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DIRECTIONAL DIFFERENTIABILITY FOR SOLUTION
OPERATORS OF SWEEPING PROCESSES WITH CONVEX
POLYHEDRAL ADMISSIBLE SETS

MARTIN BROKATE! AND CONSTANTIN CHRISTOF2*

Abstract. We study directional differentiability properties of solution operators of rate-independent
evolution variational inequalities with full-dimensional convex polyhedral admissible sets. It is shown
that, if the space of continuous functions of bounded variation is used as the domain of definition, then
the most prototypical examples of such solution operators — the vector play and stop — are Hadamard
directionally differentiable in a pointwise manner if and only if the admissible set is non-obtuse. We
further prove that, in those cases where they exist, the directional derivatives of the vector play and
stop are uniquely characterized by a system of projection identities and variational inequalities and
that directional differentiability cannot be expected in the obtuse case even if the solution operator
is restricted to the space of Lipschitz continuous functions. Our results can be used, for example, to
formulate Bouligand stationarity conditions for optimal control problems involving sweeping processes.
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1. INTRODUCTION

This paper is concerned with directional differentiability properties of solution maps (u,zo) — x of sweeping
processes of the form

z(0) = o, x(t) € Z —u(t) Yt € [0,T], @(t) € —Nz_y)((t)) for a.a. t € (0,7), (1.1)

involving a full-dimensional convex polyhedron Z C R?, d € N, an initial value 29 € Z — u(0), a terminal time
T > 0, a forcing term u: [0,7] — R?, and the outward normal cone Ny _, ) (z(t)) of the set Z — u(t) at x(t).
We study the problem (1.1) in its evolution variational inequality (EVI) formulation

y(0) = yo, y(t) € Z vt € (0,77, (y(t) —u(t),v —y(t)) > 0 Vv € Z for a.a. t € (0,7), (1.2)
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2 M. BROKATE AND C. CHRISTOF

that is obtained by introducing the variable y := x + u, by defining yo := 2o + u(0) € Z, and by rewriting the
normal-cone inclusion in (1.1) in terms of the Euclidean scalar product {-,-): R% x RY — R. More precisely, we
consider the following weak formulation of (1.2) that is not only sensible for absolutely continuous inputs u but
also for all u in the space CBV ([0, T]; R?) of continuous functions of bounded variation with values in R¢:

yECBV([O,T];Rd), y(0) = yo, y(t) € Z vt € 10,7, /OT (v—y,dly—w)) >0V e C([0,T]; Z).
V)

Here, C([0,7]; Z) denotes the set of all continuous functions v: [0,7] — R? with values in Z and the integral
has to be understood in the sense of Kurzweil-Stieltjes (see Sect. 2.4). Recall that, in the context of the EVI-
formulations (1.2) and (V), the solution mapping S: (u,yo) — y is also referred to as the stop operator. Its twin,
the function P(u,yo) := u — S(u,yo), is called the play operator. The main result of this paper characterizes
precisely for which convex polyhedral admissible sets Z the solution map S: (u,yg) — y of (V) possesses a
pointwise (or, more precisely, BV ([0, T]; R%)-weak-star) directional derivative.

1.1. Main result
The main result of this paper is the following theorem:

Theorem 1.1. Let T > 0 be given and let Z C R%, d € N, be a full-dimensional convex polyhedron. Then the
variational inequality (V) possesses a unique solution y € CBV ([0, T]; R?) for all (u,yo) € CBV ([0, T);R?) x Z.
The associated solution operator S: CBV ([0, T];RY) x Z — CBV ([0, T];R?), (u,vo) — y, is globally Lipschitz
continuous in the sense that there exists a constant L > 0 satisfying

1S (w, yo) — S(@, §o)lle v (o.1yray < L (Ilu — @llepy(o.ryrey + Y0 — ol) Y(u,30), (@, 50) € CBV ([0, T];RY) x Z.
(1.3)

Further, the following statements hold regarding the directional differentiability properties of S.

(1) If Z is non-obtuse (see Def. 2.12), then the map S is directionally differentiable in the sense that, for all
(u,y0) € CBV([0,T);RY) x Z and all (h,ho) € CBV([0,T];R?) x R? satisfying yo + Toho € Z for some
70 > 0, there exists a unique § := S'((u,yo); (h, ho)) € BV ([0, T]; R?) satisfying
lim S(u+7h,yo + Tho)(t) — S(u,y0)(t)
(0,70)27—0 T

=5(t)  Vtelo,T]. (1.4)

This directional derivative § of S at (u,yo) in direction (h, hy) is uniquely characterized by the system
§ € BV([0,T|;RY), 64 € Kg'(y,u),  6(0) = ho,
3(t) = mz(y)) (6(t—)) Vt € [0,T], O(t+) = my+ @ (0(t)) vt € [0,T7,
/;2<Z7d(5 —h)) + /: (0,dhy — %|6(52)|2 + %\5(51)\2 >0 V0<s1<s<T VzeKg"(y,u).
(1.5)
Here, 64 denotes the right-limit function of 6; y is defined by y := S(u,yo); ICgit(y, u) is given by

K (g, u) = { € G.([0,T); RY)

T
z(t) € Z(y(t)) Vt € [0,T] and /0 (z,d(y — u)) = 0} ;

the symbol G.([0, T); RY) denotes the space of right-continuous requlated functions v: [0,T] — R?; Z(x) is
the tangent cone of Z at x € Z; 6(t—) and 6(t+) denote a left and right limit, respectively; m denotes a
Euclidean projection; and V¥ (t) is a suitably defined time-dependent subspace (see Def. 3.10).
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(IT1) If Z is not non-obtuse, then the map S is not directionally differentiable in the pointwise sense of (I), not
even if its domain of definition CBV ([0, T);RY) x Z is replaced by W*°((0,T);R?) x Z.

For details on the unique solvability part of Theorem 1.1 and the Lipschitz estimate (1.3), we refer the reader
to Proposition 2.33 and Theorem 2.37. (These two results rely heavily on the preliminary work of [1-4].) The
proofs of the statements (I) and (IT), which are the main contributions of this paper, can be found in Sections 3
and 4; see in particular Theorems 3.32 and 4.1. Before we discuss the role and background of Theorem 1.1 in
more detail, we give some remarks on its mathematical scope.

Remark 1.2.

e The assumption that Z is full-dimensional (i.e., has a nonempty interior) can be made without loss of
generality (w.l.o.g.) in Theorem 1.1. If Z is nonempty, then full-dimensionality can always be achieved by
reformulating (V) as an EVI in the affine hull of Z. For the same reason, we may assume w.l.o.g. that
the underlying vector space is R%. Indeed, if we start with a problem in an arbitrary Hilbert space with
a polyhedral admissible set Z, then we can always reformulate (V) as a problem in the finite-dimensional
linear hull of the normal vectors of Z and consider this space instead; see [4], Remark 4.5.

e Due to the Lipschitz continuity of the function S, the difference quotients in (I) also converge weakly-star in
BV ([0, T]; RY). In particular, the map S is directionally differentiable as a function from C BV ([0, T]; R¢) x
Z to LP((0,T); R?) for all 1 < p < oo in (I). The Lipschitz continuity of S also implies that S is pointwisely
Hadamard directionally differentiable in (I); see [5], Proposition 2.49.

e Due to the evolutionary nature of (V), the nonexistence of a pointwise directional derivative in (II) implies
that S cannot be directionally differentiable as a map from W1>°((0,T);R?) x Z to L*((0,T);R?) (or,
more generally, from W1 ((0,7); R?) x Z to any sensible function space); see Theorem 4.1. Note that
it could still be the case here that S is directionally differentiable when restricted to a suitable subset of
WL((0,T);R?) x Z, e.g., to {u € WL>((0,T);R?) | &« € BV ([0, T};R%)} x Z; cf. Section 4.

1.2. Background and relations to prior work

Sweeping processes of the type (1.1) have first been investigated by Moreau in the nineteen-seventies to study
problems arising in elastoplasticity; see [6—8]. On the most fundamental level, they can be understood as models
for the dynamical behavior of an infinitesimally small body that is contained in a hollow shape which moves
through the Euclidean space R¢ and which forces the body to move along when it comes into contact with the
shape’s boundary (similarly to a coin on a table under an upside-down drinking glass). In this interpretation,
the function z: [0,7] — R? in (1.1) describes the position of the body, Z is the shape, u: [0,T] — R¢ models
the motion of Z, the condition z(t) € Z — u(t) reflects that the body cannot leave the set Z — u(t), and the
inclusion &(t) € —Nz_y1)(x(t)) expresses that the body is “swept” into an inward normal direction when in
contact with the boundary 9(Z — u(t)). Since their initial introduction, sweeping processes have been used to
model phenomena in various application areas (mechanics [3, 9], electrical engineering [10], and crowd control [11]
to name a few). They moreover often serve as prototypical examples for the class of energetic rate-independent
systems [12]. Due to this prominent role, problems of the type (1.1) have been subject to extensive research
during the last fifty years; see, e.g., [1-4, 8, 9, 12-14] and the references therein.

Despite the considerable attention that sweeping processes have received in the past, the question of whether
their solution mappings are directionally differentiable or not is still severely underinvestigated. At least to the
best of our knowledge, the only contributions on this topic currently found in the literature are [15], [16], and
[17], which all deal with the EVI (1.2) in the case d = 1 and Z = [—r, 7], 7 > 0. In the first of these papers, [15],
it is shown that the scalar stop operator S: (u,yp) — y possesses a pointwise Hadamard directional derivative
when considered as a function from C([0,T]) x Z to C([0,T]); see [15], Proposition 5.3, Corollary 5.4. The
proof of this result relies heavily on the fact that, in the one-dimensional setting, it is possible to derive a
semi-explicit solution formula for the play operator P in terms of the cumulated maximum function; see [15],
Lemma 5.1. Based on the same observation, Newton- and Bouligand differentiability properties of the scalar
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stop and play are investigated in [16]. The third paper, [17], finally establishes an auxiliary variational inequality
that uniquely characterizes the derivatives of the scalar play and stop into directions (h, ho) € CBV([0,T]) x R;
see [17], Theorem 2.1. At least to the best of our knowledge, directional differentiability results for vectorial
sweeping processes like (1.2) can currently not be found in the literature. One of the reasons for the absence of
such results is that, although simple at first glance, the structure of (1.2) makes establishing the (directional)
differentiability of the mappings & and P rather difficult. The discontinuity of the normal-cone mapping in
(1.1), for example, causes pointwise limits of difference quotients of S and P to be typically neither left- nor
right-continuous and, thus, creates serious regularity problems; see Sections 3 and 4 and Example 3.36.

It should be noted that this lack of directional differentiability results for solution operators is not limited to
sweeping processes but also extends to the larger class of “true” evolution variational inequalities (where with
“true” we mean that the EVI cannot be recast as a PDE by means of a viscous regularization or similar tricks; cf.
[18]). Even in this wider field, we are only aware of two additional contributions on the directional differentiability
properties of solution maps. The first one, [19], is concerned with the directional differentiability of the solution
operator of the scalar parabolic Signorini problem. The main idea of this paper is to interpret the EVI at
hand as a problem in a fractional Sobolev space and to then employ an argumentation that has originally been
developed in [20, 21] for elliptic obstacle problems. The second paper, [22], is concerned with general parabolic
obstacle-type evolution variational inequalities. It establishes by means of pointwise-a.e. convexity properties
that solution operators of this type of EVI are directionally differentiable as functions into the Lebesgue spaces
and demonstrates that the arguments of [19] fail for all obstacle-type EVIs that involve pointwise constraints
on a set of positive measure; see [22], Section 3, Theorem 4.1.

That so little is currently known about the differential sensitivity analysis of solution maps of EVIs is
rather unsatisfying — in particular since, for elliptic variational inequalities, differentiability results have been
established in a multitude of papers and the subject is nowadays almost completely understood. Compare, e.g.,
with the seminal works [20, 21, 23] on this topic, with [24-28], and with the results in [29], Theorem 4.3, [30],
Theorem 1.4.1, and [31], Theorem 4.1, which characterize precisely by means of the concept of second-order
epi-differentiability in which situations the solution map of an elliptic variational inequality of the first or the
second kind is directionally differentiable and in which situations it is not.

We would like to emphasize at this point that the question of whether directional differentiability results can
be derived for problems like (1.2) is far from academic. Results on this topic are of fundamental importance
when optimal control problems governed by systems involving the play and stop operator are considered (e.g.,
PDE-systems involving hysteresis) as they form the basis for the formulation of first-order necessary optimality
conditions and the design of derivative-based solution algorithms. In the field of optimal control of sweeping
processes, the lack of knowledge about the differentiability properties of solution maps has caused essentially
all authors concerned with the matter to resort to approximation or regularization approaches that replace
the original problem formulation with a sequence of discretized and/or regularized problems. Compare, e.g.,
with [13, 32-37] in this context, which employ discrete approximations, and with [38-43], which utilize various
mollification techniques. Again, this state of affairs is rather unsatisfactory, in particular when compared with
the field of optimal control of elliptic variational inequalities for which the available directional differentiability
results allow to derive so-called “strong stationarity”-systems that are equivalent to the notion of Bouligand
stationarity (i.e., the condition that the directional derivatives of the reduced objective function are nonneg-
ative in all admissible directions) and thus do not suffer from the loss of information that regularization and
discretization approaches are typically subject to; see [44-47]. That it is possible to obtain stationarity systems
of the same strength for evolution variational inequalities once directional differentiability results are available
has recently been demonstrated in [48] for the one-dimensional play and stop based on the findings of [15-17];
see [48], Theorem 7.1 and Section 5. To our best knowledge, the result in [48] is the first on strong stationarity
conditions in the field of optimal control of true EVIs; cf. the comments in [48], Section 1.1. In particular,
strong stationarity conditions for problems governed by sweeping processes with vector-valued in- and output
functions seem to be unknown at the moment.

The principal aim of the present paper is to shed some further light on the directional differentiability
properties of solution maps of sweeping processes and evolution variational inequalities in general. By doing
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so, we also hope to lay the foundation for the study of stationarity conditions for optimal control problems
governed by EVIs that do not rely on an approximation or regularization procedure and go beyond the one-
dimensional setting of [48]. Theorem 1.1 serves these two goals because it answers conclusively the question
under which conditions the vector play and stop are directionally differentiable when the admissible set Z is
a convex polyhedron and the input space is chosen as CBV ([0, T]; Rd). At least to the best of our knowledge,
Theorem 1.1 is the first result on the directional differentiability properties of solution maps of vectorial sweeping
processes (and, more generally, vector-valued EVIs). It is also of broader interest because it highlights some
quite peculiar effects that emerge in the differential sensitivity analysis of evolution variational inequalities but
are absent in the study of elliptic problems. Some of the main takeaways are the following points.

e Theorem 1.1 shows that, even when we restrict the attention to polyhedra, it is very well possible that
some admissible sets behave completely differently than others in an EVI like (1.2). In particular, whether
the solution mapping of an EVI is directionally differentiable or not may hinge on geometric properties —
in the situation of Theorem 1.1 the interior angles of Z — that are completely irrelevant for questions of
well-posedness and Lipschitz stability; cf. Proposition 2.33 and Theorem 2.37.

e Theorem 1.1 demonstrates that solution maps of EVIs may fail to be directionally differentiable even if
the admissible set and the considered input space are very well behaved. In particular, directional non-
differentiability may also occur when the solution mapping of an EVI like (1.2) is considered on the space
H'((0,T);R%), which is, to our knowledge, the most popular choice for the control space in the field of
optimal control of rate-independent EVIs; see [41], Section 4, [48], Section 5.

e The system (1.5) and the fact that the directional derivatives § in case (I) of Theorem 1.1 can be discontin-
uous from both the left and the right at some times ¢ € (0,7) (see Ex. 3.36) indicate that, for the evolution
variational inequality (1.2), it is in general not possible to write down a “classical” auxiliary EVI which
characterizes the directional derivatives of the solution map S. A unique characterization of the directional
derivatives is apparently only possible in (I) by means of the combination of the “very weak” variational
inequality in (1.5) and the separate jump conditions 0(t) = mz(,(+))(6(t—)) and §(t+) = my+ 4 (6(t)). This
is a major difference to both the results for the one-dimensional play and stop in [17] (for which the direc-
tional derivatives of the solution map satisfy 6(¢) € {§(t—), d(t+)} for all ¢ € [0,T]) and elliptic variational
inequalities; see [30], Theorem 1.4.1 and [31], Theorem 4.1.

We would like to point out that Theorem 1.1 contains the directional differentiability and characterization
results of [15, 17] as a special case (modulo some minor differences in the regularity assumptions). For more
details on this topic, see Section 3.7. As the argumentation that we use for the derivation of Theorem 1.1 is quite
different from that in [15, 17], this also means that our analysis provides alternative proofs of the theorems in
these two papers. Regarding the distinction between the cases (I) and (II) in Theorem 1.1, it should be noted
that non-obtuse polyhedra also play a special role in the context of the question of whether different techniques
for extending the solution mapping S: (u,yo) + y of (1.2) to the set BV ([0,T];R¢) x Z give rise to the same
operator; see [49]. If this is just a coincidence or has some deeper mathematical meaning is an open question.

1.3. Structure of the remainder of the paper

We conclude this introduction with an overview of the content and structure of the remainder of the paper.
Section 2 is concerned with preliminaries. Here, we introduce basic notation and recall results from the theory
of metric projections, convex polyhedra, Kurzweil-Stieltjes integration, and sweeping processes that are needed
for the derivation of Theorem 1.1. This section also contains the proofs of the unique solvability of (V) and
the Lipschitz estimate (1.3); see Proposition 2.33 and Theorem 2.37. As we aim to keep our analysis as self-
contained as possible, we are very thorough in our discussion of preliminaries. Section 3 contains the proof of
statement (I) of Theorem 1.1. The basic idea of the analysis in this section is to consider for a fixed choice of
the tuple (u,yo) and the direction (h, ho) the set D of all BV ([0, T]; R%)-weak-star limits of difference quotients



6 M. BROKATE AND C. CHRISTOF

of the mapping S and to then derive in various steps more and more information about the elements of D until
it becomes clear that this set is a singleton — similarly to the approaches for elliptic problems in [30, 31]. In
combination with (1.3) and the Helly selection theorem, the directional differentiability of S then follows from
a simple contradiction argument. A main difficulty in this argumentation (and also a major difference to the
elliptic setting) is that, in the case of the EVI (V), one has to identify precisely how the elements of the set
D jump at their points of discontinuity. We solve this problem by exploiting that EVIs (V) with a non-obtuse
convex polyhedral admissible set Z can be studied by means of a vector-valued variant of Stampacchia’s lemma;
cf. [50], Theorem 5.8.2 and [51], Lemma 6.3. For a more detailed overview of the proof of statement (I), see
Section 3.1. At the end of Section 3, we also demonstrate that part (I) of Theorem 1.1 indeed implies the results
on the existence and characterization of directional derivatives of the scalar play and stop in [15, 17]. (Note
that, in the case d = 1, all convex polyhedra Z C R? are non-obtuse.) In Section 4, we prove statement (IT)
of Theorem 1.1 by explicitly constructing — for each convex polyhedron that is not non-obtuse — a situation
in which the difference quotients of S diverge. Section 5 of the paper finally contains some remarks on how
Theorem 1.1 can be used in the field of optimal control of sweeping processes. Here, we demonstrate how
Bouligand stationarity conditions for optimization problems governed by EVIs can be established based on
the directional differentiability results in Theorem 1.1 and sketch some ideas on how the system (1.5) and the
analysis of Section 3 can be used to derive strong stationarity conditions for this problem class.

2. PRELIMINARIES AND PREPARATORY RESULTS

This section contains preliminary results that are needed for the proof of Theorem 1.1. In Sections 2.1
and 2.2, we begin with basic notation and some results on metric projections. Section 2.3 is then concerned
with preliminaries on convex polyhedra and their description. The results on non-obtuse and not non-obtuse
polyhedra in Section 2.3 may also be of independent interest — in particular as the property of non-obtuseness
is also crucial in areas other than the differential sensitivity analysis of EVIs; see [49]. In Section 2.4, we collect
preliminaries on the theory of Kurzweil-Stieltjes integration. For a detailed introduction to this type of integral,
we refer to [52]. Section 2.5 finally contains some preliminaries on the vector play and stop. Here, we in particular
address the unique solvability part of Theorem 1.1 and the Lipschitz estimate (1.3).

2.1. Basic notation

In this paper, we write R, N, and Ny for the real numbers, the natural numbers, and the nonnegative integers,
respectively. We further denote norms and inner products defined on a real vector space X by || - || x and (-, ) x,
respectively. For the topological dual space of a normed space (X, | - ||x), we use the symbol X*, and for a dual
pairing, the brackets (-, ) x« x. A closed ball of radius 7 > 0 in a normed space (X, || - || x) centered at z € X is
denoted by BX (). In the special case X = R%, d € N, we write | - | for the Euclidean norm, (-, -) for the Euclidean
scalar product, B,(x) for the ball Bil?d (7) defined with respect to (w.r.t.) |-|, and S9! := {z € R? | |z| = 1}
for the unit sphere. If D is a subset of a normed space, then we denote by 0D the boundary of D, by int(D)
the interior of D, by cl(D) the closure of D, by conv(D) the convex hull of D, and by span(D) the linear hull
of D. For the empty set, we use the convention span(()) := {0}. Analogously, we also interpret sums over empty
index sets as zero. Recall that a set D C X is called a cone if sz € D holds for all x € D and all s € (0, 00). For
a cone D in a normed space (X, || ||x), we define D° := {z* € X* | (z*,2)x+ x <0 Vz € D} to be the polar
cone of D. In the case X = R%, we always identify X* with X in this definition, i.e., we use the convention
D°:={z* € R| (2*,2) <0Vz e D}. If D is a closed convex nonempty subset of a normed space (X, || - [x)
and z € D, then we denote by Kyaq(z; D) :={z€ X | z=s(y —x),s > 0,y € D} the radial cone of D at x, by
Kian (25 D) := cl(Kyaa(z; D)) the tangent cone of D at z, and by Np(z) := Kian(z; D)° the (outward) normal
cone of D at x. If V is a closed subspace of a Hilbert space, then we write V* for the orthogonal complement of
V. For the cardinality of a set D, we use the symbol |D|. The modes of strong and weak convergence in a normed
space are denoted by — and —, respectively. If F': X — Y is a mapping and ) ## D C X, then we write F|p for
the restriction of F' to D and 1p: X — {0,1} for the {0, 1}-indicator function of D. For set-valued mappings,
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we use the notation F': X =2 Y. Directional, Gateaux, and Fréchet derivatives are denoted by a prime in this
paper. If F' is multivariate, then the symbol 0y indicates that we take the partial Fréchet derivative w.r.t. the
k-th component of the argument of F'. For weak/strong derivatives that are taken w.r.t. a time-variable, we also
use a dot instead of a prime. Gradients are denoted by V.

