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1 Introduction

Stability analysis of solutions is a crucial topic in optimization theory due, in par-
ticular, to its applications for obtaining error estimates of numerical approximations.
Although related investigations in optimal control theory accompany its development
from its early stages, the systematic analysis of (Lipschitz) stability in the area started
with the works of Dontchev, Hager and Malanowski (see [6, 7]). In these papers,
the authors prove Lipschitz dependence of the solutions with respect to perturbations,
under a strict coercivity condition which also implies Lipschitz continuity of the optimal
control.

In contrast, in the present paper we investigate a class of problems in which the control
appears linearly, therefore the strict coercivity fails. Moreover, when the control set is the m-
dimensional hypercube [—1, 11", each component of the optimal control generally switches
from +£1 to 1, possibly concatenating with arcs with values in the interior of [—1, 1]. That
is, the optimal control is typically discontinuous.

Problems which are affine with respect to the control variable arise in many appli-
cations, such as engineering, biology and medicine (see e.g. [17-19, 21]). Nevertheless,
only few papers address the stability analysis in case of non-coercive problems and such
with discontinuous optimal controls; in fact, many relevant questions still remain unan-
swered. Recent progress was made in [11, 12, 14, 20] for control-affine problems and
in [23] for problems with linear dynamics, and we build on these papers. We mention
also the paper [25] and the references therein for problems with group sparsity. Applica-
tions to error estimates for time-discretization schemes are discussed in [1, 2, 15, 22, 25,
28] for linear systems or problems of the type (P) below. We mention also the paper [3],
where stability analysis is discussed for control-affine systems with bang-singular optimal
controls.

In the present paper we focus our attention on the following class of optimal control
problems:

minimize J(x, u)
subjectto  x(t) = A(t)x(t) + B(t)u(t) +d@), te][0,T],
u(t) e U :=[—1, 11",
x(0) = xo, (P)

where
T /1
J(x,u) = g(x(T))-l—/ (EX(t)TW(t)x(t)+x(t)TS(t)u(t)> dt.
0

Here, u(t) € U and x(t) € R" denote the control and the state of the system at time ¢ €
[0, T'], the function g : R® — R is given, as well as A(t), W(¢) € R"*", B(t), S(t) € R"*™
andd(t) € R",t € [0, T]. The set of admissible controls in Problem (P), further denoted by
U, consists of all measurable functions u satisfying u(¢) € U for almost every ¢ € [0, T,

U={ueL>®J0, T],R™ :u(t) € Uae.on[0,T]}.

Linear terms in # or x are not included in the integrand, which is not a restriction of
generality, since such terms can be shifted in a standard way into the differential equation.
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The stability properties of the solution(s) of (P) will be analyzed through the Pontryagin
minimum principle, which states that for any optimal pair (x, it), there exists an absolutely
continuous function p : [0, T] — R”" such that the triple (%, p, it) solves the following
system a.e. on [0, T']:

0=x@)—A@®)x(@®) — B()u(t) —d (),

0=p@)+ AWM p(t) + W(Hx(@) + SOu(),

0e BN pt)+St) " x(t) + Ny (u)),

0= p(T) - Vgx(T)). (PMP)

Here Ny (u) is the normal cone to U at u defined in the usual way:

Ry ifugU
NU(M)'_{{leRm:(l,v—u)SOVUGU} ifued.

It will be assumed (see the next sections for precise formulations) that the data are
smooth enough, Problem (P) satisfies some convexity-like assumptions, the (reference) opti-
mal control is piece-wise constant with each component taking only the values —1 and 1.
Moreover, it will be assumed that each component of the associated “switching function”,
t — BT p)+ S (") Tx (1), satisfies at its zeros a certain growth condition, character-
ized by a number k¥ > 1 (k can be regarded as the multiplicity of the zeros if the switching
function is smooth).

We recast the system (PMP) as the generalized equation

0€ F(x, p,u), (1.1
where F is the set-valued mapping

xX—Ax —Bu-—d
p+ATp+ Wx+ Su
BTp+STx + Ny(u)

p(T) = Vgx(T))

F(x,p,u):= (1.2)

acting in a suitable Banach space X' 3 (x, p, u) with values in a linear normed space ). The
set Ny (u) in (1.2) is a functional replacement for the point-wise cones Ny (u(t)) in (PMP)
and will be strictly defined in the next section together with the spaces X and ).

As usual, we investigate the stability of the solution of problem (P) by introducing a
perturbation y € ) in the system of necessary optimality conditions, that is, considering the
perturbed inclusion y € F(x, p,u). Under the assumptions briefly mentioned above, the
unperturbed system 0 € F(x, p, u), that is the system of necessary optimality conditions
(PMP), has a unique solution (X, p, ).

Two main concepts of stability are investigated in the paper.

The first concept is a stronger version of the Holder strong metric sub-regularity (see the
recent paper [5]). Roughly speaking, we prove that for all sufficiently small perturbations y,
the inclusion y € F(x, p, u), associated with problem (P), has a solution and all the solu-
tions are at distance (in the space X’) at most proportional to || y||'/* from the unique solution
(x, p, i) of the inclusion 0 € F(x, p, u). We mention that a similar result was proved in
[2, Theorem 9], but with different functional spaces and on slightly stronger assumptions.
Moreover, the claim in our result is somewhat stronger, which is rather essential for the
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analysis of the strong bi-metric regularity and the convergence of Newton’s method which
will be discussed below.

The second concept extends the standard strong metric regularity introduced in the sem-
inal paper [24] by Robinson (see also [8, Chapter 3.7]). The new feature is that a second
metric space ) C ) is involved (presumably with a non-equivalent and larger metric
than that in ) and only disturbances from this space are considered. Roughly, strong bi-
metric regularity relative to )Y C ) of F at Z := (%, p, i) means that the inverse mapping
Yoy Fly)y={ze Xy € F(z)} is locally (around Z) single-valued when
restricted to a sufficiently small ball in ), centered at y = 0. Moreover, this single-valued
mapping is Lipschitz continuous with respect to the metric of V. In the terminology of [8],
this means that F has a single-valued localization in X x ) and it is Lipschitz continuous,
but the Lipschitz property holds with respect to the metric of ).

The general notion of strong bi-metric regularity was introduced in somewhat more
restrictive form in [23], where applications to Mayer’s type problems for linear control sys-
tems were in the focus. Similarly as the strong metric regularity, it has the important property
to be invariant with respect to small (in an appropriate sense) functional perturbations of F.
This property is often referred to as Lyusternik-Graves type theorem, see e.g. [8, Chapter
5.5]. In the present paper we prove a general Lyusternik-Graves type theorem for strong bi-
metrically regular inclusions, which is a substantial improvement of the one in [23], since
most of the assumptions are now formulated in terms of the (smaller) metric of ) rather
than in the metric of ), as in [23].

We prove strong bi-metric regularity of the mapping F associated with Problem (P),
which extends the result in [23] concerning Mayer’s problems. This extension is nontrivial,
since, technically speaking, the integral cost introduces the state variable in the switching
function, making this function nonsmooth. This forces us, among other things, to consider
the present slightly more general notion of bi-metric regularity compared with the one in
[23]. As an application we give a Lipschitz stability result with respect to small non-linear
perturbations in the differential equation.

