) + Eu(x) - T

In(x) = [tm,l (%), tm(x) [

For each index m € N, Selection Theorem A.74 of Kuratowski and Ryll-Nardzewski
(on page 489) provides a measurable function

(M [OvT] - @(Eadv LJ)
satisfying the condition On(t) € F (xm,t) for every 1 € [0, T]
due to assumption (ii) about the measurability of each .# (x,-) : [0,T] ~ O(E d, |-])

and the general hypothesis that the metric space (@ (E,d,|-]), D) is complete and
separable.

Now define f; : E x [0,7] — O(E,d,|-|) in a piecewise way with respect to
time:

fe(x, 1) = Oul(t) if 1€ Ju(x),

fe(x,T) == Oy(T) with M :=inf {m € N |t,,(x) =T} < eo.
Obviously, fe(x,-):[0,7] — O(E,d,|-]) is measurable for every x € E.

Furthermore, ~ dist(fe (x,7), #(x,t)) < € holds for every x € E and ¢ € [0,T].
Indeed, we can choose the unique index m € N with 1 € J,,(x) = [ty—1(x), 1 (x)].
This implies x € By, ¢) (Xm) and fe(x,t) = On(t) € F (xm,t). Now we conclude
from the triangle inequality of D

Xm

dist(fe (x,1), F(x,1)) < dist(fe(x,1), F (xm,1)) +dp(F (xm,1), F(x,1))
<0+e¢,

i.e., fe(+,-) satisfies the claimed property (a).
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We still have to verify property (c), i.e.,
lim D(fa(xvt)vfe(xlvt)) dt =0
I=ee Jl0,T]

whenever a sequence (x;);en in E converges to x € E with respect to d.
Indeed, as the partition of unity ({y).cn is locally finite, there exist a neighborhood
Uy of x and finitely many indices {m; ... mp, } C N with

My
S Gu() =1 inU.
k=1

Due to the continuity of each auxiliary function t,, : E — [0,T] (m € N), we obtain
for every sequence (x;);cn converging to x

sup { [tm, (x) = tm (x;)| | k€ {1 ...} } — 0 for [ — oo,

As D(fs (x,1), fe (Xz,f)) =0 holds for any € J,,, (x) N Jp, (x;), we conclude from
D(-,-) < 1 that for all large / € N,
(0,7]

J

D(fe(x,1), fe(xi,1)) dt

/()T Z ijk \Jmk(xl)( ) + ijk(xl)\-]mk ( )) (fg(x t) fe(xl’t)) dt

< / 1 dr + 1 de
,Z‘l ( g () \Jm (31 g () \ g 3) )

my
— 0 for [ — 0.

O

Proof (of Proposition 5 on page 388).  For every € > 0, Lemma 7 guarantees a
function f¢ : E X [0,T] — O(E,d, |-|) satisfying both
dist( fe(x,t), F(x,t 2 inf D x,t), V) < €
(feler), Z(e)) 2 inf  D(felsr). 9) <
forall x € E,t € [0,T[, the measurability of each fe(x,-): [0,T] — O(E,d,|-])
and the continuity condition that for every x € E and 6 > 0, there exists a positive
radius p(x,8) > O such thatall y € B, (, 5)(x) C E fulfill

gl ({t € [OaT] | D(f£(x>t)a f£(yvt)) > 6}) < 6
In particular, the preceding proof of Lemma 7 motivates the following inductive
construction of approximative selections (fi )ren:

There exists such a function f : E x [0,T] — O(E,d, |-]) with

diSt(fl(xat)a <9\()6’0) g ZLZ

forevery x € E and ¢ € [0, T[. In combination with assumption (iii’) about the equi-
continuity of .7 (-,1), ¢t € [0,T], we can even find a radius 0; (x) > 0 foreachx € E
with

for ally € Bs, () (x), 1 €[0,T],

X >
x1), fint)) > 32}) < 55 forally€Bg, (4 (x).

{31 ({re (0,711 D(fi
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The same arguments as in the proof of Lemma 7 lead now to a locally finite partition
of unity (§})nen and a sequence (x},)men such that the support of {1 () € CO(E) is
contained in By, (xm)( ) C E for each index m € N.

Due to Proposition A.80 about measurability of marginal maps (on page 490),
there exists a measurable selection 9,\(-) : [0,T] — O(E,d,|-]) for each m € N
satisfying at every time ¢ € [0, T],

Op(1) € F (xy,1)
D(OL(1), fi(xh,1)) = dist(fi(x}.1), F(x},1))

because each set-valued map .% (x},,-) : [0,T] ~ ©(E,d, |]), m € N, is measurable
with nonempty compact values by assumption.

Now we setforx € E andm = 1,2 ... successively

1(x) = 0,
i (x) 1=ty (X) + G (x) - T
In(x) = [ty (0), 15 (0]

[t
and define f, : E x [0,T] — O(E,d,|-|) in a piecewise way again
Hlx, 1) == 8L () it reJh(x),
Hx,T) == 85(T) with M :=inf {m € N|#),(x) =T} <eo.
Obviously, fa(x,-):[0,7] — O(E,d,|-]) is measurable for every x € E.
The arguments of the preceding proof even imply continuity property (c) for this

auxiliary function f>(-,-), i.e.,

lim D(f2(x,1), fo(x;,1)) dt =0

[— oo [0,7]
whenever a sequence (x;);e in E converges to x € E with respect to d.

Moreover,  dist(f2(x,1), F(x,1)) < 2% holds for every x € E and ¢t € [0,T[.
Indeed, there always exists a unique index m € Nwitht € JL,(x) = [t | (x),2L(x)[.

Thus, x € B (1 ( Dy falx,t) = 0L () € F(x),,1) and last, but not least,

diSt(fZ(xat)’ f(x,t)) < diSt(fZ(xat)’ <9\( ))Jrgf ( ( mat)’ <9\()@[))

1
<0+§

Finally,

D(f2(x1), fi(x:)) < D(0,(0), fi (0.0
< dist(fi (x},1), 9(x,ln,t)) +D(fi (xas)s fi(x:1))
|
< ?+D(fl (xrlnat), fl (x,t)
for every ¢ € [0, T[ has the consequence

jl({t € [OaT} ‘D(fZ(x’t)a fl (x’t)) > %}) < 21_2
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By means of induction, we now construct a sequence (f;),en of functions
E x[0,T] — O(E,d,|-]) with properties (b), (c) and

dist(f,(x,1), Z(x,1)) < 2n1+1 forallx e E,t €[0,T],
L' ({relo,T] | D(f(x,1), fu_1(x,1)) > 2,,1—,1}) < an forallx e E.
N
In particular, due to 2 27k = 2!="_27Nforalln <N, the inequality
k=n

({IGOT|Dfot)fHXI 2n2})

g.i”‘(U {r€[0,T]| D(fi(x,1), fi-1(x,1)) zkn})
k=n+1

NI 1
<2 ¥ <7
k=n+1
holds for every element x € E and all indices n < N. Due to the completeness of
L! spaces for metric space valued functions [6, § 5.4], there exists a function
fEx[0,T] — O(E,d,|])
such that for every element x € E, f(x,-) : [0,T] — O(E,d, |-]) is measurable and

/OT Dv(f(xat)’ fa(x,2)) dt — 0O for n — oo,

All values of . are assumed to be closed and so, a modification of f(x,-) on a set
of Lebesgue measure 0 leads to the additional property f(x,z) € .% (x,t) for all x,z.

Finally we have to verify continuity property (c) of f(,-), i.e.,

lim D(f(x,2), f(x;,t)) dt =0
l—=e JI0,T]

whenever a sequence (x;);en in E converges to x € E with respect to d.
Indeed, each function f,(-,-) (n € N) has this feature by construction. Considering
the last inequality for N — oo leads to the estimate

L' ({rel0,T] | D(f(x,0), fu(x,1)) > 5i=}) < o

being uniform with respect to x € E. It implies the current claim about continuity of
f(,t):E — O(E,d,]|-]) due to D(-,-) < 1. O

Proof (of Corollary 6 on page 389).

The assumptions of this corollary differ from their counterparts of Proposition 5
(on page 388) in just one relevant respect: We dispense with hypothesis (iii’), i.e.,
the family (Z(-,1)) of set-valued maps E ~» ©(E,d, |-]) is not supposed to
be equi-continuous.

Now Scorza-Dragoni Theorem quoted in Proposition A.9 (on page 446) provides
the tool for bridging this gap approximatively.

t€[0,T]
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Indeed, for every € > 0, Proposition A.9 guarantees a closed subset Iz C [0,7]
with 2! ([0,T]\ ;) < & such that the restriction

F (et + (E,d) xIe — (A (O(E,d,[])), dp)

is continuous. As I is compact, we conclude easily that the family (9 (-,t)) rels of

set-valued maps E ~~ ©(E,d, | -]) is equi-continuous.

This construction leads to a sequence (I,),en of closed subsets of [0,7] with
Z'([0,T]\ 1,) < 27" such that each family (F(-,r)),_, is equi-continuous. Set-
ting Sy :=1, Syt+1 := In+1\Uj_ Ix foreachn € N and choosing an arbitrary tran-
sition ¥y € O(E,d,|-|), the auxiliary maps %, : E x [0,T] ~ ©(E,d,|-]),n € N,
with
| F k) ifrely,
o = { (a3 e,

fulfill the assumptions of Proposition 5. For each n € N, there exists a selection
faEx[0,T] — O(E,d,|-]) of Fy(-,-) satisfying measurability condition (b) and

lim D(fu(x,1), fulxs,t)) dt =0
[ — oo [0,7]

whenever a sequence (x;);en in E converges to some element x € E w.r.t. d.
Now the function f : E x [0,T] — O(E,d, |-|) defined by

F) = {fn(~,t) if t € S, for some (and then unique) n € N

B if 1 €[0,T]\ Upen Sn = [0,T]\ Unen In

shares property (b) of measurability with each f,, and fulfills condition (c) of conti-
nuity as well. Indeed, the construction of (I,,),en and (Sy),en ensures

2 0.1\ U i) < timsup 2! (0.7]\1) = 0

neN
and thus, for any € > 0, we can select an index N, € N such that

g'([o,ﬂ\ Gs) <.

n=1

Finally, we obtain for every converging sequence (x;);cy in E and its limit x € E

limsup /[OT] D(f(x,t), f(x;,1)) dt

[ —o0 B
Ne y
Shfnj:‘p ( ;ZH /S D(f(x,0), f(x,1)) dt + /[O,T]\Uﬁilsn 1d’)
Ng Ne
<timswp 3. /S B(fulet), folat)) dr + 2 (10,71\ U 1)
N n=1 v°n n=1
< Y 0+e.

n=1 O
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5.1.3 Proofs on the Way to Existence Theorem 5.4

Now we give two proofs missing in this section 5.1. In particular, we focus on
Lemma 3 (on page 387) stating that the intersection of the mutation and a compact-
valued upper semicontinuous map is always a measurable map [0,7] ~ O(E,d, |-])
and Existence Theorem 4 (on page 388).

Proof (of Lemma 3 on page 387).

Without loss of generality, we can assume in addition that there exists a transition
B € O(E,d,|-])\€([0,T]). (It can be constructed by means of a supplementary
auxiliary component, for example — similarly to the disjoint sum of topological
spaces.)

From now on, we mostly consider the union of transition sets with {} so that
all closed sets in ©(E,d, |-|) are nonempty and thus, the general results about

measurability in Appendix A.10 (on page 489 f.) can be applied directly.

Now for each m,n € N, define the set-valued map .#, , : [0,T] ~» O(E,d,|-|) inthe
following way: .#,,(t) consists of ¥ and all transitions ¥ € € () C O(E.d, |-])
such that

d(0(h, x(t)), x(t+h)) < Ln forall h € [0,1].

The graph of .4, is closed. Indeed, let ((, %)),y be any convergent sequence
in Graph A, C [0,T] x O(E,d,|-]) with the limit (¢,9). If ¥ = ¥, then we

conclude ¥ = O for all large k € N due to ¥ ¢ €([0,T]). Hence, we can restrict
our considerations to {9, ¥ |k € N} C €([0,T]) and in particular, for each k € N,

d (O (h, x(t)), x(tx +h)) < Lh forall h € [0,1].
The standard estimate about two solutions in Proposition 2.11 (on page 108) implies

d (O (h, x(t)), x(t +h)) = klilr:od(ﬁk(h,x(zk)), x(tk+h) < Lh forall he0,1],

ie. O € Muy(t). Thus, Graph Ay, isclosedin [0,7] x O(E,d,|-]).

Furthermore, all values of .#, , are nonempty and closed. As % is supposed to be
upper semicontinuous with compact values, [19, Proposition 1.4.9] ensures that

AMnn = Mun N (CU{00}): [0,T] ~ O(E.d,|-])

is upper semicontinuous (in the sense of Bouligand and Kuratowski). Finally, it
implies the measurability of .#,, for each m,n € N due to Corollary A.76 (on
page 489).

Now we bridge the gap between the countable family (.#,,,)mcn Of measurable
set-valued maps and [0,T[~ O(E,d,|-]), ¢ r—>)oc(t) N (t) considered in the claim:
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Due to the definition of .4, ,,

U Malt) {ﬁe%(t) limsup ~d(19(h,x(t)),x(t+h))§%}U{é‘o}

==

neN n10
U Awnt) {19 €€(1) | limsup L-d(9(h,x(1)), x(t+h)) < %} U{do}.
neN nio

Now the standard estimate about evolutions along transitions in Proposition 2.6
(on page 106) implies for every z € [0,T]

U Anat) € {0 €€(0) [ limsup }-d(®(hx(0)), x(t+h) < £ } U {00}

neN nio
c {196‘5 limsup L -d(0(h,x(r)), x(t+h)) g%}u{ﬂo}

hl0
LEJN Mn(t) > {0 €E () imstp L-d(9(,x(1)), x(r+h)) <0} U {00}
- {06% limsup %-d(ﬁ(h,x(r)),x(t—i—h))gO} U{th}.

hlO

Finally,
N U Aunlt) = {ﬁe%(t) ‘ lim ,ll~d(z9(h,x(t)),x(t+h)):O}U{ﬁo}
meN neN

- (5?(;) n %(t)) U{th}.

Proposition A.77 (on page 490) ensures that the closure of a countable union and
the countable intersection preserve measurability of set-valued maps. It completes
the proof of Lemma 3. U

Proof (of Existence Theorem 4 on page 388).

In a word, we use the selection principle in Corollary 6 (on page 389) for a connec-
tion between the mutational inclusion here and the mutational equation discussed
in § 2.3 (on page 104 ff.).

The tuple (E, d, |-], ©(E,d,[-])) is Euler compact by assumption.

Let f: E x[0,T] — O(E,d,|-]) denote the selection of the set-valued map
F Ex|[0,T] ~ O(E,d,|-]) whose existence is stated in Corollary 6.

Strictly speaking, just one obstacle is preventing us from applying Peano’s Existence
Theorem 2.18 for nonautonomous mutational equations (on page 114) immediately,
namely its assumption (4.) about continuity:

For each R > 0, there is a set I C [0, T of .#’! measure 0 such that for any € [0, 7]\ 1,

lim D(f(xn,tn), fx,1); R) =0
Nn— oo
holds for any sequences (#,),en in [0, 7] and (x)nen in E satisfying lim #, =¢ and
n— o0
lim d(xn,x) =0, sup [x,]| <eo. (In particular, / should not depend onx € E.)
oo neN
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Similarly to the proof of Corollary 6, Scorza-Dragoni Theorem (in Proposition
A.9 on page 446) ensures for each € > 0 that there exists a closed subset I C [0,7]
with . Z1([0,T]\ ) < & such that the restriction f(-,")|gxs, : E xI —
O(E,d,|-]) is continuous (with respect to the metric D on O(E,d, |-])).

Now fe : Ex[0,T] — O(E,d, |-]) is defined as the extension of f(-,-)|gxz. with
fg(xat) = f(xvsl)

forx€E, t€[0,T|\Iz and s, ;== sup{s€l;|s<t} €.

Obviously, this extension f; is continuous in the open subset E x ([0,T]\ dI¢)
(with respect to the metric D on O(E,d, |-|) again). In particular, I, is (at most)
countable because [0,7]\ dI¢ is open with finite Lebesgue measure. As a conse-
quence, f; satisfies continuity assumption (4.) of Peano’s Theorem 2.18.

Fixing the initial state xy € E arbitrarily, there exists a solution x¢ : [0,7] — E to
the mutational equation

;s () 2 fe(xe(')> )
in the tuple (E,d, |-|) with x¢(0) = xo and

sup [xe()] < (lxo)+77)e’" +1 = R
[0.7]

using the abbreviation 7 := sup {y(8) | & € F(x,1), x€E, 1 € [0,T]} < oo

Finally we choose any sequence (&),en in 0,1 with Y| & < e. Then
Proposition 2.11 about the continuity of solutions with respect to data (on page 108)
implies that (x,(-)), <y is a Cauchy sequence in C%([0,T],E) with respect to the
uniform topology. According to Remark 2.19 (on page 116), there exists a pointwise
limit curve x(+) : [0,T] — E.

Furthermore (xe, (+)),,cy is uniformly Lipschitz continuous with respect to d due to
assumption (i) and thus, x(-) : [0,7] — (E,d) is also Lipschitz continuous. The
lower semicontinuity of |-| : (E,d) — [0,0[ (by assumption) ensures

sup |x(+)] < sup sup [xe()|] < R < oo,
0.7] e€l01] [0.7]

x() is a solution to the mutational equation x () 3 f(x(-), -) in the tuple (E.d, [-]).
Indeed, Proposition 2.11 (extended to Lebesgue-integrable distances between tran-

sitions approximatively) implies for every m € N, ¢ € [0,T] and h € [0, 1] with
t+h<T and Jp == Nyopm le, C [0,7]
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d(f(x(t),t) (h,x(t)), x(t+h)) = lim d(f(x(t),t)(h,x(t)), xg,(t+h))

n— oo

< liminf (d(x(t),xgn(t)>+/tt+h

XD(f(x(t),t), Sen(xe,(s5),8); R) dS) eOh

< liminfe® " - (
n—eo [t 1R\ T

/[f.,z+h]mmD(f(x(t)”)a f(xe, (5).5); R) ds).

2 iiig(s) ds +

with the bound 7ig(-) mentioned in assumption (iv). The continuity of the restriction
f(,-)|ExJ, guarantees forallm e N, € [0,T[, h € [0,1] witht +h < T

dgmvy0m¢v»¢@+m)g(/‘ 2 iiig(s) ds

[r1+1) \Jm
[ D(f(ale)a), £(x(s)9):R) ds) e
[t, 4R Oy
Moreover, the set j;n of all Lebesgue points of the integrable product X[0.7[\Jon Mg :

[0,T7] — R has full Lebesgue measure due to L189, Theorem 1.3.8] and, these two
properties imply for every m € N and ¢ € J,, N Jyy,

1 l in p— m =
}11% h /[t,t+h]\lm i(s) ds (%[O’T[\Jm mR) 2 0
li l/ D 1),1), ,s); R) ds = 0.

lim 7 S (f(x(),1), f(x(s),5); R) ds

In combination with

I C It foreachm € N,
Z([0,T]\Jw) < Y LN (0,T)\Ig,) < Y, & "= 0,
n=m n=m

we obtain for .#!-almost every 7 € [0, T]
limsup 7 -d(f(x(t),t)(h, x(t)), x(t+h)) < O.
h10
O

Remark 8. This proof of Existence Theorem 4 has essentially two pillars:
The selection principle in Corollary 6 connects the existence problem of muta-
tional inclusions with mutational equations and, then we apply Peano’s Existence
Theorem 2.18 (based on Euler compactness).

This selection principle is formulated only for separable metric spaces here (as we
have already pointed out at the beginning of § 5.1.2), but we are still free to combine
it with the existence results in § 3.3. This lays the foundations for extending Exis-
tence Theorem 4 to several examples that require the generalizations in Chapter 3.
In particular, a curve is (sequentially) continuous with respect to a metric if and only
if it is sequentially continuous with respect to some power of an equivalent metric
(no matter whether the latter satisfies the triangle inequality).
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5.2 Morphological Inclusions with State Constraints:
A Viability Theorem

In this section, we focus on the geometric example of the metric space (7 (RY),d)
and consider transitions induced by reachable sets of differential inclusions whose
set-valued right-hand sides belong to LIP(RY RY). The corresponding mutational
equations are usually called morphological equations and, they are discussed in
§ 1.9 (on page 57 ft.).

Now morphological inclusions are based on the goal to admit more than just one
transition for each compact subset of RY. In contrast to the preceding § 5.1, however,
additional state constraints K(t) € ¥ on the wanted tube K(-) : [0,T] — % (RN)
are to come into play. This difficulty is handled just by means of the supplementary
“structure” of the morphological transition set LIP(RY,RY).

The problems of invariance and viability have already been investigated for transi-
tions induced by bounded Lipschitz vector fields (instead of the set-valued maps in
LIP(RY,RV)).

Indeed, Doyen [74] has given sufficient and some necessary conditions on .7 (+)
and ¥ C ¢ (RYN) for the invariance of ¥ (i.e. all continuous solutions starting in 7’
stay in ¥"). His key notion is first to extend Filippov’s existence theorem from differ-
ential inclusions (in R") to morphological inclusions in # (RY) [74, Theorem 7.1]
and then to verify dist(K(-),#) < 0 (under the assumption that the values of .7 (-)
are contained in the respective contingent transition set to #") [74, Theorem 8.2].

The corresponding question about viability of ¥ (i.e. at least one continuous
solution has to stay in #") was pointed out as open by Aubin in [10, § 2.3.3]. A first
answer was given in [122] — but only for transitions induced by bounded Lipschitz
vector fields.

Now we consider the viability problem for morphological inclusions with transi-
tions in LIPs5(RY,RY) in their full generality (as in [121]).

Definition 9. LIP(RY,RY) consists of all set-valued maps F € LIP(RY RV)
whose values are convex in addition, i.e., every map F : RY ~» RY in LIPg(RY,RY)
satisfies the following conditions:

1.) F has nonempty compact convex values that are uniformly bounded in RV,
2.) F is Lipschitz continuous with respect to the Pompeiu-Hausdorff distance d.

In fact, the main result of this section, i.e. Theorem 12 (on page 401) below, is
very similar to the viability theorem for differential inclusions in R (discussed in
[14] and quoted here in Theorem 11).
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5.2.1 (Well-Known) Viability Theorem for Differential Inclusions

The situation has already been investigated intensively for differential inclusions in
RN (see e.g. [14, 15]). For clarifying the new aspects of morphological inclusions,
we now quote the corresponding result from [14, Theorems 3.3.2, 3.3.5].

Definition 10 ([14, Definition 2.2.4]). Let X and Y be normed vector spaces. A
set-valued map F : X ~~ Y is called Marchaud map if it has the following properties:

1. F is nontrivial, i.e. Graph F # 0,

2. F is upper semicontinuous, i.e. for any x € X and neighborhood V D F(x),
there is a neighborhood U C X of x: F(U) C 'V,

3. F has compact convex values,

4. F has linear growth, ie. sup || < C(1+|x]) forallxe€X.
VEF (x)

Theorem 11 (Viability theorem for diff. inclusions [14, Theorems 3.3.2, 3.3.5]).

Consider a Marchaud map F : RY ~» RN and a nonempty closed subset V.C RN
with F(x) # 0 for all x € V. Then for any finite time T € |0,co], the following two
statements are equivalent:

1. For every point xo €V, there is at least one solution x(-) € WH1([0,T], RY)
of X'(-) € F(x(+)) (almost everywhere) with x(0) = xo and x(t) € V for all t.
2.F(x)NTy(x) # 0 forallxeV.

The implication (1.) = (2.) is rather obvious. For proving (2.) = (1.), a stan-
dard approach uses an “approximating” sequence (xn(~))n oy in wl=([0,1],RN)
such that sup, dist(x,(r), V) — 0 (n — o) and (x,(t), %x,(t)) is close to
Graph F C R¥x RY for almost every ¢. Then the theorems of Arzela-Ascoli
and Alaoglu provide a subsequence (x,,(-)) y and limits x € C°([0,1],RV),
w € L=([0,1],RY) with

Xn;(+) — x(-) uniformly, j—txnj(~) — w(-) weakly* in L=([0,1],RV).

JEN

Due to the continuous embedding L~ ([0, 1],RY) < L'([0,1],R"), we even obtain
the convergence 4 x, (-) — w(-) weakly in L' ([0, 1], RY). Thus, w(-) is the weak
derivative of x(-) in [0, 1] and, x(-) is Lipschitz continuous. Finally Mazur’s Lemma
implies
w(t) € () ﬁ( U F(Z)) = F(x(1)) for almost every .
€50 zeBe(x(r))

Considering now morphological inclusions on (% (RV),d) (instead of differ-
ential inclusions), an essential aspect changes: The derivative of a curve is not
represented as a function in L'([0,1],R") any longer, but we are dealing with
LIP(RV RV)-valued curves here. Now the classical theorems of Arzela-Ascoli,
Alaoglu and Mazur might have to be replaced by their counterparts concerning func-
tions with their values in a Banach space (instead of RY).
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5.2.2 Adapting This Concept to Morphological Inclusions:
The Main Theorem

Now .7 : # (RV) ~ LIP(RY,RY) and a set of constraints ¥ C # (R") are given.
Correspondingly to Theorem 11 about differential inclusions, we focus on the so-
called viability condition demanding from each compact set K € ¥ that the value
Z(K) and the contingent transition set 7y (K) C LIP(RY,RV) have at least one
morphological transition in common. Lacking a concrete counterpart of Aumann
integral in the metric space (% (RM),d), the question of its necessity (for the
existence of “in ¥ viable” solutions) is more complicated than for differential in-
clusions in RY and thus, we skip it here deliberately.

The main result of this section 5.2 is that in combination with appropriate assump-
tions about .% () and ¥, the viability condition is sufficient.

Convexity comes into play again, but we have to distinguish between (at least)
two respects:
First, assuming .% to have convex values in LIP(RY,RV) and second, supposing
each set-valued map G € .# (K) C LIP(RY,RV) (with K € .# (RV)) to have convex
values in RV The latter, however, does not really provide a geometric restriction on
morphological transitions. Indeed, Relaxation Theorem A.19 of Filippov-Wazewski
(on page 453) implies 5(t,K) = ¥z6(t,K) for every map G € LIP(RY,RV),
initial set K € ¢ (R") and time t > 0.
Thus, we suppose the values of .7 to be in LIPg(RY,RY) :

Theorem 12 (Viability theorem for morphological inclusions).
Let F : # (RY) ~ LIP(RY, RY) be a set-valued map and v C # (RV) a
nonempty closed subset satisfying the following conditions:

1.) all values of F are nonempty and convex (i.e. for any G1,Gy € F(K) C

LIP (RN, RY) and A € [0,1], the set-valued map
RY RN x4 -Gi(x)+ (1 — 1) - Ga(x)

also belongs to % (K)),

2) A:= sup sup LipG < oo,
Met (RN) GEF (M)

B:= sup sup |G|l < o0,

Met (RN) Ge.F (M)
3.) the graphof F is closed (w.r.t. locally uniform convergence in LIP(RN  RV)),
4) Zy(K) N F(K)#0 forall KeV.

Then for every initial set Ky € V', there exists a compact-valued Lipschitz con-
tinuous solution K(-) : [0,1] ~ RN to the morphological inclusion

K() N F(K() # 0
with K(0) =Ky and K(t) € ¥ forall t €0,1].
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Remark 13. In assumption (3.), the topology on LIP(RY RY) is specified.
A sequence (Gy)uen in LIP(RY RY) is said to converge “locally uniformly” to
G € LIP(RY,RY) if for every nonempty compact set M C RV,

Def.

des(Gn(-)Im, G()|m) = sup d(Gy(x),G(x)) — 0 for n—eo

using here the Pompeiu-Hausdorff distance d on .# (R"). This topology can be
regarded as an example induced by the metric D in § 5.1 (on page 386).

Due to the uniform bounds in assumption (2.), the image set .7 (¢ (RY)) is se-
quentially compact in LIPz(RY,R") with respect to this topology (as we prove
in subsequent Lemma 19). Hence, .% is upper semicontinuous (in the sense of
Bouligand and Kuratowski) according to [19, Proposition 1.4.8].

Now Viability Theorem 12 is applied to two very special forms of constraints:
N ={KeX(R")| KNM#0}
¥ = {Ke X (R")| KCcM}

with some (arbitrarily fixed) nonempty closed subset M C RY. Indeed, Gorre has
already characterized the corresponding contingent transition sets — as discussed
in Example 1.64 (on page 68) and quoted in Proposition 1.66. Thus, we conclude
directly:

Corollary 14 (Solutions having nonempty intersection with fixed M c RV).
Let .F : # (RV) ~ LIP(RN, RN) be a set-valued map and M C RN a closed
subset satisfying:

1.) allvalues of F are nonempty, convex with global bounds (as in Theorem 12),

2.) the graphof F is closed (w.r.t. locally uniform convergence in LIP(RY, RV)),

3.) forany K€ # (RN) with KNM # 0, there exist G € F(K), x € KNM with
G(x)NPE(x) #0.

Then for every compact set Ky C RN with KoyN\M # 0, there exists a compact-

valued Lipschitz continuous solution K(-) :[0,1] ~ RN to the morphological

inclusion I%() NZ(K() #0 withK(0)=Ky and K(t) "M #0 forallr.

Corollary 15 (Solutions being contained in fixed M C RV).
Let .F : # (RV) ~ LIP (RN, RY) be a set-valued map and M C RN a closed
subset satisfying:

1.) allvalues of F are nonempty, convex with global bounds (as in Theorem 12),
2.) the graphof F is closed (w.r.t. locally uniform convergence in LIP(RY, RV)),
3.) for any compact set K C M, there exist G € F(K) with G(x) C Ty (x) for
every x € K.
Then for every nonempty compact set Ky C M, there exists a compact-valued
Lipschitz continuous solution K(-) : [0,1] ~ RN to the morphological inclusion

KCO)NF(K() £0  with K(0)=Ko and K(t) C M forall t € [0,1].
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5.2.3 The Steps for Proving the Morphological Viability Theorem

The proof of Viability Theorem 12 uses a concept of approximation developed by
Haddad and others for differential inclusions in RV (and sketched in § 5.2.1).

For any given “threshold” € > 0, we verify the existence of an approximative
solution K (+) : [0,1] — # (R") such that its values have distance < & from the
set of constraints ¥ C # (RV).

