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ABSTRACT. Rate independent evolutions can be formulated as operators, called
hysteresis operators, between suitable function spaces. In this paper, we present
some results concerning the existence and the form of directional derivatives
and of Hadamard derivatives of such operators in the scalar case, that is, when
the driving (input) function is a scalar function.

1. Introduction. By standard terminology, a hysteresis operator P maps func-
tions w defined on a time interval [a,b] to functions w = P[u] defined on the same
interval and has the property of rate independence, that is,

Pluoo] = (Plu]) oo (1)

holds for a certain class of time transformations o : [a,b] — [a,b], as well as the
Volterra property, that is, P[u](¢) depends only upon the values of u on [a,t].
Usually, P is parametrized by some initial value wy which represents the initial
state of the system described by P; we then write w = Plu; wy).

Hysteresis operators may be specified explicitly, or they may arise implicitly as
solution operators of rate independent evolutions. The simplest example of the
former is the relay with two values w(t) = £1 which switches from +1 to -1 or
vice versa, according to whether the scalars u(t) pass certain thresholds « resp.
B. An example of the latter is the solution operator (the so-called stop operator)

(u; z9) — z of the evolution variational inequality
(2—1,z—¢) <0 forall (€ Z, ae. in [a,b],
z(t)ye Z forallt e [a,b], z(a)=2 € Z,

(2)

where w,z : [a,b] - R™ and Z C R™ is a closed convex constraint. It was
introduced, in an equivalent formulation as a differential inclusion termed sweeping
process (processus du rafle), by Moreau in [1, 2]. The play operator w = P[u; wo)
is related to (2) by

w(t) + 2(t) = ult), wo+ 20 = u(0) 3)
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The stop and the play operator serve as an important special case (the case of
quadratic energy) in the class of rate independent evolutions treated in [3] for which
the concept of an energetic solution has been developed [4].

The scalar play operator P, with m =1 and Z = [—r,7], r > 0, was considered
as an operator between function spaces for the first time in [5], where the Lipschitz
continuity of P, : Cla,b] x R — C|[a, b] has been proved. However, simple examples
show that the play operator does not possess a classical (Fréchet) derivative. The
question therefore arises whether the play operator is differentiable in a weaker
sense. In the scalar case m = 1 we investigate the existence and some properties
of the directional derivative, that is, of the limit

. Prlu+ Ah;wo + Aq] — Prlu; wol
lim .
L0 A

(4)

We prove that the scalar play operator is differentiable in the sense of Hadamard,
if we weaken the norm in the range space, and that the limit (4) is a regulated
function. Moreover, it is of bounded variation whenever the same holds for the
function h.

The main idea we exploit to prove weak differentiability of the scalar play op-
erator is the following. Near a given input u € Cfa,b] we can represent the play
operator P, as a finite concatenation of accumulated maxima of the type

(Fu)(t) = Jnax, u(s)

which, in turn, is a convex real-valued functional on C|a,b] for every fixed ¢. From
the weak differentiability of the latter we obtain successively those of the accumu-
lated maximum and of the play. This is done in Sections 3, 4 and 5 of the paper.
Section 6 deals with the regularity of the limit (4) as a function of time.

It is well known [8, 9, 10] that, on the basis of the play operator, other rate
independent operators can be constructed, for example the Prandtl-Ishlinskii and
the Preisach operator. They allow for a flexible modelling of complex hysteresis
behaviour, including e.g. nested hysteresis loops, and have found to be useful in
various areas of mechanical and electrical engineering.

Below, we extend our results concerning the play operator to the Prandtl-Ishlin-
skii as well as the Preisach operator. This is done in Sections 7 and 8 of the paper.

The basic properties of scalar hysteresis operators have been studied quite some
time ago, see the monographs [6, 7, 8, 9, 10]. For convenience, we mainly refer to
[9] in this paper.

Let us close this introduction with two remarks.

Firstly, regulated functions constitute a rather large class of functions on which
the play operator itself (and certain generalizations of it) are defined in a natural
manner, see e.g. [11, 12], and this is useful in various contexts. In [13] regulated
functions appear as a rate independent singular limit of a certain ODE under irreg-
ular oscillatory forcing, which can be interpreted as a limit under wbo-convergence
[14]. For PDE’s with hysteresis, however, regulated functions do not seem to be
used so far.

Secondly, properties of the limit (4) are of immediate relevance when trying to
compute a gradient of the “control to state” mapping in an optimal control problem
whose dynamics involve the play operator. If, on the other hand, one is interested
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in the properties of an expression like

d
&E(w(t)) ,  w = Prlu;wp],

for some energy functional FE, the concept of a “chain rule inequality” has proved
its usefulness in various contexts, which can be rather general, see e.g. [15].

