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A-PRIORI ERROR ANALYSIS OF LOCAL INCREMENTAL
MINIMIZATION SCHEMES FOR RATE-INDEPENDENT
EVOLUTIONS *

CHRISTIAN MEYER! AND MICHAEL SIEVERS?

Abstract. This paper is concerned with a priori error estimates for the local incremental
minimization scheme, which is an implicit time discretization method for the approximation of rate-
independent systems with non-convex energies. We first show by means of a counterexample that
one cannot expect global convergence of the scheme without any further assumptions on the energy.
For the class of uniformly convex energies, we derive error estimates of optimal order, provided that
the Lipschitz constant of the load is sufficiently small. Afterwards, we extend this result to the case
of an energy, which is only locally uniformly convex in a neighborhood of a given solution trajectory.
For the latter case, the local incremental minimization scheme turns out to be superior compared to
its global counterpart, as a numerical example demonstrates.

Key words. rate independent evolutions, incremental minimization schemes, a priori error
analysis, implicit time discretization, parameterized solutions, differential solutions
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1. Introduction. This paper is concerned with a-priori error estimates for the
numerical approximation of rate-independent processes. The system under investiga-
tion is of the form

(RIS) 0 € OR((t)) + D.I(t, 2(t)) ace. in [0,T],

where Z denotes the energy functional and R is a positive 1-homogeneous dissipa-
tion. The precise assumptions on the data are given in Section 2.1 below. The rate-
independence manifests itself through the 1-homogeneity of the dissipation, which in
fact induces that the system is invariant under time-rescaling. This simply means
that rescaling the time in (RIS) results in a likewise rescaled solution.

By now, there exists a variety of different solution concepts for (RIS) being capable
of handling time-discontinuities, which may occur due to non-convexity of the energy
functional. We refer to [14] for an overview. In this paper, we focus on the notion
of parameterized solutions. Loosely speaking, the main idea behind this solution
concept is to parameterize the graph of an evolution satisfying (RIS) by arc-length.
The process is thus described in an artificial time s by the following system

(0) 0, 2(0)=2z0, t(s)+[(s)l =1,
(L.1) OR(Z'(s)) + A(s)2'(s) + D-Z(t(s), 2(s))
A(s) 20, A(s)(L = [I2'(s)])) = 0,

see [4, 14] for details. Existence of solutions in the sense of (1.1) can be established in
multiple ways, for instance by means of a vanishing viscosity analysis, see e.g. [12, 13].
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Another approach to show existence is to apply particularly chosen time dis-
cretization schemes and pass to the limit with the time step size. A prominent exam-
ple for this procedure is the so-called local incremental minimization scheme of the
form

(1.2a) zi € argmin{Z(tg—1,2) + R(z — zk—1) : 2 € Z, ||z — zp—1|lv < 7}
(12b) tr = min{tk_l + 7= ||Zk — Zk—1||V7T}-

This approach is for instance pursued in [4] for the finite dimensional and in [16, 6] for
the infinite dimensional case. The authors show (weak) convergence of subsequences
to solutions of (1.1) as 7 N\, 0. In [8], a finite element discretization is incorporated
into the convergence analysis. Moreover, as also demonstrated in [§], the scheme in
(1.2) is not only interesting from a theoretical point of view, but can also be efficiently
realized in practice for instance by means of a semi-smooth Newton method. Let us
mention that there exist other discretization methods to approximate parameterized
solutions, such as relaxed local minimization schemes as proposed in [2] or alternating
minimization schemes, if a second variable enters the energy functional. Moreover,
time discretization and viscous regularization can be coupled to approximate a pa-
rameterized solution, see |7, 13]. For a detailed overview, we refer to [6].

However, when it comes to rates of convergence for discretizations using (1.2),
the literature becomes rather scarce. Since, in case of non-convex energies, the (pa-
rameterized) solution of (RIS) is in general not unique, not even locally, as there
might be a whole continuum of solutions, one can in general hardly expect any a
priori estimates. The situation changes, if one turns to uniformly convexr energies. In
this case, however, there is no need for a localized scheme as in (1.2) so that one can
drop the additional constraint in (1.2a) and simply use the a time-update of the form
ty = tx—1 + 7. The method arising in this way is called global incremental minimiza-
tion scheme and can be shown to converge to the global energetic solution, which is
unique in case of a uniformly convex energy. Even more, in [15, 11], the authors show
that the error between the discrete solution of this scheme and the global energetic
solution is of order O(y/7). This result has been improved in [9] and, more generally,
in [3] to rates of order O(7) for the case of a quadratic and coercive energy. An energy
functional with these properties arises for instance in case of quasi-static elastoplas-
ticty with linear kinematic hardening, where several convergence results have been
obtained by various authors, see e.g. [5, 1] and the references therein. Recently, in
[17], the authors provide an a priori error estimate for the global minimization scheme
in case of a semilinear and uniformly convex energy including a spatial discretization.

By contrast, to the best of our knowledge, there exists no such convergence results
for the local incremental minimization scheme in (1.2), even not in the case of a
uniformly convex energy. With the present paper, we aim to fill this gap. Moreover,
we provide an a priori estimate, if the energy functional is only locally uniformly convex
along a given solution trajectory. At this point, the local incremental minimization
scheme turns out to be superior to the global one, since the latter does in general not
satisfy such an a priori estimate as we will demonstrate by means of a counterexample.
In summary, the overall picture concerning the local incremental minimization scheme
now looks as follows:

e For an arbitrary non-convex energy, there exists a subsequence of discrete
solutions that converges (weakly) to a parameterized solution as 7\, 0.

o If the energy is locally uniformly convex along a solution trajectory, then the
discrete solution converges with optimal rate to this solution, provided that
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the time step size is sufficiently small.
e If the energy is uniformly convex, one obtains the same convergence rates as
for the global incremental minimization scheme.
The paper is organized as follows. In Section 2, we lay the foundations for our
a priori error analysis. We present our standing assumptions, the solution concepts
for (RIS) underlying our analysis, and the local incremental minimization scheme in
a rigorous manner. The section ends with a simple one-dimensional example which
shows that one can indeed not expect any convergence result for the whole sequence
of discrete solutions without any further assumption on the energy such as (local)
uniform convexity. The third section is then devoted to the derivation of our a priori
estimates. In the first subsection, we provide some basic estimates that are frequently
used throughout the convergence analysis. In Sections 3.2 and 3.3, it is assumed
that the energy is (globally) uniformly convex. We start our a priori analysis with
an additional assumption saying that the driving force is Lipschitz continuous with
a sufficiently small Lipschitz constant. In Section 3.3, we then drop the smallness
assumption on the Lipschitz constant. It is to be noted that, in this case, we do not
obtain the optimal order of convergence, see Remark 3.21 below. Finally, Section 3.4
is concerned with the a priori analysis in case of locally uniformly convex energies.
The numerical experiments in Section 4 illustrate our theoretical findings.

2. Notation and standing assumptions. Let us start with some basic nota-
tion used throughout the paper. Unless indicated, C' > 0 always is a generic constant.
Moreover, given two normed linear spaces X, Y, we denote by (-, ) x+ x the dual pair-
ing and suppress the subscript, if there is no risk for ambiguity. By || - || x, we denote
the norm in X and £(X,Y) is the space of linear and bounded operators from X to
Y. Furthermore, Bx (z,r) is the open ball in X around x € X with radius r > 0.

2.1. Assumptions on the data. Let us now introduce the assumptions on the
quantities in (RIS).

Spaces. Throughout the paper, X is a Banach space and Z,V are Hilbert spaces
such that Z gl YV — X, where <i> and <> refer to dense and compact embedding,
respectively. For convenience, we will assume w.l.o.g. that the embedding constant
cz of Z — V fulfills ¢z = 1. Otherwise only the constants in the corresponding
estimates will change. For the same reason, we will use the natural norm in V rather
than an equivalent one as carried out in [6]. The Riesz isomorphism associated with
V is denoted by Jy : V — V*.

Energy. For the energy functional we require that Z has the following semilinear
form:

T:[0,T|xZ—=R, I(tz) = %(Az,z)z*,z + F(z) — (1), 2)v= v .

wherein A € L(Z, 2*) is a self-adjoint and coercive operator, i.e., there is a constant
a > 0 such that (Az, )z« z > a||z||%. In addition, we assume that £ € C%*([0,T]; V*)
and F € C?(Z;R) with F > 0 and write |¢|z;, for the Lipschitz constant. The
restriction of ¢(-) to a functional on Z is, for convenience, denoted by the same
symbol.

For the non-quadratic part, we assume that F is of lower order compared to A
which means that

(2.1) D.F e CYZ,V), |D>F(z)v]

ve < Cr(l+lz12)lvlz
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for some ¢ > 1 so that, for every z € Z, D, F(z) can uniquely be extended to a
bounded and linear functional on V, which we again denote by the same symbol for
convenience.

Moreover, we additionally assume that Z(¢,-) € 02’1(2; R), that is to say, for all

loc

r > 0 there exists C(r) > 0 such that for all zq, 22 € Bz(0,r) it holds
(2.2) ([DIZ(t,21) — DIZ(t, 22)]v,v) 2+ 2 < C(r)]|21 — 22 2[lv]%-

Note that, due to the structure of the energy functional Z, the constant C(r) does
not depent on the time ¢ and, moreover, this assumptions holds iff F € C’l2 O’i (Z;R).
Lastly, we require Z to be (at least locally) uniformly convex, see Assumption 3.1 and
Assumption 3.22 below, which we will indicate at the appropriate places.