In addition, each K¢ (-) is induced by a piecewise constant function

fe(-) 1 [0,1] — LIPs(RY,RV)

of morphological transitions such that (K¢ (), fe(¢)) is close to Graph .# at every
time ¢ € [0, 7] (Lemma 16). Proposition A.81 about parameterization (on page 491)
bridges the gap between fe(+) 1 [0,1[— LIPz(RN,R") and the auxiliary function

fe(-) : [0,1] — BLip(RY xB;, RY) whose single values are in the Banach space
(CO(RN xBy, RY), || -||) additionally.

Then, letting & > 0 tend to 0, we obtain subsequences (K, (-)),cn» (fa(*), oy that
are converging to some K(-) : [0,1] — ¢ (RV) and f : [0,1] — BLip(RN x
By, RY), respectively, in an appropriate sense — due to compactness (see
Lemma 18).

Last, but not least, we prove that these limits satisfy for .#’!-almost every ¢ € [0, T[

F6)(By) €K(1) N F(K(1)) # 0.

Indeed, Lemma 20 concludes f(7)(-,B;) € .7 (K(t)) for £ -almostevery € [0,T]
from Lemma 19 stating that the graph of .7 is sequentially compact. Furthermore,
K (-) can be characterized as reachable set, i.e. ¥ 0B )(t Ko) = K(t) for every ¢
(Lemma 21). Finally, preceding Proposition 1.57 (on page 64) implies

(), By) € K(1) for #!-almost every t €]0,1].

Let us now formulate these steps in detail and then prove them.

Lemma 16 (Constructing approximative solutions). Choose any € > 0.
Under the assumptions of Viability Theorem 12, there are a B-Lipschitz continuous

function Ke(-):[0,1] — 2 (RN) and a function fe(-): [0,1[ — LIP(RY, RY)
satisfying with Rg := €
a) Ke(0) = Ko,
b) dist(Ke(r ) ¥) < Re forallt €0,1],
c) felt) € Ke(t) N Z (Br(Ke (1)) # 0 forallt €[0,1],
) [

d) fe(+) is piecewise constant in the following sense: for each t € [0,1],

there exists some & > 0 such that fe(-)|, ;15[ is constant.
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Remark 17.  As a direct consequence of property (d), the function f¢ :[0,1[—
LIPz(RY,R") can have at most countably many points of discontinuity. This en-
ables us to apply earlier results about autonomous morphological equations (§ 1.9
on page 57 ff.) to the approximations K¢ (+), fe () in a “piecewise” way.

Now the “threshold of accuracy” € > 0 is tending to 0. The “detour” of parameteriza-
tion (Proposition A.81) and the subsequent statements about sequential compactness
lay the basis for extracting subsequences with additional features of convergence:

Lemma 18 (Selecting an approximative subsequence).

Under the assumptions of Viability Theorem 12, there are a constant ¢ = ¢(N,A,B),
sequences K, (+) : [0,1] — %(RN) fu(-) 1 [0,1]— BLip(RY x By, RY) (n € N)
and K():[0,1] — #(RN), f(-) : [0,1] —> BLip(RN x By, RY) such that for
every jneN, t€[0,1[, xe RV, ueB; CRV

a) Ky = Kn(O) = K(O)>

b) () and K,(-) are B-Lipschitz continuous w.r.t. dl,

c) f, ( )(x,u) is piecewise constant (in the sense of Lemma 16 (d)),

1Fa() ()l +Lip £ () (-,-) < € < oo,

d) dist(K, () ) 1

e) o Bﬂ K1) 0 7 (By (K1) # 0

/) Cf( m( ~)*>0 uniformly in [0,1] ~ for m — oo,
g) fm(: )\ RixB, ()|,; «m, Weakly in L'([0,1],CO(K;x By, RY)) for m — o,
B F@) () le+Lip F(0)(,-) < ¢ < oo,

) Kt)ev

with the abbreviation K; := B, p(Ko) £ {x e RY| dist(x,Kp) < j+B} € # (RY).

Lemma 19 (Sequential compactness in the image and graph of .7 ()).
In addition to the hypotheses of Viability Theorem 12, let (Gy)ren be an arbitrary
sequence in the image set .F (A (RV)) = Umermvy) F (M) C LIP(RY RY).

Then, there exist a subsequence (Gk )jen andamap G € LIPs (RN, RY) such
that for any compact set M C RV, sup cﬂ(Gk (x), G(x)) — 0 (j —> o) and

LipG<A, |Gl <B.

Let now (K )xen be an arbitrary sequence in # (RN) such that | Jyey K CRY
is bounded and Gy € F(Ky) for each k € N.  Then there exist subsequences
(Kk;)jens (Gi;)jen, aset K € A (RN and amap G € Z(K) C LIPm(RY,RV)
with '

d(K,, K) =50 sup (G () G(x) =50 foreach M € # (RV).
xXE
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Lemma 20. N
Let the sequences K, : [0,1] — ¢ (RY), £, :[0,1[— BLip(RY xB;, RY) (n€N)

and the functions K(-) : [0,1] — 2 (RY), £(-) : [0,1]— BLip(RN x B, RY) be
as in Lemma 18 above.

Then, for £"-almost every t € [0,1],
dist (£(0)(xB1), co{fu(0)(x,B1), fon () Br) .. }) =5 0

locally uniformly in x € RN and, the coefficients of the approximating convex com-
binations can be chosen independently of t, x.

In particular,  f(1)(-,B1) € F(K(t)) C LIP(RN,RY).

-~ o
Last, but not least, we have to prove f(¢)(-,B;) € K(¢) at.#'-almost every time 7.
Due to Proposition 1.57 (on page 64), we can restrict our considerations to describ-
ing K(¢) as reachable set of a nonautonomous differential inclusion, i.e.

ﬁf(.)(.Bl)(t,KO) = K(1) for every ¢ €]0, 1].

Lemma 21 (K(¢) as a reachable set of f( (¢, By)).
Let the sequences K, : [0,1] — ¢ (RY), f,:[0,1[— BLip(RY xB;, R¥) (n € N)

and the functions K(-) : [0,1] — ¢ (RN), f(-) : [0,1[— BLip(RN x By, RY) be
as in Lemma 18.

Then, for any x(-) € C°([0,1],RN) and Lebesgue measurable set J C [0, 1],

/fanBalds/f ds)"ifo
In particular, ﬁﬂ)(nBl)(I’KO) = K(t) forevery t €]0,1].

The next proposition serves as tool for proving Lemma 21 and focuses on solutions
of nonautonomous differential inclusions in RY. In a word, this earlier theorem
of Stassinopoulos and Vinter [176] characterizes perturbations (of the set-valued
right-hand side) that have vanishing effect on the sets of continuous solutions.

Proposition 22 (Stassinopoulos and Vinter [176, Theorem 7.1]).
Let D:[0,1] xRN ~ RN and each D, :[0,1] xRN ~» RN (n € N) satisfy the
following assumptions:
1. D and D, have nonempty convex compact values,
2. D(-,x), Dy(+,x): [0,1] ~ RN are measurable for every x € RV,
3. there exists k(-) € L'([0,1]) such that D(t,-), Dy(t,-) : RN ~~ RN are k(t)-
Lipschitz for £ -almost everyt € [0,1],

4. there exists h(-) € L'([0,1]) such that sup [v| < h(t) for every
veD(t,x) UDy (t,x)

x €RY and £'-almost every t € [0,1].
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Fixing the initial point a € RN arbitrarily, the absolutely continuous solutions of

{y’(-) € Duy() aein(01] {y’(-) € D(-3() aein[0,1]
¥(0) = a ¥(0) = a

respectively form compact subsets of (C°([0,1],RY), || - ||.) denoted by %, (n € N)

and 9.

Then, 9y, converges to 9 (w.r.t. the Pompeiu-Hausdorff metric on compact subsets
of C°([0,1],RN)) if and only if for every solution d(-) € 2, Dy(-,d(-)):[0,1]~ RN
convergesto D(-,d(+)) : [0,1] ~ RN weakly in the following sense

dz(/l Da(s, d(s)) ds, /JD(s,d(s)) ds) "5 0

for every measurable subset J C [0,1]. O

Now let the proofs begin:

Proof (of Lemma 16 on page 403). It imitates the proof of Lemma 1.29 (on
page 48 f.) and uses Zorn’s Lemma: For € > 0 fixed, let <% (Ky) denote the set
of all tuples (tx, K(-), f(-)) consisting of some 7x € [0,1], a B-Lipschitz con-
tinuous function K(+) : [0,7x] — (# (RN),d) and a piecewise constant function
f(-) 1 [0,1] — LIPz(RY, RY) such that

Q) K(0)=Kp,
b)) 1) dist(K(tk), ¥) < re(tx)  with re(t) == € M 1,

2) distEK(t), “//g < R: forall ¢ € [0, %],
o) flt) € K(t) N .F(Br(K(1))) # 0 for all 7 € [0, tx .

Obviously, 27 (Ky) # 0 since it contains (0, K(-) = Ko, f(-) = fy) with arbitrary
fo € LIP(RY, RY). Moreover, an order relation < on <7 (Kp) is specified by

(56, K(), ) 3 (0, M(),8()) o= <t Mg o =K gl =1

Hence, Zorn’s Lemma provides a maximal element (7, Ke(-), fe(-)) € e (Kop).
As all considered functions with values in .# (R") have been supposed to be
B-Lipschitz continuous, K¢ (-) is well-defined on the closed interval [0, 7] C [0, 1].

Assuming 7 < 1 for a moment, we obtain a contradiction if K¢ (), f¢(-) can be ex-
tended to a larger interval [0,7+ 8] C [0,1] (6 > 0) preserving conditions (b”), (c).
Since closed bounded balls of (.# (RY),d) are compact, the closed set 7 contains
an element Z € # (RY) with d (K¢ (7),Z) = dist(Ke(1), ) < re(t) and, assump-
tion (4.) of Viability Theorem 12 provides a set-valued map

G € Iy(Z) N F(Z) C LIP(RY,RY).

Due to Definition 1.16 of the contingent transition set . (Z), there is a sequence
hm 1 0in ]0,1—7[ such that dist(g(hm,Z), V') < €hy forallm € N. Now set

Ke(t) == O6(t—7,Ke(7)),  fe(t) := G foreacht € [1, T+hy|.
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Obviously, G € ;(g(t) holds for all t € [t, T+ h;[. Moreover, it leads to
d(Ke(t), Z) < d(96(t—7,Ke(1)), Ke(7)) + d(Ke(7), 2)
< B-(t—1) +e T < R;

for every t € [t, T+ 8] with § := min{hl, get ﬁ}, i.e. conditions (b’)(2.)

and (c) hold in the interval [z, T+ 6]. For any index m € N with h,, < &,
dist(Ke(T+hn), ) < d(96(hm, Ke(T)), 96(hm, Z)) + dist(96 (hm, Z), V)
d(Ke (1), Z) - etlm +€-hp

eAT T Am +&-hy < re(t+hy),

N

IN

i.e. condition (b’)(1.) is also satisfied at time # = 7T + h,, with any large m € N.
Finally, Kg(-)’[o cin,) &nd fg(-)’[o ¢4, Provide the wanted contradiction, i.e. 7=1.
O

Proof (of Lemma 18 on page 404).

For each n € N, Lemma 16 provides
Kn() : [07 H - ‘%/(RN)v
fu(2) 1 [0,1] — LIP(RN, RY)

corresponding to € := ,ll e~4. Now according to Proposition A.81 (on page 491),

the set-valued map [0,1[xRY ~ RV (¢,x) — f,(t)(x) has a parameterization
[0,1[ xRN x B, — R that we interpret as f, : [0,1[ — BLip(RN xB;,RV).
Obviously, they satisfy the claimed properties (a) — (e).

In particular, these features stay correct whenever we consider subsequences instead
and again abbreviate them as (K, (-))nen, (fn(*))nen respectively.

For property (f) about uniform convergence of (K, (+)) with respect to di:

The B-Lipschitz continuity of each K, (-) has two important consequences, i.e.

1. all curves K, (+):[0,1] — (' (RY),d) (n € N) are equi-continuous and

2. Ung%w | {K,(t)} is contained in the compact subset Bg(Ky) of (£ (RY), d).
t€[0,1

Theorem A.82 of Arzela-Ascoli (on page 491) provides a subsequence (again
denoted by) (K,(-)), converging uniformly to a function K(-): [0,1] —
(o (RN),d). In particular, K(-) is also B-Lipschitz continuous with K(0) = Ko,
i.e. properties (a) — (f) are fulfilled completely.

For property (g) about weak convergence of fu(-)| with a fixed compact KCRVN:

We cannot follow the same steps as for differential inclusions in RV any longer.
Indeed, the functions f,(-) of morphological transitions have their values in
BLip(RY xB;, RY), which cannot be regarded as a dual space in an obvious way.
Thus, Alaoglu’s Theorem (stating that closed balls of dual Banach spaces are
weakly* compact) cannot be applied similarly to differential inclusions (§ 5.2.1).
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Alternatively, we restrict our considerations to a compact neighborhood K of
Une[NO | K,(t) C RN and use a sufficient condition on relatively weakly compact sets
t€lo,
in L' ([0, 1], CO(K x By, RM)). Here CO(K x By, RY) (supplied with the supremum
norm | - ||.) denotes the Banach space of all continuous functions K x B; — RV,
According to Proposition A.85 of Ulger (on page 492), if W ¢ CY(K x By, RY) is
weakly compact then the subset

{hGLl ([0, 1], CO(K x By, RV)) ‘ h(t) €W for £'-almost every 1 € [0,1}}

is relatively weakly compact in L' ([0, 1], CO(K x By, RY)).

In fact, the set {f,(t) [n € N, 7€ [0,1]} € C(RY xBy, RY) is uniformly bounded
and equi-continuous (due to property (c)). Due to Theorem A.82 of Arzela-Ascoli,
the set of their restrictions to the compact set K x B; C RN x RV

W= {70 gm, ’nGN,tE 0,11} ¢ /(R xBy, RY)

is relatively compact with respect to || - ||. Thus, {fn() |k xB, |n €N} is relatively
weakly compact in L' ([0,1], C° (K xB;, RY )) and, we obtain a subsequence
(again denoted by) (f,(-))nen and some g(-) € L' ([0,1], CO(K xBy, RY)) with

FO)lgxs, = &) weakly in L' ([0,1], C°(Kx By, RY)).

For property (g) about fn(-)\kj with every compact I?j S Bjyp(Ko) CRN (j€N):

Now this construction of subsequences is applied to
Def.

Kj = Bjip(Ko) = {xeRY|dist(x,Ko) < j+B}

for j =1,2,3 ... successively.

By means of Cantor’s diagonal construction, we obtain a subsequence (again de-
noted by) (f,(-))nen and some g;(-) € L' ([0,1], C°(K;xB;, RY)) (foreach j € N)
such that for every index j € N,

ﬁl(')|l?j><IB31 "_’_": g]() Weakly in Ll([Oa l]a Co(ﬁjxﬁla RN))

As restrictions to K; xB; of one and the same subsequence (Fu(-))nen converge
weakly for each j € N, the inclusion K; C K; | implies for any indices j < k

&) = )y, €CO(K;xBy, RY) for.L'-ae.r1€[0,1].

Hence, (g;(-));en induces a single function F:[0,1]— CO(RN xB;,RN) def-
ined as

~

F(O)(x,u) == gj(t)(x,u) for x€ K;, ucB; and L -ae. t€0,1].
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For property (h) about Lipschitz continuity and bounds of limit function f(-):

Finally, we verify f(r) € BLip(RY xBy, RY), |f(t,-,)|l + Lip f(t,-,-) < ¢ for
almost every ¢ € [0, 1[. Indeed, as in the case of differential inclusions (§ 5.2.1),
Mazur’s Lemma (e.g. [188, Theorem V.1.2]) ensures for each fixed index j € N

f(')ll?jxlﬂh € ﬂ m{ﬁ(')‘i{jxﬁla fn+1(')‘§ixﬁl }inLl ([0’ 1],CO(I’Z]'><]B§1,RN)>.

neN

Thus, f(-)|g,.p, can be approximated by convex combinations of {fl (g xB,
J J
h()

convex combinations) converges to f(~)\g_xB| Z'-almost everywhere in [0, 1].
J

RixBy - } with respect to the L' norm. A further subsequence (of these
For #!-almost every ¢ € [0,1], f(t)| R xB, belongs to the same compact con-
vex subset of (CO(K]-XIBI, RM), |- ||°o) as fj (t)|,?ijl, fZ(I)‘I?ijB%I ..

{we BLip(K; x B, RV) | [[w]l+Lipw < c}. As the index j € N is fixed arbitrar-
ily, we obtain property (h).

., namely

Property (i), i.e. K(¢) € ¥ for every ¢ € [0,1], results directly from statements (d),
(f) and the assumption that ¥ is closed in (. (RY),dl). This completes the proof
of Lemma 18. ]

The last step is to verify at Lebesgue-almost every time 7 € [0,1] that
F(6)(-,By) : RY ~» RN belongs to both .Z(K(t)) and the morphological muta-
tion K (1).

First we interpret the weak convergence of fn('”[?,xleal — f(')‘ngBl (in L)

with respect to the corresponding set-valued maps [0, 1 [XE '~ RN and meet the
topology of locally uniform convergence in LIP(RY,RV).

As a rather technical tool, Lemma 19 (on page 404) clarifies how the uniform
Lipschitz bounds of . (.# (RY)) C LIPs(RY,RY) (due to assumption (2.)) imply
useful compactness features which ensure that the limit map f(£)(-,B;) : RN ~» RV
is related to .7 (K()) at.Z'-almost every time ¢.

Proof (of Lemma 19 on page 404).

Applying Parameterization Theorem A.81 (on page 491) to the autonomous maps
Gy : RN ~ RN provides a sequence (gx)x e of Lipschitz functions RY x By — RV
with gi(-,B;) = Gy for each k € Nand sup; (||gk|l+Lipgr) < const(A,B) < eo.

For any nonempty compact set K C RV, Theorem A.82 of Arzela-Ascoli guaran-
tees a subsequence (gy;)jen converging uniformly in K x B;. In combination
with Cantor’s diagonal construction, we obtain even a subsequence (again denoted
by) (gk_],) jeN converging uniformly in each of the countably many compact sets

B,(0) x B CRY xRN (meN).
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Let hy : RY x B — RY denote an arbitrary Lipschitz function with

sup (g, () — ()] 25
Bm(O)XBl

Then we obtain the unique function /: RY x B; — RY by setting h(x,-) := Ay (x, -)
for all x € B,,(0), m € Nand, g, — h (j — ) locally uniformly in R xB;.

In particular, A(-) is also Lipschitz continuous and has the same global Lipschitz
bounds as (gi)en- Hence, G :=h(-,B;) : RY ~» RN provides a set-valued map
that is Lipschitz continuous and satisfies
sup aY(Gk/(x), G(x)) < sup sup |gk (x,u) —h(x,u)] — 0 (j— o)
xeM ’ xeM ueB;
for any M € ¢ (RV). This convergence of (Gk;)jen implies directly Lip G <A,
|G|l < B and the convexity of all values of G. Now the first claim is proved.

For verifying the second claim, we extract a convergent subsequence (K, )jen as
all sets Kj,k € N, are contained in one and the same compact subset of RV. Hence,
there is K € 2 (RV) with d(Kj,, K) % 0. The same arguments as in the first part
lead to subsequences (again denoted by) (Kk_,) jeN, (ij) jen such that in addition,
the latter converges to a map G € LIPs5(RY,RV) locally uniformly. According to
assumption (3.) of Viability Theorem 12, Graph .# C ¢ (RV) x LIP(RY,RV)
is closed with respect to these topologies and thus, it contains (K, G).

d

Proof (of Lemma 20 on page 405).
Lemma 18 (g) specifies the convergence resulting directly from construction

f(')‘[?-x]B weakly in Ll([O,l],CO(EjXBl,RN))

fn(')‘[?.xmg, =

Dct

for each je€N with the abbrev1at1onK =B 5(Ko) = {xGRN ’dlSt (x,Kp) < ]+B}

Fixing the index j & N of compact sets arbitrarily, Mazur’s Lemma provides a
sequence (hj,(-)),cy With

hjn(-) € CO{ﬁC)I,@.Xgl,fn+1(~)|,;jxgl .} < L'([0,1],C°(K; x By, RY))
hjn(-) — f(’)|1}ijl (n— o)  strongly in L' ([0,1],C°( K;xB;, R M).
1]
)

)

For a subsequence (4, (- we even obtain convergence for Z1-a.e.r €0, 1],
q Jonk g

keN?
him () — fO)lg;p, (k=) in (CO(K; < By, RY), || ||,

i.e. uniformly in K; x B; C RV x RN.  Now the first claim is proved.
In particular, all values of f(¢)(-,B1) : RV ~~ RV are convex since each map
fu(t)(-,B1) €im .F C LIP(RY,RV) has convex values.
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Furthermore, we obtain the following inclusions for .#’!-almost every ¢ € [0, 1] (and
each index j € N) in a pointwise way

FOCB)|g € () A Bz, Uit () By)g, U

neN

c Ne U Bl

neN m>n

<N U 7@kl

neN m>n

- ﬂ co Be ()))|1§1

>0

due to Lemma 18 (e) and d(K,(t),K(t)) — 0 for m — oo respectively. Here, to
be more precise, the closed convex hull (in the last line) denotes the following set-
valued map

K; ~ RN, X +— Co U U G(x).

Mex(RN) GeF(M)
di(K(t),M) <€

Fixing now j € N and 0 > 0 arbitrarily, we introduce the abbreviation
By (ﬁ(l{(t)); 1?,-) - {GGLIP@(RN,RN) ‘
5Zdist<()|,(, K1)l )

Def.
= f d
e By 1 4O, 2 N}

for the “ball” around the set .% (K(t)) containing all maps G € LIP(RY, RV)
whose restriction to K has the “uniform distance” < & from .7 (K(t)).

For any 6 > 0 and each j € N, there exists a radius p >0 with

Z(Bp(K(1)) C B5(F(K): K))
because otherwise there would be two sequences (M )ien, (Gi)ren in & (R~N )
and LIP(RY,RV) with d (My, K(t)) < +, Gr € F(M)\ Bs(F(K(1)); K;)
for each k € N and, Lemma 19 would lead to a contradiction (similarly to [19,
Proposition 1.4.8] about closed graph and upper semicontinuity of set-valued maps
between metric spaces).
Obviously, s (.F (K(1)); K i) C LIPg(RY,RY) is closed with respect to locally
uniform convergence. Moreover, it is convex with regard to pointwise convex com-
binations because % (K(r)) is supposed to be convex. N
Thus, we even obtain the inclusion ¢o .7 (B, (K(1))) C %s(7(K(1)); K;), ie.

f(t)(~,IBSl)|E. € ﬂ Bs (F (K(1)); E]) for #!-a.e.t and each j € N.
6>0
In particular, there exists some Z; € % (K(t)) satisfying
sup dl (F(1)(x,B1), Z;(x)) < }
xe K]
and, the compactness property of Lemma 19 implies for .#!-almost every time

FO)(-B1) € F(K(1)). U
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Proof (of Lemma 21 on page 405).
According to the definition of Aumann integral (e.g. [19, § 8.6]),

[ 7o) 6t0.B) ds = { [ Fx(s)u(s)) ds | u() e LB}

Fixing u(-) € L'(J,B;) and x(-) € C%([0,1],RY) arbitrarily, we conclude from
Lemma 18 (g)

/fn ) ds — /f (s)) ds for n — o

since Ll([O,l],CO(fjx]Bl,RN)) — R, h»—>/Jh(s)(x(s),u(s)) ds

is continuous and linear whenever x([0,1]) C K;.  This implies

both dlst / Fu(5)(x(s),By) ds, / 7(s) )ds) — 0
and dlSt/fS x(s),B) s,/fns x(s), 1)ds)—> 0.
J J

Hence, the first claim holds.

Due to Lemma 18 (c), each f,(-)(x,B1): [0,1] ~ RY (n €N, x € RY) is piece-
wise constant and thus, it has at most countably many points of discontinuity. We
conclude from Lemma 18 (e) and Proposition 1.57 (about the equivalence between
morphological primitives and reachable sets on page 64)

19f71(-)(~-,15%|)(t’K0) = K,(1) forevery t €]0,1] and n € N.

d(K,(t), K(t)) — 0 has already been mentioned in Lemma 18 (f). Now we still
have to verify

a (v;

f,,(»)(-,IB%l)(t’KO)’ ﬁﬁ(,)(.’gl)(faKO)) — 0 forevery ¢t €]0,1] and n— co.

f

If Ky C RV consists of only one point, then this convergence results directly
from Proposition 22 of Stassinopoulos and Vinter (on page 405).

For extending it to arbitrary initial sets Ky € # (RV), we exploit two features:
first, the reachable set of a union is always the union of the corresponding reachable
sets and second, the Lipschitz dependence (of reachable sets) on the initial sets in the
sense of Proposition 1.50 (on page 60), i.e., for any Mj,M, € .# (RV) and ¢ € [0, 1]

{dl(%cxm.)(”M”’ Oy (M2)) < € d(M, M)

d (05 p,) (-M1): O7y(.y) (M2) < & d(My,My).

This second general property for nonautonomous differential inclusions is covered
by Filippov’s Theorem A.6 (on page 443 f.) correspondingly to Proposition 1.50.
O
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5.3 Morphological Control Problems for Compact Sets in RY
with State Constraints

Similarly to classical control theory in RY, a metric space (U,dy) of control pa-
rameter and a single-valued function f: . # (RV) x U — LIP(RY,RY) of state
and control are given. For each initial set K(0) € .# (RY), we are looking for a
Lipschitz continuous curve K(-) : [0,7] — (. (RY), d) solving the following
nonautonomous morphological equation

K (1) > f(K(0).u(t)) in [0.7
with a measurable control function u(-) : [0,T] — U, i.e. by definition

lim } - K(1), K = for £'-ace. 7).
h]F(; 7 d(ﬂf([((,)_’u(,))(h, (1)), (t+h)) 0 or £ -ae.t €10,T]

This is an open-loop control problem in the metric space (7 (RY),d).

The existence of solutions is closely related to the corresponding morphological
inclusion for which we take all admitted controls into consideration simultaneously.
We introduce the set-valued map

Fy: K (RY) ~ LIP(RY,RN), K — {f(K,u)|u € U} C LIP(RV,RV)

and consider the morphological inclusion K ()N Fy(K(-)) # 0 in[0,T].

In § 5.3.2, Proposition 25 (on page 416) specifies sufficient conditions on U and f
such that solutions to this morphological inclusion solve the morphological control
problem and vice versa.

The step from inclusion to control problem requires the existence of a measurable
control function and, it is concluded here from a well-known selection principle of
Filippov whose Euclidean special case is usually applied to differential inclusions
in RY and classical control theory.

All available results about morphological inclusions can then be used for morpho-
logical control problems. In the following, Viability Theorem 12 (on page 401) plays

a key role. It concerns a morphological inclusion K ()N Z(K()) # 0 with state
constraints K (1) € ¥ C ¢ (RV) at every time ¢.

This viability theorem specifies sufficient conditions on .%# and the nonempty set
of constraints ¥ C # (RV) such that at least one solution K(-) : [0,1] — ¥ C
2 (RV) starts at each initial set K(0) € #. In § 5.3.3 (on page 418 ff.), the close
relationship between morphological inclusions and control problems provides di-
rectly sufficient conditions on a morphological control system with state constraints
for the existence of solutions (Proposition 28).

In § 5.3.4, essentially the same approach is then used for solving relaxed control
problems in the morphological framework. They are based on replacing the metric
space U of control parameters by the set of Borel probability measures on U (sup-
plied with the linear Wasserstein metric). As immediate analytical benefit, we can
weaken some conditions of convexity in Proposition 35 (on page 422).
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The Step to Closed-Loop Control Problems for Compact Sets in R
Consider morphological control problems with state constraints

{I%() > f(K(),u), ueU a.e.in [0,T][
K(t) € v foreveryt € [0,T].

The metric space (U,dy ) of control, the function f : # x U — LIP(RY RV) and
the closed set of constraints ¥ C .# (RY) are given. The morphological viability
condition mentioned before indicates where candidates for a closed-loop control
u: ¥ — U can be found, namely among those controls u € U whose reachable
sets Vy(x u) (+,K) are “contingent” to ¥". This reflects the notion of regulation maps
defined by Aubin for control problems in finite-dimensional vector spaces [14, § 6].

In § 5.3.7 (on page 436 ff.), we specify sufficient conditions on U, f, ¥ such that
Michael’s famous selection theorem implies the existence of a continuous closed-
loop control (Proposition 52 on page 436). Michael’s selection theorem (quoted
here in Proposition 53), however, focuses on lower semicontinuous set-valued
maps. Now we need information about the semicontinuity properties of these regu-
lation maps.

In this regard, the classical results about finite-dimensional vector spaces serve
as motivation again. The Clarke tangent cone 7i (x) C RV, x € V, to a nonempty
closed set V c RV (alias circatangent set, see Definition 37) is known to have
closed graph whereas the Bouligand contingent cone to the same set does not
have such a semicontinuity feature in general [19, 162]. Furthermore, Rockafellar
characterized the interior of the convex Clarke tangent cone 7:€(x) C RY by a
topological criterion leading to the so-called hypertangent cone ([161, Theorem 2],
[46, § 2,4] and quoted here in § 5.3.6). The set-valued map of hypertangent cones to
afixed set V C RY is lower semicontinuous whenever all these cones are nonempty.

These two concepts, i.e. Clarke tangent cone and hypertangent cone to a given
closed set in R", are extended to the morphological framework where the metric
space (# (RV),d) has replaced the Euclidean space.

In § 5.3.5, we apply Aubin’s definition of “circatangent transition set” [10, Defini-
tion 1.5.4] to (¢ (RY),d) together with reachable sets of differential inclusions.
The result proves to be a nonempty closed cone in LIP(RY ,RV) and, its intersection
with BLip(RV,RV) is convex.

In § 5.3.6, the so-called hypertangent transition set is introduced for a nonempty
closed subset ¥ C % (RN). Its graph is identical to the interior of the graph of
circatangent transition sets in ¥ x LIP(RY RY).

In particular, this topological characterization proves to be helpful for constructing
closed-loop controls on the basis of Michael’s selection principle in subsequent
Proposition 52 (on page 436).
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5.3.1 Formulation

Now a control parameter is to come into play. Indeed, the so-called control problems

{%x(tb)t Z {](x(t),u) (5.1)

have been studied thoroughly in both finite-dimensional and infinite-dimensional
vector spaces. Our contribution now is to formulate the corresponding problem in
the metric space (_# (RY),d) using the morphological framework for derivatives.