2. Notions of derivatives. We collect some classical notions of derivatives for
mappings

F:U—-Y, UcCX,
where X and Y are normed spaces, and U is an open subset of X .

Definition 2.1. (i) The limit, if it exists,

F'(u;h) := lim FutAh) - F(u)

X
lim 3 , uelU,heX, (5)

is called the directional derivative of F' at u in the direction h. It is an element
of Y.
(ii) If the directional derivative satisfies

vy g Flu+ A +1(N) — F(u)
F(u,h)—lﬁrol i\

(6)

for all functions r : [0,Ag) — X with r(A\)/A — 0 as A — 0, it is called the
Hadamard derivative of F' at u in the direction h.
(iii) If the directional derivative exists for all h € X and satisfies

— — / .
PG ) F(w) ~ P )|
h—0 It

it is called the Bouligand derivative of F' at u in the direction h.

(iv) If the Bouligand derivative has the form F’(u;h) = Lh for some linear contin-
uous mapping L : X — Y, then L is called the Fréchet derivative of F' at u.
(v) The mapping F is called directionally (resp. Hadamard, Bouligand, Fréchet)
differentiable at u (resp. in U), if the corresponding derivative exists at u (resp.
for all w € U) for all directions h € X . g

These notions are classical, but the terminology is not uniform in the literature.
The following well known facts are elementary consequences of the definitions.

Lemma 2.2. If F is directionally differentiable and locally Lipschitz continuous at
u € U, then it is Hadamard differentiable at . O

Lemma 2.3. If F} and F, are Hadamard differentiable at u resp. Fi(u), then
F5 o Fy is Hadamard differentiable at w, and the chain rule

(Fz 0 1) (us h) = F5(Fi(u); Fy (u; 1)) (8)

holds for all h € X . O
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3. The maximum functional. For X = Cfa,b], equipped with the maximum
norm, we consider ¢ : X = R

p(u) = Jnax u(s) - (9)

It is well known (see e.g. [16]) that ¢ is directionally differentiable on X and that

¢ (u;h) = Jax h(s), (10)
where
M(u) = {7 € [a,0], u() = p(u)} (11)

is the set where w attains its maximum. Moreover, ¢ is Hadamard differentiable
due to Lemma 2.2, since ¢ is globally Lipschitz continuous with Lipschitz constant
1.

The following example shows that ¢ is not Bouligand differentiable on Cfa,b].

Example 3.1. Consider u : [0,1] — R defined by u(s) =1—s. We have p(u) =1
and M(u) = {0}. Define hy : [0,1] = R for A > 0 by

25, s< A\
ha(s) = ’ - 12
2(8) {2>\, 5> A (12)
Then the function w + h) attains its maximum at s = A, and

lhalloo = 2N, @u+hy) =1+, ¢ (u;hy) = max hy(s) = hx(0)=0.

se€M(u)
Consequently,
[p(utha) —o(u) =@ (wshy)] A 1 (13)
[1alloo 22 27
Thus, ¢ : C[0,1] — R is not Bouligand differentiable at . O

In order to treat ascending parts of the play operator, we will need the slightly
more elaborate functional given by

Yy (u,p) = max{p, Srél[gf}g](U(S) -7}, (14)

where r > 0 is a fixed number.

Proposition 3.2. For X = Cla,b] x R, the functional ¥4 : X - R given by (14)
is Hadamard differentiable on X, and

Vi ((wp); (hr ) = max hs) (15)
Zf Qp(u) —r>p,or Zf Qp(u) —-r=p and MmaXse M (u) h(S) >4q,
Y ((u,p); (h,q)) =0, otherwise, (16)

where as above p(u) = max, ;) u.

Proof. Since

Yy (u,p) = max{0, srél[%(U(S) —r—p)}+p,

we may write

Y (u,p) —p=(g90poL)(u,p),
where g(z) = max{z,0}, g : R — R, denotes the positive part, and L : Cla,b] x
R — Cla, b] is the continuous affine linear mapping given by L(u,p) = u—r—p. As
g,, L are Hadamard differentiable on their respective domains, we conclude from
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Lemma 2.3 that ¢, is Hadamard differentiable. Applying the chain rule (8) twice,
we obtain the formula for the derivative as follows. As L'((u,p); (h,q)) = h—q and
M(L(u,p)) = M(u), we get

(po L) ((u,p); (h,q)) = ¢'(L(u,p);h — q) = Tg}g;@)(h —q)(1) =  Dax h(T) —q.

