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SUBGRADIENTS OF MINIMAL TIME FUNCTIONS
UNDER MINIMAL REQUIREMENTS
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This paper concerns the study of a broad class of minimal time functions corresponding to control
problems with constant convex dynamics and closed target sets in arbitrary Banach spaces. In con-
trast to other publications, we do not impose any nonempty interior and/or calmness assumptions
on the initial data and deal with generally non-Lipschitzian minimal time functions. The major
results present refined formulas for computing various subgradients of minimal time functions under
minimal requirements in both cases of convex and nonconvex targets. Our technique is based on

advanced tools of variational analysis and generalized differentiation.
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1 Introduction

Consider the minimal time problem with constant dynamics given by
minimize ¢t > 0 subject to (x +tF)NQ#0, x€X, (1.1)

where X is an arbitrary Banach space of state variables, 2 C X is a closed target set, and
F C X is a closed, bounded, and convex set describing the constant dynamics & € F' to
attain the target set  from the state x € X. We refer the reader to [1, 3, 6, 8, 14, 20, 22] and
the bibliographies therein for various results and discussions on the minimal time problems
and their applications, particularly to control and optimization.

The main attention of this paper is paid to the optimal value function in problem (1.1)
known as the minimal time function and defined by

T (x) == inf {t > 0| QN (z +tF) # 0}. (1.2)

The requirements on the initial data (X,€, F) of (1.1) imposed above are our standing
assumptions in this paper. Observe that we do not assume the standard interiority condition
0 € int F', which is a conventional requirement on F' in the study of the minimal time
function (1.2) ensuring, in particular, the Lipschitz continuity of (1.2) as well as of the
corresponding Minkowsk: gauge

pr(u) = inf{tzo‘ uetF}, uelX, (1.3)
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generating (1.2) under the interiority condition by

T8 (x) = ingpp(w —z), zelX, (1.4)
we

where pp(u) = inf{t > 0| t7'u € F} in this case. Representation (1.4) with the Lipschitz
continuous gauge (1.3) relates the minimal time function TJ (x) to the classical distance
function of the set 2 defined by

dist(z; Q) := inf ||y —z|, 2€Q, (1.5)
yeN

which corresponds to (1.2) when F' = IB, the closed unit ball in X. In fact, the vast majority
of methods and results developed in the study of the minimal time function (1.4) under the
interiority requirement 0 € int F' are inspired by their counterparts for the distance function
(1.5); see more details and discussions in the reference above. In the absence of the latter
requirement the minimal time function may be quite different from the distance one; e.g.,
for F =10,1] C IR and Q = (—o0, 0] we have the expression

0 if xeQ,
T£<x>={ e
oo otherwise.

It is worth noting that functions of type (1.2) arise not only in the control framework
and have not only the “minimal time” interpretation. Their importance has been well
recognized in approximation theory; see, e.g., [7, 10]. Furthermore, functions of type (1.2)
belong to a broader class of the so-called marginal functions

p(z) = inf o(z,w), =€, (1.6)

weQ(z)

describing, in particular, optimal values in general problems of parametric optimization and
playing a significant role in sensitivity, stability, and other aspects of variational analysis
and its applications; see, e.g., [2, 11, 12, 16, 18, 21] and the references therein. However,
the special structure of the cost function/Minkowski gauge in (1.4) is crucial for the most
interesting results obtained for the minimal time and distance functions and cannot be
deduced from those known for more general classes of marginal functions (1.6).

A characteristic feature of the minimal time function (1.2) is its intrinsic nonsmoothness,
which requires the usage of appropriate tools of generalized differentiation. A number of
results for evaluating various subdifferentials of (1.2) were given in [5, 6, 8, 14, 22] under
the underlying assumption 0 € int F', which ensures that the Lipschitz continuous function
TE (z) behaves similarly to the distance function (1.5) from the viewpoint of generalized
differentiation. It is definitely not the case when the assumption 0 € int I is violated.

To the best of our knowledge, the first effort in dealing with the minimal time functions
of type (1.2) in the absence of the interiority condition 0 € int F' was made in [9], where
certain formulas for evaluating their proximal and Fréchet subdifferentials were obtained.
However, the major results in the out-of-set case z ¢ 2 were derived in [9] under the
calmness property [18] of T (-) at Z meaning that

‘Tg(x) - Tg(:iﬂ < kllx —z|| for all  near = (1.7)



with some constant x > 0, which is a “one-point” refinement of the classical Lipschitz
continuity of the minimal time function discussed above.

The primary goal of this paper is to develop subdifferential properties of the minimal
time function (1.2) with no imposing either the interiority condition 0 € int F' or the calm-
ness condition (1.7). Besides the pure theoretical interest of clarifying what is possible to
get without the aforementioned requirements, the major motivation for our study comes
from the application to the generalized Fermat-Torricelli problem of finding a point at which
the sum of its distances to the given closed (convex and non convex) sets is minimal. The
latter problem is comprehensively studied in the associated paper [15] from both qualitative
and quantitative/numerical viewpoints.

We pay the main attention to the two robust limiting constructions by Mordukhovich:
the basic/limiting and singular subdifferentials for minimal time functions. The first of them
was studied in our recent paper [14] in the case of 0 € int F’ while the second one, being trivial
for Lipschitzian functions, was not considered in [14] or anybody else in the literature on
minimal time functions. As a preliminary technical step (but of its own interest) we evaluate
e-subdifferentials of the Fréchet type for (1.2). The latter construction reduces to the usual
Fréchet subdifferential studied in [9], while we need its e-enlargements in the general Banach
space setting. Note that some results obtained here for Fréchet subgradients of (1.2) recover
those from [9], while the most of them are new in the settings under consideration, even in
the case of convex data with no calmness assumption.

The rest of the paper is organized as follows. Section 2 contains preliminaries from
generalized differentiation used in the formulations and proofs of the main results.

Section 3 concerns general (non-subdifferential) properties of minimal time functions
important for their own sake and useful for the subsequent study of subdifferentials.

Section 4 deals with e-subdifferentials of (1.2) at z € X considering both in-set z € 2
(easier) and out-of-set Z ¢ Q (more difficult) cases. The crucial result in the latter case
is representing e-subgradients of the minimal time function via appropriate normals at
perturbed projections on the target with proofs based on variational arguments.

In Sections 5—7 we present the main results of the paper related to evaluating basic and
singular subgradients of minimal time functions in both convex and nonconvex settings.
Most of the results obtained in these lines are new even for the case of 0 € int F' and are
illustrated by numerical examples.

Section 5 is particularly devoted to upper estimates and precise representations of the
basic and singular subdifferentials of (1.2) at in-set points z € Q of general nonconvex
target sets. It contains upper estimates and equalities for evaluating basic and singular
subgradients of the minimal time function Tg via the limiting normals to the target {2 and
appropriate characteristics of the dynamics F'.

Section 6 concerns upper estimates and equalities for the basic and singular subdifferen-
tials of Tg and their one-sided counterparts at out-of-set points & ¢ Q of the general target
set 2. We derive two types of results in this direction: those expressed via limiting normals
to Q at projection points and those involving the limiting normal cone to the corresponding
enlargements of the target.

Section 7 is devoted to the minimal time problem (1.1) with convex data. The exact



calculations of the convex subdifferential of (1.2) obtained here recover some results of [9]
but without the calmness condition and also provide new subdifferential formulas involving
the Minkowski gauge (1.3) in the absence of the interiority condition 0 € int F'. Besides
computing the convex subdifferential of (1.2), we give the exact evaluation of the singular
subdifferential of the convex minimal time function, which has never been consider in the
minimal time literature. It is worth also mentioning that the singular subdifferential has
not been systematically studied and applied in the general framework of convex analysis.

Out notation is basically standard in variational analysis and generalized differentiation;
see, e.g., [11, 18]. Unless otherwise stated, the space X in question is arbitrary Banach with
the norm || - ||, the closed unit ball IB, and the canonical pairing (-,-) between X and its
topological dual X*. As usual, the symbol z; — Z stands for the norm convergence in X
while x7; Yot ask € IN = {1,2,...} signifies the sequential weak* convergence in the dual
space X*. Given a set-valued mapping G: X = X*, we denote

Limsup G(z) := {x* € X*| 3 sequences xp — T, Loa* oas k— o0

T—T

(1.8)
with a7 € G(xy) for all k € ﬂ\f}

the sequential Painlevé-Kuratowski upper/outer limit of G as x — Z. If no confusion arises,

the symbol z 2 2 means that = — 7 with = € Q for a set Q, while z 5 z indicates that
r — T with p(z) — ¢(Z) for an extended-real-valued function ¢: X — IR := (—00, 00].

2 Preliminaries from Generalized Differentiation

Here we define the constructions of generalized differentiation in variational analysis used
in this paper and review some of their properties. We mostly follow the book [11], where
the reader can find comprehensive material in this direction with the vast commentaries
and references on these and related topics; cf. also [2, 12, 18, 19] for additional issues.
Given a set 2 C X with Z € 2 and given € > 0, the collection of e-normals to 2 at Z is

. -
lim sup (2", 7x>
S P

N.(%:Q) = {:17* e X"

gs}, zeq, (2.1)

with N (z; Q) = 0if Z ¢ Q for convenience. When & = 0 in (2.1), the set N (; ) := No(z; Q)
is a cone known as the Fréchet/reqular normal cone to Q at z. For convez sets {2 we have

N.(7:9) = {a* € X*| (2%, 2 — Z) < ¢e|x — Z|| whenever z € Q}, Z€Q, (2.2)

ie., N (Z; Q) reduces to the normal cone of convex analysis, while for nonconvex sets ) the
cone N (z;€2) and its e-enlargement (2.1) do not generally possess appropriate properties
expected from natural notions of normals. In particular, N (z; Q) if often trivial (= {0}) for
boundary points of closed sets; there is no robustness and good calculus for (2.1), etc.