Dissipation. In the following, we denote by R the dissipation potential and assume
R :V — [0,00) to be lower semicontinuous, convex, and positively homogeneous of
degree one. Moreover, we require the dissipation to be bounded, i.e., there exist
constants p,p > 0 such that, for all v € V there holds p||v||x < R(v) < p||v||y. Since
R is convex and ls.c., it is locally Lipschitz continuous so that its subdifferential is
bounded for every point of the domain.

Initial data. Finally we assume that the initial state zg satisfies zp € Z and
0 € OR(0) + D,Z(0, zp), i.e., 2o is locally stable.

2.2. Solution Concepts. We now turn to our notion of solutions and give a
rigorous definition thereof. For a broad overview over the various solution concepts
for rate independent systems, we refer to [10, 14] and the references therein.

DEFINITION 2.1. We call z : [0,T] — Z a differential solution of the rate-independent
system (RIS), if z € WHY(0,T; Z) with 2(0) = z9 and 0 € OR(Z'(t)) + D.Z(t, 2(t))
fa.a. t €10,T].

Due to the 1-homhogeneity of R, it holds OR(v) C IR(0) for all v € V. Thus,
since Wh1(0,T; Z) < C(0,T; Z) and D, T is continuous, a differential solutions fulfills
0 € OR(0) + D,Z(t,2(t)) for all t € [0,T]. The set S(t) :={z € Z : 0 € IR(0) +
D.Z(t,z)} is often called set of local stability. Accordingly, a state z € S(¢) is called
locally stable. The notion of a differential solution plays a crucial role in our error
analysis. In case of a (globally) uniformly convex energy, one can prove that such a
solution exists and is unique, see Appendix B.

As indicated above, there exists multiple other notions of solutions for (RIS),
among them (global) energetic solutions and parameterized solutions. These two solu-
tion concepts will appear in context of our numerical examples. They come into play,
when one drops the uniform convexity assumption on the energy. In the non-convex
case, both solution concepts are especially essential in the context of incremental
minimization time stepping schemes, as (weak) limits of the sequence of iterates are
precisely of this type. To be more precise, weak accumulation points of the local
scheme in (1.2) for 7 N\, 0 are parameterized solutions, whereas weak accumulation
points of its global counterpart (where the additional inequality constraint in (1.2a)
is dropped and the time update is just tx11 = tr + 7) are global energetic solutions.
For a precise definition of these two solution concepts and the convergence analysis
in case of non-convex energies, we refer to [6] and the references therein. Since only
differential solutions will appear in our a priori analysis, we do not go into further
details concerning the other notions of solutions.

2.3. Local Minimization Algorithm. In [4], an implicit time stepping scheme
based on a local minimization of dissipation plus energy was proposed to approximate
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parametrized solutions. This algorithm serves as a basis for our a priori analysis. Its
iterates are determined by

(2-3a) 2z € argmin{Z(tr—1,2) + R(z —zx-1) : 2€ Z, |z — zeaflv < 7}
(2.3b) tr = min{tg—1 + 7 — |2k — 2k-1llv, T}

Note that the iterates implicitly depend on the choice of 7. Nevertheless, we will omit
any indexing of ¢ and z; for the sake of better readibility. Now, for every 7 > 0,
we know from [6] that this algorithm reaches the final time 7' in a finite number of
iterations (depending on 7) which we will denote by N (7). Moreover, by definition of
z1; as a solution of (2.3a), it satisfies the necessary optimality conditions

(2.4) 0€ R+ I)(zk — 2zk—1) + DT (tg—1, 2x),
where I, : V — [0, 00] denotes the indicator functional associated with the constraint

v € By(0,7). From (2.4), we obtain the following optimality system:

LEMMA 2.2 (Discrete optimality System). Let k > 1 and z, be an arbitrary
solution of (2.3a) with associated ty given by (2.3b). Then the following optimality
properties are satisfied: There exists a Lagrange multiplier A\, > 0 such that

(2.5a) Ak(llze = zr—1lly = 7) =0
(2.5b) rdisty-{—D,Z(tx—1,21), OR(0)} = Mellzx — 261l
(250 { Rz — 2k_1) + 7 disty- {—=D.Z(tx_1, z), OR(0)}
= (—D,ZT(tk—1,2k), 2k — 2k—1)2* 2
(2.5d) R(v) > —Nedv(zk — ze1) + DoZ(te_r, 2)s 0)veyy Vo € V.

For a proof of this statement, see [6] or [8]. Note that (2.5b)—(2.5d) and the
1-homogeneity of R imply

(2.6) 0 € OR(zk — zk—1) + M Jv(zk — 2k—1) + D Z(tk—1, zk)-

In addition, (2.5a) and (2.5b) give
1
(27) )\k: = ; diStv* {—DZI(tk,l, Zk), 8R(0)}

Remark 2.3. In order to keep the following arguments concise, we will proceed
the iteration for ¢y () = T, until we find 2x(r)4, € Z, which is locally stable again,
ie., 0€ dR(0)+D.Z(tn(r), 2N(r)+n). In Lemma 3.15 and Lemma 3.10 below, we will
see that, under suitable assumptions, this condition is fulfilled after a finite number of
steps, which is bounded independent of 7. Eventually we denote N(T) = N(7) + n.

Remark 2.4. Due to the convexity of Z(¢,-) and the assumption on the initial
state zg, i.e., 0 € OR(0) + D, Z(to, 20), there holds Z(0, z9) < Z(0, z) + R(z — zp) for
all z € Z so that z; = 2 is the unique minimizer of (2.3a) and consequently, the
first iterate of the local minimization algorithm always equals the initial state. This
also entails t; — tg = 7. We will use this fact at some places of the paper. Note
that the uniform convexity of Z(tg,) on Bz(zo, ) is perfectly sufficient for the above
argument, which will become important in Section 3.4 below.
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2.4. A Counterexample in Case of a Non-Convex Energy. Before we
continue our error analysis, let us take a look at a first numerical example for the
local minimization algorithm, which illustrates that on cannot expect any convergence
result going beyond [6, 8] without further assumptions. For this example, we set
Z=V =X =R as well as:

(2.8) R(v)=1|v| and Z(t,z)= %2’2 + F(z) —L(t)=

with

3 _ 2 S
Fz) = { T gﬁ; i i D and (1) = ~24(t — 1/4)° + 5/3.
The fact that the energy functional is not (strictly) convex induces that solutions
are in general not unique. However, it is a priori not clear, whether the discrete
approximations converge to some particular parameterized solution (potentially even
with some rate) or not. The following example demonstrates that this is in general
not the case. For zy = —1/3 straight forward calculations show that

- —1/3 ,te€0,1/4)
21(t) = —1/3 and 2z(t) = { 1/3(14+v2) ,te[1/4,1/2]

are solutions of the rate-independent system (2.8). The numerical results depicted
in Figure 2.1 show that, although 25 is continuous, the discrete solution either ap-
proximates z; or zs depending on the choice of 7. Consequently, as indicated above,
without any form of (uniform) convexity of the energy-functional, it is not clear, if any
of the solutions is preferred by the algorithm. In addition an a priori error estimate
can hardly be expected. As a consequence of this example, we will impose additional
assumptions on the energy to derive a priori error estimates. First we will assume
that the energy is uniformly convex (Sections 3.2 & 3.3) and later on generalize our
results for the case of locally uniformly convex energies (Section 3.4).

3. A Priori Error Estimates. As mentioned above, the first part of our error
analysis is based on the following

Assumption 3.1 (k-uniform convexity).
We say that 7 is k-uniformly convez, if there exists a x > 0 such that, for all ¢ € [0, T
and all z,v € Z, it holds (D2Z(t, 2)v,v)z« z > kl[v]|%.

It is to be noted that, due to the structure of Z, the x-uniform convexity is not
depending on the time. Thus it suffices to require that z — (Az, z)+F(z) is k-uniform
convex. This property especially implies that

<DZI(t,ZQ) — DZI(t,Zl),ZQ — Zl>g*7g > HHZQ — Zl‘lzz VZl,ZQ € Z.

Later on, in Section 3.4, we will relax this assumption and turn to locally uniformly
convex energies, see Assumption 3.22 below.

Before we start with our error analysis, we derive several auxiliary results that
are frequently used throughout the whole paper.

3.1. Basic Estimates. In this section, we provide some basic estimates which
will be useful for the error analysis in the upcoming subsections.
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Figure 2.1: Approximations of two different parameterized solutions. Depending on
the choice of 7 either of two solutions is approximated. The set of local stability, i.e.
Utefo,0.5)S (%), is depicted in gray.

LEMMA 3.2 (Uniform a-priori estimate for iterates). The iterates of Algorithm 2.3
Julfll $up, 5, el z < oo.

Proof. see [6] or [8]. d
Thus, we have that 2 € Bz(0,19) for all k¥ € N for some rq independent of 7. The
next result is essential in the context of parameterized solutions, since it implies that
the artificial time is bounded and that the final time T is reached within a finite
number of iteration.

PROPOSITION 3.3 (Bound on artificial time). For every 7 > 0, there exists an
inder N(7) € N such that ty(;y = T. Moreover, it holds fo:(?||zk — zk-1llz < Cx
for some Cs = Cs(a, F, || Lip, 20, T) > 0 independent of 7.