If —oo < a <b< ocandd € N are given, then we use the standard symbols LP((a,b); R?), H'((a,b); R?), and
WhP((a,b);R?), 1 < p < oo, for the vectorial Lebesgue and first-order Sobolev spaces, respectively, endowed
with their canonical norms, i.e.,

b 1/p
ol oy = ( / |v<t>|pdt> VSp<on  olimnsn = esswloo), et
a tela,

The space of smooth, real-valued functions on R is denoted by C*°(R) and the space of all functions v € C*°(R)
that possess a compact support supp(v) by C2°(R). We further write C°°([a, b]; R?) for the space of all functions
v: [a,b] — RY whose components can be written as restrictions of elements of C°°(R) to the interval [a, b]. For
the space of all regulated functions v: [a,b] — RY, we use the notation G([a,b]; R?). Recall that a function is
called regulated if it is the uniform limit of a sequence of step functions or, equivalently, if it possesses left and
right limits at all points ¢ € [a, b]; see [52], Definition 4.1.1, Theorem 4.1.5. The space G([a,b]; R?) is a Banach
space when endowed with the supremum norm [[v||es = [|v[|G({a,b];ra) = SUPse[a,p) [V(F)]; see [52], Theorem 4.2.1.
When we want to emphasize which interval we refer to, we also write || - [|o,[q,5) instead of || - ||o. For the left
and right limit of a function v € G([a,b]; R?) at t € [a, b], we use the notation v(t—) and v(t+), respectively,
with the usual conventions at the interval endpoints a and b, i.e.,

v(t—):= lim wv(s) Vt€ (a,bl], v(a—) = v(a), v(t+) = lUm w(s) Vit € [a,b), v(b+) = v(b).

(a,t)3s—t (t,b)3s—t

We further define vy (t) := v(tt) for all ¢ € [a,b]. If the underlying interval is important, then we highlight
this by writing v_ [, 5 and v, [44). Note that, for a < s; < s3 < b, one typically has v_ [, s,] 7 (V— [a,])|[s1,52]
and vy [, s, 7 (V4 [a,5])|[s1,5,] due to the different conventions at the interval endpoints. Recall that the set of
points of discontinuity [a,b] \ {t € [a,b] | v(t) = v(t+) = v(t—)} of a regulated function v: [a,b] — R? is at most
countable; see [52], Theorem 4.1.8. For every v € G([a,b]; R?), we further have v_,v, € G([a,b]; R?) and

(2.1)

see [52], Corollary 4.1.9. We define G,;([a,b];R?) := {v € G([a,b];R?) | v(t) € {v(t—),v(t+)} Vt € [a,b]},
G, ([a,b);RY) := {v € G([a,b];R?) | v = vy}, and Gi([a,b];RY) := {v € G([a,b];R?) | v = v_}. Note that
G, ([a,b];RY) and Gi([a,b]; R?) are closed subspaces of G([a,b];R?) and, thus, Banach. The same is true for
the space C([a,b]; RY) of continuous functions v: [a,b] — RY. For arbitrary v: [a,b] — R%, we denote by

var(v; [a, b]) := sup D> Jolty) = v(t;-1)| € [0,00]
a=to<ti<..<ty=bNeN, 1~ y

the variation of v on [a,b]. Here, the supremum is taken over all partitions a =ty < ... <ty =b, N € N, of
the interval [a, b]. Note that this definition implies var(v; [a,b]) = [|0]| 1 ((a,p)ra) for all v € W1((a,b); RY). The
space of all functions v: [a,b] — R? with finite variation is denoted by BV ([a,b]; R?). Recall that BV ([a, b]; R?)
is a Banach space when equipped with the norm ||v|| gy ([a,p)re) := [v(a)| + var(v;[a,b]) and a subspace of
G(la,b]; R?); see [52], Theorem 2.2.2. Further, it holds vi,v_ € BV([a,b];R?) for all v € BV ([a,b];RY).
We define BV;([a,b]; R?) := BV ([a,b];RY) N Gi([a,b];RY), BV,([a,b];RY) := BV([a,b];R?) N G, ([a, b]; RY),
BV;(la,b]; R?) := BV ([a, b]; RY) N Gy([a, b]; RY), and CBV ([a, b]; R?) := C([a,b]; R?) N BV ([a, b]; R?). Note that
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the latter three of these sets are closed subspaces of BV ([a,b];R?) and, thus, Banach spaces. In what fol-
lows, we endow the space CBV([a,b];R?) with the norm [[v]lcpv (apre) = lvllc(apre) + var(v;[a,b]) =
[vllse + var(v; [a,b]), which is equivalent to || - || gy ((apre)- If K: [a,0] = R? is a set-valued function, then
we define G([a,b]; K) := {v € G([a,b];RY) | v(t) € K(t) for all t € [a,b]}. Analogous shorthand notations are
also used for C([a, b]; R?), BV ([a, b]; RY), etc. Sets K C RY are interpreted as constant functions in this context.
If d = 1 holds, then we simply write G([a, b]), LP(a,b), etc. instead of G([a,b]; RY), LP((a,b); R?), etc.

2.2. Preliminaries on projections

In what follows, we recall basic results on Euclidean projections and distance functions that are needed for
the derivation of Theorem 1.1.

Definition 2.1 (projection and distance function). Let Z C R%, d € N, be a nonempty, convex, and closed set.

i) We denote by w7 the Euclidean projection onto Z, i.e.,

ve Z} . (2.2)

1
7z: RT - RY, wz(x) = argmin{2|v—x|2

ii) We denote by distz the Euclidean distance function to Z, i.e.,
dist: R — [0, 00), distz(z) := |mz(z) —z| = iréigh) —z|.
Proposition 2.2 (properties of 7z and distz). Let Z C R%, d € N, be nonempty, convex, and closed.
i) For every x € R?, the projection 7z (x) is uniquely characterized by the variational inequality
mz(x) € Z, (mz(z) —z,v—7z(x)) >0 YveEZ. (2.3)
ii) The projection 7z: R? — RY is one-Lipschitz, i.e.,
|mz(x1) — mz(x2)| < |z — 22 Vi, zo € RY. (2.4)

iii) The function F: RY — R, x ~ distz(z)?, is continuously Fréchet differentiable. Its gradient VF(z) w.r.t.
the Buclidean scalar product at x € RY is given by

VF(z) =2z —mz(x)). (2.5)
w) If Z is additionally a cone, then it holds

x=7y(x)+ 7wz (x) and (mz(x),mz0(2)) =0 VaeRY,
ny(sz) = smy(x) VreR? Vs e [0,00),

and the function F: RY — R, x — distz(x)?, in iii) satisfies

VF(z) =2mz0(z) Vo eRY (2.7)
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Proof. All of the presented facts are well known. We include proofs of iii) and iv) for the convenience of the
reader. We start with iii): Suppose that x, h € R? are given. Due to (2.3), we have

Z(f) —Wz(x-i-Th)

wz(x+Th) — 1z(x)

<7TZ(x trh)—x—Th, - > >0 and <7rz(x) — > >0 (28)

for all 7 > 0. From (2.4), it follows further that the difference quotients

wz(x+7h) — 77(x)

0 =

are bounded by |h| for all 7 > 0. By compactness, this implies §y := d,, — J for some sequence 0 < 7, — 0 and
some § € RY. By passing to the limit k — oo along {74} in (2.8), we obtain that 0 < (7z(z) — z,8) <0, i.e.,
(rz(x) — x,8) = 0. Due to the definition of distz and the identity |a|> — |b|*> = (a + b,a — b) for a,b € R?, we
furthermore have

disty(z +7h)?* — distz(2)? = |z +7h —7z(x + 7h)|* — |v — 72 (2)|?
=(@+7th—nz(x+7h)+z—7z(x),z+7h—7z(x+7h) — 2+ 7z(z))
=@ +Th—mz(xr+7h)+z—7z(x), 7h —z(x + Th) + 72(x)) V1 > 0.

By dividing by 7 > 0 and passing to the limit & — oo along {7} in the above, we obtain that

lim distz(z + 7h)? — dist z(x)?

k—o0 Tk

=2(x —7z(x),h—8) =2{(x —mz(x),h). (2.9)

Since the right-hand side of (2.9) does not depend on the choice of {7}, it follows that R? 3 x + distz(z)? € R
is Gateaux differentiable. As the Gateaux derivative depends continuously on z by the continuity of 7z, the
continuous Fréchet differentiability now follows from the mean value theorem. This completes the proof of iii).
To establish iv), suppose that x € R? is given. From the cone property of Z and (2.3), it follows that

(rz(x) —z,mz(x)) =0 < (mz(z) —z,v) YveELZ (2.10)
The above implies © — mz(x) € Z°. For all w € Z°, we further have (mz(z),w) < 0 and, thus,
0> (mz(x),w) + (nz(x) —z,71z(x)) = (7z(x),w + 7z(x) — ) Yw e Z°.
Rewriting this inequality gives
x—my(x) € Z°, ((x = 7z(x)) —z,w— (x — wz(x))) >0 Yw € Z°.
Thus, r — 7z(z) = 7z-(z) holds as claimed. To see that 7z (sx) = smz(z) holds for all z € R? and s € [0, ),

it suffices to multiply (2.3) by s? and to exploit the cone property and i). This establishes (2.6). As (2.7) is a
straightforward consequence of (2.5) and (2.6), iv) follows and the proof of the proposition is complete. O

2.3. Preliminaries on convex polyhedra

Convex polyhedra in R%, d € N, can be constructed as intersections of half-spaces of the form H = {x € R? |
(v,x) < a}, where (v,a) € R? x R is a tuple with |v| = 1, i.e., v € SI7L.
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Definition 2.3 (convex polyhedron). A set Z C R%, d € N, is called a convex polyhedron if Z = R holds or
if there exist an index set I = {1,...,n}, n € N, and tuples (v;, ;) € S4~ x R, i € I, such that Z satisfies

Z:mH“ H; := {SUERd‘<I/Z,ZL'>§OZZ}
i€l

In the latter case, we call the n-tuple {(v;, a;)}ier € (S x R)™ a description of Z. A polyhedron Z is called
full-dimensional if it has a nonempty interior.

Remark 2.4 (conventions for the case Z = R¢). In what follows, some care has to be taken regarding the edge
case Z = R in Definition 2.3. Henceforth, we use the convention that the polyhedron Z = R? possesses precisely
one description, namely the O-tuple (a.k.a. the empty tuple). We further define the index set I belonging to
this description to be the empty set and we use the convention that {(v;, «;)}ic; denotes the O-tuple whenever
I = (. Note that this means in particular that Z = R? possesses one and only one description.

Note that every convex polyhedron Z # {0} in R%, d € N, containing the origin is a full-dimensional polyhe-
dron in the sense of Definition 2.3 when considered as a subset of its linear hull. The same is true for the case
Z = {0} if {0} is understood as a full-dimensional polyhedron in R° := {0}.

Definition 2.5 (set of active/inactive indices, regular description). Given a convex polyhedron Z C R¢ with
a description {(v;, ;) }ier and z € Z, we denote by A(x) := {i € I | (v;,z) = a;} the set of active indices
of {(vi, ;) }ier at © and by Z(z) := {i € I | (v;,x) < a;} the set of inactive indices of {(v;, ;) }ier at . A
description is called regular if, for every z € Z, the vectors in the set {v; | i € A(x)} are linearly independent.

The octahedron in R? (or, more generally, the closed unit ball w.r.t. the £!-norm in R%, d > 3) is an example
of a polyhedron that does not possess a regular description since four facets meet at corner points.

Descriptions are typically not unique. As they are defined as tuples, we can reorder a given description, for
example, to generate a new one with different maps A,Z: Z = N. Further, a description of a polyhedron Z may
contain tuples (v, ;) that are redundant in the sense that their removal does not change Z, i.e.,

Z = m{x eR?| (v, 2) <y} = ﬂ {z e R| (v, z) < oy}
i€l i€l i#]
The following well-known result shows that, for a full-dimensional convex polyhedron, it is possible to overcome
these uniqueness and redundancy issues (at least in a certain sense) by considering standard descriptions.

Proposition 2.6 (standard descriptions). Let Z C R? be a full-dimensional convex polyhedron. Then there
exists a description H = {(v;, a;) }ier of Z that contains no redundant half-spaces. This description is unique
up to permutations of the tuples (v;, ;) and satisfies

Viel 3z, €Z:  Alz;) ={i} (thatis, (vi,x;) =y and (v, z;) < aj Vj #1). (2.11)

Henceforth, we call a description H with the above properties a standard description of the polyhedron Z.

Proof. This is a standard result from linear programming and polyhedral theory; see [53], Theorem 1.6 or [54],
Theorem 12.1.5. Note that the O-tuple is the unique standard description of Z = R? by our conventions. O

Corollary 2.7 (standard descriptions of cones). Let Z C R be a full-dimensional convex polyhedral cone and
let H be a standard description of Z. Then H has the form H = {(v;,0) }ier.

Proof. Let H = {(v4, ;) }icr be a standard description of Z and let ¢ € I be arbitrary. Since 0 € Z, we have
a; > (v;,0) = 0. For z; from (2.11), it further holds (v;, 2x;) = 2a; < o as 2x; € Z. Thus «; = 0. O

Next, we define the linearization cone, which provides a local approximation for a convex polyhedron.
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Definition 2.8 (linearization cone). Let Z C R? be a nonempty convex polyhedron with description
{(vi, i) }ier. Then, for every x € Z, we define Z(z) := {z € R? | (v;,2) <0 Vi € A(z)}.

Note that we have Z —x C Z(x) for all € Z in Definition 2.8 since (v;,y —z) = (v;,y) — o; < 0 holds
for all y € Z and all j € A(x). It will be shown immediately below in Lemma 2.10iii) that the cone Z(x) is
independent of the chosen description of Z.

Lemma 2.9 (full-dimensionality and standard descriptions of the linearization cone). Let Z C R? be a full-
dimensional convexr polyhedron. Let H = {(vi, ;) }ier be a standard description of Z and let © € Z be given.
Then Z(x) is full-dimensional and {(v;,0)},c az) is a standard description of Z(x).

Proof. Since Z is full-dimensional, so is Z(x) D Z — x. It remains to prove the statement about the standard
description. To this end, we assume w.l.o.g. that 0 € int(Z). (This can always be achieved by a translation.)
Note that this inclusion implies 0 = (v;,0) < «; for all ¢ € I. Consider now some i € A(x). We have to show that
the half-space H; = {z € R? | (14, z) < 0} is not redundant for Z(z). We choose z; € Z according to (2.11) and
set z:= (1 4+¢&)x; —x with € > 0. Then z ¢ H; since (v;, z) = ea; > 0. On the other hand, for j € A(z) \ {i} we
have (v;,z; —x) <0, so (vj,2z) = e(v;, x;) + (vj,x; — x) < 0 if € is small enough. This shows that H; is indeed
nonredundant for Z(x) and completes the proof. O

Lemma 2.10 (properties of the linearization cone). Let Z C RY be a nonempty convex polyhedron with a
description {(vi, ;) bier. Then the following statements are true.

i) For every x € Z, there exists € > 0 such that
w+sz€Z Vw € Bo(x)NZ Vse[0,e] Vze Bi(0)N Z(x).
ii) For every x € R?, there exists ¢ > 0 such that
z(x +2) = 72(T) + Tz(ny@) (T + 2 — 72(T)) Vz € B:(0).

iii) For every x € Z, it holds Z(x) = Kyaqa(x; Z) = Kean(x; Z). In particular, if Z is a nonempty conver
polyhedral cone, then Z(0) = K,q4(0; 2) = Z.

w) If {(vi,a;)}lier is regular, then, for every point x € Z, there exists a wunique collection of wvectors
{ei}ica@) C Z(x) (empty in the case A(x) = () satisfying

e € span({vy | k € A(z)}), leil =1, and (vi,e;) <0=(v;,e;) Vi,je Ax),i#j. (2.12)
The vectors e;, i € A(z), form a basis of span({vy | k € A(z)}), and it holds

2€Z(x) & 2=z + 2 withz €span({y; |i € A(x)})*, 20 = Z Biei, Bi >0 Vie A(z).
i€ A(x)
(2.13)

Proof. We begin withi): Let x € Z. As the functions F;: R x R? — R, (w, z) — (v;,w+2), i € I, are continuous
and satisfy F;(z,0) < a; for all i € Z(x), we can find € > 0 such that F;(w, z) < «o; holds for all w € B.(z),
z € B:(0), and ¢ € Z(x). This implies that, for all ¢ € Z(x), we have (v;,w + sz) < «; for all w € B.(x) N
Z, s €[0,¢], and z € B1(0) N Z(z). If, on the other hand, ¢ € A(x), then we have (v;,w + sz) = (v;,w) +
s(vi,z) < a; +0 for all w € B.(z) N Z, s € |0,¢], and z € B1(0) N Z(x) by the definitions of Z and Z(z). This
establishes 1).
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To prove ii), suppose that = € R? is given. From the Lipschitz continuity of 7, we obtain that there exists
€ > 0 such that A(rz(z + 2)) C A(mz(x)) holds for all z € B.(0). In combination with (2.2), this yields

mz(x + z) = argmin { %|v —z—z? ' (vi,v) < a; Vi € A(ﬂ'z(m))} Vz € B.(0),

which, by means of the variable transformation w = v — 7wz (x), can be rewritten as

wz(x + 2) = mwz(x) + arg min { %|w +rg(x) —x—2? | (v, w) <0Vie A(wz(x))}

=7z2(2) + Tz(ny @) (@ + 2 —72(2)) Vz € B:(0).

This establishes ii).

Next, we prove iii): Let © € Z be given. Since Z(z) is closed, it suffices to prove that Z(x) = Kyaq(z; Z). If
z=8(y—z) € Kraa(z; Z) with y € Z and s > 0, then (v, z) = s((v;,y) — ;) <0 for all i € A(x). Conversely,
if 0 # z € Z(x), then from i) we obtain that z + sz = z + s|z|(2/|z|) € Z if s > 0 is small enough.

It remains to prove iv): Let z € Z be given. We assume w.l.o.g. that A(z) # 0. (For the degenerate case
A(z) = 0, the assertion is true due to the conventions span(f)) = {0}, >,y Bie; = 0, etc.) Fix i € A(z). We set
V:=span({r; | j € A(z)}) and W := span({v; | j € A(z) \ {¢}}). Since the vectors v;, j € A(zx), are linearly
independent by our assumptions, we have dim(W) = dim(V) — 1 and 0 # e := v; — mw (v;) € WL NV. Moreover,
dim(W+) = d +1 - dim(V) and dim(W+ + V) = d since W+ > V. It follows that dim(W+ NV) =1 and
(vi,e) = (e,e) # 0. Thus, W+ NV contains precisely one vector e; — a scalar multiple of e — satisfying (2.12). By
repeating this construction for all other indices in A(x), the uniqueness and existence of vectors e;, i € A(x),
with the properties in (2.12) follow. That the vectors e;, i € A(x), are linearly independent and, consequently,
form a basis of V follows straightforwardly from (2.12). It remains to prove (2.13). The implication “«<” in
this equivalence is again a direct consequence of (2.12). To prove “=", let z € Z(z) be given. Then there
exist unique z; € V' and 2z, € V satisfying z = z; + 2. Since the vectors e;, i € A(x), form a basis of V,
there exist unique 8; € R, i € A(z), satisfying 22 = 3_,c 4(,) Bi€i- From z € Z(z) and (2.12), it follows that
0 > (vj,2) = (vj, 22) = B (v, €;) holds for all j € A(x), where (v;,e;) < 0. Thus, ; > 0 for all j € A(x) and
(2.13) is proved. This establishes iv) and completes the proof of the lemma. O

Lemma 2.11 (formulas for polar and normal cones).

i) Let Z be a convex polyhedral cone with a description {(v;,0)}ier. Then it holds

Z° = {Zﬂiw

iel

Bizowef}.

ii) Let Z be a nonempty convex polyhedron with a description {(vi, ;) }icr. Then, for every x € Z, it holds

Nz(x)=Z(@)° =3 Y B | Bi>0Vie Al)
1€A(x)
Proof. This is [55], Lemma 3.1. O

Note that the right-hand sides of the formulas in Lemma 2.11 are understood as {0} in the case that the
summation index set is empty (by the convention for the empty sum). We are now in the position to introduce:

Definition 2.12 (non-obtuse polyhedron). A full-dimensional convex polyhedron Z C R? is called non-obtuse
if (v;,v;) <0 for all 4,5 € I with ¢ # j holds for one (and thus all) of its standard descriptions {(v;, &) }ier.
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The following two results collect properties of non-obtuse polyhedra that are essential for the analysis of the
jumps of the directional derivatives of the vectorial stop operator in Sections 3.3 and 3.4.

Proposition 2.13 (regularity of non-obtuse polyhedra). Let Z C R%, d € N, be a full-dimensional convex
non-obtuse polyhedron and let H = {(vi, ;) }ier be a standard description of Z. Then H is regular.

Proof. Let € Z be arbitrary and assume that §; € R, i € A(x), are numbers such that ZieA(x) Biv; =0

holds. Choose Z € int(Z). Then it holds (v;, %) < «; for all i € I and h := % — x € R? satisfies (v;, h) < 0 for all
i € A(z). Since Z is non-obtuse, we further obtain

2 2 2
0= Z Bivi| = Z Bivi| +2 Z Z BiB; (vi,vj) + Z Bivi
i€ A(x) i€A(z),0:>0 i€A(x),B8:;>0 jEA(x),B;<0 i€A(x),0:<0
2 2
>\ Y Bw| +| >, B
i€ A(z),8:>0 i€ A(x),8:<0

The above implies
0= <h > 5M> = Y Bi(hw) and 0= <h > m> = Y. Bilhw).
i€ A(z),8;>0 i€A(z),8:>0 i€ A(x),B:<0 i€ A(x),B8:<0

As (h,v;) <0 for all ¢ € A(x), this can only be true if there is no i € A(z) with 3; # 0. This shows that the
vectors in the set {v; | i € A(x)} are linearly independent and that H is indeed regular. O

Lemma 2.14 (properties of non-obtuse polyhedra). Let Z C R%, d € N, be a full-dimensional non-obtuse convex
polyhedron and let H = {(vi, ;) }ier be a standard description of Z. Then the following is true.

i) It holds
rye ZveRz+veZ = T+ Tze (v) € Z. (2.14)
ii) For all j € I, it holds
z€RY, (vj,x) = = (vj,mz(x)) = .
iii) If Z is additionally a cone, then it holds
x,y € Z = Ty+zo(x) € Z and x — mysz0(x) = mz(x —y) € Z.
i) If Z is additionally a cone, J C I an index set, and V := span({v; | i € J})*, then it holds
RSA = my(x) € Z.