The situation dramatically changes when we consider the robust sequential regulariza-
tion (1.8) of the set-valued mapping (2.1) near = defined by

N(z;Q) := Limsup N, (z; Q) (2.3)
T—T
el0
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and known as the basic/limiting/Mordukhovich normal cone of Q at . The latter cone
enjoys a number of good properties in the general Banach space setting and perfect ones in
Asplund spaces (including all reflexive) characterized as those Banach spaces, where every
separable subspace has a separable dual; see [2, 11, 17] for more details. In this paper we do
not need to impose the Asplund structure on X. Note that the normal cone (2.3) and the
corresponding subdifferentials are usually nonconver (in contrast to the majority of their
known counterparts), while their important properties and applications are mainly based
on variational/extremal principles of variational analysis.

In this paper we employ the following three subgradient constructions for extended-
real-valued functions ¢: X — IR generated by normals (2.1) and (2.3) to their epigraphs
epip := {(z,n) € X x R| u > p(x)}. For convenience we present these constructions in
the equivalent analytic forms. Given a function ¢: X — IR and a point Z from its domain
dom ¢ := {z € X| ¢p(z) < 0o}, the e-subdifferential of the Fréchet type of ¢ at Z is given by

lim inf P8 —#@) — @52 —3) —5}, £>0, (2.4)
z—z |z —Z||

-~

0-0(Z) = {x* € X*

with 9 (Z) := Oyp(Z). For convez functions ¢ the e-subdifferential (2.4) reduces to
Dp(T) = {z* € X*| (2%, 2 — T) < p(x) — () + ¢|lx — Z|| whenever z € X}.  (2.5)
The basic subdifferential Op(Z) and singular subdifferential 0*°p(z) of Mordukhovich

2

are generated, respectively, by “slant” and “horizontal” normals to epip at (Z,¢(Z)) in the

sense of (2.3) and can be defined analytically as

d¢() := Lim sup d.¢(x), (2.6)

T—T
el0

0 ¢(Z) := Lim sup Agegp(x). (2.7)
xi)a’c
AL0
el0
It is worth observing (although it is not used in the paper) that we can equivalently put
e =0in (2.6) and (2.7) if X is Asplund and ¢ is lower semicontinuous (l.s.c.) around Z.
Recall that the Fréchet subdifferential 0o (Z) reduces to the classical Fréchet derivative
of ¢ at T if ¢ is Fréchet differentiable at z, while the basic subdifferential (2.6) reduces to
the classical derivative dp(z) = {Vp(Z)} if ¢ is strictly differentiable at Z in the sense of
i $®) = o) = (Ve(@),z —u)

a—% [l — ull
u—T

=0,

which is automatic when ¢ is C' around Z. If ¢ is convex, both 5@(@) and Jp(Z) agree
with the subdifferential of convex analysis.

For the singular subdifferential (2.7) we have 0®°¢(z) = {0} if ¢ is locally Lipschitzian
around Z in arbitrary Banach spaces. In fact, the latter singular subdifferential condition
is a full characterization of the local Lipschitzian property under some additional assump-
tions, which are automatic in finite dimensions; see [11, Theorem 3.52]. Thus the singular
subdifferential carries nontrivial information only for non-Lipschitzian functions, which is
not the case for the minimal time function (1.2) under the interiority condition 0 € int F.



3 General Properties of Minimal Time Functions

In this section we collect some properties of the minimal time function (1.2), which are not
related to generalized differentiation. They are of their own interest while most of them
are widely used in the subsequent sections for deriving subdifferential results of the paper.
Note that, under our standing assumptions made in Section 1 and imposed in what follows,
the minimal time function is merely extended-real-valued T : X — IR and does not share
many common properties with the distance function (1.5) as in the case of 0 € int F.

For the given target set 2, consider the family of its enlargements
Q, = {xGX! T8 (x) <r}, r>0, (3.1)
and establish the following relationship between Tgr and Tg .

Proposition 3.1 (minimal time functions for enlargements of target sets). Let
x ¢ Q. be such that TE (z) < co. Then

TE (x) =7+ T4 (x) whenever r > 0. (3.2)

Proof. Since Q C ,, we have t; := Tgf () < oo. By the definition of Tgf (z), for any
€ > 0 there are wy € Q, and t; < v < t1 + € satisfying

wy € QN (z+71F).
Then Tg (w1) <7, and hence there are we € ) and 9 < r + € such that
wy € QN (wy + 72 F).
Consequently we get wy € QN (x + (1 + 72)F) by the convexity of F. This gives
T (x) <7+ < T4 () + 7 + 2,

which imply in turn that 7§ (z) < T4 (z) + r due to the arbitrary choice of & > 0.
To justify the opposite inequality in (3.2), denote t := T& (z) > r. Then for any € > 0
there exist v with t <~ <t + ¢ and w € X satisfying the relationship

w e QN (z+~F).

The above element w € 2 can be represented as w = x+yq with some ¢ € F'. Define further
wy == z+ (y—7)q and get w, € Q, by w € QN (w,+7rF) # 0. Thus w, € QN (x+(y—7r)F),
which implies the inequalities

TE (#) <y —r <TE@) +e—r

We therefore arrive at Téi (z) +r < T&(x) and complete the proof of the proposition. A

The next property is elementary while useful in what follows.



Proposition 3.2 (minimal time functions with shifted arguments). For any x € Q,
with r > 0 and any t > 0 we have

TE(x —tq) <r+t whenever q € F.

Proof. Fix (z,7,t,q) in the formulation of the theorem and and denote A := T (z). Picking
any € > 0 and observing that A < r, find v > 0 such that A <~ < A+¢ and w € X satisfying

w e QN (z+F).
The latter directly implies the inclusions
weNN(z—tg+tg+yF) CQN(z—tg+tF +~vF) C QN (z—tg+ (t+7)F).

It follows then that Tg(:n—tq) <y+t<t+A+e<t+r+e, and hence Tg(:n—tq) <r4t
by the arbitrary choice of € > 0. A

Now we justify an important result ensuring the representation (1.4) of the minimal
time function (1.2) via the Minkowski gauge (1.3) with no interiority requirement 0 € int F'.

Proposition 3.3 (relationship between minimal time and Minkowski functions).
Under the standing assumptions made we have the representation

18 () = ingpp(w —x) forall x € X.
we

Proof. Let us first show that 7£'(z) = oo if and only if

inf pp(w—2) =00, z€X. (3.3)
wes
Indeed, it follows from definition (1.2) that T (z) = oo for some fixed z € X if and only if
QN (z+tF) =0 whenever t > 0. The latter is equivalent to the fact that

{tZO‘w—thF}:(Z) for any w € Q,

which is the same as pp(w — x) = oo for all w € §, i.e., (3.3) holds.

Suppose now that T3 (r) < oo and thus inf,ecq pr(w — x) < oo for some fixed = € X.
Then for any ¢ > 0 with Q N (x + tF) # 0 there is w € Q satisfying w — 2 € ¢tF, and hence
pr(w — x) < t. The latter implies that

inf — <t

Inf pp(w —2) <4,
and so inf,eq prp(w — ) < TE (z). Put further v := inf,eq pr(w — ) < oo and, given
e > 0, find w € Q satisfying

pr(w—x) <7vy+e.

Then there is ¢ > 0 such that t < v+ ¢ and w — x € tF. This implies that



and hence T (z) < 7 = infyeq pr(w — x), which completes the proof. A
Given 7 € X with T4 (%) < oo, consider the (generalized, minimal time) projection of &
on the target set € defined by
IIG(z) == (z + T (2)F) N Q. (3.4)
It is not hard to check that if €2 is a compact set, the projection Hg (Z) is always nonempty
with TZ'(z) = 0 if and only if 7 € Q.

The next result reveals a kind of linearity of the minimal time functions with respect to
projection points on arbitrary target sets.

Proposition 3.4 (minimal time linearity with respect to projections). Let z ¢ €,
and let w € 115 (). Then for any X\ € (0,1) we have

TE (o + (1 - N)7) = (1 - NI (7). (3.5)
Proof. It follows that w € Z + tF for t := T4 (z) < co. Then
Mo+ (1=XNZ=w+ (1-X\)(T—w) €w—(1—NtF,
which implies the inclusion
weQN(AM+(1-NZ+(1—-AtF), 0<A<L

Hence TE (Mo +(1—A)Z) < (1—-\)t = (1— )T (z) for such \, which justifies the inequality
“<” in (3.5). To prove the opposite inequality, denote ¢y := T (Aw + (1 — A\)Z) < oo and
for any € > 0 find t) <~ <ty + ¢ with

QN (z+ AW —z) +7F) #0.