Proof. see [6] or [8]. d

In what follows, we denote by N(7) the number of necessary iterates to reach the

final time at fineness 7. Finally, we state the following three auxiliary results, which
will be used several times throughout this paper.

LEMMA 3.4. There exists Cr ., > 0, such that for all z1,z2 € Bz(0,7¢):
(D:F(21) — D2F(22),0 —w)y=v| < Crp |21 — 22] 2 J[v — wl|y

for all v,w € Z.

Proof. The proof is a direct consequence of the growth-condition on D?F. Let
v,w € Z be arbitrary. Using the aforementioned growth condition in (2.1) together
with the embedding Z < V yields

(DT (21) = D2F(22), 0 = wyy= v| < C(1+75) |21 — 22| 2 lv — w]v. 0
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Remark 3.5. Thanks to Lemma 3.2 and 3.4, there is a constant C > 0 such that,
for all iterates zj, z; € Z it holds

(D:F(21) = D2F(22),v — why+ v < C(L+7G) 21 — 22/ 2 lv — wl|2.
LEMMA 3.6. Under the Assumption 3.1 we have for all iterates k € N, k < N(1):
(3.1) 02 #llzkr1 = 2kllZ = [lrip(te — te-1)lzer1 = zkllv + igr = Ak) 72

Proof. First of all, we observe that, due to the complementarity condition in
(2.5a), it holds Axlzx — 2k—1]3 = Ak72. Now, by inserting (2.5b) in (2.5¢) and
writing the resulting equation for the iteration k + 1, we obtain

(3.2) R(zk41 — 2k) = (—D.T(tk, 2k41), Zh1 — k) 25,2 — Aot 17
Testing the inequality (2.5d) with v = zp41 — 25 yields

R(zrt+1 — 2k) = (=D Z(tk—1,2k), 2k+1 — 2k)2+,2 — Mell2k — 2Z6—1(lv]| 2641 — 2&|lv
> (=D, I(th—1,2k), 2k+1 — 2k) 2%, 2 — \ET>

Subtracting hereof the terms in (3.2), exploiting the k-uniform convexity of Z(¢, -) and
the Lipschitz-continuity of ¢, we obtain

0> (D.Z(ty, 2k41) — D2I(th, 2), 2ot1 — 2) 2+, 2
+ (DI (tg, 21) — DL (th-1,2k), 2kt1 — 2k) 2+.2 + N1 — )72

(3.3) > iillzksr — 26ll% — 1 Lip(te — te—1) 2641 — 2kllv + Aes1 — Ap)7

which was claimed. O

Remark 3.7. Revisiting the proof of Lemma 3.6, we only needed the x-uniform
convexity in the last estimate. Since this will become important in the local uniform
convex case, we state this estimate explicitly here: For all £k € N, k < N(7), it holds
(without assuming Z to be uniformly convex):

0> (D, Z(tg, zk+1) — D2 Z(tk, 2k), 2k+1 — 2k) 2% .2
(3.4) + (DI (t, 21) — DT (th—1, 2k)s 2k1 — 2k) 20,2 + Akt — M) T2

LEMMA 3.8. Under Assumption 3.1 it holds for any k € N with k < N(1):

UL
0e 8R(0) + DZI(tk_l,Zk) = ||Zk+1 — Zk”Z < H% (tk - tk—l)

Proof. Let 0 € OR(0) + D, Z(tg—1, z), which directly implies that A\, = 0, due
to (2.7). Thanks to Lemma 3.6 and the non-negativity of Ary1, we thus arrive at
kllzer1 — 2k]|% — [ ip(te — te—1)llzk+1 — 2&lz < 0, where we used the embedding
Z < V with constant cz = 1. 0

3.2. Globally Uniformly Convex Energy (in case |{|r;, is small). We are

now in the position to start our error analysis. We begin with the case of a uniformly
convex energy, see Assumption 3.1. Beside this, we additionally assume

Assumption 3.9 (Bound on the Lipschitz constant of the driving force).
There exists 0 € (0, ] so that ||z, < k — 4.
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We will drop this assumption in the next subsection for the price of losing the
optimal rate of convergence, see Theorem 3.20 below.

In order to define a discrete solution, we first introduce suitable interpolants in
the artificial time:
For s € [sg_1,8:) C [0,S;), the continuous and piecewise affine interpolants are
defined through

w(% 1), E(s) = ter M(

3.5) Z2.(8) == zp_1+
(8:5) Zr(s) T ek — sk Sk — Sk—1

th —tp—1),

while the piecewise constant interpolants are given by

Z+(8) == 2k, t-(s) :=tg, 2,(8) == zp_1, t.(s) :=tg_1.

The basic idea of our convergence proof is to transform the affine-interpolant back
into the physical time and then to compare it with the unique differential solution
of the rate-independent system (RIS), which exists due to [15, Thm 7.4]. In order
to guarantee that the back-transformation exists and fulfills some upper bounds, we
need the following Lemma:

LEMMA 3.10. Let Assumption 3.9 hold. Then it holds that
K—20
(3.6) szﬂ—znggT(tk—tk,l) VlSkSN(T)

and (1 —52) = & < { (s) < 1 for almost all s € [0,5;]. Moreover it holds N(t) =
N(m)+1.

Proof. We argue by induction. Since z; = zg by Remark 2.4, we have OR(z —
z0) + D, Z(to, z1) = OR(0) + D,Z(to,20) 2 0 so that Lemma 3.8 and Assumption 3.9
imply

M'Lip K—0
— < ——(t1—tg) < —— (61—t
lz2 = 21llz < === (t1 = to) < —— (t1 —to),

which is (3.6) for £ = 1. Now, let k > 2 be arbitrary and assume that (3.6) holds for

k—1,1ie., ||z —2zk-1]lz < “;5 (tg—1 —tr—2) < 7. Consequently, the complementarity
conditions in (2.5a) and (2.6) imply

0e 8R(Zk — Zkfl) + DZI(tk,l, Zk) C 8R(O) + DZI(tk,l, Zk)

Thus, by applying again Lemma 3.8 and Assumption 3.9, we obtain (3.6) for the next
iteration.

For s € (0,7), the lower bound on #'(s) follows immediately from ¢; — to = 7, see
Remark 2.4. For s > 7, it is a direct consequence of (3.6), the embedding Z < V), and
the time-update formula (2.3b). Finally, by (3.6) and the complementarity condition
(2.5a), we have Ay (r)41 = 0, so that indeed N(7) = N(7) + 1 thanks to (2.5b). |

We are now in the position to proof our main result on the convergence rate for
parameterized solutions. By the Lemma above, there exists an unique inverse function
3,(t) : [0,T] — [0,8,] of i.. We will then denote by z,(t) := ,(s,(t)) the retrans-
formed discrete parameterized solution (see also end of the proof of Theorem 3.11).

THEOREM 3.11. Let Z(t,-) € C2H(Z;R) (see (2.2)) as well as Assumption 3.1
and Assumption 3.9 hold. Moreover let £ € W°([0,T]; V*) with ¢ € BV ([0,T]; V).
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Then, the sequence {z;}r>o of retransformed discrete parameterized solutions con-
verges to the unique (differential) solution z and satisfies the a-priori error estimate

(3.7) Iz (t) — 2(t)|s < K7 Vtel0,T],

where K = K(a, k5,4, 20, T, F, ||Al| z(z,2+)) > 0 is independent of T.

Proof. For convenience of the reader we split the rather lengthy proof into eight
parts, which are as follows:

0. First, we will see that, due to the uniform convexity of the energy, (RIS) even
admits a unique differential solution and not only a parameterized one.

1. Based on Lemma 3.10, we can transform the piecewise affine interpolants
introduced above to the physical time. This allows to compare the discrete
solution with the exact (differential) solution, which of course also “lives”
in the physical time. The error analysis however uses a slightly different
piecewise affine interpolant, denoted by Z, providing a certain shift in the
time steps.

2. In analogy to [15], we introduce a quantity ~y(¢), which dominates the point-
wise error ||Z-(t) — z(t)||z. This error measure enables us to deal with uni-
formly convex energy functionals instead of just quadratic and coercive ones.

3. The error measure is essentially estimated by two contributions, denoted by
E(t) and R(t). Both contributions depend only differences of D,Z evaluated
at different time points and different discrete solutions.

4. & 5. E(t) and R(t) are estimated by using the smoothness properties of F and the
load ¢. In addition, the uniform convexity of Z plays an essential role for the
estimate of R. In this way, one obtains a estimate of O(72) for the L!-norms
of F and R.

6. Together with Gronwall’s lemma, this estimate yields a bound of O(7) for
the error indicator v and thus also for the error ||Z,(t) — z(¢)|| z.

7. Finally, we relate the ||Z;(t) — z(t)|| z with the auxiliary interpolant Z; to the
“true error” containing the “correct” interpolant z, = 2, o s; as introduced
above.

Step 0: Differential Solution

First of all, due to Theorem B.1, there exists a unique (differential) solution z €
C%1(0,T; Z) of the rate-independent system. In particular, it holds f.a.a. ¢t € [0,7]
that 0 € OR(2/(t)) + D.Z(t, z(t)), which can be reformulated as (see (77)):

(3.8a) Yve Z: R(v) > (—=D,I(t, (1)), v)z~ = vt € 10,T]
(3.8b) R(Z'(t)) = (=D,Z(t,2(t)),2'(t))z~ =z fa.a. te[0,7T).
Since z € CY1(0,T; Z), it additionally holds

(3.9) I2’(t)]|z < C faa.tel0,T).