Proof. We begin with i): Let z, y, and v be as on the left-hand side of (2.14). For Z(y) = R4, (2.14) is trivially

true. We may thus assume w.l.o.g. that Z(y) # R?. In this case, we have A(y) # 0. Applying Proposition 2.2iv)
and Lemma 2.11, we see that there exist 8; > 0, ¢ € A(y), such that

Wz(y) ('U) + ﬂ-Z(y)O (U) =, <71'2(y)o (’U), Wz(y) (U)> = 0, Wz(y)o (’U) = Z 511/1 (215)
i€ A(y)



14 M. BROKATE AND C. CHRISTOF

It follows that }_,c 4(,) Bi(Vi, Tz(y)(v)) = 0. Since all summands are nonpositive,

Bivj, mz)(v)) =0 Vj € Aly). (2.16)

Consider now some j € I. If j & A(y) or j € A(y) and 8; = 0, then the non-obtuseness of Z, x € Z, and (2.15)
yield

(Vj, @+ mz(0 (v)) = (vj,z) + Z Bi (vj,vi) < (vj,x) < .
i€ A(y),i#£]

If, on the other hand, j € A(y) and §; > 0, then it follows from (2.16) and z + v € Z that
(Vj, 0+ Tz (v)) = (Vj, @ + Tz()0 (V) + T2 (V) = V), z+v) < 0.

Thus, T + Tz (y)o (v) € Z and the proof is complete.
Next, we prove ii): Let z € R? with (v;,z) = a; for some j € I. Since  — 7z(z) belongs to the normal cone
to Z at wz(x), it follows from Lemma 2.11 that there exist /3; > 0 such that

x—7gz(x) = Z Biv;.

i€ A(rz(x))

Since (v;,z) = aj,

a; — (v, mz(x)) = Z Bi(vj, vi). (2.17)

i€A(rz(x))

Suppose now that (v, mz(x)) < ;. Then the left side of (2.17) is > 0, but the right side is < 0 as j ¢ A(7z(x))
and Z is non-obtuse, a contradiction. Thus, (v;, 7z (z)) = a; and the proof of ii) is complete.

To prove iii), suppose that Z is a cone and that x,y € Z are given. We claim that 7,4 zo (z) = y + 720 (x — y)
holds. To see this, we note that we trivially have y + 2. (x — y) € y + Z° and that (2.3) for mz. yields

(y+7mze(r—y)—z,w—y—7mze(x—y)) = (mze(x —y) — (x —y), (w—y) —7ze(x—y)) 20 Ywey+2Z°

Thus, 7y zo () = y+ 720 (x — y) as claimed. From (2.6), we may now deduce that = y+ mzo (z —y) + 7z (z —
Y) = myyzo(x) +mz(z —y). The assertion x — 74 zo (z) = 7z (xz —y) € Z follows immediately from this identity.
It remains to prove that my1zo(x) =y + mzo(x —y) € Z. Since Z(0) = Z by Lemma 2.10iii), setting y = 0 in
(2.14) and replacing there x by y as well as v by  — y, we see that y + 7z (x — y) € Z. This establishes iii).

It remains to prove iv): By Corollary 2.7, we have H = {(v;,0)}icr. If J = 0 holds, then we have V = R?
by our convention span(f)) = {0} and there is nothing to prove. So let us assume that @ # J C I = {1,...,n},
n € N, holds; w.lo.g. J ={1,...,m} for some m < n. Suppose further that x € Z is given. Then there exists
B = (B1,..., Bm) " € R™ such that 7y (z) + Yoty Bjvy = x. Define M := (v1,...,vm) € R¥>™ Then it follows
from x € Z and (v;, 7y (z)) = 0 for all i = 1,...,m that MTMB = MT (ny(x) + MB) = M "x € (—o0,0]™. By
taking the scalar product with the vector § := (max(0, B1), ..., max(0, 3,,)) T € R™ in the above, by exploiting
the non-obtuseness of Z, and by distinguishing cases, we obtain that

0> > max(0,8;)(wi,v;)B; > D | Y max(0, ;) {vi, vy) max(0, 8;) = (MG, MB) = [MBJ*.

i=1 j=1 i=1 j=1
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Since H is regular due to Proposition 2.13, the above implies B = 0 and, as a consequence, 3; < 0 for all
i=1,...,m. Since Z is non-obtuse and x € Z, the nonpositivity of the numbers 5;, i = 1,..., m, implies

<Vi,7TV($)> = <Vi,],‘ — Z,le/j> = <I/i,$> — Zﬁj <Vi7Vj> S <Vi,.T> S 0 VZ & I\ J

As (v;, my (z)) = 0 holds for all ¢ € J by the definition of V, this shows my (z) € Z and completes the proof. O

Next, we study the properties of polyhedra that are not non-obtuse. Our main goal is to prove that such
polyhedra always possess an obtuse ridge. This result is essential for the construction of the counterexamples
in Section 4. We proceed in two steps, beginning with the special case of a cone.

Lemma 2.15 (existence of an obtuse ridge for a polyhedral cone that is not non-obtuse). Let Z C RY, d € N, be
a full-dimensional convex polyhedral cone that is not non-obtuse. Let H = {(v;,0)}icr be a standard description
of Z. Then there exists w € Z such that A(w) = {i1,i2} holds for some i1,i2 € I satisfying (v;,, vi,) > 0.

Proof. We use induction w.r.t. the cardinality n € Ny of the index set I of the standard description of Z. For
n € {0, 1}, there are no polyhedral cones that are not non-obtuse. For n = 2, the assertion is trivial.

Suppose now that 2 < n € N is given and that the assertion is proven for all cones with the properties in
the statement of the lemma whose standard descriptions have at most n — 1 elements. Assume further that a
cone Z C R fulfilling the assumptions of the lemma is given with a standard description {(v;,0)};c; satisfying
|I| = n. As Z is not non-obtuse, there exist i1,i3 € I with iy < ig such that (v;,,v;,) € (0,1). Define

Ji={jeI\{i}]|Ire Znspan({r1,...,vn}) \ {0} s.t. (v;,,2) = (vj,2) =0}.

We claim that J # ). To see this, choose Z such that the conditions in (2.11) hold for ¢;. We may assume
w.l.o.g. that Z € span({v1,...,vn}) (else we replace & by the projection Tsyan(fu,,...,r,,3)(Z)). Choose further
y € span({v;,,vi, }) Nspan({vy, ..., v }) \ {0}. (Such a vector y exists since dim(span({vy,...,v,})) > 3 by our
assumption n > 3 and the properties in Proposition 2.6.) Define z, := (1 — )& + sy, s € [0,1]. Then it holds

(vi,,zs) =0 Vs e0,1], (Viy, 1) = 0, (Vin,xs) <0 Vs €10,1).

If y = 21 € Z holds, then the above yields i; € J and we obtain J # () as desired. If y = 21 € Z holds, then
we have 5 :=sup{s € [0,1] | 5 € Z} € (0,1). This implies that there exists [ € I\ {41} such that (v, z,) <0
holds for all s € [0,5) and (v, z5) = 0. As (v;,,x5) < 0 holds and due to the properties of Z, y, and s, we have
x5 € ZNspan({v1,...,vn}) \ {0}. Thus, | € J and J # 0 as asserted.

Next, we prove that

Z nspan({vy, ...,v, }) Nspan({v;, ) = {z € span({v1, ..., vn}) | (vj,2) <0 = (v, 2)Vj € J}. (2.18)

To see that this assertion is true, we first note that the definitions of the involved sets immediately imply
that “C” holds in (2.18). To see that we also have “D”, we argue by contradiction. Suppose that there exists
x € R? that is contained in the set on the right-hand side of (2.18) but not in the set on the left. Then it holds
x € span({v1,...,vn}) \ {0}, (v, z) = 0, and there exists a nonempty index set I' C I\ (JU{i1}) such that
(vi,x) > 0 for all i € I’ and (v;,x) <0 for all 4 € I\ I'. We again consider a point Z € span({vy,...,v,}) that
satisfies (2.11) for the index i; and define x5 := (1 — s)Z + sz, s € [0, 1]. Then it holds x5 € span({v1,...,vn})
for all s € [0,1] and

(vi,20) <O0Vie T\ {ir1}, (vi,xs)=0Vse[0,1], {(v,zs)<0Vse[0,1)Vied (v,z)>0Viel.
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Define 5 :=sup{s € [0,1] | z; € Z}. Then we again have 5 € (0, 1) and for x5 there exists [ € I'\ (J U {i1}) such
that (v, zs) < 0 holds for all s € [0, 5) and (v, z5) = 0. As J # () and (v;,z5) <0 for all s €[0,1) and all ¢ € J
and due to the definition of 5, we have zz € Z \ {0}. By the definition of J, this yields [ € J, which creates a
contradiction. Thus, (2.18) holds as claimed.

Now we can turn our attention to the proof of the assertion of the lemma. Let us first consider the special
case J = {ia}. In this case, it follows from the definition of J that there exists x € Z Nspan({vy,...,vn}) \ {0}
such that (v;,,x) = (v4,,2) = 0 holds and it follows from J = {io} that this x satisfies (v;,z) < 0 for all
J € I'\ {i1,i2}. In this situation, the assertion of the lemma holds with w := 2 and we are done.

Henceforth, we may thus assume that J \ {io} # 0. Let now {{1, ..., ftm} be a basis of span({vy,...,vn})*.
(If span({vy, ..., vn}) = R? holds, then we set m := 0, {1, ..., ftm } := 0.) We invoke Motzkin’s theorem of the
alternative [56], Theorem 4.2, p. 28 to obtain that precisely one of the following statements is true:

(I) There exists h € R? such that
<I/i7h> <0Vie J\{ZQ}, <I/¢1,h> = <Vi2,h> =0, <‘LLZ7h> =0 Vi=1,...m

(IT) There exist 8; > 0, ¢ € J\ {i2}, not all zero, and numbers v1,y2,7; € R, i = 1,...,m, such that

Z Bivi = Vi, + Yaviy + Zmlh‘. (2.19)

ieJ\{iz} i=1

Let us first consider option (I). In this case, (u;, h) =0 for all ¢ = 1,...,m yields h € span({v1,...,Vn}), we
have (v;,,h) = (v;,,h) =0, h is not zero since J \ {i2} is not empty, and it holds h € Z by (2.18). Due to the
definition of the set J, this yields that we also have (v;,h) < 0 for all i € I'\ (J U {i1,i2}). Thus, after collecting
everything, we obtain (v;,,h) = (v;,,h) = 0 and (v;,h) < 0 for all 4 € I\ {i1,i2}. In this case, w := h satisfies
all of the conditions in the lemma and we are done.

It remains to study option (II). In this case, by again choosing Z € span({v1, ...,v,}) for 4; as in (2.11) and
by exploiting that the coefficients §; are nonnegative and not all zero, we obtain that

0> > (Bivi, &) = (yvi, + Yavip, ) = 72 (Viy, &) -
i€J\{i2}

Since (v;,, %) < 0, this yields 72 > 0. Analogously, we also obtain v; > 0. By taking the scalar product with v;,
in (2.19) and by exploiting that (v;,,v;,) > 0, we now obtain

0<y < (v, +%elis,vi) = Y Bilvi,vi,).
i€J\{i2}

Due to 8; > 0, the above can only be true if there exists k& € J \ {i2} with (vg,v;,) > 0. According to the
definition of J, we can find x € Z Nspan({v1, ...,vn}) \ {0} for this & such that (v;,,x) = (vg, ) = 0. Note that
there exists j € I such that (v;,x) < 0 for this «. Indeed, if this was not the case, then (v;,z) =0 for all ¢ € I
and z € span({v1, ..., v, }) would imply x = 0 and yield a contradiction. Consider now the cone Z(z) = {z €
R | (v;,2z) <0Vi € A(z)}. By Lemma 2.9, Z(x) is full-dimensional and {(v;,0)};c () is a standard description
of Z(z). Further, we have 2 < |A(x)| < |I| — 1 by construction and Z(z) is not non-obtuse since i1, k € A(z).
By our induction hypothesis, this yields that there exists w € Z(z) such that {i € A(z) | (v;, w) = 0} = {j1,j2}
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with v, , v, satisfying (v;,,v;,) > 0. Define w, := x + s@, s > 0. Then

<I/i,S’LZ)> =0 ifi € {jl,jg},
<l/i,’LUs> = <1/i,su~1) <0 ifi e A((E) \ {jl,jg},
(vi,z) + s(v,w)y  if i € I(x),

holds for all s > 0. By choosing s > 0 small enough, we achieve that (v;, ws) < 0 for all i € Z(x). The resulting
ws € Z then has all of the desired properties. This completes the proof. O

Next, we extend Lemma 2.15 to arbitrary polyhedra that are not non-obtuse.

Proposition 2.16 (existence of an obtuse ridge in the general case). Let Z C R?, d € N, be a full-dimensional
convez polyhedron that is not non-obtuse. Let H = {(v;, ;) }ier be a standard description of Z. Then there exists
w € Z such that A(w) = {i1,i2} holds for some i1, € I satisfying (v, vi,) > 0.

Proof. As Z is not non-obtuse, there exist k,1 € I with (vg, ;) > 0. From Proposition 2.6, we obtain that, for
these k, 1, we can find zy, x; € Z satistying (vi, ) = ag, Vi, xp) < oy Vi £k, (v, 21) = ay, (v, x1) < o Vi # L.
Define

<l/l,l'k> — O

T =Tk — <Vl’Vk>

v, € RY, h:=%—x, and ~:[0,1] = R ~(s):=x; + sh.

Then we have v(0) = z; and 7z (y(1)) = 7z(Z) = zy, it holds

<l/z,$k> —Q

(1) ”k>—az vsel0.1), (220

() = (1— ) (i) + 5 () = (1= s)on + s <w -

and there exists ¢ € (0,1) such that
mz(v(s)) =7(s) Vs €[0,é]. (2.21)
Define
§:=sup{s € [0,1] | (v, mz(y(r))) = a1 Vr € [0, s]}.

Then (2.20), (2.21), (v, 7z(v(1))) = (v, k) < ay, and the continuity of 7z imply that 0 < e < § < 1. Consider
now the point y := w7 (7(5)). Then the definition of § implies that there exists a sequence {s,,} C (5, 1] such
that s,, — 5 holds and (v, 7z(v(sm))) < oy = (v, y) for all m € N. In combination with Lemma 2.10ii), it
follows that, for all sufficiently large m, we have

Wi, mz(v(sm))) = Wi,y + T2 (V(sm) —¥)) = ar + (v, Tz (V(sm) —y)) <

and, thus, (v, 7z, (v(sm) —¥)) < 0. Due to (2.20) and the definition of y, however, we have [ € A(y) and
(W1, Y(sm) —y) = a; —og = 0. In view of Lemma 2.14ii), this shows that Z(y) is not non-obtuse. (Note that Z(y)
is full-dimensional and that {(v;,0)};c4(y) is a standard description of Z(y) by Lemma 2.9.) Thus, Lemma 2.15
can be applied to the polyhedral cone Z(y) and it follows that there exists w € Z(y) such that {i € A(y) |
(vi,w) = 0} = {i1,i2} holds with v;,,v;, satisfying (v, ,v;,) > 0. Define wg := y + sw, s > 0. Then it follows
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analogously to the last step in the proof of Lemma 2.15 that, for all small enough s > 0, we have

=a; +0 ifiE{il,iQ},
(vi,ws) = (vi, y) + s(vi, W) § < ifi € A(y) \ {i1,42},
< oy if i € Z(y).

The above shows that we can choose w := w; for a small enough s > 0 to obtain a point w € Z with all of the
desired properties. This completes the proof. O

Corollary 2.17 (equivalence of local and global non-obtuseness). Let Z C RY be a full-dimensional convex
polyhedron and let {(v;, ;) }icr be a standard description of Z. Then the following statements are equivalent.

i) Z is non-obtuse, that is, (v;,v;) <0 for alli,j € I withi# j.
it) Z has only non-obtuse ridges, that is, for all x € Z with A(x) = {i1,i2}, it holds (v;,,vi,) < 0.

2.4. Preliminaries on the Kurzweil-Stieltjes integral

A further important ingredient of our analysis is Kurzweil-Stieltjes integration theory. Let a,b € R, a < b,
be given and fixed. We denote the Kurzweil-Stieltjes integral of an integrand f: [a,b] — R w.r.t. an integrator

g: la,b] = R by
b b
[t o [ edee),

For an in-depth introduction to the theory of Kurzweil-Stieltjes integration for scalar functions, we refer the
reader to [52], Chapter 6. Let us now additionally assume that d € N is given and fixed. If f: [a,b] — R? and
g: a,b] — R are vector functions, then we define the Kurzweil-Stieltjes integral of f w.r.t. g via

/ab<f, dg) == zi:/ab fi dg;, (2.22)

provided that the scalar Kurzweil-Stieltjes integrals on the right-hand side of this definition all exist. Due to its
componentwise definition, the vectorial version of the Kurzweil-Stieltjes integral in (2.22) inherits essentially all
properties from its scalar counterpart studied in [52]. We briefly recall the most important facts and results in
the following. For more details, see [52], Chapter 6.

Lemma 2.18 (existence of the integral). The Kurzweil-Stieltjes integral in (2.22) ezists if f,g € G([a,b]; R?)
holds and at least one of the functions f and g is an element of BV ([a, b]; R?). In this case, it yields a real number.
If f € C([a,b;R?Y) and g € BV ([a,b];RY), then the Kurzweil-Stieltjes integral coincides with the Riemann-
Stieltjes integral. In particular, we have

b b
/<f7d9>=/ (f(s),9(s))ds  Vf e C(la,b;RY) Vg € Wh((a,b);RY).

Proof. The assertions follow from [52], Theorems 5.6.1, 6.2.12, 6.3.11, Corollary 5.4.4 and (2.22). O

Lemma 2.19 (linearity and additivity of the integral). The Kurzweil-Stieltjes integral in (2.22) is linear in
both its integrand and its integrator. Further, for all ¢ € (a,b) and f,g € G([a, b]; R?) with f € BV ([a,b];R?) or
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g € BV([a,b];RY), we have

/ab<f7dg>=/:<f,dg>+/cb<f,dg>_

Proof. This follows from [52], Theorems 6.2.7, 6.2.9, 6.2.10 and (2.22). O

Lemma 2.20 (constant integrators and integrands). If f,g € G([a,b]; R?) holds and c € R? is interpreted as a
constant function, then we have

b b
[ teds) = (o) g and [ (7.0 =0

Proof. The assertions of this lemma follow from [52], Remark 6.3.1 and (2.22). O
Lemma 2.21 (singular integrators and integrands). Let f,g € G([a,b];R?) and c € R? be given. Then it holds
7<f(a)7c> ift:aa

b
/ (F(5),d(cl gy (5))) = 4 0 ifa<t<b,
¢ (f(b),c) ift =0,

and
b (c,9(a+) —g(a)) ift=a,
/ (cliny(s),dg(s)) = { (e, g(t+) —g(t=)) Ffa<t<b,
’ (c,g(b) —g(b=))  ift=b.
Proof. The assertions of the lemma follow from [52], Lemmas 6.3.2, 6.3.3 and (2.22). 0

Lemma 2.22 (integrator-integrand estimate). For all f € G([a,b];RY) and g € BV ([a,b]; R?), it holds

/ab<f7 dg)

Proof. Using (2.22), [52], Theorem 6.3.6, and our definitions of || - || and var(-; [a,b]), we may compute that

< d||flles var(g; [a, b]).

b d b d
[ a9 <> [ 100, < 3yl var( o) < o var(s ),
a j=1 j=1
This establishes the desired inequality. O

Lemma 2.23 (limit transitions with uniform convergence). Let {gr} C BV ([a,b]; R?) and {f} C G([a,b];R?)
be sequences satisfying supyen var(gr; [a, b)) < 0o, limg o0 ||gr — 9lloc = 0, and limy_oc || fr — flloo = 0 for some
g € BV ([a,b];R?) and f € G([a,b];R?). Then it holds

b

b
Jim. ’ (fr,dgr) :/a (f,dg).

Proof. The assertion of this lemma follows immediately from [52], Theorem 6.8.8 and definition (2.22). O
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Theorem 2.24 (bounded convergence theorem). Let g € BV ([a,b]; R?) be given and let {fr.} C G([a,b]; R?) be
a sequence that satisfies limy_,o0 fi(s) = f(s) for all s € [a,b] and supycy || fxlloo < 00 for some f € G([a,b]; R?).
Then it holds

b

b
lim (fk,d9>:/ (f,dg).

k—oo [,

Proof. This result follows from [52], Theorem 6.8.13 and again the componentwise definition in (2.22). O
Lemma 2.25 (integration of limits). Let f € G([a,b];R?) and g € CBV([a,b];RY) be given. Then it holds

/ab<f,dg>=/:<f+,dg>=/ab<f,dg>,

Proof. The assertion of the lemma follows straightforwardly from Theorem 2.24, Lemmas 2.19 and 2.21, and
the fact that regulated functions possess at most countably many points of discontinuity. O

Lemma 2.26 (integration over subintervals). Let f € G([a,b];R?), g € BV ([a,b];R?), and a < s <t < b be
given. Suppose that s and t are points of continuity of g. Let J € {(s,t), (s,t],[s,t),[s,t]}. Then it holds

/ab<]ljf7 dg) = /:(f, dg) = /:<f, dg.) = /:<f, dg_). (2.23)

Proof. The first equality in (2.23) follows from [52], Theorem 6.9.7 and (2.22). The second and third one are
easy consequences of Lemmas 2.19; 2.21, and 2.23 and the fact that functions of bounded variation possess at
most countably many points of discontinuity. O

Lemma 2.27 (integration by parts formula). Let f,g € G([a,b]; R?) be given and suppose that at least one of
the functions f and g is an element of BV ([a,b]; R?). Then it holds

b

b
/ (f,dg) = (F(B), g(B)) — (f(a), g(a)) — / (9,df)

a

+ D0 (&) = f(5),9(s) —gl(s=)) = D {f(s) = f(), 9(s+) — g(s)).

a<s<b a<s<b

Proof. This result is a straightforward consequence of [52], Theorem 6.4.2 and (2.22). O
The following lemma is a useful tool in Section 3.

Lemma 2.28 (criterion for nonnegativity). Let f € G([a,b]) and g € CBV ([a,b]) be given. Suppose that g is
nondecreasing on [a,b] and that the following is true:

Vs € [a,b] with f(s) <03es >0 : g=const on (s —es,5+e5)N]a,b]. (2.24)

Then it holds

b
/ fdg>0.

Proof. Let f and g be as in the assertion of the lemma. Choose for every s € [a, b] satisfying f(s) < 0 a number
€s € (0,1) asin (2.24) and define U := ;¢ (4.4, £(s)<0(5 —€s, 5 +€5) C R. Then U is an open and bounded set and
possesses at most countably many (necessarily open and disjoint) connected components. Further, all of these



DIRECTIONAL DIFFERENTIABILITY FOR SOLUTION OPERATORS OF SWEEPING PROCESSES 21

connected components are nonempty open intervals. We denote the components of U with U, = (aym, Bm) C R
—00 < Q < Bm < 00, and the associated finite/countable index set with M. Due to (2.24) and g € CBV ([a, b]),
g is constant on [am, Bm] N [a, b] for all m € M. Further, we have by construction that min(0, f) € G([a,b]) is
zero on [a,b] \ U. This implies that

min(0, f) = min(0, /)y = Y min(0, f)ly,, (2.25)
meM

holds in [a, b] and, due to Lemmas 2.20 and 2.26, that
b min(b,SB.m,)
/ 1y, min(0, f)dg = / min(0, f)dg =0 Ym € M. (2.26)
a max(a,m)
In combination with Lemma 2.19 and Theorem 2.24, the equations (2.25) and (2.26) yield
b b b
[ min@.dg= [ 3 win0. pto,dg= Y [ mino, £)1s,dg =0,
@ ¢ meM meM V¢

As the definition of the Kurzweil-Stieltjes integral implies that the integral of a nonnegative integrand w.r.t. a
nondecreasing integrator is nonnegative, see [52], Chapter 6, we may now conclude that

/abfdg = /ab max(0, f)dg + /ab min(0, f)dg = /ab max (0, f)dg > 0.

