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ABSTRACT. We give sufficient conditions to reach a target for a suitable dis-
cretization of a control affine nonlinear dynamics. Such conditions involve
higher order Lie brackets of the vector fields driving the state and so the dis-
cretization method needs to be of a suitably high order as well. As a result,
the discrete minimal time function is bounded by a fractional power of the
distance to the target of the initial point. This allows to use methods based
on Hamilton-Jacobi theory to prove the convergence of the solution of a fully
discrete scheme to the (true) minimum time function, together with error es-
timates. Finally, we design an approximate suboptimal discrete feedback and
provide an error estimate for the time to reach the target through the discrete
dynamics generated by this feedback. Our results make use of ideas appear-
ing for the first time in [3] and now extensively described in [12]. Numerical
examples are presented.

1. Introduction. Let S C R™ be closed and consider the minimum time T'(§) to
reach S subject to the controlled dynamics & = f(x,u), u € U C R™, starting from
x(0) = &. The work [1] opened the door to the approximation of the minimum time
function T through numerical schemes for a suitable boundary value problem of
Hamilton-Jacobi type. The first paper on this subject was [3], where a semidiscrete
scheme was developed under the assumption of Lipschitz continuity of 7" in a neigh-
borhood of S. Such requirement is equivalent to the so called Petrov controllability
condition, which essentially amounts to saying that for all x € 0S there exists a
control u, such that f(z,u,) makes a negative (bounded away from zero) scalar
product with an external normal to S. Equivalently — forgetting for a moment the
regularity to be imposed on S and f to say that — for every = close enough to S
there exists a control u, such that f(x,u;) points towards S.

Finer controllability conditions are well known in the literature, in particular
when S is an equilibrium point of the dynamics and f(x,u) = fo(x) + g(x)u. They
are called higher order conditions, in the sense that for every x close enough to S
there exists a Lie bracket of the vector fields which points towards S. If this Lie
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bracket can be approximated by admissible trajectories of the controlled dynamics,
by switching between suitable controls +u, then one can prove that it is possible
to reach S in finite time from a neighborhood, and T is Holder continuous with
a suitable exponent depending on the maximal order of the Lie brackets. This is
the case, for example, if S is the origin and the dynamics is linear and satisfies the
classical Kalman rank condition. More in general, in [17, 18], see also references
therein, higher order controllability conditions were established for a rather general
target and some classes of nonlinear, control affine, dynamics, and several examples
were presented.

Taking into account the above discussion, we believe it is natural generalizing to
the case of higher order controllability numerical methods which were established
under the first order condition. To this aim, all the PDE tools were developed
in [1, 3, 4]. The idea is first considering a one step discretization method for the
dynamics, namely a discrete controlled dynamical system which approximates the
given continuous time system. If one can reach the target S, subject to this ap-
proximate discrete dynamics, within a time which is bounded by a fractional power
of the distance to S of the initial point, then the approximate time converges to
the true one as the time discretization step tends to zero. What remains to do,
then, is transferring to a suitable discrete approximate dynamics the controllability
which holds for the continuous time system. In the k-th (k > 1) order case, at
each step the gain in the distance to the target is a k-th power of the time length.
Thus, the order of the numerical scheme must be at least £ + 1, in order not to
destroy this gain. This is exactly what is done here: we prove that some controlla-
bility conditions on the original dynamics are also sufficient for a suitable one step
discretization to reach the target and prove the desired estimate on the time (see
Sections 4.1, 4.2, and 4.3). That given, a fully discrete approximation together with
error estimates follows from well established arguments (see Sections 4.4 and 4.5).

The last part (Section 5) of the paper is devoted to the design of an approximate
feedback. It is well known that the steepest descent feedback (i.e., the feedback
u(x) suggested by the dynamic programming equation, see, e.g., [7]) is - in general -
discontinuous, and so the O.D.E. & = f(z, u(x)) may not admit solutions. Moreover,
it is well known that generalized solutions (of Krasovskii or Filippov type) are
not always satisfactory, as they even may not reach the target (see, e.g. [20]).
Following a well established method (see, e.g., [9, 12, 10]), the idea is substituting
the continuous time dynamical system with a discrete one: this way, the problem of
existence of solutions is bypassed. The approximate feedback is obtained, as one can
expect, by choosing a control which minimizes a discretized Hamiltonian. Of course
the point is proving that this strategy is suboptimal. To this aim, in order to be
sure to reach the desired target S, one needs to consider the problem of reaching a
suitable shrinking of S. In Section 3 we show that higher order sufficient conditions
for both discrete and continuous time controllability are indeed robust with respect
to a shrinking of S, provided the target is regular enough. Essentially we allow
S to be nonsmooth but rule out outward angles and inward cusps; technically, we
require S to be wedged and to satisfy a uniform internal sphere condition.

In Section 6, two 2-dimensional numerical examples are presented.

2. Preliminaries. Let S C R™ be a closed set and § > 0 be given. We set, for
x € R", dg(r) =min{||ly — x| : y € S} and

ng{xER":ds(x)S(S}.
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Denoting S¢ as the complement of S, S¢ =R"\ S, we also define
S_s={r € R" : dgz(z) > 6}.

Of course S_s may be empty, but we will consider mainly cases where this behavior
does not occur. The interior of S will be denoted by int S.

We recall now some concepts of nonsmooth analysis which will be used through-
out the paper. Among many reference books on the subject we choose to quote here
[8], which also contains an introduction to control problems. We say that v € R™ is
a proximal normal to S at z € S if there exists o = o(v,z) > 0 such that

2
<’U,y—$>§0’||y—1'|| ) VyeS

The set of such vectors is the proximal normal cone to S at x, N (x). The cone
of limiting normals is denoted by N é’(f), and consists of those v € R™ for which
there exist sequences {z;} C S, and {v;}, with v; € NZ'(x;), such that z; — 2 and
v; — v. This cone never trivializes if x € 95, the boundary of S. If S is convex,
then N 5 =N b@ = Ng, the normal cone of Convex Analysis. The Clarke normal
cone N§ (z) equals the closed convex hull of N%(x).

Let © C R™ be given and f: Q2 — R be an upper semicontinous function.
Then the hypograph of f, hypo(f), is (locally) closed and one can define (super-)
differentiability concepts, through normal cones to hypo(f). In particular, the
proximal superdifferential of f, 9% f(x), is the set of those v € R™ such that
(-v, 1) € N]f;gpo(f) (2, f(2)).

Our controllability results will be largely based on some properties of the distance
function, in connection with suitable regularity assumptions on the target. We now
recall such assumptions.

Definition 2.1. (1) Let S € R™ be closed and let p > 0. We say that S satisfies a
p—internal sphere condition if S is the union of closed spheres of radius p, i.e., for
any x € S there exists y such that « € B,(y) C S.

(2) We say that S has reach p if the inequality

| >
o I

vl
(v,y —x) < ly —
2p

holds, for every x € S,v € Né?(x),y es.

Relations between the above concepts were studied in detail in [19]. We recall,
in particular, that if S has reach p, then the closure of its complement, S¢, satisfies
a p—internal sphere condition, but the converse is not true in general. The main
property of the distance we are going to use is its semiconcavity. We say that a
function f:  — R is locally semiconcave if for every = € 2 there exists a ball B,.(z)
and a positive constant C such that

M)+ (1= Nf) < FOw+ (1= Ny) +Clly —o/|I (21)
for all y,y’ € B.(x) and all A € [0,1]. Global semiconcavity means that the above
inequality is satisfied by every y,y" € Q such that the segment [y, y'] C 2 with the
same constant C. The constant C' appearing in (2.1) is labeled as semiconcavity
constant.

The following results are well known (see, e.g., Proposition 2.2.2 in [6] and Section
4 in [13)).

Proposition 2.2. Let S C R™ be closed. Then the distance function dg satisfies
the following properties:
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(i) dg is locally semiconcave in R™\ S. More precisely, given a set K C R™\ S
such that inf ek d(z,S) =6 > 0, ds is semiconcave in K with semiconcavity
constant equal to %.

(ii) If S satisfies a p- internal sphere condition, then dg is semiconcave in S¢ with
semiconcavity constant %.

(iii) If S has reach p > 0, then dg is differentiable, and Vdg is locally Lipschitz,
in S, \S.

Using the metric projection, i.e., the set
ms(@) ={y € S:|ly -zl = ds(x)},

it is possible to characterize the (super-)differential of the distance function (see,
e.g, Corollary 3.4.5 in [6] and Section 4 in [13]). We have, for all z € R™\ S,

x — comg(x)

ds(z) '
where “co” denotes the convex hull. Moreover, if S has reach p > 0and z € S,\ S,
then mg(x) is a singleton and

O dg(z) =

x —ms(x)
Vdg(z) = —————
s(@) ds(z)
and Vdg(z) € NE (ng(z)).