Definition 23.
Let (U,dy) denote a metric space and f : % (RV) x U — LIP(RY,R") be given.
A tube K : [0,T] ~ RN is called a solution to the morphological control problem

{1‘%<-> FK()u) e in[0,T] 52)

if there exists a measurable function u(-) : [0,7[ — U such that K(-) solves the
nonautonomous morphological equation K () 3 f(K(-),u(+)), i.e. satisfying
1. K(-):[0,T] ~ RY is continuous with respect to d and

2. for £ -almostevery 1 € [0,T [, f(K(t),u(t)) € LIP (RV,RV) belongs to K(t)
or, equivalently, lim 5o d (Osk@yuy (h, K1), K(t+h)) = 0.

Proposition 24 (Solutions as reachable sets).

Assume the metric space (U,dy) to be complete and separable and, consider
LIPs (RN, RY) with the topology of locally uniform convergence. Suppose f :
H (RY) x U — LIP (RN, RY) to be continuous with

sup  ([[f(M,u)||+Lip f(M,u)) < ece.
Me.# (RN)
uelU

Let K :[0,T] ~ RN be any compact-valued solution to the morphological control
problem (5.2).

Then there is a measurable function u(-) : [0,T] — U such that at every
time t € [0,T], the compact set K(t) C RN coincides with the reachable set
Bk (-t K(0)) C RN of the nonautonomous differential inclusion

L x(z) € f(K(1),u(1)) (x(7)) C RY Llae

Proof. It results from Proposition 1.57 (on page 64) stating the equivalence
between morphological primitives and reachable sets because the composition

F(K(),u(-)) : [0,T] — LIPs(RY,RY)

is Lebesgue measurable. O
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5.3.2 The Link to Morphological Inclusions

In vector spaces, the close relationship between control problem (5.1) and the cor-
responding differential inclusion

4 x(t) € U F(x(t),u) ZLlae.

uel

had been realized soon. A measurable selection provides the same link now for
morphological inclusions. In a word, the classical techniques using appropriate
measurable selections (which had been developed for differential inclusions in the
Euclidean space) can also be used in the morphological framework because the
transitions are in a complete separable metric space, namely LIP(RY RV).
A main result of this section is the following equivalence:

Proposition 25.  Assume the metric space (U,dy) to be complete and separable.
Consider the set LIP(RN,RN) with the topology of locally uniform convergence.
Let f: ¢ (RY) x U — LIP(RN RY) be continuous with

sup (|| f(M,u)]|+Lip f(M,u)) < ee.

Me. ¥ (RN)
uel

Set Fy . # (RV) ~ LIP(RN,RM), K — {f(K,u)|u € U} C LIP(RV,RV).

A tube K(-): [0,T] ~ R¥ is a solution to the morphological control problem

{I%() > f(K(-),u) a.e.in [0,7]
ucl

ifand only if K (-) is a solution to the morphological inclusion IO(() NZy(K(-)) #£0
(in the sense of Definition I on page 386).

Obviously, every morphological control problem leads to a morphological inclu-
sion. For proving Proposition 25, we require the inverse connection (i.e. from
inclusion to control problem). In the literature about differential inclusions in vector
spaces, it is usually based on a selection result that is said to go back to Filippov.

Lemma 26 (Filippov [19, Theorem 8.2.10]).

Consider a complete o-finite measure space (,A, L), complete separable metric
spaces X,Y and a measurable set-valued map H : Q ~~ X with closed nonempty
images. Let g : X x Q — Y be a Carathéodory function (i.e. continuous in the first
argument and measurable in the second one).

Then for every measurable function k : 2 — Y satisfying

k(o) € g(H(w), ) Sor w-almost all o € Q,
there exists a measurable selection h(-) : Q — X of H(-) such that

k(o) = g(h(o), o) Sor w-almost all w € Q.
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For applying Lemma 26 to morphological inclusions, we focus on two aspects:
First, LIP(RY,RY) is regarded as a separable metric space. Indeed, we supply
LIP(RV RV) with the topology of locally uniform convergence as in § 5.2. Simi-
larly to the beginning of § 5.1 (on page 386), this topology can be metrized by

dypp : LIP(RY RY) x LIP(RY, RY) —» [0,1],
“  de(GO)s o) HC)p,
GoH) o 3 2 (GO)lg;0), HC)lB;0))
| 1+ dea(G()IB;0), H()IBj00))

sup d(G(x), H(x)) < eo.
xeRN,
[ <j

Moreover, LIP(RY,R") is separable with respect to dpp due to the (global)
Lipschitz continuity of each of its set-valued maps and because both domains
and values belong to the separable Euclidean space R".

with the abbreviation d.. (G(~)\Bl,(0), H(~)\BI,(0))

Second, we study measurability of the “derivatives” for any compact-valued so-
lution K(-) : [0,T] ~» RY. Indeed for real-valued functions, it is well-known that
Lipschitz continuity implies a Lebesgue-integrable weak derivative and, the latter
coincides with the differential quotient at Lebesgue-almost every time (as a con-
sequence of Rademacher’s Theorem [162, Theorem 9.60]). In the morphological
framework, however, the derivative is described as a subset of LIP(RN ,RN ), i.e.,
the mutation (in the sense of Definition 1.10 on page 37).

In combination with Arzela-Ascoli Theorem A.82 in metric spaces, we conclude
directly from Lemma 3 (on page 387):

Lemma 27 (Measurability of compact mutation subsets).
For every threshold B € [0, and continuous tube K(-) : [0,T] ~ RN with values
in (RN, the following set-valued map of transitions

[0,7] ~ LIP(RY RY), ¢+ K(r) N {G € LIP(RY,R") | ||G||.. + Lip G < B}

is Lebesgue-measurable. O

Proof (of Proposition 25).

113 t)

<" Let the compact-valued tube K(-) : [0,7] ~ R" be a solution to the mor-
phological inclusion [2() N ZFy(K(-)) # 0 (in the sense of Definition 1), i.e.
1.) K(:):[0,T] ~ RY is continuous with respect to d and

2) Zy(K())n Io((t) # 0 for ! -almost every ¢, i.e. there is some u € U such that
the set-valued map f(K(t),u) € Fy(K(t)) C LIP(RY,RY) belongs to the

o
mutation K (f) or, equivalently,

Li% % ~d (Opk (o)) (b, K (1)), K(t+h)) =0.
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Setting B := sup (IIf (M,u)||e + Lip f(M,u)) < oo, the set-valued map
Mex (RN), ucU

[0,7] ~ LIP(RY,RY), ¢ K(t) N{G € LIP(RY,RV) | |G|l + LipG < B}

is Lebesgue-measurable according to Lemma 27. As a consequence of Proposition
A.77 and Selection Theorem A.74 (on page 489 f.), the intersection

[0,7] ~ LIP(RY,RY), t— K(t) N.Zu(K(t))
is also Lebesgue-measurable (with nonempty values at %' -almost every time) and
thus, it has a measurable selection
k(-): [0,T] — (LIP(RY,RM), dpp) .
Finally, Lemma 26 of Filippov provides a measurable selection u(-): [0,7] — U

of the constant map H(-) = U : [0,T] ~» U such that k(t) = f(K(t),u(r)) for
Z!-almost every ¢ € [0,T]. O

5.3.3 Application to Control Problems with State Constraints

The relationship between morphological control problems and morphological in-
clusions opens the door to applying Viability Theorem 12 immediately. Now we
can specify sufficient conditions on a morphological control problem with state
constraints for having at least one viable solution:

Proposition 28 (Viability theorem for morphological control problems).
Assume the metric space (U,dy) to be compact and separable and, consider the
set LIPs (RN, RN) with the topology of locally uniform convergence. Suppose for
f:H (RY) x U — LIP(RN,RY) and the nonempty closed subset v C # (RV) :
1.) forany K € # (RV), the set {f(K,u)|ucU} C LIP(RY,RY) is convex,
i.e. for any uj,up €U and A € [0,1], there exists some u € U such that
f(K,u) € LIPg(RY,RY) is identical to the set-valued map
RY ~RY, xim A f(K,up) () + (1-2) - f(K,u2) (x),
2.)  sup  ([|f(K,u)llw+Lip f(K,u)) <eo,

Ket' (RN)
uel

3.) f is continuous,
4.) foreach K € ¥V, there exists some u € U with f(K,u) € Ty (K).

Then for every initial set Ky € V', there exists a compact-valued Lipschitz con-
tinuous solution K(-) : [0,1] ~ RN to the morphological control problem

K() 2 f(K()u), ueU
with K(0) =Ky and K(t) € ¥ forall t €0,1].
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Proof. Define the set-valued map
Ty : H (RV) ~ LIP(RY,RY), K {f(K,u)|ucU}.

Obviously, it has nonempty convex values due to assumption (1.). Moreover, the
graph of .7y is a closed subset of % (RV) x LIP(RY,R") because f is continuous
and U is compact. Hence, %y satisfies the assumptions of Viability Theorem 12
and thus, for every initial set Ky € ¥, there exists a compact-valued Lipschitz
continuous solution K(-): [0,1] ~ R¥ to the morphological inclusion

K() N Fy(K()) # 0
with K(0) =Ky and K(r) € ¥ forall ¢t € [0,1].
Due to Proposition 25, K(-) is a solution to the morphological control problem

1%(-) > f(K(-),u), ueU. O

For a given closed subset M C R", we conclude from Gorre’s characterization in
Example 1.64 (on page 68) directly:

Corollary 29.

Assume the metric space (U,dy) to be compact and separable and, consider the
set LIP(RN RN with the topology of locally uniform convergence. Suppose for
f: K (RN) x U — LIPg(RY,RN) and the nonempty closed subset M C RN :

1.) for any K € # (RN), the set {f(K,u) |uc U} C LIP(RN,RN) is convex
(as in Proposition 28),
2)  sup  (|[f(K,u)||=+Lip f(K,u)) <o,

Kex (RN)
uelU

3.) f is continuous,
4.) for each nonempty compact set K C M, there exists u € U with
F(K,u)(x) C Ty (x) forallx K.

Then for every nonempty compact subset Ky C M, there exists a compact-valued
Lipschitz continuous solution K :[0,1] ~ RN to the morphological control problem

{1°<<-> 5 F(K().u)

ueU
with K(0) =Ky and K(t) CM forall 1 €[0,1]. O
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5.3.4 Relaxed Control Problems with State Constraints

Considering the morphological control problem

{1°<<-> S f(K()w) 0.

u v

(and the statements in Proposition 28 or Corollary 29, for example), the convexity
of {f(K,u)|u€ U} C LIPz(RY,RY) is a hypothesis that can be difficult to verify.
For basically the same reason, the concept of “relaxed control” has been established
for classical control problems in vector spaces. In a word, it is based on replacing
the metric space U of control parameters by the set of Borel probability measures
on U, from now on denoted by Z(U).

Now the goal is to adapt “relaxed controls” to the morphological framework.

Definition 30. Let (U,dy) be a metric space and consider LIP(RY, R") with the
topology of locally uniform convergence (metrized by dj 1p as in § 5.3.2, page 417).
Suppose g:U — LIP(RY RY) to be continuous.

For any probability measure t € &2(U), the integral / du(u) is defined

as set-valued map by

[ s du@: BBV, x o [ g du).
U U

Remark 31.  Using the notation of Definition 30, for each point x € RY fixed, the
set-valued map U ~ RN u+ g(u)(x) is compact-valued and continuous in the

sense of Bouligand and Kuratowski. Thus the integral / g(u)(x) du(u) ¢ RY
U

is well-defined in the sense of Aumann.

Definition 32.

Let (U,dy) denote a metric space and f : # (RY) x U — LIP(RY R") be given.
A tube K(+) : [0,T] — 2 (RYN) is called a solution to the morphological relaxed
control problem

{f((-) S fK()u)  Plae.in[0,T]

ueUu
if there is a measurable function p : [0,7[— £ (U),t — L such that K(-) solves
the nonautonomous morphological equation K / S(K(t),u) dy,(u) in [0,T],

i.e., satisfying

1) K(:):[0,T]~ RY is continuous with respect to d and
2.) for Z'-ae.t €0,T], the closure /f(K(t),u) du;(u) € LIP(RY,RY)
U

belongs to the mutation K ().
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The first question is now: Which effects do probability measures (on U) instead
of U have on the corresponding set-valued map #y : # (RY) ~ LIP(RY RY) ?

Proposition 33.  Assume the metric space (U,dy) to be compact and separable.
Consider the set LIPg5(RY,RN) with the topology of locally uniform convergence
and the set P(U) of Borel probability measures on U with the topology of nar-
row convergence (i.e. the dual setting with continuous and thus bounded functions
U—R).Let f: #(RY) x U — LIP%(RY,RY) be continuous with

sup  (|lf(K,u)]lw+Lip f(K,u)) < oo

Ket (RN)
uel

and, set for each K € # (RV)
Fu(K) = { f(K.u) | ueu},

Fuk) = { [ £k duw) | we2w)}.

Then,
1) Zy(-) isaset-valued map # (RN) ~ LIPg (RN RN) with Fy (K) C Fy(K)
for every K€ ' (RN).
2.) Zy(-) has closed convex values with 6 Fy(K) = Fy(K) C LIPs (RN, RV)
for every K € ' (RN).

3.) The graph of Fy(-) is closed.

The proof of this proposition uses some tools about Borel probability measures and
Aumann integrals. It is postponed to the end of this section (on page 423 ff.).

The main notion is now to consider Z2(U) as control set instead of U. For applying
Proposition 25 about the relationship between control problem and morphological
inclusion, however, the parameter space has to be metric. We need the following
lemma for obtaining the counterparts to Proposition 28 and Corollary 29.
Proposition 35 and Corollary 36 are the main results of this section.

Lemma 34 ([6, §§ 5.1, 7.1]).
Let U # 0 be a Polish space (i.e. complete and separable metric space) with a
bounded metric dy .

Then the set Z(U) of Borel probability measures on U supplied with the topology of
narrow convergence is metrizable and separable. An example for a suitable metric
on P(U) is the linear Wasserstein distance (in its dual representation)

dow) (.U, V) = SuP{/U yvdu—v) | v:U—R l1-Lipschitz continuous}.

A subset # C P(U) is relatively compact in P (U) if and only if M is tight, i.e.
for every € > 0, there exists a compact subset C C U with w(U\C) < € for all
U € A (known as Prokhorov’s Theorem).
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Proposition 35 (Viability theorem for morphological relaxed control prob-
lems). Assume the metric space (U,dy) to be compact and separable. Consider
the set LIPg5 (RN, RN) with the topology of locally uniform convergence and the set
P(U) of Borel probability measures on U with the topology of narrow convergence.

Suppose for f: # (RN) x U — LIPz (RN, RY) and the nonempty closed subset
v C o (RN):
@  sup  ([[f(K,u)|l +Lip f(K,u)) <ee,
Ket' (RN)
uel
(i)  f is continuous,
@i) Fy(K)nco {f(K,u)lueU} #0 foreach K€ V.

Then for every initial set Ky € V', there exists a compact-valued Lipschitz con-
tinuous solution K(-):[0,1] ~ RN to the morphological relaxed control problem
K() 3 f(K()u), ueU

(in the sense of Definition 32) with K(0) = Ky and K(t) € ¥ forall t € [0,1].

Proof. Considering (2 (U), d y(w) as metric parameter space instead of (U,dy ),
the set-valued map

Fu: H(RY) = LIP(RY,RY), K { /U F(K,u) dp(u)

nez(v)}

satisfies the assumptions of Viability Theorem 12 according to Proposition 33.
For each Ky € ¥/, there exists a compact-valued Lipschitz continuous solution
K(-):]0,1] ~ RV to the morphological inclusion I%() N Zy(K(-)) # 0 with
K(0) =Ky and K(t) € ¥ forall ¢t € [0,1].

Finally Proposition 25 guarantees that K(-) is a solution to the morphological con-
trol problem

§09AfMMWMW% we 2(U),

i.e., it solves the relaxed control problem. O

Corollary 36. Assume the metric space (U,dy) to be compact and separable.
Consider the set LIPg(RY RN) with the topology of locally uniform convergence
and the set 2 (U) of Borel probability measures on U with the topology of narrow
convergence. Suppose for f: # (RV) x U — LIPs(RN,RN) and the nonempty
closed subset M C RN :

@ sup  ([If(K,u)ll+Lip f(K,u)) <ee,

Kex (RN)
uel

(ii) f is continuous,
(iii) for each compact K C M, there is a set-valued map G €6 {f(K,u)|lueU} C
LIPs (RN RN) satisfying G(x) C Ty (x) for every x € K.
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Then for every nonempty compact subset Ko C M, there exists a compact-valued
Lipschitz continuous solution K(-) : [0,1] ~ RN to the morphological relaxed

control problem Ig() > f(K(-),u), u € U (in the sense of Definition 32) with
K(0) =Ky and K(t) CM forall t €0,1].
O

Now we close this section with the proof of Proposition 33.

Proof (of Proposition 33). (1.) As mentioned in Remark 31, the integral
/ f(K,u) du(u) is a well-defined set-valued map RV ~~ R" foreach K € .# (RV),

uUe Uand pe 2(U).

Moreover, its closure is convex since all set-valued maps f(K,u) € LIPg (R RY)
have convex values and due to the general properties of Aumann integral (see e.g.
[141, Theorem 2.1.17] or for the special case of nonatomic measures, [19, § 8.6]).
Due to the assumption B := supg , (|| f(K,u)||-4Lip f(K,u)) < e, all nonempty
compact sets f(K,u)(x) C RN (with K € # (RV),u € U, x € R") are contained in
the closed convex ball {y € RN ||y| < B} and so are all values of the closures of

| k. an).
U

Finally we prove that / f(K,u)du(u) : RY ~» RV is B-Lipschitz continuous
U
for each K € J# (RY). For any x1,x, € RV the inclusion
fEKu)(x1) C f(K,u)(x2) + By (0) € RY

holds for every u € U and we conclude from [19, Proposition 8.6.2]

/ f(K’u)(xl) d:u(u) C / (f(K’u)(XQ) + BB-|X1—x2\(O)) d:u(u)
U U

c [ K ) () du) + By, 0).

(2.) The convexity of .#(K) C LIPz(RY,RY) (with respect to pointwise
convex combinations as in Theorem 12, assumption (1.) on page 401) results from
the convexity of Z(U). Furthermore, co.#(K) C #(K) C ¢0.#(K) can be
concluded easily from the fact that finite convex combinations of Dirac masses are
dense in Z(U) (since U is compact separable and due to [26, Corollary 30.5]).

Now we prove that .7 (K) C LIP(RY,RV) is closed (with respect to locally
uniform convergence) for every K € # (RV). Indeed, let (u,),cn be any sequence
in Z(U) such that

/ f(K,u) du,(u) =5 G e LIP(RY,RY)  locally uniformly in RV,
U
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As U is assumed to be compact, the sequence (U, ),en is tight and thus relatively
compact in &(U) according to Lemma 34. Hence, a subsequence (Uy;);en con-
verges narrowly to a measure L. € Z?(U). We want to verify for every x € RY

/ FK,u)(x) due(u) = G(x) C RV

Indeed, the set-valued map f(K,-)(x) : U ~ R" is continuous with nonempty
compact convex values. Both the closed integral in the recent claim and G(x) are
nonempty, compact and convex. [19, Proposition 8.6.2] states closed Aumann inte-
gral and support function commute with each other, i.e. here for any vector p € RV
and any measure v € Z(U),

swp (p- [ fKwG) dvw) = [ sup (p-f(K)(0) aviw)

Here the single-valued function sup (p- f(K,-)(x)) : U — R is continuous and
bounded. On the one hand, we conclude from the narrow convergence [y, — He

for each p € RV

p (o [ 000 i) 5 s (- [ 70000 et

On the other hand, the initial assumption of locally uniform convergence to G(-)
implies for each p € RY

swp (p+ [ FKa)(0) dao, @) 5 sup (- G).

Hence, the two following convex sets coincide for every x € RV

/ FKu)(x) dim(u) = G(x) C RV,

Finally we have verified that .% (K) C LIPg(RY,RV) is closed.

(3.) For proving that Graph .Z C % (RM) x LIP5(RY,RY) is closed, let
(Ku)nens (Un)nen be any sequences in # (RY) and & (U) respectively such that

n—oo

K, — Ke ¥ (RV) with respect to d,

/ f(Kn,u) dun(u) == Ge LIP(RY,RV) locally uniformly in RV,
U

Our goal is to verify G € .7 (K).

Due to the compactness of U, the set {u, | n € N} C &(U) is tight and, there
exists a subsequence (again denoted by) (U,),en converging narrowly to some
U € P (U). In the proof of statement (2.), we have already drawn the conclusion
that for each x € RV,

/fKu du, (u 'Hw/fKu Ue(u) C RN
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Now it is sufficient to verify for each x € RY

/ FKoy ) (x) dp(u) "= / F(K,u)(x) du(u)  uniformly in g € 2(U)
U U

since it ensures the wanted convergence for every x € RV

[, K@) duate) =5 [ K00 die) © B

Indeed, the continuous function f : % (RY) x U — LIP(RY,RY) (between met-
ric spaces) is uniformly continuous on the compact product set {K,K,, |n € N} x U.
Evaluating the set-valued maps at a fixed point x € RV respectively, we obtain for
each € > 0 that a small radius 6 = §(€) > 0 satisfies

d(Kn,K) + dy(ui,u) < 86 = d(f(Kn,u1)(x), f(K,u2)(x)) < e.
In particular, there is some m = m(g) € N with
d(f(Kp,u)(x), f(K,u)(x)) <€ foralln>m, ueU.

Since f(K,,u)(x) and f(K,u)(x) are compact convex subsets of RV, it implies
for the closure of the Aumann integral with respect to any probability measure
ue ZU)[141, Theorem 2.1.17 (i)]

az(/U F(Kytt) dpt(u), /Uf(K,u) du() <& foralln>mle).
O
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5.3.5 Clarke Tangent Cone in the Morphological Framework:
The Circatangent Transition Set

The invariance condition of Nagumo (in Theorem 1.19 on page 40) has already
served Aubin as motivation for extending the contingent cone 7y (x) in a normed
vector space to the mutational framework (see Definition 1.16 on page 39).

In this section, we start with the classical definition of Clarke tangent cone intro-
duced by Frank H. Clarke in the seventies (see [46] for details) and extend it to the
morphological framework. Following the alternative nomenclature of Aubin and
Frankowska in [19, Definition 4.1.5 (2)], its counterpart will be called circatangent
transition set — just because this term fits to the established “contingent transition

tL)

set”.

Indeed, Aubin introduced circatangent transition sets in the more general frame-
work of metric spaces in [ 10, Definition 1.5.4] and, Definition 38 below is equivalent
to the special case of (.# (R"),d) and morphological transitions.

Murillo Herndndez applied this concept to tuples (v,K) € RN x 7 (RY) withv € K
and proved an asymptotic relationship between their contingent and circatangent
transition set implying that the latter is closed [144, Theorem 4.6].

In this section we generalize further features from the Euclidean space to the metric
space (. (RN),dl).

Definition 37 ([46, § 2.4],[19, §4.1.3],[162, § 6.F]). Let K be a nonempty subset
of a normed vector space X and x € X belong to the closure of K.
The Clarke tangent cone or circatangent cone T (x) is defined (equivalently) by

T¢ (x) := Liminf 59 =~

y—x

K
= {vEX’ Y hy |0, y, —x with y, €K : dist(v, K;ny”) = 0}

:{veX’ Vh,|0, y, —x withy, € K: %j’”vm 'H—°>°0}.

Definition 38.  For a nonempty subset # C .# (R") and any element K € ¥,
TE(K) = {F € LIP(RY, RV) ‘ YV iy 10, Ky — K with K, € ¥ C 2 (RV) :
L dist(Op (e, Kn), V) "5 0}
is called circatangent transition set of ¥ at K (in the metric space (¢ (RY),d)).
In fact, we do not have to restrict our considerations to arbitrary sequences (K, )nen

in ¥ C 2 (RN). An equivalent characterization of .7, (K) uses all sequences in
2 (RM) converging to K :
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Lemma 39.  For every nonempty closed subset v C (& (RN),d) and K € ¥,
FE(K) = {F € LIPRY,RY) | V 1, | 0, K, — K :
dist(Op (hn.Kn). ¥') — dist(Kn. V) 0}

n

limsup

n— oo

So far, the circatangent transition set has been characterized by two sequences
providing the arbitrarily fixed relation between “step size” h, > 0 and neighboring
sets K, € .# (R"). The following condition proves to be equivalent and avoids the
aspect of countability:

Lemma 40. Let K € ¢ (RY) be any element of the closed set V C (A (RN),dl).
Then, a set-valued map F € LIP(RY RV belongs to the circatangent transition set
TE(K) if and only if there is a function @ : [0,00[ — [0, c0[ with (Slimo 0(8) =0,

1 (dist(Op (h,M), V) — dist(M, V) < o(d(M,K)+h)
forallh€]0,1], M € ¢ (RV).

The next proposition indicates further properties which the circatangent transition
set shares with the Clarke tangent cone in normed vector spaces. Indeed, it is a
nonempty closed cone in LIP(RY RV).

Convexity, however, is verified here only for morphological transitions in 9,9 (K)
which are induced by BLip(RY,RY), i.e. bounded Lipschitz continuous vector
fields RN — RY and their ordinary differential equations (rather than set-valued
maps in LIP(RY, R") and reachable sets of their respective differential inclusions).

Proposition 41.  For every element K € ¢ (RY) of a closed set ¥V C (& (RN),d),

1. the circatangent transition set 7, (K) C LIP(RN,RY) is a nonempty cone,
i.e., forany G € 7. (K) and A >0, the set-valued map RN ~ RN x+— A -G(x)
(in the Minkowski sense) also belongs to 7, (K).

2. for every threshold B € [0,[, the intersection
F£(K) N {G e LIP(RV,RY) | ||G||.+LipG < B}

is closed in LIP(RN RN ) with the topology of locally uniform convergence.

Proposition42.  Let K € ¢ (RY) be in the closed set v C (& (RY),d).
Then, 7 (K) N BLip(RY,RY) is convex,

i.e., for any gi,8> € 7, (K)NBLip(RY,RV) and A € [0,1], the Lipschitz contin-
uous function RN — RN x— 4 -g1(x)+ (1 —A)-g2(x) also belongsto T (K).
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Now we provide the missing proofs in regard to the circatangent transition set.

Proof (of Lemma 39). “D”  is an obvious consequence of Definition 38.

“C”  For any F € ZF(K) C LIP(RV,RV) choose the arbitrary sequences
(hn)nens (Kn)nen in 0,00 and ¢ (RN) respectively with h, — 0, d(K;,K) — 0
for n — . Since closed balls in (_# (RY),d) are known to be compact, there
exists aset M, € ¥ C ¢ (RN) for each n € N satisfying

d(Ky,M,) = dist(K,,7) —0.
F € Zf(K) implies i ~dist(O (hp,My), V) — 0 for n — oo

and, Proposition 1.50 ensures  d (Or (hn,Ky), O (hn,My)) < d(Ky,My)- "2
for each n € N. Finally, we obtain

ﬁ . (dist(ﬁp(hn,Kn), V) — dist(K,, “f/))

<t (dl(é‘F(hn,Kn), O (hy M) ) + dist(O5 (h, My), 7)) faY(Kn,Mn))

<d(K,,M,) - eLiPI;l*:n_l + dist(ﬂp(izl,;,M,,),y/)

and thus, its limit superior for n — oo is nonpositive. g

Proof (of Lemma 40 on page 427).
<=" is an immediate consequence of Lemma 39.

“="  The triangle inequality of & and Lemma 1.51 (on page 61) guarantee
dist(9p (h,M), V) — dist(M, V) < d(M, 9r(h,M)) < |Fll~h
for all h > 0 and M € # (RYN). Hence the auxiliary function @ : [0,0[ — [0, o0,
o(8) = sup{}ll - (dist(0F (h,M), 7') — dist(M, 7))
Me# (RY), helo,1], d(M.K)+h < & }

is well-defined and bounded for any set-valued map F € LIP(RY,RV).
For F € 7 (K), however, we still have to verify ®(8) — 0 for § — 0.
If this asymptotic feature was not correct, there would exist some &€ > 0 and se-
quences (hy)nen, (Mp)pen in ]0,1], 2 (RN) respectively satisfying for all n € N
d(My,K)+h, <1
i (dist(Or (ha, M), V) — dist(M,, V) > & > 0.

Due to &, | 0 and M, — K, it would contradict F € 979 (K) due to Lemma 39. O

Proof (of Proposition 41 on page 427).

(1.)  Obviously, the constant set-valued map Go(-) := {0} : RY ~» R" belongs to
both LIP(RY,RY) and 7 (K) because Og,(h,K) =K forevery K € ¢ (R") and
h>0.Thus, Zf(K)#0.
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For proving the cone property, choose any K € ¥ C # (RY), G € £ (K) C
LIP(RY,RY) and A > 0. Moreover, let (h,),en and (Ky)n,en be arbitrary se-
quences in ]0,oo[ and ¥ C ¢ (RY) respectively with h, — 0,  d(K,,K) — 0
(n — o). Every solution x(-) € WH1([0,4,],R) of ¥(-) € A G(x(*)) induces a
solution y(-) € Wh1([0, %], RY) of y/(-) € G(y(*)) (and vice versa) by time scaling,
ie. x(t) =y(A-t). Hence,
9y, (hn, Kn) = 06(}%’Kn)~
The assumption G € Z,(K) guarantees now

i - dist(Sr g(hn,Kn), V) = %%-dist(ﬁg(%,l(n), ¥) — 0 forn— co.

(2.)  Let (G’)jen be a sequence in 7 (K) with ||G/||.. + Lip G/ < B for each
j €N and converging to G(-) € LIP(RY,R") locally uniformly in R,
Obviously, [|G||«+LipG < B holds. Our aim is to verify G € 7 (K).
Let (hy)nen and (K, )nen be any sequences in ]0,1] and ¥ C % (RV) respectively
with h, — 0 and d(K,,K) — 0 (for n — o). The last convergence implies that

all K,, n € N, and K € # (RY) are contained in a ball Bg(0) C RY of sufficiently
large radius R < co. Due to sup s, <1,
n

U U (9 (t.Kn) U 96(t,K,)) C Bryp(0) C RY.
JmEN 0<r<hy,
On the basis of Proposition 1.50 (on page 60), we obtain the estimate for all j,neN
% ~dist(g (hn,Kn), V)
< i 'Cﬂ(ﬁG(hnaKn)a ﬂGi(hnaKn» +

S eBhn . Sup d(G(x)a G]('x)) +
x| <R+B

i - dist(9i (h, Ky), ¥)
- dist(0g; (hn, Kn), 7).
For any € > 0 given, we can fix j € N sufficiently large with

sup  d(G(x), G'(x)) <&
x| <R+B

and, G/ € 7, (K) guarantees

lim sup %~dist(ﬁcj(hn,l(n), V) < €
n— oo
with arbitrarily small € > 0, i.e.,
limsup - - dist(96(ha, K,), ¥) = 0. 0

n— oo

The subsequent proof of Proposition 42 uses the following auxiliary result about
representing a constant A as integral mean. A similar statement cannot hold for the
L' deviation because any integrable function u : [0,1] — {0, 1} satisfies for every
t€]0,1] and A € [0,1]

t

! /0 (s)— A| ds > min{A,1—A}.

