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MINIMAL TIME NONLINEAR CONTROL VIA SEMI-INFINITE PROGRAMMING

ANTOINE OUSTRY!2, MATTEO TACCHI?*

Abstract. We address the problem of computing a control for a time-dependent nonlinear system to reach a target set in a
minimal time. To solve this minimal time control problem, we introduce a hierarchy of linear semi-infinite programs, the values
of which converge to the value of the control problem. These semi-infinite programs are increasing restrictions of the dual of the
nonlinear control problem, which is a maximization problem over the subsolutions of the Hamilton-Jacobi-Bellman (HJB) equation.
Our approach is compatible with generic dynamical systems and state constraints. Specifically, we use an oracle that, for a given
differentiable function, returns a point at which the function violates the HJB inequality. We solve the semi-infinite programs using
a classical convex optimization algorithm with a convergence rate of O(%), where k is the number of calls to the oracle. This
algorithm yields subsolutions of the HJB equation that approximate the value function and provide a lower bound on the optimal
time. We study the closed-loop control built on the obtained approximate value functions, and we give theoretical guarantees
on its performance depending on the approximation error for the value function. We show promising numerical results for three
non-polynomial systems with up to 6 state variables and 5 control variables.

Key words. Nonlinear control, Minimal time control, Weak formulation, Semi-infinite programming.

1. Introduction.

1.1. Motivation and related works. This paper deals with the control of a deterministic dynamical
system to reach a target set in a minimal time. We consider a general case of a time-dependent nonlinear system
under nonlinear state constraints. Several applications in various fields, such as robotics [22], aerospace [38],
maritime routing [30] or medicine [42], can be formulated as minimal time control problems. Minimal time
control, also known as time optimal control, can be seen as a special case of the general framework of Optimal
Control Problems (OCP). Solving an OCP for such generic dynamics and constraints is a difficult challenge,
although deep theoretical tools are available such as the Pontryagin Maximum Principle (PMP) [8, 13, 35]
and the Hamilton-Jacobi-Bellman (HJB) equation [14, 15]. Those theoretical tools, initially developed in the
unconstrained setting, have been extended to the case of state constraints [10, 37]. From an numerical point of
view, the multiple shooting techniques [34, 41] are based on the PMP, and reduce to the solution of a two-point
boundary value problem. The direct methods reduce to the solution a nonlinear programming problem after
discretizing the time space, or parameterizing the control u(¢) in a finite dimensional subspace [38, 41]. The
celebrated Model Predictive Control (MPC) approach belongs to the category of direct methods [9]. Another
approach is to compute the value function of the problem as a maximal subsolution of the HJB equation [40].
This approach is related to the weak formulation of the OCP, which is an infinite dimensional linear program
(LP) involving occupation measures. The dual problem of this LP is exactly the problem of finding a maximal
subsolution of the HIB equation [20, 26]. In [19, 26], the Moment Sum-of-Squares (SoS) hierarchy is used to
approximate the solution of the resulting infinite dimensional LPs, in the case where the dynamics and the
constraints of the OCP are defined by polynomials. The convergence rate of this numerical scheme is studied
in [25] for infinite-time discounted polynomial control problems. Still in the context of polynomial control
problems, a work [23] based on the dual LP and the SoS hierarchy also studies the design of a closed-loop
controller based on the approximate value function that is computed. In [5], an extension of the SoS hierarchy
based on Kernel methods is employed to extend this computation to general nonlinear system. Regarding the
methods specifically dedicated to time-optimal control, we find the same categories: direct methods such as
MPC [39], indirect methods based on the PMP and the bang-bang property [28, 31] or methods based on convex
optimization [27].

1.2. Contribution. In this paper, we focus on the problem of computing a control to reach a target set
in a minimal time. We follow the line of works that use convex optimization to solve the dual problem of the
nonlinear control problem, over the subsolutions of the HJB equation [19, 20, 25, 26, 40]. In contrast to several
works using the Moment-SoS hierarchy [23, 25, 26, 33, 36], the dynamical system and the state constraints
considered here are generic and, in particular, are not assumed to be defined by polynomials. Instead of using
polynomial optimization theory and the associated positivity certificates, our approach relies on the existence of
a separation oracle capable of returning, for a given differentiable function V, a point (¢, ) where the function
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V does not satisfy the HJB inequality. Such an oracle can be provided by a global optimization solver or by
a sampling scheme in a black-box optimization approach. In particular, our approach is compatible with the
sampled-data control paradigm [5, 8, 24]. Our contribution is manifold

e We introduce a hierarchy of linear semi-infinite programs, the values of which converge to the value of the
control problem. After regularization, we solve these semi-infinite programs using a classical algorithm
with a convergence rate in O(%), where k is the number of calls to the oracle. This yields subsolutions
of the HJB equation that lower-approximate the value function and provide a certified lower bound on
the minimum time.

e It is known that one can leverage any function V(¢,z) approximating the value function, to design
a closed-loop, i.e., feedback controller [18, 23]. In this paper, we study the existence of trajectories
generated by such a controller.

e We study the performance of such a closed-loop controller, depending on how well V' (¢, z) approximates
the value function, in a way distinct from the analysis in [23]. In particular, this novel analysis enables
us to give a sufficient condition for the closed-loop controller to effectively generate a trajectory reaching
the target set within the considered time horizon.

e We perform numerical experiments on three non-polynomial controlled systems and compute lower and
upper bounds on the minimum time.