We now are going to recall some basic notations of control theory. Consider the
control system

y(t) = f(y(t), u(t)) (2.2)
with u(t) € U for a.e. t, U C R™ a compact set, together with the initial condition
y(0) =¢&. (2.3)

Under standard assumptions, for any wu(-) measurable and any &, the solution
y(+, &, u) of (2.2 and (2.3) is unique and globally defined. Let S C R™ be a nonempty
compact set, the target. For each measurable control u(-) and £ ¢ S we set
t(u,&) = min {t : y(t,{,u) € S} < +o0. (2.4)
We define the minimum time function to reach S from £ as
T(¢) = inf {t(u,&) : u(t) € U a.e., u(-) measurable} .

Under standard assumptions, the infimum is attained, provided it is not +oco. We
set also
R={{eR":T({) < +oo},
the reachable set.
In the next section we will recall some sufficient conditions in order that R be a
neighborhood of S and T is Holder continuous in R.

3. Continuous time controllability.

3.1. Lie brackets and estimates on bang-bang trajectories. Consider the
affine control system in R™

&= f(z)+ Zgi(x)ui, (3.1)
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where f,g;: R® — R™ are C*®-maps and u; € [—1,1], i = 1,..., M, together with
the initial condition

z(0) = &. (3.2)
For the sake of simplicity , we set F(x,u) := f(z) + Zi\il gi(z)u; and denote by
U all measurable functions from a real interval with values a.e. in [-1,1]*. The
standard assumptions on F' and the target set S we need are the following:

Assumptions 3.1. (1) f,g; are C* and all partial derivatives are Lipschitz with
Lipschitz constant L > 0, i = 1,..., M; moreover,

ILF @ llga ()l < Ko(1 + lyll)

for all y € R™, where Ky is a positive constant.
(2) S is compact.

Such assumptions will be always supposed to be satisfied in this sequel and we
label them as standard assumptions on the dynamics.

Given the target S C R"™, we will state some sufficient conditions in order to
reach S from every ¢ in a neighborhood in finite time and give an upper bound for
the minimum time 7'(¢). Such conditions involve Lie brackets of the vector fields
f,91, ..., gnr. We recall their definition for general C! vector fields X,Y. We set

X, Y)(2) = VX (2)Y () - VY ()X (),

and higher order brackets are defined recursively, provided X,Y are smooth enough.
Let now ®X and ®}, t > 0, be the flows generated by the vector fields X and Y,
namely ®X (&), respectively ®} (&), are the solution at time ¢ of the Cauchy problems

P=X(@), 20)=¢& @=Y(@), 2(0)=¢

It is well known that ®;¥(-) and ®}(-) are diffeomorphisms for all ¢ > 0 small
enough. The formal Lie bracket between ®X and ®) is defined by setting

[@%, V] (€) = (@) 0 (9Y) 7 0 (27) 0 (21)(9)

The procedure may be iterated and the order of such iterations can defined by
induction. If @ is either ®;X (-) or ®) (-), then ord(®) = 1; otherwise, if A and B are
nested Lie brackets of ®;% () and ®} (-), we set ord([A, B]) = ord(A) + ord(B). The
power of a Lie bracket B, pw(B), is set to 1 if B consists of a single diffeomorphism,
while pw([4, B]) = 2 x pw(A)+2 x pw(B). The following classical result establishes
a relation between the two types of Lie brackets.

Theorem 3.2. Let {X;},
Lie bracket of order k € N of the corresponding flows {@f’} N fort > 0 small
_ ie
enough, B = B(®%Xn ..., &%), k < k. Then
Yo oxn o
%jB((ID 1, O img =0, V1I<j <Kk,
10"
k! otk
In what follows we will consider iterated Lie brackets of the vector fields f + g;,
i=1,..,M, where f,g; appear in (3.1), possibly with f = 0. We denote by L the
set of all iterated Lie brackets of the above vector fields.
Let B be such a non-vanishing Lie bracket with order k, ord(B) = k, and power
pw(B). Let xéB() be the trajectory of (3.1) and (3.2) corresponding to B, namely

be smooth vector fields and let B be a nested formal

B@¥n, ., &%) |,—g = B(Xi,, ..., Xi,)-
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the trajectory which uses bang-bang controls 41, according to the vector fields
appearing in B. We obtain immediately from Theorem 3.2 the following expansion:

af(pw(B)t) =&+ BO" +o(t*),  t—0F, (3.3)
where for each compact C' containing &, there exists K¢ > 0 such that
Ho(tk)H < Kotht? for all ¢ small enough. (3.4)

Now we proceed by applying the above approximation (3.3) to an estimate of the
distance from the target of suitable trajectories of (3.1).

Proposition 3.3. Let S be a closed set and let £ ¢ S. Let B be a non-vanishing
Lie bracket of order k of the vector fields f £ g¢;, ¢ = 1,...,M. Let xf() be the

corresponding trajectory of (3.1) and (3.2). Lett > 0 and assume that xf(s) ¢S
foralls € [0,t]. Let¢ € 0Pds(€). Then we have, for every compact set C containing

£,

2k
ds (x? (pw(B)t)> <ds(€)+ (¢, B(&)) tF + K(tk“ + di(g)) (3.5)

where K depends only on the constant K¢ appearing in (5.4.
Moreover, if S satisfies a p-internal sphere condition, then #(5) can be substi-

tuted by %, and x?() may touch S.

Proof. Set a:? (pw(B)t) = ;. By putting together Proposition 2.2 (i), (ii) and (3.3),
(3.4) we obtain

e — €]

KtQk
ds(€)’

for suitable constants K’, K satisfying the desired properties. O

ds(ws) < ds(§) + (¢ ze — &) + %(g)

<ds(&) + (¢, BE)tF + K"t 4

Remark 3.4. The regularity requirements on f and g¢; can be weakened if Lie
brackets only up to a fixed order k are considered. Actually, in most of our results
we need only that, for a given k € N, f and g;, i = 1,..., M, are of class C¥ and all
partial derivatives up to the order k are Lipschitz with the same constant.

3.2. Holder continuity of the minimum time function. We state here two
controllability results, proved in [18], which are at the basis of our results. We treat
separately the case where the target S satisfies an internal and an external sphere
condition.

We say that a Lie bracket B is compatible with the controlled dynamics (3.1)
if the (direct and reversed) flows appearing in the formal Lie bracket of Theorem
3.2 are flows of (3.1). A simple sufficient condition ensuring compatibility is, of
course, the drift f to be zero. More in general, compatibility can be seen as a time
reversibility of the dynamics. In Section 4.3, controllability conditions which do not
require time reversibility will be given for the case of second order Lie brackets.

Theorem 3.5 (see Corollaries 5.9 and 5.11 in [18]). Let S be compact and let one
of the two following assumptions be valid. Fither,
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(IS) let S be satisfying a p—internal sphere condition and assume there exist 6 > 0,
p >0, and k € N such that for every & € Sos\ S there exist (¢ € OFdg(€) and
a compatible Be € L, with ord(Be) < k, enjoying the following property:

(Ce, Be(§)) < —p. (3.6)
Or, alternatively,

(ES) let S have reach p > 0 and assume there exist 0 < 6 < &, pu > 0, and
k € N such that for every { € S5\ S there exists a compatible B € L, with

ord(Bg) < k, enjoying the following property:
(Vds(€), Be()) < —p. (3.7)

Then the minimum time function to reach S from & subject to the dynamics (3.1),
T(€), is (finite and) Holder continuous with exponent % on Ss. More precisely,
there exists a constant A, depending only on p,d, i and on the vector fields f, g;,i =

1,..., M, such that for all £&1,&2 € S5 it holds

IT(&1) — T(&)] < Allér — &|*. (3.8)

Remark 3.6. Observe that assumptions (IS) and (ES) are of a different nature,
because an external sphere condition is assumed either on the closure of the com-
plement of S (case (IS)), or on S (case (ES)). If S satisfies both an internal and an
external sphere condition, then its boundary is of class C!:!.

In section 3, we will need to ensure that small time controllability holds not
only with respect to S, but also to a suitable shrinking or enlargement of S. The
following are the relevant statements. The first one requires, in addition to the
internal sphere condition, a uniform external cone condition (see (3.10) in Theorem
3.7 below). Of course, such additional requirement is satisfied if the boundary of
the target is of class C1L.