This completes the proof. O

Next, we recall Helly’s selection theorem, which plays an important role in Section 3.

Theorem 2.29 (Helly selection theorem). Suppose that {gi} is a bounded sequence in BV ([a,b];R?). Then
there exist a subsequence {gi,} and a function g € BV ([a,b]; R?) such that

lim gi,(s) = g(s) Vs€labl and  var(gs[a,b]) < supvar(ge; [a, b]).
=00 keN

Proof. The assertion of this theorem follows straightforwardly from [52], Theorem 2.7.4. O

We conclude this subsection by proving two convenient auxiliary results for C BV ([a, b]; R?)-functions.

Lemma 2.30 (mollification of continuous functions of bounded variation). Let v € CBV ([a,b];R?) be given
and let {netes>o C C°(R) be standard mollifiers as defined in [57], Section C.5. Define

v(a) ifs<a,
Ve = (e % 0)|[ap), € >0, where 0(s) == qv(s) ifs€[a,b], (2.27)
o(b) if s> b,

and where x denotes a (componentwise) convolution, i.e.,

nexv: R = R4, (ne x ) (¢) := / O(8)n:(t — s)ds.
R
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Then v. € C*([a,b]; R?) holds for all e > 0 and we have

lv — vellc((a,b)rey — 0 and var(v; [a, b]) > var(vg; [a, b]) — var(v; [a, b)) fore — 0. (2.28)
Proof. That v. € C*([a,b]; R?) holds for all € > 0 and that v — ve||¢((4,p);re) = 0 for € — 0 follows from [57],

Theorem C.5-7(i),(iii). To see that var(ve;[a,b]) < var(v;[a,b]) holds for all € > 0, suppose that a partition A
of the form a =ty <t; < ... <ty =b, N € N, of [a,b] is given. The definition of v. implies

N N
vara (ve; [a, b]) := Z ve(t;) — ve(tj—1)| = Z /Rne(S)@(tj —8) = n(s)0(tj—1 — s)ds
S =t (2.29)
< /Rns(s) ;::1 |o(t; —s) —0(tj—1 — s)|ds < /Rns(s)ds var(v; [a, b]) = var(v; [a, b]),

where we used that ¢ is constant on (—oo,a] and [b, 00), respectively. Taking the supremum over all A in the
above yields var(ve; [a, b]) < var(v; [a, b]) for all € > 0 as desired. It remains to prove that var(v; [a, b]) converges
to var(v; [a,b]) for e — 0. To this end, we note that var(-;[a,d]): C([a,b]; R?) — [0,00] is, by definition, the
pointwise supremum of the family of functions {vara (-; [a,]): C([a,b]; R?) — [0,00) | A is a partition of [a, b]}.
Here, vara (+; [a,b]) is defined as in (2.29). As the functions vara (-;[a, b]): C([a, b]; R?) — [0,00) are continuous,
this implies that var(-; [a, b]): C([a,b]; R?) — [0, 0] is a lower semicontinuous function. Consequently,

var(v; [a, b]) > lim sup var(v; [a, b]) > lim inf var(v,; [a, b]) > var(v; [a, b]).
e—0 e—=0

This completes the proof. O

Lemma 2.31 (fundamental theorem in CBV ([a,b];R%)). Let v € CBV ([a,b];R?) be given and suppose that
F: R? = R is continuously differentiable. Then it holds

b

F(’U(b))*F(v(a)):/ (VE(v(s)),dv(s)). (2.30)

Proof. Let {vc} be as in Lemma 2.30. Then, for each € > 0, we have

b

b
F(ve(b))—F(vs(a))Z/ <VF(vs(8))7@e(8)>dS=/ (VE(ve(s)), dv(s)), (2.31)

a

where the second identity follows from Lemma 2.18. Since [[v — ve|lc((a,p);re) — 0 holds and since F is C*,
we have |[VF(v) — VF(ve)l ¢ (jap);re) — 0. Further, we know that var(v.; [a, b]) < var(v; [a, b]) for all € > 0. In
combination with Lemma 2.23, this allows us to pass to the limit £ — 0 in (2.31) to arrive at (2.30). O

2.5. Preliminaries on the vector play and stop

As a final preparation for our analysis, we recall some results on the vector play and stop. Throughout this
subsection, we make the following assumptions:

Assumption 2.32 (standing assumptions for Section 2.5).

i) d e Nand T > 0 are given and fixed;
ii) Z c R? is a full-dimensional convex polyhedron;
iti) ‘H = {(v4, ;) }ier is a standard description of Z.
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Proposition 2.33 (unique solvability of the EVI). The evolution variational inequality

y € CBV([0,T);RY), y(t)e 2 vte[0,T],  y(0) = o,
T \%
A <Ufyad(y7u)>20 VUGC([O’T};Z), ( )

has a unique solution y € CBV ([0, T];RY) for all (u,yo) € CBV([0,T};RY) x Z. If u € WH1((0,T); RY) holds,
then the solution y of (V) is also the unique solution of the problem

y € WH((0,T);R) ytyeZ vel0,T],  y(0)=uyo,

. . ’ (2.32)
(g(t) —u(t),v—y(t) >0 YveZ fora.a te(0,T).

Proof. The unique solvability of (V) follows from [4], Theorem 4.1, and that the solution of (V) is uniquely char-
acterized by (2.32) in the case u € W11((0,T); R?) follows from [4], Proposition 4.1. (Note that the additional
assumption 0 € Z in [4] is unimportant since we can always satisfy it by means of a translation.) O

Lemma 2.34 (regulated test functions). In the situation of Proposition 2.33, the solutiony of (V) also satisfies

/ (v—y,d(y —u)) >0 Vv € G([s1, s2]; Z) V0 <s1 <89 <T. (2.33)

S1
Proof. This lemma can be proved completely analogously to [48], Lemma 4.2; see also [4], Lemma 4.1. O

Definition 2.35 (play and stop operator). The solution operator S: CBV ([0, T];RY) x Z — CBV ([0, T]; R%),
(u,y0) + y, of (V) is called the stop operator. The function P: CBV ([0, T];R%) x Z — CBV ([0, T]; R?) defined
by P(u,y0) :=u — S(u,yo) is called the play operator.

Note that, due to the above definitions, continuity and differentiability results for S carry over to P and
vice versa. This allows us to focus on S in the remainder of this paper. Next, we study Lipschitz continuity
properties of S. For WH1((0,T); R%)-inputs u, a Lipschitz estimate for S with values in W1((0,7); R%) has
been derived in [4], Theorems 7.1, 7.2. We extend this result to CBV ([0, T]; R¢) with the following lemma:

Lemma 2.36 (extension of Lipschitz estimates). Let X be a normed space, let D C X be a set, and let

F:CBV([0,T);R%) x D — CBV([0,T]; R?) be given. Suppose that there exist constants Ly, Ly > 0 satisfying

| F (w1, z1) — F(uz, z2) o o,r);me)

] (2.34)
< Ly ([lur — usllego,rre) + 21 — 22l x) V(ui, 1), (u2, z2) € CBV([0,T];RY) x D

and

var (F(uy,x1) — F(ug,z2);[0,T])

s N . (2.35)
< Ly ([[i1 — t2|l 1 o,7)Re) + 21 — 22]/x) V(u, 1), (ug, z2) € C([0,T];RY) x D.
Then it holds

[ F (w1, 21) — F(uz, 22) o Bv ([0,7]:R4)
< (L1 + L) (llur — wallepvorire) + 71 — 22llx)  V(ui,a1), (ug, 22) € CBV([0,T];R?) x D.
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Proof. Let (u1, 1), (ug, x2) € CBV([0,T];RY) x D be given, and let u; ¢, us ¢, (u1 —ug). € C=([0,T];R?), e > 0,
be mollifications of u1, ug, and u; — ug, respectively, as constructed in Lemma 2.30. Then it follows from (2.27),
(2.28), (2.34), and the smoothness of u; . — us . that

F(ure, 1) — Fluge,x2) — Fluy, 1) — F(uz,z9) for e — 0 in C([0, T]; RY) (2.36)
and
d1,e = el p1 (o 1yray = var(ui,e — u2,e;[0,T]) = var((ur — uz)e; [0,T]) < var(ug —up;[0,T]) Ve > 0. (2.37)

Since C([0, T); R?) — [0, 00], v + var(v; [0, 7)), is lower semicontinuous w.r.t. strong convergence in C ([0, 7]; R?)
(see the proof of Lem. 2.30), the results in (2.35), (2.36), and (2.37) imply

var(F(u1, x1) — F(ug, x2); [0,T]) < liminf var(F(u1 ¢, x1) — F(uze, z2);[0,T7)

e—0
< Lslimsup (H?h,g - ﬂ2,5”L1((0 TRy T |21 — x2||X>
e—0 0
= Ly lim S(l)lp (var((u1 — u2)e; [0, 7)) + ||z — 22| x)
e—

< L (var(ur — ug; [0, T]) + |21 — 22 x) -
By combining the above with (2.34), the assertion follows. O
For the stop operator S, we now obtain:

Theorem 2.37 (CBV-Lipschitz continuity of S). There exists a constant L > 0 depending only on Z such that

1S (w; yo) — S(@, Fo)lle v (jo,7]:r4)

: N o . (2.38)
< L (lu— allepvo,ryrey + 1yo — Tol) Y(u, yo0), (@, o) € CBV ([0, T];R?) x Z.

Proof. As in the proof of Lemma 2.9, we may assume w.l.o.g. that 0 € int(Z) holds and that H = {(v;, ;) }ier
satisfies a; > 0 for all ¢ € I. For this situation, we obtain from [4], Theorems 7.1, 7.2 that there exist constants
Ly, Ly > 0 depending only on Z such that

||S(Ua vo) — S(4, ﬂO)Hc([o,T];Rd)

R ~ o 4 (2.39)
< Ly (lu — @lleqo,ryra) + 9o — o) V(u,%0), (@, o) € CBV([0,T];R?) x Z
and
S ) _S ~a Y ‘
8wy =S, 1
< Lo ([ = @ll o gy + 190 = G0l ) V(s 30), (@ 5i0) € WHH(O, TSR x Z.
By invoking Lemma 2.36, the assertion now follows immediately. O

Next, we establish a result on the local behavior of the play operator that generalizes the local monotonicity
property documented for the scalar case in [48], Lemma 4.3. Recall that, for every point x € Z, we have
A(z) ={i eI | (v;,x) = a;} and Z(x) := {z € R? | (1y;,2) <0 Vi € A(x)}.
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Lemma 2.38 (local monotone decomposition). Assume that H = {(v;, ;) }ier is reqular. Let t € [0,T] be fized
and let (u,yo) € CBV([0,T];RY) x Z be given. Set y := S(u,yo) and w := P(u,yo). Then there exist a number
e >0 and, for this e, unique \; € CBV ([t —¢e,t +¢]N[0,T]), i € A(y(t)), such that

Ay(s)) € A(y(t)) and w(s) = w(max(0,t —¢)) + Z Ai(s)y; Vse[t—e,t+e]N[0,T]. (2.40)
i€A(y(t))

Further, the functions X\;, i € A(y(t)), are each nonnegative and nondecreasing on [t —e,t + | N[0, T].

Proof. Since H is regular and y(t) € Z, we obtain from Lemma 2.10iv) that there exist unique e; € Z(y(t)),
1 € A(y(t)), such that (2.12) and (2.13) hold for x := y(¢). From Lemma 2.10i) and the continuity of y, it follows
further that there exist ,7 > 0 such that A(y(r)) C A(y(t)) and y(r) + 72 € Z for all r € [t —e,t +¢] N[0, T]
and all z € B;(0) N Z(y(t)). This allows us to consider test functions of the form v: [t —¢,s] N [0,T] — R4,
r +— y(r) + 72, with arbitrary z € B1(0) N Z(y(t)) and s € (t —e,t + ] N (0, 7] in Lemma 2.34 and to obtain

S

0< [ )47~y ) ) == [ (e du(r)

nax(0,t—¢) max(0,t—e) (2.41)
=7 (z,w(max(0,t — €)) — w(s)) Vz € B1(0)N Z(y(t)) Vse (t—e t+¢N(0,7T)
and, thus,
(z,w(max(0,t —¢)) —w(s)) >0  Vze Z(y(t)) Vse (t—e t+¢N(0,T). (2.42)
Here, we have used Lemma 2.20. Note that (2.42) is also true for s = max(0,¢ — €). Due to Lemma 2.11,

the definitions of Z(y(t)) and Z(y(¢))°, and the regularity of #, this allows us to conclude that, for each
s € [t—e, t+¢e]NJ[0,T], there exist unique values A;(s) > 0, 7 € A(y(t)), such that

w(s) = w(max(0,t —¢e)) + Z Ai(8)y; Vse[t—e, t+eN[0,T]. (2.43)
i€A(y(t))

If we take the scalar product with e;, j € A(y(t)), in (2.43), then it follows that

(ej, w(s)) — (ej, w(max(0,t —¢)))
(ej,v5)

Aj(s) = Vset—e t+¢eN[0,T).

Thus, \; € CBV ([t —¢&,t+¢]N[0,T]) for all j € A(y(t)) as claimed. It remains to prove that the functions \;
are nondecreasing. To this end, we note that — completely analogously to (2.42) — we obtain that

(z,w(s1) —w(s2)) >0 Vz e Z(y(t)) Vmax(0,t —¢) < 51 < s9 <min(T,t + ¢).
Using (2.43) in the above yields
<z, Z (Ai(s1) — )\i(SQ))I/i> >0 Vz e Z(y(t)) Vmax(0,t —¢) < s1 < s <min(T,t +¢)
i€A(y(t))
and, after choosing z = ¢; € Z(y(t)),

<6j,l/j> ()\3(81) — )\3(52)) Z 0 Vmax(O,t — E) S S1 < S S min(T,t + E).
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Since (ej,v;) < 0 by (2.12), it follows that X;(s1) < A;(s2) for all max(0,¢t —¢) < s1 < s <min(7,¢+¢) and
all j € A(y(t)). This shows that the functions A; are indeed nondecreasing and completes the proof. O

Note that, if one changes € in (2.40), then the functions \; are typically shifted by constant values due to
the term w(max(0,t — €)). The multiplier maps A; in Lemma 2.38 are thus indeed only uniquely determined for
fixed €. The next lemma builds on Lemma 2.38 and is needed for the discussion of the notion of criticality in
Section 3.2.

Lemma 2.39 (multiplier integrals and tangent vectors). Assume that H = {(v;, ;) }icr is reqular. Let t € [0,T]
and (u,y0) € OBV ([0, T);R?) x Z be given. Let y, w, €, and )\;, i € A(y(t)), be as in Lemma 2.38. Then, for all
max(0,t —¢) < s1 < so < min(T,t +¢) and all z € G([s1, s2); R?) satisfying z(r) € Z(y(r)) for all v € [s1, s2],
it holds

/ P ) da() <0 Vie A(y(t).

Proof. Let e; € Z(y(t)), i € A(y(t)), again denote the vectors that satisfy (2.12) and (2.13) for  := y(t). Due
to Lemma 2.26, it suffices to prove the assertion of the lemma for the case s1 = max(0,t —¢), s = min(T,t +¢).
Suppose that a function 2z € G([t — ,t +¢] N [0, T|; RY) satisfying 2(r) € Z(y(r)) for all r € [t —e,t + €] N[0, T
is given and fix j € A(y(t)). Assume further that s € [t —e,t+¢] N [0,T] is a point such that (z(s),v;) > 0
holds. Then z(s) € Z(y(s)) implies j € A(y(s)) and we obtain from the inclusion A(y(s)) C A(y(t)) in (2.40)
and (2.12) that +e; € Z(y(s)). Due to Lemma 2.10i) and the continuity of y, it follows that there exist 7, > 0
such that y(r) £ Te; € Z holds for all r € [s — v, s+ 7] N[0, T]. Analogously to (2.41), we may now deduce from
Lemma 2.34, (2.40), (2.12), and Lemma 2.20 that

min(T,t+e,s+7)
0< / (y(r) £ me;) — y(r), d(y(r) — u(r)))

max(0,t—e,s—)
min(T,t+e,s+7)
=T (+ej, dw(r))
max(0,t—e,s—7)
min(T,t+e,s+7)
-7 (£ej,v;)dA;(r)

max(0,t—e,s—7)
= (e;,vj)7 (Aj(max(0,t — e, s — 7)) — Aj(min(T, t +¢,5 +7))) .

As (e;,v;) # 0 holds by (2.12) and since \; is nondecreasing by Lemma 2.38, it follows that A; = const holds
on (s —7,s+7v) Nmax(0,t —e),min(T,t +¢)]. As s € [t —e,t +¢]N[0,T] was an arbitrary point satisfying
(2(s),vj) > 0, we may now invoke Lemma 2.28 (with g := A;, f := —(2,v5), a == max(0,t — ¢), and b :=
min(7,t + €)) to obtain that

min(7T,t+e)
/ ((r), v3) dXg(r) <0
max(0,t—¢)

As j € A(y(t)) was arbitrary, this completes the proof. O
As an immediate consequence of Lemma 2.39, we obtain the following refined version of Lemma 2.34.

Lemma 2.40 (regulated tangential test functions). Assume that H = {(vi, ;) }icr is regular and let (u,yo) €
CBV([0,T];R?) x Z be given. Define y := S(u,yo). Then it holds

0<s <s9<T, zeG([s1,52;RY), =z(r) e Z(y(r)) Vr € [s1, s9] = /82 (z,d(y —u)) > 0. (2.44)
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Proof. Due to Lemma 2.26, it suffices to consider the case s; = 0, s = T. So let us assume that a function
z € G([0,T]; RY) satisfying z(r) € Z(y(r)) for all r € [0,T] is given. Choose for all ¢ € [0,T] a number &; > 0
with the properties in Lemma 2.38. Since [0, T] is compact, we can find t,,, m = 1,..., M, M € N, such that the
collection of intervals (t,, — &y, ,tm + €t,,), m = 1,..., M, covers [0,T]. Let {1}, be a smooth partition of
unity on [0, T] subordinate to this cover in the sense of [57], i.e., a collection of functions satisfying

Um € CP(R), 0< Uy (r) <1VreR, supp(¥m)C (tm —er,,,tm +6e¢,,) Ym=1,.., M,

M
> tbm(r) =1Vr€[0,T]. (2.45)
m=1

Define z,, := ¥,z € G([0,T);R?), m = 1,..., M. Then we clearly have

/OT (z,d(y —u)) = —/OT (z,dw) = —miv_[:l/OT (2m, dw) (2.46)

where we again write w := u —y = P(u, yo) for the play. Note that, for each of the integrals in the sum on the
right-hand side of (2.46), we have

T min(T,tm+et,, ) min(T,tm+et,, )
/0 (zm, dw) = / (zm, dw) = / (Zm, Vi) AAT? (2.47)

max(0,tm —€¢,, ) i€ A(y(tm)) max(0,tm —€t,, )

by Lemma 2.26, where A" € CBV ([t,, — €1,,,tm + €1,,] N [0,T]), ¢ € A(y(tn)), denote the functions from
Lemma 2.38 associated with t,,. As the cone property of the linearization cone and the sign of ,, imply
that z,,(r) € Z(y(r)) holds for all r € [t,, — €¢,,,tm +€¢,,] N[0, T], we obtain from Lemma 2.39 that all of the
integrals in the sum on the right-hand side of (2.47) are nonpositive. In combination with (2.46), this establishes
the assertion of the lemma and completes the proof. O

Note that, while trivial in the W11((0,7); R%)-case due to (2.32), the implication (2.44) is not obvious for
CBV ([0, T); R?)-solutions y since for this type of regularity one cannot argue in a pointwise manner and since for
functions z € G([0, T]; R?) satisfying z(r) € Z(y(r)) for all r € [0, T] there does not necessarily exist a number
7 > 0 satistying y(r) + 72(r) € Z for all r € [0, T]. In the proof of Lemma 2.40, we have overcome this problem
by means of the decomposition in Lemma 2.38 and Lemma 2.28.

3. PROOF OF (I): DIRECTIONAL DIFFERENTIABILITY IN THE NON-OBTUSE CASE

With the necessary preliminaries in place, we can turn our attention to the main results of this paper,
namely, points (I) and (II) of Theorem 1.1. The present section is devoted to the proof of (I), i.e., the pointwise
directional differentiability of the vectorial stop operator S: CBV ([0, T]; R?) x Z — CBV ([0, T];R?) in the case
of a full-dimensional non-obtuse convex polyhedral admissible set Z. The structure of this section is as follows:
Section 3.1 introduces basic concepts and results that are needed for our analysis. This subsection also contains
our standing assumptions and a rough overview of our method of proof. Section 3.2 is concerned with the notion
of criticality which expresses that directional derivatives of & have to satisfy the inequality on the right-hand
side of (2.44) with equality. In Sections 3.3 and 3.4, we identify how the directional derivatives jump at their
points of discontinuity. At this point of our analysis, the non-obtuseness of the admissible set Z enters in a
crucial manner; see the proofs of Lemmas 3.15, 3.19 and 3.21. Section 3.5 introduces the concept of temporal
polyhedricity — an approximation property that is needed to derive the system (1.5) that uniquely characterizes
the directional derivatives of S. In Section 3.6, we finally put all of the pieces of our proof together to arrive at
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(I) as desired; see Theorem 3.32. Section 3.7 concludes our discussion of the non-obtuse case by demonstrating
that point (I) of Theorem 1.1 indeed contains the directional differentiability and characterization results proved
for the case d =1 and Z = [—r,r]|, r > 0, in [15, 17] as a special case.