T
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Lemma 43.  Forevery A €]0,1[, there exists u € L'([0, 1]) satisfying

1
}-/0 (U(s)—=A)ds — O fort |0,
u(-) €{0,1} piecewise constant in]0,1].

Proof (of Lemma 43). u(+) is defined piecewise in each interval [ﬁ, \/Lz B
0 for L <t < A4 LA
Set u(r) := { for A Vit ; /1 Vi for each n € N.
1 or Tnll + Tn S t < 7
4 o
Then, /f (1t(s) =) ds = 0 and thus, /ﬁ (1u(s) =) ds = 0.
0
Moreover, / |u(s)—A| ds =24 (1—-A4) (L\[f nl+1) implies
¢ 1
sup L / (W(s)—A) ds| < varT- [V |u(s)—a| ds =3 0.
Loy f .

Proof (of Proposition 42 on page 427).

For any functions g1,¢> € 7, (K) NBLip(RY,RY) and A €]0,1], we verify that
g: RV — RV, x—A-g1(x)+(1—2)-g2(x)
also belongs to 7, (K).

Obviously, g(-) is bounded, Lipschitz continuous and thus, g € BLip(RY,RV).
According to Lemma 43, there exists u € L' ([0, 1]) satisfying

}./ot (U(s)—A)ds — 0 fort |0,
u(-) € {0,1} piecewise constant in |0, 1].
First we compare the evolution of an arbitrary set M € .# (RV) along the auto-
nomous differential equation with the right-hand side
g: RV — RV, x— A gilx) +(1=1) -g(x)
and along the nonautonomous differential equation with the right-hand side
[RYX[0,1] — RY, (x,1) — p(t)-g1(x) + (1 p())-g2x).
In particular, we prove

lilnol Ld(9p(t,M), Og(t,M)) = 0 uniformly in M € ' (RV).
t

Letx(-) € Wh1([0,1],RY) denote any solution to the nonautonomous differential
equation x'(+) € f(x(-),-). There exists a solution y(-) € W1 ([0, 1],R") to the initial
value problem y'(-) = g(y(-)), y(0) =x(0) and, we estimate the difference
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b0 x| = | [ (A1 (56) = mis)en (365)) +

(1= 2)g20(5)) = (1= (5D (x(5)) ) |

<| [ (A=r6) 6106) + @E-206)) d

+ [ 1) Lipgrx(s) — ()] ds

+ [ 0= w6 Linga- b(s) ~5(s) ds

< | [ =) (61:(0) ~ 2x(0)) ]

+ [ A=R0)] Lipgr+Lipe) [y(s)—+(0)] ds

!
+ max{Lipg, Lipgr} / |x(s) —y(s)| ds

<ec. ‘/ (%~ u(s)) ds| /||g||supsds+/|x ¥(5)| ds)

with a constant ¢ > 0 depending only on g;(+), g2(+). Due to Gronwall’s inequality,
|x(#) — y(#)| < o(t) forz | O uniformly with respect to the initial point x(0) = y(0).
(In particular, the estimate of Filippov’s Theorem is difficult to be applied here
directly as the integral mean of u(-) — A tends to O for ¢ | 0, but not of |u(-) —Al.)
Thus, for any initial set M € % (RY), the reachable sets satisfy

th‘ L. e“(0(t,M), O5(t,M)) = 0 uniformly in M € ' (RV).
t

The same uniform estimates hold for e“ (9, (r,M), ¥¢(t,M)) since the preceding
solutions x(-) and y(-) have required only the joint initial point at time 0. Hence,

1%1 Lo da(0(t,M), 9(t,M)) = 0 uniformly in M € # (RV).
t

Finally, we focus on the asymptotic features of ¥(-,-) in regard to the circa-
tangent transition set ,7,9 (K), i.e. for any € > 0, we verify the existence of a radius
r > 0 in a moment such that all 4 €]0,r] and sets M € .# (RY) with d(M,K) <r
satisfy

dist(O¢(h,M), ') — dist(M, V) < €h.

Then, for any sequences hy | 0and (Ky)pen in ¥ C 2 (RY) converging to K

i - dist(Of (hn,Kn), ) — 0 for n — oo
and in combination with the uniform convergence mentioned before, we conclude
t - dist(O(hn,Kn), ¥) — 0 for n — oo,

ie., g€ 7F(K) due to Definition 38.
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Indeed, applying Lemma 40 (on page 427) to g1,g2 € 7, (K) NBLip(RY,RY), we
obtain a joint function ® : [0,e0[ — [0, o[ satisfying lims_.o ®(8) =0 and

3+ (dist(Dg; (h, M), V) — dist(M, ¥)) < o(d(M,K)+h)

forall j € {1,2}, h€]0,1] and M € # (RYN).

Fixing € > 0 arbitrarily small, there exist a radius R > 0 with  supg ) o()<e

and additionally, some r €]0,%] such that r- (1+ g1/l + [[g2]l) < &.

Then, each j € {1,2} and every h €]0,r], M € # (RV) with d(M,K) < r satisfy
d (O, (h,M),K) < d(M.K) + ||gjll-h < 5§

dist(0;(h,M), V) — dist(M, V) < o(d(M,K)+h)-h < €h.

For drawing now conclusions about ¥(h,M), we exploit the piecewise constant

structure of auxiliary function u(-) : [0,1] — {0,1} (introduced in Lemma 43).

Indeed, there is a sequence (#)ren tending to O monotonically such that p(-)

is constant in every interval [f;o1,#[, k € N. The last estimate in each of these

subintervals leads to the following inequalities for every h €]0,r], M € .# (RV)

with d(M,K) < r and sufficiently large k € N with 5, <h <g

dist(d(h,M), V') — dist(M, V)
< dist(ﬂf(/’l—tk+1,19f(tk+1,M)), 7/) - dist(ﬁf(tk+1,M), 7/>

+ diSt(ﬁf(tk_H,M), 7/) — diSt(ﬁf(tk+2,M), 7/) + ...
— dist(M, ¥)
< e (h—tey1) + € (p1 — i) + ...
< € h
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5.3.6 The Hypertangent Transition Set

For any closed subset of the Euclidean space, the interior of the Clarke tangent cone
has been characterized by Rockafellar in 1979 [161]:

Proposition 44 (Rockafellar [161, Theorem 2], [162, Theorem 6.36]). Let K C
RN be a closed set and x € K. Then the interior of Clarke tangent cone to K at x
satisfies
TS (x)° = {veRN |Fe>0: (KNBg(x)) + ]0,e[-Be(v) CK}
={veRN|3e>0VycKNB,(x), weIBag( ), T€]0,el: y+TweK}
with B (v) abbreviating the closed ball Be(v) :== {w € RV | [w—v| < €} and
U° denoting always the interior of a set U.

This equivalence is the motivation for introducing “hypertangent cones’:

Definition 45 ([46, § 2, 4]). A vector v in a Banach space X is said to be
hypertangent to the set K C X at the point x € K if for some € > 0, all vectors
yEB:(x)NK, w e Be(v) CX andrealr €]0,¢[ satisfy y+1-w € K.

We now focus on a similar description in the morphological framework. To be more
precise, we are going to specify subsets .7/ (K) C LIP(RY,RY) of the circatangent
transition sets .7, (K), K € ¥, whose graph ¥ ~ LIP(RV,RV), K — T/ (K) is
identical to the interior of the graph of .Z,C(-) in ¥ x LIP(RY,RV).

There is an essential difference between the vector space RY and the metric space
(¢ (RN),d), however, preventing us from applying Definition 45 directly.
Indeed, considering the neighborhood of a vector y +¢-v (with y,v € RV, ¢ > 0),
each of its points can be represented as y+¢w with a “perturbed” vector w close to v.
The corresponding statement does not hold for reachable sets of differential inclu-
sions in general: For given F € LIP(RV,RV), K € ¢ (RV),t > 0, not every com-
pact set M C RV with arbitrarily small Hausdorff distance from 97 (t,K) can be
represented as reachable set ¥z (#,K) with some G € LIP(RY,RY) “close to” F.
As a typical example, we can consider M := O (t,K) \ Be(x9)° € # (RV) with an
interior point xg of U7 (¢,K) and sufficiently small € > 0.

For this reason, we prefer a different approach to the interior of Graph ﬁf (),
but use the terminology of hypertangents:

Definition 46. Consider the set LIP(RY, R") with the topology of locally uni-
form convergence. For a nonempty subset " C .# (RV) and any element K € ¥,

TH(K) = {F € LIP(RY,RY) | 3 & > 0, neighborhood U C LIP(RY, RY) of F
VGeU: lim 3 - dist(dg(h,M), V) =0
uniformly in M € ¥ NB(K) }

is called hypertangent transition set of ¥ at K (in the metric space (# (RV),d)).
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Lemma 47. Let K € ' (RY) be in the nonempty closed set ¥ C (¢ (RV),d).

Then, a set-valued map F € LIP(RY RY) belongs to the hypertangent transi-
tion set 9,7 (K) if and only if there exist a radius € > 0 and a neighborhood
U C LIP(RY,RY) of F such that for each map G € U, a modulus of continuity
®:[0,1] — [0,00[ (i.e. limg_ o @(8) =0) satisfies

Lo (dist(dg(h,M), V) — dist(M, 7)) < w(h)
forallh €]0,1] and M € B.(K) C ¢ (RV).

The proof results from essentially the same arguments as Lemma 40 about the circa-
tangent transition set (on page 427). Furthermore, in combination with Lemma 40,
we conclude immediately:

Lemma 48.  For every nonempty closed subset v C # (RN) and element K € ¥/,
the hypertangent transition set 9,7 (K) is contained in the interior of the circa-
tangent transition set 7 (K). O

For the same reason, we obtain an even more general result:

Lemma49. Consider the set LIP(RN RN) with the topology of locally uniform
convergence. For every nonempty closed subset v C # (RN), the graph of hyper-
tangent transition sets

¥ ~~ LIP(RV,RVY), K — FH(K)
is contained in the interior of the graph of ¥~ LIP(RVN RN), K s ﬁf([(). O

In fact, also the opposite inclusion holds and thus, we have a complete characteri-
zation of the interior of Graph Z£(-) in ¥ x LIP(RY,RV):

Proposition 50. Let 7 C % (RN) be nonempty and closed with respect to d.
Then, Graph 7J(-) C 7 x LIP(RN,RN) is equal to the interior of Graph T (-)
in ¥ x LIP(RV,RV).

Proof.  Due to Lemma 49, we just have to show: If (K, F') belongs to the interior
of Graph Z,(-) in ¥ x LIP(RY,RV), then F € 7}/ (K).

There exist a radius p > 0 and a neighborhood U C LIP(RY,RY) of F (with respect
to locally uniform convergence) such that all tuples (M,G) € (7/ NB, (K )) xU C
2 (RV) x LIP(RV,RY) belong to Graph .7 (-). For an arbitrary set-valued map
G € U, we now prove indirectly

limsup % -dist(9g(h,M), V) =0 uniformly in M € 7' NB, (K).
hlO
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Otherwise there exist 6 > 0 and sequences (/,)nen, (My)nen in ]0,1] and ¥ C
A (RN) respectively satisfying for all n € N,

dist(9g (hn,My), V) > & hy,
0 < hy <1
d(My,K) < p.

In the metric space (.# (R"),d), all bounded closed balls are compact according
to Proposition 1.47 (on page 57). Thus, there is a subsequence (Mnj) jeN converging
to a compact set M € 7' NB,(K). Due to the choice of p and U, we obtain G €
Z.£(M) in particular. This contradicts, however,

liminf % ~dist(06 (hn; s My;), V) > 8 > 0

J—oe
lim d(M,,, M) =0
J—oo E
completing the indirect proof.
O

Remark 51. Circatangent transition set 9}; (K) and hypertangent transition set
7} (K) differ from each other in an essential feature:

The condition on a map F € 7, (K) depends on ¥ C . (RV) close to K, of course,
but only on reachable sets of the set-valued map F. In particular, it does not have
any influence on this condition if we replace such a map F € LIP(RY,R") by its
pointwise convex hull RY ~ RV x+— €0 F(x) — due to Relaxation Theorem A.19
of Filippov-Wazewski and its Corollary A.21 (on page 453).

The condition on F € .7}/ (K), however, takes all set-valued maps G € LIP(RY,RY)
in a neighborhood of F' into account. Considering the topology of locally uniform
convergence in LIP(RY,RY), the values of these neighboring set-valued maps G do
not have to be convex even if F belongs to LIPs(RY RY).
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5.3.7 Closed Control Loops for Problems with State Constraints

In this section, we specify sufficient conditions on the morphological control system
and state constraints for the existence of a closed-loop control, i.e., a continuous
function u(-) : ¥ — U is to provide a feedback law such that for any initial set
Ky €V C 2 (RV), every solution K(-) : [0,7] ~» RY to the morphological equation

{ié(~) S FKC), w(K()) Llae.in[0,T]
K(0) € Ky

solves the morphological control problem with state constraints

{Ig() > f(K(:),u), uelU Z'ae. in[0,T]
K(t) € v foreachr € [0,T].

Corresponding to Aubin’s notion of regulation maps [14, § 6], Nagumo’s
Theorem 1.74 (on page 76) motivates us to construct the wanted closed-loop
control u(-) : ¥ — U as a continuous selection of the set-valued map

VYV ~~U, K—{ueclU]|f(K,u)e IyK)}
indicating “consistent” control parameters for preserving values in 7.

Applying Michael’s famous Selection Theorem for lower semicontinuous, this ap-
proach has been developed for constrained control problems in the Euclidean space
[14, § 6.6.1]. Our contribution now is to extend it to the morphological framework.

The key challenge is to specify appropriate subsets of the contingent transition set
Ty (K) C LIP(RY,RN) so that “convenient” assumptions about them ensure the
existence of a closed-loop control. For this purpose, we use circatangent transition
set 7, (K) and hypertangent transition set .7, (K) introduced in § 5.3.5 and § 5.3.6.
There is a close relation between these two subsets of the contingent transition set:
Graph 7 (-) is the interior of the graph of Z,C(-) : ¥ ~ LIP(RY,R") due to
Proposition 50.

Now we can formulate the main result of this section:

Proposition 52 (Closed-loop control for morphological equations).
Let U be a separable Banach space and, consider the set LIP(RY RN) with

the topology of locally uniform convergence. For a nonempty closed set ¥ C
(RN, d) and f: # (RY)x U — LIP(RY,RY) suppose:

(1.) f is continuous and bounded in the sense that
sup {|[f(M,u)|l. +Lip f(M,u) [M € & (RY), u€ U} < oo.
@) RE: VU, K {uelU|f(K,u) € T2 (K)} has nonempty convex values.
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Then, the pointwise closure R % ~U K—R (K) has a selectionu € C°(¥,U).
In particular, every continuous and compact-valued solution K(-) : [0,T] ~ R" to
the morphological equation

{1"((~) S F(KC), u(K())  ae.in[0,T]
K(O) c Ky

with initial set Ky € ¥ is viablein ¥, i.e. K(t) € ¥V forallt € [0,T].

In combination with Nagumo’s theorem 1.74 (on page 76), Michael’s well-known
selection theorem lays the analytical basis. In particular, it requires a Banach space
for the control set U (instead of a metric space as in the preceding subsections of
§5.3).

Proposition 53 (Michael [138],[15, Theorem 1.11.1], [19, Theorem 9.1.2]).

Let R: X ~Y be a lower semicontinuous set-valued map with nonempty closed
convex values from a compact metric space X to a Banach space Y.

Then R has a continuous selection, i.e. there exists a continuous single-valued func-
tionr: X — Y with r(x) € R(x) forevery x € X.

Proof (of Proposition 52).
Similarly to the proof of [14, Proposition 6.3.2], we first verify the lower semi-
continuity of

R: v ~U, K—{ueU]|f(K,u)e Il K)}

(in the sense of Bouligand and Kuratowski).
Indeed, choose any K € ¥ and u € R” (K). Graph .7} is openin ¥ x LIP(RY,RY)
as a direct consequence of Definition 46. Hence, there is a radius r > 0 with

(B-(K) xB,(f(K,u))) N (¥ xLIP(RY,RY)) C Graph .7/,
ie. B, (f(K,u)) C T (M) forall M eB.(K)NY C . (RY).
Finally the continuity of f provides a smaller radius p €]0,r[ with

F(M.v) € B (f(K.u) © TH ()

forallv € By (u) CU and M € B, (K)N¥ C # (RY). In particular, the intersection
of the sets RE (M) 2 {ve U|f(M,v) € TH (M)} forall M € B, (K)NY contains
the ball By, (u) C U and thus, it is a neighborhood of u € R (K).
As a consequence, R (-): ¥ ~~ U is lower semicontinuous.

Now we consider the pointwise closure of R, i.e.

R": v U, Ke—{ueU|fKu)eIHK))}

Obviously, I_QH(~) has nonempty closed convex values in the Banach space U.
Additionally, it inherits lower semicontinuity from R (-) as the topological cri-
terion of lower semicontinuity (via neighborhoods) reveals easily.
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For any nonempty compact ball B C (¢ (RY),d), Michael’s Theorem (quoted in
Proposition 53) provides a continuous selection ug: BN — U of the set-valued

.. =H
restriction R ‘ :BNY ~U.
BNY

Finally we cover the metric space (Ji/ (RN ),aY) with countably many balls and,
a locally finite continuous partition of unity leads to a selection u € C%(%,U) of

EH : ¥ ~ U because all values of I_QH are convex.
O



Appendix A
Tools

A.1 The Lemma of Gronwall and its Generalizations

Gronwall’s estimate plays a key role whenever the growth of a function is bounded
by linear terms of the function itself. Such a bound of the growth can be described
by an integral inequality or a differential inequality.

First we consider the estimate resulting from an integral inequality. It is very popular
indeed for continuous functions and thus can be found in many standard textbooks
such as [10, 92, 181]. Subsequent Proposition A.1, however, provides a similar
estimate (almost everywhere) for any nonnegative function that is merely Lebesgue
integrable.

Proposition 1 (Lemma of Gronwall : Integral version).
Let v, g € L'([a,bl.R), f € C*((a,b]) satisfy w(). f(-) >0 and

1
v(r) < g(t) + / F(s) w(s)ds for £'-almost everyt € |a,b).
Then, for £-almost everyt € [a, b)),

!
WD) < gle) + [ OO £(s) gls) ds
a
t
with p(t) = / (s) ds.
Assuming in addition that g(+) is upper semicontinuous and that y(-) is lower
semicontinuous or monotone, then this inequality holds for anyt € |a,D|.

t

Proof.  The function ¢ : [a,b] — R, t — / f(s) w(s) ds is absolutely

a
continuous and satisfies for almost every ¢ € [a,b] (since f(-) > 0)

¢'(1) = f()w() < f()g(t) + f(1) @(1).

439
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Thus, #+— e M) (t) is also absolutely continuous and has the weak derivative

& (o) = 0 (¢'(1) — f(1) 9(1)) < e f(1) g(1).

Now we obtain for any ¢ € [a, D]
e HO () < e Hla —|—/ e M) f(s) g(s) ds

or) < 0 + / A1) £(s) g(s) ds

and this estimate implies the assertion for Lebesgue-almost every ¢ € [a,b].

Now suppose that g(-) is upper semicontinuous and that () is lower semicon-
tinuous or monotone. Then for every ¢ € |a,b[, there exists a sequence (fy)nen in
la,b[ suchthat t, — 1t (n — oo) and

y(r) < limsup y(t),

e [)l
Wit < glo) + [ ML) gs) ds

for each n € N. As an easy consequence, we obtain

I)l
y(t) < 11msup g(ty) —1—/ e =1(s) £(s) g(s) ds)

n— oo

IA

g0) + [ OO 1) gls) d .

This integral version of Gronwall’s Lemma now leads to a subdifferential version
which has two new aspects: First, the nonnegative function y/(-) does not have be
continuous, but just lower semicontinuous (as in [130]). Second, the hypothesis
about an affine linear bound of the upper Dini derivative is not required in the
whole time interval, but just at Lebesgue-almost every time. The proof is based on
a connection to Proposition A.1 by means of a nondecreasing auxiliary function
(in combination with Fatou’s Lemma):

Proposition 2.  Let v : [a,b] — R and f,g € C%([a,b],R) satisfy f(-),g(-) >0
and

0 < y(r) < limsup y(r—h), foreveryt € la, b],
hl0O

y(t) > limsup y(t+h), foreveryt € la, b],
hl0O

lim sup y(t+h)—y(t)
hl0 h

IN

f@) - limsup w(t —h) + g(t) for almost everyt € |a, b|.
710
Then, for every t € [a,b], the function y(-) fulfills the upper estimate
w(t) < wia)- et +/e” g(s) ds

with u(t / f(s)
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Proof. Obviously, the auxiliary function & : [a,b] — R}, 1 — supp. Y(-)
is nonnegative and nondecreasing. The second assumption about y/(-) implies the
continuity of & (-). Furthermore, it satisfies for .#’! -almost every t € |a, b]

limsup w < f()-&@) + g().

hl0

Indeed, choose any ¢ € |a,b[ for which the third assumption about  is satisfied.
Then for any 6 > 0, there exists some ho €]0,b —¢[ such that for all & € ]0, hg],

f@) - &@) + g(t) + 6

(f() - 6() + &) + &) -h + w(0)
< (f) &) + () + 8) - h + E).

Hence, &(t+h) = max {é(t), sup 1//()} fulfills this estimate for all & € 0, ko) :
< (ft

[t,t+h]
(t+h) ) &) + g(t) + 8) h + &)
S0 < ) - E0) + 8() + 8.

As 0 > 0 was chosen arbitrarily, we obtain the claimed estimate for the upper Dini
derivative of £(-) at ¢.

w(t+hzf v

ie. y(t+h) <

In particular, the continuous function £(-) is bounded in the compact interval
[a,b] and thus, so is y(-). The auxiliary function

la,b| — R, t+—— limsup M

h|0

is Lebesgue-measurable and bounded Lebesgue-almost everywhere. The well-
known Lemma of Fatou implies for every T € [a,b|

limsup ' w dt < /T limsup '5(f+hil—§(f) dt
hl0 0 K0

(0):

&(
r h
lim sup w dt = limsup (/ E(+h)dr — / &)
hlo  JO hl0
= limsup (

ne / ) dt —/0 é(t)dt
= é(T) - 500

due to the continuity of & (). Now we obtain an estimate for £ (T') for every T € [a, b|

6r) - 60) < [ timsup S804 < [T (1)) + g0) .

10

and thus lays the basis for estimating & (T') —

==

==

Finally, the claim results from Proposition A.1. (]
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Remark 3. 1.  This subdifferential version of Gronwall’s Lemma also holds
if f,g: [a,b] — Ra“ are only upper semicontinuous (instead of continuous).
The proof is based on upper approximations of f(-), g(-) by continuous functions.

2. The condition lhzlf(;]p w < f(t)-w(t) + g(r) (supposedin the
widespread forms of Gronwall’s Lemma) is stronger than the third assumption of
Proposition A.2 due to the semicontinuity condition y/(¢) < limsup y(t —h).

h10

A similar statement holds with limits inferior replacing the limits superior — under
the additional assumption, however, that the growth condition is fulfilled at every
time (instead of .#’!-almost every time). The proof presented by the author in [130]
is based on a simple indirect argument and thus, it is completely independent of the
integral version in Proposition A.1:

Propositiond.  Let y : [a,b] — R and f,g € C°([a,b],R) satisfy f(-) >0 and

[a
0 < y) < lianlionf y(t—h), foreveryt € la, b],
y(t) > lirhnlionf y(t+h), foreveryt € la, b],
111;1110nf "'(’H’) v < £(r) -lirhnlionf w(t—h) + g(t) foreveryt€la,bl.

Then, for every t € [a,b], the function y(-) fulfills the upper estimate
w(t) < wia)- et +/e” g(s) ds

with (t / f(s)

Proof.  Let & > 0 be arbitrarily small. The proof is based on comparing ¥ with
the auxiliary function @g : [a,b] — R that uses y(a)+ 8, g(-)+ 6 instead of

v(a), g(-):
05(1) == (w(a)+8) H0 + / " HO-1O) (g(s)+ 8) ds
Then, @4(1) = £(t) ps(t) +5(1)+8 in[a]

Qs(sn) > Wyisn) for some sequence s, | a.

Assume now that there exists some # € |a,b| such that @s(fp) < y(1). Setting
n = inf {r € [a,10] | 95(-) <y() in10] } > 51 > a,
we conclude #; < #p from the condition y(fy) < lirhnlionf y(to — h) and the conti-

nuity of @5 (). Moreover, @g(t;) = w(t;) is a consequence of
ps(n) = Jim @511 —h) = lim inf y(n—h) > y(n),
(1) = lim @s(n1+h) < liminf y(n+h) < y(n).
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Thus, the definition of #; implies

liminf @s(t1 +h) — @s(t1) < liminf y(ti+h)—y(t)
hlo h hlo h

05(n) < f(1) -liminf (11— h) + 5(o)
() @5(01) +g(0) +8 < f(1) - hmlsup 9511 —h) + g(n)

< f(n) - es(t) + ()
— acontradiction.  Finally, ¢g(-) > y(-) forany é > 0.

N

IN
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According to the well-known convention, we define the solutions to a differential
inclusion in the sense of Carathéodory as it is described e.g. in [15, 19]. The Theo-
rem of Filippov represents the counterpart of the Cauchy-Lipschitz Theorem about

ordinary differential equations.

Definition 5. Let F:[0,T] x RN ~» R be a set-valued map.

A curve x:[0,7] — R" is called a solution to the differential inclusion x'(-) €
F(-,x(-)) ae.if x(-) is absolutely continuous and its (weak) derivative x'(-) satisfies

X (t) € F(t,x(t)) for Lebesgue-almost every ¢ € [0,T].

The reachable set of F and a nonempty initial set M C RY at time ¢ € [0,7]
contains the points x(¢) of all solutions x(-) of x'(-) € F(-,x(-)) a.e. starting in M,

ie.

Op(r,M) = {x() €RY | x() € WH(0.1,RY), x(0) €M,

X(-) € F(-,x(-)) Z'-almost everywhere in [O,I]}.

Theorem 6 (Generalized Theorem of Filippov).

Let O be a relatively open subset of [0, T] x RN Take a set-valued map F:0~ RV,

anarc y(-) € WH([0,T],RY), apointn € RN and § €]0,] such that
N (3,8) = (U {1} xBs0() C 0.

0<t<T
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Assume that
(i) F(t,2) # 0 is closed for every (t,2) € N (y,8) and
Graph F is Z' x B measurable,
(ii) there exists k(-) € L'([0,T]) such that F(t,z)) C F(t,22) +k(t) |21 — 22| - By
forall 1,20 € Bg(y(r)) and Lebesgue-almost every t € [0,T].
Suppose further

eIl (\TI (0 \+/ dlst )dt) < 4.

Then there exists a solution x(-) € W 1([0 T} ]RN) of X ( Y€ F(-, x(+) a.e. satisfy-
ing x(0) =1 and

T ~
=l < =@ e+ [7 el KO0 i (30, Flen()) d.
0

Now assume that (i) and (ii) are replaced by the stronger hypotheses:

(') F(t,2) # 0 is convex and compact for every (t,2) € N (y,8),
(i") there exist @(-) : [0,00] — [0,00[ and ke, € 0,00 such that E% w(h) =0,

Flina) © Floz) + (ke o — 2] + o(n—nl) B
Jorall (t1,z1), (12,22) € A (y,9).

If y(+) is continuously differentiable, then the solution x(-) can be chosen as a
continuously differentiable function too.

Proof is given in [180, Theorem 2.4.3], for example.

For applying Filippov’s Theorem to compact reachable sets in RY, we combine
some global properties of a set-valued map F : [0,T] x RN ~ RV of space and
time and coin the new term “Filippov continuous”. It reflects the gist of the feature
“measurable/Lipschitz” defined in [19, Definition 9.5.1] — but in a more detailed
formulation.

Definition 7. A set-valued map F : [0,T] x RN ~~ RY is called Filippov continu-
ous if it satisfies the following conditions:

1.) all values of F are nonempty closed subsets of RV,
2.) Graph F C [0,T] x R¥ x RN belongs to %' ® N @ BV,
3) F has at most linear growth, i.e. sup sup % < oo
(t,x)€[0,T] xRN veF (t,x)
4.) thereis A(-) € L'([0,T],R) such that at Lebesgue-almost every time ¢ € [0, 7],
the set-valued map F(t, -) : RN ~» RV is A (¢)-Lipschitz w.r.t. d.

Here .#V consists of all Lebesgue subsets of RN and, %" denotes the set of all
Borel subsets of RY. Condition (2.) is equivalent to the measurability of the set-
valued map F according to Characterization Theorem A.75 (on page 489) below.
Furthermore, the linear growth condition (3.) implies first that all values of F are
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compact and second that Gronwall’s Lemma provides locally uniform bounds for
solutions to the corresponding nonautonomous differential inclusion.

These conditions are slightly stronger than the assumptions of Theorem A.6.
Indeed, Theorem A.6 does not assume the linear growth condition (3.) and,
Lipschitz continuity with respect to space is supposed only locally. These dis-
tinctions result from different emphases: Theorem A.6 focuses on spatially local
aspects of existence of solutions to a differential inclusion. We, however, aim for
conclusions about reachable sets in the whole Euclidean space. The additional linear
growth condition (3.), for example, is to ensure that we can restrict our geometric
considerations to compact neighborhoods of compact initial sets.

Proposition 8 (Invariance Theorem). Let F : [0,T] x RN ~ RN be Filippov
continuous. Assume the nonempty closed set K C RY to satisfy

F(t,x) C Tx(x) for every x € K and £!-almost every t € [0,T].

with Tx(x) C RN denoting the contingent cone of K at x in the sense of Bouligand.

Then_every solution x(-) € W ([t,02],RN) 10 the differential inclusion
X () € F(-,x()) a.e. with [t1,12] C [0,T] and x(t) € K has all its values in K.

Proof. It adapts the standard proof of [14, Theorem 5.3.4] that deals with auto-
nomous differential inclusions.