In the last section of the paper, we investigate the convergence of a Newton-type method
(as interpreted in the context of generalized equations, see e.g. [8, Chapter 6.3]) applied
to a class of control-affine problems for which (P) can be regarded as a linearization.
Notice that the known convergence results (cf. [6]) are inapplicable for non-coercive prob-
lems, where the strong metric regularity in the usual space settings fails. We will give
sufficient conditions under which the considered Newton’s method converges, and does
so quadratically. The proof is based on a strengthened version of the metric sub-regularity
proved in the present paper for Problem (P). We mention that the stability analysis and
the convergence properties of Newton methods still remain not fully understood when
singular arcs occur. Some advances have been done recently in [12] for the first issue,
and in [3, 13] for the latter. However, these issues remain as interesting topics for future
research.

The paper is organized as follows. In Section 2, we recall some basic facts and introduce
the main assumptions on Problem (P) together with some notations. Section 3 is devoted to
the proof of the Holder sub-regularity of Problem (P) (actually, of the associated mapping
F). In Section 4, we introduce the definition of strong bi-metric regularity, and prove an
extension of the Lyusternik-Graves theorem suitable to this new notion. After that, we prove
the strong bi-metric regularity of the mapping F resulting from problem (P) and give a result
about the invariance of this property under a class of non-linear perturbations. In Section 5,
we investigate the convergence of a Newton-type method applied to some control-affine
problems with bang-bang solutions.
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2 Preliminaries

Throughout the paper we use the following common notations. The standard n-dimensional
Euclidean space is denoted by R", with the scalar product and norm denoted by (, -)
and | - |, respectively. The superscript T denotes transposition. Further, L' ([0, T'], R") and
L°°([0, T], R™) are the spaces of all measurable and absolutely integrable, respectively
essentially bounded, functions with the corresponding norms || - || and || - |0, Which
sometimes will be abbreviated as L' and L, respectively. Moreover, wLkqo, T1, RY) is
the space of all absolutely continuous functions from [0, 7'] to R" whose first derivatives
belonging to L* k € {1, 00}. The corresponding norms are denoted by || - ||1,; and || - [|1,00,
respectively. We also denote W' ([0, T1, R") := {x € W'1([0, T]), R?) : x(0) = xo}.

We introduce the following assumptions, some of which will be strengthened in the next
sections.

Assumption (Al) The matrix-functions B and § are continuous, A, W and d are measur-
able and bounded. The matrix W (¢) is symmetric for every t € [0, T']. The function g is
differentiable with globally Lipschitz continuous gradient Vg.

We stress that the assumption about global Lipschitz continuity of Vg is made for tech-
nical convenience only and is not a real restriction. Since the reachable set in Problem (P) is
compact, any modification of g outside a neighborhood of the reachable set does not affect
the problem.

For every u € U the differential equation in problem (P) with the given initial condition
has a unique (absolutely continuous) solution x on [0, T]. Every such pair (x, u) is called
“admissible”, and the set of all admissible pairs is denoted by F.

Thanks to Assumption (A1), a standard compactness argument implies the existence of
an optimal solution of Problem (P). In what follows we consider a fixed optimal solution
(x, ).

Assumption (A2) For every admissible pair (x, u) € JF it holds that
T
(Vg(x(T)) — Vg(X(T)), Ax(T)) +/ (W@)Ax, Ax) +2(S(t)Au, Ax))dt > 0,
0
where Ax(T) := x(T) — x(T), Ax := x(t) — x(t) and Au := u(t) — u(r).

Let p be a co-state function for (x, 1), i.e. (X, p, u) solves (PMP). We recall that
6:=B'p+S"%
is the so-called switching function corresponding to the triple (x, p,u). For every j €
{1, ..., m} denote by 6, its j-th component. Notice that ¢ is continuous due to Assumption
(Al).
In the next assumption we postulate that the optimal control u is strictly bang-bang,

with a finite number of switching times on [0, T'], and that the switching function exhibits a
certain growth in a neighborhood of any zero.

Assumption (A3) There exist real numbers k > 1 and «, 7 > 0 such that for all j €
{1,...,m}ands € [0, T] with G;(s) = O we have

6, > alt —s|* VYtels—rt,s+7IN[0,T]
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A similar assumption is introduced in [11] in the case x = 1 and in [23, 26] for k > 1. The
set U of admissible controls will be considered as a metric space with the metric induced
by the L'-norm. For this reason we define

X = wL(0, TI,R") x Wh([0, T, R") x L'([0, T], R™),
with the usual norm: for (x, p, u) € X,
lCe, py )l i= Nixl + 1plhn + el
Next, we denote by ) the space
Y= LY([0, T1,R") x L' ([0, T], R") x L*=([0, T], R™) x R", (2.1)
with the usual norm: for (§, 7, p, v) € ),

1, 7, p, ) == N&I + Il + llplloe + VI

We denote by dy the distance induced by || - ||.
As in the introduction, we recast the first order optimality conditions (Pontryagin system)
(PMP) for Problem (P) as the generalized equation

0€e F(x, p,u), 2.2)

where F : X == ) is defined in (1.2). The normal cone Ny, (u) appearing there is defined
in the standard way: for u € L' ([0, T], R™),

Ny () :={v € L0, T],R™) : v(t) € Ny(u@)) forae.t € [0, T1}.

Notice that this definition is consistent with the general definition of a normal cone if I/ is
considered as a subset of the space L! (although U is also contained in L°°; but then Ny (u)
should be a cone in the dual space to L).

In the following sections, given a perturbation y = (¢, 7w, p, v) € ), we will study the
inclusion

y € F(x, p,u), 2.3)

which, written in detail, looks as follows: for a.e. t € [0, T'],

0 =x(1) —A@Wx (@) — BOu@) —d(1) — (1),

0= p@t)+A@)  pt) + WH)x(t) + S(Ou(t) — n(1),
0 € B() p(t)+ SO Tx(t) — p(t) + Ny (u(t)),
0 = p(T) — Vg(x(T)) — v. (2.4)

3 Strong Metric Sub-regularity

In this section we prove an important regularity property of the mapping F defined in (1.2),
related to, but stronger than, strong Holder metric sub-regularity, see [5].

We begin with some important properties of switching functions that fulfill Assumption
(A3). First we fix some notations. Given any continuous function o : [0, T] — R™ (o;
will denote its j-th component) satisfying Assumption (A3) with constants «, o and 7, and
areal number § > 0, we define

Ii(0,8) := U G-ss+onioTI 1(0.8) = | 1.9,
s€[0,T]:0;(s)=0 1<j<m

@ Springer



Metric Regularity Properties in Bang-Bang Type Linear-Quadratic...

and

Imin(0, §) == min loj(6)] > 0. 3.1
1</<m te[0,71\;(0,8)

Note that this minimum always exists and is indeed positive since o is continuous and
[0,T]\ I;(o, T) is compact forany j € {1,..., m}.

Now we state an auxiliary result which presents an inverse integral inequality for func-
tions satisfying Assumption (A3) of the type of those developed in Theorem 2.1 and
Corollary 2.1 and 2.2 in [27]. It extends [26, Lemma 1.3], which in its turn originates from
[11, Lemma 3.3].

Lemma 3.1 Let o : [0, T] — R™ be any continuous function satisfying Assumption (A3).
Then there exists a constant co > 0 such that

o]l / Z|aj(t)v](t)|dt>c0||v||"+1 foranyv € L®([0,T1,R™).  (3.2)

Remark 3.2 Carefully following the proof below we can establish that the constant cq in
the lemma only depends on the numbers «, &, T and Iy (o, 7). Thus Lemma 3.1 can be
reformulated in the following more precise form: for any given positive real numbers « > 1,
o, T > 0 and mp > O there exists a constant ¢y > 0 such that the claim (3.2) holds for any
continuous function o : [0, T] — R™ satisfying Assumption (A3) with constants «, «, 7,
and with /i, (0, T) > my.