3.1. Standing assumptions and basic idea of the proof

In all of Section 3, we consider the following situation, unless explicitly stated otherwise.
Assumption 3.1 (standing assumptions for Sect. 3).

i) de N and T > 0 are given and fixed;
ii) Z ¢ R? is a full-dimensional non-obtuse convex polyhedron;
iii = {(vi, ;) }ier is a standard description of Z;

i)
i)
i) H
iv) yo € Z is a given initial value and u € CBV ([0, T] R?) is a given input function;
)y
i)
i)

=

v S(u,yo) is the stop associated with (u,yo) and w := P(u,yo) is the play associated with (u,yo);
vi ho € Z(yp) is a given perturbation of yo and h € CBV ([0, T]; R?) is a given perturbation of u;
vii) 19 > 0 is a number satisfying yo + 70ho € Z.
Recall that, by Definition 2.12 and Propositions 2.6 and 2.13, the standard description H in Assumption 3.1
is unique up to permutations, regular, satisfies (1;,v;) < 0 for all ¢, j € I with ¢ # j, and possesses the property
(2.11). We introduce:

Definition 3.2 (difference quotients). We denote by {§,} C CBV ([0, T]; R¢) the family of difference quotients

5, = SWH TR0 Tho) = SCuige) (3.1)
T

As a direct consequence of Theorem 2.37, Lemma 2.34, and the EVI (V), we obtain:

Lemma 3.3 (EVI for the difference quotients). The family {0, } is bounded in CBV ([0,T];R?). Further, for
every T € (077'0), O, satisfies

51 € - (Z—y() W € 0.T],  6:0) = ho
/52 (z — 6.,d(5, — B)) — %/ (2 — 6, dw) > 0 (3.2)

1
Vz € G([s1,52);RY): 2(t) € - (Z —y(t)) Vit € [s1, 2] V0 <s1 <s9<T,
and

/ (67,dw) <0 V0 <s; <s9<T. (3.3)

51

Proof. Since Z is full-dimensional, Theorem 2.37 is applicable and the boundedness of {§,} in CBV ([0, T]; R%)
follows straightforwardly from (3.1). The same is true for the first line in (3.2). To obtain the variational
inequality in (3.2), we note that (3.1) implies S(u + 7h, yo + The) = y + 76, for all 0 < 7 < 7. By plugging this
identity into the EVI (2.33) satisfied by S(u + 7h, yo + 7ho), by choosing test functions of the form v =y + 72
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with z as in (3.2), and by using that w = P(u,yo) = u — S(u,yo) = u — y, we obtain that

0< / (v—8(u+Th,yo + 7ho),d(S(u + Th,yo + Tho) —u — Th))

S1

272/52 (z—cST,d((inh))fT/SZ (z — 6, dw)

S1 S1

holds for all z, s, and sy as in (3.2). Dividing by 72 now yields the desired variational inequality. It remains to
prove (3.3). To this end, we choose v = S(u + Th, yo + Tho) in (2.33) for y. In combination with the definition
of w, this gives

Og/ <S(u+7h,y0+7h0)fy,d(yfu)):77'/ (07, dw) V0 <51 <89 <T.

S1 S1

The above establishes (3.3) and completes the proof. O
A central object of the analysis of this section is the following set:

Definition 3.4 (limits of difference quotients). We define
D:= {6 € BV([0,T};R?) | 3{m} C (0,7m0) s.t. 7w — 0 and 6., (t) — 6(t) Vt € [0,T] for k — 00}.  (3.4)

Note that, from the boundedness of {§,} in CBV ([0, T]; R?) and Theorem 2.29, we obtain:
Lemma 3.5 (nontriviality of D). The set D is nonempty.

The main goal of the next five subsections is to prove that the set D is a singleton. If this is established,
then we obtain from a trivial contradiction argument that S is directionally differentiable at (u,yp) in direction
(h,hp) in a pointwise manner and point (I) of Theorem 1.1 follows; see Theorem 3.32. To show that |D| = 1
holds, we will successively establish more and more properties of the elements of D until only one element
remains. More precisely, the plan for Sections 3.2 to 3.6 is as follows:

e In Section 3.2, we use (3.2) and (3.3) to show that all § € D satisfy the inequality on the right-hand
side of (2.44) with equality. By means of Lemmas 2.38 and 2.39 and results from Section 2.4, we then
transform the resulting notion of criticality to obtain information about the pointwise behavior of the
left- /right-limit functions of the elements of D; see Theorem 3.11.

e In Sections 3.3 and 3.4, we identify precisely how the elements of D jump at their points of discontinuity.
We remark that this step of the proof is the most intricate one as the identification of the jump conditions
has to be achieved solely based on the study of the difference quotients §, which are elements of the
space CBV ([0, T];R%) and, thus, do not possess any jumps themselves. We overcome this difficulty by
exploiting several auxiliary EVIs and vectorial Stampacchia truncation arguments that rely crucially on
the non-obtuseness of Z and the properties in Lemma 2.14; see Theorems 3.16 and 3.23.

e In Section 3.5, we combine the information about the pointwise behavior of the elements of D obtained in
Sections 3.2 to 3.4 to define a critical cone that contains all right-limit functions é; of elements § of the
set D. The main feature of this critical cone is that it possesses a temporal polyhedricity property. Roughly
speaking, this property makes it possible to approximate critical directions with critical radial directions
which are admissible in (3.2) and for which the passage to the limit 7 — 0 can be performed in the EVI
satisfied by d,. For the main result on this topic, see Theorem 3.28.

e In Section 3.6, we carry out the limit transition 7 — 0 in (3.2) to show that all elements 6 of D are
solutions of the system (1.5). Using the results from Section 2.4, we then show that this system can have
at most one solution, thus proving that D is indeed a singleton. By putting all of the results of Sections 3.2
to 3.6 together, statement (I) of Theorem 1.1 then follows as desired.
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We remark that the above argumentation roughly follows well-known approaches to the sensitivity analysis
of elliptic systems; see [30, 31]. Due to the loss of regularity that occurs when passing to the limit 7 — 0 with the
difference quotients &, (namely, the transition from CBV ([0, T];R¢) to BV ([0,T]; R?)), however, our analysis
is completely beyond the scope of standard results. In particular the techniques that we develop for the analysis
of the pointwise properties of the elements of the set D seem to be entirely new.

3.2. Criticality
The first thing that we establish about the elements of the set D is that they are critical.

Definition 3.6 (criticality). A function z € G([0,T];R?) is called a critical direction or simply critical if
T
() € Z(y(t) Vte[0,T]  and / (2, dw) = 0, (3.5)
0

Lemma 3.7 (criticality of limits of difference quotients). If § € D holds, then § is a critical direction.

Proof. Let 6 € D be given and let {7, } C (0, 70) be a sequence for ¢ as in the definition of D. Then it follows from
(3.2) that 6, (t) € Kraa(y(t); Z) for all k and all ¢ € [0,T]. Due to Lemma 2.10iii), this yields ¢, (t) € Z(y(t))
and, since Z(y(t)) is closed, 0., (t) = d(t) € Z(y(t)) for all ¢t € [0, T]. From (3.3), (3.2) with z = 0, Lemma 2.31,
and Lemma 2.22, we further obtain that

02 [ (o) 2 n [ (6, — 1) 2 7 (516 (T = 5100, O = o lcquiryney var(h: 0.7 ).

Due to the boundedness of {§,} in CBV ([0, T]; R?), the right-hand side of the last inequality goes to zero for
k — oo. In combination with Theorem 2.24 and again the boundedness of {5,} C CBV ([0, T];R%), this yields

T T
0> tim [ (5,,dw) = / (6, duw) > 0,
0

k—o0 Jq

This completes the proof. O

We remark that the concept of criticality is well known in the field of sensitivity analysis of elliptic variational
inequalities of the first and the second kind. Analogously to the conditions in (3.5), in the elliptic setting, it
characterizes tangential directions that are contained in the kernel of the multiplier that is associated with the
solution of the variational inequality under consideration. For details on this topic and additional relations to
the field of second-order necessary and sufficient optimality conditions for optimization problems, we refer the
reader to [5, 20, 21, 30, 45, 58] and the references therein. A feature that distinguishes (3.5) from its elliptic
counterpart is that the evolutionary nature of (V) makes it possible to localize the property of being an element
of the kernel of the multiplier in time. Indeed, from Lemma 2.40, we readily obtain:

Lemma 3.8 (criticality on subintervals). A function z € G([0,T];R?) is critical if and only if

z(t) € Z(y(t)) Vte|0,T] and /82 (z,dw) =0 V0<s <s92<T. (3.6)

Proof. The implication “<” is trivial. The implication “=" follows from Lemmas 2.19 and 2.40. O

If we combine the localization property in Lemma 3.8 with the decomposition in Lemma 2.38 and Lemma 2.39,
then we get:
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Lemma 3.9 (criticality and limits). Let t € [0,T] be given. Let € > 0 and A\; € CBV ([t —e,t + €] N[0,T)),
i€ A(y(t)), be as in Lemma 2.38. Then, for all critical directions z € G([0,T];R%), the following is true.

i) Ift <T holds, then, for every i € A(y(t)), there exists 0 < & < min(e, T —t) such that

t+e
/t (z(t+), viydAi(s) = 0. (3.7

it) Ift > 0 holds, then, for every i € A(y(t)), there exists 0 < & < min(e,t) such that

/t:(z(t—),z/i)d/\i(s) ~0. (3.9)

€

Proof. We only prove i). The proof of ii) is analogous. Let t € [0,T), ¢ > 0, and \; € CBV ([t —¢,t+¢]N[0,T]),
i € A(y(t)), be as in the assertion of the lemma and let z € G([0,T];R?) be a critical direction. From (3.6),
(2.40), (2.22), and Lemma 2.19, we obtain that

_ /:’@,dw: / <z<s>7d S Ao >: > /:<z<s>,uz->d&<s> (3.9)

i€ A(y(t)) i€ A(y(t))

holds for all max(0,t —¢) < 51 < so < min(7,t + ). Since z(s) is an element of Z(y(s)) for all s € [0,T],
Lemma 2.39 implies that the integrals in the sum on the right-hand side of (3.9) are nonpositive each. Thus,

/S2 (z(s),v)dXi(s) =0  Vmax(0,t —e) < 1 < so < min(T, ¢+ ¢€) Vi e A(y(t)). (3.10)

S1

Let us now suppose that a number & > 0 with the properties in i) does not exist for some i € A(y(¢)). Then it
follows from Lemmas 2.20, 2.26 and 2.22, (3.10), and the monotonicity and continuity of A; that

0 < [(z(t4), va)| (Nt + &) — Ai(t)) =

t+& t+€
/t (2(t4), vi)dAi(s) / (2(t4) — 2(s), ws)di(s)

< sup  |z(t4) — z(s)|var(Ng; [t t+E]) = sup  |z(t+) — z(s)| (Ni(E+E) — A\i(t)) VO <& <min(e, T —t).
t<s<t+é& t<s<t+é&

Since we necessarily have A;(t + &) — A;(t) > 0 in the above, it follows that

0 < [{z(t+),v)| < sup |z(t+) — z(s)] V0 < & <min(e, T —t).
t<s<t+&

This produces a contradiction with the definition of z(t+). Thus, a number £ with the properties in i) has to
exist for all 4 € A(y(t)) and the proof is complete. O

By exploiting Lemma 2.20 and the monotonicity of the multiplier maps A;, we can transform the identities
in (3.7) and (3.8) into conditions on the left and the right limits of z. To be able to formulate the resulting
conditions concisely, we introduce:
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Definition 3.10 (directionally active, strictly active, and biactive indices). Let ¢ € [0,7] be given. Let € > 0
and \; € CBV ([t —e,t +€]N[0,T]), i € A(y(t)), be as in Lemma 2.38. We define

AH(E) = {{z’ € A(y(t)) | H{si} C (¢, T] s.t. sp — t and i € A(y(sy)) Vb € N} if t € [0,T),
-0 ift="T

_ {i e A(y(t)) | sk} C [0,t) s.t. sp — t and i € A(y(sg)) Yk € N} if t € (0,77,

A0 0 ift=0
A (1) = { éz € A(y(t)) | Ail.ers # const Vs € (0, min(T — t,))} I: i [; T),
A _{{ZEA ) | Milft—s,g # const Vs € (0,min(t,¢))} if t € (0,77,

() 1= 0 ift =0,

BF(t) := A(y(t) \ A% (1),

B~ (t) := A( (1)) \Aqtr( )

V*(t) an({v; |i € AL(H)}),

Vo(t) = n({w lie Ag ()}

Note that the index sets in Definition 3.10 do not depend on the choice of e; see the comments after
Lemma 2.38. Using the quantities introduced in Definition 3.10, we can reformulate the integral notion of
criticality in (3.5) in an equivalent, purely pointwise manner.

Theorem 3.11 (pointwise reformulation of criticality). A function z € G([0,T];R?) is critical if and only if
2(t) € Z(y(t)), =z2(t+) e V), and =z2(t—)eV~(t) Vte[0,T]. (3.11)

Proof. We begin with the implication “=". Suppose that a critical direction z € G([0, T]; R9) is given and let
€ [0,7] be fixed. Then z(t) € Z(y(t)) holds by (3.5). In the case t = T, we further have A% (t) = () and

V*(t) = R? by Definition 3.10, and the inclusion z(t+) € V*(¢) is trivial. If ¢ € [0,T) holds, then we obtain

from Lemmas 2.20 and 3.9 that, for every i € A% (¢), there exists a number 0 < £ < min(e, T — t) satisfying

t+¢€
0 :/t ((t4), mi)dNs(s) = (2(t4), 12) it + 2) — Ms(1)) |

where € > 0 and \; € CBV ([t — &,t + ] N [0,T]) are again as in Lemma 2.38. By the definition of A} () and
the monotonicity of \;, we have \;(t + &) — \;(t) > 0. Thus, (z(t+),v;) = 0 for all i € AZ (¢) and it follows that
z(t+) € VT (t) holds as desired. To check the inclusion z(t—) € V'~ (¢), we can proceed along the exact same
lines. This shows that every critical direction z satisfies (3.11) and completes the first half of the proof.

It remains to prove the implication “<”. To this end, let us assume that a function z € G([0, T]; R?) satisfying
(3.11) is given. That z(t) € Z(y(t)) holds for all ¢ € [0, T] in this case as required in (3.5) is obvious. To establish
the integral identity in (3.5), let us assume that an arbitrarily small v > 0 is given. As z possesses left and right
limits at all points ¢ € [0,7] and due to Lemma 2.38 and Definition 3.10, for every ¢ € [0,7T], we can find a
number &; > 0 such that the step function

z(t—) if s €10,¢),
ve: [0,T] — R, v(s) = ¢ z(t) if s =t,
z(t+) if s € (¢, T7,



DIRECTIONAL DIFFERENTIABILITY FOR SOLUTION OPERATORS OF SWEEPING PROCESSES 33

satisfies ||z — vt oo,[t—c;,t4e.)n[0,7] < 7> Such that the assertions of Lemma 2.38 hold for t on [t — &4, +¢;] N[0, T]
with functions \!, i € A(y(¢)), and such that A} = const holds on [t — e, t]N[0,T] for all i € B~ (t) and A} = const
holds on [t,t +¢e¢] N[0, T] for all i € BT (t). As [0,T] is compact, we can cover it by finitely many of the intervals
(t — e, t + &¢). We denote the times ¢ of this cover and their &, v;, and )\ﬁ by 0 <t; <. <ty <T and &,
Uy A0 € A(y(tm)), m=1,..., M, M € N, respectively. Let {1, }}_, be a smooth partition of unity on [0, 7]
subordinate to the cover {(t,, — &m,tm + em)}2_;, i.e., a collection of functions satisfying (2.45). We define

M
=3 Un(som(s),  se0.T].
m=1

Then we clearly have v € G([0,T]; R%) and, by construction and Lemmas 2.19, 2.20 and 2.26,

/ T<v7dw> -

min(T,tm+em)

(Y (s)vm (s), dw(s))

max(0,tm —em)

min(T,tm+em)

max(0,tm —&m)

<¢,,L(s)vm(s), d Z A (s)v; >

iE.A(y(tm))

Il
M HME £M§

tm
/ (n(5) 2t =), 22) AN (5)
M tm#0 i€ A(Y(tm)) max(0,ty, —&m)
min(T tm-l-Em)

DD S| (Y ()2t ), i) AN (5)

m: tm ZT i€ A(y(tm)) tm

I I AR UMCR SRR

m: ty,#0 €A (tm)

min(T,tp+&m)
DD V| (1 (5)2 (bH). 72) AN (5)

m: tmZT e AL (L) ™

=0.

Here, we have used the inclusions z(t,,+) € V*(t,,) and 2(t,,—) € V™ (t;,). On the other hand, we also have

sup |v(s) — z(s)| < sup Zwm Yvm(s) — 2z(s)] < sup Zz/}m =

s€[0,T] s€[0,T s€[0,T] 1,

and, thus,

/OT<z,dw> /OT<Z — v, dw)

by Lemma 2.22. Since v > 0 was arbitrary, the above shows that z satisfies the integral identity in (3.5) and,
as a consequence, that z is critical. This completes the proof. O

< dyvar(w;[0,T1])

The pointwise reformulation of the notion of criticality in Theorem 3.11 will be an essential ingredient for the
analysis of the concept of temporal polyhedricity in Section 3.5 and, ultimately, the derivation of the system (1.5)
that uniquely characterizes the directional derivatives of S in (I). Before we can approach this topic, however,
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we require more information about the pointwise behavior of the elements of the set D. More precisely, we have
to study in detail how the elements of D jump at their points of discontinuity. As we will see in Section 3.5,
analyzing the discontinuities of the elements of the set D will allow us to show that not only all elements § of D
are critical directions, but also all right-limit functions d4 for 6 € D. Note that this is not obvious at all since
it is a priori completely unclear whether 6(t+) € Z(y(t)) holds for all ¢ € [0,T]. To prepare the proof of the
inclusion §(t+) € Z(y(t)) and our study of the jump directions of the elements of D, we prove:

Lemma 3.12 (tangentiality of left and right limits). Let z € G([0, T]; R?) be critical and let t € [0,T] be given.
i) Ift <T holds, then there exists 0 < e <T —1t such that

z(t+) € Z(y(s)) Vs € (t,t+e].
1) If t > 0 holds, then there exists 0 < € < t such that
z(t—) € Z(y(s)) Vs € [t —e,t).

Proof. We prove i). The proof of ii) is analogous. Let z be critical and let ¢ € [0,T) be given. A simple contra-
diction argument shows that we can find 0 < e < T'— ¢ such that A(y(s)) C AT (¢) holds for all s € (¢,t+ ¢]. If
i € AT(t) holds and {s} is a sequence for this i as in the definition of A™(¢), then we further obtain from (3.5),
the definition of z(t+), and (¢,T] 3 s — t that 0 > (v;, 2(sg)) — (vi, 2(t+)) for k — oco. Thus, (v;, 2(t+)) <0
for all i € A*(t) and, consequently, (v, z(t+)) <0 for all i € A(y(s)) and s € (t,t + €]. O

3.3. Identification of the jumps from the left

We now turn our attention to the jumps §(t) — 6(t—) of the elements J of the set D. To analyze these jumps
from the left, we consider the following situation:

Assumption 3.13 (standing assumptions for Section 3.3).

i) § € D is arbitrary but fixed;
) t € (0,T] is arbitrary but fixed;
iii) v > 0 is an arbitrary but fixed given small number;
iv) € > 0 is chosen such that all of the following conditions hold:
a) € <t (trivially achievable);
) Z(y(t)) C Z(y(s)) for all s € [t — &,t] (achievable by continuity of y);
(c) 6(t—) € Z(y(s)) for all s € [t —¢,t) (achievable by Lemmas 3.7 and 3.12);
) the assertions in Lemma 2.38 hold with functions \; € CBV ([t —¢,t +¢] N [0,T]), i € A(y(t));
(e) A; = const holds on [t — ¢, ] for all ¢ e B (t) (achievable by Definition 3.10);
(£) |1h—h()llcv (t—eqre) +16(t —€) = 6(t—)| < /L, where L > 0 is as in (2.38) (trivially achievable);
v) {7k} is a sequence as in the definition of D for § with associated difference quotients dy := 6, and
y(t —e) + 1,0(t—) € Z holds for all k (achievable due to 6(t—) € Z(y(t — ¢)) and Lemma 2.10iii)).
Note that, in Assumption 3.13iv)f, the C BV -regularity of h enters crucially. To study the jump d(t) — §(t—),
we consider auxiliary variational inequalities of the following type:

(x € CBV([t—g,t];Rd), Cr(s) € %(Z—y(s))Vs € [t —e,t, Ck(t —e) = Co,

/t (z — Ci, dlx) — Tik/t (z — C,dw) >0 Vz € G([t — e, t];RY): 2(s) € %(Z—y(s)) Vs €[t —e,t].
- - (AUX,)
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Lemma 3.14 (unique solvability of (AUX,)). The EVI (AUX;) has a unique solution (, € CBV ([t — ¢,t]; R%)
for all {o satisfying y(t — e) + 7(o € Z and all k. Further, for all such (o and k, it holds

10k — Cklle By (t—e,gmay < L (I1h — h()lloBv (jt—e vy + |0k —€) — Col) (3.12)

where L is the Lipschitz constant in (2.38) associated with Z.

Proof. To see that (AUX;) admits a unique solution ¢, € CBV ([t — ¢, ]; R?), we note that, by performing the
steps leading to (3.2) in reverse and by exploiting Lemma 2.20, (AUX;) can be recast as

Y+ 1uCr € OBV ([t — e, t];RY), y(s) + eCr(s) € Z Vs € [t — &, 1],
y(t —e) + mlr(t —€) = y(t — €) + mCos

/ti (v(s) = y(s) — TCi(s), d(y(s) + 7Ci(s) — uls) — mh(t))) 20 Vv e G(t —e,t]; Z).

The above problem has a unique solution y + 71,(x € CBV ([t — ¢,t]; R?) for all (y satisfying y(t —¢) + (o € Z
by the existence result for the stop on [t — ¢, t] with forcing term u + 7h(t) and initial value y(t — &) + (o € Z;
cf. Proposition 2.33 and Lemma 2.34. This proves the unique solvability of (AUX;). By considering the EVI
satisfied by y + 7,0k on [t — £, 1] and by invoking (2.38), we further obtain that

1(y 4+ 7.0k) — (¥ + Tkle) lopv (t—e.grt) < L ([[(w+ 70h) = (u+ 76h (1) BV (jt—c,1)R9)

(3.13)
(Yt — ) + mdi(t —€)) — (y(t — ) + o)) -

The above implies (3.12) as desired and completes the proof. O

The main advantage of the auxiliary EVI (AUX;) is that, in contrast to the variational inequality (3.2)
satisfied by the difference quotient dj, it is independent of the perturbation A of the forcing term. This property
makes it possible to derive formulas for the value (j(t), as the following lemma shows.

Lemma 3.15 (terminal condition for (AUX4)). For all large enough k, the solution ( of the EVI (AUX,)
with initial value (o := 6(t—) satisfies C(t) = Tz (y()) (6(t—)).

Proof. That y(t — ¢) + 7,6(t—) € Z holds follows from Assumption 3.13. Choosing 6(t—) as {p in (AUX;) is
thus allowed by Lemma 3.14. Note that y(t — ¢) + 76(t—) € Z also implies y(t — €) + TaTz (1)) (0(t—)) € Z by
Lemma 2.14i) and (2.6). Thus, we may also consider (AUX;) with (o chosen as 7z @))e (0(t—)).