Every solution x(-) € WV ([t1,5],RY) of /(- 6f(~,x(~)) a.e. is even Lipschitz
continuous due to the linear growth condition on F (and Gronwall’s Lemma). The
auxiliary distance function 8 : [t;,5,] — R, ¢ dist(x(¢), K) is Lipschitz con-
tinuous. Whenever x(-) and 0 (-) are differentiable at time ¢ € [t1,1,], it satisfies with
a projection point y, € K of x(t) (i.e. |x(t) — y;| = dist(x(¢),K)) and any v € RY

o'(t) < lirﬁionf - (dist(x(t+h), K) — |x(t) =)
t+h
< lirhnlionf 3 dist(y,—i—/ ¥(s)ds, K)
! t+h
< lirﬁionf Tz (dist(y,—i—hv7 K) + |hv—/ X (s) ds’)
1
< lirhnlionf % dist(y;+hv, K) + |v—2(1)].

Selecting now v € F(z,y;) with |x'(t) —v| < d(F(t,x(r)), F(t,y;)), we conclude

from F(t,y,) C Tg(v;) and the A (¢)-Lipschitz continuity of F(r,) the estimate
§() < 0+ d(F(t,x(1), Ft,y)) < A@0) [x(t) —y| = () 8(r)

for #!-almost every ¢ € [t;,1;]. According to Gronwall’s Lemma (Proposition A.2),
6(0) =0 implies &(-) = 0 and thus, every value x(r) belongs to the closed set K.
U
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A.3 Scorza-Dragoni Theorem and Applications
to Reachable Sets

The classical theorem of Scorza-Dragoni [167] can be extended to functions be-
tween metric spaces as shown by Ricceri and Villani. A so-called Carathéodory
function depends on two arguments, namely “time” (in a topological space like R)
and “‘state” (in a metric space). By definition, it is measurable with respect to time
and continuous with respect to state. The key point of Scorza-Dragoni is to guaran-
tee continuity with respect to both arguments on “almost” the whole domain in the
following sense:

Proposition 9 ([160, Theorem 1]). Let S be a compact Hausdorff topological
space, L a Radon measure on S and X ,Y metric spaces. Suppose X to be separable.

Then every Carathéodory function g : S x X — Y satisfies the so-called Scorza-
Dragoni property, i.e. for every € > 0, there exists a closed subset S C S with
U(S\ Se) < € such that the restriction g|s, xx is continuous.

Now this proposition can be regarded as a counterpart of well-known Lusin’s
Theorem (relating measurability to continuity almost everywhere) — but now for
functions with two arguments.

In 1977 Jarnik and Kurzweil published an extension of the Scorza-Dragoni Theo-
rem to set-valued maps which are measurable in time and upper semicontinuous in
space [96]:

Proposition 19 ([83, Corollary 2.2], [96]). Let X be a separable metric space.
Suppose that F : [0,T] x X ~ RN has convex closed values and for & Lalmost all
t €[0,T], F(t,) is upper semicontinuous. Assume that F is measurably bounded,
i.e. there is a measurable function B : [0,T] — R such that for £ -almost all
1 €[0,T) and every x € X, |F(t,x)|. < B(2).

Then there exists a set-valued map F: [0,T] x X ~ RN with closed convex values
satisfying the following conditions:

1. For £"-almost all t € [0,T) and for all x € X, F(t,x) C F(t,x).
2. For every measurable set A C [0,T) and any measurable maps u: A — X,
viA — RN with v(-) € F(-,u(")) £ -a.e.in A, we have v(-) € F(-,u(-)) a.e.

3. Forany & >0, there is a closed set Je C [0,T] such that £'([0,T]\ Je) < €
and F|j xx is upper semicontinuous.

This proposition provides a useful tool for investigating nonautonomous differential
inclusions with set-valued maps being measurable in time and upper semicontinuous
in space. Indeed, it bridges the gap to differential inclusions with upper semicontin-
uous right-hand side. Motivated by the nomenclature of Aubin in [14], we introduce
the following abbreviating term for this type of set-valued maps:
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Definition 11. A set-valued map F : [0,T] x RN ~» RN, (1,x) — F(t,x) is
called nonautonomous Marchaud map if it has the following properties:

. F is nontrivial (i.e. Graph F # 0),

F (¢, -) is upper semicontinuous for Lebesgue-almost every ¢ € [0, 7],

. F(-,x) is measurable for every x € RV,

. F has compact convex values and

. there exists (-) € L' ([0,T]) such that F(r,x) C pu(t) (14 |x|)B forallx e RV
and Lebesgue-almost every ¢ € [0,T].

DN AW N -

Such a Scorza-Dragoni type theorem also holds for set-valued maps being con-
tinuous with respect to space at Lebesgue-almost every time. Frankowska, Plaskacz
and Rzezuchowski concluded the following version from their counterpart of
Proposition A.10 by means of a single-valued parameterization [83]. Alternatively,
it can be regarded as a special case of Proposition A.9 with values in the metric
space ¥ := (7 (RN),d).

Proposition 12 ([83, Theorem 2.4]). Let the set-valued map F:[0,T] x RN ~» RN,
(¢,x) — F(t,x) have nonempty compact values, be measurable with respect to t and
continuous with respect to x.

Then for every € > 0, there exists a closed set J; C [0,T] with Z'([0,T]\Je) < &
for which the restriction F| Je xRN IS continuous.

Applications to Reachable Sets: Integral Funnel Equation

Considering a nonautonomous differential inclusion, the set-valued map on its right-
hand side provides a first-order approximation of the reachable set starting in an
arbitrary point. For various nonautonomous differential inclusions with continuous
right-hand side, this result is well-known as integral funnel equation due to papers
of Kurzhanski, Filippova, Panasyuk, Tolstonogov and others (e.g. [110, 152]).

In [83], Frankowska, Plaskacz and Rzezuchowski extended such approximating
results to differential inclusions whose right-hand sides are just measurable in time.
Their detailed estimates of the Hausdorff distances, however, are formulated for an
arbitrary initial point in space (rather than initial sets). Now we verify that these
estimates hold even locally uniformly in space and time:

Proposition 13.  Let the set-valued map F : [0,T] x RY ~» R satisfy

1. F has nonempty closed convex values,

2. for £L'-almost all t € [0,T), the map RN ~» RN x1— F(nx) is continuous,
3. for every x € RN the map [0,T] ~ RN, t— F(t,x) is measurable,

4. there exists u(-) € L'([0,T]) with ’f(l,x) _<u(t) forallx e RN and a.e. t.
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Then, there exists a set J C [0,T) of full Lebesgue measure (i.e. £([0,T]\J) =0)
such that for every t € J and K € ¢ (RN),

bed(O,, LK), U (0o Fex)) — 0 forhlo.

xek
Proof consists of subsequent Corollary A.15 and Lemma A.16 focusing on the
Pompeiu-Hausdorff excesses
h— dist<z9f(,+,_)(h, K), U (x+h.ﬁ(z,x))),
_ xek
b dist( | (v + b F@2), 05, (1K),
xek :

respectively. Indeed, the subsequent inclusions are locally uniform with respect to
the initial point x € K and small time /& > 0.

Lemma 14. Ler F : [0,T] x RN ~ RN be a nonautonomous Marchaud map with
nonempty (compact convex) values.

Then there exists a set J C [0,T] of full measure (i.e. £1([0,T]\J) = 0) with the
following property: For everyty € J, xo € R and € €)0,1[, there are t; > 0 and
0 > 0 satisfying for all x € Bg(xo), h €]0,1].

191;([0+_7_)(h,x) C x+h (F(to,xO)+£B).
Applying this result to every time 7o € J C [0,T] at which F(z,-) : RN ~» RN is
continuous in addition, we obtain directly:

Corollary 15.  Under the assumptions of Proposition A.13, there exists a sub-
set J C [0,T] of full measure (i.e. £'([0,T]\J) = 0) with the following property:
For everyty €J, xo € RN and € €]0,1[, there aret; >0 and § > 0 satisfying

Os. (%) C x + h (Flig,x)+2¢B)

forall x € Bg(xo), h€]0,t;]. O

Before proving Lemma A.14 in detail, we formulate the opposite inclusion cor-
rectly. This completes the proof of Proposition A.13.

Lemma 16. Under the assumptions of Proposition A.13, there exists a subset
J C [0,T] of full measure (i.e. £([0,T]\J) = 0) with the following property:
For everyty € J, xo € RN and € €]0,1], there aret; > 0 and & > 0 satisfying

X+ hF(i0,x) C O, (hx) + ehB
forall x € Bg(xg), h€]0,t].

Finally we now discuss the missing proofs of Lemmas A.14 and A.16:
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Proof (of Lemma A.14). It follows the same arguments of [83, Lemma 2.6] and
thus uses the basic idea of Rzezuchowski in [166].

Let F: [0,T] x RN ~~ RN denote the set-valued map according to Scorza-Dragoni
type Proposition A.10. For any y > 0, there exists a closed subset j;, C [0,T] with

20,1 \J~y) < v such that F| T xBV is upper semicontinuous and

Graph ﬁ|l~},xRN C Graph F.
Now let J, C ];, denote the set of density points of j;, that are also Lebesgue points
of u() -x[O.T]\ij) :[0,T] — R. Itsatisfies .Z!(Jy) = Z'(J,) because Lebesgue
points of each Lebesgue-integrable function always have full Lebesgue measure

[189, Theorem 1.3.8] and thus, in particular, density points of any measurable set
also have full Lebesgue measure.

For arbitrary 7y € Jy, xo € R and € €]0, 1], the upper semicontinuity of F| JyxRN
and the construction of Jy, provide r,8,#; > 0 satisfying for every ¢ € [to, f19+11]
F(JyNlto,1], Br(x0)) C Flto,x0) + §B C Flto,x0) + 5B,

iy (1 =10, Bs(x0)) C xo +rB,

LYt NTy) = ~
—%’2’}0 2 F(to,x0) C Flto.x0) + §B,

L w(s) ds

10 Sl \ gy

Then for any x € Bg(x) and & € [0, #1], we obtain

N

IN

£ (14 x|+r)"

IS‘F(IOJF.’.)(h,x) —x C
C ﬁs,]B%,x ds + ~Il?s,]B%,x ds
/[zo,to+hmfy ( ( 0)) lto to+h] \ Jy ( ( 0))
C L ([to,10+h] N JTy)- (ﬁ(foyxo) + %B) + / _u(s) (1+|xo[+r) ds-B
[’0 7’0+h] \ JY

c b (Flox)+5B +5B)+5hB
= h (F(to,x0) + €B).
O

Proof (of Lemma A.16). Choosing y > 0 arbitrarily small, Proposition A.12
(on page 447) provides a closed subset J,, C [0, T] with £1([0,7]\ J,) < ¥ such that

the set-valued restriction F | T xRV is continuous.

As in the proof of Lemma A.14, let J, C j;, denote the set of density points of :/;,

that are Lebesgue points of fi(-) 'X[O.T]\fy(') € L'([0,T]) in addition. It also satisfies
LIy = LNy > T

For arbitrary g € Jy, xo € RV and € €]0,1], the continuity of F| Jyxry and the
construction of J, guarantee parameters r,0,¢; € ]0, 1] successively such that for
every t € [to, to+t1])NJy, x € Bs(x0), ¥ € B,(x0)
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Lﬂ(ﬁ(t,y),f(to,XO)) S g
+ (t—10) - F(to,x) C xo+ rB,

A
1™

LM (10,1 \Jy) f(to,xo) C tB

r—1y 4 =
1 ds < &
0 S, MOS8

o+ w(s) ds < r.

[IOJ]
Choose now any x € B (xo) and v € F (tg, x). We want to verify for all & € [0,#]
x+hv e ﬁﬁ(m*’.)(h,x) + ehB.

Since all values of F are assumed to be convex, the projection of v on F (,9)

[0,T] xRN ~ RN (t,y) |—>Hﬁ(, (v )= {WGF (z,y) |dlSt (v, F(t,y)) = lw—vl}
is single-valued and thus denoted by f: [0,7] x RN — RV,

Moreover, f(-,y) : [0,7] — RV is measurable for every y € RV due to
Proposition A.80 (on page 490). Whenever F(t,-) : R¥ ~~ RY is continuous, its
composition with the projection mapping is upper semicontinuous in the sense of
Painlevé-Kuratowski according to [ 162, Proposition 4.9] and thus, the single-valued
function f(z,-) : RY — R¥ is continuous. As a consequence, f is a Carathéodory
function in [0,7] x RV with the time-dependent absolute bound y(-) € L'([0,T])
and, its restriction f| JyxRN is continuous because F| Iy xRN is continuous.

There exists an absolutely continuous solution y(-) : [to,to + ;] — RY to the
ordinary differential equations y'(-) = f(-,y(-)) a.e. with y(fy) = x. Then, y(-)
solves the differential inclusion y'(-) € F(-,y(-)) a.e. and satisfies for all € [0, 7]

lx+hv — y(to+h)|

S/ lv—f(s,y(s))| ds + (Iv| + u(s)) ds
[to,toHh) Ny [to, to+h]\Jy

distv,ﬁs, ) ds + vl + wu(s)) ds
ltg, torHhINJy (v Fls, 7(9)) sty HH\Jy (vl + u(s)

2&.h + 28+ & h =e-h. O

IN

IN

This proof of Lemma A.16 is quite easy to adapt to the following statement whose
autonomous counterpart is used for verifying Proposition 1.68 (2.) (on page 70):

Lemma 17. In addition to the assumptions of Proposition A.13, let K C RN be
a nonempty compact subset and R > 0.

Then there exists a subset J C [0,T] of full Lebesgue measure such that for every
to €J, xp € K and € €0, 1], there are t;,6 > 0 with

X+ - F(io,x) + h- (T¢ (x0) NBr) C (.. (1K) + 2ehB
forallx € Bsg(xo) NK, he€l0,4].
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The contribution of the circatangent cone T (xo) to this modification is summarized
in the next lemma:

Lemma 18. Let K, M be nonempty compact subsets of RV.

For each point xo € K and every € > 0, there exists a radius p > 0 such that
dist(y + hw, K) — dist(y, K) < €h

is satisfied for all w € TE (x0) "M, h € [0,p] and y € RN with |y — xo| < p.

Proof (of Lemma A.18). Equivalently to Definition 1.63 (on page 68), a vector v €
RY belongs to the circatangent cone Tlg (x) in xp € K if and only if for every € > 0,
there exists a radius p (xp, €,v) > 0 with

dist(y +hv, K) — dist(y, K) < §h

for all h € [0,p] and y € RV with |y —xo| < p. This is easy to prove indirectly by
means of the projection on the compact set K C RY — similarly to the morphological
analogue in Lemma 5.39 (on page 427, see also the Clarke’s “original” definition of
tangents via “generalized directional derivative” in [46, § 2]).

In particular, all vectors w € IB%% (v) C R have in common:

dist(y+hw, K) — dist(y, K) < €h
for every h € [0,p] and y € RN with |y — x| < p due to the triangle inequality.
Hence, the radius p > 0 can be chosen locally uniformly with respectto v € Tlg (%0),
i.e. for every compact M C RN and £ >0, there is p = p(xo,&,M) >0 with

dist(y + hw, K) — dist(y, K) < eh

forallw € MNTE (xo), h € [0,p] and y € RY with [y — x| < p. a

Proof (of Lemma A.17). Fix any y > 0 and construct closed subsets
Jy C .}; C [0,T] as in the proof of Lemma A.16.

For arbitrary 7y € Jy, xo € K and € €]0,1], the continuity of F| JyxrN the selec-
tion of J, and Lemma A.18 (in addition now) provide r,8,#; €]0, 1] successively
such that for every 1 € [tg, to+11|NJy, h € [0,11], x € Bs(xo), y € B,(x0) and
w € TE (xo) N Bg,

dist(y +hw, K) — dist(y,K) < €h
dZ(F to,xo) < ¢
X+ h- F(l‘o, ) C xo+ rB,
2 ([to,
(,[13—2,\]7 F(to,%0) C §B,
1 s) ds < £
0 Sy, MOS8
O0+h(R+e)+ o u(s) ds < r
10t
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Forall x € Bs(xo), v € F(tg,x), w € TE (xo) NBg and h € [0,1,], we are now to check
x+h(v+w) € 1‘91?([0+~.~)(h’ K)+2¢ehB.

As in the proof of Lemma A.16, the projection of v on F(-,-)

[0, T] xRN ~ RV (£,y) Hﬁ(;.y)(") E {we F(t,y) | dist(v, F(t,y))=|w— v|}
induces a single-valued Carathéodory function £ : [0,T] x RY — RV

The new essential aspect is to base the comparison on an absolutely continuous
solution y(-) : [to,f0 + 1] — RY that does not start in x, but in a possibly different
point of K:

Choose z = z(x,h,w) € K with |[x+hw —z| = dist(x+aw,K) < € h. In particular,
|z—x0| < 6+h (R+¢€) < r. Then there exists an absolutely continuous solution
y(+) : [to,to +1;] — RY to the ordinary differential equations y'(-) = f(-,y(-)) a.e
with y(t9) =z € K. y(-) has all values in B, (xo) and solves the differential inclusion
y'(-) € F(-,y()) a.e. again (but depends now on x, 1, w).

The comparison with ¢ — x+hw+ (t —tp) v at time fy + & leads to the estimate

dist(x+7 (v+w), Oz (h,K)) < |x+h(v+w) — y(to+h)|

Flio+-,-)
< |x+hw—2z + lv—f(s,y(s))] ds + (Iv]+u(s)) ds
[t to+h]NTy [t to+h]\Jy
< ¢eh + dist(v, F(s,y(s))) ds + (|v|+u(s)) ds
[t to+h]NTy [t to+-h]\Jy
< €h + 28-h + 25-h+5-h
< 2¢h.
U

A.4 Relaxation Theorem of Filippov-Wazewski
for Differential Inclusions

The so-called Relaxation Theorem bridges the gap between a differential inclusion
x(-) € F( x(-))

and its relaxed counterpart with (pointwise) convexified values on the right-hand

side, i.e., y() € @ F(-, y(-).

In particular, it provides sufficient conditions on the set-valued map F: [0,T] x RN

~ RN which make the additional assumption of convex values dispensable in regard
to compact reachable sets.
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Theorem 19 (Relaxation Theorem of Filippov-Wazewski). Suppose for the
set-valued map F : [0,T] x RN ~~ RN and the curve y(-) € W1 ([0,T],RN) :

(1.) the values F are nonempty closed subsets of R,

(2.) foreveryx € RN, F(-,x):[0,T] ~ RY is measurable,

(3.) there exist p >0 and A(-) € L'([0,T],R]) such that for £"-almost every
t € [0,T], the restriction F(t |B o) : By (y(t)) ~ RN is A(t)-Lipschitz
continuous w.r.t. dl,
there is u(+) € L' ([0, T]) with |F (¢, (¢

(4.) < u(t) for L' -almost every t.
(5.) [0,T] — R, r+——dist(y/(r 1)) is Lebesgue-integrable,
(6.)
(7))

’oof

ekl / ! dist(y'(t), F(t,y(t))) dt < p,
0 _
y(t) € ©F(t, y(t)) for L -almost everyt € [0,T].

Then for every 8 > 0, there exists a solution x(-) € WH1([0,T],RY) to the differ-
ential inclusion X' () € F (-, x(-)) a.e. satisfying x(0) = y(0) and ||x(-) — y(-)|| = < b.

Proof 1is given in [80, Theorem 1.36], for example, as a consequence of Filippov’s
Theorem A.6 and an appropriate selection principle. The autonomous counterpart
and its proof can be found in [15, Theorem 2.4.2].

Aubin and Frankowska have already pointed out a well-known consequence in [19,
Theorem 10.4.4]:

Corollary 20. In addition to the hypotheses of Relaxation Theorem A.19 with p = oo,
assume that R(-) € L' ([0,T)) satisfies F(t,x) C R(t) B for every x € RN and a.e. t.

Then the solutions to the differential inclusion x'(-) ENﬁ (-, x(+)) a.e. are dense in
the set of solutions to the relaxed inclusion y'(-) € T F(-, y(+)) a.e. with respect to
the supremum norm. O

Considering now reachable sets of differential inclusions, we obtain

Corollary 21.  Let F : [0,T] x RN ~» RN be Filippov continuous (according to
Definition A.7 on page 444).

Then, O3(t,K) = O_z(t,K) forevery K € ' (RN) andt € [0,T).

Proof.  Relaxation Theorem A.19 implies
ﬁF(I,M) = ﬁaF(I7M)
for every nonempty (not necessarily closed) subset M C RV and any ¢ € [0, T].
In addition, the reachable set ¥3(t,K) C RV is closed as a consequence of

Filippov’s Theorem A.6 (on page 443). Finally, co F: [0,7] x RN ~» RN has
Filippov continuity in common with F and thus, 9_ _(t,K) C RV is also closed. [
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A.5 Regularity of Reachable Sets of Differential Inclusions

In this section, we focus on the boundary of reachable sets of differential inclusions.
Adjoint arcs are used for describing the time-dependent limiting normal cones. They
serve as tools for sufficient conditions on the differential inclusion for preserving
smooth boundaries shortly, for example.

First we prove in Proposition A.34 that C!'! boundaries are preserved for short
times. Then according to Proposition A.36, the same hypothesis guarantees that
the evolution of smooth sets is reversible in time. Afterwards, the conditions on
the Hamiltonian function 7% are supposed to be stronger for guaranteeing that
points evolve into sets of positive erosion (see Proposition A.41). Finally, we es-
timate the maximal shrinking of exterior or interior balls and focus on exterior tusks.

Definition 22. For any set-valued map F: [0,7] x RN ~» RV the support function
Ay [0,T] xRV xRY — R
(t.x.p) ~— o(p, F(t,2) = sup {{p.v) [ve F(r.x)}

is called (upper) Hamiltonian of F .

A.5.1 Normal Cones and Compact Sets: Definitions and Notation

This section serves mainly the purpose of clarifying the notation in regard to normal
cones and summarizing some features of compact subsets of R".

Definition 23. Let C C RY be a nonempty closed set.

A vector 1 € RN, n #£ 0, is said to be a proximal normal vector to C
atx € C if there exists p > 0 with B, (x+p |Z—‘) NC = {x}.

The supremum of all p with this property is called proximal radius
of C at x in direction 1. The cone of all proximal normal vectors is
called the proximal normal cone to C at x and is abbreviated as NZ (x).

The so-called limiting normal cone N¢(x) to C at x consists of all vectors 1 € RV
that can be approximated by sequences (1,),en, (Xn)nen satisfying

Xp =X, Mp— 1, xm€C, M€ Ng(xn%
ie. Ne(x) = Limsupy — NE(y) (in the sense of Painlevé-Kuratowski).

As a further abbreviation, we set °N¢(x) := Ne(x)NB = {v € N¢(x) [y <1}

Convention. In the following we restrict ourselves to normal directions at bound-
ary points, i.e. strictly speaking, Graph N and Graph °N¢ are the abbreviations
of Graph Ny and Graph "N¢|;¢, respectively.

Lemma 24 ([47, Lemma 6.4]).  For a nonempty closed subset M C RN, assume

N € Ny (0\ {0} and N (x) # {0} Then, NEg—(x) = —Njj(x) = R n.
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Definition 25. %11 (RY) abbreviates the set of all nonempty compact N-
dimensional C"! submanifolds of R" with boundary.

A closed subset C C RY is said to have positive erosion of
radius p > 0 if for each r €]0, p|, there exists a closed set

M C RV with
C = {xeRV|dist(x,M) <r},
M = {xeC |dist(x,dC) >r}.
P (RN) consists of all sets with positive erosion of radius
p>0and, set A (RY) := ) APRY).
p>0

Definition 26 (Sets of positive reach [79], [55, Definition 4.7.1]).
A nonempty set M C ]RN is said to have positive reach if there exists i1 > 0 such that

the projection ITy(x { yeEM ] x —y| = dist(x,M)} is single-valued for every
x € RN with dlst(x M ) < h. The maximum % > 0 for which this property holds is
called the reach of M.

Remark 27.  The morphological term “erosion” is motivated by the fact that a
set C = C° C R has positive erosion if and only if the closure RV \C of its
complement has positive reach. This implies a collection of interesting regularity
properties presented (for closed subsets of a Hilbert space) in [47, 48, 159]. Here
we summarize some of the features for subsets of RV:

Proposition 28 ([47],[48, Theorem 4.1],[55, Theorem 4.7.1],[159, Theorem 4.1]).
Given a nonempty closed subset M C RN, the following conditions are equivalent:

(1.) M has positive reach > p >0,

(2.) dist(-,M) belongs to C;;} ({0 < dist(-,M) < p}),

(3.) dist(-,M) belongs to C| ({0 < dist(-,M) < p}),

(4.) Iy(x) C M is single-valued for all points x € RN with 0 < dist(x,M) < p,
(5.) Iy(x) C M is single-valued for all x € RN with 0 < dist(x,M) < p and,

Iy belongs to CloOC ({0 < dist(-,M) < p}),

(6.) dist(-,M)? belongs to Cl ({0 < dist(-,M) < p}),

(7.) for every r €]0,p|, all points x € RN with 0 < dist(x, M) < r satisfy
dist(x, M) + dist(x, R¥\B.(M)°) = r,

(8.) foranyre€]0,pl, {dist(-, RN\ B,.(M)) > r} =M

(9.) every proximal normal vector # 0 at any x € dM has proximal radius > p,
(10.) foranyr€]0,p[, each x € RN with dist(x, M) = r satisfies NP ( ) # {0},
(11.) Nm(-)NBp is hypermonotone, i.e. whenever xy,x; € M and vy 6 NM(xk) with

vkl < p (k=1,2), then (vi—v2)-(x1 —x2) > —|x1 —x2|%
(12.) dist(y —x, Ty (x)) < % ly —x|? for any y,x € M (global Shapiro property).



456 A Tools

Corollary 29 ([48, Corollary 4.15]).
Every nonempty closed set M C RN with positive reach > p > 0 fulfills:

(a) the proximal, limiting and Clarke normal cone coincide at each point x € M,
(b) for everyr €]0,p| and each point x € RN with dist(x,M) = r,
Ne,on(®) = Ne,on(x) = Ry (x=p(x))
where p(x) € M is the unique closest point to x in M,

(c) for every r €]0,p|[, the topological boundary of {dist(-,M) <r} isa C"!
submanifold of codimension 1 in R,

A.5.2 Adjoint Arcs for Evolving Normal Cones to Reachable Sets

The so-called Hamilton condition is known under very mild assumptions using the
tools of nonsmooth functions. First we quote the version of Vinter’s monograph
[180]. Applying these results to proximal balls leads to a necessary condition on
boundary points of reachable sets and their proximal normal vectors. Approximat-
ing sequences then lay the basis for extending this result to limiting normal vectors
in subsequent Proposition A.32. In particular, it is formulated only for Hamiltonian
functions with continuous partial derivatives dy.%#%, dy. 7} because we exploit the
regularity of solutions to ordinary differential equations in the next sections.

Proposition 30 (Extended Hamilton Condition).
Let x(-) € WHI([S, T],RY) be a local minimizer (with respect to perturbations in
WL([0,T],RN)) of the problem
g((8),¥(T)) — min
over y(-) € WHI([S, T],RV) satisfying
y(t) € F(t,y(t)) for Lebesgue-almost every t € [S,T],
(8),y(T)) € C C RN xRN,
Assume also that
(GI) g is locally Lipschitz continuous;
(G2)' F(t,x) # 0 is convex for each (t,x), F is "N x BN measurable, and
Graph F(t,-) is closed for eacht € [S,T).
Suppose, furthermore, that either of the following hypotheses is satisfied:
(@) There exist k € L'([S,T]) and € > 0 such that for almost every t
F(t,x1) N (X(t) + ek(t) B) C F(t,x2) + k(t) [x1 —x2| B
Sforall x1,x; € Be(x(1)).
(b) There exist k € L'([S,T]), K >0 and & > 0 such that the following two
conditions are satisfied for almost every t € [S,T] and all x1,x; € B (x(2))
F(t,x1) N (X(t) + €B) C F(t,x2) + k(t) |x1 —x2| B,
inf {|v—x(t)||v € F(t,x1)} <K |x; —x(t)|.
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Then there exist an arc p(-) € WH([S, T],RY) and a constant A > 0 such that
(i) p'(t) € co{neR|(n,p(r)) €N, Graph F(r,.) (X(1) X (1)} for Llaet
(iii) (p(S), —p(T)) € A d*g(x(8), x(T)) + Nc(X(S),X( ))-

Condition (ii) implies

(iv) p(r)-¥(t) = sup (p(r)- F(t,x(1)) for £'-a.e.t
(v) pr) € co{ qeRN’ q,x (1)) € ot 4 H(t, ,~)|(x([)7p(t))} for L'-ae.t.

~—

Proof  is presented in [180, Theorem 7.7.1], for example.

Remark 31.  This adjoint p(-) also satisfies |p’(r)| < k(¢) |p(¢)| for almost every ¢
as an immediate consequence of statement (ii) and the so-called Mordukhovich
criterion (see e.g. [162, Theorem 9.40]).

Proposition 32. Suppose for the set-valued map F :[0,T] x RN ~» RN

I. F (+) is measurable with nonempty convex compact values,

2. for £"-almost every t € [0,T), H5(t,-,-) is continuously differentiable in
RY > (RY\ {0}),

3. there exists k(-) € L'([0,T] such that for £-almost everyt € [0,T),
100 p) 7 (x, )| < k(1) - (1+ |x| + |p|) forallx,p € RN, |p| > 1.

Let K € ¢ (RN) be any initial set and ty > 0.

For every boundary point xo € d ¥z(to,K) and normal v € Ny (10,5) (x0) \ {0},

there exist a solution x(-) € Wh1([0,10], RY) and its adjoint p(-) € W1(]0,1],RY)
with
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A.5.3 Hamiltonian System Helps Preserving C'-!
Boundaries Shortly

Definition 33.  For a set-valued map F : [0,T] x RY ~» RY, the standard hypo-

thesis (.7#) comprises the following conditions on 7% (t,x, p) := sup p-F(t,x)

1. F is measurable and has nonempty compact convex values,

2. Hx(t,-,-) : RY x (RM\{0}) — R is continuously differentiable for every 7,

3. for every R > 1, there exists Ag(-) € L'([0,T]) such that the derivative
of J#:(t,-,-) restricted to Bg x (Bg\ I(é%) is Ag(¢)-Lipschitz continuous for
Lebesgue-almost every 7 € [0, 7],

4. there is kz € L'([0,T]) such that fora.e. 7 € [0,T] and all x, p € RV (|p| > 1),

19 p) #5152 P) | iy v ) < (0 - (1Ll + ).

Proposition 34.  Assume standard hypothesis (J) for F : [0,T] x RN ~s RN

For every initial compact set K € 11 (RN), there exist T = ©(F,K) > 0 and
p = p(F,K) > 0 such that V5 (1,K) is also a N-dimensional C'*' submanifold of
RN with boundary for all t € [0,7] and, its radius of curvature is > p at every
boundary point.  In particular, ¥ (t,K) has both positive reach and erosion.