Proof 1f v = 0, then the inequality in Lemma 3.1 is fulfilled. If v # O then due to the
homogeneity of order ¥ 4 1 of the two sides of (3.2) with respect to v, it is enough to prove
the lemma in the case of ||v||.c = 1, which will be assumed in the remaining part of the
proof.

Now we choose § € (0, 7) such that &8¢ < Imin(o, T). Then for all 8§ € (0, 5] and
je{l,..., m} we have

loj(0)] = as“ Vrel0,T]I\I(o,?d). (3.3)

Indeed, if t € I (o, 7) \ I (o, §) then inequality (3.3) follows from (A3) and if t ¢ I;(o, T)
then [0 (¢)| > Imin(0, T) > ad > ad”.
Using (3.3) we obtain that

T m m
0w = [ Sleoywiar= [ o 0y (0] di
; S [0,T1\ (0.8) ; I
> ad® / lvj (O] dt = ad“ | vl — / lvj ()] dt | = as(vlli —218),
Z 0T\ (@8 ( : ; 1o !
where A is the sum of the number of zeros of o; for all j € {1,...,m}. (Notice that
Assumption (A3) implies A < ";TT +m.) If |[v||; = 4A8, we choose & := § to get

oK

od
>
o) = >

vl

and since ||v||1 < T||v|loc = T we have that ¢(v) > gﬁk oll“TL I vl < 428, we choose
5= “ﬂ‘ <5 toget

——|ly|* .
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. . . adk o .
Hence, by defining ¢p := min {W’ W} we obtain that

o) = collvllf*,

which proves (a). _
Since we can choose § to only depend on «, o, T and mg and there is an upper bound to
A which only depends on m, T and t, the constant ¢ also only depends on m, T, k, o, T
and my. This proves Remark 3.2. O

The following theorem establishes a stability property of the mapping F associated with
system (PMP) which is a somewhat stronger form of the well-known property of metric
sub-regularity, 8, Section 3I]. It extends [2, Theorem 8] in that Assumption (A3) is weaker
than the corresponding assumption there (since we allow 0 and T to be feasible zeros of
some components of the switching function), the norm in the space ) is somewhat weaker,
and the function g is not necessarily quadratic. Most importantly, the size of the disturbance
y for which the claim of the theorem holds is not a priori restricted (as in the definition of
metric sub-regularity, [8, Section 3H] and in [2, Theorem 8]).

Theorem 3.3 Ler (%, p, it) be a solution of (PMP) such that Assumptions (Al)—~(A3) are
fulfilled. Then for any b > 0 there exists ¢ > 0 such that for any y € Y with ||y|| < b, there
exists a triple (x, p,u) € X solving y € F(x, p, u), and any such triple satisfies

A . N 1
lx =XM1+ lp = Pl + llu —ully < cllyllx. (3.4)

Remark 3.4 Due to further needs, in the proof of the above theorem we will care about how
the constant ¢ depends on the data of the problem and the associated switching function 6.
More precisely, the following statement will be proved.

Let the natural numbers n, m and the real number T > 0 be fixed. Given constants
k>1L,a>01>0mg>0,b>0andK, there exists a number c > 0 with the following
property.!

Let the (n x n)-matrix functions A(t) and W(t) the (n x m)-matrix functions B(t) and
S(t) be defined on [0, T], and g : R" — R be such that Assumption (Al) is fulfilled, and in
addition,

[Alloo, I1Blloos IWlleo, lISllocs lldllee, = K, Vg is Lipschitz with constant K. (3.5)

Let (%, p, i) be a solution of (PMP) (i.e. of (1.1)) such that Assumption (A2) holds, the
corresponding switching function & fulfills Assumption (A3) with constants k, o« and T, and
Imin (6, T) > mg. Then for every y € Y with ||y|| < b the inclusion y € F(x, p,u) (with F
defined in (1.2)) has a solution and for every solution (x, p, u) the estimation (3.4) holds.

Proof First of all, we note that the inclusion y € F(x, p,u), forany y = (¢, 7, p,v) € ),
represents the system of necessary optimality conditions of the following problem:

T
min {g(x(T)) —v'x(T) + / (%x(t)TW(t)x(t) +x@OTSOu@) — p Ou@) — nT(z)x(z))dz}
0
(3.6)

1f ¢ = 1, then the constant ¢ can be chosen independent of b.
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subject to
x(1) = A(x(@) + BOu@) +d(1) + &), t€[0,T], x(0)=xo,
u@) e U :=[—1,1]".

Due to the linearity in # and the convexity and compactness of the constraining set U
this problem has a solution, hence also the inclusion y € F(x, p, u).

Now, let b > 0 be arbitrarily chosen and let (x, p, u) be a solution of y € F(x, p, u),
where y = (§, w, p,v) € YV and |y|| < b. The following notations will be used. As before,
6(t) == B(t)" p(1)+S(1)T2(t), while o (1) := B(t)" p(t)+S(t) " x(t) — p(¢). Furthermore,
we denote Ax(t) := x(t) —x(t), Ap(t) = p(t) — p(t), Au(t) ;= u(t) —u(t) and Ao (t) :=
o (t) — 6 (t) and skip the argument ¢ whenever this does not lead to ambiguity.

Integrating by parts, we have

T T
/(A[),Ax}dt:(Ap(T),Ax(T))—/ (Ap, A%)dt.
0 0

Substituting here the expressions for Ax and Ap resulting from the inclusions y €
F(x, p,u)and 0 € F(x, p, u) in view of (1.2) we obtain that

T
/ (—ATAp — WAx — SAu + 7, Ax) dt
0

T
= (Vg(x(T)) = Vg(x(T)) + v, Ax(T)) — / (Ap, AAx + BAu + §) dt.
0

Rearranging the terms in this equality and using Assumption (A2) we get

T T
/ ((Ap, BAu) + (SAu, Ax))dt +/ ((m, Ax) + (&, Ap)) dt — (v, Ax(T))
0 0

T
= (Vg(x(T)) — Vg(X(T)), Ax(T)) +/ ((WAx, Ax) +2(SAu, Ax))dt = 0.
0
Using this inequality and the definitions of the functions o and 6 we obtain

T T
/ (Ao,Au)dt:/ (B"Ap +STAx — p, Au)dt >
0 0

T
> /0 (= (. Ax) — (. Ap) — (p. Au)ydi + (v, Ax(T)). (3.7)

The third component of the inclusion y € F(x, p, u) reads as —o (t) € Ny (u(t)), which
implies (—o (¢), f(t) — u(t)) < 0. Then

T T T
—/ (Ao, Au)dt = / [—(o, Au) + (G, Au)]dt > / (6, Au)dt.
0 0 0

From here, using that —G;(t) € Ni—1,17(it;(t)), hence 6, (¢) Au(¢t) > 0 for each j, Lemma
3.1 implies that

T T m
—/0 (Aa,Au)dtZ/o > 165 Aujldt = collAullf T,
j=1

where the constant co only depends on «, «, T and mg (see Remark 3.4). Then using (3.7)
and the Holder inequality we obtain

Il [ Axlloo + €11 1AP o + W AX(T)] + [lolloo 1Aull = coll Aul{F!. (3.8)
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Using Assumption (A1) and the solution formula of the Cauchy problem for Ax and Ap
we get

[Axlloo < c1(IEll + 1 Aullt),  [APloe < c2(I§ 1t + lImlls + [Aully + v (3.9)

for some constants ¢ and ¢ that only depend on K (see (3.5) in Remark 3.4). (We mention
that for the estimation of ||Apl|l.c We use the estimation for |Ax(T)| and the Lipschitz
continuity of the gradient Vg appearing in the end-point conditions for p and p in (1.1).)
Therefore, by (3.8)—(3.9) we obtain that

UYIZ + Iyl Aull) = esllAullst! (3.10)

for some constant c3, only depending on ¢, ¢1 and c¢2. Now, we distinguish two cases. First,
if [|yll < [[Aull; then
+1
20yl Aully = callAulli™,

which implies

2 1/k
lAully < (fllyH) - (3.11)
C3
Otherwise, if | Aull; < |ly]l < b then

[ Aully < [yIY< )yl €Dk < ple=Drie)y) /e, (3.12)

Inequalities (3.11) and (3.12) imply that for any b > 0 there exists ¢4 > 0, depending on c3
and b such that

Il Aully < callyllV/x.