Theorem 3.7. Let the assumption (IS) hold and let k, p,d,p > 0 be as in (IS).
Let Ly be the Lipschitz constant of all B € L,ord(B) < k, on S5 and set

Cp:=max{||B(z)|| : x € S5, B € L,ord(B) < k}. (3.9)

Assume furthermore that there exists 0 < p’ < 4§ such that

!/

max { [¢" = ¢l lK| = 1K' =1, ¢,¢" € N§(2),z € S} < CLB (3.10)
Then there exists 0 < & < p, depending only on p',Cp and L., such that for all
0 < o < G assumption (IS) holds for S_,. More precisely, for every & € S5\ S_o
there exist (¢ € 0Fds__(£) and Be € L, with ord(Be) < k, enjoying (5.6) with
min{y, 1’} in place of p. Consequently, if the Lie brackets appearing in (IS) are
compatible, the minimum time function to reach S_, is finite and Hélder continuous
with exponent % on Ss. Moreover, the constant A appearing in (3.8) can be chosen

independently of .

Proof. We claim first that if 0 < & < p, then S_; satisfies a uniform (p— &)-internal
sphere condition. Indeed, recalling Corollaries 16 and 19 in [19], the external cone
condition implies that (int S)¢ has p-positive reach. Therefore, if 0 < & < p, then
(int S_z)¢ has (p — &)-positive reach. Invoking again Corollaries 16 and 19 in [19]
we obtain that S_; satisfies a uniform (p — 7)-internal sphere condition.
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Consequently, in order to prove that the minimum time function to reach S_,
(0 < o0 < &) is Holder on Ss it is enough to establish the analogue of (3.6) for S_,
as claimed in the statement of the theorem.

To this aim, fix first £ € S5 \ S. We claim that

d"ds(€) = 0"ds_,(€).
Indeed, set £ = mg(€). Since S¢ has positive reach, S has at € both an internal

§-¢
- T ds(§)
normal to S¢ at . Define, for 0 < t < p, & = £ + (. Observe that, by the
internal p-positive reach condition, £ is the unique projection of & onto S¢, so that,
in particular, dgz(&) = t. Therefore, {; € S_,, and so ds__(§) < ds(§) + 0. On
the other hand, for all ¢’ € S_, one has obviously ||£' —£]| > dg(§) + o, whence

ds_,(§) = ds(§) + o, (3.11)

and the claim follows. By (IS), there exist Be € £, 0ord(B¢) < k, and (¢ € 0Fdg(€),
such that (3.6) holds. Since 0Fdg(¢) = 0Fds__ (€) the proof is completed for the
case £ € S5\ S. Observe that in this case one can choose ' = p.

Fix now £ € S\ S_,. Let z be the unique projection of £ onto S¢. Assume
first that NZ'(z) # {0} and let ¢ be the (unique) unit vector in NZ'(z). Let x,, =
x+ %, n € N. Then, since Vdg(z,) = ¢ for all n large enough, the assumption (IS)
yields that there exist B, € L, ord(B,) < k, such that

and an external nontrivial proximal normal. Thus ( := is the unique unit

(¢, Bn(zy)) < —p, Vn large enough.

Since the order of the B,’s is bounded, up to a subsequence we may assume that
B, (z) = B(z) is independent of n. Therefore, by passing to the limit we obtain

(¢, B(z)) < —p. (3.12)
Let now N (z) = {0} and let ¢ € N&(x),]||¢|| = 1. By definition of limiting normal,
there exist sequences {z,} C S,{¢,} C R" such that ¢, € NE(z,), |G| = 1,
Xy — x, and ¢, — ¢ asn — oo. Then, for every n there exists B, € L, ord(By,) < k,
such that
(Cns Bn(n)) < —pe
By passing to the limit as above, we obtain (3.12).

Now we wish to prove that an inequality of the type (3.12) holds at £. Recalling
that = mg=(£). As before, we assume first that N () # {0}. Then, since S
has both an inner and an outer nonvanishing proximal normal at x, we have that
NE(z) = (Rt = —N%(J;) for a suitable unit vector ¢, and

ds (€)= 0 — dg=(6). (3.13)

Thus dgs_, is differentiable at £ and moreover

Vds_,(§) = —Vdg=(§) = ¢
By the uniform Lipschitz continuity of Lie brackets of order < k, we obtain from
(3.12) that
(¢, B&)) < (¢, B(x)) + L € — 2| < —p+ Lo

Therefore, if o < 7 := £~ we obtain

(¢, B()) < —u,

which was to be proved.
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Assume now again that N¥(z) = {0}. Recalling Lemma 5 in [22]', we have

that N§ (z) = —Ng(x). Therefore, by (3.13), ¢’ :== Vds_, (&) = ﬁ € NS (z).

By the assumption (IS), there exist a unit vector ( € NZ(x) and a Lie bracket
B € £, with ord(B) < k, such that (¢, B(z)) < —p. Recalling (3.10) we obtain

I = < % By putting the above inequalities together, we finally have
(¢, B()) = (¢ = ¢, B(&)) + (¢, B(x)) + (¢, B(§) = B(x)) < p' — p+ Lo
Therefore, if 0 < 7 := &5 . we finally reach (¢',B(&)) < —p/. The proof is

L

concluded. O

The second perturbation result is concerned with the case where the target S
has positive reach.

Proposition 3.8. Let the assumption (ES) of Theorem 3.5 hold and let 0 < o < 4.
Then the minimum time to reach S, from S5\ S, (is finite and) satisfies (3.8),
where the constant A is independent of o.

Proof. Tt is enough to observe that if £ € S5\ Sy, then dg_ () = dg(§) — 0. O

Remark 3.9. Observe that, under the assumptions of Proposition 3.8, the enlarge-
ment of S, satisfies an internal sphere condition, and so, as far as it is enough to
consider an approximation of the target, one can concentrate only on the (IS) case.

4. A higher order scheme for the minimum time function. This section
is devoted to designing a suitable fully discrete scheme for the approximation of
T. We follow the well established method based on dynamic programming, which
was first designed by Bardi and Falcone [3] (see also [4], [2], and [11] and references
therein). We apply to T the Kruzkov transform and then, through discrete dynamic
programming, we approximate the viscosity solution of a suitable boundary value
problem. Since, due to controllability assumptions which are based on higher order
Lie brackets, T is not locally Lipschitz, we need to use a scheme which is of a
suitably high order in time and of first order in space.

This section is divided into a number of subsections. First we present a higher
order one step semidiscrete scheme for our dynamics (3.1), taking controls subject to
suitable switchings. Given a step size h, for every initial condition & we construct
a discrete trajectory which converges as h — 0 to a suitable trajectory of (3.1).
Moreover, the time needed to reach the target is bounded by a fractional power of
ds(€) (discrete controllability). Next we apply Kruzkov transform to T, and relying
on a discrete dynamic programming principle and a convergence results due to [3]
we prove that a discrete value function vy, converges to the transformation v of T,
also providing an error estimate. Finally, we introduce a fully discrete scheme and
prove its convergence and a related error estimate.

4.1. Time discretization. Given the control system (3.1), (3.2), we write

&= F(z,u), =(0)=E¢, (4.1)
where F(xz,u) = f(z) + Zf\il gi(®)ui, u = (uy,...,ups) € [-1,1]™. Given a fixed
step h > 0 small enough, we approximate (4.1) by a one step (¢+1)-th order scheme

IThe statement of Lemma 5 in [22] actually requires S to be convex, but this is used only to
provide wedgedness, which indeed we assume.
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which has the form
Yn+1 = Yn +hP(Yn, An, h)
Yo =¢

where A, is a M x [ matrix, A, = (ul,...,u!) with v}, € [-1,1]M. Here | > 0

depends on the specific method. We make the following assumptions on the method:
{ ]}Lirr%)@(f, (4,...,u),h) = F(&a) (I copies of u),
—

(4.2)

(4.3)
1@(&1, A h) = (&2, A, h)|| < Lo [[61 — & -

In order to prove the discrete controllability, we now consider the following Cauchy
problem, instead of (4.1)

M
i = P(z,0) = f(2) + > gi(a)us, w(0) = ¢ (4.4)
=1

where v = (uy,...,up), u; € {—1,1}, is supposed to be constant in an interval
0,7], 0 < 7 < 1. Let 0 < h < 7 and k € N, k > 1, be given. Here k will play
the role of the order of a suitable Lie bracket which will be identified later. We
consider the one step order scheme (4.2) for (4.4). In this case, the control matrix
A is generated by [ copies of v, therefore the conditions (4.3) can be rewritten, by
an abuse of notation, in the following way:

{ lim ®(&,v,h) = F(&,v),
h—0
||(I)(§17 v, h) - @(62,’0, h)” < L<I> ||§1 - §2|| .
Furthermore, we require a suitably high order of approximation, namely
|l (h, &) = (€ + h®(&, v, h))|| < Coh®™?, (4.5)

where ¢ > k and z,(+, &) is the exact solution of (4.4). The classical Runge-Kutta
method, for example, enjoys the above properties (see [16]).