Thus we have that
QN (z+ (M +7)F) #0,

and so TE (Z) < M+~ < N () + ty +e. It follows finally that
(1= NTE (@) <ty +e,

which completes the proof by passing to the limit as € | 0. A

Let us now show that, not being Lipschitzian or calm under our assumptions, the min-
imal time function (1.2) enjoys the desired lower semicontinuity property provided some
additional requirements needed for our subsequent applications. Recall that the lower semi-
continuity of an extended-real-valued function ¢: X — IR is equivalent to the closedness of
its level sets {x € X| ¢(z) < a} for all « € IR.

Proposition 3.5 (lower semicontinuity of minimal time functions). In addition to
our standing assumptions, suppose that the space X is either finite-dimensional, or it is
reflexive and the target set Q0 is convex. Then the minimal time function (1.2) is lower
semicontinuous on its domain.



Proof. Fix any o > 0 and show that the level set
Ly :={z € X]| 15 (x) <a}

is closed under the assumptions made. Take an arbitrary sequence {zx} C L, with x — &
as k — oo. Then we have from T} (1) < o and definition (1.2) that for every k € IN there
is tx such that 0 <t < o+ 1/k and

QN (z +txF) #0, ke IN.

Fixing further wy € Q with wy € xp + tpF, we find g € F satisfying w, = xp + trqi for all
k € IN. Observe that the sequences {tx} and {g;} are bounded. If X is finite-dimensional,
we get without loss of generality that ¢, — ¢ and g, — @ as k — oo for some elements
t€[0,a] and g € F. Then wy = xp, + tpqp — T +tq € Q, and thus T (z) < < o

If X is reflexive, we may assume that g converges weakly to some ¢. It follows from
the classical Mazur theorem that a convex combination of elements from the sequence {q}
converge to ¢ strongly in X. By the closedness and convexity of F' we conclude that ¢ € F,
and the same properties of  imply that Z + ¢ € Q. Thus T (Z) < £ < « in this case as
well, which completes the proof of the proposition. A

Next we characterize the converity property of the minimal time function 7, 5 ().

Proposition 3.6 (convexity of minimal time functions). The minimal time function
(1.2) is convex if and only if its target set ) is convex.

Proof. Suppose that the target set €2 is convex and show that in this case for any z1,x0 € X
and for any A € (0,1) we have

TE (A1 + (1= Nag) < AT (a1) + (1= NTE (w2). (3.6)

Since (3.6) obviously holds if T§(x1) = oo or T (x2) = oo, assume in what follows that
t = Tlg(ml) < oo and tg := Tl{}(mg) < 00. Then for any € > 0 there are numbers ~; with

ti<vi<ti+e and QN (x; +vF)#£0, i=1,2.
Take w; € QN (z; + v; F) and by the convexity of 2 and F get Aw; + (1 — AN)ws € Q and
Awi + (1 = Nwe € Az + (1 = N)zg + M1 F + (1 — A)peF
C Awy + (1= Nwy + ()\’yl +(1— )\)’yg)F.
The latter implies the inequalities
TH Az 4+ (1= Nzz) <A+ (1= A7
< AT (1) + (1= NG (22) + e,

which in turn justify (3.6) by the arbitrary choice of £ > 0.
To prove the converse statement of the proposition, observe that

Q={zeX| T (z) < 0},
and thus € is obviously convex provided that Tg has this property. A

The last result of this section establishes sufficient conditions for concavity property of
the minimal time function under consideration.



Proposition 3.7 (concavity of minimal time functions). Assume that the comple-
ment Q° := X \ Q of the target is convex. Then the minimal time function (1.2) is concave
on Q° provided that it is finite on this set.

Proof. If Tg is not concave on ¢, then there are x1,z2 € Q¢ and 0 < A < 1 such that
TE (Az1 + (1 — Na2) < MTG (1) + (1 — NTE (22) < <. (3.7)
By definition (1.2), find ¢ < AT& (1) + (1 — \)TE (z2) and w € Q satisfying
w— (Az1 + (1 — N)ag) = tq
for some ¢ € F'. Consider the points

T; + tq
’ /\Tg(xl) +(1- )\)Tg(xg)

Ug 1=

and observe that ui, us € Q€. Indeed, assuming for definiteness that u; € Q2 yields that

tTE
T£($1) < Q(‘Tl)

F
S NE@) + (1- NTE (@) Ta (@),

a contradiction. At the same time we have the inclusion w = Auj + (1 — XN)ug € Q, which is
impossible due to the convexity of Q¢. Combining all the above shows that condition (3.7)
does not hold under the assumptions made, and thus Tg is concave on €. A

4 e-Subgradients of Minimal Time Functions

This section is devoted to evaluating e-subgradients (2.4) of the minimal time function (1.2)
as € > 0 via corresponding characteristics of the target and dynamics sets therein at both
in-set and out-of-set points of the target in the general Banach space setting. In particular,
our results for € = 0 provide evaluations of Fréchet subgradients of (1.2) with no interiority
and /or calmness assumptions essentially used in previous methods and results for this case.

We first consider in-set points Z € ). Involving the support function of the dynamics

op(x¥) = sgg(x*,@, xr e X¥, (4.1)
xT

and the exact dynamics bound
1] = sup {lg| over q € F}, (4.2
define the following support level set:
Cr:={a"¢ X*| op(—z*) <1+¢|F|}, >0, (4.3)

which is denoted by C* if e = 0. Let us begin with upper estimating the e-subdifferential of
(1.2) via the support set (4.3) of the dynamics and the set of e-normals (2.1) to the target.
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Proposition 4.1 (upper estimate of s-subdifferentials of minimal time functions
at in-set points). Let T € Q. Then we have

5€T5(§3) C N.(z;Q) N C? for any € > 0.

Proof. Fix an arbitrary subgradient x* € 5€T5 (). By definition (2.4) of the e-subdifferential,
for any i > 0 find > 0 such that

(¢*, 2 — ) <TG (2) = Tg () + (e + )|z — 2|
< Tg (2) + (e + )l — 2|

whenever x € Z + 0IB; this takes into account that T4 (Z) = 0 on Q. It follows that
(z*,x —z) < (e +n)|Jr —z| foral xeQ,
and thus z* € Ne(a’:; ). Fix further any ¢ € F' and get

(z*,—tq) < T (2 —tq) + (e +n)|tq|
<t+t(e+n)l|F

when t > 0 is sufficiently small. Since n > 0 is also arbitrarily small, the latter implies that
op(—x*) <1+ ¢||F|| and completes the proof of the proposition. A

The next result provides a certain opposite estimate to Proposition 4.1.

Proposition 4.2 (lower estimate of e-subdifferentials of minimal time functions
at in-set points). Let T € Q, and let € > 0. Then for any * € N.(z;Q) N C} we have

o* € 0, TE(Z) with p = p(z*) =1+ 2||F|| - ||z*]]. (4.4)
Proof. Arguing by contradiction, suppose that =* ¢ é\uaT (). Then

23 ||z — Z|]

< —UE,
and thus there exist v > 0 and a sequence z; — ¥ such that
T§ (wx) — (2,2, — 7) < (—pe =) |ax — [, k€ DN

It follows that xp ¢ Q for k sufficiently large, since otherwise it contradicts the fact that
x* € No(Z;Q) due to pe + v > e. This also implies for such & that

0 < T (zx) < ll2*|| - |2k — 2],

and hence TZ () — 0 as k — oo. Since ||z — Z||2 > 0, for each k sufficiently large there
are t; > 0, wg € , and g € F satisfying

wy, =k + teg and Tg (zk) <t < T (zr) + [|lzn — 2

11



Consequently we have the relationships

x*7$k

(", wp, — 7) = ( — ) + tg(2", qr)

> (2, zr —2) +tp(—=1 — €|l F)

> (¥, o, — Z) + (T4 (x1) + |l — Z)*) (1 — €| F|])

= (2%, ap — &) — Th (x1) — (L+ | F|)l|xr — 2|]* — T4 () | |
> (

pe +y —ellz|| - [F)llax — 2| — (1 + el FD]lex — 2]
On the other hands, it follows from wy, 2 7 and 2* € ]Va(gi; ) that
(" wp — ) < (e 4 v)||wg — Z||
for any v > 0 and k sufficiently large. Observe also that
lwy = 2| < Nz — 2| + | Fll < (L4 |2 - |[F ) lax — 2| + |l — 2| F]-
Comparing these inequalities and letting v | 0 and k — oo, we get the estimate
pe +y —ellz”|[ - [[F]l < e+ |7 - [|F]])

Taking into account the definition of u in (4.4), we arrive at a contradiction and thus
complete the proof of the proposition. A

Let us now turn to the out-of-set case of ¢ Q. The following important result is an
extension of [14, Theorem 3.5] established under the interiority assumption 0 € int F.. The
proof is based on variational arguments involving the seminal Fkeland variational principle.