Step 1: Construction of interpolants in the physical time
Given t € [t},_,,t}) with & < N(7), we define the following affine interpolant

t—15_1

th—tho1

(ZI:—}-I - z)-

Note that [tx_1, tx) is nonempty and that Ay = 0 due to Lemma 3.10. Thus, from the
first order optimality condition for the local minimization problem, i.e. (2.6), we know
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that 0 € OR(Z.(t)) + D, Z(tk, zk+1). Analogous to Step 0, this can be reformulated
as

(3.11a) Vv e Z: R(v) > (—D.Z(tk, zk+1), V) 2.2 vk € {0,...,N(7)}
(3.11b) R(ZL(t) = (=D, Z(t, 2k+1), 2-(t)) 2+ 2 fa.a. te€[0,7]
Exploiting Lemma 3.10, we additionally have

(3.12) IZ.(t)]|z < C faa.te0,T].

Step 2: Introduction of an error measure
We now basically follow the lines of [15, Thm 7.4], but have to adapt the underlying
analysis at some points. Therefore we present the arguments in detail. Let us define

(313) V(t) = <DZI(t7 2T(t)) - DZI(t7 Z(t))7 27’(75) - Z(t»Z*,Z .
Due to the x-uniform convexity of Z(¢,-), we have
(3.14) () > K12 (1) - 2()1%

so that v measures the discretization error. In full analogy to [15, Thm 7.4|, we can
estimate (see Appendix A)

(3.15) #(t) < C ||z (t) — 2(D)||% + 2(D.Z(t, 2, (t)) — D.I(t, 2(t)), Z.(t) — 2’ (t)) 2z~ = ,
for almost all t € [0,T]. We split the second term into two parts, namely

e1(t) :=2(D,Z(t,2(t)) — D,Z(t,2,(t)), 2 (t)) 2= =
and ea(t) :=2(D,Z(t,2,(t)) — D,Z(t,2(t)),Z.(t))z+ = -
Step 3: Estimates for the error e;

Let again k < N(7) and ¢ € [tx_1,tr) be arbitrary. First observe that, due to the
convexity of 9R(0), it holds for

t—1tg—1
0t) = ———
®) tp —tp—1

that —(1 — 0(t)) &k—1 — 0(t) & € OR(0) with &g—1 := D, Z(tx—1,2;) and & :=
D,Z(ty, zk+1). From the characterization of 9R(0), we infer R(v) > —((1—-6(t)) Ex—1+
0(t) &k, v)z+ z for all v € Z. Inserting herein v = 2/(¢) and substracting (3.8b), we
can estimate

e1(t) = 2(D:I(t, 2(t) — (1 = 0(t)) &1 — 0(t) &, ' (1)) 2+ 2
+2((1 = 0(t)) &1 + 0(t) & — DI(t, 2:(1)), 2’ (1)) 2,2
(3.16) < 20(1 = 0(t) Ek—1 + 0(t) & — DZ(t, 2 (1)) || 2+ 112" (1) | 2
for almost all t € [tr_1, k).

Next we turn to the term es. Similarly, we take v = Z/(¢) in (3.8a) and substract
(3.11Db) to obtain 0 > (D, Z(t, zk+1) — D.Z(t, 2(t)), Z.(¢)) z+ =, from which we deduce

Z*

< 2(D,Z(t, 2 (t)) — D Z(tk, 2k41), 2 (1)) 2+ 2

< 2DZ(t, 2 () — (1= 0(t)) €1 — O(t) &, 2. (1)) z- 2
+2((1 = 0(t)) E—1 + 0(t) & — D I(th, 2641), 2 (1)) 2+ 2

<201 = 0(t)) Ep—1 + 0(t) & — DI(t, 2 (1)) || z- |Z2(1) ] =
+2(1 = 0() (DI (tk-1,2x) — DsZ(tk, 2641), 20 (t)) 2+ 2.

(&) (t)
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Next, let us define

(3.17) E(t) := [|(1 = 0(t)) &x—1 + 0(t) & — D.Z(t, 2-(t))
(3.18)  and  R(t) == 2(1 — ()DL (tro1, 2) — DT (te, 2isr), 2-(1)) 2+ 2.

Then we insert (3.17) and (3.18) in (3.16) and (3.17). The resulting estimates for e;
and ey are in turn inserted in (3.15), which, together with the boundedness of ||2’(¢)|| z
and ||Z.(¢)||z by (3.9) and (3.12), yields

(3.19) ¥(8) < C(|1Z:(8) — 2(t)||Z + E(t) + R(t))-

Step 4: Estimate for E(t)
The particular structure of Z together with the linearity of A and the definition of Z-
gives

E(t)

IN

(1 = 0(t)) D= F(2x) + 0(t) D= F(zk41) — D=F (1= 0(t) 2k — 0(t) z141) | 2
+ (1= 6(8)e(tr-1) + 6()E(ts) — (D) 2
= Il(t) + Ig(t)

Exploiting the regularity of F, we can estimate
L(t) < 0()|[2e41 — 2el 2
/01 ID2F (2t + s(zka1 — 20)) = D2F(zk + 56(8) (s — 2| o5 220y 5
< Cllzupr — 2%,

where we also used 6(t) € [0, 1] and the boundedness of the iterates zj in Z indepen-
dent of 7 from Lemma 3.2. For I, we proceed similarly by exploiting the regularity

of ¢:
t
I(t) S/
th—1

Since ||zk+1 — 2k||z < C7 by Lemma 3.10, the above estimates for I (¢) and I»(t)
imply for all t € [t_1,t) that E(t) < CT% + 70| v ((t,_, tx)5v)- Now integrating E
yields

f(tk) — E(tkfl)
ty — tk—1

—(s)

ds < 7N Bv ((tx_y03:v) ds-
%

T
(3.20) / E(@®)dt < O + 7| sy (o7 < O
0

Step 5: Estimate for R(t)
First, we abbreviate £(z) := (Az, z) + F(z) so that Z(t, z) = E(z) — (€(t), z), as well
as
0(ty) — 0(tr—1)
Aty ’
I D.E(zp41) — D.E(2)
- D =
d TRk+1 ¢ Atk ) d'r z6k+1 Atk )

as well as d-4p =0, d,z; =0, and d,D,& = 0. By Lemma 3.10, we have

Atk = tk - tkfl, d.rgk =

(3.21) Id, 2z < C.
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Now, on account of —D,Z(tg—_1,2k) € OR(zx — 2k—1), we deduce from (3.11a) tested
with zp — 2,1 that 0 > (D, Z(tg—1,2k) — D.Z(tg, 2k+1), 2k — 2k—1) 2-,z. Inserting the
definitions of Z and 6(t), we thus obtain for ¢ € [tp_1,tx):
R(t) = 2(tx — t)((Atg) Do Z(tg-1,2k) — D Z(t, 25+1))s drzis1 — dr2k) 2+ 2
+2(te — t)((Ate) T [DI(tk—1, 21) — D:Z(t, 2641)], dr2p) 2+ 2
< 2(tk — ){((Aty) T DI (th-1, 2k) — DL (ty, 2k41)], dr2kr — drzi) z 2
= Z(tk - t)<_d7'Dz5k+1 + dTEkH d‘er:Jrl - dek>Z*,Z
Integrating then gives

T N(7)
/ R(t)dt < Z (Atk)2<_dTngk+1 + d‘rgka dTZkJrl - dTZk>Z*,Z
0 k=1
N(r)
(3.22)

<7’ Z (=drD:Eky1,drzi1 — drzi)z- 2z + (drli, drzpyr — drzg)z- 2
k=1

For the terms involving ¢ we have
N(7)

Z (d,,.ﬁk7 d;zp41 — erk>V*,V
k=1

N(7)

Z (delie, dr 21y v — (drly — drlp—1, drze) v+ v — (drli—1, drzi) v v,
k=1

where we used d.fy = 0. The second term is estimated analogously to I3, exploiting
the regularity of ¢ as well as the boundedness of ||d,zx ||y from (3.21), which yields

(dr by, — drbi—1, drzi)ve v

1
= ‘ / (O (tg—1 + s(ty — th—1)) — €' (tp—2 + s(tg—1 — tk—2))ds, drzx)y= v
0

< ||€/HBV([tk—2,tk];V) HdTZ/CHV < CHE/”BV([tk—Q,tk];V)'
Hence, thanks to d-£y = 0 and (3.21),

N(T)
Z <d'r£ka dizp41 — dtZk>v*,v

k=1
N(7)

< Z (delr, drzpg1) vy — (deli—1, drzi)ve v + CI | BV (it s, tnlv)
=1

(3-23) < {deln(r)—1,drznm))vev + 20 By (o) < CllLip + 11 BV (10,11v))

Now, for the terms involving D,&, we first calculate

D.E(z —D.E(z
(drD.Ersr,drzi) 2 2 :< (2k+1) (2)