We have ¢'(z;0) =« if 2 >0,0rif 2 =0 and o > 0, and ¢'(z;a) = 0 otherwise.
Setting * = L(u,p) = u —r — p, a second application of the chain rule yields

(gopoL) ((u,p);(h,q)) = max h(r)—gq
TEM (u)
for pairs (u,p) as indicated in the assertion, whence the claim follows. O

For descending parts of the play operator, we work with

¥—(u,p) = min{p, min, (u(s) +7)}. (17)
Since
¢7(U7p) = —1[)+(—’LL, _p) ) (18)
we conclude from Proposition 3.2 that ¥ _, too, is Hadamard differentiable. Setting
m(u) = {7 € [a,b], u(r) = n}irz]u(s)}, (19)
sEla,

we obtain from (15), (16) and (18) that

¥ ((u,p); (h,q)) = oin h(s) (20)

if ming,pu+ 7 < p, or if ming, pju +r = p and mingem, ) A(s) < q,

' ((u,p); (h,q)) =0, otherwise. (21)
Fu)
_<_,_/
0 >u

FIGURE 1. The accumulated maximum function

4. The accumulated maximum. We define the accumulated (or “gliding”) max-
imum of a function u € Cla,b] as

wi(u) = m[ax] u(s), te€la,b]. (22)
s€|a,t
Setting
(Fu)(t) = i (u) (23)
we obtain an operator
F : Cla,b] = Cla,b]. (24)

Obviously, the function Fu is nondecreasing for every u € Cla, b]. Since

[oru) = @0(0)] < max fuls) —v(s)|, for all u,v € Clab],
s€la,t
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we have

| F'u — Folloo < ||t —v||oo, forall u,v e Cla,b]. (25)
For any fixed t € [a,b], the directional derivative of ¢; : Cla,b] — R given in (10)
yields that, for all u,h € Cla, b],

FPP (s ) (1) = g AN OO gy - max h(s). (20

where
My(u) = {7 € [a, 1], u(T) = ¢i(u)} (27)
is the set where u attains its maximum on [a,t]. We call pointwise directional
derivative of F the function F¥P(u;h): [a,b] — R obtained in this manner.
As the following example shows, FP(u;h) in general does belong neither to
Cla,b] nor to BV|[a,b], the space of functions u : [a,b] — R of bounded variation.

Example 4.1. On [a,b] = [0, 3], we consider the function u defined by

_J1—t, telo,1],
“(t)_{t1, tell,3).

We have
{o}, t<2,
My(u) = ¢{0,2}, t=2,
{t}, t>2.
According to (26), for every h € C[0,3] we get
h(0), t<2,
FPP(uh)(t) = max h(s) = { max{(0),h(2)}, t =2,
seM(u
h(t), t>2.
We observe that at ¢ = 2, FFP(u;h) is right but not left continuous if 2(0) < h(2),
left but not right continuous if h(0) > h(2). Moreover, if the variation of h on [2,3
is unbounded, the same is true for FFP(u;h). O

UA

Tt

0 1 2 3

FIGURE 2. An illustration to Example 4.1

The regularity of F¥'P (u;h) in time exhibited in the foregoing example is typical.
We refer to Proposition 6.8 below for a general result.

The example above also illustrates the fact that the convergence in (26) need not
be uniform in ¢, because in that case the function F¥P(u;h) has to be continuous,
being the uniform limit of continuous functions. Thus, F' : Cla,b] — Y is not
directionally differentiable on Cfa,b] if we choose Y = Cla,b], endowed with the
maximum norm.
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Proposition 4.2. The accumulated mazximum F : Cla,b] — LP(a,b) is Hadamard
differentiable for every 1 < p < oco.

Proof. For arbitrary u,h € Cla,b], due to (25) the difference quotients in (26)
satisfy

‘(F(qu)\h)) —FUHOO < Wl

A A
and therefore converge in the norm of LP for A — 0, by dominated convergence.
Thus, F' is directionally differentiable. By Lemma 2.2, F' is Hadamard differen-
tiable, as F': C[a,b] — LP(a,b) is Lipschitz continuous due to (25). O

Not surprisingly, the accumulated maximum
F:Cla,b] — LP(a,b)
is not Bouligand differentiable, no matter how p is chosen.