Theorem 4.3 (e-subgradients of minimal time functions at out-of-set points via
perturbed normals to target sets). Let # ¢ Q with TS (%) < co. Then for every
x* € 0.TE (%), e > 0, and n > 0 there is w € ) satisfying the relationships

2" € Newy(w: Q) and @ — @ < ||F|T§ (@) + 1. (4.5)

Proof. Fix (z*,e,n) from the formulation of the theorem and, using the e-subdifferential
construction (2.4), find 6 > 0 such that

(¥, —7) <TE (x) — TE (%) + <€ + g) |l — Z|| for all z € Z+ dB. (4.6)

The minimal time definition (1.2) ensures the existence of t > 0, w € €2, and g € F satisfying
- ~ - ) n

TE(z) <t < TE(Z) + 77 and @ = 7 + tq with ::min{—,i,l}. 47

It follows from (4.6) and (4.7) that for any w € QN (w + §IB) we have the estimates
* ~ F ~ F(=. Ui ~
(¥ w— @) < TE (w— @+ 7) — TE(3:Q) + (6—|—§)Hw—w\|
< T (w—tf) = T4 @) + (e + 3 ) Jw —
<t-T5(z) + (s+g>|yw—w|y

< (e+ 3 )llw -l + 37
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Consider further the complete metric space E := QN (w + 0IB) and define a continuous
function ¢: E — IR on it by

p(w) := — (", w—w) + <€+g)||w—1ﬂ\|+ﬁ2, w € E. (4.8)

We conclude from the constructions and estimates above that
(@) < inf p(w) + 77,
Applying the Ekeland variational principle to ¢ on E allows us to find w € E such that
|w —w| <7 and @(w) < p(w) 4+ 7||w —w| whenever w € E.
This means by the definition of ¢ in (4.8) that
(@t 0= @) + (e 5 )0 — @l + 7 <~ w—B) + (e + ) |w — @] + 7 + ifllw — a
for all w € E. Taking into account the construction of 77 in (4.7), we get
(@ w =) < (e+ 3 +7)llw —al| < (= +m)w -], (4.9)
It follows furthermore that
|lw—w| < ||w—w|+|w—w| <2n<d forany we QN (w+ nB).

This ensures that Q@ N (w + 7B) C E and hence z* € NE+77(1D;Q) by (2.1) and (4.9).
Employing finally the choice of (¢,q,w, ) in (4.7), we get
17 — o < ||z — ol + lw — ol <tql +7
< ||FI(TE (@) +7%) + 7 < | FITE @) + 7(| F | + 1)
< |FITS () +n,
which justifies the remaining estimate in (4.5) and completes the proof of theorem. A

Next result fully describes behavior of the support function (4.1) at e-subgradients of
the minimal time function (1.2) taken at Z ¢ Q) via the dynamics bound (4.2).

Proposition 4.4 (relationship between dynamics and e-subgradients of minimal
time functions at out-of-set points). Let T ¢ Q and T (Z) < oo for (1.2). Then for
any x* € 0-TL () we have the two-sided estimates

1—¢||F|| <op(—2*) <1+¢|F|, &=>0. (4.10)

Proof. Fix ¢ > 0 and z* € 5€T5(i) Picking an arbitrary number v > 0 and using the
e-subgradient definition (2.4), find § > 0 such that

(%, — %) < TE (x) — TS (&) + (e + )|z — Z|| for all x € & + eB.
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Let r := T& (), which ensures that Z belongs to the enlargement €, defined in (3.1). By
Proposition 3.2 we have the estimate

Tg(i—tq) <r+t whenever g€ F and t> 0.
Since x := T — tq € T + §IB when t is sufficiently small, it follows that

(z*,—tq) < TE (2 — tq) — TS (T) + t(e +7) gl
<t+tle+y)|F.

Letting ~ | 0 yields that op(—2*) < 1+ ¢||F||, which is the upper estimate in (4.10).
To derive the lower estimate in (4.10), consider a sequence of vy | 0 as k — oo and for
any k € IN find t; > 0 such that

r<ty<r+4+vi and (Z+t,F)NQ#0D.
The latter implies there existence of ¢, € F and wy, € Q satisfying
wi =T + trqr = T + vrpqr + (tk — vi)qx and Tg‘;(a’: + vpqn) < tg — Vg.
Moreover, we have x, := T + tpqr € T + 0IB when k is sufficiently large. This yields

(2%, vkqr) < TS (T + vigr) — TS (T) + (€ + 7))kl x|
St — v — 1+ (e + 7))l F
<V —vp+ (e + Yl F|

and justifies therefore that
1=y — (e+NIF] < (=27, qr) < op(—2").

Thus we get 1 —¢||F|| < op(—2*) by letting v | 0 as k — oo and taking into account that
~v > 0 was chosen arbitrarily. This completes the proof of the proposition. A

Next we obtain an upper estimate of the e-subdifferentials of the minimal time function
(1.2) at out-of-set points via the sets of e-normals (2.1) to Q at (generalized) projection
points and the Minkowski gauge of the dynamics (1.3).

Proposition 4.5 (upper estimate of e-subgradients of minimal time functions at
out-of-set points via projections on targets). Let 7 ¢ Q with T} (Z) < oo, and let
5 (z) # 0. Then for any w € 5 (Z) and € > 0 we have the estimate

d.TE () € —8.pp(w — T) N N.(w; Q). (4.11)

Proof. Fix a number € > 0 and an e-subgradient z* € 5€T£ (Z). Then picking any number
1 > 0 and employing (2.4), we find § > 0 such that

(z*,2 — 7) < TE(2) — T (%) + (e + n)||x — || whenever z € &+ JIB. (4.12)
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Let us first show that, taking any projection point w € Hg(a’:), we have the upper estimate
0-TS (7 Q) C N(w; Q)

via e-normals (2.1) to the target Q. Indeed, fix w € II5(Z) and observe that w € QN(Z+tF)
with ¢ := T&'(Z) > 0. Hence w € QN (w — @ + & + tF) for any w € Q. Specifying further
w € w+ dB with 6 > 0 from (4.12) and taking into account that w — w + z €  + 1B and
TE(w—w+z) <t=TEL(Z), we get by (4.12) that

(z*,w— o) <TE (w— o+ %) — TS () + (e + n)||w — @
< (e+n)|w—wol.

This implies z* € N.(w; ) by definition (2.1).

To continue the proof of estimate (4.11) by involving now the e-subdifferential of the
Minkowski gauge pp, we set £ = w—z and apply (4.12) with Z—¢(z—2) and ¢ > 0 sufficiently
small. Then (4.12), Proposition 3.3, and the convexity of pp ensure the relationships

(@, —t(x — 7)) <TG (@ — t(z — 7)) = T5 () + (e + n)tllz — Z
<pr(0—Z+tz —1T)) — pp(w —7) + (e + n)t||z — 2|
<prtz+ 1 —t)(w—2)) — pr(w —Z) + (¢ + )tz — z
<tpr(z)+ (1 —t)pr(w—2) — pr(0 — Z) + (¢ + n)t[lz — Z||
= t(pr(z) — pr(T)) + (e +)tl|lz — .

Thus —x* € 55/)1:‘(@ — ), and the proof is complete. A

The last assertion of this section provides a two-sided estimate of e-subgradients of the
minimal time function (1.2) at out-of-set points & € 2 via the set of e-normals to the target
enlargements (3.1) and appropriate characteristics of the dynamics. The results obtained
extend the ones from [14, Theorem 4.2] derived for the e-subdifferential 0.7, 2'(Z) under
the interiority assumption 0 € int F' and those from [9, Theorem 4.2] given for the Fréchet
subdifferential I7T; Z'(#) under the calmness assumption (1.7).

In addition to (4.3), define the two-sided support set

Sti={a* e X*|1—¢||F|| <op(—a*) <1+¢||F||}, €>0, (4.13)
which reduces to S* := {z* € X*| op(—2*) =1} for e = 0.

Theorem 4.6 (s-subgradients of minimal time functions at out-of-set points via
e-normals to target enlargements). Let = ¢ Q withr := T} (Z) < oo under our standing
assumptions. Then we have the upper estimate

9.TE (7) € No(z: )N SE for all £ > 0. (4.14)

Conversely, suppose that the minimal time function T, 5 is calm at T with constant k. Then
for any x* € No(Z;Q,) NSE and € > 0, we have the inclusion

a* € 0 TE (Z) with 0= 0(x*) :=1+2||2*| - | F|| + 2x||F|. (4.15)
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Proof. Fix z* € §€T£ (z) with € > 0 and observe that the inclusion * € S¥ follows from
Proposition 4.4. To justify z* € N.(Z;€,.), pick n > 0 and find § > 0 such that inequality
(4.12) is satisfied. Since T (z) < r = T4 (Z) for all x € Q,., we have

T8 (x) — TE (z) <0 whenever z € Q, N (Z + §IB),
which implies therefore that (4.12) reduces to
(%, 0 — 1) < (e + )l — 7|

for such z. Thus we get 2* € N.(Z;Q,) by (2.1) and justify the upper estimate (4.14).