The proof of Proposition A.34 is based on the following lemma:

Lemma 35.  Suppose for H: [0,T] x RN xRY — R, v : RN — RN and the
Hamiltonian system

{y’(t)= (1), q(0), ¥(0) = yo

t?
40 = — L HEHa0)  al0) = i) )

the following properties:

1. H(t,-,-) is differentiable for every t € [0,T],

2. for every R > 0, there exists kg € L'([0,T)) such that the derivative of
H(t,-,-) is kg(t)-Lipschitz continuous on Bg x Bg for £'-almost every t,

3. w is locally Lipschitz continuous,

4. every solution (y(-),q(+)) to the Hamiltonian system (x) can be extended to
[0,T] and depends continuously on the initial data in the following sense:
Let each (yu(-),qn(+)) be a solution satisfying yn(t,) — 20, qu(tn) — qo
for some t, — to, 20,q0 € RY.

Then (yn(-),qn(*))nen converges uniformly to a solution (y(),q(-)) to the
Hamiltonian system with y(ty) = z0, q(to) = qo-

For a compact set K C RN and t € [0,T), define
M (K) == { (1), q(0)) [ (0(-), q(-)) solves system (%), yo € K } C RN x RY.

Then there exist 8 > 0 and A > 0 such that M;~ (K) is the graph of a A-Lipschitz
continuous function for every t € [0, 8].
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Proof (of Lemma A.35). It is based on the indirect proof of [80, Lemma 5.5]
about the same Hamiltonian system with y(T) = yr, ¢(T) = gr given (without
mentioning the uniform Lipschitz constant A explicitly).

Suppose that the claim is false. Then there exists a sequence (#,),cn in |0,7]
with 7, — 0 such that either M;’(K) is not the graph of a Lipschitz function or
the corresponding Lipschitz constants converge to e. In both cases, we can find
distinct solutions (y1(-), ¢L(-)), ("2(-), ¢2(-)), n € N, to the Hamiltonian system ()
with

t 2(t,
g, = [y (ta) — y;(n)| _ .0 for 1 —s oo,
|4 (1) — g5 (tn) |
Assumption (4.) and K € ¢ (RV) imply U M;” (K) C Bg xBg for some R > 0.
0<t<T

Assumption (2.) provides the estimate
DA =30 ,
< D) =20+ [ hels) (a9 =336+ lan(s) )] ) s

< & lab(on) — 2| + [ "ka(s) (406 20 +1a5) — 260 ) ds

for all ¢ € [0,7,], and the integral version of Gronwall’s inequality (Proposition A.1)
leads to a constant C; > 0 (independent of n) with

WO -R01 < (e b =)l + [ k() 1045) — 200 ds).
Due to sup,, &, < oo, we obtain a constant C, > 0 such that for alln € N, r € [0,1,],
g4 (1) — g2 (1) ,
< ) =)+ [ ke (1946 =36 +lah(s) 3] )ds

& (Iahton) —20)| + [ kals) 1ah5) = G20)] ds).

As a consequence of Gronwall’s Proposition A.1 again, there is a constant C3 > 0
(independent of n) with |g)(t) — ¢2(¢)| < C3 |qL(tn) — ¢2(t,)| forall n, t € [0,1,].
In particular,

'’ yh(6) —y2(0) | ( /f" ) n—oo
& = ogs?gt,, ) —gin)| = Ga+G 0 kr(s) ds) — 0.

IN

Similarly we get a constant C4 = C4(||kg||;1) > O fulfilling

g (1) — gn(ta)] < Calgh(0) — g7 (0)] = Ca|y(y,(0)) — w(yn(0))]|
for all n € N sufficiently large. Indeed, for all 7 € [0,7,], assumption (2.) ensures

44(6) ~ g3(0)
< 10~ GO + [ k) (16 —20) | +1ako) —0)]) ds
< 142(0) = 4z(0)| +/ ke(s) (& 1ah()— @2()]| + gh(s) — g2(s)] ) ds

and Gronwall’s inequality (Proposition A.1) provides Cs = Cs(||kg||;1) > O such
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that for every n € N,
a(tn) = aat)] < 5 1an(0) = ga(0)] + const(||krllr) &) lgn(tn) — ga(ta)l -

Due to &, — 0, we obtain |g}(t,) — ¢2(t,)] < Cs|ql(0) — ¢2(0)| for all
n € N large enough. Finally,

[ wOn(0) = wOaOD| _ 14a(0) = ga(0) | |gn(tn) — gulta)]
|y4(0) — y2(0) | |} (ta) — qa(ta)|  |¥h(0) — ¥3(0) |
—_— oo for n — o

— contradicting the local Lipschitz continuity of y at each joint cluster point of
(yrlz (0))nen and (yﬁ(O))neN in K. 0

Proof (of Proposition A.34).  Assuming that K € 7 (R") is a N-dimensional C"!
submanifold of RN with boundary, the exterior unit normal vectors to K (restricted
to dK) can be extended to a Lipschitz continuous function y : RV — RV,
Choosing some cut-off function ¢ € C*([0,<[, [0, 1]) with (P‘[o.%] =0, (P|[%.°<,[ =1,
H(t,x,p) = H5(t,x,p)- @(|p|) satisfies condition (1.), (2.), (4.) of Lemma A.35
due to standard hypothesis ().

For arbitrary xy € JK, consider the differential equations
X(t) = SH( (), p(t)), x(0) = xo,
Pt) == 5 H(tx(t), pt),  p(0) = w(xo).
Dueto |y(-)| =1 ondK and H € C""!, there exists some 7; >0 such that [p(t)| > §

forany ¢ € [0, 7;] and all solutions (x(-), p(+)) of (x*) with xo € dK. Thus, H = %
close to (x(t), p(¢)). Now Proposition A.32 can be reformulated as

Graph Ny, k(") C {(x(t), A p(1)) ’ (x(+), p(+)) solves system (),
xp € 0K, A > O},

forall r € [0,7;]. Lemma A.35 yields T €]0,7;[ and Ay > O such that
M (9K) == { (x(r), p(1)) | (x(-), p(-)) solves system (x*), xo € IK }

is the graph of a Ay-Lipschitz continuous function for each ¢ € [0, 7].

()

Then for every point z € d¥3(t,K), the limiting normal cone Ny (1.k) (z) contains
exactly one direction and, its unit vector depends on z in a Lipschitz continuous
way. (The Lipschitz constant is uniformly bounded by a constant depending on Ay,
because the choice of 7j ensures |p(-)| > 5 on [0, 7] for each solution of (+x).)

Hence, the compact set ¥5(¢,K) is N-dimensional C .1 submanifold of RY with

boundary for all # € [0, 7] and, its radius of curvature has a uniform lower bound.
O
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A.5.4 How to Guarantee Reversibility of Reachable Sets in Time

The Hamilton condition has led to a necessary condition on boundary points
x € d ¥3(t,K) and their limiting normal cones in Proposition A.32 (on page 457).
If each  set 95(t,K) (0<t<T) has positive reach > p, then standard hypoth-
esis () turns adjoint arcs into sufficient conditions and, we conclude that the
evolution of reachable sets is reversible with respect to time — in the following
sense:

Proposition 36. Suppose standard hypothesis () for F : [0,T] x RN ~ RN
Assume for Ky € # (RN) and p > O that every compact reachable set K, :=
9x(t,Ko) (0 <t <T) has positive reach > p (in the sense of Definition A.26).

Then forevery 0<s<t<T, K; = RN\ﬁiﬁ(Ii._.)(I —s5, RV\K;).

Remark 37. . A RY)~RN Ky r— RN\ LA (t, RN\ 94(1,Ko))
generalizes the morphological operation of closing (of sets in .# (R"Y)) that was
introduced by Minkowski and is usually defined as

Def.

P(X) ~ X, K+—— (K—tB)o(—tB) = {yeX|y—tBCK—tB}
for a vector space X and fixed B C X, ¢ > 0 (see e.g. [10, Definition 3.3.1]).

2. In [25], viscosity solutions to the Hamilton-Jacobi-Bellman equation
dyu+ H(t,x,Du) = 0 are investigated and in a word, the continuous differentia-
bility of u is concluded from the reversibility in time:

If wuecC[0,T] xRN R) isa viscosity solution of du + H(t, -,Du) =
and v(t,x) := u(T —t,x) 1isa viscosity solutionof d,v — H(T—t,-,Dv) = 0
then adequate assumptions about H ensure u € C'(]0, T[ xRN).

o

Referring to the relation between reachable sets and level sets of viscosity solutions,
we draw an inverse conclusion since we assume smoothness and obtain reversibility
in time.

3. The reversibility in time (in the sense of Proposition A.36) can also be
regarded as recovering the initial data. Further results about this problem have al-
ready been published by Rzezuchowski in [164, 165], for example, but they usually
assume other conditions. Either the initial set consists of only one point or the
Hamiltonian function 5% is of class C2.

In Proposition 36, we even suppose a uniform radius p of positive reach for

K= ¥3(t,Ko). The essential advantage for the proof is the relation between the

boundaries of K; C RY and Graph (r — K;) C Rx RY stated in the next lemma:
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Lemma 38.  Suppose for F : [0,T] x RN ~» RN K € # (RN) and p > 0 that the
map [0,T] ~ RN, t — 03(t,K) is A-Lipschitz continuous (with respect to dl) and
each set ¥3(t,K) (0 <t <T) has positive reach of radius p.

Then the topological boundary of Graph O (-,K)|o 7] in R x RN is
({0} xK) U | ({1} x90:t,K)) U ({T} x 0x(T,K)).

0<t<T
Proof (of Lemma 38). The inclusion
(forxk) U |J ({r}x29:(t,K)) U ({T} x 9z(T.K)) C 9 Graph Oz (-,K)

0<t<T
is obvious.  Due to the Lipschitz continuity of ¥z(-,K), we only have to show

9 Graph 9z(-.K) n (10,T7[xRY) ¢ |J ({t} x9d9&(t,K)).
0<t<T
RN Every z € d03(t,K) (0 <t <T) and any unit vector
¢(t, 2.pz) NP —N isf
JZAS 0:(1.K) (2) (1K) (z) satisfy

K
o]

i : time Bp (z+pp:) N Ox(t,K) = 0

r\ and thus,
Graph O3 (-, K) N
— ({t} x Bp (z+pp:)) N Graph ¥z(-,K) = 0.

The A-Lipschitz continuity of ¥z(-, K) implies

C(tvzvpz) N Graph ﬂﬁ(aK) =0
for the open set {(t,z,p:) :=={ (s,y) ER"™N||z+pp. —y| <p—Als—1]}.
Now choose (t,x) € dGraph ¥z (-,K) with 0 <t < T arbitrarily. The continuity

of ¥z(-,K) guarantees that Graph ¥5(-,K) is closed and thus, it contains (z,x).
Moreover there are sequences (fy),en, (Xz)nen in ]0,T[, RN respectively with

(tw,xn) ¢ Graph O3(-,K) foreveryn € N,

(tn,xn) — (£,x) forn — oo,
For each n€N, let z, be an element of the projection ITy_, k) (xn) C dV(tn,K).
Then, 0 < |x, —z,| = dist(xy, 05, K)) < |x, — x| +dist(x, 95(1,,K)) — 0
and Dn = % € Ngf([’“,()(zn) N JdB;.

As mentioned before, we obtain {(,,2,, pn) N Graph ¥5(-,K) = 0 foreachn € N.
Adequate subsequences (again denoted by) (t;)nen, (Xn)nen, (Pu)nen lead to the
additional convergence p, — p € dB; (n — oo). Finally,

¢ (t,x,p) N Graph ¥z(-,K) = 0.

In particular, ]lci)ip (x+pp) N O:(t,K) = 0 implies x € d ¥3(t,K).
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Proof (of Proposition A.36). V5(s,Ko) C RV LA _>(t —s, RV\K,) is an
easy indirect consequence of definitions since it is equivalent to

ﬁﬁ(S,K()) N ﬁ,ﬁ([,.7.)(t_s, RN\Kt) = 0.

For proving the inverse inclusion indirectly at time s = 0 (w.l.0.g.), we assume
the existence of # € [0, 7[ and yo € RY with yo ¢ Ko U ®_f,_ (t, RV\K,).

As an immediate consequence of yy ¢ 1971;(#._.)([7 RV\K;), the reachable set
¥x(t,y0) is contained in K; E Bx(2,Ko). Now set
7 :=inf {s €[0,7] | 9z(s,y0) C Vz(s,Ko)}.
In particular, 7> 0 due to yy ¢ Kp.
and B5(7,50) C V(1,Ko) due to the continuity of the reachable sets.
There are sequences T, ,/ T and (x,(-)),en in WH([0,T],RY) satisfying
X ()€ Fv(~,x,1(~)) Flae., x,(0) = yo, Xn(T) & V5(T0,Ko).

Standard hypothesis () and the compactness of solutions (as formulated in [180,
Theorem 2.5.3]) lead to subsequences (again denoted by) (Tu)nen, (Xu(-))nen and
asolution x(-) € WH([0,T],RY) of X/ () € F(-,x(+)) (£!-almost everywhere) with

Xn(-) — x(-) uniformly in [0, 7], X, () — ¥/(-) weakly in L' ([0, T], RV).
In particular, (7,x(7)) has to be in the boundary of Graph ¥5(-,Kp). Lemma A.38

and0 <7<t <T ensure x; := x(1) € 0Ky = d 9:(7,Kop).

Moreover, K; = ¥3(7,Kp) is supposed to have positive reach. Its limiting and

proximal normal cone coincide at each boundary point due to Corollary A.29. Thus,
_ NP P
0 # Nﬁﬁ(r,l(o)(x‘r) = Nﬂf(r,KO)(xT) C Nﬂﬁ(f.yo)('xr)'

For every unit normal vector v € Nﬁﬁ(n ko) (xz), Proposition A.32 provides a solu-
tion z(-) € W1([0,7],RY) and its adjoint arc g(-) € W!1(]0,7],R") satisfying the
corresponding Hamiltonian system and z(0) € Ko, z(T) =x¢, ¢(7) = V.
The same Cauchy problem is solved by x(-) and its adjoint arc as well. Stan-
dard hypothesis () implies the uniqueness of solutions and, its consequence
2(0) = x(0) = yo ¢ Ko leads to a contradiction. O

A.5.5 How to Make Points Evolve into Convex Sets
of Positive Erosion

Our aim consists in sufficient assumptions for the interior ball condition on U7 (¢,K)
— without any regularity assumptions about the initial set K € .# (RV). In particu-
lar, we focus on K consisting just of a single point. For this purpose, we are willing
to tolerate stronger assumptions about the set-valued map F: [0,7] x RN ~» RN

than standard hypothesis (.7#°) (specified in Definition A.33 on page 458).
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Definition 39. Forany p >0, a set-valued map F:[0,T] xRN ~ R¥ satisfies
the so-called standard hypothesis (F) if it has the following properties:
1. F is measurable and, all its values are nonempty convex compact subsets of
positive erosion of radius p,
foreveryr € [0,T], #x(t,-,-) € C2(RY x (RV\ {0})),
for every R > 1, there exists Ag(-) € L'([0,7]) such that the derivative
of Jtx(t,-,-) restricted to Bg x (Bg\ B . ) is Ag(t)-Lipschitz continuous for
Lebesgue-almost every 7 € [0, 7],
4. thereis kz € L'([0,T]) such that fora.e. € [0,T] and all x,p € RN (|p| > 1),

190c.p) 0% P) | i gy < Kie0) - (14 x|+ [pl).

Remark 40.  Standard hypothesis (ﬁ%’vép ) differs from its counterpart (i/fv) in
two respects: The values of F have uniform positive erosion (additionally) and, its
Hamiltonian J#%(z,-,-) is even twice continuously differentiable in R x (RV\ {0}).
This second restriction has the advantage that we can apply the tools of matrix
Riccati equation (mentioned in subsequent Lemmas A.43 and A.44).

Proposition 41.  In addition to standard hypothesis (ﬁ%’zp ), assume for the set-
valued map F : [0,T] x RN ~ RY that some A(-) € L' ([0, T)) satisfies
Def. .
”%(Iv *y ')||C'>1(RN>< oB;) — H%(I’ K ) HCl (RN x 9By) + Llpa%(tv *y .)‘RNX JB
< A2)
at L' -almost every time t € [0,T]. Choose K € # (RN) arbitrarily.

Then there exist 6 > 0 and a time T € ]0,T| (depending only on ||A||;1,p,K)
such that the reachable set Oy (t,xo) is convex and has positive erosion of radius
ot foranyt €)0,7[,x0 € K.

As a direct consequence, the reachable set Ox(t,Ky) is the closed (o't)-neighbor-
hood of a compact set for all t € ]0,7[ and each nonempty compact subset K1 C K.

The proof of this proposition uses matrix Riccati equations for Hamiltonian sys-
tems, but these tools of subsequent Lemma A.43 consider initial values induced
by a Lipschitz function . First we specify how to exchange the two components
(x(+),p(+)) (of a solution and its adjoint arc) for preserving the Hamiltonian struc-
ture of their differential equations:

Lemma 42. Assume the Hamiltonian system for x(-), p(-) € Wh1([0,T],RN)
Y0 = & Hi(n (), p()
pt) = — £ Hi(t,x(t), p(t))

with sufficiently smooth Hy : [0,T] x RN x RN — R. Moreover set

y(t) = _p(t)v q(t) = X(l), H2(t7§’g) = Hl(t’ C, _é)

a.e. in [0,T]
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Then the absolutely continuous functions (y(+),q(+)) satisfy the Hamiltonian system
{ V() = S Ha(t, (1), q(1)
)

q .
a.e. in |0,T
q'(t) = Hz(t ¥(1), q 0.7]

Q) Z

Lemma 43.
In addition to the assumptions (2.)—(4.) of Lemma A.35 (on page 458), suppose for
VRN — RN H:[0,T] x RY x RN — R and the Hamiltonian system

V()= ZH( Y0, 49(0), ¥(0) = yo %)
q'(t) = — § Ht, ¥(t), 4(0)), q(0) = w(y)

1I'. H(t,-,-) is twice continuously differentiable for everyt € [0,T].

Then for every initial set K € ¢ (RN), the following statements are equivalent:
(@) Forallt €[0,T], M (K) := {(v(1), q(t))| (v(-), q(")) solves (%), yo € K}
is the graph of a locally Lipschitz continuous function,
(ii) For any solution (y(-),q(+)) : [0,T] — RN x RN to initial value problem (x)
and each cluster point Qq € Limsup, ., {Vy(z)} C RN*N, the following
matrix Riccati equation has a solution Q() on [0,T]

90 + 5,,5&0 y(t),q(1) Q0 + Q 2 axap (1, y(1), q(t))
+ 0 —r(f y(t),q(t) O + %XH( ¥(t),q(t)) =
0(0) = Qo.

If one of these equivalent properties is satisfied and if y is (continuously) differen-
tiable, then M;~ (K) is even the graph of a (continuously) differentiable function.

Proof is given in [80, Theorem 5.3], for the same Hamiltonian system but with
¥(T)=yr, q(T) = gr given. Hence, this lemma is a direct consequence considering
_H(T_'v‘v')and(y(T_'),q(T_'))' U

For preventing singularities of Q(+), the following comparison principle provides a
bridge to a scalar Riccati equation.

Lemma 44 (Comparison theorem for the matrix Riccati equation, [163, Th.2]).
Let Aj,B;,C;j: [0,T[— RN*N (j =0,1,2) be bounded continuous matrix-valued

i (1) — (A B() ; ;
functions such that each ~ M;(t) := ( BT C) ) is symmetric.

Assume that Uy, Uy : [0, T[— RN*N are solutions to the matrix Riccati equation
LU; = Aj+ BjU;j+ U;B} +U;C;U;

with Mp(-) > My(-) (i.e. Ma(t) — My(t) is positive semi-definite for every t).

For symmetric Ui (0) € RV*N with Uy (0) > Uy (0) > Up(0), Ma(-) > My (-) > My(-),

given, there exists a solution Uy : [0, T[— RN*N to the Riccati equation with matrix
M (). Moreover, Uy(t) > U,(t) > Up(t) forallt€[0,T].
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Proof (of Proposition A.41).
The integrable bound of 7 — ||.74(z, -, )||C1 (R 9B) and Gronwall’s Lemma lead

to a radius R = R(||A]|,1,K) > 1 and a time T = T(||||1,K) € ]0,T] such that

1. 9;(t,K) C Bg forallz € [0,T],

2. for every solution x(-) of x'(-) € F(-,x(-)) starting in K and each adjoint p(-)
with § < [p(0)] <2 fulfills % <|p(:)| <R, |p(-)—p(0)| < % on[0,T].

A smooth cut-off function provides a map H, : [0,7] x RN x R¥ — R that fulfills
the assumptions of Lemma A.43 and

H = A in [0,7] xRN x (RM\B , ).
2R
Using the transformation of the preceding Lemma A.42, the auxiliary function
Hy: [0,T] xRV xRN — R,  (t,&,8) — Hy(t,¢, &)

is still holding the conditions of Lemma A.43. As a consequence, we obtain for any
initial point xp € K and time 7 € ]0,T] that the following statements are equivalent:

(i) Forallt € [0,1], the set M of all points (p(t), x(¢)) with solutions
(x(-), p(-)) e WH([0,1], RN x RY) of
X(s) = 2 Hi(s,x(s), p(s)), x(0) =xo
Ps) = — & Hi(s x(5), p(s),  p(0) € B2\ B
is the graph of a continuously differentiable function f;.

(i) Forallz € [0,1], the set M? of all points (y(t), g(t)) with solutions
0():q(-)) € WH([0,2],RY x RY) of

V) = ) a6),  ¥(0) € B2\ By
¢6) = —FH(sy6) ), al0) =

is the graph of a C! function g, (andg,(&) = f,(—&)).

(iii) For any solution (y,q) : [0,¢] — RY x R to the initial value problem (ii)
(t < 1), there is a solution Q : [0,¢] — RY¥*¥ to the Riccati equation

O+ 3 (s, 5(5), 4(5) @ + Q T (5, 3(5), 4(s)
+0 L (1, 3(s),q(5) @+ T (5,5(5), q(s)) =0,
0(0) = 0.

(iv) For any solution (x, p) : [0,¢] — RY x R to the initial value problem (i)
(t < 1), there is a solution Q : [0,¢] — RY¥*¥ to the Riccati equation

0 — P (5.x(5). p(s) @ — Q T (s, x(s), p())
+ 0 LM (5, x(5), p(9)) @ + G (5, x(5), pls) =

)
)
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Now we give a criterion for the choice of 7 € ]0,7]. Setting

2
) 382 7(t,x,p) — axap K (t,x,p)
u(r) == sup g Hltxp) Do Hnlinp)
pemin INT 23 SFERP) g3 HEEEP) ) gy gav)

the comparison theorem for matrix Riccati equations (Lemma A.44 extended to
integrable coefficients via Lusin’s Theorem and approximation, see also [80, § 5.2])
guarantees existence and uniqueness of such a solution Q@ € W!1(]0,7], R¥*V) for
every t < min{7, m} Indeed, for a(-) = +u(-) € L' ([0,T]), the scalar Riccati

Lu(t) = a(t)+a(t)u(t)?,  u(0)=0
has the solution u(z) = tan ( /o t a(s) ds) in [0

upper bound [|Q(r) || < tan || [, |z, -
All values of F are compact convex sets with positive erosion of radius p due to
standard hypothesis (). It implies a constant 6 = 6(p,K,R) > 0 with

equation

, 57— [. Furthermore we obtain the
2]lall 1

&5 ff(tw)§>96]§

forall? € [0,T], [x| <R, § < |p\ <R, &. Using the matrix abbreviation

D(t,x,p) = — axap Sk (t,x,p) O(t) — O(t) 5= apax E (1,x,p)
+ 0() S (1x.p) Q0),
choose 7=T(A,p,K) >0 small enough such that

7 < min{T

/T At) dt < 1,
0

|D(t,x,p)|| < & foreveryr €[0,7], |x| <R, % <|p| <R.

T
» 2T b

As a next step, we conclude that the solution Q(¢) of (iv) (restricted to [0,7])
satisfies Q(t) < —o'¢-1d in the (N—1)-dimensional subspace of RY perpendicular
to p(t). Indeed, let (x(), p(-)) € WH1(]0,7], R¥x RY) be a solution to the Hamil-
tonian system (i) and choose an arbitrary unit vector & € RV with |£ - p(0)| < 7.
Then the auxiliary function

2
9107 — RY, 11— E-0()E + 61 |& — £2 p(r)|
satisfies ¢(0) =0 and is absolutely continuous with ¢(-) < 0. Indeed,

2
0'(1) =& Q) E+6 |&— 20 p(n)| —261 (620 p(r)) - & (5549 p(1)

R 5)\2’)()’_2& (- 5Htr0)- S PO

because & — II;([; )(ltz) p(t) is perpendicularto p(t).
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Now [p(r) = p(0)] < 7, & < |p(t)] <R and |€ - p(0)] < 7 imply |S2U | < ]
and 318 = 1-1 < [£-529 p()| < 144 Thus,
. 2 ~

0'(1) < (-9+4+1)5 | & = 20 p(r)[+ 261 | & - £20 p(o)| ELEQL (1)

< —45 |- & (t)2+28t’§ 22 (o) A(r)

= PP P PP P

< 26 (65 ] (2 |e- R p00] + A0)1)

< 26 |65 0| (2 (1-|560]) +20)

< 26]e-£2p0)| - (-2(1- 1) +20%)

< G-3 (=14 A1) 7).

Now we obtain ¢(¢) < 0 forall € [0,7] and as a consequence, Q(t) < —o¢-1d is
fulfilled in the subspace of R" perpendicular to p(t).

Finally we need the geometric interpretation for concluding convexity and posi-
tive erosion of ¥ (¢,x0) (of radius 6'¢) for each 7 € |0,7[ and xo € K.
As mentioned before, the existence of the solution Q(-) on [0,7] implies for all
t € [0, 7] that the set M, is the graph of a C' function f;. Moreover Proposition A.32
(on page 457) guarantees

Graph Ny_(.;) C {(x(t), 2 p(t))| (x(-), p(-)) solves (i), A > 0}
et U Graph Afh.
A>0

Now we obtain at every time ¢ € ]0,7[ that each p € RV \ {0} belongs to the
limiting normal cone of a unique boundary point z € d ¥3(t,x0) and, z = z(p) is
continuously differentiable.

In particular, every supporting hyperplane of the closed convex hull €6 93 (t,x0)
may have at most one point in common with the compact reachable set ¥ (t,xo).
Thus, 0 95 (f,x0) C R is even strictly convex and coincides with 9(7,xo) at each
time 7 € ]0,7[. It is sufficient to consider the limiting normal cones of ¥ (#,xo)
locally at every boundary point.

Well-known properties of variational equations (see e.g. [80]) and the uniqueness
of solutions to the matrix Riccati equation (iv) imply that —Q(s) is the derivative
of the C! function f; for 0 <s <t <T. Indeed, for each solution (x(-), p(+))
to the Hamiltonian system (i), set (y(-),q(:)) := (—p(-),x(-)) again and let
(U(-),V(-)) : [0,¢] — R¥*N x RN*N denote the solution to the linearized system

U'(s) = 5255 Ha(s,5(5), 4(5)) U(s) + 23 Ha(s, ¥(s), a(s)) V (s),
V() = = 23 Hals, ¥(s), 4(s)) U(s) = 325 Hals, ¥(s), 4(s)) V/(s),

U(0) = Idgnxw, V(0) = 0.
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Then for any s €]0,7] and initial direction uy € RN\ {0}, (U(s)uo, V(s)uo) be-
longs to the contingent cone of M2 C RN x RN at (y(s),4(s)) (due to the variational
equations, see e.g. [80]).

Since M? is the graph of a continuously differentiable function g;, we conclude that
firstly, this cone Ty2(v(s),4(s)) is a N-dimensional subspace of RN x RV and
secondly, |V (s)ug| < const-A(s)-|U(s)ug| (dueto Remark A.31 on page 457).
The latter property and the uniqueness of the linearized system ensure U (s) ug # 0
for all uy # 0 and thus, U (s) is invertible. Comparing the dimensions leads to

T2 (v(s),q(s)) = (U(s), V(s)) RY
and V(s)U(s)~" is the derivative of g at y(s).
Hence, —V(s)U(s)~! is the derivative of f; = gs(—-) at p(s) = —y(s).
Moreover it is easy to check that V(s) U(s)~! satisfies the matrix Riccati equa-
tion (iii) and thus, its uniqueness implies V(s) U(s) ™! = Q(s) for0 <s <t < 7.

Thus for every time ¢ € |0, 7|, the derivative of f; at p() is bounded by 6 from
below in a (N—1)-dimensional subspace of RV .
Since ¥3(t,x0) is convex, it implies that ¥(t,x) has positive erosion of radius
increasing (at least) linearly in time. O

A.5.6 Reachable Sets of Balls and Their Complements

In this section, we investigate the proximal radius of boundary points while sets are
evolving along differential inclusions. Compact balls and their complements exem-
plify the key features for short times (as stated in subsequent Proposition A.46).
They lead to the main results about proximal radii in both forward and backward
time direction as a corollary.

The proofs are based on the Hamiltonian system and its regularity — in the same
way as in § A.5.5.

2
Definition 45. For A > 0 fixed, the set LIP&C )(]RN ,RV) consists of all set-
valued maps F : RV ~ RV satisfying

1. F : RV ~» R" has nonempty compact convex values,

2. 4 (x,p) := sup p-v is twice continuously differentiable in RY x (RV\{0}),
veF(x)
3. A 2wy < omy) < A-

2
Proposition 46. Let F be any set-valued map of LIPEXC )(]RN ,RN) and B :=
B, (xo) C RN a compact ball of positive radius r.
Then there exists a time T = t(r,A) > 0 such that for all times t € [0,T(r,A)],
1.) ¥¢(t,B) is convex and has radius of curvature > r—9A (14r)?1,
2.) O¢(t, RN\ B) is concave and has radius of curvature > r—9A (1+7r)t.
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Restricting ourselves to 0 < r < 2, the time 7(r,A) > 0 can be chosen as an in-
creasing function of r. The claim of Proposition A.46 does not include, however,
that r—9 A (14-r)>¢t > 0 forall ¢ € [0,7(r,A)[ (because then it is not immediately
clear how to choose 7(r,A) > 0 as increasing with respect to all r €]0,2]).