Example 4.3. As for the maximum, the functions w, hy : [0,1] — R given by

2s, s<A
=1-s, h = ’ - 28
u) = 1-5, (o) {% oy (28)
furnish a counterexample. We have
pi(u) =1, Mi(u) ={0}, ¢i(ushy) =0
for all ¢t as before, as well as
ei(u+hy) =14+X, t>A.
Therefore
1
|F(u+ ha) = F(u) = FPP (u; hy) |5 > / lor(u+hy) — @r(u) — @7 (us hy) [P dr
A
=(1-=X)\
and thus
F hy) — F — FPP(u; h 1 1
[17xlloo 22 2
Therefore, F : Cla,b] — LP(a,b) is not Bouligand differentiable at w. O

5. The scalar play operator. The original construction of the play operator resp.
its “twin”, the stop operator, in [5], is based on piecewise monotone functions. A
continuous function u : [a,b] — R is called piecewise monotone, if the restriction
of u to each interval [t;,t;11] of a suitably chosen partition A = {t;}, a =ty < t; <
.-+ <ty =0, then called a monotonicity partition of u, is either nondecreasing
or nonincreasing. By Cp.,[a,b] we denote the space of all such functions.

For arbitrary r > 0, the play operator P, is constructed as follows. (For more
details, we refer to section 2.3 of [9].) Given a function u € Cpp,[a,b] and an initial
value wg € R, we define a function w : [a,b] — R successively on the intervals
[t;,ti+1] of a monotonicity partition A of u by

w(a) = max{u(a) —r, min{u(a) + r,wp}}, 20
w(t) = max{u(t) —r, min{u(t) + r,w(t;)}}, ti<t<tiy1, 0<i<N. (30)
Note that w(a) = wp if |u(a) — we| < r. In this manner, we obtain an operator

w = Pr[u; wO] ’ PT : Cpm[a7b] xR — Cpm[a’ b] .
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It satisfies

max [P, [ wo)(s) = P, o5 90](s)] < mane{ mas fus) ~ v(s)] o~ wol} (31)

for all t € [a,b], u,v € Cppla,b] and wp,yo € R. Therefore, P, can be uniquely
extended to a Lipschitz continuous operator

Py : Cla,b] x R = Cla, b] (32)
which satisfies
[Py [us wo] — Prlv; yoll| < max{|[u— |, [wo —yol}- (33)

For r =0, Py reduces to the identity, Polu; wo] = u.
The trajectories {(u(t),w(t)) : t € [a,b]} lie within the subset A = {|ju—w| < r}
of the plane R? whose boundary consists of the straight lines u —w = %r.

WA

s

Y

&\o A
5

Y
<

F1GURE 3. The scalar play operator

Let (u,wg) € Cla,b] x R be given, let w = P,[u;wo], r > 0, and consider the
sets of times
Iy ={t €[a,b] : |u(t) —w(t)| <r},
Iy ={te€a,b]:ult) —wit)=r}, I-={te€a,b]:ut)—wt)=-r}
where the trajectory lies in the interior of A resp. on the right resp. on the left

part of JA. It is intuitively clear that w should be nondecreasing on I, U Iy and
nonincreasing on I_ U Ij.

Lemma 5.1. Let I =[a, 8] C 11 UIy. Then w = Prlu;wo| satisfies

w(t) = ¥ (u(t), w(e);t, a) (34)
for all t € I, where
04l pit, ) = max{p, max (u(s) = 1)}. (3)

In particular, w is nondecreasing on I .

Proof. Since w(a) > u(a) —r, (34) obviously holds for t = «. Now let ¢ € (v, ]
be arbitrary. On [a, ], let {u,} be a sequence of piecewise linear interpolants of u
with u,(a) = u(«) satisfying u, — u uniformly, and set w,, = u on [a,«]. Then
wy, = Prlun; wo] = w uniformly, and u,, — w, > —r on I for n sufficiently large.
Therefore, if A = {r;} is a monotonicity partition for u, on I, we have

wn(8) = max{u,(s) —r, wa ()}, s € [m,Tit1],
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and it follows by induction over i that
W (t) = Yp(un(t), wn(a);t, ).
Letting n — oo we obtain (35). O

In an analogous manner, if I = [, 5] C I_UIy we obtain that w is nonincreasing
on I and satisfies

w(t) =Y (u(t)? w(a>; L, 04) (36)
for all t € I, where
Y_(u,p;t,a) = min{p, srerﬁnt](u(s) +7)}. (37)

We now construct a specific monotonicity partition A,, for w which consists of
intervals of the type encountered in the foregoing lemma. Set

Ip={t €a,b] : |u(t) —w()| <r}, I-={teclab]:ult)=w)}. (38)
For any t € [a,b], define
74 (t) = min({s € [t,b] : s € IL} U {b}). (39)