To prove the converse inclusion (4.15) under the extra calmness assumption, pick any
T* e Ne(i; Q,) NS} with € > 0 and, applying Proposition 4.2 and taking into account that
S¥ C C¥ and p(z*) < L(z*) for p(z*) in (4.4) and £ = £(z*) in (4.15), we get

o € 9 TE (7) with r = TE (7). (4.16)

It follows from Proposition 3.1 that T§ (z) = T§ (x) — r for any = with T () < oo and
T (z) > r. This yields by (4.16) that

T () — T4 (@) — (a*, 2 — 7)

limlirnf l 7
x—x, Tg, (x)>r r—x
o TE @) - TE (@) - (@ —a) (17
> liminf r L > —fe.
e, TE (2)>r |z — 2|
To justify (4.15), it remains to prove that
TF _TF =\ /% —
lming 2@ -To@-Ghe-2) (4.18)
z—=z, TE (z)<r Hx_xH
To proceed, take an arbitrary number v > 0 and find § > 0 such that
(x*,x — ) < (e +7)|lzr — Z|| whenever z € Q,N(Z+ JB) (4.19)

by z* € N.(%;9Q,) and |TE (2) — TS (%) < k||x — ||| for all z € Z + §IB by the calmness
condition. Since op(—x*) > 1 — ¢||F||, there is ¢ € F such that (—z*,q) > 1 — ¢||F|| — 7.
Fix further a point z € X such that T4 (z) < r and

0

rex+ 0B with 6y (= ———.
! YT TR F

(4.20)

Denoting t := Tg(az), we take a sequence of v, | 0 as k — oo and for any k € IN find ¢ > 0,
wy, € Q, and g € F satisfying

t<tp <t+rvy, and wg =T+ txq.
It is easy to observe that

wp=x— (r—tp)g+ (r—tx)g+teqe Cx— (r —tg)g+rF
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when k is sufficiently large. Thus for such k we have
TE (x) < v with zp =2 — (r — t)q

and, by using r — t = T£'(z) — TS (¥) < kllz — Z|| and the definition of &; in (4.20), arrive
subsequently at the upper estimates

ler =zl <z =2+ (r = t)llgll < llz — 2] + (r = [ F]

v : (4.21)
<z =zl + sllz =2 - [|[F[] < (1 +&[[F[[)d <6,

and thus xp € T + 0B for all k sufficiently large. Plugging now x := xj into (4.19) and
employing the middle estimate in (4.21), we get

("2 —2) — (r —te)(z", q) < (e +7)zp — 7|
< (e +MA+&[F]z -z
for the point x fixed above. The latter gives by letting & — oo that
(%0 —2) < (r—1)(z", q) + (e +7) A + 5| F|]) [l — Z|
<t—r+ElFl+7) —1)+ e+ + &l F])llz -z
< T (@) = TE (@) + [REIF) +7) + (e + N0+ & FID] |z — 2],
which in turn implies that
F _mF (Y * =
i inf Ty (x) —Tg (Z) — (z*, 2 — Z)

i |z — 2z

> —(1+4+2k||F|))e > —te,

since 7 > 0 was chosen arbitrarily. Thus we get (4.18) and, unifying it with (4.17), justify
(4.15) and complete the proof of the theorem. A

5 Evaluating Basic and Singular Subdifferentials of Minimal
Time Functions at In-set Points of General Targets

In this section we obtain various formulas of inclusion and equality types for efficient eval-
uations of both basic (2.6) and singular (2.7) subdifferentials of minimal time functions at
in-set points Z € () of general nonconvex target sets (1.

Recall that a function ¢: X* — IR is sequentially weak* continuous at x* if for any
sequence xj ' 2* we have o(xy) = p(x*) as k — oo. The function ¢ is sequentially
weak™ continuous on a subset S C X* if it has this property at each point of S.

In what follows we exploit the sequential weak® continuity of the dynamics support func-
tion (4.1), which is automatic in finite dimensions due to the following simple observation.

Proposition 5.1 (Lipschitz continuity of support functions). Let F' be a bounded
subset of a normed space X, and let op be the associated support function (4.1). Then

lor (1) —or(@3)| < || - [la1 — a3 for any 7,23 € X7, (5.1)

i.e., o is globally Lipschitz continuous with constant | F|| in the norm topology of X*.
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Proof. Fix z7, 25 € X* and for any n > 0 find by (4.1) such ¢ € F that op(z])—n < (27}, q).
Then we immediately have the estimates

< (21,q) —or(x3) +1
<(21,q) — (*3,q) +n
< lai — a3l - |1F]| +n,

op(r1) — or(23)

which imply in turn that op(z]) — op(zs) < ||F|| - ||x] — 5], since n > 0 was chosen
arbitrarily. Interchanging the role of 7 and z3 in the latter estimate gives us (5.1). A

Let us now establish two-sided relationships between the basic subdifferential of (1.2)
and the basic normal to the target in the in-set setting. The following theorem is new even
for the case of 0 € int F' in finite dimensions; cf. [14, Theorem 3.6].

Theorem 5.2 (basic subgradients of minimal time functions and basic normals
to targets at in-set points). Let € Q with TE (z) < oo for the minimal time function
(1.2), and let C* be defined in (4.3) as € = 0. Then we have the upper estimate

oTE (z) € N(z; Q)N C*, (5.2)

which holds as equality when the dynamics support function (4.1) is sequentially weak*
continuous on the set —[N(z;Q) N C*|; in particular, when dim X < oo. If in addition
0 € F, then we have the normal cone representation

N(z;Q) = | 2018 (). (5.3)
A>0

Proof. To justify the upper estimate (5.2), fix an arbitrary basic subgradient z* €
OTE (z;9) and by definition (2.6) find sequences g | 0, 2, — Z, TE (z) — T4 (%) = 0, and
x, Y% #* as k — oo such that x), € gngg(a:k) for all k£ € IN. If there is a subsequence of
{zr} (with no relabeling) that belongs to €2, then we get z}, € Nek (zx; Q) and

or(=zp) <1+ F (5.4)

by Proposition 4.1. Passing there to the limit as k¥ — oo and employing definition (2.3) of
the basic normal cone give us z* € N(Z;). Since furthermore

(—xp,v) < 1+¢eg||F|| forall veF,

it follows from (5.4) as k — oo that (—z*,v) < 1, which justifies (5.2) when {z;} C Q.
Consider now the other case when x ¢  for all k£ € IN sufficiently large and find by
Theorem 4.3 a sequence {wy} C Q) satisfying

ah € Nopyaw(wi; Q) and ||z, — wy || < |FITE (2r) + 1/k, k€ IN. (5.5)
Since T4 (z1) — 0, it follows from the inequalities in (5.5) that wy — & as k — oo, and

thus z* € N(z;Q) by passing to the limit in the inclusions of (5.5). We also get from
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Proposition 4.4 that op(—2}) < 14 ¢;||F'|| in this case, which yields that op(—2*) <1 as
k — oo and completes the proof of the upper estimate (5.2).

Let us next justify the opposite inclusion in (5.2) under the additional assumption made.
Pick any x* € N(z;Q) N C* and by definition (2.3) find sequences ¢ | 0, = 2 Z, and
xy w7 2* such that xy € Ngk(xk;Q) and op(—2*) < 1 for all & € IN. Invoking the
assumed sequential weak* continuity of op on —[N(Z;2) N C*], we get the convergence
op(—z}) = op(—x*) as k = oo. If op(—2*) < 1, then op(—2z}) < 1 for all large k.
Proposition 4.2 gives us a sequence €}, | 0 such that z € 5ng£($k); hence z* € Z?Tg(a’:).

In the other case of op(—2*) = 1, denote v, := op(—x}) and get by the assumed weak*
continuity that v, — 1 as k — co. Then we have

% € Nek/% (k) N C* and then % € 5ng£(xk) (5.6)
k k

for some sequence £j | 0, which exists by Proposition 4.2. Passing to the limit in (5.6) as
k — oo yields 2* € T4 () and completes the proof of equality in (5.2).

Let us finally justify representation (5.3). It immediately follows from the upper estimate
(5.2) that the inclusion “C” holds in (5.3). It remains to show that under the additional
assumption 0 € F' the opposite inclusion

Nz Q) c | JroTd (@), T
A>0
is satisfied. To proceed, fix any basic normal z* € N(Z;Q) and find by (2.3) sequences
ek 4 0, wg £, z, and 2 2* as k — oo such that xy € Nek(wk;Q) for all k € IN. Let
A = op(—x}) + 1 =sup(—zj,v) +1, kelN.
veF

and observe from 0 € F that A\ > 1 for every k. Moreover, the sequence {\;} is bounded
in IR due to the boundedness of F' in X and the boundedness of the weak* convergence
sequence {z;} in X* by the uniform boundedness principle. Without loss of generality,
suppose that Ay — A > 0 as k — co. Then

f]:*

A—Z € Buyer/n I8 (wr), k€ N, (5.7)

with oy, := 2||F|| - ||} /Ak]| +1 > 1 for all k. This implies that
z* € NTE (7)

by passing to the limit in (5.7), which completes the proof of the theorem. A

The next theorem provides an upper estimate of the singular subdifferential of (non-
Lipschitzian) minimal time functions at in-set points and also justifies a case of equality
therein. As mentioned in the Introduction, the latter subdifferential has never been consid-
ered in the literature for minimal time functions while it is important for applications.
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Theorem 5.3 (singular subgradients of minimal time functions via basic normals
to targets at in-set points). Define the positive dual cone of the dynamics in (1.2) by

Fi = {:E*EX*‘ (z*,v) >0 for all veEF}. (5.8)
Then for any in-set point T €  with Tg(a’;) < 0 we have the upper estimate
0>TE (z) € N(z;Q) N F*. (5.9)

Moreover, (5.9) holds as equality when 0 € F and the support function op in (4.1) is weak’
continuous on the set —[N(z;Q) N Ff].

Proof. To justify (5.9), fix any 2* € 9°TZ (z) and by definition (2.7) find sequences A | 0,
Tp — %, e 1 0, and 2} € OTL (xx) such that TS (vx) — T (Z) = 0 and

AL, Y 2 as k — 0.
In the case of zj € Q for a subsequence of k € IN (no relabeling) we have
zi € N, (21;9) and op(—2}) <1+e|F|l, ke N,
which implies by construction (2.1) and Proposition 4.1 that Az} € N Aee (T3 2) and
(—Apr,v) < A\g + A\kek||F|| whenever v € F.