Set
50 = 57
4.6

{€n+1 = gn + h¢(€nvv7 h)a ( )

and, for N e N, N > 1,

h= (4.7)

T
N
Then there exists Cp such that

||xU(T7§) _gN(T7§7/U)|| < C<I>hq+17 (48)

for all A small enough (see, e.g., Theorem 3.6 in [16]). Observe that the point
En(1,€,v) defined through (4.6) and (4.7) depends on the M-tuple v. We denote
this point by y(v, T, h, &), i.e.,

y(v, 1, h,€) :=En(T, &, 0).
Let p € N, p > 1. We consider now a p-tuple u of M-tuples of controls u; € {—1,1},
namely u = (v!,...,vP), where v/ = (u{,,ufw) € {—1,1}M and subsequently
apply the process (4.6), with v7 in place of v, N times for each j. More precisely,

we set . )
Yy = y(U » Ty h’a 5)7
(4.9)

v =y, 1 hy' ),
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where j = 2,...,p. We denote the point yP constructed above by y?(u, 7, h, £).
Let z,,(7, &) be the final point of the exact solution of (4.4) corresponding to the
p-tuples of controls u. More precisely, we set

xl = 'r'ul(T7 5)7

m

X = Tym (7_, .’Emil)

, m=2...,p.
By applying (4.8) subsequently on p intervals of length 7, we obtain
2% = y7|| < CphH, (4.10)

where (), is a suitable constant depending only on p, ®.

4.2. Discrete controllability. The following result falls in the framework of (ap-
proximate) discrete controllability: under assumptions including either (IS) or (ES),
given 0 < n < 6, for all £ € S5\ S, we construct a finite sequence of points
of the types y” described just above, say y1,...,yn(¢), and of increasing times t;,
i =0,..,n(§) — 1, such that ds(y,)) < 7 and the time to reach y, ), namely
Z?:(%)_lpi_i_l(ti_i_l —t;), is bounded from above by ds(£)'/*. The number of dis-

cretization steps, namely [(t;+1 — t;)/h] where h > 0 is fixed, will be labeled here
for simplicity as .

Theorem 4.1. Let S C R™ be closed and let §,p, 0 > 0, k € N,k > 1 be given, with
§ < 1. Assume that for every & € Sas\ S there exist (¢ € 0P ds(€) and a compatible
Be € L, with ord(Bg) < k, such that

(Cer Be(€)) < —pu. (4.11)

Let 0 < n < § be given and consider a one step (q+ 1)-th order scheme with q > k.
Then for every & € S5\ S, there exist a number of steps N, independent of &,
and finite sequences of natural numbers p;y1, of p;y1-tuples {%‘H} of M -tuples of
+1, of points {y;}, and of times {t;}, tiv1 > ti, i = 0,...,n(&) — 1, satisfying the
properties

tO = Oa Yo = 55
_ tiv1 —t
Yit1 =Y (Qi+17pi+1(ti+1 —ti), N i)7
i=0,..,n() -1,
Yn(e) € Sy

n(g)—1 "
> pisaltin —t) < C(ds(€) ", (4.12)
=0

for a suitable constant C independent of §. Here yPi is defined according to (4.9).

Proof. Fix £ € S5\ S,. By our assumptions, there exist (¢ € 9"dg(¢) and a Lie
bracket Be € L with ord(Bg¢) < k such that (4.11) holds. Now we are going to prove
that there exist a time 0 < ¢; < 1, a number p; > 1, a (finite) sequence of M-tuples
of +£1, say u; = (vi,...,v"), U{ e {-1, I}M, corresponding to Bg through Theorem
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3.2, such that the trajectory xfg() of (3.1), (3.2) associated to this sequence of
controls satisfies the following properties for all ¢ € [0,¢4]:

ds (:cf£ (P175)> > dSQ(é-)’
B - (4.13)
ds (Jﬁg §(Plt)> <ds(€) -t + K(tkH N ds(f))7

where K is the constant appearing in (3.5). Indeed, in order to obtain the first
inequality in (4.13), recalling (3.3), (3.4), and (3.9) it is enough to choose 0 < #; <1

such that
d
(Cp+ st < 58
where Kg, is the constant appearing in (3.4) with Ss in place of C, while the
second one follows from (3.5) in Proposition 3.3 together with (4.11). In particular,
we obtain

(4.14)

0<dg (xf'E (pltl)) < 26.

Observe furthermore that there exists a constant p (the maximal power of a Lie
bracket of order < k in R™) depending only on k, such that

p1 < Dk.

Let N € NNN > 1, and set hy = tﬁl We assume N to be so large that the
discretization error corresponding to the step size hy satisfies (4.8). Let y; be the
point yP* (uq, p1t1, h1,€) constructed according to (4.6), (4.9). By (4.10) we have

o2 wit) | < Cpung. (4.15)

Remembering that ¢ > k and putting together the above inequality and (4.13), we
receive

213 ty\ k1
ok k+1 1 128
ds(n) < ds€) —pth + K (45 + 725 ) + G (5)

We rewrite the above estimate as

C 2K
ds(y1) < ds(&) — ut§ + (K + N:jl)tlfH + mt%k
- (4.16)
= dg(€&) — pth + K b+t 4 22k,
S(S) 14 1 147 ds(f) 1
By imposing the supplementary conditions
Ky p _p 1 _ NFTds(6)
t1 K —ty < = d Cp, t < — 72 4.17
1 1+dS(£)1_2 an Prv1 — 4 ’ ( )
we obtain from (4.13), (4.15), and (4.16)
d
9E) < dgn) < dste) - Bk (118)

Observe that all conditions previously imposed on ¢; (in particular (4.14) and (4.17))
are satisfied if

- Nktldg(€) [pds(€) n ds(§)
t = 1, ¢ : L 41
0 <fi=min \/ ac,. '\ 4k, 4k, \ 2(Cs + Ks,) (4.19)
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Assume now that we have constructed recursively times t;, numbers p;, controls

u; = (v}, ..., 07, vl € {=1,1} and points y; up to i = i, such that
ti—1 <t
Nk+1q i— d i— d i—
t; —t;—1 =min ¢ t1, { s(y 1)7 ¢ pds(y 1)7 t s{pit) )
4Cpk 4K, 2(CB +K55)

and

ds(yi—

# <ds(yi) < ds(yi-1) — g(ti —ti1)k (4.20)

We are now going to construct the next step. By the assumptions, there exist a
Lie bracket B, and ¢, € 07ds(y;) such that <Cy%,By% (gfz)> < —pu. By applying
again Proposition 3.3 and the argument designed for ¢; we find a time ¢;,4, a
number p;,; < pg, a control u;,; € {—1, 1}Mxpi+1, and a point y;, ; satisfying the
properties

0 <tipq —1t; <tu, (4.21)

. NE+dg(y;) ) uds(y;) ds(y;)
it . i A i 4.22
by := 1; + min \/ 4C,, 4K, "\ 2(Cp + Ks,) [ (4.22)

from which, taking into account (4.21) and (4.22), we obtain finally
ds(yi)

4

which concludes our construction.
Now we are going to show that we can reach S, after finitely many iterations
n(€) and that (4.12) holds. To this aim, set

oz:min{l,u}7 B = min L i Nk—H,{f/ N
4K, ‘k/2(CB +KS§) 4Cpk 4K,

Then, for every i € N, we have t;;1 —t; = min {a, B/ ds(yi)}. Observe that (4.20)

implies that the sequence {dg(y;)} is strictly decreasing. Therefore, there exists an
index ¢ such that for all i > 7 we have

ti+1 — ti = ﬁ \k/ ds(yl) (423)
Let d = lim; o0 ds(y;). From (4.20) and (4.23) we obtain, for all i > i,

< ds(yi41) < ds(y;) — g(tiﬂ — 1),

k
ds(yisn) — ds() < "2 ds(),

from which necessarily d = 0. Therefore, there exists some index n(§) such that
ds(Yn(e)) < n. Finally, we deal with (4.12). Owing again to (4.20) and (4.23), we
have for all i < n(§) —1

. _ _ k=1
ds(yir1) — ds(yi) < —g(tiﬂ —t;)F = —g min {Olk LB s (yi) F } (tiv1 — ti).
Thus,

tiv1 — 6 <

2 (ds(yi) —ds(irr) | ds(i) — ds(yir1)
I Bk—lds(yi)% ak-1 .
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By summing the above inequalities and recalling that p; < py for each ¢, we obtain

n(§)—1 n(€)—1
2, "SR (dsln) — dstyi) | dsw) - ds(o
D < s(yi) s(y+1)+ s(Yi) S(y+1>>

Pit1(tig1r — ;) < — —
0 L — pr-t dS(yi)Tl ak-t

9 ds (&) 1 1
S ﬂ — + d?“
B Jo BE-1pfe  akl

< 2’;( @ + a,}_lds@)),

1=

Bk
which, recalling that dg(£) < § < 1, implies (4.12) and concludes our proof. O

The second result of this subsection requires some regularity on the target S.
Under suitable conditions we prove that the discretized trajectory reaches the target
(not a neighborhood) after finitely many steps of constant length, and establish an
estimate of the type (4.12). Such upper bound will be used in the proof of the
convergence of a suitable discretized value function to the viscosity solution of a
Hamilton-Jacobi equation.