Set 79 =tg =a. If I or I_ are empty, set t; = b and A, = {to,t1} = {a,b}.
Otherwise, either 74 (79) < 7_(79) holds, or vice versa. In the former case we set
71 =7-(79) and
t1=max{s: o <s<m,se€l-}. (40)
It follows that
[to,tl]C10UI+, [tl,Tl)CI().
If 7 ¢ I_, we set t3 = b and are done. Otherwise, we continue setting 72 = 7 (71)
and
ti=max{s: 71 <s<Te,s€l_}.
It follows that
[tl,tg] CIQUI,, [tQ,TQ)CIQ.
If 7o ¢ I,, we set t3 = b and are done; otherwise, we continue in this manner.
Since
|Th41 — 7| > 6y ;=min{|r —o|: 7€, 0€I_} >0 (41)
whenever 7, 7k11 € (a,b), the process terminates after a finite number of steps
with a partition A, , a =ty < --- <ty = b, satisfying t, € I_ for 1 < k < N as
well as

[ty 1) NI
forall £, 0 <k <N.

0 or  [tr,tppNIp =10 (42)

Lemma 5.2. Let u € Cla,b], wo € R, w = P.lu;wg] and r > 0. Then there
exists a § > 0 such that for all v € Cla,b] and yo € R with ||[v — u|le < § and
lyo — wo| < 0, the function y = Pr[v;yo] is piecewise monotone, and the partition
A, constructed above is a monotonicity partition for y. Moreover, if va, denotes
the piecewise linear interpolant of v on A, , we have

Pr[v;yo] (tk) = Prlva,,; yol (k) (43)
for all points t; of Ay .
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Proof. For perturbations (v,yo) of (u,wp) with § > 0 small enough, property (42)
of the partition A, remains valid when we replace I_ and I, by the correspond-
ing contact sets of the trajectory (v,y), since v and y are continuous and P,
is Lipschitz continuous. Due to Lemma 5.1, A, is a monotonicity partition not
only for w, but for any such function y. Since both sides of (43) are equal to
Vi (V(tks1), y(tk); ths1, k), all assertions follow. O

Proposition 5.3. Let r > 0. Then for every t € [a,b] the mapping
(u, wp) — w(t) = Prlu;wol(t) (44)
is Hadamard differentiable from Cla,b] x R to R.

Proof. For (u,wp) € Cla,b] xR, let A,, = {tx} be the partition constructed above.
According to Lemma 5.1 and Lemma 5.2, in a sufficiently small d-neighbourhood of
(u, wp), the mapping (v,yo) — y(t) defined by (44) can be represented as a finite
concatenation of mappings

(v, 90) = ¥ = o (v, yo; to, to) ,
(v, y ") =y = gy (0, y P i, ) (45)
(U, y(M)) = y(t) = 1p1\4+1(v7 y(M); tv tM) 5

where 1, stands for either ¢4 or ¢_ and a =ty < --- <ty <t. As ¢4 and
1_ are Hadamard differentiable by Proposition 3.2, the assertion follows from the
chain rule, Lemma 2.3. O

Corollary 5.4. The play operator P, : Cla,b] x R — Cla,b] possesses a pointwise
directional derivative

P (s wol; [hs ) (1) = lim % (Polw+ Aswo + Aq)(t) = Prfus wol())  (46)

for every (u,wo), (h,q) € Cla,b] x R and every t € [a,b]. O

As for the accumulated maximum, in order to obtain weak differentiability in
function spaces we have to use a larger range space with a weaker norm, since in
general the difference quotients do not converge uniformly in ¢, and the pointwise
derivative may be discontinuous.

Proposition 5.5. The play operator P, : Cla,b] x R — LP(a,b) is Hadamard
differentiable for every 1 < p < 0.

Proof. This is completely analogous to the proof of Proposition 4.2. The difference
quotients are bounded,

[t 21 )] < st

thus converge in LP by dominated convergence, and the directional derivative is
Hadamard due to Lemma 2.2. O

Like the accumulated maximum, the play operator is not Bouligand differentiable
w.r.t. the norms used in Proposition 5.5. To prove this, one may easily adapt
Example 4.1 given above.

A formula for the derivative can be obtained from the chain rule 2.3. One has
to differentiate the formulas in the concatenation procedure (45), using Proposition
3.2 for 14 and its analogue for ¢_. We refrain from writing down the resulting
expressions.
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6. Time regularity of the pointwise derivative. We now consider the time
regularity of the pointwise derivative of the play. We first want to prove that if
h € C[a,b] has bounded variation, then the variation of the difference quotients for
P, can be bounded uniformly, and hence the pointwise limit PTP D has bounded
variation, as a consequence of Helly’s theorem.

For w: [a,b] = R and a partition A={t;}, 0<i< N, of [a,b] we define

vara (u Z [v(tiy1) — v(t;)], var(u) =supvara(u),
A

where the sup ranges over all partitions A of [a,b].