By passing to the limit in the latter relationships as k — oo, we get that 2* € N(z;Q) and
(—ax*,v) <0 for all v € F, respectively. This justifies (5.9) in the case under consideration.

In the other case of z, ¢ Q for all large k, we proceed similarly to the above with using
Theorem 4.3 and Proposition 4.4 for out-set points instead of Proposition 4.1 for x; € Q;
cf. also the proof of Theorem 5.2. In this way we fully justify the upper estimate (5.9).

Let us finally prove the opposite inclusion in (5.9) under the additional assumptions
made. Fix any z* € N(z;Q) N F} and by definition (2.3) find sequences € | 0, x, 2, z,
and 7}, % * such that x} € Nek (zx; ). We have furthermore that o(—z*) = 0 due to

0 € F'and z* € F}. It follows from the assumed sequential weak™ continuity of the support
function op that 0 < op(—2}) = op(—2*) = 0. Set now

)\k::O'F(—JZZ)-F%-Fl/k, k € IN,

and observe that Ay | 0 as k — oo and x} /A, € j\\fek/xk(iﬂk;Q) N C*. Since /A, | 0, by
Proposition 4.2 we find a sequence € | 0 such that i—]]z € é:ngg(:Ek) for all £ € IN, and

hence z* € 0°°T{ (Z) by passing to the limit as k — co. This ensures the equality in (5.9)
under all the assumptions made and thus complete the proof of the theorem. A

Finally in this section, let us illustrate the results of Theorems 5.2 and 5.3, by the
following example of a two-dimensional minimal time problem (1.1) with a nonconvex target
set €2 and a convex dynamics set F' of empty interior. In this case the minimal time function
(1.2) is non-Lipschitzian and nonconvez.
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Example 5.4 (basic and singular subgradients of nonconvex and non-Lipschitzian
minimal time functions at in-set points). Consider the convex dynamics set F' :=
[—1,1] x {0} C IR? with int F' = () and the nonconvex target set Q := IR?\ (—=1,1) x (—1,1)
in the minimal time problem (1.1). Then the Minkowski gauge (1.3) and the minimal time
function (1.2) are computed, respectively, by

pF(x):{ 71| if z € R x {0},

oo otherwise;

0 if ze€0
TL () = ’ 1
2 (@) { L= || if ¢ Q. (5.10)

We first verify Theorem 5.2 at the in-set point z = (1,0) € Q. It is easy to see that
OTE (z) = [-1,0] x {0} and that op(v) = |v1| for any v = (v1,v2) € IR%. Then

N(z;Q)NC* = N(z;Q) N {v € R*| o(—v) < 1} = [-1,0] x {0},

and thus (5.2) holds as equality as well as that of (5.3). We can check further the fulfillment
of (5.9) as equality in Theorem 5.3, which yields therefore that 9°T£ (z) = {0}. Due the
result mentioned at the end of Section 2, the latter condition fully characterizes the local
Lipschitzian property of Tg around Z, which can be seen directly from the explicit formula
for the minimal time function given above.

Taking next another in-set point § = (0,1) € Q, we similarly check the fulfillment of
(5.2) and (5.9) hold as equalities with 9T (§) = {0} x IR~ and 9°TL (y) = {0} x R™. The
latter confirms that T4 is non-Lipschitzian around (0,1). We see from the precise formula
(5.10) for T that this function is in fact discontinuous at (0,1).

6 Evaluating Basic and Singular Subdifferentials of Minimal
Time Functions at Out-of-set Points of General Targets

This section is devoted to evaluating the basic and singular subdifferentials of the minimal
time function (1.2) at out-of-set points = ¢ Q. We derive two types of results in this
direction: via projection points to the target 2 and via enlargements 2.

Focusing first on results of the projection type, we introduce and apply the following
property of well-posedness for minimal time functions.

Definition 6.1 (well-posedness of minimal time functions). We say that the minimal
time function (1.2) is WELL POSED at & ¢ Q with TE (Z) < oo if for any sequence x), — &
as k — oo with TL (vg) — T&(Z) there is a sequence of projection points wy, € I (zy)
containing a convergent subsequence.

The next proposition lists some conditions ensuring the well-posedness of (1.2). Recall
that a norm on X is Kadec if the weak and strong (with respect to this norm) convergences
agree on the boundary of the unit sphere of X.
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Proposition 6.2 (sufficient conditions for well-posedness). The minimal time func-
tion (1.2) is well posed at T ¢ Q under one of the following conditions:

(a) The target Q is a compact subset of X ;

(b) The space X is finite-dimensional and € is a closed subset of X ;

(c) X is reflezive, Q@ C X is closed and convez, and the Minkowski gauge (1.3) generates
an equivalent Kadec norm on X.

Proof. The well-posedness of (1.2) under one of the conditions (a) and (b) is obvious.
Let us justify it under condition (¢). To proceed, fix a convergent sequence xj — Z and
observe that the property T (z)) — T4 (Z) is automatic when pr generates a norm. It is
well-known in this case that IIf(z) # () for every x € X due to the convexity of  and the
reflexivity of X. Pick any wy, € II§(z)) and observe that

Tg(ﬂjk) = pp(xp —wg), k€. (6.1)

It follows that the sequence {wy} is bounded in X, and hence—by the reflexivity of X—
it contains a subsequence (with no relabeling) that weakly converges to some element .
Since 2 is convex and closed in X, it is also weakly closed; this w € ). By the lower
semicontinuity of pp in the weak topology of X and by (6.1) we have the relationships

pr(Z — ) < liminf pp(zy — wy) = liminf T (wy, — ) = T4 (Z),
k—o0 k—o0

which imply that @ € II5(Z) and T4 (Z — w) = pp(Z — w). Since pr generates a Kadec
norm on X, it follows from pp(zy —wy) — pr(Z —w) and the weak convergence of zj — wy,
to £ — w that in fact the sequence xj — wy converges strongly in X, and hence w, — w as
k — oo. This completes the proof of the proposition. A

Now we use the well-posedness property of Tg to derive upper estimates of both basic
and singular subdifferentials of the minimal time function at out-of-set points.

Theorem 6.3 (basic and singular subgradients of minimal time functions at out-
of-set points via projections). Let z ¢ Q with TL (z) < oo, and let the minimal time
function (1.2) be well posed at . Then we have the estimates

orf(@ c |J [-0pr(@—2)nN@w;Q), (6.2)
wellf (z)
o°1h@) < |J [-0®pr(@—2)nN(@;Q)]
wellf (z)
(6.3)

c U [N nF;)

wellf (z)

with the positive dual cone F} of the dynamics defined in (5.8).
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Proof. Pick any basic subgradient 2* € 9T} (%) and by definition (2.6) find sequences
TF ~ w*
er 4 0, 2 == 7, and x}, € 9., T& (v4; Q) as k — oo such that z; — z* and
xy, € é;kTg(ajk; Q) forall ke IN. (6.4)

By the well-posedness property of (1.2) there is a sequence wy, € HS (xg; ), which contains
a subsequence (no relabeling) converging to some w. It follows from definitions (3.4) of the
generalized projection, the convergence T3 (7)) — T4 (%), and the assumptions made that
w € 115(Z). Applying Proposition 4.5 to (6.4), we have

NS —c‘ika(xk — wy) N Nak(ka Q), kelN,

which yields in turn the upper estimates (6.2) by passing to the limit as & — co.
Let us now prove both inclusions in (6.3). Taking an arbitrary singular subgradient
TE ~
z* € 9°TE (z), find by (2.7) sequences e | 0, A\, | 0, 2, — Z, and z} € 0., T& (z; )
such that Az} w—) z* as k — oo and

xy, € ikTg(azk) for all ke IN. (6.5)

By the well-posedness property of (1.2) there is a sequence wy, € 115 (2x; Q) that contains a
subsequence (no relabeling) converging to some w. As discussed above, we have w € Hg (7).
Applying Proposition 4.5 to (6.5) allows us to conclude that

— gy, € )\ké\gkpp(ﬂfk —wy) and zj, € )\k]vek (wi; Q), k€ IN. (6.6)

Letting &k — oo in both inclusions of (6.6), we arrive at the first estimate in (6.3).

To justify the remaining inclusion in (6.3), observe by the arguments similar to the
corresponding ones in Theorem 5.3 (cf. also the proof of Theorem 7.3 below for more details
in the like setting) that we have the implication

—2f € 0. pr(zp —wy) = op(—a}) < 1+ex|F|l, ke N.

It yields by (6.6) that z* € N(w; Q)N F} similarly to the proof of Theorem 5.3, which thus
completes the proof of this theorem. A

The following example illustrates some features of the results obtained in Theorem 6.3.