We begin with the latter case, i.e., (AUX;) with (o := 7z (y@))e (0(t—)), and denote the associated solution of
(AUX;) by &. Define z := mz(y(1))o (&) € G([t — &, ]; RY). Since y(s) + 7x&k(s) € Z holds for all s € [t —¢,t], we
again obtain from Lemma 2.141) and (2.6) that y(s) + 7x2(s) € Z for all s € [t — €,t]. Thus, z is an admissible
test function in (AUX;), and we may deduce that

t 1 t
0 [ (rzte(©) = 6de) = = [ (rauee(6) = 6ndu)

—&
t

t
1
= —/t_a <7rz(y(t))(£k),d£k>+7—k/ (T 20y (ER), dw)

t—e
t
< —/ (Tz(y(t)) (), dék)
t—e
LT 9, 1. )
= —5 distz e (§())° + 5 distz e (§k(t —€))

1.
= —5 dlStz(y(t))o (fk (t))z.
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Here, we have used Proposition 2.2, w = u — y, the inclusion Z(y(t)) C Z(y(s)) for all s € [t — &,t] obtained
from (2.40), Lemma 2.40, Lemma 2.31, and & (t — &) = Tz (y(1))e (0(t—)). The above shows that & (t) € Z(y(t))°
which, in combination with (AUX}), yields & (t) € Z(y(t)) N Z(y(t))° and, thus, & () = 0.

Let us now consider the functions 7 (s) := () + Tz (y)) (0(t—)), s € [t — &, t]. For these functions, it clearly
holds n, € CBV ([t — &, t]; R?) and ng (t — €) = Tz(y(1))e (0(t—)) + Tz (y (1)) (6(t—)) = 8(t—) by (2.6) and the initial
value condition for &. For all i € A(y(t)), we further have

Wi, y(s) + mieni(s)) = (i, y(8) + Th8k(8) + Tk z(y(1)) (0(t—))) < (Vi y(s) + iéi(s)) S i Vs €[t —e,t],

and, from our assumption Z(y(t)) C Z(y(s)) for all s € [t — e, ], the fact that {n;} and {{x} are bounded in
CBV ([t — &,t];R?%) by (3.12) and Lemma 3.3, and 7, — 0, we obtain that (v;,y(s) + Txnk(s)) < ; holds for
all i € Z(y(t)), all s € [t —¢,t], and all sufficiently large k. In total, this shows that y(s) + ki (s) € Z for
all s € [t —e,t] and all large enough k. Suppose now that a function z € G([t — ¢,t]; R?) satisfying z(s) €
(1/71) (Z —y(s)) for all s € [t — &,t] is given. Then we may compute that

t 1 t
/ <z—nk,dnk>——/ (= — mp, du)
Tk Jt—e

/ &k — T2yt (0(t=)), A&k + T2yt (6(t-)))) — — /t_ (z = &k — T2y (6(t—)), dw)

/ z— §;€,d§k — ik/t_ <Z — &, dw) — /t_ <7TZ(y(t))(6(t_))a d€k> + Tilk /t <7T3(y(t))((5(t—)), dw>

—€

> — (T2t (0(=)), & (1)) + (T2 (6(t-)), fk(t_5)>+%/ <7TZ(y(t))(6(t_))?d > >
te i€ A(y(1)

= (T2 (1) (0(t=)); Tz (y(1))= (3(t=))) + = > ilt) = Xilt =€) (T2 (0(t=)), vi)

Tk e Ay (1))

=L ) Al ) (i (5)), )
" ieaz,m)
=0.

Here, we have used Lemma 2.20, the EVI satisfied by &, & (1) = 0, §x(t —¢€) = Tz(y(1))> (6(t—)), Assumption 3.13,
the fact that (mz () (), Tz(y(t))e (¥)) = 0 holds for all z € R? by (2.6) and Proposition 2.2, and the fact that
(6(t—),vi) = 0 holds for all i € Ag, (t) by Lemma 3.7 and Theorem 3.11, which implies (7 z ) (6(t—)),v:) =0
for all i € A, (t) by Lemma 2.14ii). If we combine all of the above, then it follows that, for all sufficiently large
k, the solution (x of (AUX;) with initial value (o = 0(t—) is given by (x(s) = i (s) = &k (s) + Tz(y)) (0(t—)). In
particular, we have (i (t) = &k (t) + Tz (y(#)) (0(t—)) = Tz(y))(0(t—)) and the assertion of the lemma follows. [

Note that the proof of Lemma 3.15 makes extensive use of the non-obtuseness of Z. With Lemma 3.15 and the
stability estimate (3.12) at hand, we can now determine the jump J(¢) — d(t—). For convenience, we formulate
the resulting theorem such that it is independent of Assumption 3.13.

Theorem 3.16 (jumps from the left). For allt € [0,7T] and all 6 € D, it holds 6(t) = 7z () (0(t—))-

Proof. In the situation of Assumption 3.13, we obtain from Lemmas 3.14 and 3.15 that, for all sufficiently large
k., we have

10k(t) = w2 y(2) (O(E] < L ([lb = h(B)lo v (j1—e ama) + [0k (t — ) — 3(t=)]) -
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After passing to the limit k& — oo, this yields

6(t) — T2y (6E=))] < L (|h — h(t) e v (jt—c,giray + 16(E — ) — d(t=)]) <,

where v > 0 is the arbitrarily small number from Assumption 3.13. Letting « go to zero proves the claim for all
t € (0,T). For t = 0, the assertion follows from the convention 6(0) = §(0—) and Lemma 3.7. O

3.4. Identification of the jumps from the right

Next, we study the jumps d(t+) — (t) of the elements § of D. To this end, we consider the following situation
(similarly to the last subsection).

Assumption 3.17 (standing assumptions for Sect. 3.4).

0 € D is arbitrary but fixed;
t € 0,7) is arbitrary but fixed;
v > 0 is an arbitrary but fixed given small number;
€ > 0 is chosen such that all of the following conditions hold:

(a) € < T —t (trivially achievable);
(b) Z(y(t)) C Z(y(s)) for all s € [t,t + €] (achievable by continuity of y);
(c) the assertions in Lemma 2.38 hold with functions \; € CBV ([t — &,t +¢]N[0,T)), i € A(y(¢));
(d) \; = const holds on [t,t + €] for all i € B*(¢) (achievable by Def. 3.10),

(e) llh = h(t)lcBv(t,t+e)rey < v/L holds, where L > 0 is as in (2.38) (trivially achievable);

v) {7k} is a sequence as in the definition of D for § with associated difference quotients dy, := d,,.

i

)
)
i)
)

Note that Assumption 3.17iv)e again relies crucially on the C'BV-regularity of h. To identify the jump
0(t+) — () in the situation of Assumption 3.17, we proceed analogously to Section 3.3 and consider suitably
defined auxiliary EVIs. The first one reads as follows:

Ck € CBV([t’t+5];Rd)’ Ck(s) € Tik(ZA - y(s))Vs € [t7t—|—8]7 Ck(t) = (sk(t)a
t+e 1 t+e 1
/t <z—<,€,d<k>—€/t (s Gudw) 20 ¥z € Glltt+ehRY: 2(s) € = (Za—yls)) Vs € [t.t+el.

(AUXs)
Here and in what follows, Z 4 is defined by

Za={z e RY| (v;,z) < oy Vi € A(y(t))}.

Lemma 3.18 (unique solvability of (AUXz)). For all large enough k, (AUX3) is uniquely solvable and its
solution (i satisfies

16k — CklleBv ([t t+eire) < 7- (3.14)

Proof. From our assumption Z(y(t)) C Z(y(s)) for all s € [t,t + ], the convergence 7, — 0, the Lipschitz
estimate (2.38), the continuity of y, and Lemma 2.40, we obtain that, for all large enough k, the set Z in the
EVIs satisfied by y = S(u, y0) and S(u + mxh, yo + Trho) on the interval [¢,t + €] can be replaced by Z4 without
changing the solutions of these problems. This implies that the difference quotients dy are, for all large enough
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Ek, on [t,t + €] also the (necessarily unique) solutions of the following EVIs (c¢f. the derivation of (3.2)):

5x € CBV([t,t + ] RY), 6;€(s)e%(ZA—y(s))Vse[t,t—Fe}, 5u(t) = 5x(0),

t+e 1 t+e
/ <Z*5k,d(5k7h)>ff/ <Z*5k,dw> ZO
t t

Tk

Vz € G([t,t + s RY): 2(s) € %(ZA —y(s)) Vs € [ttt

Note that, in the case h|}; 4. = const, the above problem is identical to (AUX3) by Lemma 2.20. To establish
the unique solvability of (AUX5), we can thus argue along the exact same lines as in the proof of Lemma 3.14.
The same is true for the proof of (3.14); cf. the arguments in (3.13). O

Lemma 3.19 (reformulation of (AUXy)). For all large enough k, the solution (; of (AUXj) is also the
(necessarily unique) solution of the following EVI:

Cx € CBV([t,t + ¢];RY), Ck(s) € Z(y(t)) Vs € [t,t + €], Cu(t) = 0k (2),
/H_‘S (z — (i, dCr) — :/H_E (z — (g, dw) >0 Vz € G([t,t +e];RY): 2(s) € Z(y(t)) Vs € [t,t +€].
k
t t (AUXy)
Proof. For every z € G([t,t + ¢]; R?) satisfying 2(s) € Z(y(t)) for all s € [t,t + €], it holds
(i, y(s) + mz(s)) i +0  Vset,t+¢e]  Vie Aly(t)). (3.15)

That (, satisfies the variational inequality in (AUX3) thus follows immediately from (AUXj3). The same is true
for the regularity statement and the initial condition in (AUX3). It remains to prove that (;(s) € Z(y(t)) for all
5 € [t,t + ¢]. To this end, we note that, for all s € [t,t 4 €], we have y(s) + ThTz(y)) (Ck(5)) € Za (by the same
estimate as in (3.15)) and y(s) + TkTz(y))e (Ck(s)) € Za by Lemma 2.14i) and (2.6). This allows us to obtain
the following from (AUXj5) for all large enough k:

S

Og/ts (720 (k) Ck,dgk>—*/ (720500 (k) — iy dw)
:/ts<_7TZ(y(t)) (Ck), dCr) + / (71T 2y (1)) (Ci)s dw)

- _% dist z(y(0)) (Ck ()" + 5 ~ distz(y 0 (Ge(0))” — % / (v + memz (g0 (Gr)) =y, d(y — u))
k Jt

L.
< 3 dlstg(y(t))(Ck(s))2 Vs € (t,t+¢].

Here, we have used (2.6), (2.7), Lemma 2.31, ((t) = 6x(t) € Z(y(t)), and the fact that y satisfies (2.33) on
[t,t + €] with Z replaced by Z4; cf. the proof of Lemma 3.18. The above shows that (x(s) € Z(y(¢)) holds for
all s € (t,t + ¢]. Since this inclusion is trivially true for s = ¢, this shows that ¢j indeed solves (AUX3). That
(AUXj3) can have at most one solution follows from the standard existence and uniqueness result for the stop
operator; cf. Proposition 2.33. (Note that the admissible set of (AUX3) does not vary with time.) O
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Next, we consider the auxiliary problem

& € OBV ([t,t +¢]; R, &r(s) € ZVs € [t,t+el, &k (t) = &,

t+e 1 t+e ~ (AUX4)
/ <z—§k,d§k>—7—/ (z — &, dw) >0 Vz € G([t,t+€];RY): 2(s) € Z Vs € [t,t + €]
t k Jt

with
Z~Z:{Z€Rd|<yz; ><OVZ€‘Astr( >}

Lemma 3.20 (unique solvability of (AUX,)). Problem (AUX,) has a unique solution & for all & € Z and k.

Proof. The assertion follows from the standard existence result for the stop operator; c¢f. Proposition 2.33. (Note
that the admissible set is time-independent in (AUXy).) O

Lemma 3.21 (order property of (AUX,)). Let & € Z be given and let &, be the corresponding solution of
(AUXy). Then it holds

&(s) €ZN(&+2°) and (v, &(s)) < (vi,&o) Vse€l[t,t+e] Viel\ AL ().

Proof. Consider the function z := 7, , 5.(&) € G([¢,t + g];RY). Then it follows from Lemma 2.14iii) that we

have z(s) € Z and &(s) — z(s) € Z for all s € [t, ¢+ ¢]. In particular, z is an admissible test function in (AUX,),
and we may deduce that

0= /ts <”£o+éo (&) — fk7d§k> - le/ts (z = &k, dw)

1. 1. 1 [°
= —§dlst§0+ge(§k(s))2+idlstfﬁzo(go)?_?/ <z—§k,d Z AiV; >
i i€ Ay(t)

S

1
= pdistg @R Y [zl

& t
i€ AL (1)

1
_idm%ﬁéO@MS»2 Vs e (t,t+e]

Here, we have used (2.5), Lemma 2.31, (2.40), & € & + Z°, our assumption that \; = const holds on [t, ¢ + €]
for all 7 € BT(t), Lemma 2.20, the fact that A; is nondecreasmg for all i € AL (1), &k(s) — 2(s) € Z for all
s € [t,t + €], the definition of Z, and Lemma 2.28. In combination with the admissibility of & in (AUXy) and
the trivial inclusion & € Z N (& + £°), the above yields & (s) € Z N (& 4 2°) for all s € [t,t + €] as desired.
Note that, due to the definition of Z and Lemma 2.11, the latter inclusion implies that, for every s € [t,t + €],
there exist numbers 3; > 0, j € AL, (¢), satisfying

Gis) =%+ >, By

jeAL (1)

As Z is non-obtuse, the above yields

(i, €(s)) = <V¢7§0 + > ﬁjllj> = (Wibo)+ Y Bilvevy) < (vibo)  Vie I\ AL

jeAstr(t) jeAth‘(t)
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This completes the proof of the lemma. O

Note that the proofs of Lemmas 3.19 and 3.21 again rely crucially on the non-obtuseness of Z. Next, we
establish a connection between (AUX,) and (AUX,). Recall that V¥ (¢) := span({v; | i € A%, (¢)})* and,
consequently, V' (t)+ = span({v; | i € A% (t)}); see Definition 3.10.

Lemma 3.22 (relationship between the auxiliary problems (AUXj) and (AUX4)). Let & be the solution of
(AUXy) with initial value § = 7y + ()1 (6x(t)). Then, for all sufficiently large k, it holds C, = & + v+ (1) (9x(2)),
where (i, is the solution of the EVI (AUXj).

Proof. Note that 6, (t) € Z(y(t)) and the definition of V*(t) yield (v, &) = (vi, Ty+ 1)L (0k (1)) = (v, 0k (t)) <0
for all i € A% (). Thus, & € Z and & is an admissible initial value in (AUXy). Define &, := &, + v+ (1) (0x (1))
We claim that this function solves (AUX,) with initial value & := 6,(t) € Z(y(t)) C Z. To see that this is true,
we note that &, trivially satisfies & € CBV ([t,t + ¢];R?) and

§k(t) = &(t) + my+(1) (0k (1)) = Ty 2 Ok (1) + v+ (1) (O (2)) = 0 (t) = Lo

As (vi, my+ (1) (6 (t))) = 0 holds for all i € A¥, () and due to & € G([t,t + €l; Z), we further have

str

(i, Ek(8)) = Vi, &k(s) + Tye iy (0 (1)) = (i, Ek(s)) <O Vie AL (1)  Vseltt+e

and, thus, £(s) € Z for all s € [t,t 4 ¢]. To prove that & indeed solves (AUX,) with & := 6 (t), it remains to
check the variational inequality in (AUX,). So let z € G([t,t + €]; R?) satisfying z(s) € Z for all s € [t,t 4 ¢] be
given. From Lemma 3.21 and Lemma 2.11, we obtain that &(s) € (& + 2°) C span({v; | i € AL, (1)}) = VT()*
holds for all s € [¢,t + ¢], and from (2.40), Lemma 2.20, and our assumption that A; = const holds on [t,t + €]
for all i € B*(t), it follows that

t+e t+e
‘/t <7TV+(t)(5k(t)),d’w> = Z ‘/t <7TV+(t)(5k(t))7Vi>d>\i

i€A(y(t))
> i e Gr®))Nilt+) = Mi())
i€A(y(t))
= Y W Or®)Ni(t+e) = Mi(t) = 0.
i€ AL, (1)

In combination with the EVI for &, and again Lemma 2.20, this yields

/tt+6 <Z B ék’ dék> B 7—711C /ttJre <z B gk7dw>

t+e 1 t+e
= /t <Z - fk — Tv+(t) (5k(t)),d(§k + 7TV+(t)(5k(t)))> - ?k /t <Z - £k - 7TV+(t)((5k(t)),dw>
t+e t+e t+e
= —/t (myv+ () Ok (t)), d&r) +/t (z — &, d&) — %/t (2 — &, dw)

Y

t+e
*/t (my+ 1) (Ok(t)), d&x)
= (my+ () Ok (1)), &k (t) — &t +€)) =0,
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where, in the last line, we have again used that &(s) € V1 (¢) holds for all s € [t,t + ¢]. Thus, & := & +
Ty +(¢) (0x(t)) indeed solves (AUX,) with initial value €0 := 6 (t). Next, we prove that &, = ¢, holds for all large
enough k. Note that, since ¢, solves (AUX3) for all large enough k, since Z(y(t)) C Z holds, since ¢ and &,
have the same initial value, and since (AUX3) is uniquely solvable, to show that ék is identical (j, it suffices to
prove that & (s) € Z(y(t)) for all s € [t, £ + €. To see this, we note that & € G([t,t + ¢]; Z) yields

(V3,61 (8)) = (vi, () + Ty (0r(t)) = (i, €u(s)) SO Vi€ AL(t) Vs € [t,t+¢]

and that Lemma 3.21 and the inclusion d;(t) € Z(y(¢)) imply

(i, 6(3)) < (vi,€0) = (i, 0(t) <O Vs € [t,t+e] Vi€ Ay(t)) \ Ak (1)

Thus, we indeed have & (s) € Z(y(t)) for all s € [t, ¢ + €] and the assertion of the lemma follows. O

By combining Lemmas 3.18 to 3.22, we can now prove the main result of this subsection. Analogously to
Theorem 3.16, we formulate it independently of Assumption 3.17.

Theorem 3.23 (jumps from the right). For all t € [0,7] and all 6 € D, it holds 6(t+) = my+()((t)).

Proof. For t = T, we have V*(t) = R? and §(t+) = §(t) by definition/convention and the assertion is trivial.
We may thus assume in the following that ¢ € [0,T). Suppose that v > 0 is given and consider the situation in
Assumption 3.17. Let k be large enough and let £ and (i be as in Lemma 3.22. Then we know from Lemma 3.18
that ||0r — CkllcBv ([t,t+e);re) < 7 holds, from Lemma 3.22 that ¢ = & +my+ (1) (0x(t)) holds on [t, ¢ +¢], and from

Lemma 3.21, & = my+ 1)+ (6k(t)), and Lemma 2.11 that & (s) € span({v; | i € Af,(t)}) = V1 (t)*. Combining
all of this w1th (2.4) yields

I7v+6) (k) = Ty () Ok () o 42wy = [1Tv+0) (k) = Ty () (O (£)) — v+ ()l e (18,42
= [Imv+) (0k) = v+ () (Ce) o g2, t+epirer
<6k = Cklle (e t4-2)ma)
<z

for all large enough k and, after passing to the limit k£ — oo,
}ﬁv+(t)(5(s)) - 7Tv+(t)(5(t))| <% Vs € [t,t + €.

Due to the definition of §(t+), this shows that |my+ ) (5(t+)) — my+)(8(t))| < v and, since 6(t+) € VT (t)
holds by Lemma 3.7 and Theorem 3.11, that |§(t+) — my+ ) (6())| < 7. As v > 0 was arbitrary, the assertion
of the theorem now follows. O

3.5. Temporal polyhedricity

With Theorems 3.16 and 3.23 at hand, we can revisit the notion of criticality from Section 3.2 to arrive at
the following important corollary.

Corollary 3.24 (criticality of right limits). If & € D holds, then 04 is a critical direction.

Proof. Let § € D be given. We first check that 6 (t) € Z(y(¢)) holds for all ¢ € [0,T]. For ¢ = T, this inclusion
is trivial since our conventions for the right limit and Lemma 3.7 imply 64 (T") = §(T +) =4(T) € Z(y(T)).
For t € [0,T), we obtain from Lemma 3.7 and Theorem 3.23 that 0(t+) = my+)(6(t)) with 6(¢) € Z(y(t)) and
V*(t) := span({v; | i € AL (t)})*. In view of Lemma 2.14iv), this implies §(t+) € Z(y(t)) for all ¢t € [0,T).
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We thus indeed have 6, (t) € Z(y(t)) for all ¢t € [0,T]. From (2.1), Lemma 3.7, and Theorem 3.11, we further
obtain that 0, (t—) = 6(t—) € V= (¢) for all ¢t € (0,T] and §4(t+) = 6(t+) € VT (¢) for all t € [0,7). Since
V=(0) = VH(T) = R? holds, this shows that & satisfies the conditions in (3.11). By invoking Theorem 3.11, it

now follows that d is critical and the proof is complete. O

Corollary 3.24 motivates the following definition.
Definition 3.25 (critical cone in G,.([0, T]; R?)). We define

K& (y,u) :== {2 € G,([0, T}; R?) | 2 is a critical direction} .

Note that, by Definition 3.6, Lemma 3.8, and Theorem 3.11, we have

K (y,u) = { € G.([0,T); RY)

T
z(t) € Z(y(t)) Vt € [0,T] and /0 (z,dw) = 0}

= {z € G,.([0,T];RY)

z(t) € Z(y(t)) Vt € [0,T] and /32<z,dw> =0V0<s1 <5 <T

S1

} (3.16)

={2€G.([0,T;R?) | 2(t) € Z(y(t)), 2(t+) € VT (), 2(t—) € V() ¥t € [0,T]}.

From Corollary 3.24, we further obtain:
Corollary 3.26 (critical cone and right limits). For every 6 € D, it holds 6 € ICgit(y, u).

The main goal of this subsection is to demonstrate that elements of the cone ICgit (y,u) can be approximated
(in an appropriate sense) by directions that are (a) more regular, (b) critical, and (c) admissible in the EVT (3.2)
satisfied by the difference quotients d,. As we will see in Section 3.6, this approximation property is crucial for
the derivation of the system (1.5) that implies that D is a singleton and, ultimately, characterizes the directional
derivatives of §. We remark that, in the context of elliptic variational inequalities, density results of this type
are typically referred to as polyhedricity conditions; see [20, 30, 45, 59] and the references therein. Accordingly,
we call the resulting approximation property temporal polyhedricity. The set of critical radial directions that we
use for the approximation of the elements of Kgit (y,u) is defined as follows:

Definition 3.27 (critical radial BV,-directions with zero left limits at jump points). We define

K?S;Crit’o(y, u) = {z € K& (y,u) N BV, ([0, T);R) | there exists a number 7 > 0 independent of s such that
y(s) + 72(s) € Z is true for all s € [0,7] and it holds
z(s—) =0 for all s € [0,T] with z(s—) # z(s)}

We can now prove the main result of this subsection.