Lemma 6.1. Let u,v: [a,b] = R be piecewise linear and continuous. Then
var(Pr[v; 0] — Py [u; 0]) < var(v — u) + |v(0) — u(0)]. (47)

Proof. See Proposition 2.3.9 and formula (3.39) in [9]. O

We next obtain a Lipschitz estimate for the variation of the play operator, as a
slight generalization of Proposition 2.3.11 in [9].

Proposition 6.2. Let u,v € Cla,b], wo,yo €R and r > 0. If v —u € BV][a,b|,
then w = Prlu;wo] and y = Pylv;yo] satisfy

var(y — w) < var(v — u) 4 |[v(0) — uw(0)] + |yo — wo] . (48)
Proof. We first consider the case wg = yo = 0. Let A,, and A, be the monotonicity
partitions constructed above for w and y, respectively. Let A = {¢;} be an

arbitrary refinement of A,UA,, let va and ua be the piecewise linear interpolates
for v and w on A, set

wa = Prlua;0],  ya =Prlva;0].
According to Lemma 5.1 and Lemma 5.2,
w(t) =wa(t), y(t)=ya(t), forallte A. (49)
Therefore, vara(y — w) = var(ya — wA), and from Lemma 6.1 we obtain
vara (y — w) = var(ya — wa) < var(va — ua) + |va(0) — ua(0)]
=var((v —u)a) + [v(0) — u(0)| < var(v — u) + |v(0) — u(0)].
Passing to the supremum with respect to all such partitions A on the left side, we
obtain (48) for the special case wg = yo = 0. Using the formula (see Theorem 2.3.2
in [9])
Pr[u; wo] = Prlu — wo; 0] + wo (50)
we see that, for arbitrary initial values wqg,yo € R,
var (Pr[v; yo] — Pr[u; wo]) = var(Pr[v — yo; 0] — Pr[u — wo; 0])
< var((v —yo) — (u —wo)) +[(v(0) = yo) — (u(0) — wo)
< var(v —u) + [v(0) — w(0)] + [yo — wol.-
O

Proposition 6.3. Let u € Cla,b], wo € R, r > 0. If h € Cla,b]N BVia,b] and
q € R, then the pointwise directional derivative of the play operator satisfies

PP ([us wo; [h: q]) € BV]a,b]. (51)
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Proof. We estimate the variation of the difference quotients, using Proposition 6.2.
For arbitrary A > 0 we get

VM(%(PT[U + Ahswo + Aq] — Prlu; wO]))

< (var(u + A —u) + [u(0) + Ar(0) — u(0)| + |wo + A\g — wo\)

> = >

(var(Ah) + [AR(O)] + [Aql) = var(h) + h(0)] + Ja].

As the rightmost expression does not depend on A, Helly’s theorem implies that the
pointwise limit of the difference quotients (which we already know to be bounded
uniformly in A by max{||h|/,|¢|}) has bounded variation. O

We have already seen in Example 4.1 that the pointwise directional derivative
can have unbounded variation if the variation of A is unbounded. However, we will
prove that, for general h € C[a,b], the pointwise directional derivative of the play
is a regulated function.

A bounded function u : [a,b] — R is called regulated, if the one-sided limits

u(t+) := liigu(t +A), wu(t-):= lﬁgu(t A)
exist for all ¢ € [a,b], with the convention u(a—) := u(a), u(b+) := u(b). By
Gla,b] we denote the space of all regulated functions on [a,b]. It is well known
that Gla,b] endowed with the supremum norm is a Banach space, and that the
piecewise constant functions (when they are allowed to have arbitrary values at
their discontinuity points) are dense in Gla,b]. As a consequence, BV]a,b] is a
dense subset of Gla,b].

Our main tool is a generalization to GJa,b] of Helly’s theorem for BV functions.
Such a generalization has been introduced in [17] and further developed in [14]. For
our purposes it is convenient to use the following concept from [14].

Definition 6.4. Let U be a bounded subset of Gla,b]. We say that U has
uniformly bounded oscillation, if there exists a nonincreasing function N :
(0,00) — (0,00) such that the following assertion holds for every 6 > 0: If u € U
and if (a1,b1),...,(apr, bar) is a system of M pairwise disjoint subintervals of [a, b]
such that

lu(bg) —ul(ar)| =6, forall 1<k<M, (52)
then we must have

M < N(9). (53)

Proposition 6.5. Let {u,} be a bounded sequence in Gla,b] which has uniformly
bounded oscillation. Then there exists a subsequence {u,,} and a function u €
Gla,b] such that u,, — u pointwise.