,d z>
tr —te_1 Tk Z*Z

1
/ (D2E(zp + 5(20s1 — 20))[ds 2 41)s dy 22 22 ds.
0
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Since DZ€ is symmetric, we obtain
1
2/ (D?E(2p + 8(2hy1 — 21))[dr 2 11], drzi)z+ 2z ds
0
1
= 7/ <D35(Z}€ + S(Zk+1 — zk))[dek+1 — d.,-Zk}, dTZk+1 — d‘er>Z*,Z ds
0
1
+ / (D2E (21 + $(zkt1 — 2k))drzkt1), dr2pg1) 2+, 2 ds
0
1
+ / <(Dg(c;(,2:]C + S(Zk+1 — Zk)) — Dgf)(zk,l + S(Zk — zk,l)))[drzk],d.rzwg*z ds
0
1
+ / <D§5(Zk_1 + S(Zk - Zk_l))[dTZk], d.,-Zk>g*7g ds
0
Thus, thanks to the convexity of £, we have

1 1
(dr D2Ek1,dr21) 2+ 2 < §<d'rngk; drz)z-z + §<d'rngk+1ad'rzk+1>Z*,Z
1
+ §C\|dr2k||22(||zk+1 —zllz + 2k — 26-1ll2),

where we also used the regularity of £. Exploiting Proposition 3.3 and (3.21), we
eventually end up with

N(r)
Z <d7'Dz8k+17 dTZk> - <d‘rngk+la drzk+l>Z*,Z
k=1
1 N(7)
< 3 {{d: D&, dr2z) 2+ 2z — (dr D, Eky1,dr 2k41) 2+ 2
h—1

+ClldrzrllZ (l2r+1 — 26llz + |2k — ze-1]l2)}

1 1
<CCs + §<erz51,dTZ1>z*,z - §<dTD25N(T)+1,dTZN(T)+1>z*,z <C.

wherein the last estimate is due to Remark 2.4, ie., (d;D.&,d;z1) = 0, and the
convexity of &£, that is (d-D.En(r)41,dr2N(r)+1) = 0. Combining this with (3.20),
(3.23) and (3.22), we have overall shown that

T T
(3.24) / E(t)dt + / R(t)dt < C72.

0 0
Step 6: Obtain Convergence Rate by Gronwall Lemma
Exploiting that y(t)/k > ||Z,(t) — 2(t)||% in (3.19), one obtains 4(t) < C(y(t) + E(t) +
R(t)). Integrating this and using Gronwall’s Lemma as well as the estimates (3.24) on
E and R yield v(t) < (7(0) + O72) exp® < C(v(0) 4 72). Due to 2,(0) = 2(0) = zo,
we have v(0) = 0. Using another time the s-uniform convexity of Z, we therefore
finally obtain

(3.25) 12,() - ()11 < A()/k < C2.

Step 7: Comparing interpolants
By 2, we denote the affine interpolation of the discrete approximations with stepsize 7
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in the artificial time, see (3.5). From Lemma 3.10, we conclude that ¢, (s) is monoton-
ically increasing and #..(s) > 1— =% a.e. in [0, 5;]. Thus, there exists a unique inverse
function s, : [0,T] — [0,5,] with 1 < §/.(t) < 17%;5 a.e. in [0, T]. Given this inverse,

one can define 2. as the retransformed affine interpolant, i.e., z-(t) := 2-(s,(¢)). By
elementary calculations, the explicit formula for z; is:

=1

2r(t) = 2y + L
-t

(Zl: - Z;:,l), le [t;c—flﬂtZ)’

i.e., z; is just the affine interpolant in the physical time. Comparing z, with z, from
(3.10) results in

12 (8) = Z- (D)l 2 = llzi—1 + OO (2 — 2k-1) — 2F — 0(8) (241 — 202
<A =00)lzt-1 = zillz + 0@z = 21allz <7

where we exploited (3.6) once more. Now, since k¥ < N(7) was arbitrary, we have
lz-(t) — 2:(t)||z < 7 for all ¢t € [0,T]. In combination with (3.25), this finally gives
lz-(t) — z(¢)||lz < K7, which is the desired result. A careful analysis of the used
estimates and the corresponding constants yields that K provides the claimed depen-
dencies. |

Some remarks and comments concerning the assertion of Theorem 3.11 and its
proof are in order:

Remark 3.12. In preparation of Section 3.4 below, we note that the uniform con-
vexity of the energy is only needed at three places in the above analysis: firstly for
the estimate in (3.6), secondly for the lower bound on v in (3.14), and thirdly for the
inequality

1
(326) / <D§5(2’k + S(Zk+1 - Zk))[dTZk+1 - dTZk]7 dTZk‘-‘rl - d-rzk>2*,Z ds 2 0.
0

However (3.6) and (3.26) remain valid, if Z(t, ) is only k-uniformly convex on a ball
Bz(z,A) with radius A > 7 > 0 and 2y, 2k+1 € Bz(2z,A). To see this, note that (3.6)
follows from estimate (3.1), see proof of Lemma 3.10, which itself is a consequence of
(D2Z(tr, zut1) — D2Z(tk, 21), 2641 — 2k) 27,2 > K| 2kt — 2¢||%. This inequality, just as
inequality (3.26), only require that z; and zp4+1 lay in a region of uniform convexity
of Z. The estimate on + finally necessitates that Z,(t) € Bz(z(t),A) and that Z is
uniformly convex on Bz (z(t),A) for all ¢t € [0,T], cf. the definition of 7 in (3.13).

Remark 3.13. In view of the regularity of the differential solution, i.e., z € W>(0,T}; Z),
the convergence rate of O(7) in Theorem 3.11 can be regarded as optimal, since the
piecewise affine interpolation of the solution does not yield a better convergence rate.

Remark 3.14. We expect that a spatial discretization can also be included in the
above a priori estimates, following e.g. the lines of [11]. This would however go beyond
the scope of the paper and is subject to future research.

3.3. The General Case (w/o smallness assumption on |¢|7;,). Let us now
turn to the general case, where the Lipschitz-constant does not necessarily fulfill
|| Lip < k. In this case, we can no longer guarantee that the algorithm always makes
progress w.r.t. time, which implies that the back-transformation onto the physical
time need not exist. In order to handle these cases, we will neglect all iterates for
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which the time-update does not proceed. Consequently, we need to ensure that the
algorithm only needs a finite number of iterates (independent of 7) to reach a new
local minimum in the interior of By(zi—1,7) so that, after a maximum number of
M iterates, the algorithm again performs a timestep. This is part of the next two
Lemmata.

LEMMA 3.15. Let Assumption 3.1 hold. Then there exists m € N, independent of
T, such that, for all iterates k € N, k < N(T), there exists an index k € [k, k + m] so
that 0 € OR(0) + D.I(t;_4,2;), i-e., after at most m iterations, the iterate is again
locally stable.

~ Proof. W.l.o.g. let k be the last iterate with ¢, — t;—; > 0 (otherwise we choose
k <k as the last iterate, where a time-step took place and apply the same argumen-
tation with k instead of k, which will then give the same m). By Remark 2.4 we have
t1 —to > 0 so that there always exists such an index k < N(7). We will first show
that Agy1 is bounded by the Lipschitz-constant of £. Afterwards, we will show that
the sequence {Ax4;}i>1 is monotonically decreasing by some constant factor. Since
all multipliers are non-negative, this will lead to Agy,,, = 0, which yields the desired
result.

Step 1: Boundedness of A\j41

Since t — tx—1 > 0, we have A\ = 0 by (2.3b) and (2.5a) so that Lemma 3.6 implies

0> Kllzisr = 2ullZ = frip(te — te—1)llze1 = 2zillv + A 72
> U nip(te = tei-1)lzk41 — zillv + X7 > =l ipT> + A7
so that indeed Agt1 < [4|Lip-
Step 2: Monotonicity of {Ag41}i>1
To proceed, let | > 2 iterations be given without time-progress (otherwise m = 2),
which means that
(3.27) thpl = lhti—1 = -~ =1
(3.28) and  [|ze+1 — zpgi-1lly = 21 — Zepi—2fy = =7
We will now show that the sequence {Ag4;};>1 is monotonically decreasing by some
constant factor. Together with (3.1) for the index k + [, (3.27) implies
0> &llzkgt — 2esi—1l1Z + Mt T — Apr—17°

Using the embedding Z < V and inserting (3.28), we obtain 0 > w72 + \gy 72 —
)\kH,lTQ. Combining this with the bound on Agy; from above and rearranging terms
then yields

Ml S M1 — K = et S M1 — (= 1)k < iy — (1 = 1)k,
which finally gives that Ay1,, = 0 for m = [|¢|L;p/k] + 1 due to the non-negativity of
the multipliers. Thus, by (2.6), we have 0 € OR(0) + D.Z(tgt+m—1, Zk+m)- O

LEMMA 3.16. Let Assumption 3.1 hold. Then there exists M € N, independent of
T and e, such that, for all iterates k € N, k < N(7), there exists an index k € [k, k+M)]
so that t; , —t; > 0, ie., after at most M iterations, the algorithm performs a
timestep.

Proof. From Lemma 3.15 there exists m € N such that

(329) 0e 372(0) + Dzz(tk—i-m—la Zk+m)~
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Therefore, it either holds ||zx+m — 2k+m—1]ly < 7, which implies that g4, —tkrm—1 >
0, or ||Zk+m — Zk+m—1|ly = 7 and (3.29) in combination with the time-update (2.3b)
implies that

|€|Lip

(thtm — thpm—1) = T — | Zktm — Zk+m—1llv) = 0.

Ay
Iim — Zhemoillz < Wi

Again, from the time-update (2.3b), it follows tgtm+1 — tk+m = 7 > 0. In both cases,
we have proven the assertion for M = m + 1. 0

We finally need an estimate for the iterates in the stronger Z-norm, in order to get a
uniform bound for the derivative of the linear-interpolants.