Theorem 3.28 (temporal polyhedricity). Let z € K& (y,u) be given. Then there exist 21,2 € G ([0, T];R?),
k,l € N, such that the following is true:

rad,crit,0

2k, € ICBVT (y,u), ”Zk,l”oo <|2]loc Vk,1,
4 € KgH ) NBY(O.TERY, [zl < 2] Y o
zi 1 — 2 pointwise in [0, T] for k — oo for all l,

z1 — z uniformly on [0,T] for l — oco.
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Proof. Let z € Kgit(y,u) be given. To construct the sequence {z;}, we proceed along the lines of the proof of
Theorem 3.11. Let I € N be arbitrary but fixed. As z is right-continuous and regulated, for every ¢ € [0, T}, there
exists a number ; > 0 such that the step function

ve: [0,T] — RY, ve(s) := {Z(t) ?fs €2,

z(t+) ifse[t,T),
satisfies ||z —Vt||oo,[t—c,,t4e.n[0,7] < 1/1, such that the assertions of Lemma 2.38 hold for ¢ on [t — &, t +¢¢] N[0, T]
with functions X!, i € A(y(t)), such that A\! = const holds on [t —&;,¢] N[0, T] for all i € B~(t), such that
Al = const holds on [t,t +&] N [0,7] for all ¢ € BT (t), such that I\ A" (¢) C Z(y(s)) holds for all s € (¢,t+
g¢] N [0,T], and such that I\ A~(t) C Z(y(s)) holds for all s € [t —&,t) N[0, T]. Due to its compactness, we
can cover the interval [0,T] by finitely many of the intervals (¢t — &;,t + &;). We denote the times ¢ of this
cover and the associated e, vy, and Al by 0 < t; < ... <ty <T and ey, vy, A\, i € A(y(tm)), m=1,.., M,
M € N, respectively, and again consider a smooth partition of unity {t,, }*2_, on [0, T] subordinate to the cover
{(tm — €mstm +em) M _1, as in (2.45). We assume w.l.o.g. that the points t,, are distinct and that 1, (t,,) = 1
holds for all m =1, ..., M and t,,(¢;) = 0 for all m # j. For this choice of the partition of unity, we define

M
2(s) ==Y Um(s)vm(s)  s€[0,T]. (3.18)

m=1

The function 2; obtained along these lines is clearly in BV,.([0,T]; R?) and satisfies

o~ =

T
/ (z1,dw) =0 and sup |zi(s) — z(s)| <
0 s€[0,7]

by the exact same arguments as in the proof of Theorem 3.11. From the definition of the left and the right limit,
the definitions of A™(t,,) and A~ (t,,), our choice of &,,, and z(t) = z(t+) € Z(y(t)) for all t € [0, T}, it follows
further that (v, z2(t,—)) < 0 holds for all ¢ € A~ (¢,,), that (v, 2(tm+)) < 0 holds for all i € A(y(t,,)), that
A(y(s)) C A~ (ts) holds for all s € [t,, —em, tm) N[0, T], and that A(y(s)) C A(y(tm)) holds for all s € [t tm +
€m) N [0,T]. By combining all of this, we obtain that z(t,,—) € Z(y(s)) holds for all s € [t,, — €m,tm) N[0, T],
that z(tm+) € Z(y(s)) holds for all s € [ty,, tm + €] N[0, 1], and — due to the definition of z; and the properties
of {¢m} — that z(s) € Z(y(s)) holds for all s € [0,T]. In total and in view of (3.16), this shows that the
functions {z} satisfy {z} C K&*(y,u) N BV,([0,T];R?) and ||z — z[oc <1/1 — 0 for | — oo as desired. That
lzt]loo < ||2]loo holds for all I follows immediately from (3.18). This completes the construction of the sequence
{a}-

It remains to construct the functions {zj;}. To this end, we consider a function ¢ € C*°(R) satisfying
0<p(s)<1VseR, ¢(s)=1Vse (—o0,—1], ¢(s)=0Vse]0,00),

and define

M
zk1(s) == Z [(p (W) + 1y, 1 (s)} Y (8)Vm (8) s€ 10,7 k,l € N. (3.19)

m=1
Note that these functions trivially satisfy ||2zx,l|co < [|2]|oo for all I,k and zy(s) — z/(s) for all s € [0,T] and
k — oo. Moreover, it holds {zx,} € K& (y,u) N BV,.([0, T]; R?) for the exact same reasons as in the case of the
sequence {z;} and 2 (s—) = 0 for all s € [0, T] with zx ;(s—) # 2x,(s) (namely, the points t,, with v,,(t,,) # 0)

rad,crit,0

by construction. To see that {25} C Kigy" " (y, u) holds, it remains to show that there exists 7 > 0 such that
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y(s) + 721,1(s) € Z holds for all s € [0,T]. To this end, let m € {1,..., M} be fixed. From our choice of &,,, we
obtain that A(y(s)) € A(y(tm)) holds for all s € [tym,tm + em] N[0,T] and that z(t,) = 2(tm+) € Z(y(tm)).
This implies that

Wi, y(s) + 72(tm+)) < a; Vi€ A(y(tm)) VS E [tm,tm +em] N[0, T] V7 >0
and
Wi, y(s)) <a; Yi€Z(y(tm)) Vs €E [tmstm +em]NI0,T).

Due to the continuity of y, the above shows that there exists 7 > 0 satisfying y(s) + 72(tm+) € Z for all
0 <7 <7 and all s € [tm,tm +em] N[0, T]. Let us next consider the interval [t,, — €m,tm) N[0, T]. Due to our
choice of €, and the definitions of A~ (¢,,) and z(t,,—), it holds

Wi, y(s) + T2(tm—)) < i Vi€ A (tw) Vs E [tm —Em,tm]N[0,T] VT >0
and
Wi, y(s)) <a; YieI\A (tm) VS$E [tm —Em,tm — 1/k]N][0,T].

Due to the continuity of y, this implies that there exists 7y € (0,7p) satisfying y(s) + 72(t;,—) € Z for all
0<7<7and all s € [ty —em,tm — 1/k] N[0, T]. In total, we have now shown that

y(s) + 7 (L=t —1/61000,71(8)2(Em =) + Lpt, b 4o inio,r] (8)2(Em+)) € Z - Vs €[0,T] v € (0,7)-
Due to the properties of ¥, and ¢, the definition of v,,, and the convexity of Z, this yields

y(s)+7 [go (W) + 1, 1 (s)} Ym(8)om(s) € Z Vs € (0,7 V1 € (0,7p).

Due to the convexity of Z and the definition (3.19), it now follows immediately that there exists 7 > 0 such
that y(s) + 72x,1(s) € Z holds for all s € [0,T]. This completes the proof. O

Remark 3.29.

e In the special case d =1 and Z = [—r,r], r > 0, a density result analogous to that in Theorem 3.28 has
already been proven in [48], Theorem 6.5 (with roughly the same techniques). Note that, in the latter
theorem, the approximation is even accomplished with elements of the set IC?&‘CH‘“’O (y,u) N C>([0,T]).
The price that one pays for this improved smoothness (that is essential in the optimal control context of
[48]) is that density is only obtained for a certain subset of the critical cone ng‘t(y, u), which, however,
still contains the right-limit functions of the directional derivatives of S in the one-dimensional setting.
Whether Theorem 3.28 can be refined in a similar manner for d > 1 is an open problem. For further
remarks on this topic, we refer to Section 5.

e As already mentioned, in the elliptic setting, density properties similar to that in Theorem 3.28 are
typically referred to as polyhedricity-results and well established; see [20, 30, 45, 59]. A major differ-
ence between our notion of temporal polyhedricity and the classical concept of polyhedricity is that, in
(3.17), the approximation is not performed w.r.t. a mode of convergence that is “natural” for the under-
lying EVI (V) (this would be convergence in CBV ([0, T];R%) or C([0,T];R?) as these are the spaces
in which Lipschitz estimates are available for §) but w.r.t. pointwise convergence. Working with this
weaker notion of convergence is crucial, given that the directional derivatives of S are typically neither
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left- nor right-continuous and, thus, cannot be approximated with elements of the spaces BV,.([0,7]; R%),
CBV(]0,T);R%), or C([0,T); R?) when convergence w.r.t. the norm || - || is considered.

3.6. Unique characterization of the limit of the difference quotients

We are now in the position to prove that the set D is a singleton.

Lemma 3.30 (EVI for limits of difference quotients). For every § € D, it holds

S2 S2 1 1 .
/ (2,d(6 — h) +/ (B,dh) — 1552 4 )P 20 VOSs<s<T  VaeKg'(pu). (3:20)

S1 S1

Proof. Let § € D be given, with a sequence {73} and difference quotients dy = 07, as in Definition 3.4. Let
0<s1 <sy<T and z € K&"*(y,u) be fixed. Choose sequences {zp 1} C lCrad b0y u) and {z} C K& (y, u)
for z as in Theorem 3.28. Then it follows from the definition of the set ICmd iit, ¥(y,u) and the convexity of Z
that, for all m, !, we have y(t) + Tr2m 1 (t) € Z for all t € [0, T for all sufﬁmently large k. This means that z,
is admissible in the variational inequality (3.2) for d; for k large enough and that we have

So 1 S2
/ @mrwham—h»—gi/ (ot — G du) > 0. (3.21)

S1 Tk

Due to the inclusion ICrad 0y u) K& (y,u), (3.16), Lemma 2.31, (3.3), the CBV-regularity of 0z, and the
integration by parts formula in Lemma 2.27, (3.21) implies

S2

- /32 (2m,1 = Ok, dh) + (2m,1(52), 0k (52)) — (2m,1(51), 0k (51)) —/ (0K, dzm,1) — %|5k(82)|2 + %\5k(81)|2 >0

S1 S1

for all large enough k. Using Theorem 2.24, Lemma 3.3, and the pointwise convergence & (t) — d(t) for all
t € [0,T], we can pass to the limit k¥ — oo in the above. This yields

S2

[ e = 600+ (ona(52):8(52)) — (om0 0510} = [ (6. dzm) = 10(s2) + G650 2 0

S1 S1

Integrating by parts again (keeping in mind that both the integrand and the integrator may now possess
discontinuities), it follows that

- / <Zm7l - 6) dh> + / <Zm>l’ d6> *|6(52 |2 ‘6(81)‘

S1

= D 0 =8t zma(t) = zmat=)) + D (6() = 6(t4), Zma(t) = zma(t+)) = 0.

s1<t<s2 s1<t<s2

Since zy,, is right-continuous with zero left limits at all points of discontinuity, the last inequality simplifies to

52 52 1 1
[ = aiany+ [ ndd) = S8 + 5600

S1 S1

B > (6(t) = 6(t—), zm(t)) > 0.

51<t<so2, sz,l(t)?ézrn,l(t_)
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Recall that 0(t) = Tz () (d(t—)) holds for all £ € [0,7] by Theorem 3.16 and that z,,(t) € Z(y(t)) by the
definition of Kg*(y,u). In view of (2.10), this yields

> (0(t) = 8(t=), 2m (1)) = > (T2 ) (0(t=)) = 8(t=), 2m(t)) > 0.

s51<t<s2, Z7n,l(t)?£znz,l(t_) 51<t<s2, Z7n,l(t)5éz7n.l(t_)

We may thus conclude that

S2 S2 1 1
— [ 0.an) [ Gangnad) G162 + 5050 2 0

81 S1

Letting m go to infinity in the above and then [, using Theorem 2.24 and the properties of {z,,;} and {z}, we
arrive at the desired variational inequality (3.20). O

Note that, if § is continuous on [0, 7], then Lemmas 2.19 and 2.31 allow to rewrite (3.20) as

/ (z—06,d(6 —h)) >0 V0<s <s9<T Vz € K& (y, u). (3.22)

S1

The EVT (3.20) can thus be interpreted as a weak formulation of (3.22); c¢f. [22], Theorem 4.1, System (4.2). By
combining (3.20) with the results of the previous subsections, we now arrive at:

Theorem 3.31 (uniqueness of limits of difference quotients). The set D is a singleton and its sole element is
uniquely characterized by the system

5 € BV([0,T;RY), 61 € K& (y,u),  6(0) = ho,
o(t) = nz(y(t))(é(t—)) vt € 0,77, o(t+) = wv+(t)(6(t)) Yt € 0,77, (3.23)

s =2 1 1 .
/ <z,d(5—h)>+/ <(5,dh>—§|5(82)|2+§|5(81)|220 VO< s <s59<T Vzengit(y,u).

S1 S1

Proof. From Lemma 3.5, it follows that D is nonempty, and from Theorems 3.16 and 3.23, Corollary 3.26, (3.2),
and Lemma 3.30, we obtain that all elements of D satisfy the conditions in (3.23). To establish the assertion
of the theorem, it remains to prove that the system (3.23) can have at most one solution. To this end, let us
assume that 8,17 € BV ([0, T]; R?) both solve (3.23) and that a number v > 0 is given. As § and 7 are of bounded
variation, we can find points 0 =: tg < t1 < ... < tp_1 <ty :=T, M € N, such that

Afnlloo > 0(t+) = 0(t=)[ < - (3.24)
te[()#T]\{tO#“"tM}

Let j € {1,..., M} be arbitrary and let si,s2 € [0,T] be points such that ¢;_1 < s; < s2 < t; holds and such
that both § and 7 are continuous at s; and ss. (Recall that the set of points, where one of the functions ¢ and n
is discontinuous, is at most countable.) Then, by choosing 7, as the test function in the variational inequality
for 9, by choosing d as the test function in the variational inequality for n, by adding the resulting inequalities,
by exploiting the C'BV-regularity of h and Lemma 2.25, by invoking Lemma 2.26, and by using the integration
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by parts formula in Lemma 2.27, we obtain that

52 1 1 52 1 1
0< [ teds) = S0 + 516607 + [ Gridn) - Sin(e) + Slatsn)P

S1 S1

52 52 1 1 1 1
= [ sy [ rdne) - G156 G100 = Slatsn) o+ Sl

S1 S1

= (8(s2),m(s2)) — {S(s1),m(s0)) + D (8(t4) = 8(t=), m(t+) —n(t=))

51 <t<s2

1 1 1 1
— S 16(s2) 2 + 18(s0) 2 = Sln(s2) 2 + 5ln(s1) .
Using the binomial identities and trivial estimates in the above yields

[6(s2) = n(s2)l* < [6(s1) = n(s0)* +4lnlles Y 18(t+) = 3(t=)]

s1<t<s2

and, after passing to the limits s1 — ¢;_; and s > so — s < ¢; for an arbitrary t;_; < s <t; (which is possible
due to the density of points of continuity),

8(s=) = (s < 10(tj—a) = n(timr ) +dllnllee D 160EH) —0(t=)] Vs € (Lont] (305

tj_1<t<t;

By plugging the projection identities in (3.23) into (3.25) and by exploiting (2.4), it now follows that

[6(s=) = n(s=)* < 18(tj—1=) =t )" +4lnlee D 160+H) = 6(=) Vs € (i ty] Vi=1,...0,

tj_1<t<t;
which, after a trivial induction, yields

M
[6(s—=) = n(s=)1* < lho = hol* +4lmllee D> | D 16(t+) = d(t=)| | <7 Vs € (0,7,

j=1 \tj_1<t<t;

Here, in the last step, we have used (3.24). As v > 0 was arbitrary, the above shows that J_ = n_ holds in
(0,T]. Due to the initial condition and the projection identities in (3.23), this implies n = ¢ as desired. This
shows that D is indeed a singleton and completes the proof. O

As already mentioned in Section 3.1, with Theorem 3.31 at hand, assertion (I) of Theorem 1.1 follows
immediately. For the sake of completeness, we state this result in the following theorem in a formulation that
is independent of Assumption 3.1.

Theorem 3.32 (point (I) of Thm. 1.1). Let T > 0 be given and let Z C R, d € N, be a full-dimensional
convex non-obtuse polyhedron. Then the solution map S: CBV ([0, T];R?) x Z — CBV ([0, T];RY), (u, o) — v,
of (V) is directionally differentiable in the sense that, for all tuples (u,yo) € CBV([0,T];R?) x Z and all
directions (h, hy) € CBV ([0, T]; R?) x R? satisfying yo + Toho € Z for some 19 > 0, there exists a unique & :=
S'((u,90); (h, ho)) € BV ([0, T];R?) satisfying

i St Thiyo + Tho) () — S(u, y0)()

(0,70)27—0 T

=6(t) Vtelo,T) (3.26)
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Moreover, the directional derivative 6 of S at (u,yo) in direction (h,hg) is uniquely characterized by the system
(3.23), with the set K& (y,u) defined by (3.16) with y := S(u,yo) and w := P(u,yo) and the spaces VE(t)
defined as in Definition 3.10 w.r.t. an arbitrary but fized standard description {(v;, a;)}icr of Z.

Proof. Tf (u,yo) and (h, hg) are tuples as in the assertion of the theorem, then Assumption 3.1 holds and it
follows from the definition of the set D in (3.4), a trivial contradiction argument based on Theorems 2.29 and
2.37, and Theorem 3.31 that S is pointwisely directionally differentiable at (u,yo) in direction (h,hg) in the
sense of (3.26). That the directional derivative S"((u,yo); (h, ho)) is uniquely characterized by the system (3.23)
is also a straightforward consequence of Theorem 3.31. This completes the proof. O

3.7. Relation to the known one-dimensional results

We conclude Section 3 by discussing how Theorem 3.32 relates to the results for the one-dimensional play
and stop proved in [15-17, 48]. In all what follows, we still assume that d, T, Z, {(vi, ;) }ier, Yo, u, Yy, w, ho,
and h are as in Assumption 3.1. Note that, in the case d = 1, every full-dimensional convex polyhedron Z is of
the form [a, b], (=00, b], [a,00), or R with —oco < a < b < co. In particular, every such polyhedron is non-obtuse
with a standard description involving (at most) the outer unit normals 1 and —1; see Definition 2.12. We begin
with an observation on the jumps of the directional derivatives in the one-dimensional case.

Corollary 3.33 (jumps in 1d). If d = 1 holds, then the directional derivative § := S’ ((u,yo); (h, ho)) satisfies
the following for all t € [0,T].

i) 6(t) € {0(t+),6(t-)};

ii) 6(t+) =0 if 5(t+) # o(t—);

iti) 6(t+)(0(t+) — 6(t—)) = 6(t+)(6(t+) — 6(t)) = 6(1)(6(t) — 6(t—)) = 0;
w) z(6(t) —6(t—)) = 0 for all z € Z(y(t));

v) z2(6(t+) — () = 0 for all z € V*(t);

vi) z(6(t+) — 8(t—)) > 0 for all z € Z(y(t)) NV ().

Proof. For d =1, we have Z(y(t)) € {(—o0,0],[0,00),R} and V*(¢t) € {{0},R} for all ¢ € [0,T]. This implies
that, for all ¢ € [0,T], all x € R, and all F' € {7z, Tv+@)}, we have F(z) € {0,2} and F(0) = 0. If we
combine these observations with (2.10) and the jump conditions 6() = 7z (y@))(0(t—)) and d(t+) = Ty +4)(6(t))
from Theorems 3.16 and 3.23, then the assertions in i) to vi) follow immediately. O

Corollary 3.331) demonstrates that our results are consistent with [17], Theorem 2.1, which establishes that
S'((w,y0); (h, ho)) € BV,4([0,T]) holds for the one-dimensional stop S. Points ii), iii), and vi) of Corollary 3.33
further reproduce the observations made in [48], Corollary 4.12; cf. also the proof of [17], Theorem 2.1. We
remark that BV,;-regularity cannot be expected for S’ ((u, yo); (h, ho)) if d is greater than one; see Example 3.36
below. Next, we study how the system (3.23) is related to the EVIs that have been derived for the directional
derivatives of the one-dimensional stop S and their right limits in [17], Theorem 2.1 and [48], Corollary 4.13.

Corollary 3.34 (EVI for the right limits of the directional derivatives in 1d). Ifd = 1 holds, then the right-limit
function n = 8" ((u,y0); (h, ho))+ € BV,([0,T]) is the unique solution of the variational inequality

ne BV,«([O,T]), ne K:g:«t<y’u)7 77(0) = 7TV+(O)(h0)7

T
/ comdn—h) >0 ¥z e Ky, u).

0

(3.27)

Further, for all s € (0,T], it holds

/Os(z —n)d(n—h) >0 Vze Kgit(y, u). (3.28)
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Proof. Define 6 := S&'((u, y0); (h, ho)) and n := §. We first prove that 7 solves (3.27) and (3.28). The first line of
(3.27) is a straightforward consequence of (3.23). To establish the second line and (3.28), we proceed similarly
to the proof of Theorem 3.31. Let s € (0,7] and z € ngfit (y,u) be given and let v > 0 be arbitrarily small. As
7 has bounded variation, we can find points 0 =: tg < t; < ... < tp—1 < tps := s, M € N, such that

7|00 > In(t) —n(t=)l <. (3.29)

t€[0,s]\{to,....tm }

Let j € {1,..., M} be arbitrary and let s1,s2 € [0, s] be points such that ¢;_1 < s1 < s2 < t; holds and such
that both 1 and 0 are continuous at s; and sy. Then it follows from (3.23), Lemmas 2.25 and 2.26, the identities
d(s1) = 0(s1+) = n(s1) and §(s2) = §(s2+) = n(s2), and Lemma 2.27 (with f = g =) that

0< / (2,d(6 — h)) + / (6, dhy — %|5(52)|2 + %|5(51)|2

S1 S1

= [Tty + [ - Sinte) + e

S1

L (3.30)
:/ <z—n,d(n—h)>+% > () = n(t-)P
S A R CEOEE IS SVCERCSR

As ¢ and 7 possess at most countably many points of discontinuity, we may let s; and s» go to t;_; and ¢,
respectively, and invoke the bounded convergence theorem to obtain the following from (3.30):

tj
0 S/ L, G =mdm—=h)+lnlle > [n(t) —n(t-)]. (3.31)
tj—1 tj 1 <t<t;

Note that Lemma 2.21, the right-continuity of 7, (2.1), points iii) and vi) of Corollary 3.33, and the inclusion
2(t;) = z(t;4) € Z(y(t;)) NV (t;) obtained from (3.16) and z € K& (y, u) imply

/ j (Lpeyy + L, _0y) (2 = m)d(n = h) = 2(t)(n(t;) = n(t; =) —n(t;)(n(t;) —n(t;=-))

i- = 2(t;)(6(t;+) — 8(tj=)) — 6(t;+)(8(t;+) — 6(t;—)) (3.32)

In combination with (3.31) and Lemma 2.19, this yields
tj
0< / (z=mdn=n)+lnlls D> Int)—n(t-)|
tj—1 tj_1<t<t;
and, after summing over j and using (3.29) and Lemma 2.19,
M tj S
03 [T =t X WO -0 < [ Gomim-n e @3)

j=1"ti-1 tj 1 <t<t;

Since 7 was arbitrary, this proves that 7 satisfies (3.28) for all s € (0,7] and the second line of (3.27).
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It remains to prove that (3.27) has at most one solution. To this end, let us assume that 7; and 7 solve
(3.27). By choosing 7; as the test function in the EVI for 75 and vice versa, by adding the resulting inequalities,
by again invoking Lemma 2.27 (with f = g = m1 — 12), and by exploiting that 7, (0) = 12(0), we obtain that

T
0<— [ —m)dtm —m) = =3  lm =)D+ 3 Jom=m)(® - (m —m)(e-)F

2
0<t<T

The above implies 1y (T) = n2(T) and, since 11 — 12 is in BV,.([0,T]), m — n2 € CBV ([0, T]). Next, we choose
for an arbitrary but fixed s € (0,T) the function 2 := 19 4n2 + L[, 7y71 as the test function in the EVI for
n and z := L ym + L5772 as the test function in the EVI for 7, and add the resulting inequalities. (Note
that these functions are indeed elements of K& (y,u), see the last equality in (3.16).) In combination with the
continuity of 1 — n9, again Lemmas 2.19, 2.27 and 2.26, and the initial conditions, this yields

S

T
0< [t —mdn ) = [ =)l — ) = ~Fm(s) ~ mlo)P

0

In combination with what we have proven before and the initial condition in (3.27), this shows that n; = 7, holds
on [0,T]. Thus, (3.27) has precisely one solution, namely S'((u, yo); (h, ho))+, and the proof is complete. O

Note that the formulas for K& (y,u) in (3.16) and [48], Proposition 4.9 imply that, if d = 1 holds and
KP™(y,u): [0,7] = R is defined as in [48], Definition 4.7 (i.e., KP% (y,u)(t) := Z(y(t)) N VT (t)), then we have

crit crit

2 € Kgt(y,u) <= 2e€G([0,T; KR (y,u) NG ([0,T)). (3.34)

crit

This shows that Corollary 3.34 reproduces the EVI derived in [48], Corollary 4.13, albeit with the modification
that only right-continuous test functions are considered and that hg is also allowed to be nonzero. (We expect
that, by exploiting (3.34) and approximation arguments analogous to those in the proofs of Theorems 3.11 and
3.28, one can also get rid of the right-continuity of the test functions in Corollary 3.34. We omit discussing this
topic in detail in this paper.)