Then the claim of the theorem follows with a suitable constant ¢ (depending only on cy, ¢
and c¢4) from the above estimation together with (3.9).

Notice that ¢4, hence also ¢, depend on b only due to the term b**~D/€ in estimation
(3.12), which equals 1 in the case « = 1. This justifies Footnote 1. O

Remark 3.5 Clearly, the property established in Theorem 3.3 implies that (X, p, i) is the
unique solution of (PMP), thus (X, &) is the unique solution of problem (P). Therefore,
(PMP), together with Assumptions (A1)-(A3), is a sufficient optimality condition.

4 Bi-metric Regularity

The notion of strong bi-metric regularity was introduced in [23] in order to grasp in a rele-
vant way the dependence on perturbations of the solutions of Mayer’s type optimal control
problems for linear systems. Its extension to the Bolza problem considered in this paper is
more complicated due to the missing smoothness of the switching function associated with
the optimal control. In this section we present such an extension, starting from the abstract
definition of strong bi-metric regularity and a new, substantially strengthened version of the
Lyusternik-Graves type theorem proved in [23].

4.1 The Abstract Setting

First, we give the definition of strong bi-metric regularity, which is a more convenient
extension of the one introducetl in~ [23]. - N -

Let (X, dx), (Y,dy) and (Y, dy) be metric spaces, with ¥ C Y and dy < dy9n~Y.
Denote by Bx (x; a) and By (y; b) the closed balls in the metric spaces (X, dx) and (Y, dy)
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with radius ¢ > 0 and b > O centered at X and y, respectively. We will suppose that the
metric dy and dy are shift-invariant, which means, in terms of the metric dy, that

dy(y+z,y +2)=dy(y,y), Vy,y,zeY.

Definition 4.1 The map ® : X = Y is strongly bi-metrically regular relative to Y CYat
x € X for y € Y with constants ¢ > 0,a > 0Oand b > 0 if (x,y) € graph(®) and the
following properties are fulfilled:

1. the mapping By (¥; b) > y = ®~!(y) N Bx(X; a) is single-valued, and
2. forally,y’ € By(y; b),

dy (@' (y) N Bx(¥;a), @~ () N Bx(¥; ) < gdy(y, Y. 4.1)

It is important to notice that in this definition the “disturbances” y, y’ are taken from the
smaller space Y (and are sufficiently small in the metric of this space), but the Lipschitz
property (4.1) holds with the (smaller) metric dy. This is the crucial difference with the
standard definition of strong metric regularity (see e.g. [8, Section 3G] and [16]), where the
spaces Y and Y coincide.

The next result resembles the main features of the Lyusternik-Graves-type theorem
proved in [23, Theorem 2.1], but under substantially weakened requirements, as explained
in the comments after the proof.

Theorem 4.2 Let X be a complete metric space, Y be a linear space, Y be a subspace of
Y, and let both metrics, dy in Y and dy in Y, be shift-invariant and dy < dy on Y. Let the
set-valued map ® : X = Y be strongly bi-metrically regular at x for y with constants ¢, a,
b. Let u > 0 and ¢’ be such that cju < 1 and ¢’ > ¢/(1 — cu). Then for every positive
constants a', b', and y satisfying

ad<a, b+y=<b g¢b=<1-gspad, 4.2)
and for every function ¢ : X — Y such that
dy(p(X), p(x)) <y Vx € Bx(¥1d), 4.3)
and
dy (p(x), (x")) < pdx(x,x") Vx,x" € Bx(x;a"), 4.4)
the mapping By (y + ¢(X); ') 3 y — (p + ®)~(y) N Bx (& a') is single-valued and

Lipschitz continuous with constant ¢’ with respect to the metric dy.

Proof Letusfix u, ¢’,a’, b’ and y as in the theorem. Take an arbitrary function ¢ : X — Y
such that (4.3) and (4.4) are fulfilled.

By assumption, the mapping By(y; b) 2 y > s(y) := &~ !(y)NBx(x; a) is a Lipschitz
continuous function (with respect to the metric dy in Y) with Lipschitz constant ¢. For any
x € Bx(¥;a’) and y € By(y + ¢(X); b') we have

dy(y — (), ) <dy(y, 5 + ¢&) +dy(9X), o(x)) <b' +y <b.  (4.5)

Thus s(y — ¢(x)) is defined for all such pairs (x, y).
For an arbitrarily fixed y € By(y + ¢(X); &) we consider the mapping Bx (x;a’) >
x = Zy(x) := s(y — ¢(x)). We shall prove that the mapping Z, has a unique fixed point
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by using the contraction mapping theorem in the form of [8, Theorem 1A.2]. For this we
denote A = ¢ < 1 and estimate

dx(x, Zy(x)) = dx(s(¥),s(y — (X)) < cdy(y + ¢(X), y)
<cb<(1—gwa =1-1rud
Moreover, for x, x’ € By, (X; a’) we have

dx(Zy(x), Zy(x")) = dx(s(y — 9(x)), s(y — ¢(x"))) < cdy (y — ¢(x), y — p(x"))
cdy (p(x), p(x")) < cudx(x, x") = rdx (x, x").

Then, according to [8, Theorem 1A.2], there exists a unique x = x(y) € Bx(X; a’) such
that x = s(y — @(x)). The latter implies that y — ¢(x) € ®(x), hence x € (¢ + @)~ (y) N
By (x; a’). Moreover, x(y) is the unique element of (¢ + ®)~!(y) N Bx(x; @’). Indeed, if
x € (p+ @) '(y) N Bx(x;d’), then y € ¢p(x) + ®(x), hence y — p(x) € ®(x), and
since as in (4.5) we have y — ¢(x) € By(y;b) and x € Bx(x;d’) C Bx(¥;a), it also
holds that x = s(y — ¢(x)). Thus x = x(y). Thus the mapping By (j + ¢(X); ') 3 y
(¢ + ®)~'(y) N Bx(x, @) is single-valued.

Now, take two arbitrary elements y, y’ € By(y + ¢(x); b') and let x = s(y — ¢(x)) and
x" = s(y — ¢(x")) be the unique solutions of y € ¢(x) + ®(x) in Bx (X; a’) corresponding
to y and y’, respectively. Then

dx(x,x") = dx(s(y — 9(0)), sV’ = 9(x))) < cdy (y — p(x), ' — p(x"))
< cdy(y,y) + cdy (p(x), 9(x") < cdy(y.y') + spdx (x, x').

Hence,
S
1—
which completes the proof. O

dx(x,x') <

udY(y’ ) <¢dy(y,y),

The main improvement in the above theorem, compared with [23, Theorem 2.1], is
that the Lipschitz property (4.4) is required in [23, Theorem 2.1] to be fulfilled in the
stronger metric dy, which makes the theorem unusable in several applications, including
that presented in Section 4.3.