To this aim, we define the discrete minimum time as follows. Given a step size
h > 0 and a sequence of control matrices {A;} C [~1,1]M! we recall the discrete
dynamics defined in the previous subsection for the control system (4.1)

Yn+1 = Yn + hé(ynv Ana h) (424)
v =&

We define the function
np({4;},8) =min{n € N:y, € S} < +oo, (4.25)

where np = oo if y, never reaches S. Let Np(§) be the minimum number of steps
to reach S, namely,

Nu(§) = min  {n,({Ai}, )} (4.26)

T {Agdel-1am
The discrete minimum time function is now defined by setting

T (&) = hNk(8). (4.27)
We define also the discrete reachable set Ry by Ry = {€ € R™ : Ni(§) < +o0}.

Theorem 4.2. Let the assumptions of Theorem 3.7 hold and let the target S, p,
o, k be as S, p, o, k in Theorem 3.7. Consider the discrete dynamics (4.24),
generated by a one step scheme ® which satisfies (4.3) and (4.5) for some q > k,
and the discrete minimum time function (4.27).

Then there exist 6, h, C > 0 such that for every 0 < 6 < 6, h < h, £ € S5\ S,

we have
Th(&) < Cr/ds(§). (4.28)

Proof. Fix xo € 0S and consider § € B, /3(z0) \ S. Recalling the proof of Theorem
3.7, we obtain that S_, satisfies a (p — o)-internal sphere condition, and so the
distance function to S_,, ds__ (+), is semiconcave with constant (p—a)~!. According
to (3.11), 9Fds (&) = 0Pds(€). Then, for each (¢ € 0¥ dg(£) we obtain

s () < ds_(©)+ ey = &)+ = Iy =l
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for every y € B, ().

Recalling (3.3) and (3.4), we can find p > 1, a sequence of bang-bang controls
{+1}, say w = (v', ...,0?) € {=1,1}**? and t € (0,1], such that the corresponding
trajectory xfs(-) of (3.1), (3.2) has the form (3.3), i.e

xS (pt) = € + Bet* + o(t"), (4.29)

where [o(t*)|| < Kp,t*"!. If furthermore (Cp + Kp, )t* < , where we recall that
Cp was defined in (3.9), then putting together (4.29), (3.5) and the estimate on the
semiconcavity constant of dg__ we have also

(CB + KBG)Qt%.

p—0o

ds__ (:c? (pt)) <dg (6) — pt* + Kp "1 4+ (4.30)

Set t = Nh, N € N, and let y be the point y?(u, pNh, h,&) constructed according
0 (4.6), (4.9). From (4.10) we receive

|28 (pNh) — y|| < CphdT. (4.31)
By putting together (4.30) and (4.31), we obtain now
(Kg, +Cg)’

ds_ () < ds_, (6) = p(NW)* + (Kp, + Cp) (NR)™™ 4 ==

(Nh)2k:
Then u

ds_,(y) <ds_, (&) — §(Nh)k7
provided

p—0)
Nh < min ca. (4.32
{ \/ CB+KB 4(Kp, +C' \/ KB +Cg) } )

On the other hand, we want to impose the condition dgs__ (£) — £(Nh)* < o, which
yields ds__ (y) < o and so y € S. This condition, in view of (3. 11) is equivalent to

k 2dS (f)
m .

Nh >

(4.33)

Now, in order to make (4.32) and (4.33) compatible, we impose a condition on
ds (), namely

ds(ﬁ) <25 <ok

K Iz
Then, to reach S it is enough to choose N* € N and h* so that

K QdS (5)
" .

Due to the compactness of S, we finally obtain

k ZdS(f)
I

N*h* =

Th(§) < pN*h* = < CV/ds(S),

for a suitable constant C', which is the desired estimate. O

Remark 4.3. A result similar to Theorem 4.2 can be proved without restrictions
on d§ > 0 (except § < 1).
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Indeed, the following statement can be proved.

Under the assumptions of Theorem /.2, let 0 < 6 < 1, k € N be such that for
every £ € S5\ S there exist (¢ € OPdg(§) and Be € L, with ord(Bg) < k, such that
(4.11) holds. Let 0 < o < &. Then for every step size h small enough, there exists a
number N* such that for every & € S5\ S we can find controls vy, ...,un+« for which
we can reach Ss by N* iterations of (4.24).

The proof is a combination of arguments of the proofs of Theorems 4.1 and (4.2).

4.3. A further result on discrete controllability. We consider now the case
where the approximation of trajectories of (3.1), (3.2) with Lie brackets contains
also lower order terms. This case occurs in general when the drift term f does
not vanish or when the system is not necessarily time reversible. Our reference is
the second order controllability result proved by [17]. For simplicity we treat only
one of the sufficient conditions proved in [17, Proposition 4], but an entirely similar
result can be obtained with the other one.

Proposition 4.4 (Proposition 4 in [17]). Consider the controlled system (3.1),
(3.2) with M =1 and let the target S satisfy the p-internal sphere condition. Let
0, > 0 be given and assume that for all © € Ss\ S there exists a controlu € [—1,1],
and (, € 0P dg(x) such that the following inequalities hold:

Either

(18.0) (f(x)+g(@)u,Co) < —p,

or

(18.1)  (f(x),¢) <0,

(IS.2) 2V f(2)f(x) +ulf, g)(x),C) + 2 [ f(@)]|* < —p.

Then R contains S in its interior and T is Holder continuous with exponent 1/2 in
R.

Remark 4.5. Robustness of the controllability condition of Proposition 4.4 with
respect to a shrinking S_, of the target.

Let p > 0 > 0 and S satisfy the same properties as in Theorem 3.7, namely p-
internal sphere condition and wedgedness. By the same arguments as in the proof
of Theorem 3.7, for every £ € S5\ S_, the inequality (IS.2) still holds with some
(e € OPds (&) and a suitable g’ < g in place of p. In order to preserve the discrete
controllability under a shrinking of the target, the condition (IS.1), instead, needs
to be strengthened as follows:

(IS.1)  for all £ € S5\ S_, there exists (¢ € 0Fds_, such that (f(x), () <0.

The following result contains our second order discrete controllability condition
in the case where the drift term cannot be neglected.

Theorem 4.6. Let the target S, and p,d,0 be as S, p,d,5 in Theorem 3.7 and let
the assumptions (1S.0), (IS°.1) and (IS.2) hold true for x € Ss\ S—_,. Consider the
discrete dynamics (4.24) generated by the one step scheme ® which satisfies (4.3)
and (4.5) for some q > 2, and the discrete minimum time function (4.27).

Then there exist 6, h, C > 0 such that for every 0 < 6, <0, h < h, £ € S5, \ S,

we have
Th(§) < Cv/ds(§).

Proof. Fix xg € 0S and consider £ € B, /5(x0) \ S. By the same argument as at the
beginning of the proof of Theorem 4.2, for each (¢ € 0¥ dg(£) we obtain

ds. (1) < ds_ (O + (Geoy= + = ly—al (134)
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for every y € By(xg). Assume first that (IS’.1) and (IS.2) hold at £&. Recalling
Lemma 1 in [17], for every @ € [—1,1] and ¢ € (0, 1], if we follow first the flow of

f + g and then of f — ug, each one for a time ¢, the corresponding trajectory z¢(-)
of (3.1), (3.2) has the form

we(2t) = €+ 2t f(€) + (2D () £(€) + ulf, g](€)) + o(t?), (4.35)

where [|o(t?)|| < Kp,t3, for a suitable constant Kp_. Set now
Cy :=max{||f(z)|| : x € S5\ S—s},
Cpy = max {|Df () f(2) | - @ € 55\ S},
Crg = max {[|[f,g)(z)[| : © € S5\ S},

and M; = (2Cy +2Cfy + Cyy+ Kp, ) and assume that Mt < §. Then, by putting
together (4.35), (4.34), (IS’.1), and (IS.2) we have also

M2
ds__ (xg(Zt)) <dg (&) — ut? + Kp, 13+ p—%‘*, (4.36)

where My :=2Cs + Cyqg + Kp, .