LEMMA 3.17. Let Assumption 3.1 be satisfied. Then there exists a constant C' =
C(|l|Lip, &) > 0 such that ||zi — zx—1]|z < C' T for all iterations k < N(T).

Proof. For k = 1 this easily follows from Remark 2.4. Hence, let k& > 2. In the
proof of Lemma 3.15, we have seen that the multipliers A, are bounded by ||, for
all k < N(7). Another application of Lemma 3.6 thus gives

Kllze — zk—1l|% < 10l Lip(te—1 — to—2) |2k — 26—1llv — Ak — Ap—1)7?

< pipT? + M1 < 20 1ipT?,
where we exploited the positivity of the multiplier . ]

As mentioned above, the time-discrete parametrized solution will only include the
iterates for which the time-update proceeds. Thus we set
e N(7) = number of iterations to reach the end-time T' (with stepsize 7)
e N(7) = number of iterations to reach the final locally stable state 2y (see
Remark 2.3) R
o N(7):={ke{l,....N(1)} : tx, —tx—1 >0} U{0,N(7)}
In what follows, the iterations in A/(7) are numbered from 1 to [N (7)| and the
corresponding mapping is denoted by R, i.e.,

k:{0,1,...,IN(7)|} = N(7) sothat N(7)={k(0),k(1),..., kN (7))}
Therewith, we define for ¢ € [ty(;_1), ts(;))

- t—1tg(i—1)
Zr(t) = 2p(j) + —————
) =20 (i) — tr(i-1)

(t) = tg(j)—1. Note that it holds

(21 — =) (D) = 25

T

as well as Z_(t) = z(;), t

and consequently
(3.31) 0 € IR(0) + D-Z(ts(j)-1. 21(5)) = OR(0) + D:I(¢,(1),Z,(t)).

Moreover we have the following estimates:

LEMMA 3.18. Let Assumption 3.1 and —D,Z(0,z9) € OR(0) hold. Then there
exists constants M € N and C1,Cy > 0 independent of 7 and € so that

(3.32) R(j)—R(G—1)<M Vj=1,...,|N(1)]
(3.33) [(Z-)'(#)]z <Cr Vaatel0,T],
(3.34) I1Z:(t) — Z.(t)|]|z < Cor Vit e€[0,T],

(3.35) [t—t. ()| <7 vt e [0,7T).
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Proof. The first statement is a direct consequence of Lemma 3.15. Let € :=
W < 1. In order to estimate the derivative of the affine interpolants, let j €
[ Lip

{1,...,|N(7)| — 1}. We then distinguish the following two cases:
1) If (tk(j) - tk(jfl)) Z eT then
k(j)—1
S lan—ale MC
eT -~ e

ZR(j+1) ~ k()
(i) — tr(i-1)

(3.36) ‘

2 i=k(i-1)

ii) Otherwise e7 > (t(j) —tx(j—1)) > 0. Since k(j) € N(7), the complementarity
condition (2.5a) and the time-update (2.3b) imply Ag(;) = 0. Consequently,
Lemma 3.8 in combination with (3.30) give

45 1L
E(tag) = tag)—1) = ——

- - (ta(j) — ta(i—1))-

(3.37)  Nzs()+1 — 2 llz <

Therefore, if t4;) < T, then the time update (2.3b) and the embedding
Z =V give

- |€|Lip
K

teyrr — ) =7 — @y — @@ llv = (1 eyr=er >0

and consequently, k(j+1) = k(j)+1. If ty;) = tn(r) = T, then (3.37) implies

€| Li
||Zk(j)+1 - Zh(j)”v < T”’w <T

so that zy(j)41 is locally stable, which in turn yields N(r) = k(j) + 1 and

hence k(j + 1) = N(7) = k(j) + 1. Thus, in both cases, k(j +1) = k(j) + 1
and consequently, (3.37) yields

“R(F+1) T Ak())
(i) — tr(j-1)

< W‘Lip.
K

(3.38)

=
Hence, (3.36) and (3.38) give (3.33) with Cy = max{ X0 ) ey gor (3.34),
we first calculate

t—1g(j—1)

I2:(6) = 7, ()1 = | =
&(4) R(j—1)

||Zk(j+1) - zk(j)||Z~

Another application of (3.32) and Lemma 3.17 then yield for all t € [0, T

k(i+1)—1
1) %@z < S Nz — #llz < MOT = Cor.
i=k(j)
Finally (3.35) is a direct consequence of the construction of t_(t). 0

Remark 3.19. Taking a closer look to the proof of Lemma 3.18 we observe that
it actually holds

1 R(j4+1)—1
(3.39) — lzit1 —zillz < C
te(j) ~ (-1 Z_zk:m Z '

for all j < N(7).
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With all this at hand, we are now in the position to show an a-priori estimate in

the general case:

THEOREM 3.20. Let Assumption 3.1 be fulfilled. Then there exists C > 0, inde-
pendent of T, such that for the affine interpolants z; : [0, T] — Z, defined as above, it
holds:

I2(t) = 2-(t)llz < CvT Vvt €[0,T],
where z € C%Y([0,T); Z) is the unique (differential) solution of the RIS.

Proof. First of all, from Theorem B.1 we have the existence of a unique differential
solution z € C%1(0,T; Z), that fulfills for all v € Z

(3.40) R(Z'(t)) > R(v) + (=D, Z(t,2(t)),v — 2'(t))z=.z  faa.tel0,T].
On the other hand, according to (3.31), we have for all v € Z that
(3.41) —D,I(t,(t),Z.(t) € OR(0) <= R(v) > (—D,Z(t, (t),Z.(t),v)z~ z.

Moreover, for t € [t(j—1),tk(j)), the positive homogeneity and convexity of R together
with (2.5¢) give

k(j)—1

) — Zh(j— 1
R(ZL(1) =R (Z“(” il ”) < S Rz —2)
te(g) — tr-1) by~ tG-1)
) K(j)—1
S (—D,Z(t;, zig1), 2i41 — 2i) 2.2
() G170

= (=D:Z(L (1), Z, (1), Z (1)) 2= =
k(7)1

1
(D Z(t.(t),Z.(t)) — D.Z(t;, 2i41), Zit1 — Zi) 2= 2.

() = G- i

For the last term, we further estimate
(D.Z(t,(t),2,.(t) — D.Z(ts, zig1), Zit1 — Zi) 2=, 2
S(AEZ(t) = zig1), zip1 — 2i)z=,z + (D F(Z.(1) — Do F(2iq1), Zig1 — 2i) 2+ =

<|Allzz,z9lzki) — zit1llzllzitr — zillz + Crllzg) — zit1ll zllzivr — zill 2
< CT1||zig1 — zil 2,

where we used Lemma 3.4, Lemma 3.17, (3.32), and the fact that ¢; = t5(;) = t,(t)
for all s € {k(j — 1),...,k(5) — 1}, see (3.30). Exploiting (3.39), and combining the
resulting estimate with (3.41) gives for all w € Z:

(3.42) R(w)—R(Z-(t))+(DZ(t, (), 7, (), w—Z-(t))z+.2 > ~Cr faa.te[0,T].

Testing (3.40) with v = Z/.(¢) and (3.42) with w = 2/(¢), respectively, and summing
up the resulting inequalities yields

C1 2 (DI(t (1), 2 (1)) — D-Z(t,2(1)), 2. (1) — 2'(1)) 2+ 2
= (DZ(¢-(1), 7, (1)) — D-Z(t, 7, (1))
+ D.I(t,%,(t)) — DI(t, 2 (t)) + DZ(t, 2:(t)) — D.Z(t, 2(t)), ZL(t) — /(1)) z- .
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Since z is Lipschitz continuous, we have ||2/(¢)||z < C a.e. in [0,T]. In combination
with (3.33) as well as Lemma 3.4 (note that Z; and Z, are bounded independent of
7), we can thus estimate

(D:Z(t, 2-(t)) — D-Z(t, 2(1)), Z(t) — /(1)) 2=
< (D:I(L- (1), 2, () — DI(t, = (t)) ( ) — 2 ()2~ 2|
+ [(DI(t, 7, (1) — D:Z(t, 2 (1), 22 (1) — 2'(1)) z= 2| + C' 7
|

< et (1) = €@l () — 2/ @B llv
+ Az, (t) = AZ (1), 7 (t) — 2'(t)) z- =]
+ DTz (1) — DF(3(1), 7(t)) — ' (t) 2= 2| + C7

< (ClZ () = 2 O) 1z + CxlIz, (1) - 2Oz
Heluiplto () = 1) 124) = 2/ ()12 + C v
(343)  <Cr(IEMIz+ 7 @lz)+Cr<C,

where we used (3.34) and (3.35) in the next-to-last inequality. We can now in principle
follow the lines of [15, Thm 7.4]. Since an additional error C'7 arise in (3.43), we need
to adapt some estimates of [15] and therefore we give the main details: Again we
define the error measure v(t) := (D,Z(t, 2-(t)) — D,Z(t, 2(t)), Z-(t) — 2(t)) z+,z. Due
to the k-uniform convexity of Z(t, -), we have y(t) > x||Z-(t) — 2(t)||%. In full analogy
to [15, Thm 7.4], we can estimate (see Appendix A)