4.2 Strong Bi-metric Regularity of the Linear-Quadratic Problem

Now consider again Problem (P). First we will present a result about stability under pertur-
bations of Assumption (A3) in the case k = 1, where the following strengthened form of
Assumption (A1) will be used.

Assumption (Al’) The functions A, W and d are continuous, B and S have continuous
first derivatives. The matrices W (¢) and S7 (¢) B(¢) are symmetric for every ¢ € [0, T']. The
function g is differentiable with (globally) Lipschitz continuous gradient.

Furthermore we introduce the subspace
V= L®([0, T, R") x L¥([0, T],R") x W"*([0, T],R™) x R"
of ) endowed with the usual norm of y = (&, 7, p, v) € 5:
I, 7, p, v)ll~ == max{L, T} (I€loc + 7 lloc + 211,00 + V1) - (4.6)
We denote by dNy the distance induced by || - ||~. Observe that dy < Jy on ).
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Proposition 4.3 (Stability of Assumption (A3).) Let Assumption (Al’) be fulfilled. Let
(X, p, u) be a solution of (PMP), and let Assumption (A2) and Assumption (A3) withk = 1
be fulfilled. Then Assumption (A3) is stable under perturbations in the following sense:
there exist constants b>0a>07>0andmy > 0 such that if §, 7, p,v) =y €Y
with ||y|l~ < b, then for any triple (x, p,u) € X solving y € F(x, p,u) the function
o = B p+STx—p satisfies Assumption (A3) with k = 1 and constants & and T replacing
a and t, respectively, and lyin (o, T) > Mg (see (3.1)).

Proof Let a and 7 be the constants appearing in Assumption (A3), and let j € {1, ..., m}
be arbitrary. Further, we consider only disturbances y € ) satisfying | y|l~ < 1.
First, observe that for all # € [0, T'] it holds that

o0 = 6,01 = |[(BOT (p) = pe) + SO (x(1) - f(z)))j‘ +lo; 0.
Using this inequality and Theorem 3.3 (applied with b = 1), we obtain that there is a
constant ¢ such that

loj(t) — ;)] < crllyll
forall j=1,...,m,t €[0,T],and y € 3~iwith [lyll~ < 1. Hence,
o, =16, —ciliyl, te€[0,T], je{l,...,m}. 4.7)

Consider (skipping the argument ¢) the derivative

6 = [BTﬁ +BTp+8Tr+ ST;é]
J

- [BTﬁ +BT(—ATp— Wi — Si) + ST# + ST(A% + Bil +d)] _
J

= [BTﬁ +BT(—ATp— W) +ST2+ 5T (A% + d)] , (4.8)

J

where in the last inequality we use the symmetricity of BT'S . This implies, in particular, that

& is continuous. Then there exists 71 € (0, t] such that |6;(01) — 6;(62)| < «/4 whenever

61, 62 € [0, T] and |6; — 62| < t1. Hence, using (4.8) and Assumption (A3) we obtain that

forany j € {1, ..., m}, for any zero § of 6; and arbitrary r € (§ — 71, § + 1) N[0, T']

)

L, t, t
alt =51 < 16;() —6;5)| = y[ 6j(0)do| < yf 6j(§)de\+y[ %d&

hence |é’j(§)| > 3a/4 forany zeroS of 6j, j =1,...,m.
The equality (4.8) holds also for o; (where (X, p) is replaced with (x, p)), with the

additional term I:BTJT +8Te — ,6] _in the right-hand side. Then using Assumption (A1’),
j

and the estimation in Theorem 3.3, we obtain that
I6; = Gjlloo < 2yl + 1 lloo + 1T lloo + 16llc0) < c3llyll~, 4.9)

where ¢; and ¢3 are independent of j and y € ﬁ Iy~ < 1.
Define T := /2 and choose the number » > 0 in such a way that

Imin(G, ?/2) ot

c1b < min , and 4csb<a, b<I, (4.10)
2 4
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and let ||y|~ < b. Since from (4.7) and the first inequality in (4.10) we have that for
t €0, TI\1;6,%/2)
lmin((}s ?/2)
2

we obtain that any zero s of o is contained in /; (6, T/2). Thus s € (§—7/2,54+7/2)N[0, T]
for some zero § of 6;.

Now take an arbitrary t € (s — T,s + T) N[0, T]. Thent, s € (s — 71,5 + 1) N[0, T]
and using (4.9) and the second inequality in (4.10) we obtain that

|0 ()] = 165 (0] = c1 11yl = Inin(6.7/2) — c1b > >0,

[ t . . . .
o ()] = / c'r,~<9)d9‘= / [656)+G10) = 5,6 + (6,0) — ;0] de)’
= 16,@lit sl = Sl = sl = esllyll~ It =]
R o
e R R e ]
4 4 4

Thus (A3) holds for o with ¥« = 1 and constants & = «/4 and T.
Further for t € 1(6,7) \ I (0, T) we have

A . at

lojO] =z alt = 5| —cilyl = alt —s| —als — 5| —cillyl = T
for some zeros § and s of 6 and o respectively. So if we set mg = min{%, Imin(0, T)} then
Imin(0, T) = my. O

Proposition 4.3 allows to extend the result for strong bi-metric regularity of F, obtained
in [23] for Mayer’s problems for linear systems, to the present Bolza problem. For that we
need the following stronger version of Assumption (A2).

Assumption (A2’) For every couple of admissible pairs (x, u), (x’,u’) € F it holds that

(Vg(x(T)) —Vg&'(T)), x(T) —x'(T))

T
+/0 (W) (x@) —x' @), x(t) —x' @) +2(S@) (u(t) — ' @) , x(t) — x' (1)) dt > 0.

Remark 4.4 Standard convex analysis shows that Assumption (A2’) is equivalent to the fact
that the functional J is convex on the set F, or equivalently, the mapping L' ([0, T], R") >
u +— J(x(u),u) is convex on the set of admissible controls I/, where x(u) denotes the
solution of the Cauchy problem x = Ax + Bu, x(0) = 0.

To prove strong bi-metric regularity of (PMP) we first have to introduce the following
additional spaces. First we consider the set i/ = L°°([0, T], U) as a metric space with the
metric

d*(u1, uz) = meas {r € [0, T]: u1 (1) # uz (1)},

where “meas” stands for the Lebesgue measure in [0, 7']. This metric is shift-invariant and
we shall shorten d*(u1, u2) = d*(u; — us, 0) =: d*(u; — uz). Moreover, U is a complete
metric space with respect to d* (see [10, Lemma 7.2]). Then the triple (x, p, u) is considered
as an element of the space

X = WhL(0, T, R") x Wi ([0, T, R") x U, (4.11)
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endowed with the (shift-invariant) metric
dx(x, p,u) = lIxlli1 + lplh + d* ). 4.12)

Clearly Xisa complete metric space.

Theorem 4.5 (Bi-metric regularity) Let Assumptions (Al’) and (A2’) be fulfilled. Let
(X, p, 1) be a solution of (PMP) such that Assumption (A3) is fulfilled with k = 1. Then
the mapping F : X = ) introduced in (1.2) is strongly bi-metrically regular relative to
YcYarz:=x,p,iu)e XforOe ).