Proof. See [14], Theorem 2.2 and Proposition 2.3. O

Proposition 6.6. Let u,h € Cla,b], wy,q € R and r > 0. Then the pointwise
directional derivative of the play operator satisfies

PP ([us wol; [h; q]) € Gla, b (54)
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Proof. We may assume that var(h) = 400, otherwise Proposition 6.3 applies. In
view of Proposition 6.5 it suffices to prove that the set U = {dx : A > 0} of the
difference quotients

1

dy = X(Pr[u + Ah;wo + Aq) — Prlu; wo))

has uniformly bounded oscillation. First, U is bounded by max{||h|«,|q|} as
has been shown above. The idea of the proof is to approximate h by a sequence
{hn} of BV functions and to employ the BV estimate of Proposition 6.2. Let
hy, € Cla,bJNBV]a, b] such that h, — h uniformly. Since var(h) = +oo, {var(hy)}
is unbounded by Helly’s theorem. Passing to a subsequence if necessary, we may
assume that ||, |leo < ||]loo + 1 for all n, that ||h, — k|l is decreasing and that
var(hy) is increasing as n — oo. Set

1

dyn = X(Pr[u + Ay wo + Aq] — Pplu; wo))

‘We have

1
ldx.n — dxlloe < X(Pr[U+/\hn;wo + Ag] = Prfu+ Mo wo +Aql) < [[hn — h|oe (55)

for all A and all n. We now construct the function N as required in Definition 6.4.
Fix 0 > 0 and choose ny(d) as the smallest number such that

1)
1hn — B|oo < 1 for all n > ng(9).
Then ng is nonincreasing, and in view of (55)

ldrn — da oo < g  forall n>no(6) and all A > 0. (56)

We set 5
V() = 5 (var(hng(s) + [hlloo + 1+ Ig]) - (57)

Now we prove that (52) implies (53) in Definition 6.4. Choose an arbitrary A > 0

and an arbitrary system a < a; < by <--- < apy < by < b such that
|dx(b;) —dx(a;)| >, foral 1<j< M.

For n = ng(d) we get from (56) that

0

2

1)
ldxn(bj) = dxnla;)] > |dx(b) — dx(a;)| = 2[[dxn — drllc >0 — 2573 (58)

thus
- 5
> ldan(b) = dxnlag)] > My
j=1
for n = ng(d). From Proposition 6.2 with v = u + A, 5y and yo = wo + Aq it
follows that

)
Mz < var(dy g (s)) < var(hng(s)) + [hng(s5)(0)] + lg|

so M < N(§) from (57) as required. Thus, U has uniformly bounded oscillation.
O

The foregoing results also apply to the accumulated maximum, as the latter can
be represented by the play operator on bounded subsets of C|a,b]. More precisely,
the following result holds.
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Lemma 6.7. We have
F(u) = Prlu;u(a) — 7] + r = Prlu — u(a) + r; 0] + u(a) (59)
for all u € Cla,b] with ||ul|e < 7.

Proof. Let u € Cla,b], set wg = u(a) —r and w = P.[u;wg]. Then u(a) —wo =r,
thus w(a) = wg and a € I;. If T_ # () then there exist a < t, < ¢t_ < b with
tyely, t_ el and (t4,t_) C Iy. It follows that w(ty) = w(t_) and therefore
u(ty) —u(t—) = 2r, so |ullec > r. It follows that I_ = @ and I, U Iy = [a,]
whenever [|ull < 7. By Lemma 5.1,

w(t) = ey (u(t). w(a):t.) = max{u(a) — 7. mas (u(s) ~ )} + 7 = max u(s)

holds for all ¢ € [a,b]. O

Proposition 6.8. The pointwise directional derivative F'P(u;h) of the accumu-
lated mazimum belongs to Gla,b] for every u, h € Cla,b]. If moreover h € BV [a,b],
then F¥P(u;h) € BV[a,b].