A(t) < ClIZ(8) — 2(t)|1Z + 2{D:I(E, 2 (1) — D.Z(t, 2(1)), 27 (t) — /(1)) 2+ 2 ,

wherein we use the essential boundedness of Z and 2’. Inserting (3.43) and exploiting
that v(t)/k > ||Z-(t) — 2(t)||% we obtain §(t) < Cy(t) + Ct. Now, we proceed as in
the end of the proof of Theorem 3.11. Integrating and using Gronwall’s Lemma
yields y(t) < (7(0) + CT7)exp® < C(v(0) + 7). Due to 2(0) = 2(0) = zp, we
have v(0) = 0. Exploiting again the s-uniform convexity of Z, we finally obtain
1Z-(t) — 2(t)|% < v(t)/k < C7, which was claimed. O

Remark 3.21. In contrast to Theorem 3.11, we do not obtain the optimal rate
of convergence in case the Lipschitz constant of £ is too big. The critical part of

the proof is the estimate of Ei‘(]r(] 1)<D Z(t(t),z,.(t) — D Z(ti, 2i41), Zit1 — 2i),

that only yields an order O(7) instead of O(72), which would be necessary to obtain
the optimal order. A potential resort could be to replace zZ, by a more sophisticated
interpolant that does not simply neglect all iterations without progress in the physical
time. Note that, due to the 1—homogeneity of the dissipation, it is always possible
to achieve |{|1;, < Kk by rescaling the time accordingly. Then, Theorem 3.24 applies
giving the optimal order in the rescaled time scale. Of course, depending on the
Lipschitz constant of ¢, the rescaled time scale might become rather small so that
a large number of iterations is necessary, but this rescaling argument indicates that
it should be possible to achieve the optimal order in case of large |¢|L;p, too. This
however gives rise to future research.

3.4. A priori Analysis for Locally Uniformly Convex Energies. As al-
ready mentioned in the introduction, the local incremental minimization algorithm is
actually not necessary, if the energy is globally uniformly convex. In this case, one
could also use the global incremental minimization scheme, which is easier to imple-
ment, since the additional inequality constraint in (2.3a) is omitted. The situation
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changes however, if the energy is no longer globally uniformly convex, but only lo-
cally around a given evolution z. Then the local incremental minimization scheme
still approximates the (local) solution with optimal order (provided that |£|r;, is not
too large), while the global scheme might fail to converge, as we will demonstrate by
means of a numerical example in Section 4.2. Our precise notion of local uniform
convexity is as follows:

Assumption 3.22 (Local k-uniform convexity).
We call Z locally k-uniform conver around z : [0,T] — Z if there exist x, A > 0,
independent of ¢, such that Z(¢,-) is x-uniformly convex on Bz (z(t),A) for all ¢ €
[0,T7, i.e.

(3.44) (DgI(t,Z)v,wz*,g > ﬁ||v\\23 VZ e Bz(z(t),A), v e Z.

Note that local uniform convexity is always referred to an evolution z. The Assump-
tion 3.22 especially implies that

(345) <DZI(1§7 Zg) — DZI(t, Zl), 29 — Zl)Z*,Z > HHZQ — 21 ||22 Vz1,29 € Bz(z(t), A)
Indeed, using (3.44), we obtain

(D.I(t,22) = D.I(t,21), 22 — 21) 2~ =
1
= / (D2Z(t, 21 + s(22 — 21))[22 — 21), 22 — 21) 2+ zds > k|20 — 21[|%
0

where we used that z; + s(z2 — z1) € Bz(2(t),A) for all s € [0,1]. Now, in order
to prove a convergence-rate in the local uniform convex case, we again have to esti-
mate the difference of iterates in the Z-norm. Since it is not a-priori clear that the

iterate remains in the neighbourhood of convexity of Z, we need to alter the proof of
Lemma 3.17.

LEMMA 3.23. Let 0 € OR(0) + D, Z(tx_1,2x) for some k € N. Then ||zr+1 —
zkllz < Cloe 7. for some constant Cioe = Cioc(F, @, [€|Lip) > 0.

Proof. Let k € N be given. From (3.4) we know
0> (D, Z(tg, 2k+1) — D2Z(tr, 21), 2641 — 2k) 2+, 2
+ (DI (th, 25) — DT(ti—1, 2k)s 2k1 — 2k) 25,2 + (N1 — M) 72

Since 0 € OR(0) + D,Z(tx—1, 21) holds by assumption, (2.7) implies A\, = 0. Inserting
the definition of Z and exploiting Remark 3.5, we can thus further estimate

02> (A(zi1 — 2k), 201 — 2k) 2+ 2 + (D2 F (2k41) — DaF(21), 2k41 — 26) 2+,2
+ (U(t—1) = £(t), 2k41 — 25) + Apg17>
> allzes1 — 2l z — Crllzesr — 2l zll 21 — 26lly — Wpip(tk — th—1) 2641 — 2kl v-

Therefor, by applying the generalized Young-inequality, it follows from the constraint
in (2.3a) that

(07
0> allzppr — 2l1% — §||Zk+1 — 2612 = Crallzesr — 2zkll3 — [lnip T°
«
2 §||Zk+1 — 2|2 = Cram® — [llLipT°

so that indeed Cioe 72 > ||2k11 — 21]|% With Cloe = %(C’];a + [l Lip)- 1]
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With this at hand, we can now show an a-priori estimate in the case of an energy-
functional, which is only locally uniform convex around a differential solution.

THEOREM 3.24. Let z € C%1([0,T); Z) be a (differential) solution. Furthermore
let T be locally k-uniform convex around z with radius A > 0 and assume that { €
Whee ([0, T); V) with |€|Lip < k—38 (see Assumption 3.9) and ¢' € BV ([0,T]; V). Then
there exists a constant K, > 0, independent of T, such that, for the back-transformed
parameterized solution z, : [0,T] — Z and all 7 < T with T sufficiently small, it holds:

(3.46) 2 (8) — 2()||z < Kpoe V¥t € [0,T].

Proof. The proof basically follows the Steps in the proof of Theorem 3.11. Though
we need to ensure that the iterates remain in the region of uniform convexity of Z,
see Remark 3.12. Therefor, we will show by means of induction, that zj,zrx41 €
Bz(z(t),A) for t € [ty_1,tr]. As an easy consequence, the affine interpolant Z,,
defined in (3.48) below, fulfills Z,(t) € Bz (z(t), A) for t € [tx_1, tx], which yields that
the estimates in Remark 3.12 also hold in the local convex case and we can proceed
as in the proof of Theorem 3.11.
Step 0: Preparation
We start by choosing

(3.47) 7 < min ( = = A) =7,

3Oloc73K/73|Z|Lip7§

where Cj,. denotes the constant from Lemma 3.23 and K’ the constant from Theo-
rem 3.11. To be precise here, assume that Z is globally x-uniform convex. Then, by
Theorem 3.11, there would exist a constant K’ such that the a-priori estimate (3.7)
would hold on [0,7]. This is the constant we refer to here. To proof (3.46), we will
now successively show that the affine-interpolant defined by

(3.48) Z(t) ==z + 7]@(2%4_1 —z2p) tE€ [tk‘—latk)a
- 1

fulfills (3.46) on every interval [tx_1,tr]. Since we might have [tp_1,¢;) = 0, this
definition is at first only formally. However, we will successively show by means of
induction w.r.t k, that t; — tx_1 > 7 for some € € [0, 1) independent of 7.

Step 1: Initialization

We show (3.46) for ¢ € [tg,t1]. To do so, we observe that, due to the choice of 7, we
have Bz(zo,7) C Bz(z0,A). Hence, Z(0,-) is convex on Bz(zp,7) and consequently,
we can argue exactly as in Remark 2.4 to obtain z; = 29 € Bz(2(0),A) and t; —tg =7
so that Z, is well defined and equals zy on [tg,t;]. Since zg,21 € Bz(2(0),A) and
Z(to,-) is uniformly convex there by assumption, the estimates (3.6) and (3.26) hold
for k =1 (see Remark 3.12). Moreover, we obviously have Z,(t) = zp € Bz(z(t),A)
for all ¢ € [tg,t1], due to the Lipschitz-continuity of z and the choice of 7. Therefore,
we can exploit the convexity of Z(¢,-) on Bz(z(t),A), giving that (3.14) holds for
t € [to,t1], too. Then, as illustrated in Remark 3.12, we can argue analogous to the
proof of Theorem 3.11 (steps 2-6) to obtain ||z, (t) — z(t)||z < K' 7 for all ¢ € [to, t1].
Step 2: Induction

Let k£ € N be given with

(349) 2K € Bg(Z(tkfl),A), ||Zk — ZkleV <T,
(3.50) 1Z2-(t) — 2(t)|z < K' T VtE [to, tr].
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In the first step of the proof, we have seen that these conditions are fulfilled for &k = 1
and will now show that we can then extend these estimates to [tg, tx+1]. For this, we
observe that, since 7 < %, the inequality (3.50) gives zp = Z;(tx) € Bays(z(tx)).
Thus, by exploiting Lemma 3.23 and (3.47), it follows that |zx+1 — 2(tx)]|z < A so
that again the estimates (3.6) and (3.26) hold true (see Remark 3.12).