Proof We shall prove that F~! is single-valued in B35(0; E) and

dx(F7'(), F7(y) < cdy (Y, y), (4.13)

for all y,y’ € Bf, (0; E), where b and ¢ are as in Proposition 4.3. Thus the conditions in
Definition 4.1 will be fulfilled even with a = +4-oc0. Let us start by giving a reformulation
of the perturbed version of (P), which will turn out to be useful in the sequel. Let us take
an arbitrary y = (&, 7, p, v) € V. Then the perturbed system y € F(x, p, u) is the set of
necessary conditions for the problem (3.6) introduced in the proof of Theorem 3.3. Notice
that (3.6) is exactly of the same form as (P) with the state and co-state variables augmented
by one dimension, and the data A, B, d, W, S and g replaced with

(2 2) - () - () - (5)5-(2)

and g(x(T), x,+1(T)) = g(x(T)) — vix(T) — Xn+1(T), respectively. Thus, (x, p, u) is a
solution of y € F(x, p, u) if and only if the triple

05070 = (( 1 e ) (70 ) w0) @

is a solution of the system

0 = X(t) — A(OF() — BOut) — d(1)

0= p(t) + AW p(t) + W(HX(t) + SO)i(1)
0 € B0) p(t) + S(1)"X(t) + Ny @)
0 = p(T) — VEE()). (4.15)

The above system can be recast as a generalized inclusion
0e F,X, P, (4.16)

where I:"‘y is defined as in (1.2) replacing A by A, and similarly for the other data. fy maps
the space

X = w0, TLR™) x WhI([0, 71, R*) x L'([0, T].R™)
to
Y= L'([0, T1. R x L'([0, T], R"™!) x L®([0, T], R™) x R,

where Xy = (xoT ,0)T. In few words, the dimension of the state and co-state variable is
augmented to n + 1 and the additional initial condition x,+1(0) = 0 is added. Note that by
construction for any y € )} Assumption (A1) and Assumption (A2’) are fulfilled for (4.16).
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Choose b, &, T and myo as in Proposition 4.3. Then there exists a constant K such that for
any y with ||y[|~ < b we have

I Alloss 1 Bllsolls Idlloes 1Wllses ISlleo < K, V3 is Lipschitz with constant K.

Then by Proposition 4.3 for any y = (¢, 7, p,v) € B3(0; Z) and any solution (x, p, u) of
the perturbed problem y € F(x, p, u) Assumption (A3) is satisfied by o :== B p + Sx —
with constants @, T and lmm(a T) > mg. An easy calculation shows that the sw1tchmg
function of the solution (X, p, &) (given by (4.14)) of (4.16) is given by BTy p+ STY =
BT p+ STx — p = 0. Then Theorem 3.3 in the detailed form in Remark 3.4 is applicable
to (4.16) with the constant ¢ independent of the particular y € B3 (O b). In particular, this
1mphes that (X, p, ) is the unique solution for (4.16). Therefore U=u 1s bang-bang and
F~lis single valued on B%; (O b).Forany y = (¢', 7/, p/,V') € By(O b) and its solution
', p',u)ofy € F(x/, p u’) we define

G, 7. = ((x’,/o @ 'x' +pTu)), (p/, =D, u),

’)7/ = ((g/_570)7 (n/—n,()), p/ -0, (U/—V,O)).

An easy calculation shows the inclusion V' € F), (x’, p’, ). Then Theorem 3.3 (in the form
in Remark 3.4) implies

IX" =X+ 17 = Pl + 1@ =l < el Iy, (4.17)
where || - ||5, denotes the norm of )> Hence by (4.17) we have

I = x" N+ lp =Pl +llu— 'l < 11X =%l + 17" = Pl + 17—l
clly =cly =yl

IA

Since u, u’ are bang-bang, similar to [23, p. 4130] we have |lu — u'||; > 2d*(u — u’) which
proves (4.13). O

We mention that the strong bi-metric regularity for Mayer’s problems is proved in [23]
for a general polyhedral set U and also in the case k > 1. Extension of Theorem 4.5 to
a general compact polyhedral U set is a matter of modification of Assumption (A3) and
technicalities that we avoid in this paper, while the case « > 1 is still open and challenging
for the Bolza problem.

4.3 Stability of Bi-metric Regularity Under Perturbations

In this subsection, we will apply Theorem 4.2 to prove that the strong bi-metric regularity
property is stable under some class of nonlinear perturbations.
Along with problem (P) we consider the following perturbed problem:

minimize J (x, u)

subjectto x(¢) = A(t)x(t) +a(x(t),t) + B(t)u(t) + §(x(z), Hu(t), te€l0,T],
ut) e U =[—1, 11",
x(0) = xop, (4.18)
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where

T(x,u) := g(x(T)) + F(x(T)) +

T
1 ~
/ (Ew)TW(r)x(z) + B, 1) + x0T SOu) + Fx(), 1), u(r))) di
0
Hered : R" x [0, T] — R", B : R" x [0, T] — RY>M ¢ R" - R,w:R"x[0,T] —
R,5:R" x [0, T] — R™ are continuously differentiable functions. All these functions will
be assumed “small” in a sense clarified in the theorem below.
The system of necessary optimality conditions for problem (4.18) is given by

0= (1) — A(Dx(1) = A(x(), 1) — B(Ou(t) — Bx (1), Du(?),

0 = pO)+ (AWM +ac (x(1), D+ (Bx(1), t)u(r))x)Tp(t)+W(t)x(t)+wx (@), ) +SOu),
5 (x(0), 1) Tu(t)

0 € (BM)+Bx(®),0) p(t) + S@) T x(1) +F(x(0), 1) + Ny (),

0= p(T) — Vgx(T)) — VZ(x(T)), 4.19)

where the subscript x (as in d,) means differentiation with respect to x.
The system (4.19) can be recast as

Oe f(x,p,u)+ F(x, p,u), (4.20)
where F (corresponding to the non—perturbed system) is given by (1.2) and f is defined by
—d(x, t) — B(x, tu
Fapon = | @0+ @B D)) p+ e, )T + 5@ 0Ty

B(x,H) p+5(x,1)
—Vg(x(T))

As before we consider F as a set-valued mapping X = Y, where the spaces X and Yy
are defined in (4.11) and (2.1), respectively. We fix a solution Z := (X, p, ) of the inclusion
0€ F(x, p,u).

Assumption (B) The mapping F : X = Y is strongly bi-metrically regular relative to
YcYatze XforOe).

We recall that sufficient conditions for strong bi-metric regularity of F are given in
Theorem 4.5.

Our purpose will be to prove that the strong bi-metric regularity of F is not destroyed by
the disturbance f, provided that the disturbances in (4.18) are sufficiently “small”. Notice
that the space X contains elements (x, p, u) for which some of the norms ||x o0, || Pllco>
1% lco» || Pllcos may be arbitrarily large or even infinite (the latter applies to the derivatives),
that is, elements which are irrelevant to the linear-quadratic problem to which F' is associ-
ated. Moreover, the image f (X ) is not necessarily contained in )/, which is important from
a technical point of view. Therefore, for a given compact set D C R" we introduce the
complete metric space (with the metric dy)

fD ={(x, p,u) € X x(t), p(t),x(t), p(t) € D forany ¢ € [0, T]}.

Also, denote by Fp := F|2§D : é’?D = Yand fp := f|2§D : é’?p — YV the restrictions of
F and f to Xp.
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Lemma 4.6 Let Assumption (Al) be fulfilled, let 7 = (x, p, i) be a solution of the non-
perturbed system (PMP), and let Assumption (B) be fulfilled. Then there exists a compact
set Do_C R" such that for every compact set D C R" containing Dy the restriction fp
maps Xp into Y and the mapping Fp : Xp = Y is strongly bi-metrically regular relative
toYCcYarz e X for0e).