Example 6.4 (basic and singular subgradients of nonconvex and non-Lipschitzian
minimal time functions at out-of-set points). Consider the setting of Example 5.4,
where the minimal time function is computed by formula (5.10). Take the out-of-set point
z=1(1/2,1/2) ¢ Q and verify the conclusions of Theorem 6.3. The well-posedness property
(6.1) holds by Proposition 6.2(ii). It is easy to check that II5(z) = {w} with w = (1,1/2)
for the Fuclidean norm in the projection operator (3.4). Thus we arrive at the equality

TS (2) = {(-1,0)} = —0pr(w — 2) N N (w; Q)

in (6.2) and similarly get the equality in (6.3) with 0°T2 (2) = {0}, which is in accordance
with the local Lipschitz property of Tg around this point that obviously follows from the
explicit formula (5.10). Note that both inclusions (6.2) and (6.3) are strict in this example
if the projection in (3.4) is taken with respect to the maximum norm on the plane.
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Let us further address a natural question about getting counterparts of Theorems 5.2 and
5.3 on upper estimates for basic and singular subgradients of the minimal time function (1.2)
at out-of-set points via basic normals to the enlargement €2, of the target set ). However,
simple examples show the failure of such estimates. For instance, consider the minimal time
problem (1.1) in X = IR? with F = IB and Q = {x € IR?| ||z|| > 1}. Then for Z = 0 and
r=T& (%) =1 we have N(z;(,) = {0} while 9TE (z) = {z € R?| ||z| = 1}.

It occurs that the appropriate analogs of the upper estimates in Theorem 5.2 and 5.3
hold at Z ¢ Q with the replacement of 974 (Z) and 9°TE (z) therein by the one-sided
modifications of these constructions for ¢ = T, 5 defined by

d>() := Lim sup d.¢(x), (6.7)
+

:cg T
el0

0% ¢(Z) := Lim sup Agegp(x), (6.8)
mw—tf
el0
AL0

where the symbol z g signifies that © — Z with ¢(z) — ¢(Z) and ¢(x) > ¢(Z). Note
that the basic one-sided construction (6.7) was introduced in [13] and applied therein to
the study of distance function (see also [11, Sec.1.3.3] and [14]) while the singular one (6.8)
appears here for the first time. Observe that we always have the inclusions

Jp(#) C 0 p(F) C Dp(z) and T p(F) C 0p(2)

which show, in particular, that 0> (Z) = 0p(Z) if ¢ is subdifferentially regular at Z, i.e.,
5@(@) = 0¢(Z); the latter is always the case for convex function.

Now we are ready to establish the corresponding counterparts of Theorem 5.2 and 5.3
at out-of-set points by using the one-sided constructions (6.7) and (6.8).

Theorem 6.5 (one-sided basic and singular subgradients of minimal time func-
tions at out-of-set points). Let the minimal time function TE be continuous around
some point T & Q, let r = T&(Z), and let the sets C*, S*, and F; be defined in (4.3),
(4.13), and (5.8), respectively. Then we have the upper estimates

O>TEH(T) C N(2;Q,)NC* and 0TS (T) € N(z;Q,) N FY, (6.9)
where the first one can be replaced by the equality
OSTE (%) = N(7;Q,) N S* (6.10)

if the support function op is sequentially weak® continuous on the set —[N(z;Q,) NC*] and
if T, 5 18 locally Lipschitzian around T. Furthermore, the normal cone representation

N(zQ,) = [ 20-T5 (2) (6.11)
A>0

takes place with the convention 0 x ) = 0 provided that 0 € int F.
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Proof. We justify only the first inclusion in (6.9); the second one is proved similarly by
taking into account the proof of Theorem 5.3. To proceed, pick any z* € 82T£ (z) and by

+ *
(6.7) find sequences ¢ | 0, xy, 2 z, and x}, %5 2* as k — oo such that
xy, € ikTg(azk) for all ke IN.

If TS (zx) = r for some subsequence of {k}, we have by the upper estimate (4.14) of
Theorem 4.6 the relationships

zp € N, (z3;) and 1 —e||F|| < op(—zf) < 14 || F)|

held along this subsequence. Passing there to the limit as k — oo gives us the inclusions
x* € N(z;Q,) and z* € C*, which justify the first estimate in (6.9) in this case even without
the continuity assumption on the minimal time function.

In the other case of Tg (xg) > r for all k € IN sufficiently large, the assumed continuity
of T, 5 ensures that for such & we have that Tg (x) > r whenever x is near zj. Employing
then Proposition 3.1 ensures the equality

T8 (z) =r + Tgr () for all  near x.

The latter implies by definition (2.4) that

~

v € 8., T8 (x1) = 0., T& (x1), ke IN.

The rest of the proof of the first inclusion in (6.9) follows the arguments in the proof of
Theorem 5.2, which in turn are based on the variational result of Theorem 4.3.

Let us next justify equality (6.10) provided the fulfillment of the additional weak* con-
tinuity and Lipschitzian assumptions made in the theorem. It follows from the proof above
that the latter assumption implies the inclusion “C” in (6.10). To justify the opposite in-
clusion “D” therein, fix any x* € N(Z;,)NS* and find by (2.3) sequences ¢ | 0, ELN z,
and x}, 5 2% as k — oo with x) € ]/\7% (xx; ), k € IN. The sequential weak® continuity
of o at —x* ensures that

Y = op(—z;) — op(—2") =1 as k — oo.

By the definition of S* in (4.13) we may assume with no lost of generality that

AP N

7: € N., o (@ ) N S* for all k€ IN. (6.12)
It follows further that T4 (1) = r for large k, since the opposite assumption on 75 (z) < r
implies by the continuity of Tg that xj € int 2., which contradicts the condition z* # 0
held by (6.12). Employing the second part of Theorem 4.6, find a sequence & | 0 such that

% € 5ng5(a:k) for all ke IN.

Passing there to the limit as kK — oo and using definition (6.7) justify equality (6.10).
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Let us finally prove representation (6.11) correcting the corresponding arguments given
in [14, Theorem 4.4]. Note that the inclusion “C” in (6.11) follows from the first inclusion
(6.9) and the cone property of N(Z;€2,). To prove the opposite inclusion D” in (6.11),
fix any z* € N(Z;€,) and assume that z* # 0, since otherwise z* belongs to the right-
hand side of (6.11) by our convention. In this case v := op(—2*) > 0 due to 0 € int F'.
By definition (2.3) of the basic normal cone, there are sequences e | 0, ELIN x, and
xy %5 2* with x) € Nek (xk; Q). By 0 € int F' the minimal time function (1.2) is Lipschitz
continuous and hence T (z;) = r when k is sufficiently large. Indeed, if TE (z) < r for
a subsequence (without relabeling), then xj € int (., which implies that [|z}|| < e, and
leads to a contradiction by ||z*|| < liminf ||2}|| as & — oco. Define further A\ := op(—x})

and observe by W' 2* that A > /2 > 0 for all k sufficiently large. Moreover, Ay is
bounded, and hence we may assume that \y — A > /2 as k — oo. Then

':L'*

Fhi= e M) and op () = 1,

which yields by Theorem 4.6 that z} € 5ng5 (zx) with € — 0 as k — oo. The latter
implies the inclusions

x* € ANLATH (2) € | AT (2),
A>0

which justify (6.11) complete the proof of the theorem. A

7 Computing Basic and Singular Subdifferentials of Convex
Minimal Time Functions

The concluding section of the paper concerns the minimal time problem (1.1) with convex
data, i.e., under the assumption that the target set 2 is a convex subset of an arbitrary
Banach space X. By Proposition 3.6 this property is equivalent to the convexity of the
minimal time function (1.2). In what follows we add the convexity of (1.2) to our standing
assumptions formulated in Section 1 and refer to this setting as to the convex minimal time
problem and/or the convex minimal time function.

Due to the representations of e-normals to convex sets (2.2) and e-subgradients of convex
functions (2.5) we have specifications of the results obtained in Section 4 in the case of convex
minimal time functions. The same can be said regarding the results of Sections 5 and 6
concerning the basic subdifferential and normal cone for convex functions and sets, which
reduce to those in convex analysis. We can also specify to the case of convex minimal time
functions the results derived above for the singular subdifferential; see [18, Proposition 8.12]
for its various representations in the general framework of convex analysis.

In this section we show that, besides the aforementioned specifications, the convex case
allows us to obtain equalities in the upper estimates of Sections 5 and 6 for the basic
and singular subdifferentials of (1.2) at both in-set and out-of-set points with no additional
assumptions in general Banach spaces. Let us start with computing the basic subdifferential
(2.4); cf. Theorem 5.2 and Theorem 6.5, where 9>T& (z) = 0TS (Z) in the convex case.
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Theorem 7.1 (basic subgradients of convex minimal time functions). Let the
function Tg in (1.2) be convex. Then the following assertions hold:
(i) For any = € Q we have the representation

oTE (z) = N(z; Q) n C*, (7.1)

where C* is defined in (4.3).
(ii) For any = ¢ Q with TE (z) < 0o we have the representation

oTE (z) = N(z;Q,) N S, (7.2)
where r = T& (Z) > 0 and S* is defined in (4.13).

Proof. Equality (7.1) in (i) follows directly from Propositions 4.1 and 4.2 with ¢ = 0
therein and the fact that 5T5 (z) = 0T (%) for convex functions.

To justify representation (7.2) in the out-of set case (ii), observe first that the inclusion
“C” follows from the first part of Theorem 4.6. It remains to prove the converse inclusion
“>7. Fix z* € N(z;9Q,) with op(—2*) = 1 and show that

(¥, 2 — %) < TE (x) — TE (%) for all z € X. (7.3)
Indeed, we get from z* € N(Z;€,) and the normal cone construction for convex sets that
(x*,x —z) <0 whenever z € .
It follows from (7.1) that x* € 0T, fll?r (z) and hence
(z*,2 — %) <TE (v) for any z € X.