As an equivalent formulation of statement (1.), the convex set ¥r(¢,B) has pos-
itive erosion of radius p(t) > r—9A (1+7r)? ¢, i.e. there is some K; C RY with
191:([73) = Ep(z)(Kt)~

Strictly speaking, statement (2.) is of more interest here: ¥z (z, RV \ B) C RV has
positive reach > p(t) > r—9 A (14 r)? ¢ (in the sense of Federer, see Def. A.26).
Roughly speaking, the proofs of these two statements just differ in a sign and thus,
both of them are mentioned here.

Applying Proposition A.46 to adequate proximal balls, the inclusion principle of
reachable sets and Proposition A.32 (on page 457) have the immediate consequence:

2
Corollary 47.  For every map F € LIPEXC >(RN ,RN) and radius ry €)0,2], there

exists some T =T(rg,A) > 0 such that forany K € # (RV), r € [ry,2] and t € [0, 7[,

1. each x; € 0V¢(t,K) and v € NgF(t‘K) (x1) with proximal radius r are linked to

some xy € 0K and vy € N¥(xo) with proximal radius > r—81 At
by a solution to x'(-) € F(x(-)) and its adjoint arc, respectively.

2. each xy € 0K and vy € NE(xo) with proximal radius r are linked to
some x1 € dVr(t,K) and v € ng(t K) (x1) with proximal radius > r— 81 At
by a solution to x'(-) € F(x(+)) and its adjoint arc, respectively. O

For describing the time-dependent limiting normals, we use adjoint arcs and
benefit from the Hamiltonian system they are satisfying together with the solutions
(as formulated in preceding Proposition A.32 on page 457).

In short, the graph of normal cones at time #, Graph Ny, x)(-)|9 9, (:,x), can be
traced back to the beginning by means of the Hamiltonian system with 5% .

As in § A.5.5, we take the next order into consideration and, the matrix Riccati
equation provides an analytical access to geometric properties like curvature.
In particular, Lemma A.43 (on page 465) motivates the assumption that 777 is twice

2
continuously differentiable in RN x (RV\ {0})) for all maps F € LIPEXC J(RN,RV).

For preventing singularities of the matrix solution Q(-) to the Riccati equation, the
comparison principle in Lemma A.44 (on page 465) provides a connection with
solutions to a scalar Riccati equation again.
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Proof (of Proposition A.46).  Similarly to Proposition A.41 (on page 464),
statement (1.) is based on applying Lemma A.43 (on page 465) to the boundary
K :=dB,(0) and its exterior unit normals, i.e. y(x) := %, after assuming B =B, (0)
without loss of generality. Obviously, ¥ can be extended to y € C! (RN, RV).
(Statement (2.) of Proposition 46 is shown in the same way — just with inverse signs,
i.e. Y(x) := — % instead. Hence, we do not formulate this part in detail.)

For every point yo € dB,, there exist a solution y(-) € C!([0,e[,R") and its
adjoint g(-) € C'(]0, o[, RV) satisfying

V() = g (), q(0) € F(y(1),  ¥(0) = yo,
q@t) = =& A((), q(1)), q(0) = w(yo) "
and, F € LIPEXCZ) (RN, RY) implies the a priori bounds
y(1) —yol < At,
A< gl < e,

After restricting to the finite time interval I, = [0,7,[ (specified explicitly later),

a simple cut-off function provides a twice continuously differentiable extension

A RY X RY — R of S |gn, mv\pe C) and finally, Lemma A.43 can be
exp(—Atr

applied to dB,, v and %’f
Furthermore 7% (x, p) supve F(x) PV is positively homogeneous with respect to

p and thus, the second derivatives of 7% are bounded by 9 A R? on RV x (Bg\ ]loﬁ L )

(according to Lemma 4.33 on page 366). Together with the preceding a priori
bounds, we obtain

| D? A (y(1),q(t)) < 9A2AL

| | Lin(R2V R2V)

Let Q(+) denote the solution to the matrix Riccati equation
a0+ LZEO), q(1) O+ Q G (y(1), (1))
+Q ZHEO(), a0) 0+ LHE((), 4(1) = O,

0(0) = Vy(yo) = L Tdg.

Due to the comparison principle in Lemma A.44 (on page 465), Q(+) exists (at least)
as long as the two scalar Riccati equations
dur = £9ASA £ 9A 2N UL, us(0) =
have finite solutions and within this period, they fulfill
u_(t)-Idpy < Q1) < u+(t) -Idgw.
In fact, we get the explicit solutions in 7, := [0, M -log (1 +5— % -arctan %) [,
namely us(t) = tan (£ 3 (>4 — 1) + arctan 1),

~ =
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Hence, Q(t) is positive definite with eigenvalues > u_(f) at every time ¢ of the

(maybe smaller) interval I, := I, N [0, 7 -log (1 + % -arctan 1) [.

Now we focus on the geometric interpretation of Q(-).
Due to Lemma A.43 (on page 465),

M (9B,) == { (( 1)) (¥(-), q(-)) solves system (x), [yo| = r }

is graph of a continuously differentiable function and, Q(¢) is related to its deriva-
tive at y(t) as we clarified in the proof of Proposition A.41 (on page 466 ff.).
Furthermore the Hamilton condition of Proposition A.32 (on page 457) ensures

Graph Ny.(;5,)() C {(y(t), Aq(t)) ‘ (), () solves (x), |yo| =r. 4 > 0}

and thus, the graph property of M;~(d B,) implies that each ¢(¢) is a normal vector
to the smooth reachable set O#(¢,B,) at y(¢).

As ¢(r) # 0 might not have norm 1, the eigenvalues of Q(z) are not always identical
to the principal curvatures () j—;..n of ¥r(z,B,) at y(¢), but they provide bounds:

e AMu (1) < Kj < Alu(t)

dueto e A" < |g(t)| < €. Thus, 9r(¢,B,) is convex for all times ¢ € I/ and,
the local properties of principal curvatures have the nonlocal consequence that
¢ (t,B,) C RN has positive erosion of radius

p(t) > —t b 2 r—9A (1+r)%t forall ¢ € I'.
i
Indeed, the linear estimate at the end is shown by means of the auxiliary function

—r9A (147)2t

1
I A

that is 0 at ¢+ = 0, has positive derivative at = 0 and is convex (due to nonnegative

second derivative in I/).

The time 7(r, A) > 0 is chosen as minimum of ﬁ log (1 +% - g arctan 1)

ﬁ -log (1 + 9 - arctan ) The linear estimate does not have to be positive in
[0,7(r,A)[ though. O



A.5 Regularity of Reachable Sets of Differential Inclusions 473

A.5.7 The (Uniform) Tusk Condition for Graphs of Reachable Sets

The so-called exterior tusk condition is an essential tool for verifying the boundary
regularity of solutions to parabolic differential equations of second order. Indeed, its
role is comparable to the exterior cone condition for elliptic differential equations
of second order. Effros and Kazdan investigated it in connection with the heat equa-
tion in [75] and, Lieberman extended it to more general parabolic equations in [115].

Definition 48 ([114, § 3], [115]). A nonempty subset M C R X RN is called rusk
in (t9,x9) € R x R if there exist constants R,7 > 0 and a point x; € RY with

M= {({tx) eRxRN [tg—7 <1<ty [(x—x0) — Vio—1-x1| < R\ig—1}.

A nonempty subset Q C R x RV satisfies the so-called exterior tusk condition
if for every point (¢,x) C d€ belonging to the parabolic boundary of Q (i.e.

Qn{(s,y) eRxRN | x—y[<e t—e<s<i} #0 foranye>0),
there exists a tusk M C R x RV in (¢,x) with MNQ = {(¢,x)}.

A nonempty subset 2 C R x R is said to fulfill the uniform exterior tusk condition
if it satisfies the exterior tusk conditions and if the scalar geometric parameters
R, 7 > 0 of the tusks can be chosen independently of the respective points (z,x) of
the parabolic boundary of (2.

Now we focus on the exterior tusk condition for graphs of reachable sets.

In particular, its uniform version can be verified for parts of the complement if
the differential inclusion makes every point evolve into convex sets with positive
erosion of increasing radius for short times. Thus, Proposition A.41 (on page 464)
provides sufficient conditions on the nonautonomous differential inclusion — inde-
pendently of the compact initial set.

Proposition 49. For F : [0,T] x RN ~» RN suppose standard hypothe-
sis (3%7) with uniform linear growth of d ,) #:(t,,-) (i.e. kg € L*([0,T]) in
Definition A.33) and the following property:

For every set K € 2 ([0,T] x RN), there exist T €0,T] and some nondecreasing
0 :[0,7] — [0,00[ such that the reachable set 19ﬁ(,0+,_)(S,X0) C RY is convex and

has positive erosion of radius 6 (s) > 0 for any s €10,7], (t0,x0) € K with to+s <T.

Then for every initial set Ky € # (RN) and any time parameter Ty, €10,T],
the complement of the graph of [0,T] ~ RN, t — 04(t,Ko) (as a subset of RxRY)
satisfies the uniform exterior tusk condition in all boundary points in | Tmin, T[ xRV,
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Corollary 50. In addition to standard hypothesis (%fzf ) (on page 464), assume
for the set-valued map F : [0,T] x RN ~ RN that some A(-) € L=([0,T)) satisfies

”‘%ﬂﬁ(tv'v')”C'J(RNx oBy) = H%(lv'v')“cl(R’Vx oBy) + Lipa%(tv'v')‘RNx 0B
< A0)

at L'-almost every time t € [0,T].

Then for every initial set Ky € ¢ (RN) and any time parameter T, €10,T],
the complement of the graph of [0,T] ~ RN | t Ox(t,Ko) (as a subset of Rx RN)
satisfies the uniform exterior tusk condition in all boundary points in | Tmin, T[ xRV,

O

For proving Proposition A.49, we conclude the exterior tusk condition from a
similar property about truncated cones (alias conical frustums). In particular, the
possibility of choosing geometric parameters uniformly does not depend on the
shape of a tusk or a conical frustum. The latter condition, however, is easier to ver-
ify for graphs of reachable sets by means of boundary solutions and their adjoints
(in the sense of Proposition A.32 on page 457).

Lemma 51 (Conical frustum provides suitable tusk).

Let Q C R xRN be nonempty. Assume (ty,xo) € Q2 and x; € RN | h, A > 0 to satisfy
Ah < |xo—x1| and

Qn{(sye RXRN’to—h <s<ty, ly—xi|<|xo—xi1|=A(to—s)} = {(t0,%0)}-
Then there exists a tusk in (ty,xo) whose closure has only (to,xo) in common with Q.
Furthermore the scalar geometric parameters of this tusk depend merely on h, A.

Lemma 52 (Graphs of reachable sets have interior conical frustums).

Under the assumptions of Proposition A.49, every accumulation point (ty,xo) of

d (Graph (-, Ko)| [O,T]) N (J0,T[xRN) with 1y > 0 has an open conical frustum
{(s,y) ERXRN’t()—h <s<ty, [y—xi| <|xo—xi|=A(to—s)}

(with suitable parameters h,A > 0 and x; € R") whose closure has only (ty,xo) in
common with the closed complement of Graph ¥ (-, Ko) ’ o] C R x RV,

If ty > Tmin With an arbitrarily fixed parameter Tni, in addition, the parameters
h,A > 0 can be chosen independently of (to,xo), but just depending on Ko, F, T, Tpin.

Proof (of Lemma A.51). Consider the following tusk with R := W >0

(—x0) — Vio—5- 1| < R i —3).

As a simple consequence of the triangle inequality in RN, M is contained in the
given conical frustum and thus, Q NM = {(ty,x0)}. O

M= {(5,y) ERxRN | tg—h < s < 19,
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Proof (of Lemma A.52). As an accumulation point, (¢, x) €]0,7T] X RY can be
approximated by a sequence of points in d (Graph ¥z (-,Kp)| [07”) N (J0,T[xRY).
Applying preceding Proposition A.32 (on page 457) to each of these boundary
points, an appropriate subsequence provides a solution x(-) € W!1([0,],R") and
its adjoint p(-) € Wh1([0,1],RY) satisfying

{X’(I) = 55 A, x(0), p(1) € F(1,x(1)),  x(to) =0,

(1) = — & At x(1), p(t)), lp(o)| =1
and the additional properties for every s € [0, [

x(s) € 9 x(s,Ko)
p(s) € Ny_(sky) (x(5)) \ {0}

due to regularity and uniqueness of the Hamiltonian initial value problem.

Choose any compact neighborhood C of the graph of ¥z(-,Kp) : [O T] ~~ R in
[0,T] x RN, Due to the assumption of Proposition A.49, there exist T €]0,7] and a
nondecreasing function ¢ : [0, 7] — [0, o[ such that V5 +.7_)(s, y) C RV is convex
and has positive erosion of radius o (s) for any s € ]0,7], (t,y) € C witht +s < T.
(If some Tpin > 0 with Ty < 1o is fixed additionally, replace T by min{7, T, } > 0.)
Without loss of generality, we assume 7 < fo, (fo — T, x(to — 7)) € C.

Sett; :=tg—7>0andt, := tg— g € Jt1,10].
At every time s € [tp,1[, the point x(s) belongs to the topological boundary of the
convex set ¥, +,‘.)(s —11, x(t1)) with positive erosion of radius > o(%) =: ps.
Furthermore the inclusion ¥z, _ . )( —11, x(11)) C Vz(s,Kp) and the convexity
of the reachable set ﬁF(I1+-,~)( tl, x(f )) imply

P
p(s) € Nﬁf(bK()) (x(s)> \{0} - N l?(t|+-.-)(S7[| ,x(ﬂ)) (x(s)) .
Now the aspects of (uniform) positive erosion and continuity ensure
IBP? (X(S) - p? %) - ﬂf(tl_‘_.’.) (S —1, x(tl )) C ﬂﬁ(vaO)
for every s € [t2,1o]. Moreover, due to the uniform linear growth of d(, ) 5 (t,-,-),

the set-valued map [t2, o] ~ RY, s — B,_(x(s) — pz ‘pE )I) is LlpSChltZ continuous

with convex values and, its Lipschitz constant A depends only on C,F, T,7.

Finally comparing graphs of Lipschitz set-valued maps implies for any y > A
that the truncated cone

Cy = {(s,y) GR”N‘to—”—f <s <1, [xo—pz &Y <p:—v- (to—s)}

is asubset of  Usep, s ({5 X By, (x(s) — pz |£8\)) C Rx RN

Obviously the modified truncated cone C, is contained in the interior of its coun-
terpart Cy and thus, C; belongs to the interior of Graph ¥:(+,Ko)|jp7] C R xRV,
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A.6 Reynolds Transport Theorem for Differential Inclusions
with Carathéodory Maps

Reynolds Transport Theorem concerns the time derivative of a Lebesgue integral
whose domain is deformed due to a sufficiently smooth vector field (e.g. [55, § 8.3]):

Theorem 53 (Reynolds Transport Theorem). Suppose w € C'(RV RV).
For a nonempty compact set Ky C RN, let K(t) C RN contain all points x(t) of
solutions x(-) € C'([0,1],RN) of ¥’ = w(x), x(0) € Kp.

Then for every ¥ € C'(R x RN), the function T, : t — / Y (t,x)dx fulfills

K(1)

40 1,(0) X fim BOO) /K (39(0.0) + div (P(0.0) wix)) ) dx.
0

t]0
If, in addition, Ky satisfies the assumptions of Gauss’ Integral Theorem then
dz+W / d:'¥(0,x) dx+/ ¥(0,x) w(x) - vk, (x) doy

with the exterior unit normal Vg, to K.

Although the name of Osborne Reynolds (1842 — 1912) is used mainly in contin-
uum mechanics this theorem has broad applications, e.g. in shape optimization and
free boundary problems.

Now we focus on the integrals over compact reachable sets of differential inclu-
sions, i.e. for a given function y € Lloc (RM), we consider

I:[0,7] — R, t— / v(x) dx
tKO

As a key point, a priori assumptions about the regularlty of dKj are avoided com-
pletely. However, F : [0,7] x RY ~ R has to fill the gap concerning sufficient
conditions. In particular, any generalization of Theorem A.53 (with a boundary
integral) has to exclude the example that a nonrectifiable set Ky C R is simply
translated. For this reason, F is supposed to have a continuous selection of its inte-
rior F(-,-)° and, the main result of this section is

Theorem 54.  Assume N > 2. Let pz,uiz > 0, vz € C°([0,T] x RV, RV) and
F: [0,T] x RN ~» RN be a Carathéodory map with compact convex values and

By (vis(t,x)) C F(t,x) C pp (1+[x])-B
for every (t,x) € [0,T] x RN, Furthermore assume Ky € # (RV), y € CO(RV).

Then Iz : [0,T] — R is absolutely continuous and has the weak derivative
d1(1) = /a sy VO o (F(r,0) N5 () dt™ .

Here bNB( ) denotes the set of Bouligand normal vectors in the unit ball B, i.e.

"NE (x {veB( )|v~w§0 forall we Tx(x)} C RV,

Def
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Corollary 55 (Reynolds Transport Theorem for differential inclusions).

Let F : [0,T] x RN ~ RN satisfy the assumptions of Theorem 54. Moreover suppose

Ko € # (RN) and ¥ € C'([0,T] x RM).

Then the function [0,T] — R, t+— ¥ (t,x) dx is absolutely continuous
V5 (t.Ko)

and has the weak derivative

W(t.2) sup (Flr.x) "Ny a0 2w dx
/819f(1,1q,) t,3) SuP( (t%) 191;(I,K0)(x)) x D-(1.K) " (t,x) dx

t,Ko

Corollary 56 (for autonomous differential inclusions, [127, Corollary 3.4]).

The absolute continuity in the preceding Corollary A.55 also holds for an autono-
mous Lipschitz continuous map F : RN ~ RN with nonempty compact convex values
if for each x € R, either 0 € F(x)° or F(x) = {0}.

Sketch of the Proof for the Special Case of Strictly Expanding Sets (v = 0)

In the special case vz = 0, the vector 0 belongs to the interior of each value of F.
Then the reachable sets represent strict expansions in the sense that for every s < t,

ﬂF(S,K()) C (191;([,1(0))0 .

Due to this observation, we can describe both the reachable sets and their topologi-
cal boundaries easily via the so-called minimal time function Tz : RN — [0, 0],

() = inf {1 €[0,7] | x€ Op(1,Kn)},
=inf{r €[0,T] | Ko N ﬁ,ﬁ(t,.7.)(tvx) #0}.

In many papers about minimal time functions (e.g. [23, 34, 35, 82, 186]), the con-
dition on admitted solutions usually concerns their final points, i.e.

x +— inf {1 €[0,T] | 3 solutionz(-) : z(0) =x, z(t) € Ko }.

Here we consider a state constraint for the initial point instead : z(0) € Ko, z(t) = x.
These two definitions can be regarded as equivalent only if the function F' does
not depend on time explicitly. For an autonomous Lipschitz map G : RV ~ RV
with compact convex values, the properties of 7g(-) have already been investigated
extensively. In particular, 7g(-) is the viscosity solution of the Eikonal equation

{SUP (G(x) - Vig(x)) =1 in ¥6([0,7],Ko)°,
6 =0 in K.

In [127], the detailed proof of Theorem A.54 has a rather geometric character
and verifies the subsequent properties of 7;(-) (only). In particular, no results about
viscosity solutions are used there. As we consider just the points of differentiability
for a locally Lipschitz continuous function, we do not need stronger regularity as-
sumptions about F'. Further characterizations of reachable sets by means of normals
can be found in [45, 65, 68].
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Lemma 57. Let F : [0,T] x RN ~~ RN~satisfy the assumptions of Theorem A.54
with vz = 0, i.e. for some Uz, pr > 0, F is a Carathéodory set-valued map with
compact convex values and p;B C F(t,x) C Uz (1+|x|) B for every (t,x), and
assume Ky € # (RV).

Then the corresponding minimum time function T : ¥5(T,Ky) — [0,00[ has the
properties for everyt € [0,T]:

1. 75 is Lipschitz continuous in 93(T,Kp),

2. 0p(t,Ko) = 2 ([0,1]),

3. the topological boundary 0 Oy (t,Ky) is contained in the level set TEI (7).

4

. Let Dy consist of all points in O3(T,Ko)° \ Ko at which 5 is differentiable.

1
Then for every x € Dy, Viz(x)| > [ERIEar)E

Ngﬁ(fﬁ(X)Ko)(x) = [0,[-V75(x)
and foreveryt €]0,T[, Dy N TEI({I}) C dVx(t,Ko).
5. |Vtz(x)| - sup (f(rﬁ(x),x)~bNgf(Tf(x)7Ko)(x)) =1 for #N-ae xeDy.

The ball assumption about the values of F is to guarantee the properties (1.), (4.).
Then the other statements result from the strict expansion property of ¥4 (-, Kp).
Now Theorem A.54 is a consequence of the so-called co-area formula, which is
an important tool in (geometric) measure theory. For any Lipschitz continuous map
i R™ — R" (m > n), let C,f(x) denote its n-dimensional co-area factor if f is
differentiable at x :

Cuf () = /det(Df(x) -DF ()T,
For the minimum time function 7z(-) in particular, the dimension n = 1 implies
Ci73(x) = |V1z(x)| forevery x € Dp.
Proposition 58 (Co-area formula, [77, § 3.4.3, Theorem 2], [78, Theorem 3.2.12]).
If f : R™ — R" is Lipschitz continuous and m > n, then

g(x) Cuf(x) dL"x = / / g(x) dF™ "x dL"y
Rm n f—l({y})

for every (Lebesgue) L™ integrable function g : R™ —— [—oo,c0|. Here J™ "
denotes the (m — n)-dimensional Hausdorff measure of nonempty subsets in R™.

Indeed, from a merely formal point of view, this formula applied to

gx) = y(@) - sup (F(zp(x), %) - N8 (o ) ()

leads to

t
d :// -sup (F(s,y)-'NB ANy d
Forose =y Loy w0V 500 (Flo0) N 00) at™y as

F

t
_ . = 7B N—1
-/ R (F(s:3) NB () (0)) ™y as.

F
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Sketch of the Proof for the General Case Via Coordinate Transformation

Restricting to sufficiently short time intervals in [0,7], the continuous selection
vi(+,-) can be approximated locally by autonomous functions wy € Cg (RY,RY).
The flow 7;(x) := ¥—.(¢,x) induced by the velocity field —w(-) is a diffeomor-
phism and maps the reachable set U7 (¢,Ko) to T; (9 (¢,Ko)) = 9g(7,Kp) with the
set-valued map

G(t,y) = —wp(y) + DL(L'(v) - F (1. 7' (»)) € RY.
Moreover this map 5(, -) satisfies the assumptions of Theorem A.54 at any point of
an (initially fixed) compact neighborhood of Ky C RY and for ¢ € [0, T] sufficiently
small. Additionally a fixed ball with center at O is contained in each value of G and
so, the preceding special case can be applied to integrals over ¥5(7, Ko).
The remaining challenge is now to verify that the coordinate transformation via 7;
preserves the structure of the integral representation. In particular, all Lebesgue and
Hausdorff integrals have to be well-defined and finite (almost everywhere). This
requires changes of variables for Hausdorff integrals: the so-called area formula.

Proposition 59 (Generalized area formula, [5, Theorem 2.91], [78, Cor. 3.2.20]).
Let f : R™ — R" be a Lipschitz continuous function and E C R™ a countably
H*-rectifiable set (k < n). Then, the multiplicity function

R" —R, yr—#°(EN ()
is A% -measurable in R" and for every Borel function g:R" — R,
g(y) ~<%”O(Eﬂf_1( d*y / g(f(x)) - JpdE f dA*x.
R}l
Here d* f, denotes the approximate tangential differential of f at x and, J; abbrevi-
ates the k-dimensional Jacobian, i.e. here JydEf, = \/det(dEfT - dEf,).

The generalized Gauss-Green Theorem is a further tool used in [127, § 6] for
investigating the level sets of 7z, 7z and their boundaries. It involves the so-called
measure theoretic boundary d.M of a nonempty .£"-measurable set M C R”, i.e.
oM = {xER” limsup w > 0, limsup w > 0} C dM.

r—0 r—0

Proposition 60 (Generalized Gauss-Green Theorem, [77, § 5.8, Theorem 1]).
Let M C R" have locally finite perimeter. Then for 7" '-a.e. x € d,M, there is a
unique measure theoretic unit outer normal Vy (x) such that for all ¢ € C!(R",R")

/diV(p dx :/ Q- vy d"!
M M

Indeed the reachable sets ¥5(,Ko), 95(,Ko) have locally finite perimeter at £ I
almost every time ¢ due to their finite 7V ~! measures and [77, § 5.11, Theorem 1].
Moreover, every point x € d¥5(t,Ko) at which 7 is differentiable proves to belong
even to the measure theoretic boundary d. 95 (¢, Ko) and thus we can use the Eikonal
equation in Lemma A.57 (5.).
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A.7 Differential Inclusions with One-Sided Lipschitz
Continuous Maps

In [69], Donchev and Farkhi prove the existence of solutions to another type of
differential inclusions — with a stability estimate as in Filippov’s Theorem A.6
(on page 443) included. Their essential aspect is to replace the classical Lipschitz
condition with respect to space by a weakened form (called one-sided Lipschitz
condition) in combination with upper semicontinuity and convex values:

Definition 61 ([69, Definition 2.1]). A set-valued map F: [0,T] x RN ~» RV,
(t,x) = F(t,x) is called one-sided Lipschitz continuous with respect to x if there is
a function L(-) € L'([0,7]) such that for every x,y € RN, ¢t € [0,T] and v € F(t,x),
there exists an element w € F(z,y) satisfying

(x—y,v=w) < L(t) |x—y*

Remark 62. 1. As Donchev has already pointed out in several of his papers,
F :[0,T] x RN ~~ RY is one-sided Lipschitz continuous with respect to x if and only
if some L(-) € L'([0,T]) satisfies

%(X—y, Iﬁ;([?X)) - %(X_y, ﬁ(t,y)) S L(t) |X—y|2
for every x,y € RV and ¢ € [0, T].

2. Obviously, every Lipschitz continuous map is also one-sided Lipschitz con-
tinuous, but not vice versa in general. In particular, one-sided Lipschitz continuous
maps do not have to be upper or lower semicontinuous.

3. The function L(-) € L'([0,T]) is assumed to be real-valued, but we do not
restrict our considerations to L(-) > 0. The special case of strictly negative L(-)
admits interesting conclusions about asymptotic features which usually do not have
counterparts of the (classically) Lipschitz continuous maps.

Theorem 63 (Filippov-like existence for one-sided Lipschitz maps [69, Th. 3.2]).
Let F:[0,T] xRN ~ RN (t,x) — F(t,x) be a nonautonomous Marchaud map
(in the sense of Definition A.11 on page 447) being one-sided Lipschitz continuous
with respect to x. For y(-) € WH1([0,T],RY) and g(-) € L'([0,T]) suppose

dist(y' (1), F(1, y(1))) < g(t)

at Lebesgue-almost every time t € [0,T)].

Then for every initial point xo € RN, there exists a solution x(-) € W1 ([0, T], RV)
of X' (-) € F(+,x(+)) a.e. satisfying x(0) = xo and for everyt € [0,T]

ot 4 ot
K0 =>0)] < bo—y(0)] BHIT 4 [l LI g5 as.
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Remark 64.  The existence results of Theorem A.63 and Filippov’s Theorem A.6
differ from each other in an essential aspect:
Under the assumptions of Theorem A.63, not every point xy € RV and vec-
tor vo € F(0,x0) has to be related to a solution x(-) € W"!([0,T],RV) of
X(-) € F(-,x(-)) satisfying x(0) = xo and

Li{% 1+ (x(h) —x(0)) = wy.

An example is given by the following map F and the initial data xo := 0 € R,vy:= %

N —1 for x>0
F: [0,1] xR~ R, (t,x)— < [-1,1] for x=0
1 for x <0

Proposition 65.  As in Theorem A.63, let F :[0,T] x RN ~ RN, (t,x) — F(t,x)
be a nonautonomous Marchaud map (in the sense of Definition A.11 on page 447)
being one-sided Lipschitz continuous with respect to x.

In addition suppose F(-,-) to be lower semicontinuous at each (t,x) € {0} x RV,

Then for any xo € RN and v € F(0,x0), there is a solution x(-) € W"1([0,T],RV)
of X' (1) € F(-,x(+)) a.e. satisfying x(0) = xo and

lim 1. (x(r)— = .
hlfl’ol 5 (x( ) xo) Vo
Proof. Theorem A.63 applied to y(¢) := xo + ¢ vo provides a solution

x(-) e WH([0,T],RV) of X (-) € F(-,x(-)) ae. satisfying x(0) = x and
h -
’x(h) — X9 — hvo| < / effh L(r)dr dist(vo, F(s, xo +svo)) ds
0
h ~
< I Hllzt o, / dist(vo, F(s, xo +sv0)) ds.
0

In particular, the lower semicontinuity of F in (0,xp) implies
dist(vo, f(s,xo+svo)) —0 for s \,0
and thus, limsup ; - |x(h) —xo—h v()’ < 0. O
h10
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A.8 Stochastic Differential Inclusions in RY

A.8.1 Filippov-Like Theorem of Da Prato and Frankowska

Now the focus of interest is an existence theorem for stochastic differential inclu-
sions in the Euclidean space R". In regard to the mutational framework, we need
a priori estimates that compare a given curve with a solution to the inclusion and,
they should have a form similar to Filippov’s Theorem A.6 (on page 443 f.).

In 1994, Da Prato and Frankowska presented such an existence result for stochastic
differential inclusions with globally Lipschitz continuous drift and diffusion terms
[53]. Their main statements even concern It6 integral inclusions with a strongly
continuous semigroup on a separable Hilbert space. Just one year later, Motyl pub-
lished independent existence and uniqueness results about stochastic differential
inclusions in the Euclidean space under some assumptions of dissipative type [143].
Now we consider only the finite-dimensional case and prove such a Filippov-like
theorem essentially by means of the arguments of Aubin, Da Prato and Frankowska
in [18, Theorem 4.1]. The comparative estimate, however, is slightly modified so
that we can use it more easily in the example of § 3.7 (on page 242 ff.) and thus, the
proof is presented completely here.

General assumptions in § A.8
(1) (Q,,P)is acomplete probability space.

(ii) (% )r>0 denotes a filtration with the usual conditions, i.e. (.o ),;>0 is a right
continuous and increasing family of sub-c-algebras of ./ and, 2%, contains
all P-null sets.

(ili) W = (W;),;>0 is an m-dimensional Wiener process.

(iv) For finite T > 0 fixed, define the class .,foj([O, T],RN) of functions f :
0,7] x Q@ — RN with

(1.) fisjointly £ x o7-measurable,

@) [ B )P) i <

(3. foreveryte[O T), E(|f(t,)*) < e and

(4.) foreveryt € [0,T], f(t,) :  — RY is o7,-measurable.
(v) Let Lin(R™ R") consist of all linear functions R” — RY.