Proof First note that because of continuity of @, B,5, dy, By, W, and 5, we have that for
every compact set Dy the first three components of fp, are in L®°. Moreover the third
component is differentiable in # and since (B(x e p)x is continuous as a function in x, p
and ¢, and 5y is continuous this derivative lies in L*°. Hence fp, maps into y

Further let ¢ > 0, a > 0 and b > 0 be the constants corresponding_the strong bi-
metric regularity of F. Let y = (§, 7, p,v) € 337(0; b) and (x, p,u) € X be a solution
the generalized equation y € F(x, p,u) (i.e. of (2.4)). Moreover we denote Ax(t) :=
x(t) —x(), Ap(t) := p(¢t) — p(t) and Au(t) := u(t) — it(t). Then by the solution formula
of the Cauchy problems for Ax and Ap we get

[Ax]1,00 < ct(lElloe + 1AUlle),  1APNI1,00 < c2(IElloc + 17T loo + [ Aut]loo + [V,
(4.21)
Wthh shows that there 1s a compact set Do such that (x, p,u) € XDO Therefore
I(By 0; b)) C XDO - XD for every D contalmng Dg which 1mp11es that Fp : XD =Y

is strongly bi-metrically regular relative to YcYasteXforOe . O

Below we prove a stability result in the same spirit as [23, Theorem 4.1], which concerns
Mayer’s problems. We mention that there is a gap in the proof of [23, Theorem 4.1], but it
can be easily corrected by using Theorem 4.2 instead of [23, Theorem 2.1]. This is done in
the next theorem which, in addition, extends [23, Theorem 4.1] to Bolza problems.

Theorem 4.7 Let assumption (Al’) be fulfilled, let Z = (X, p, it) be a solution of the non-
perturbed system (PMP), and let Assumption (B) be fulfilled. Let D C R" be a compact
set such that f(Xp) C YV and the mapping Fp is strongly bi-metrically regular relative to
YcYatz e Xpfor0e) (see Lemma 4.6). Then there exist positive real numbers &g, 8
and c with the following property. ~

For any positive number ¢ < g let d, B,g,Ww,s be any functions satisfying the
assumptions given above in this section and such that

the functions d, B S, dy, Bx, Wy, Sy Bt, 5; are all bounded by € on D x [0, T];
the functions a, B, S, dy, Bx, Wy, Sy are Lipschitz continuous in x with Lipschitz

constant &;

®  the function Vg is bounded by ¢ and Lipschitz continuous on D with Lipschitz constant
e.

Then

(i) the perturbed system (4.19) has a unique solution z* = (x*, p*,u*) in the §-

neighborhood of 7 in Xp and
dx(z" —2) < ce.

(ii) the mapping f + F : X p = Y is strongly bi-metrically regular at z* for O relative to
ycy
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Proof We want to apply Theorem 4.2 for the mappings ® = F and ¢ = f at the point
(z,9), where y := f(x, p, ). Let ¢, a, b be the numbers in the definition of strong bi-
metric regularity of F at Z for 0, and let i, ¢’, a’, b’, y be arbitrary numbers such that the
conditions 4. 2) are fulfllled

Since @, B s, Ay, Bx, Wy, Sy, B,, 5;, Vg are all bounded by ¢ and % x D, p are bounded
by |D| := sup,cp |x| and |it| < /m we have that

dy(3,0) =max{1, T}(Il @R, 1) — B&, Ditlloo + 1@ &, 1) + BE, 0)e) " p+ B®, 0 +50(E, 1) Titlloo +

HIBG 0T +5G 0o+ 1 (BG0TH) $+ B0 p+ B0 ploe + IVEGT)))

IA

max{1, T} ((1 + J/m)e + 2+ |D| + Vme + (D] + De + (ID* +2|D]e +£)
< Cie,

for some constant C; only depending on [ D], m and T'. Similarly for z € By, (z; a’) we have

dy(0, f(2)) < Cie,
which gives
dy(y f(2) <dy(3.0) +dy(0 f@) =2Ce. (4.22)
Next since B dy, Bx, 5, are bounded by & and @, B s, Ay, Bx, Wy, 8¢, Vg are Lipschitz
continuous with Lipschitz constant &, p is bounded by |D| and |u| < /m we have that for
any z,z' € By, (2;d")

dy(f@). f@) =l —@(x, 1) — Bx, u + a0, 1) + BG', 0w |
(@ G0 + (B Dwy) p 4+ )T 450, 0) T
— (@G )+ B o) P = B DT =5 0 Tl
HIBG. ) p+5@. =BG, 0)T p' =5, Do +|VEx(T)) — VE('(T))]
<e[(lx =l + vm|Dl llx — 'l + lu — 'O
+ (Dl llx =Xl + lp — p'lh + /m|D| lx = xlli + D[ lu —u' Iy
+/mlp—p'lh+llx = x'lt + Vmlx — 1+ llu—u'll1)
+ (5 =% lloo + DI x = xlloo + Ilp = Plloc) + 1X(T) —x"(T)1]
< Caelz — Z,”AN.’D (4.23)
for some constant C; only depending on | D]|.
Hence, if we choose &g, § and ¢ such that
2Cie0 <y, Caeg <, Creg <b',8=d', c=¢'Cy, cep < d',

then we can apply Theorem 4.2 to see that f + F is strongly bi-metrically regular at Z for y
with constants ¢’, a’ and b'. Therefore, there is a unique z* € B A (z; @’) such that

0€ f(z") + F(z%).
and we have
dx(z* —%) < ¢'dy(0,9) < ¢'Cie = ce,
which proves (i). Moreover since (z*, 0) € int (B, (Z;d") x B3(3; b)), the map f + F is

also strongly bi-metrically regular at z* for 0. This proves (ii). O

We mention that the issue of stability with respect to linearization of the strong bi-metric
regularity property (in the spirit of Robinson’s theorem [24]) is more complicated and will
be a subject of a separate investigation, together with further applications of this property.
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5 A Newton-Type Method for Bang-Bang Optimal Control Problems

In this section we investigate the convergence of a Newton-type method for solving affine
optimal control problems under conditions which guarantee that the (strengthened) sub-
regularity property in Theorem 3.3 holds for the linearized problem along the optimal
solution. For this, we first present an abstract result which is similar to, but stronger than
[5, Theorem 6.1], since it is based on the stronger version of sub-regularity in Theorem 3.3.

Theorem 5.1 Let (X, || ||x) and (Y, || - |ly) be Banach spaces. Let the mapping ¢ : X — Y
be Fréchet differentiable (D¢ denotes the derivative) and let ® : X = Y be a set-valued
mapping. Let X be a solution of the inclusion
o(x)+ d(x) 0.
Assume that there are positive constants R, L and c such that
[De(x) — Do) < Lllx —Xllx Vx € Bx(, R) (5.1

and
I — 2lx < ellylly (5.2)
foreveryx € X and y € ¢(X) + Dp(X)(x — X) + ®(x).
Then for x € Bx(x,r), where r = min{R, &%}’ and for every solution z € X of the
Newton inclusion
@(x) + Do(x)(z —x) + ®(2) 0, (5.3)
it holds that 7 € Bx (X, r) and

. 1 .
|u—wxs;w—xﬁ. (5.4)

Before proving the theorem we mention that condition (5.2) is a strengthened form of
the metric sub-regularity of the partial linearization x — ¢(X) + Do(x)(x — X) + ®(x) of
the mapping ¢ + ®. The inclusion z € Bx (x, r) implies that any finite or infinite sequence
generated by the Newton inclusion (5.3) and starting from By (x, r) (if such exists) stays in
Bx (X, r). Inequality (5.4) claims quadratic convergence of any such sequence which starts
in the interior of By (X, r).

Proof Forany x € Bx(x,r), let z € X be an arbitrary solution of (5.3) (if any). Then,

(&) + Do(X)(z — %) + P(2) 3 (X)) — ¢(x) + Dp(X)(z — X) — Dp(x)(z — x).