It is clear that (7.3) holds when x ¢ €),, since in this case T&(x) = T&(z) — r by Propo-
sition 3.1. In the other case of t = T (z) < r, for any ¢ > 0 sufficiently small pick ¢ € F
with (z*,—q) > 1 — ¢ and get T (z — (r — t)q) < r by Proposition 3.2. This gives

(z%, 0 —7) < (r—t)(2",q) < (t —7r)(1 - ),

By the arbitrary choice of € > 0 the latter justifies (7.3) in this case. Thus we arrive at
x* e 8T£T (z) and complete the proof of theorem. A

The next result provides precise representations for the singular subdifferential of the
convex minimal time function (1.2) in both in-set and out-of-set cases; cf. Theorems 5.3
and Theorem 6.5, where 8§°T£ (z) = 0°°TE () in the convex case.

Theorem 7.2 (singular subgradients of convex minimal time functions). Let the
function TE in (1.2) be convex and lower semicontinuous around Z, and let FY be defined
in (5.8). The following assertions hold:

(i) If z € Q, then we have

O>°TE (z) = N(7;Q) N F*. (7.4)
(ii) If ¢ Q and TS (%) < oo, then
>*TE (2) = N(7;Q,) N FL with r = T§ (7). (7.5)
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Proof. Taking into account that the subdifferential of convex analysis agrees with the
Fréchet subdifferential for convex functions and following the proof of [11, Lemma 2.37]
with replacing the fuzzy sum rule for Fréchet subgradients of l.s.c. functions in Asplund
spaces by the exact sum rule (Moreau-Rockafellar theorem) in convex analysis in Banach
spaces, we get the singular subdifferential representations under the assumptions made:

9°°TE () = Limsup \OTS (z) = {z* € X*| (z*,0) € N((z, TE(2));epi T4 }. (7.6)
mif
ALO

It is easy to check that
{z* € X*| (2%,0) € N((E,Tg(a’:));epiT)} = N(:i;dong;),
and hence we have by the second representation in (7.6) and Theorem 5.3 that
9T (z) = N(z;dom T € N(z;Q) N Fr. (7.7)
Let us now justify the opposite inclusion in (7.7), i.e.,
N(z;Q) N F; C N(z;dom T4). (7.8)

To proceed, pick arbitrary z* € N(Z;€Q) N F; and x € dom T and then find by (1.1) a
number ¢ > 0 such that (z + tF) N Q # (). Fix further ¢ € F and w € Q with z + tq = w
and obtain the relationships

(¥ 0 —I) = (x%,w — tq — T)

= <x*,w - j> - t<$*7Q> < 07

since (z*,w —Z) < 0 by 2* € N(z;Q) and (z*,q) > 0 by 2* € F}. Thus we get (7.8) and
arrive at the singular subdifferential representation (7.4) in the in-set case.

To justify further representation (7.5) in the out-of-set case Z € , with r = TL (z),
observe from the equality in (7.7) that

O™°TE (z) = N(z;dom TH) C N(z; Q)

due to the obvious inclusions Q, C domTE and N(z;02) C N(;0;) for any convex sets
T € ©1 C Oy. Fix now z* € 9°T£ () and find by the first representation in (7.6) sequences

TF
Ty — T, x) € 8T£(azk), and A\, J 0 such that
M = 2* as k — oo.

It follows from Theorem 7.1(ii) that op(—x}) = 1 whenever k € IN is sufficiently large.
Hence picking any ¢ € F', we have (=}, q) < A for all such k. This yields (z*,q) > 0 by
letting k — oo. Thus it gives 2* € FY justifying the inclusion

o>*TE (z) € N(#;Q,) N F}.
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To get (7.5), it remains to prove the converse inclusion
N(zQ.)NFT C N(:ﬁ;dong).

Fix * € N(z;Q,) N F} and pick any € dom T4, which ensures the existence of ¢t > 0 such
that (z +tF)NQ # (. Take ¢ € F and w € Q satisfying x + t¢ = w. Then

(¥ 2 — ) = (2%, w —tq — T)

= (&% w—7) —t{z",q) <0

by w € Q C Q, and T € §,., which completes the proof of the theorem. A

The last result of this section establishes representations of the convex subdifferential
of Tg via that of the Minkowski gauge; in particular, it justifies the equality in the upper
estimate of OTE (z) from Theorem 6.3 at out-of-set points. Note that even the upper
estimate (6.2) itself is new with no well-posedness assumption in general Banach spaces.

Theorem 7.3 (precise relationships between convex subdifferentials of minimal
time and Minkowski functions in out-of-set points). Let the function TS in (1.2)
be convex, and let T ¢ Q be such that I5(z) # 0 with r = TE(z) < co. Then for any
w € 115(Z) we have the relationships

oTE () =N(Z;) N [ = dpp(w — Z)]

C N(w; Q)N [ — dpp(w — )] (7.9)
If in addition 0 € F', then the inclusion in (7.9) holds as equality and thus
OTE (7) = N(w; Q) N [ — dpp(w — 7)].
Proof. It follows from Theorem 7.1(ii) that T2 (Z) C N(Z;2,). Furthermore
OTE () € —0pr(z — W)
by Proposition 4.5 as € = 0, and thus
T (7) € N(7;9Q,) N [ — Opr(w — 7)]. (7.10)

To prove the opposite inclusion “>” to (7.10), fix any z* € N(z;Q,) N [ — dpp(w —Z)]. By
Theorem 7.1(ii) it suffices to show that

¥ e S*, ie., op(—z")=1. (7.11)
To this end, observe that T{IS} (x) = pr(—x), which implies that
—0pp(z) = OTg)}(—x) and hence — dpp(w — ) = 8T{Ig} (z —w), zelX.

Since Z —w ¢ {0}, we get (7.11) from Theorem 7.1(ii) and thus justify the equality in (7.9).
Further, it is not hard to check that 0T (z) C N(w;Q) and hence

TS () € N(w; Q) N [ — dpr(w — 7)],
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which implies the inclusion in (7.9).
To finish the proof, it remains to show that

N(@; Q)N [ —dpp(w —z)] C N(@;Q,) N[ — Opp(w — T)] (7.12)

under the additional assumption that 0 € F' in which case we have p(0) = 0. It suffices to
verify that for each z* € N(w;Q) N [ — dpp(w — Z)] we have z* € N(z;Q,).

To proceed, pick any x € €2, and for an arbitrary small € > 0 find t <r+e¢, g € F, and
w € Q with w = x 4+ tq. Then (—z*,q) < op(—2*) <1 and

(", x —T) = (x, w—tq—:ﬁ)

=t(=27,q) + (2" w —w) + (&, w - T)
<t+ (2w — w>+ LW —T)
<TE(@) +e+ (2", w— @) + (z%,0 — 7).

We have (z*,w — w) < 0 due to z* € N(w;) and
(@%@ — 1) = (~2*,0 — (0 — 7)) < pp(0) — pp(w — 7) = ~ 1§ ()

by —z* € Opp(w — &). It follows therefore that (z*,x — &) < ¢ for all z € ,, and hence
x* € N(z;9Q,) because € > 0 was chosen arbitrary small. Thus we arrive at (7.12) and
complete the proof of the theorem. A

Finally, let us present an example that illustrates computing the basic and singular
subdifferentials of convex minimal time functions at in-set and out-of-set points.

Example 7.4 (subdifferentiation of convex minimal time functions). In IR?, con-
sider the convex dynamics F' = [—1,1] x {0} of empty interior and the convex target
Q= [-1,1] x [-1,1]. In this case the Minkowski gauge (1.3) and the minimal time function
(1.2) of = (21, 22) € IR? are computed by, respectively,

|z1| if x € R x {0},
pr(z) = ,
oo otherwise;

0 if xe€q,
TE(x) = |z =1 if |zo| <1 and |zq| > 1,
00 otherwise.

Taking first the in-set z = (1,0
that op(v) = |v1| for v = (vy,v9

) € Q, we can easily check that OTL (z) = [0,1] x {0} and
) € IR%. Tt is also clear that
N@ZQ)NC* =Nz N {ve R? o(—v) <1} = x {0},

and thus we verify equality (7.1) in Theorem 7.1(i). Furthermore, it is easy to verify that
0°TL (z) = {0} in accordance with Theorem 7.2(i) in the in-set case; this confirms that
TE is locally Lipschitzian around z = (1,0)
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Considering another in-set point § = (0,1) € 2, we have
0T (y) = N(7;Q) N C* = {0} x R,

which verifies the conclusion of Theorem 7.1(i). It follows similarly that 9°°T& (y) = {0} x
[0,00), which is in accordance with Theorem 7.2(i) and with the non-Lipschitzian behavior
of the minimal time function around gy = (0,1).

Considering finally the out-of-set point z = (2,1/2) ¢ Q, with the projection singleton
15 (2) = {w} computed by w = (1,1/2). Then we arrive at the equalities

01§ (2) = {(1,0)} = —9pr(@ — 2) N N(@;2) and 9*T§ (z) = {0},

which verify the conclusions of Theorem 7.2(ii) and Theorem 7.3 and confirm, in particular,
the local Lipschitzian property of T around z = (2,1/2).
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