Consider now the one step method (4.2) with ¢ = 2 and set t = Nh and u :=
{@,—u}. Then let y := y(u,2Nh, h,§) be the final point of the discrete dynamical
system (4.9) after choosing @ for the first N iterations and —@ for other N. From
(4.10) we receive

lae(2Nh) — yl| < Cold. (137)
By putting together (4.36) and (4.37), we obtain now

., () < ds_, ()~ u(NR + (K, +Co) (Va2 (v,

so that
ds_,(y) < ds_, () = S(NR)?,

provided

: o 0 plp—o)
Nh 1 — a 4.38
< mm{ oMy A(Kp, +Co) \| 42 } @ (4.38)

On the other hand, we want to impose the condition ds_, (§) — 4 (Nh)? < o, which
yields ds__(y) < o and so y € S. This condition, in view of (3.11), is equivalent to

2ds(§)
L

Nh >

(4.39)

Now, in order to make (4.38) and (4.39) compatible, we impose

ds(€) _,0 _ o

2 Iz
Then, to reach S it is enough to choose N* € N and h* so that

2

2ds(&)
.

N*h* =
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where h* < h, §; < § := min {1,0, “TO‘Q} Due to the compactness of S, we finally
obtain

Ty(€) < 2N*h* =2 2di €

which is the desired estimate.
Assume now that (IS.0) holds at z. In this case (4.34) yields, for a suitable
constant Mjy
My o
ds_, (%(ﬂ) <ds_,(§) —pt+ PRl
Then the argument is analogous and simpler than the previous one. Note that in
this case the estimate on the discrete time is

Th(§) < Cds(§).

O

4.4. The discrete dynamic programming approach and convergence. Fol-
lowing the well established literature on the dynamic programming approach (see
[3], [12] and references therein) we consider the Kruzkov transformation, namely we
define

v(z)=1—e 1@, (4.40)
and recall that v is the unique bounded viscosity solution of the boundary value
problem

{v(w) +supyeguum {(-F(@,u), Vo(e))} =1 in R*\ 'S, (4.41)
v(z) =0 on S

where F(x,u) = f(x)+ Ef\il gi(x)u; (see Theorem IV.2.6 and Proposition I1.2.5 in
[2])-
We define also, for a given step size h > 0,
op(z) =1 — e Tn®@), (4.42)

where T}, () is the discretized minimum time function which was defined in (4.27).
Observe that vp(x) is the value function of a discrete optimal control problem,
namely,

Uh(ZIJ) _ min{Ai}C[_Ll]Mz Jg({Al}) for z € Ry, (4 43)
1 for x ¢ Rp, )

where
n({Aide)-1
TAD =130 = (%7 e - e Mxse(e), (444)
§=0
and xge(z) =1if z ¢ S and 0 otherwise. Following Theorem 2.3 in [3], we observe
that vy, is the unique bounded solution of the following problem:
V(z)=AV(z)) VzeR"\S
V(z)=0 Ve e S
where A(V(x)) = inf ge(_q,1ppn {e 7"V (2 + h®(z, A, h))} +1—e "
Furthermore, owing to (4.28) and Remark 4.3, there exists a constant C' such

that
Tn(z) < C+/ds(z),Vo € R.

(4.45)



DISCRETE CONTROLLABILITY, THE MINIMUM TIME FUNCTION 4311

Therefore, by Theorem 3.3 in [3], we obtain the following

Theorem 4.7. Let the assumptions of Theorem 4.2 hold and let v, vy, be defined
according to (4.40), (4.42), respectively. Then vy, — v locally uniformly in R™ and
hNp, — T locally uniformly in R.

4.5. Fully discrete scheme and error estimates. Let S C R™ be a compact
nonempty set and let the assumptions of Theorem 4.2 or of Theorem 4.6 hold
on some compact neighborhood of S, Ss. Before continuing, we observe that it is
enough to consider any one step method which has at least (k+1)-th order of conver-
gence. To make a slightly more general approach, in the sequel we always consider
a method with order higher or equal to k + 1. We will describe our results only
for the case of Theorem 4.2, since the other one requires only small modifications.
We recall that error estimates for pursuit evasion differential games, under Holder
continuity assumptions but with a first order time discretization, were obtained in
[21].

We recall that, according to Theorem 3.5, under our assumptions the minimum
time T is Holder continuous on Ss and there exists a constant C' such that

T(x) < C¥/ds(z), VreSs\S. (4.46)

This inequality implies that v(z) € C%/¥(Ss) (see, e.g., [2, Remark 1.7, p. 230]).
Moreover, the discrete minimum time function T}, is finite on S5 and satisfies

Ty(z) < C1/ds(x), Vz € Ss\S, (4.47)

provided h > 0 is small enough (see Theorem 4.2).

We consider the dynamical system (4.1) and its corresponding one step (¢+1)-th
order scheme (4.2). We make the following assumptions on the scheme to preserve
the order of the method:

(A.1) For any # € R™ and any measurable u: [0, h) — [—1,1]™ there exists a M x I
(where | depends on the chosen method) matrix A € [—1,1]™! such that

ly(h, 2z, u) = yn(h, 2, A)|| < ChI*2, (4.48)

where C is a constant, ¢ > k, and y(h, z,u) stands for the exact solution of
(4.1) following the control u and y,(h,x, A) = x + h®(z, A, h).

Conversely,

(A.2) for any matrix A € [—1,1]M!, there exists a measurable control u: [0,h) —
[~1,1]™ such that (4.48) holds.

Such assumptions are used, for example, in [14, 11]. Higher order one step methods
satisfying (4.48) for control systems of the type considered here are constructed in
[15]. The assumption (A.2) is satisfied by taking u to be piecewise constant (with
entries of A) on subsequent intervals of length h/I.

We now deal with space discretization. For convenience we recall that vy (z) =
1 — e Tn(@) ig the unique bounded solution of the problem

{vh(;v) =infge_y,1pn {e "op(z + h® (2, A,h))} +1—e"  onR™\S

vp(xz) =0 on S (4.49)

provided that h > 0 is small enough. B
Let I' = {z;: ¢ = 1,..., I} be a space grid for the domain Q C R, with Q = U, S},
such that the diameter of each cell S; corresponding to I' is less than or equal to
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Az. Let

Wk ={w: Q= R:w(-) € C(Q), Dw(x) = aj,Vx € S;,Yj}
be the class of piecewise linear functions on 2. We look for an approximate solution
of (4.49) belonging to W*. For any ¢(-) defined on €, let I} [¢](z) = ZLI Ai(A)o (),
where © = Zf Xi(A)x;, Ai(A) € [0,1], Zle Ai(A) =1 for any A € [-1,1]M!] see
[9] for more information.

Now we are going to replace (4.49) with its fully discrete version by substitut-
ing vp(x; + h®(x;, A, b)) with IL[vg](x; + h®(x;, A, h)). More precisely, in order
to construct a fully discretized minimum time function we set I'* := {z € T :
there exists a control matrix A such that  + h®(z, A,h) € Q} and consider the
problem

vp®(x) = minge_q g {e ") (x + h®(z, A b))} +1—e" ifzeT*\ S,

v (r) =0 ifzel™NS,
Vi (zr) =1 ifzel\T*.
(4.50)

Let V be a function on the grid I' and define the operator A2%[V](z) by setting,
forallz e "\ S,
A2 [V](z) = i —hrlv h®(z, A, h 1—e M
2V = _min | {e V)@ + b0 A )} +1-
By using the same arguments of Section 5.2 in [12], it not difficult to prove that
A2 is monotone, namely if V3 (x) < Va(x) for all z € T, then

ARTVi](z) < ART[Ve](2).