It remains to show that Z.(t) € Bz(z(t),A) for all t € [tk, txt1] so that we have
(3.14) on the next time interval, see again Remark 3.12. By (3.49), it holds A\, = 0

such that the inequality (3.4), in combination with Agy; > 0, reduces to

0> (D.I(tg, zxr1) — DI(th, 2x), 241 — 28) 2+, 2
+ (D, Z(t, 2k) — DyI(tk—1,2k), 2ht1 — 2k) 2+ 2

The s-uniform convexity of Z(ty,-) on Bz(z(tx),A) thus gives 0 > kl|zk1 — 2k [|% —
[ ip(te — te—1)ll2k+1 — 2&||v, which implies

K —

l2k+1 — 2zkllz < Wpip/kT < TT

by the assumption on |¢|1;,. By the time-update (2.3b), we consequently have
(351) tkftk_l Z(S/I{T,

which gives the well-posedness of our interpolant and the boundedness of its derivative
in Z due to Lemma 3.23. From this Lemma and again the choice of 7, we moreover
conclude for t € [ty, tri1]

- t— g
12-(t) = 2l 2 < llzw — 2(ti)ll 2 + |2(tk) — (D)l 2 + —— lzks1 — 2|2
tk+1 — Tk

< K7+ ||Z||Lip(tk:+l 7tk) + CloeT < A/3+A/3+A/3 =A.

Hence 2.(t) € Bz(z(t),A) for all t € [to,tk+1] so that the uniform convexity of
Z(t,-) on Bz(z(t),A) implies that (3.14) holds on [tg, tx+1]. Thus we can again argue
as in the proof of Theorem 3.11 (steps 2-6) to show (3.50) on the extended time
interval [to, tx+1]. In summary, we therefore have shown that (3.49)—(3.50) holds with
k + 1 instead of k, which completes the induction step. Hence, iterating this yields
IZ-(t) — 2(t)||z < K' 7 on the whole time interval [0, 7.

Step 3: Comparing Interpolants

We again define the affine interpolant ¢, as in (3.5). From (3.51), it follows that #, >
§/k for all s € [0,S,]. Thus, there exists a unique inverse function s, : [0, 7] — [0, 5]
with 1 < ¢/(¢) < 1_% a.e. in [0,7]. In full analogy to the proof of Theorem 3.11

(step 7), we obtain ||z:(t) — Z:(t)||z < 7, where again z, is the retransformed affine
interpolation, i.e. z.(t) := 2;(s,(¢)). Thus we finally get

[27(8) = 2Dz < N2 (8) = Z (D)2 + [[2(8) = 2(D)]| 2 < Kioe T,

which was claimed. O

4. Numerical tests. In the next subsections, we provide two numerical exam-
ples in order to illustrate the theoretical findings of the previous section.
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4.1. Globally uniformly convex energy. We start with an infinite-dimensional
example. For that, we let Q = [0,1]? and choose

I(t,z) = %(Az,z)Z*,Z — (1), z)y

with A = —A : Hj(Q) — H Q) and {(t,z) = 1o — L cos(mt/2)f(z), wherein
f(@) =2(x1(1—2x1)+22(1—2x2)). Moreover, the dissipation functional is given by the
L'-norm, i.e., R(v) = |[v]|11(q). Consequently, the underlying spaces are Z = H{(9),
V = L%3(Q), and X = LY(Q). In this setting, the unique (differential) solution to (RIS)
reads

0 ,te0,1)
(4.1) z(t,x) =< —2Lcos(Zt)v(z) ,te(l,2)
—Lo() ,te[2,3]

with v(z) = zia9(l — x1)(1 — x2). For the spatial discretization of this system,

we choose linear finite elements on a Friedrich-Keller triangulation with mesh size
h = v/2/100 and use a mass-lumping scheme for the discretization of R. The detailed
implementation is described in [8]. The resulting errors are shown in Figure 4.1. It
can be seen that the error decreases in a linear fashion (w.r.t. the time-parameter 7)
until the error of the spatial-discretization is dominating.

iz 2l
O(7)
o= l= -0

([.TH ")

103 L
1072 107 10°

Figure 4.1: Errors for the approximation of the parameterized solution (4.1) using the
local minimization scheme.

4.2. Locally uniformly convex energy. We next give a one-dimensional ex-
ample, in which the energy is not globally uniformly convex. In particular, the ener-
getic solution will no longer be continuous in time, which is seen in Figure ?7. How-
ever, the parametrized solution is still Lipschitz-continuous and moreover remains in
a region, where the energy is uniformly convex, see Figure ?7. For this example, we
set Z=V =X =R as well as:

(4.2) R(v)=1|v| and Z(t z)= %zQ + F(z) — L(t)z
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with

3 _ 2 >
]—"(z)_{ 223 -5/22°+1 ,2>0

9852241 220 and  £(t) = —1/2(t — 3/2)® + 3/2.

For zyp = —2/3, a (differential) solution to (RIS) with (4.2) reads

—2/3 ,t€[0,1/2)
(4.3) 2(t) =4 —3(1+1/2\/1+3(t—3/2)?) ,te[1/2,2)
-1/2 ,te€|[2,3]

By direct calculations, one verifies that z indeed stays in a region, where Z is uniformly
convex. Thus, from the analysis in Section 3, we expect the error in the approximation
to be of order O(7), which can be nicely observed in the Figure 4.2 below.

0.8

0.6

0.4

0.2 -

-0.2 1

04 |

Figure 4.2: Left: Errors for the approximation of a parametrized solution using the
local minimization scheme depending on the stepsize 7; Right: Corresponding differ-
ential solution (black) as well as the numerical approximations using the global (blue)
and the local iterated minimization scheme (red) as functions of the time t.

Appendix A. Estimation of the error measure v. In the proofs of Theo-
rem 3.11 and Theorem 3.20, we use an adapted version of an estimate that is part of
the proof of uniqueness for solutions of RIS from [15]. For convenience of the reader,
we present this adapted version here. Therefor let 21,29 € W1°°([0, T]; Z) and again
v(t) == (D, Z(t, z1(t)) — DZ(t, 22(t)), 21(t) — 22(t)) 2+, z. First of all we calculate

Y(t) = (DZL(t, 21(1) [21 (t) — 22(1)], 21 (1)) 2+ 2 — (DZL(t, 22(1))[21 () — 22(1)], 23(t)) 2+ 2
+(D.Z(t, 21(t)) — DZ(t, 22(t)), 21 (t) — 25(1)) 2+ 2,
where we used the symmetry of D?Z. Note that, due to the special structure of Z,
the partial derivative w.r.t. t is equal to zero. Rearranging terms, we arrive at
Y(t) = (DIZ(t, 21(1)[21.(8) — 22(8)] + DLZ(t, 22(t)) — DZ(t, 21(t)), 21 (1)) 2+ 2
—(DZL(t, 22(1))[21() — 22(t)] + D.Z(t, 21 (1)) — D.Z(t, 22(t)), 23(t)) 2+ 2
+2(D.I(t 21 (1) — DI(t, 22(t)), 41 (t) — %(t)) 2+ 2



26 CHRISTIAN MEYER AND MICHAEL SIEVERS

Now, due to z1, 20 € WH°([0,T]; Z) and the regularity on Z(t,-) (see (2.2)), we find
that

A(t) < Clla(t) — 2N Z 1210l 2 + Cllza () — 22O Z 1228 2
+2(D,Z(t, z1(t)) — D.I(t, 22(t)), 21 (t) — 25(t)) 2+ =
< Ollz1(t) = z2(t)|Z + 2{D:I(t 21(1) — DI(E, 22(1)), 21(1) — 25(t)) 2+, 2
which is the desired estimate.

Appendix B. Existence and Uniqueness of differential solutions. The
statements of Theorem 3.11 and Theorem 3.20 each refer to the unique differential
solution of (RIS), which exists due to [15, Thm. 7.4|. However, in [15], the energy
functional is assumed to be slightly more regular than as in (2.2). For completeness,
we therefor bring together the necessary results from the literature to obtain the
existence and uniqueness of differential solutions in our setting.

THEOREM B.1. Let Z fulfill Assumption 3.1, i.e., it is k-uniformly convex . Then
there exists a unique differential solution z € W1°°(0,T; Z), i.e. it holds

(B.1) 0€ OR(Z'(t)) + D, Z(t,2(t)) fa.a. te€[0,T)].

Proof. First of all, the existence of a differential solution satisfying z € W1°°(0, T’; Z)
follows from [14, Cor. 3.4.6(i)] combined with [14, Cor. 3.1.2]. Moreover, since Z(t, -)
is uniform convex, every differential solution has to fulfill z € W1>(0,T; Z) as a
result of [14, Thm. 3.4.4] (with @« = 2, § = 1) and [14, Cor. 3.4.6(i)]. Now,
let 21,20 € WhH°(0,T; Z) be two differential solutions. We again define «(t) :=
(D,Z(t,21(t)) — D,Z(t, z2(t)), 21 (t) — z2(t)). Since 2’ € L}([0,T]; Z), (B.1) is equiva-
lent to

R(Z'(t)) > R(v) + (=D, Z(t,2(t)),v — 2'(t))z+z Vv € Z.

Testing this variational inequality for z; with z5 and vice versa and adding up the
resulting inequalities, we obtain

0> (D.Z(t, 21(t)) — D:L(t, 22(t)), 21 (t) — 25(t)) 2+ -

Exploiting the estimate from Section A, we thus have 4(t) < C||21(¢) — 22(¢)||%. The
k-uniform convexity of Z implies (t) > k||z1(t) — 22(t)||%, so that 4(t) < Cv(t) and
we obtain the uniqueness result by applying the Gronwall-Lemma. a0
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