This means that z solves (5.3) with perturbation y given by the right-hand side of the
inclusion above. Therefore, (5.2) yields that

Iz = %llx < clle@) — o) + Dp()(z — X) — De(x)(z — x)|ly.
Now using (5.1) we get
lz = Xllx < c(le@) — @)+ DpE)(x — D)y + [(Dp(X) — Dp(x))(z — x)ly)

cL a2 .
< Tllx —Xx[lx +cLllx —xlx llz — xllx

IA

cL a2 . . .
Tllx — X% +cLllx = £x (Iz — Xllx + llx — Xllx) -
Hence,

R . 3cL a2
(I—cLllx = x|lx)llz — xllx < Tllx—xllx.
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Since 1l —cL||x —x||x > (1 —cLr) > % we obtain (5.4), which implies that z € Bx (x, r).
O

Remark 5.2 A similar convergence result of the Newton’s method can be found in [4] for
variational inequalities and nonlinear programming. In that paper, the author introduces the
conditions of hemi-stability and hemi-regularity in order to ensure the convergence of the
Newton’s method. The assumptions in Theorem 5.1 are weaker, but existence of a New-
ton sequence is not claimed, similarly as to [5, Theorem 6.1]. Existence will follow in the
analysis of optimal control problems that follow.

Now, we shall use Theorem 5.1 to investigate the convergence of the Newton method for
the following affine optimal control problem:

minimize C(x, u)
subjectto X(r) = a(x(¢),t) + B(x(t), Hu(r), te[0,T],
u) e U :=[-1,11",
x(0) = xg, (5.5)

where
T
C(x,u) :=gx(T)) +/0 [wx (@), 1) + (s(x (@), 1), u(®))]dz.

Here the functions a : R" xR - R", B : R" xR — R”™ w : R" x R - R,
s :R" x R — R™ and g : R*" — R are given. Further, we use the following assumptions.

Assumption (Al”) The functions a, B, w, s are twice differentiable in x, and all these
functions and derivatives of first and second order are continuous in ¢ and locally Lipschitz
in x, uniformly in 7. g is twice continuously differentiable with Lipschitz derivate. The
problem (5.5) has a solution, (X, ).

Remark 5.3 The optimality can be understood as local, since it is only important that the
Pontryagin maximum principle is fulfilled for (X, &). Due to the linearity of the problem
with respect to the control and the compactness and convexity of the control constraints,
existence of an optimal solution is granted if the differential equation in (5.5) has a solution
on [0, T'] forevery u € U.

By the Pontryagin minimum principle, there exists an absolutely continuous function p
such that the triple (X, p, i) solves for a.e. ¢ € [0, T'] the system

0 =x(t) —a(x(),t) — B(x(t), Hu(t),
0= p@0)+ (ax(x(@®), 1) + (B(x(1), t)u(t))x)Tp(t) +we (x (@), 1) " + 5, (x (@), 1) Tu(r),

0 € Bee(t), 0T pt) +s(x(t), 1) + Ny u(t)),
0 = p(T) — Vg(x(T)), (5.6)

m

where the subscript x (as in a,) means differentiation with respect to x.
We rewrite system (5.6) as the following generalized equation

0€ f(x, p,u)+ G(x, p,u), 5.7
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where f : X — ) is given by

x—a(x,t)— B(x,Hu
| p (e )+ B Dwy) p w0 450, 1) T
f pa)@) = OO . (5.8)
p(T) —Vg(x(T))

G : X = ) is given by
0

G(x,p,u)= (5.9)

Ny@) |°
0

and X" and ) are the spaces defined in Section 2, namely X' = le(;l x Whixpl y=
L' x L' x L™ x R".
Following [8, Chapter 6.3], we define the Newton-type method for solving problem (5.7)
as follows, where z£ := (xk, pk, uk) denotes the obtained iterate at stepk =0, 1, .. ..
Newton’s method:

1. Choose 7’ € X.

2. Given z¥, obtain z¢+!

as a solution of the generalized equation

f@+DFEHEE =+ 6t s 0. (5.10)

Here, Df (z) is the Jacobian of f at z.

We mention that if z¥ satisfies (5.10) then u* is an admissible control, because Ny (u) =
¢ whenever u ¢ U.

For any 7 € X the inclusion f(Z) + Df(z2)(z — Z) + G(2) > 0 represents the Pontrya-
gin system of necessary optimality conditions for a linear-quadratic problem which can be
recast as (P) by introducing an additional state variable, similarly in the proof of Theorem
4.5. We denote this problem by L P(Z) (we skip its explicit formulation, which can be found
for instance in [9, Section 5]). For the next theorem it is important to ensure that the claim
in Theorem 3.3 holds for the particular problem L P (Z) corresponding to z = Z, which obvi-
ously has the solution z — the solution of the non-linearized problem (5.5). Therefore, we
make the following assumptions, related to Assumption (A2) and (A3) in Section 2.

Assumption (A2”) The objective functional in problem L P(Z) is convex on the set of all
admissible pairs F (see Remark 4.4).

Assumption (A3”) The switching function 6 (¢) in problem L P (Z), which is
5(t) = BE0), 0 p(1) +sE®), 1),

satisfies Assumption (A3) with « = 1.
The next theorem claims that on the assumptions made, Newton’s method generates a
sequence quadratically converging to the optimal solution of (5.5).

Theorem 5.4 Let Assumption (Al”) be fulfilled and let 7 := (X, p, it) be a solution of
problem (5.6). Let, in addition, Assumptions (A2”) at (A3”) be fulfilled for 7. Then there
exists a neighborhood O C X of % such that for any starting point z° € O there is a
sequence {zk},fil = {(xF, p*, uk)},fil (not necessarily unique) generated by the Newton
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method (5.10) and any such sequence is quadratically convergent to Z, i.e. there is a constant
¢ > 0 such that

2
k+1__ & k+1__ ~ k+1__ ~ k_ 2 k_ » k_»
=2 1P =l e =l e (165 =205 plh e =)

Proof Since problem L P(z%) has a solution and the generalized equation (5.10) represents
the Pontryagin necessary optimality conditions for this problem, the iterate z* exists for
every k.

We will apply Theorem 5.1 with spaces X and Y (for X and Y) and mappings f and G
(for ¢ and ©).

An easy but cumbersome calculation (which we skip) shows that Assumption (A1”)
implies that the mapping f : X — ) is Fréchet differentiable with locally Lipschitz deriva-
tive. Thus condition (5.1) in Theorem 5.1 is satisfied with ¢ = f and some constants R and
L. Moreover, thanks to Assumptions (A1”)—(A3”), Problem L P(Z) fulfills Assumptions
(A1)-(A3) in Theorem 3.3. This implies (see Remark 3.4 and Footnote 1) that condition
(5.2) in Theorem 5.1 is also fulfilled with some constant c. Then the convergence claimed
in the present theorem follows from Theorem 5.1 with the neighborhood O defined as the
open ball in X centered at Z and with radius r, where r is defined in Theorem 5.1. O

6 Conclusion

This paper contributes to the regularity theory for Bolza-type optimal control problems with
linear dynamics, quadratic in the state and linear in the control objective integrand, and
a non-linear terminal term. Conditions for Lipschitz/Holder sub-regularity and bi-metric
regularity are obtained and the results are utilized for obtaining a convergence result for the
Newton method applied to non-linear problems that are affine with respect to the control.
One of this conditions, which is particularly restrictive, requires that the optimal control
is of pure bang-bang type. Extensions of the regularity results and the Newton method to
control-affine optimal control problems with singular arcs is an important open area.
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