Moreover, A2%[.] considered componentwise is a contraction from R to R’ with
contraction coefficient e~". Therefore the fixed point problem (4.50) has indeed a
unique solution for all 0 < A < 1 and Az > 0, which we label v5*®. Notice that vS®
is computed only at the grid nodes, but it can be extended by interpolation over
the whole of 2. More precisely, from now on, for every x € ) v}?w(ac) means that

vET(x) = LR (z) if z € Q\ . (4.51)

The next results are devoted to error estimates. The first lemmas deal with the
(semi)discrete minimum time function. More precisely we will prove that ||v —

{v,?””(m) is the solution of (4.50) if z €T,

Vp|loo,0 < Ch* . We denote by [/l oo, the usual supremum norm taken on €2 and
recall that the functions n({A4;},z) and N,(x) were defined in (4.25) and (4.26),
respectively.

Lemma 4.8. Assume that (4.46) holds in a neighborhood Ss of the target S (in
particular this happens under the assumptions of Theorem 4.2), together with (A.2).
Then there exist two positive constants h and C such that

T(x) — hNp(z) < C’h%7 for any x € Q, h < h.

Proof. For any fixed x € Q, we choose a sequence of control matrices {A4;} C
[—1,1]M! such that n({A;},x) = Np(x). According to (A.2) and to the fact that
x belongs to the compact set 2, there exists a measurable control u, with u;(t) €
[~1,1]M a.e., such that

||y(hNh(a:),33,u) - yh(hNh(x)vxv {Az})ll < Céhq-‘rl-
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By choosing h < % CSL, we obtain y(hNp(z),z, {u;}) € Ss. Then due to (4.46)
we obtain the inequality

T(z) < hNy(z) + C(Cphtt )Mk,
Equivalently, T'(z) — hNp(x) < Ch*, for a suitable constant C. O

The analogous estimate for hNy(x) — T'(x) can be obtained by using (A.1) in
place of (A.2).

Lemma 4.9. Assume that (4.47) and (A.1) hold in a neighborhood Ss of the target
S. Then there exist h and C > 0 such that

hN(z) — T(z) < Ch™%, for anyz € Q, h < h.

Proof. Let u be an optimal control steering = to S and fix a discretization step
h > 0 small enough. By (A.1), there exists a sequence of control matrices {4, },
n=20,...,N < 4oo, with entries in [—1, 1] such that

Hy(T(iL’), (E,U) - yh(T(.’ﬂ),lL'7 {An})H S C<I>hq+1~

Then by choosing h < ‘”,I/C%), we obtain yp,(hNp(x),z,{A,}) € Ss. Thus by
(4.47), we receive

hNy(z) < T(z) + Ch™F
and the proof is concluded. O

In the sequel, for the sake of simplicity, we will sometimes use the same letter
for different constants. Combining Lemma 4.8 and (4.9), we obtain

\hNy(z) — T(z)| < Ch™+ (4.52)
and applying the mean value theorem, from (4.52) we obtain
lu(z) — v (z)| < Ch** . (4.53)

Remembering that C may depend on |z|, we can choose a global constant C' such
that (4.53) holds for every « € Q. Thus we obtain a uniform estimate for v, namely

g+1

lo(2) — vn(@) . < CRE". (4.54)

The following result is devoted to establishing an error estimate for the fully

discrete value function, namely an upper bound for ||v(z) — vp® (x)”oo o

Theorem 4.10. Assume that the assumptions of Lemmas 4.9 and 4.8 hold. Then
there exist suitable constants C1, Ca2, h such that for every h € (0, h]

( A 3:) 1/k

—

Proof. Recalling the semidiscrete and the fully discrete dynamic programming prin-
ciple, for any € T'\ S we have

{e "vp(z + h®(z, A h)} +1—e ", (4.55)

o= g < O 10

n(@) =

Vi (z) = Ae[i}},fuMl {e_hI%[fo](m +h®(z, A b))} +1—e (4.56)
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Let A* be an optimal control matrix in (4.55). Then for any = € T we obtain
v (z) — v (z) < e MILWRE)(x + hd®(x, A, b)) — e "oy (z 4+ hd(z, A*, b))
<e™h (|Ill (VA% (x + hd(z, A*, b)) — IE[vp](z + hd(z, A, h))‘
+ |[IE[vn](z + h®(z, A*, b)) — It [o](z + h®(z, A*, h))|
+ |IHU](I + h®(x, A", h)) —v(z + hd®(x, A*, h))|
+ |U(m + h®(z, A* b)) —vp(z + hP(x, A", h))‘)
<e M |opT — vl g + Ca(B)F 4 O

where in the last inequality we used the monotonicity of I}[-], the Hélder continuity
of v(+), and (4.54). In an entirely similar way, we also obtain

op(z) — v (z) < e " Hvﬁac —pl oo + Cih™F + Co(Az) V™.

Thus (1—e~") ||vp — v} H < Cih™w —|—C’2(Ax)1/k Since 1 —e™" = h+ O(h?),
by possibly modifying C; and C5 we receive, for all z € T,
(Ax)l/k

o = e8], p < G 4 0, B0

Therefore, for every x € €,
o (@) = on(x) < IE[oR ") (@) — It[on] (@)] + [T [on] () — Ip[o](2)]
+ R[] (2) — v(@)| + [v(z) — va(@)]
< Jon® = vnll oo+ lon = vl 0 + TE 0] (@) — v(2)]

+ |lv - Uh”oo,Q

Ax 1/k
14 Co ( h) .
Analogously, we receive the same estimate for the reversed direction, i.e.,
A 1/k
vp () — vp® ()<C’h7_1 CQ( 32) .
Thus, we have
p A 1/k
o — o], o < C1R™F 1+ cz( “"2) : (4.57)

for every = € Q. Putting together (4.54) and (4.57), we obtain the error estimate
of the fully discrete value function

( A :E)l /k
h
The proof is complete. O

g+l _q

||v(x) — v,%(x)”oo’Q <Cih v T 4 Cy

5. Design of approximate feedback controls and error estimates for the
cost function. This section is devoted to constructing (approximate) suboptimal
feedback controls, together with obtaining an error estimate for the related cost
function.
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Recall that the semidiscrete dynamic programming principle (SDDPP) was stated
in (4.49). The semidiscrete feedback is defined, for a given time discretization step
h, by picking any control matrix A (x) such that

Ap(x) € argmin ¢y qjan {e_hvh(x + h®(z, A,h))}.

We define also a sequence of control matrices Ay (y,,), where y,, is the solution of
the discrete dynamical system

Ym+l = Ym + h(p(ymaAh(ym)7h)
Yo = .

According to (A.2), there exists a measurable control uy (y,, ), corresponding to each
Ay (ym), such that

1y (R Yoms wn (Ym)) = Y (hs Yoms An(ym))l| < CRIT2.
Let S_, be a shrinking of the target S. Consider the (SDDPP) for S_,, namely

vna(@) = _inf | {e v (e +hO(@, A M)} +1-e™ vie(@) =0 on S
(5.1)

Let Ap o(Ym), Uh,o(ym) be defined as Ap(ym), un(ym) above and set
AZ”T = Apo(ym) and  uj ,(5) = uno(Ym), (5.2)
for s € [mh,(m+1)h), m=1,.... Set also
Ju,z) =1—e @2 J ({A},x) =1 — e hrne{Aiba),

where t(u, ) was defined in (2.4) and ny, , is the smallest integer n (if any) such that
yn(nh,x,{A;}) belongs to S_,. The first result of this section is concerned with an
error estimate for the cost function J(uj, ,(-), z) compared with inf,()ev J(u(-), ),
under suitable assumptions.

Proposition 5.1. Assume that there exists h > 0 such that, for 0 < h < h, (A.1),
(A.2), and the assumptions of Theorem /.2 hold, where o is chosen sufficiently
small. Then J(uj, ,(-),x) < inf,oyev J(u(-),x) + €(o,h) for every x € Q, where
e(o,h) =0, as o,h — 0.
Proof. Recall that, according to Theorem 4.2, for all z € S\ S_, we have

Tho(T) < Co = w(o), (5.3)
where k is the maximal order of Lie brackets appearing in Theorem 4.2. Let = €
Q\ S and assume there exists N € N and a sequence of control matrices {A} '},
m =1,..., N, constructed according to (5.2) such that y,(Nh,z,{A;7}) € S_,.
By the assumption (A.2), there exists a corresponding control uj, ,(-) € U such that
y(Nh,x,qu,o) € S with 0 < h < h, whence we obtain

J(ufy o (-)2) < Jno({AY T} 2) = vpo(2).
Thus

T o)) = inf J(u().2) < S ({477}, 2) - v(a)

= Up,o(2) — vp(z) + vp(z) — v(z) < €0, h),

where we used the mean value theorem and (5.3), together with (4.54). Note that
the desired estimate is trivial for any x € €2 where there does not exist any sequence
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of control matrices {A}""'} which steers z to S_, or for any z € SN Q. The proof
is complete. O

We consider now the fully discrete version of (5.1) and use it to define our ap-
proximate feedback.