Proof. In view of Lemma 6.7, this is a consequence of Propositions 6.3, 6.6 and of
the chain rule. O

7. The Prandtl-Ishlinskii operator. The scalar Prandtl-Ishlinskii operator goes
back to the scalar approximations proposed for the constitutive relations in elasto-
plasticity in [18, 19]. In terms of the family {P,},>o of play operators, it can be
written in the form

Pl wo) (1) = / " P wo (M](8) dpa(r) (60)

Here, u € Cla,b] is the driving function as before. The function wg : Ry — R,
Ry := [0,00), generates the initial values and is assumed to be measurable and
bounded; let us denote by Wy the space of all such functions. The measure p is
a regular signed Borel measure on R, , assumed here to be finite for simplicity.
Under these assumptions (see e.g. [9]), the function

(t,r) = Prlu;wo(r)](t)

is continuous w.r.t. t on [a,b] for fixed r, and measurable w.r.t. r on R, for fixed
t, and the function Plu;wp] is continuous on [a,b]. Moreover,

1P [v; yo] = Plu; wollleo < ul(Ry) max{llv —ulloo ; lyo —wollec}.  (61)
For h € Cla,b] and ¢ € W, we obtain that

%(P[u + Ah; wo + Ag) — Plu; w0]> (t) = /000 dx(t,r)dp(r), (62)
where
dat, ) = 5 (Pelu+ Mz + Ag] — P fus o] ) (1) (63)

Since p is finite and |da(¢,7)| < max{||h|l, |q|} for all X, ¢,r as before, by
dominated convergence we may pass to the limit A | 0 under the integral in (62)
and arrive at the following result.
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Proposition 7.1. Under the assumptions outlined below (60), the Prandtl-Ishlinskii
operator defined in (60) possesses a pointwise directional derivative at every point
(u,wq) in every direction (h,q) in Cla,b] x Wy, given by

PPP ([us wol; [k al) (1) = /O PP ([ws wol; [hs al) (t) dpa(r) - (64)
Moreover, P : Cla,b] x Wy — LP(a,b) is Hadamard differentiable for 1 <p < co.

Proof. We have dy(t,7) — PP ([u;wol; [h; q])(t) as A L 0 by Corollary 5.4. As P
is Lipschitz continuous by virtue of (61), Hadamard differentiability again follows
from Lemma 2.2. O

Proposition 7.2. Under the assumptions outlined below (60), the pointwise direc-
tional derivative (64) of the Prandtl-Ishlinskii operator belongs to Gla,b], and we
have

(PP (fuswols b)) < [ var(PE? (ol D)) dur), (69)
which may be finite or infinite.

Proof. Since by dominated convergence we may pass to the limits ¢, — ¢+ in (64)
with ¢,, inserted for t, it follows from Proposition 6.6 that the pointwise directional
derivative is a regulated function. Moreover, (64) implies that

vara (PPP([u; wol; [b: ) < / " vara (PP ([us wols [0 1)) dya(r)

whence (65) follows by passing to the supremum with respect to A. O

8. The Preisach operator. In [20], Preisach proposed a scalar model for the
constitutive law of ferromagnetism which allows for nested hysteresis loops. It can
be written in terms of the family {P,},>o of play operators in the form [21, 22]

Pl wo) () = / "k, Pyl wo (M](6)) du(r), (66)

for some function k& which arises from the Preisach density function in the usual
formulation of the Preisach model as a linear superposition of relays, see [10, 9].
Setting k(r,s) = s, the Prandtl-Ishlinskii operator is seen to be a special case of
the Preisach operator.

Proposition 8.1. Let the assumptions outlined below (60) hold, and let k = k(r, s)
be measurable as a function of r and continuously differentiable as a function of s.
Then the pointwise directional derivative of the Preisach operator exists and belongs
to Gla,b] at every point (u,wq) in every direction (h,q) in Cla,b] x Wy. We have

PP ([u; wol; [h; ¢]) (t) = /OOO Dsk(r,t) - PFP ([us wol; [hs q]) () dp(r) (67)
where we have used the abbreviation
Osk(r,t) = Osk(r, Prlus wo(r)](t)) .
Moreover, P : Cla,b] x Wy — LP(a,b) is Hadamard differentiable for 1 < p < oc.
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Proof. For fixed r and ¢, the mapping from Cla,b] x Wy to R given by
(us wo) = Pr[us wo(r)](£) = k(r, Pr[u; wo(r)](t))

has a directional derivative in any direction (h,q) € Cla,b] x Wy given by the
integrand on the right side of (67), since P, is pointwise directionally differentiable
and k is C! in s. As in the proof of Proposition 7.1 we obtain (67), passing to the
limit in the corresponding difference quotients by dominated convergence. As P is
Lipschitz continuous, see [9], Hadamard differentiability again follows from Lemma
2.2. O

With arguments completely analogous to those in the proof of Proposition 7.2,
we obtain the corresponding result for the Preisach operator.

Proposition 8.2. Under the assumptions of Proposition 8.1, the pointwise direc-
tional derivative (67) of the Preisach operator belongs to Gla,b], and we have

var(PP (s ol isal) < | " var(g) du(r). (68)
0

where
gr(t) = Osk(r, Pplu; wo (r)](8)) - PFP ([us wol; [h; q))(t) -
O
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