(vi)  Jo(Xo,7,0) denotes the Itd process associated with
the initial state Xy € L*(Q, %, P; RV),

the drift y €220, } RY) and
the diffusion © € .,?2 ~([0,T Lln(]R'" RN)), i.e. for t €[0,T],
Jo(Xo,7,0) (1) —Xo+/ ¥(s ds+/ 5) dWj,

1
J0(Xo, 7, = [ E(|Xo|? E/2 E/Z.
[30080.7.0) .0, = B%0P) + E( [ 172 as) + &( [ lof as)
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Remark 66.  The general estimate for every Itd process
E(|30(X0,7,0) (1)]*) < 9(1+1) |30(X0,7,0)[[5 4,
~ 2
<9 HJO(XOv% O-)Hj’[().t]

results from the Holder inequality, the Itd isometry (quoted for one dimension in
Proposition 3.50 (d) on page 233 f.) and the simple inequality (r+s)? < 3 (r? + %)
for any r,s € R.

Theorem 67 (Da Prato-Frankowska fos stochastic differential inclusions).
Suppose for the set-valued map F = (F{,F>) : [0,T] x Q x RN ~» RN x Lin(R™,RN):

(i) F has nonempty compact values,

(ii) for every x € RN, F(-,-,x) is measurable,
(iii) there is A > 0 such that for eacht € [0,T], @ € Q, F(t,®,-) is A-Lipschitz,
(iv) there is 'y > 0 such that |F(t,®,0)|.. <y holds for allt € [0,T], € L.
Furthermore letY :=Jo(Yo, W, 00) be any Ité process with drift yo € £2,([0,T], RV)
and diffusion oy € £ ([0, T], Lin(R™,R")).

For every initial random variable Xy € L*(Q,.2/y,P; RN), there exist a drift
y € Z%([0,T], RY) and a diffusion o € £%([0,T], Lin(R™,RN)) such that the
related Ito process X := Jo(Xo, 7, O) satisfies both

{ ¥Y(t,0) € Fi(t, 0, X(0))

o(t,0) € B(t, 0, X,(0))
for (L' x P)-almost all (t,w) € [0,T] x Q and for eacht € [0,T]
1X = Y[ 5, < C- (E(Xo—YoP) +

/Ot E(dist((YO(S)»O'o(S)), F(s%)>2) ds) ey

with a constant C > 0 depending merely on A.

The proof is based on essentially the same iterative construction of approximate
solutions as [18, Theorem 4.1].
We use the following lemma, which is easy to verify by means of partial integration:

Lemma 68 ([10, Lemma 1.4.3], [18, Lemma 4.2]). Every Lebesgue-integrable
function g : [0,T] — Rfulﬁllsfor eachn € N

T n
/ /g L ds dr = / g(s) % ds
b .
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Proof (of Theorem A.67).
Proposition A.80 about measurable marginal maps (on page 490) and Selection
Theorem A.74 (of Kuratowski and Ryll-Nardzewski on page 489) guarantee the
existence of y; € .£%([0,T], R) and o1 € .£2([0,T], Lin(R™,RY)) satisfying
for every (t,0) € [0,T] x Q
n(tw) € Fi(10,%(0), |1l — Nleo| = dist(0lwo), Fileono))
(3] (t,(x)) S Fz(t,a),Y,(w ), ’0-0|(t,w) - O-1|(t,w)’ = diSt(O'()|(,7w), F2|(t,w,Yt(w))>'

Then the Itd process X' := Jo(Xo,71,01) fulfills
2 t t
||X1—Y|\j’[0’,] = E(Xo—Yo|*) + E(/O M — 0l dS) + E(/O o1 — 09| ds)

E(|Xo—Yo?) + E tdiSt((Yo,GO), F(s,,¥))* ds
0

at every time ¢ € [0,7]. Now we iterate this construction and obtain three se-
quences (3)nert (Gnlnens (X")en in 22 (0,7, BY), 22 ([0,7], Lin(R", RV)
and 2% ([0,T], RV) respectively with

Yn+1| (tw) € Fl‘ 1,0.X" (@ |'}’n (t,®) — Yn+1| (t,0) | = dlSt(Yn| (t,0) F1| (t,0.X"(© )))
Onitlio) € Pluxr):  |0nlte) = Ontlie) | = dist(oul o) Poloxie))
X" = 30(Xo, Yat1, Ons1)

forall (¢, w) € [0,T] x Q. Then the uniform A-Lipschitz continuity of F (¢, ®, - ) and

Remark A.66 imply
2 ! '
HXnH_XnHj 0 = E Yor1 —1l*ds) + E |Gus1 — 0ul ds
,[0,4] 0 0

- E(/()tdist((y,,(s,-),O'n(s,~)), 'F“(s,-,x;’))2 ds)

t ~ ~ 2
< B( [ a(F X, Fiox0)° ds)
2 ° ! n—1 n|2
<A E(/O ’Xs _Xs’ ds)
< A2~9(1+t)-/t | x" —X"_lﬂé[oq ds
A o,

By means of induction with respect to n, we obtain for every n € Nand 7 € [0, 7]

[x+! _X"Hé,[o;]

< (9A% (1+41)" /dsn/ dsp—1 / ||X1_Y||j 0.51) 451
< (947 (1+1)) /HX1 YHj[Osn] tnsnllgl dsn

< LA (40" X - Y||3,[o:]

< LGBA 1+ X! _YH;[OI]

due to Lemma A.68.
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The series
=2 75 BA I+
n=0

is absolutely convergent for every t € R as d’Alembert’s ratio test reveals. Hence,

(X")nen is a Cauchy sequence with respect to || - ||5 o, for each r € [0, T].

T],RY), 0 € £%([0,T], Lin(R",RY)) and X €
, (X™)nen respectively with

Then there exist limits y € .22 ([0,
JneN
X =TJo (XOa Ys )

gj{([O’T}’ RN) of (Yn)neN, (O'n

Furthermore, we conclude
}/(t7w) € ﬁl(tawvxl(w))7 G(t,(l)) € E(tvwaxl(w))

for (£ x P)-almost all (t,®) € [0,T] x  from the facts that some subsequences
of (¥n)neNs (On)nen, (X")nen converge to their respective limits pointwise almost
everywhere in [0, 7] x  and that F (¢, ®, -) is continuous by assumption (iii).

Finally, X satisfies at each time ¢ € [0, T]

X Tlsgo < 3 I =X"lge o+ [K =l
< nil @ \(f i T x! _YHJ,[o.t]
- ,go S X = s 0y
ie. HX_YH;[O.}] < c()? X'~ YH;[O.}]

1 -
= (1 (E(Xo—%P) +E(/ dist((10,00), F(5,%))” ds)).
0
In regard to the claimed estimate, we have to verify c(t)2 < const - e const-(1+1) 7
Due to absolute convergence ¢(+) > 0 is analytic in [0,o[ and,

0< dc@t) = 2 7= BA)" (T4

:3A+2 oo (3A)" (140!

(3A)" (1+42)"!

oo

:3A+f( (14-1)- z m, BA)" (14+1)m
m=0

3A + V2 BA?(1+1)- c(t)

implies
ct) < (C(O) + 3At) . 18A(141) 1 < (c(0)+1) - 3 A (1+6A) (141)1

for all # > 0 by means of Gronwall’s inequality. (This upper bound is quite simple
to prove, but obviously not optimal.) U
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A.8.2 A Sufficient Condition on Invariant Subsets

In the field of stochastic differential inclusions, the aspects of invariance and viabil-
ity have been investigated thoroughly by several authors like Aubin, Da Prato and
Frankowska [18], Michta [139, 140], Motyl [142], Truong-Van & Truong [178].
A broad survey is presented in [104].

For the sake of completeness, we introduce the required notions of contingent
cone briefly and then just quote the sufficient result, which can be regarded as the
stochastic counterpart of Proposition A.8 (on page 445).

Definition 69 (Stochastic contingent set [17, Definition 1.1], [18]).

LetK: Q ~~ RN ,® — K be arandom closed set, i.e. here: K is an .o%-measurable
set-valued map with nonempty closed values. For some ¢ > 0, consider a .-
measurable selection x : Q — RN of K.

The stochastic contingent set T3 (t,x) to K at x with respect to 7 is defined as the
set of pairs (1,v) of «-random variables satisfying the following property: There
exist sequences (h,),en in |0,0[ and (a@n)nen, (bn)nen Of & 1p,-random variables
such that

hy — 0 for n — oo,
E(lan|?) — 0 for n — oo,
E(|b|?) — 0 for n— oo,

E(by) = 0,

b, is independent of <7

and for each n € N, the sum x+v (Wiis, — W;) +hn 0 + hyan + /by by is a square
integrable selection of K.

Proposition 70 (Sufficient condition for invariance, [18, Theorem 5.1]).

Let F = (F1,F) : RN ~ RN x Lin(R™,R") be a Lipschitz continuous set-valued
map with nonempty compact values. Suppose K : Q ~+ RN to be an afy-measurable
set-valued map with nonempty closed values satisfying for all t > 0 and each -
measurable selection x : @ — RN of K

F(x) C TE(t,x) almost everywhere in Q.

Then the random closed set K is invariant under F in the following sense: Every It
process X := TJy(Xo, Y, 0) starting in K and solving the stochastic diff. inclusion

dX; € Fi(X;)dt + F(X;) dW;
i.e. Xo € L*(Q,9,P; RY), ye £%([0,T), RN) and 0 € £%([0,T], Lin(R™,RY))
with Xo €K ae.,
Y1, 0) € Fi (X (o))
o(r,0) € K(X; (o))

for (L'x P)-almost all (t,w) € [0,T] x Q, satisfies X, € K almost everywhere in Q
foreacht > 0.



A.9 Proximal Normals of Set Sequences in R 487

A.9 Proximal Normals of Set Sequences in RY

Comparing the proximal normals of a converging sequence (K, ), ¢ in (£ (RY),d)
with the normals of its limit K € # (RY), the following inclusion is not difficult to
prove by means of exterior balls and, it has already been quoted in Proposition 4.23
(on page 360)

Graph N¥ C Limsup,_, ., Graph N}?n
(see e.g. [50, Lemma 4.1]). Of course, the equality here is not fulfilled in general. A
key advantage of the subset N,‘; o (p > 0) specified equivalently in Definition 4.40
(on page 373) is that an inverse inclusion is satisfied.
The following proposition provides the inclusions in both directions and their
proofs.

Definition 71. Let C C RY be a nonempty closed set.
For any p > 0, the set Ni,(x) C RY consists of all proximal

normal vectors 1) € N&(x) \ {0} with the proximal radius > p (and
thus might be empty).

Furthermore define bNg p(X) = Ng p(X)NB.

Proposition 72.  Let (K,),en be a converging sequence in # (RN) and K its
limit. Ig,, ITg : RY ~~ RN denote the projections on Ky, K (n € N) respectively,

ie., g :RY RV, x — {yGK’\y—x\ = dist(x,K)} C RV.

Then,

(1.) Limsup,_,., Graph bN,’;mp C Graph bN}?’p forany p >0,

(2.) Limsupy—x Ik, (y) C Ig(x) forany x e RV,

(3.) Graph bN,’;’p C Liminf,_, . Graph bN,’;n.r forany 0 <r<p.

Proof.

(1.) Choose any converging sequence ((x"j’p"j))jeN with py; GNPnj pXn;)NIB

and set x:= lim x,;, €K, p:= lim p,; € dB. According to Definition A.23
J—roo K Jj—roo

(on page 454), each Kj,; is contained in the complement of the open ball with center
Xp;+pP pn; and radius p,

Ky, C RN\ By (xu; +p puy) -
As an indirect consequence, j — oo leads to
K C RV\ Bp(x+p p),
ie. P € Nigp(x).



488 A Tools

(2.) Letr>0andn € N be arbitrary. For y € B,(x) given, choose any z € Ik, (y)
and & € Ik(z). Then,

€ —z| < d(Ky,K)

and
=&l < [x—yl + y—2| + |z—=¢&]
< |x—y| + dist(y,K) + d(K,K,) + |z—&]|
< |x—y| + |y—x| +dist(x,K) + d(K,K,) + d(K,,K)
< 2r + dist(x,K) + 2 d(Kn,K).

Thus, Ik, (y) C Ba,.x) (K 0 By 4 dist(x,K) +2d (K .K) (X)) for any y € B,(x).

The set-valued map [0,c0[~~ RY, r + KNB,(x) is upper semicontinuous (due
to [19, Corollary 1.4.10]) and in the closed interval [dist(x, K), o], it has nonempty
compact values. For every 11 > 0, there exists p = p(x,n) € ]0,n[ such that

KNB.(x) C By(Ik(x))

for all // € [dist(x,K), dist(x,K)+2p]|. Dueto d(K,,K) — 0 (n — o), there
is an index m € N with d(K,,K) < % for all n > m. Thus we obtain for every point
y € By4(x) NB,(x) andindex n>m

Mg, (v) € Be (K 0 Bypaiser) 28 () = Be (K N Baisiter)+p(x))

C Be (By (ITk (x))) C By (Ik(x)),
ie. Limsupy-r Ik, (y) C Ig(x).

(3.) Chooseanyx€ dK and p € N,Qp (x) # 0 with |p| = 1.

Then x is the unique projection of x+ & p on the set K for every 6 €]0,p[.
Considering now a sequence (x,),cn With x, € Ik, (x+ 0 p) C K,, the preceding
statement (2.) implies x, — x  and, the definition of proximal normal ensures
X+0p—x, b
= ———— € Ng (x
Pn \x—|—5p—xn\ K,,( ")

converging to p for n — oo,

Finally the proximal radius of p,is > |[x+6 p —x,| > 0 —|x—x,|, and thus,

(x,p) € Liminf, .. Graph °Nf . forevery0 <r<§ <p.
U
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A.10 Tools for Set-Valued Maps

A.10.1 Measurable Set-Valued Maps

In this section we summarize some useful results about set-valued maps in regard
to measurability. The monograph of Castaing and Valadier [40] is usually regarded
as a standard reference providing many of the well-known results. Here we quote
the corresponding theorems from the monograph of Aubin and Frankowska [19].

Definition 73 ([19, Definition 8.1.1]). Consider a measurable space (Q,.47),
a complete separable metric space E and a set-valued map F : 2 ~» E with closed
images.

F is called measurable if the inverse image of each open set is a measurable set,
i.e., for every open set O C E,

Def.

F10) = {0cQ|F(w)NO#0} € o.

Theorem 74 (Kuratowski and Ryll-Nardzewski [109], [19, Theorem 8.1.3]).

Let E be a complete separable metric space, (2,9 ) a measurable space, F : Q ~~E
a measurable set-valued map with nonempty closed values.

Then there exists a measurable selection of F, i.e., a measurable single-valued
Sunction f : Q — E satisfying f(w) € F(®) for every @ € Q.

Theorem 75 (Characterization Theorem [19, Theorem 8.1.4]). Let (Q, <7, 1)
be a complete G-finite measure space, E a complete separable metric space and
F : Q ~~ E a set-valued map with nonempty closed values.

Then the following properties are equivalent:

(i) F is measurable.

(ii) The graph of F belongs to </ @ B.

(iii) F~'(C) € o for every closed set C C E.

(iv) F~Y(B) € o for every Borel set B C E.

(v) Foreach element x € E, the function dist(x,F(-)) : Q — [0, [ is measurable.

(vi) There exists a sequence (f,)nen of measurable selections of F such that
F(ow) = U fo(@) Sfor every o € Q.

neN

Corollary 76 (Upper and lower semicontinuous maps [19, Proposition 8.2.1]).
Consider a metric space Q and a complete G-finite measure space (2,7, 1) such
that </ contains all open subsets of Q. Let E be a complete separable metric space
and F : Q ~ E a set-valued map with nonempty closed images.

If F is upper semicontinuous, then F is measurable.
If F is lower semicontinuous, then F is measurable.
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Proposition 77 (Closed union and intersection [19, Theorem 8.2.4]).
Let (Q,47, 1) be a complete G-finite measure space, E a complete separable metric
space and F,, : Q ~ E (n € N) set-valued maps with nonempty closed values.

Then the following set-valued maps are measurable:

QwE, o~ ] Flo),

QwE, o () Fo).
neN

Proposition 78 (Direct image [19, Theorem 8.2.8]).

Let (Q,o/ 1) be a complete G-finite measure space, Ey,E, complete separable
metric spaces and F : 2 ~ E| a measurable set-valued map with nonempty closed
values. Consider a Carathéodory set-valued map G : Q X Ey ~ E», i.e.,

for every x € Ey, the map G(-,x) : Q ~ E, is measurable and

for every o € Q, the map G(®,-) : E| ~ E, is continuous.

Then the set-valued map Q ~ E,, ® — G(0, F()) is measurable.

Proposition 79 (Inverse image, Filippov selection [19, Theorems 8.2.9, 8.2.10]).
Consider a complete -finite measure space (Q,</ L), complete separable met-
ric spaces E1,E; and measurable set-valued maps F : Q ~~ E, G : Q ~» E; with
nonempty closed values. Let g : £2 X Ey — Ej be a Carathéodory function.

Then the set-valued map
Q- E, o~ {xeF(0)|g(w,x) eGo)} CE
is measurable.

Consequently, if g(@,F(®)) NG(®) is nonempty for every @ € 2, then there exists
a measurable selection f : Q — Ej of F such that for every @ € 2, the element
g(o, f(w)) belongs to G(w).

In particular, for every measurable function h: Q — E, with h(o) € g(o,F (o))
for almost all ® € €, there exists a measurable selection f : Q — Ej of F with
h=g(-,f(:)) almost everywhere in Q.

Proposition 80 (Marginal map [19, Theorem 8.2.11]).

Consider a complete o-finite measure space (2,9 ,11), a complete separable met-
ric space E, a measurable set-valued map F : Q ~~ E with nonempty closed values
and a real-valued Carathéodory function f : Q x E — R.

Then the so-called marginal function
Q — RU{—}, o+ inf f(o,x)
XEF (o)
is measurable. Furthermore the so-called marginal map
Q~E o~ {x € F(x) ‘ f(w,x) = inf f(w,y)} CE
yEF(0)
is measurable.
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A.10.2 Parameterization of Set-Valued Maps

Proposition 81 ([19, Theorem 9.7.2]).
Consider a metric space X and a set-valued map G : [a,b] x X ~ RN satisfying
1. G has nonempty compact convex values,
2. G(+,x) : [a,b] ~ RN is measurable for every x € X,
3. there exists k(-) € L'([a,b)) such that for every t € |a,b), the set-valued map
G(t,") : X ~ RN is k(t)-Lipschitz continuous.

Then there exists a single-valued function g : [a,b] x X x By — RN (with the closed
unit ball By C RY) fulfilling for all t € [a,b], x € X, u,v € By respectively

1. G(t,x) = Uyes, 8(t,x,w),

2. g(-,x,u) : [a,b] — RN is measurable,

3. g(t,»u) : X — RN is c-k(t)-Lipschitz continuous
4 18t x00) — gt ) < 1G]l u—]

with a constant ¢ > 0 independent of G.

A.11 Compactness of Continuous Functions Between
Metric Spaces

The essential compactness result about continuous functions between metric spaces
is the Arzela-Ascoli Theorem. We use it in the following version of Green and
Valentine:

Theorem 82 (Arzela-Ascoli in metric spaces [88]).

Let (Ey,dy), (E2,dy) be two precompact metric spaces, i.e. for any € > 0, each
set E; (i =1,2) can be covered by finitely many €-balls with respect to metric di.
Moreover, suppose the sequence (f,)nen of functions Ey — Ej to be uniformly
equi-continuous (i.e. with a common modulus of continuity in E ).

Then there exists a subsequence ( fnj) jen being Cauchy sequence with respect to
uniform convergence. If (Ey,d2) is complete in addition, then (f;)jen converges
uniformly to a continuous function E; — Ej.

Kisielewicz characterized weakly compact sets in the space of Banach-valued
continuous functions. His result can be interpreted as a “weak counterpart” of the
Arzela-Ascoli Theorem.

Proposition 83 (Kisielewicz [ 102, Theorem 4]).

Let S be a compact Hausdorff space and X a Banach space.

A subset W C C°(S,X) is weakly compact in (C°(S,X), || - |lsup) if it is bounded,
equi-continuous and if for every s € S, the set {f(s)|s € S} is relatively weakly
compactin X.
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A.12 Bochner Integrals and Weak Compactness in L'

The so-called Bochner integral extends the familiar concept of integration from
real-valued functions to Banach-valued functions on the basis of “simple” functions.

Definition 84 ([63]). Let (Q,X, u) be a finite measure space and X a Banach
space. A function f : Q — X is called simple if there exist x;,x,...x, € X and
E\,E,...E, € ¥ such that f = Z;le xj x; with xg; : Q — {0,1} denoting the
characteristic function of E; C 2.

A function f: Q — X is called u-measurable if there exists a sequence (f},),en of
simple functions Q — X with || f — f,|[x — 0 u-almost everywhere for n — oo.
A u-measurable function f : 2 — X is called Bochner integrable if there exists a
sequence (f,)nen of simple functions £2 — X such that

tim [~ fillvdn = 0.
n—oo Q
Then, the Bochner integral of f over E € X is defined by / fdu := lim / fadu.
E n—e Jg

Let L'(u,X) denote the Banach space of Bochner integrable functions 2 — X
equipped with its usual L' norm.

In the nineties, Ulger proved that restricting the values of Bochner integrable
functions to a weakly compact subset of X implies the relative weak compactness
of these functions in L' (i, X). For real-valued Lebesgue integrable functions, this
is closely related with Alaoglu’s Theorem and a compact embedding.

Proposition 85 ([179, Proposition 7]).  Let (Q,X,u) be a probabilistic space,
X an arbitrary Banach space. For any weakly compact subset W C X, the set

{hel'(u.X) ’ h(w) € W for u-almost every o € Q}

is relatively weakly compact.

An earlier version of this result is presented in [61] and, [62] considers weak com-
pactness of Bochner integrable functions with values in an arbitrary Banach space
under weaker assumptions (see also [22]). The next proposition of Ulger provides a
“weakly pointwise” characterization of weakly convergent sequences in L' (i, X).

Proposition 86 ([179, Corollary 5]). Let (2,X, ) be a probabilistic space and
X an arbitrary Banach space as in preceding Proposition A.85.
Set W = {g eL'(u,X) | lg(@)] < 1 for u-almost every o € Q}.

A sequence (g,1(~))nEN inW C L'(u,X) converges weakly to g € L' (u,X) if and
only if for any subsequence (gnk(~))kGN given, there exists a sequence (hy(-))
with hy, € co{g,,k7 8y - } such that for [L-almost every @ € 2,

(o) — g(o) (k — o) weakly in X.

keN



Appendix B
Bibliographical Notes

Chapter 1

This chapter reflects the theory of mutational equations as it was introduced by Jean-
Pierre Aubin in the 1990s [10, 12, 13]. It extends earlier results about integral funnel
equations — for describing set evolutions with feedback. Similar concepts have been
introduced by Russian mathematicians in the 1980s and 1990s. Among the more
popular examples for metric spaces are the so-called quasidifferential equations of
Panasyuk (see [150, 153] and references there). Further approaches to generalized
differential equations in metric spaces are suggested in [31, 108, 113, 146] later.
Both the structure and the proofs in Chapter | are adapted to the generalizations in
subsequent chapters so that the new aspects there are easier to identify.

§ 1.9.3 provides new results in comparison with Aubin’s monograph [10]: The link
between morphological primitives and reachable sets of nonautonomous differential
inclusions. The analytical tools are summarized in Appendix A.3.

The examples of morphological primitives in § 1.9.4 are motivated by several ques-
tions of Robert Baier during our joint research stay at the Hausdorff Research Insti-
tute for Mathematics (HIM) in Bonn in spring 2008.

§ 1.9.5 is mostly based on earlier results of Anne Gorre quoted in Aubin’s mono-
graph [13]. Proposition 69 provides a partial answers to an open question that Jean-
Pierre Aubin posed the author in November 2007. The closely related conclusions
are drawn in Corollary 78.

§ 1.10 presents a set-valued approach to image segmentation that was published by
the author in [131] in 2001.

§ 1.11 was developed during the stay at HIM in Bonn after the author had learned
more about one-sided Lipschitz maps in the survey lectures of Tzanko Donchev.
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Chapter 2

This chapter provides the first extensions of the mutational framework in compari-
son with Aubin’s monograph [10]. They are based on the key notion that the param-
eters of transitions are just locally uniform.

Continuity parameters with linear growth were introduced in the first version of
preprint [129] about transport equations for Radon measures in 2005. Later the lin-
ear growth condition was weakened to locally uniform bounds as in this chapter.
These details were presented in the preprint [126] for the first time and used in [91].
The results about existence with delay and under state constraints in § 2.3.5 and
§ 2.3.6 respectively have been developed in the initial version of this monograph,
i.e. habilitation thesis [117].

The example in § 2.4 dealing with semilinear evolution equations (and the weak
topology) in the mutational framework has already been suggested in the author’s
Ph.D. thesis [130] in 2004.

The Cauchy problem of nonlinear transport equations for Radon measures on RV
was discussed in the preprint [126] with the same kind of transitions, but another
metric and restricted to positive Radon measures with compact support. Hence the
results of § 2.5 using the W' dual metric and solutions in the mutational frame-
work are new in the initial version [117] of this book.

The nonlinear structured population model in § 2.6 provides the main conclusions
of [91], which was jointly elaborated with Piotr Gwiazda (Warsaw) and Anna
Marciniak-Czochra (Heidelberg).

In § 2.7, morphological equations are modified in a very “natural” way as transitions
on .# (RN) are now induced by reachable sets of differential inclusions with linear
growth. In particular, this opens the door to applying the mutational framework to
reachable sets of linear differential inclusions.

Chapter 3

It provides three substantial contributions of this monograph to mutational analysis:

1. Continuity conditions on distances make the triangle inequality dispensable,

2. sequential continuity of transitions with respect to state and time are handled
by separate families of distances,

3. w-contractivity of transitions (in the sense that the initial distance between
states may grow at most exponentially while evolving along one and the same
transition) proves to be dispensable under additional assumptions.

Currently the author is not aware of any other approach similar to mutational or
quasidifferential equations beyond metric spaces.
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Nonlocal stochastic differential equations as discussed in § 3.6 were introduced in
the initial version [117] of this monograph (to the best of our knowledge). A rele-
vant extension to nonadditive noise is sketched in [119] and generalized in [105].

In comparison with the thesis [117], the statements about time-dependent random
closed sets in § 3.7 and nonlocal parabolic equations in cylindrical domains in § 3.9
belong to the new contributions here.

The only further suggestion (for constructing stochastic birth-and-growth processes
via random closed sets in continuous time) which the author has found in the litera-
ture so far was made by Aletti, Bongiorno and Capasso in the preprint [1] in 2008.
Their proposal is based on random closed sets in a reflexive Banach space and
takes the aspect of predictability (via filtration) into consideration explicitly.
Due to the Aumann integral as an essential ingredient, however, it is restricted
to both convex-valued and expanding growth processes [l, Theorem 1.3.2].
Moreover, it assumes the nucleation process to be expanding and so, the final
birth-and-growth processes are expanding P-almost surely in €2 [1, Theorem 1.4.9].
The set-valued approach in § 3.7 here has been developed independently (as a part
of a DFG project, the author applied for in 2007). From our current point of view,
this concept can be adapted to random closed sets in a separable Banach space Y
it #¢ Z(Q7 Y) proves to be complete with respect to dl 4 and if a counterpart of the
Da Prato-Frankowska Theorem A.67 holds (see e.g. the original article [53]).

With regard to § 3.8, nonlinear continuity equations with coefficients of bounded
variation were investigated as examples of mutational equations in the preprint [129]
after attending the lectures of Prof. Ambrosio in a C.I.M.E. summer school in 2005.

The conclusions about semilinear evolution equations in § 3.10 and about parabolic
differential equations in noncylindrical domains in § 3.11 respectively are also de-
veloped originally in the author’s thesis [117] and published here now.

During the Czech-German-French Conference on Optimization in Heidelberg in
September 2007 and a workshop at HIM Bonn in March 2008, José Alberto
Murillo Herndndez (Cartagena, Spain) reported about the heat equation in a domain
governed by a morphological equation — similarly to § 3.11.5.

His conclusions were based on the results [116] of Limaco, Medeiros and Zuazua
and thus, the noncylindrical domain had to obey bi-Lipschitz transformations to a
reference domain. As a consequence, the morphological transitions were restricted
to bounded Lipschitz continuous vector fields (instead of the set-valued maps in
LIP(RN RV)).
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Chapters 4 and 5

The author suggested the notion of distribution-like solutions in his Ph.D. thesis
[130], but still for tuples with non-symmetric distance functions which fulfill the
timed triangle inequality. The example in § 4.4 was also presented in [124, 130].
The second geometric example here in § 4.5 was introduced in [120] in 2008.

In regard to mutational inclusions, the existence results of § 5.1 have been devel-
oped in connection with the thesis [117] recently and, they are published in [118].
§ 5.2 about the viability theorem for morphological inclusions was prepared in [122]
and published in its full generality in [121].

The corresponding approach to control problems (in § 5.3) has its origin in preprint
[125] and was motivated by conversations with Zvi Artstein at Weizmann Institute
of Science in Rehovot (Israel) in summer 2007.

Appendix A

The generalizations of Gronwall’s inequality are essentially new. In particular,
Proposition A.2 has less restrictive assumptions than all the other versions which
the author found in the literature. It lays the foundations for concluding global
estimates from local properties (Lebesgue-almost everywhere). Proposition A.4 has
already been presented in Ph.D. thesis [130].

Section A.3 provides the tools for the link between morphological primitives and
reachable sets: the integral funnel equation in Proposition A.13. Following a strategy
close to the one of Frankowska, Plaskacz and Rzezuchowski in [83], the author has
proved this connection in 2006 and reused these arguments in [121, Corollary 3.14]
and [122] later. He developed these proofs independently from earlier results of
Tolstonogov [177], which the author found while writing his thesis [117] since
2008.

Most of the results in section A.5 were introduced and proved in [120, 124, 130].
In particular, they were developed by the author independently from the article [33]
of Cannarsa and Frankowska (about the interior sphere property of reachable sets
of control equations). The consequences of the uniform tusk condition in A.5.7 are
presented in [117] and published here for the first time.

Originally Reynolds Transport Theorem in § A.6 was extended to differential in-
clusions for applications in image segmentation [131]. The author published its
complete proof in [127].

Sections A.2, A.4, A7, A.8 and A.10 — A.12 summarize standard results which are
mostly quoted and prove to be useful in this monograph.
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