Definition 5.2. Let the space mesh I', with cell diameter Ax, for the domain 2
and o > 0 and h > 0 be fixed. For each z € 0\ S_, we define the approzimate
(fully discrete) feedback AZ, ,(x), relative to Az, h and S_, by picking any

AR yn(x) € argmin gy g {6 Il"[vh o+ hd(z, A, h))} . (5.4)

As we did for the semidiscrete case, we consider the sequence of control matrices
AZm,h(ym)7 where ., is computed by

Ym+1 = Ym + h@(ym, AZx,h(ym)v h)
Yo =2x.

Again, according to (A.2), there exists a measurable control u%, ;, () correspond-

ing to A%, ;,(ym) such that

||y(ha ymWZw,h(?/m)) —yn(h, yvaJAx,h(ym))H < Cho*. (5.5)
Let
URan(8) 1= Wagn(Ym),  ARZE = Aden(Ym) (5.6)
for s € [mh,(m+1)h), m=1,...,N.

We are interested in estimating the difference between the cost J (uzgh(), x),
resp. Jh({A*AZT ,x), and the value function v(x). We prove first a preliminary
lemma, similar to Theorem 1.7 in [9)].

Lemma 5.3. Let vp%(-) and AR be defined, respectively, by (4.51) and (5.6).
Then, for every x € Q, Jno({ART3'}2) < vpt(z) + 0B where e(h, Az) =

l—e—h 7
g+1

Cih"F 1 4 B
Proof. Recall that for all 2 € T'\ S the equality
ving(2) = e M IR ] (2 + hD(2, AR, (@), h) +1 — 7"
Ax

holds. We are now interested in estimating the difference between v;7(x) and
e " IEop](z 4 h®(x, A%, (), h)) + 1 — e " for every € 2\ S. Recalling that
the dynamlc programming pr1n01ple for S_, reads as

. —h _ ,—h
UU((E)—LHGIII’JI{G Vo (y(h,z,u) +1—e "},

let
uj(x) € argmin, oy {e v, (y(h,z,u) +1—e "}
and A% € [-1,1]™! be such that
ly(h, ., wf (x)) = yn(h, x, A% (x))|| < ORI

Then we have

eI upe)(@ + h (@, AR, p(2),h) +1—e " = Uﬁi(x)

< e Mol (@ + hP(z, ARy (2), h) + 1 — 7" =0, (2) + [vg () — vie ()]
< 7hIF[vh (x4 h®(z, A%(z),h)) +1 —e " — (e v (y(h,ul,z)) +1—e ")

— ) o
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+ [vo (2) — vpg ()]

< e "IE[upgl(@ + hd(x, AL (x), b)) — It[ve)(x + h®(x, A% (), h))]
+ I [ve](z + h®(x, AL (x), h)) — v (x + h®(x, AL(x),h))]
+ [vg (@ + h (2, A7 (2), h) = v (y(h, ug, 2))| + [vo(2) = vig(2)]

A 1/k
<ORFT L=
Therefore, for every z € Q\ S we obtain
Axl/k
_hIF[Uh U](x + hq)(xaAZa:7h(x)7 h)) +1- 6_ - vh 0’( ) < Clh 02 h
or equivalently
h A h (1+1 A.'L'l/k
L e < i) — MR+ (e, AR, (2), 1) + R S
(5. 7)

By multiplying both sides of (5.7) by e~™" and taking = = y,,, we obtain
e (1—e ™) < e (0 (ym)—e T IHURE (g +h D (ym, ARTR) ) e e(h, Ac).

Let N be the minimum number of steps to reach S_ ;1) by {%m }. Then, by summing
over m, we obtain
N—-1

S e < 3 e (0t (ym) — ¢ M IHORE (U + WPy, ARTH 1))

m=0 m=0
N-1

+e(h, Ax) Z e M,

m=0

After simplifying, the proof is complete. O

Now we are ready to state and prove the main result of this section. It shows
that the feedback defined by (5.4) through numerical approximation is suboptimal.
For the sake of clarity, we choose Az = h9*! and set v := % —1(>0).
Theorem 5.4. Let the assumptions of Proposition 5.1 hold. Then, for every x € (Q,

J(UZZ h(')v CC) < inf J(U()7 l‘) + R(G7 h)a
’ u(-)eU

moreover,

B{ARTRY @) < inf J(u().2) + R(o.h),

where R(o,h) = C(%;h + w(a)), C being a suitable constant, and uZ;h(),
{Az\g;’f} and w(o) are defined according to (5.6), (5.3), respectively.
Proof. From (4.57) we obtain

HUA’” —up "Hoo . C'nY,

whence, recalling Lemma 5.3 we have

e(h, Az) ChY

Tno({ARTT ) ) = vno(z) < v (2) + T oh Vo (x) < =

If { AR} does not steer = to S_, through {y.,}, then Jy, - ({Ax7 7'}, 2) = 1. Thus
J(qu,h() x) < Jno({AR7)'}x). Otherwise, let N* be the minimum number

(5.8)
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of steps to reach S_, by {ym}. By the assumption (A.2), there exists a control
uy; () € U such that y(hN*,z,uy7 ;) € S for 0 < h < h small enough, and so
J(uxy n()s2) < Jno({Axe '} ). Therefore

TR 0)w) = inf T(u(),2) € Do (AXT] ) 2) = o(a)

= Jno({AXT '} %) = Uno (@) + Vho(7) — vn(2)
+ v (z) — v(z)
< R(a, h),

(5.9)
where the last inequality is due to (5.8) and the mean value theorem, together with
(5.3), and (4.54) as in the proof of Proposition 5.1. To prove Jy({AxX7 '}, @) <
inf,(yev J(u(-), z) + R(o, h), we just remark that Jh({AXg:ZL ) < Jnoe({ART TS
x), then by following the same procedure as (5.9) the proof is concluded. O

6. Examples. This section is devoted to showing the output of an implementation
of our scheme to two examples where the minimum time function is not Lipschitz.
The papers [17, 18] contain several cases — including the two ones we are going to
describe — where the assumptions of Theorem 3.5 are satisfied. Since in our examples
the target is smooth, the assumptions of Theorem 3.7, on which all results of the
Sections 4.5 and 5 devoted to algorithms are based, are satisfied as well.

The simplest example where our method applies is the well known double inte-
grator, & = u, |u| < 1. It is well known that the minimum time to reach the origin
subject to this dynamics is Holder continuous with exponent 1/2 on the whole of
R2. Our method applies when the target satisfies the assumptions of Theorem 4.6.
In the second example contained in [17, Section 6], it is shown that such assump-
tions are satisfied (with k = 2) if the target is a ball centered at the origin with any
radius r small enough. The following figures show the discrete trajectories obtained
via the numerical feedback (Figure 1) and the graph of the value function (after
Kruzkov transformation, Figure 2). The computed trajectories agree with the theo-
retical computations which can be made through Pontryagin’s Maximum Principle.
In particular, the two optimal trajectories which reach the target tangentially are
correct.

The second example is bilinear and is taken from [18, Example 5.19], up to the
factor 1/8 in place of 1073. The dynamics is

j31 :—%—Jfgu
{, 1 6.)

To = ZL 4 2xu,

where |u| < 1, and the target is the unit ball. In [18] the authors prove that the
assumptions of Theorem 4.6 are satisfied with £ = 2. To be more precise, it is not
difficult to prove that the first order condition (IS.0) is satisfied in the complement of
the union of two strips centered at the axes, while in the two strips the second order
conditions (IS’.1) and (IS.2) hold. The following figures are the analogues of Figures
1 and 2 for the dynamics (6.1). Observe that if the initial point is close enough to
the target, the estimated optimal trajectory is a “bang” one, while otherwise the
estimated trajectory has some switchings. The plot of the value function reveals
that the time to reach the target is rapidly decreasing. This is not surprising,
since the minimum time function, due to the second order controllability condition,
is majorized only by the square root of the distance to the target. Equivalently,
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FIGURE 1. Double integrator: computed optimal trajectories (ra-
dius of the target r = 0.1, h = 0.025, Ax = 0.02, 3rd order Runge-
Kutta scheme. Only trajectories issuing from the two horizontal
segments are shown.

FIGURE 2. Double integrator: graph of the value function, same
parameters as in Figure 1.

approaching to the target is very slow (like a sailor which has to beat to windward
and therefore proceeds slowly in the desired direction).

Acknowledgments. The authors are indebted with M. Falcone for really many
useful discussions.
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