To obtain a system of EVIs that characterizes the directional derivative § := S'((u,yo); (h, ho)) itself, we
can exploit the evolutionary nature of (V). This nature implies that, by restricting the function S(u,yo) to
the interval [0, s], 0 < s < T, we obtain precisely the solution of the variational inequality that arises when the
terminal time 7" in (V) is replaced by s. For the directional derivative §, this means that d; not only satisfies
the EVT (3.27) in the case d = 1, but also analogue EVIs formulated on the intervals [0, s], 0 < s < T. As (3.27)
uniquely characterizes 0. (T) = d(T) (due to the conventions for the right limit at the interval endpoint), the
corresponding EVIs on the intervals [0, s] uniquely characterize the values d(s) for all 0 < s < T and, thus, ¢ in
its entirety. Rigorously, we can formulate this result as follows:

Corollary 3.35 (EVI-system for the directional derivatives in 1d). Ifd = 1 holds, then the directional derivative
0 :=8"((u,y0); (h, hg)) is the unique solution of the EVI-system

5 € BV([0,T)), 5(0

5 ICcrlt 0 _ 5—h crit (335)
,10,s] € ya 3 Z +,[0 S] ( ) >0 Vze ICGT (ya U)[O, 5] Vs € (OaT]
0
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Here, 0, (0,5 and ICCGrit (y,u)[0, s] denote the right-limit function and the critical cone from (3.16) associated with
the interval [0, s], respectively, with the corresponding conventions for the interval endpoint s, i.e.,

5.(t) if0<t<s,
+,00,5 (1) := { +(0)

5(s) ift=s, (3.36)

K 008 = { € Gu((0.5)

2(t) € Z(y(t)) vt € [0, 5] and /0 2 dw = 0} .

Proof. From Corollary 3.34, the arguments outlined above, and (3.23), we obtain that § satisfies 6 € BV ([0,T]),
4(0) = hog, and

94 0,5 € Kgit(y,u)[(), s], / (2 = 04j0,8))d(04 j0,5 —h) =0 Vz € ICCGrit(y,u)[O, s] Vs e (0,T].
0

Using Lemmas 2.19, 2.21, and 2.26, (2.1), (3.36), (2.3), (3.27), and (3.16), one further easily checks that

/0 (2 = 04.00,5)d(04 0,6 — ) = /O (2= 04.10,8) (Lgoy + Lysy)d(d4 j0,6) — 0)

= (2(0) = 64,(0,6)(0)) (64 ,0,6(04) — 8(0+) — 64 10,5 (0) + 6(0))
+ (2(5) = 04.10,91(5)) (040,51 (5) = 6(5) = 00,5 (s—) + 0(s—))
= (2(0) —6(0+)) (6(0) — 6(0+))
= (2(0) — v+ (0)(ho)) (Ro — Ty+(0y (ho))
=0  VzeKg"(y,u)o,s].

By combining all of the above and by exploiting Lemma 2.19, we obtain that ¢ is indeed a solution of (3.35).
To see that the system (3.35) possesses at most one solution, we can proceed along the lines of the proof of
Corollary 3.34. If § and § both solve (3.35), then we trivially have 6(0) = §(0) and, for every s € (0,7, we
obtain from the EVIs satisfied by & and 4, the initial condition in (3.35), and [17], Proposition 6.2 (which is an
easy consequence of Lemmas 2.21, 2.26, and 2.27) that

S A 1 - 1 4
0< /0 (04,0,8) — 04,0,5)d(0 — 0) < *5\5+,[0,s] () = 640,51 (s)> = *§|5(5) —&(s)|. (3.37)

The above implies §(s) = 6(s) and, consequently, § = & on [0, T]. This completes the proof of the corollary. [J

The system (3.35) corresponds to the one in [48], Theorem 4.11 and [17], Theorem 2.1, Equation (2.6), as
one may easily check by means of the equivalence in (3.34). We would like to emphasize that one has to state
the system (3.35) very carefully to get a unique characterization for §. In particular, it is not enough to merely
demand &, € Kg*(y,u) in (3.35), analogously to the EVI (3.27), as this condition misses the information
6(s) € Z(y(s)) for all s € (0,T] that is encoded in the inclusions &, o5 € K& (y,u)[0,s] for all s € (0,T] via
the endpoint convention in (3.36) and that is essential for the estimate (3.37).

As a final remark, we would like to point out that the proof of Corollary 3.34 cannot be extended (easily)
to the case d > 1. The problem is that, for d > 1, it is not necessarily true that the directional derivative
0 := 8" ((u,90); (hy ho)) satisfies (0(t+),(t+) — 6(t—)) < 0 for all ¢ € [0,T], as used in the final step of (3.32);
¢f. Corollary 3.33iii). This makes it (seemingly) impossible to correct the function values of the integrand in
(3.31) at the right endpoints ¢; of the decomposition intervals [¢t;_1, ;] used in (3.29) and, thus, to combine the
integrals over the subintervals [t;_1,t;] to a meaningful global EVI, as done in (3.33). Note that this problem is
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also intrinsically related to the fact that the directional derivatives of S are typically not in BV,,;([0,T]; R9) if
d > 1 holds. In view of these effects, it seems likely that the characterization of § by means of the system (3.23)
is the best that one can expect for dimensions d > 1 and that it is not possible in general to characterize § via
a classical EVI without separate jump conditions. We conclude Section 3 with an example which demonstrates
that situations with (5(t+),8(t+) — §(t—)) > 0 and & & BV,,([0, T]; R?) are indeed possible for d > 1.

Example 3.36 (jumps in a 2d situation). Consider the case
d=2, T=2  Z={zeR*|0<2<mz;}, h=0,

w=(3) m=().  wew2E. w010y (})a-0+10a0 (1) -0,

For the above data, one easily verifies that the conditions in Assumption 3.1 hold with 79 = 1/2 and that the
solution y := S(u,yo) of (V) and the associated play w := u — y are given by

po € WSO, 90 = Lo (7) 00+ 1aa® (5) -1 w(t) = 1aa) () €.

Using the calculus rules from Section 2.4, one also easily checks that the system (3.23) is solved by the function

5(t) = L1 (1) (g) + 1) G) + () (é) (3.38)

in this situation. As (3.23) is uniquely solvable by Theorem 3.31, this implies § = S'((u,yo); (h, ho)). As §
is clearly neither left- nor right-continuous at ¢ = 1, this demonstrates that there are indeed situations with
S"((u,0); (h, ho)) & BVy([0,T]; R?). From (3.38), we further obtain that (§(1+),5(14) — §(1—)) =1 > 0. The
inequality (6(t+),d(t+) — 6(t—)) < 0 that is valid for d = 1 by Corollary 3.33iii) and that entered the proof of
Corollary 3.34 crucially in (3.32) is thus indeed in general wrong for d > 1, as mentioned after Corollary 3.35.

4. PROOF OF (II): NON-DIFFERENTIABILITY IN THE OBTUSE CASE

It remains to prove part (II) of Theorem 1.1. To establish this second main result of our analysis, we use
Proposition 2.16 to reduce the situation to two dimensions and then explicitly construct a counterexample.

Theorem 4.1 (point (IT) of Thm. 1.1). Let T > 0 be given and let Z C RY, d € N, be a full-dimensional
convex polyhedron that is not non-obtuse. Let ¢ € (0,T) be an arbitrary number. Then there exist yo € Z,
u € WH((0,T);R), hg € Z(yo), 70 > 0, and h € C>=([0,T]; R?) such that yo +Tho € Z holds for all T € [0, 7o),
such that the solution operator S: CBV ([0, T);R?) x Z — CBV ([0, T);RY) of (V) satisfies

S(u; yo + 7ho) — S(u, yo) _ S(u+7h,yo) = S(u, 40) — const = ¢ Y0 <7 <7

T [9,T] T [9,T]

for some ¢, € R?, and such that the limit lim g 7,)37—0 ¢r does not exist.

Proof. Let T and Z be as in the theorem, let {(v;, a;)}icr be a standard description of Z, and let ¢ € (0,T)
be given. From Proposition 2.16, we obtain that there exists w € Z such that A(w) = {i1,42} holds for some
11,19 € I with (v;,,v;,) > 0. We assume w.l.o.g. that w =0, a;;; = ;, =0, and i3 = 1, i9 = 2. (This can always
be achieved by translating Z and reordering {(v;, ;) }icr.) As A(0) = {1,2}, we can find € € (0,9) such that
(vi,x) < a; holds for all ¢ € T\ {1,2} and all € B.(0). Since (v1,v2) > 0 and 14 # va, there further exist unique
e1,ez € RY satisfying |e1| = |ea| = 1, e1, e € span({v1,v2}), (v1,e1) = (12,e2) = 0, (v1,e3) <0, (va,e1) < 0,
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and (e1,ea) < 0 (cf. Lem. 2.10iv)). Consider now an arbitrary but fixed number v € [0, 1] and choose functions
p € CX(R) and By € L*=(0,T) such that

(e1,e2)
<V1,€2>

a.e. in (0,¢),

T
supp(p) C (0, %) : © >0, / pds =1, f1=0a.e. in (g,7T), 0<p <
0

and such that the limit

lim l/i B1(s)ds (4.1)

(0,e)>7—0 T

does not exist. (Functions ¢ and 8; with these properties can be constructed easily.) We define

ho = —vey,

€
Yo = €€, To = bR

AL(t) == /0 B1(s)ds, u(t) == max(0,e — t)e; + A1 (t)ry, h(t) :=—(1— 7)/0 p(s)dsey.

For this data, one easily checks that yo+7ho € Z for all T € [0, 7], u € WH*°((0,T); R?), and h € C*°([0, T]; RY).
We claim that S(u + Th,yo + Tho) is equal to the function

(=7 —t)er +7h(t) iftel0,e—r],

v /f_ (u(s), e2) dses ift e (e—7T] (4.2)

for all 7 € [0,70]. To see this, let 7 € [0,79] be fixed. Due to (4.2) and 0 < 7 < 79 < &, we trivially have
y"(0) = (e — y7)e1 = yo + Tho. From the properties of ¢ and the definition 7y := £/2, we further obtain that

e === mertrhle—r) = A=res—(1=)r [ els)dses

E—T

e/2
=(1—=7)re; — (1 — 'y)T/O p(s)dse; =0 = / (1(s), ea) ds es.

—T

In combination with (4.2), this yields y™ € W1°°((0, T); R%). Similarly, one also checks that
t
Ogsf'nytf(lf’y)T/ p(s)ds<e—n71 <e Yt € [0,e — 7]
0
and, thus,
t
Yy (t)=(e —yr —t)er +Th(t) = (6 —yr—t—(1— ’y)T/ @(s)ds) e1 € conv({0,ee1}) C Z Vt € [0,e —7].
0
For the derivative 7, we obtain
GT() — (i + Th)(t) = —e1 + Th(t) — (—el (B + Th(t)) = Byt € —Nz(y™(t)) for a.a. t € (0, — 7).

Thus, 7 (0) = yo+7ho, ¥ (t) € Z for all t € [0,e —7], and §7 (t) — (u+7h)(t) € =Nz (y"(t)) for a.a. t € (0,6 — 7).
To prove that y™ = S(u+ 7h, yo + Tho) holds, it remains to check that the last inclusions also hold on the interval
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(e — 7, T); see Proposition 2.33. To this end, we note that our assumptions on (3 yield

<V1,€2>
(e1,e2)

<U(t), 62> = ]1[078] (t) <761, 62> +ﬂ1(t) <I/1, €2> = (]1[078] (t) — 51 (t)) <761, 62> S [0, 1] fOI‘ a.a.t e (6*7’7 T)

(4.3)
This implies

t min(e,t)
Yy’ (t) = / (u(s),es)ds ey = / (t(s), ea) dseq € conv({0,7es}) C conv({0,eex}) C Z Vte (e —71,T).
E—T E—T
(4.4)
Similarly, we may also compute that

(u(t), va) = Njo.¢(t) (—e1,v2) + Bi(t) (v1,v2) > 0 for a.a. t € (e — 7, 7).

In combination with the properties of ¢, the estimate € — 7 > ¢/2, the inclusion y7 (¢) € conv({0,ces}) for all
t e (e—7,T]in (4.4), and the fact that es and vo form an orthonormal basis of span({es, e2}) = span({v1,v2}),
this implies

g (t) — (w4 Th)(t) = g7 (t) — u(t) = (u(t), es) e — (t) = — (u(t), 1) vy € —Nz(y"(t)) for a.a. t € (e — 7,T).
We thus indeed have y7(0) = yo + 7ho, y7(t) € Z for all t € [0,T], and §7(t) — (i 4 7h)(t) € —Nz(y" (t)) for a.a.

(
t € (0,T) and, as a consequence, y™ = S(u + Th,yo + Tho) as claimed. Note that, from (4.2), (4.3), and 81 =0
a.e. in (g,T), we obtain that

S(u+ 7h,yo + Tho) — S(u,y0)

[e,T] T

= const Vo<1 <719 (4.5)
[e,T)

and

T _ .0 € 5
M = %/577 (u(s),ex) dses = (—e1,ea) ea + % /EiT B1(s)ds (v1,e3) es Vo<1 <719. (4.6)

As By was chosen such that the limit in (4.1) does not exist, since (v1,e2) # 0 and 0 < ¢ < ¢, and since, for
~v € {0,1}, we obtain situations in which only the initial value yo and the forcing term w are perturbed, the
assertion of the theorem now follows immediately from (4.2), (4.5), and (4.6). O

Remark 4.2.

e The construction in the proof of Theorem 4.1 suggests that it might be possible to obtain directional
differentiability results for the operator S in the presence of obtuse interior angles if one restricts the
attention to situations in which the time-derivative of the function P(u,o): [0,T] — R possesses left
and right limits everywhere in [0, T]. We leave this topic for future research.

e As (4.6) shows, in the situation considered in the proof of Theorem 4.1, limits (of subsequences) of
difference quotients of S do not only depend on where the multiplier maps A; in (2.40) are nonconstant,
but also on how fast the maps A; grow. This is a major difference to the non-obtuse case; see (3.23), (3.16),
and Definition 3.10. In the elliptic setting, dependencies of this type typically occur when the admissible
set of the considered variational inequality (interpreted as a subset of the underlying function space) is not
(extended) polyhedric but possesses proper nonzero curvature at its boundary; cf. [58], Lemmas 5.3, 5.8
and the references therein. The observations in Section 3 and the proof of Theorem 4.1 thus suggest that
the admissible set {v € CBV ([0, T];R?) | v(0) = yo, v(t) € Z for all t € [0,T]} of the EVI (V), considered
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as a subset of the space BV (]0,T];R?), possesses proper nonzero curvature in the sense of the second-
order epi-derivatives studied in [58] when Z has an obtuse ridge and is extended polyhedric (in a suitably
defined sense) when Z is non-obtuse. Note that such structural differences between non-obtuse and obtuse
polyhedra are completely unheard of in the context of elliptic variational inequalities; see [60]. We again
leave this topic for future research.

5. REMARKS ON APPLICATIONS IN OPTIMAL CONTROL
We conclude this paper by briefly commenting on applications of Theorem 1.1 in the field of optimal control.
For illustration purposes, we restrict our attention to the following model problem governed by (V):
Minimize J(y,y(T),u)
wrt. y€ CBV([0,T;R?), wueU,

y(t) e Z vt e[0,T], y(0) = o, (P)

s.t. T
[ o-vdy-wiz0 wecqrsz)
0

Our standing assumptions on the quantities in (P) are as follows (cf. [48], Asm. 3.1, Cor. 5.1):

Assumption 5.1 (standing assumptions for Sect. 5).

i) T >0 and d € N are given and fixed.
ii) (U,]|-||y) is a reflexive real Banach space such that U C CBV([0,T];R?) holds and such that U is
continuously, densely, and compactly embedded into C([0, T]; R9).
iii) J: L=((0,T);R?) x R? x U — R is a function with the following properties:
(a) J is Fréchet differentiable and 0,7 (y,y(T),u) € L*((0,T);R?) for all (y,u) € CBV([0,T];RY) x U.
Here, L'((0,T); RY) is identified with a subset of L>((0,T); R%)* in the canonical way.
(b) J is lower semicontinuous in the sense that, for all {(yx, 2, ur)} C C([0,T];RY) x R? x U satisfying
yr — y in C([0, T|; RY), 2, — 2z in RY, and ux — u in U, we have

liminf J (y, 2x, uk) > J(y, 2, u).
k— o0
(¢) J is radially unbounded in the sense that there exists a function p: [0, 00) — R satisfying

p(s) = oo for s — oo and Ty, z,u) > p(ully)  Y(y,zu) € C(0,T;RY) x R x U.

iv) Z C R? is a full-dimensional convex non-obtuse polyhedron.
V) yo € Z is a given and fixed starting value.

A prototypical example covered by the setting in Assumption 5.1 is
w1 w2 w3
U:=H'"(0,T);RY),  J(y,2u):= - My = Yol Z2(0,m)me) + 5 2= yr|* + 7“U||?{1((0,T);Rd)>

with given wy,ws, ws > 0, yp € L%((0,T);R?), and yr € R%. From standard arguments, we obtain:
Theorem 5.2 (solvability of (P)). Problem (P) possesses a solution (u,y) € U x CBV ([0, T]; R%).

Proof. The solvability of (P) follows straightforwardly from the properties of U and J in Assumption 5.1, the
Lipschitz estimate (2.39), and the direct method of the calculus of variations. O
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The main insight that Theorem 1.1 provides in the context of the minimization problem (P) is that it is
possible to formulate a classical Bouligand stationarity condition for local minimizers, i.e., a standard first-
order necessary optimality condition in terms of the directional derivatives of the reduced objective function
Usu— J(Su,yo),S(u,y0)(T),u) € R.

Corollary 5.3 (Bouligand stationarity condition). Suppose that 4 € U is a locally optimal control of (P) with
associated state § := S(@,yo). Then the map S is directionally differentiable at (@,yo) in the sense of part (I)
of Theorem 1.1 and it holds

T
/O (T (9, 9(T), 1), S ((@,yo); (h,0)))ds + (02T (5, 4(T), ), S’ (@, yo); (h, 0))(T))
+ (05T (4, 9(T), 1), h)y. y =0 VheU.

(5.1)

Proof. If 4 is a locally optimal control of the problem (P) with state § := S(u,y0) and h € U is fixed, then
our assumptions, Theorem 1.1, the Lipschitz estimate (2.39), and the local optimality of 4 imply that S is
directionally differentiable at (@, yo) in the sense of (1.4) and that

0<J(8(u+7h,yo),S(@+7h,yo)(T),u+ 7h) — I (4,5(T), u)

:/0 (01T (9, 9(T), u), S(u+ 7h,yo) — §)ds + (02T (9, 4(T), @), (@ + 7h, yo)(T) = y(T)

+ (03T (9, y(T), u), 7h>U*,U + o(7)

holds for all sufficiently small 7 > 0, where the Landau notation refers to the limit 7 — 0. If we divide by 7
in the above and pass to the limit 7 — 0, using (1.3), the pointwise convergence in (1.4), and the dominated
convergence theorem, then the assertion of the corollary follows. O

Note that it is typically hard to use the Bouligand stationarity condition (5.1) directly as a point of departure
for the design of numerical solution algorithms. The main appeal of (5.1) is that it constitutes the most natural
first-order necessary optimality condition for the problem (P) and, thus, can be used as a point of reference when
comparing stationarity systems that have been derived via regularization or discretization techniques; see [13, 32—
43] and the comparisons in [45]. A very interesting question in this context is whether the characterization of the
directional derivatives of S by means of (1.5) can be used to reformulate the Bouligand stationarity condition
(5.1) as an equivalent primal-dual optimality system in qualified form. In the case d =1 and Z = [—r,r], r > 0,
it has been demonstrated in [48] that this is indeed possible and that a control 4 € U with state § := S(4, yo)
satisfies (5.1) if and only if there exist an adjoint state p € BV ([0, 7]) and a multiplier i € G,([0,T])* such that
the following strong stationarity system is satisfied:

p0)=p(T)=0,  p(t)=p(t-)Vt€[0,T),  p(t-) € Koy (5, )(t) vt € [0,T),

crit

T
(112, 0.y oy 2 0 V2 € KGoe™ (g, ), /0 hdp = (97 (4, 5(T), @), h)yy iy Yh €U,

T T
- /0 z dﬁ = /0 alj(gv g(T), ﬁ)st + 82~7(g, g(T)v Q)Z(T) - <,L_l'7 Z>GT([O,T])*,GT([O,T]) Vz € GT‘([O7 T])
(5.2)
Here, KP%(7,4): [0,7] = R is the same map as in (3.34) and Krcef’crit(y, %) denotes a suitably defined subset

crit

of the critical cone K& (7, a); see [48], Definitions 4.7, 6.1. The main instrument for establishing (5.2) in [48] is
a version of Theorem 3.28 which shows that the space BV,.([0,T]) in the first line of (3.17) can be replaced by

C*°([0,T]) when functions z € Kgf’crit(yj, @) are considered and d = 1 holds; see [48], Theorem 6.5. Whether it
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is possible to refine the temporal polyhedricity result in Theorem 3.28 in a similar way for d > 1 and to obtain
a strong stationarity system for (P) analogous to (5.2) for arbitrary dimensions is an open problem.
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