1.3. Mathematical notation. For any p € N*, and k¥ € N U {00}, we denote by C*(RP) = C*(RP,R)
the vector space of real-valued functions with k continuous derivatives over RP. For a given set A C RP, for
any function f € C*(RP), we denote by fia the restriction of f on Aj; moreover, we define the vector space
CHM(RP|A) = {fia: [ € C*¥(RP)} of restrictions on A of C* functions. For any locally Lipschitz function f,
we denote by 9°f its Clarke subdifferential [12], to be distinguished from 9,,g, the partial derivative of a
differentiable function g with respect to x;.

For any two Lebesgue integrable functions f,g € L'(RP), we define the convolution product f g = g* f as
f*g(x) = [z, f(x)g(x —h)dh. We emphasize that this convolution product is also well defined if f is supported
on a compact set, and g is locally integrable. We denote by R[z1,...x,] the vector space of real multivariate
polynomials with variables x1,...,z,, and Ry[z1,...x,] the vector space of such real multivariate polynomials
with degree at most d.

For any set A C RP, we write conv(A) for the convex hull of the set A. For any nonempty set A, and any
x € RP, we denote d(x, A) = inf,ca||x — al|2 the distance between the set A and the point z. We also define the
contingent cone to A at x € A, denoted T4 (x) as the set of directions d € RP, such that there exist a sequence
(ty) € er, and a sequence (d) € (RP)N, satisfying ¢, — 0, dy — d, and = +td}, € A, for all k € N. Finally, we
say that a property P holds “almost everywhere” (a.e.) on A, or equivalently “for almost all z € A”, to denote
that there exists a set N of Lebesgue measure zero such that the property P holds for all z € A\ N.

2. Problem statement and Linear Programming formulations.

2.1. Definition of the minimal time control problem. Let n and m be nonzero integers. We consider
on R” the control system

(2.1) L(t) = f(t z(t), u(t)),

where f: R xR™ x R™ — R™ is Lipschitz continuous, and where the controls are bounded measurable functions,
defined on intervals [tg, t1] C [0,7T], and taking their values in a compact set U of R™. Let X and K C X be
compact sets of R” and zg € R. For tg,t; > 0, a control « is said admissible on [to,t1] whenever the solution
z(.) of (2.1), such that z(tg) = xo, is well defined on [ty, ;] and satisfies the constraints

(2.2) (z(t),u(t)) €e X xU, a.e.on [ty,t1],
and satisfies the terminal state constraint
(2.3) x(t1) € K.

We denote by U(tg, t1,xo) the set of admissible controls on [tg, 1]. We consider the question of the minimal time
problem from z( to K,

2.4 Vi(to,z0) =  inf £ —to.
(2.4) (to, wo) ot it
u(-)EU(to,t1,x0)
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This is a particular case of the OCP with free final time [26], associated with the cost f;l 0(t, x(t), u(t))dt for
L(t,x(t),u(t)) = 1. The function V* is called the value function of this minimal time control problem: this
describes the smallest time to reach the target set K, starting from x( at time .

AssuMPTION 1. For any (¢t,z) € [0,T] x X, the set f(t,z,U) is conve.
We underline that we do not have any convexity assumption on the constraint set X and on the target set K.

REMARK 1. Ewven if the dynamical system of interest does not satisfy Assumption 1, we can apply the present
analysis to the convezified inclusion x(t) € conv f(t,x(t),U). According to the Filippov-Wazewski relaxzation
Theorem [2, Th. 10.4.4], the trajectories of the original control problem are dense in the set of trajectories of
the convezified inclusion. The trajectories of the convezified inclusion may be seen as the limit of chattering
trajectories, i.e., when the control oscillates infinitely fast and where the constraint set is infinitesimally dilated.

THEOREM 2.1. Under Assumption 1, the minimal time control problem (2.1)-(2.4) associated with a starting
point (to,xo) € [0,T] x X is either infeasible or admits an optimal trajectory.

Proof. We consider the case where a feasible trajectory exists. This is a direct application of [40, Th. 2.1],
which, among others, characterizes the existence of an optimal trajectory for a control problem over a differential
inclusion. To emphasize the correspondence with the notation of [40], we highlight that we apply the theorem
with: the running cost function £(¢,z,p) = 1, the terminal cost function g(t,z) = 0, the set-valued map
F(t,z) = f(t,z,U), the constraint set A = [0,7] x X and the target set C = [0,T] x K. We underline that the
assumptions (H1)-(H5) in [40] are satisfied here; more precisely, we highlight that our Assumption 1 enforces
(H2) and the hypothesis that a feasible trajectory exists enforces (H4). |

2.2. Hamilton-Jacobi-Bellman equation and subsolutions. In optimal control theory, a well-known
sufficient condition for a function V' to be the value function V* is to satisfy the Hamilton-Jacobi-Bellman (HJB)
Partial Differential Equation (PDE). This PDE may be seen as a continuous time generalization of Bellman’s
dynamic programming optimality principle in discrete time [4]. In our minimal time control setting, the HJB
PDE reads

(2.5) @V@xyugyi+vgdu@Tﬂumm}:a Y(t,x) €[0,T] x X
(2.6) V(t,z) =0, V(t,z)€[0,T] x K.

In general, differentiable solutions of this PDE may not exist, so the concept of viscosity solutions is typically
used [14]. Another approach to get around the lack of a differentiable solution to the HIJB PDE consists in
leveraging the concept of subsolutions [40], i.e., functions V € C1(R"+!) satisfying the following inequalities:

(2.7) aV(t,x)+ Hlellljl{l + V. V(t,2) f(t,z,u)} >0, Y(tz)e[0,T]xX
(2.8) V(t,z) <0, VY(t,z)€[0,T] x K.

The following lemma states that any subsolution of the HJB PDE is an under-approximation of the value
function.

LEMMA 2.2. For any V € CY(R"1) satisfying Eqs. (2.7)-(2.8), the following holds:

V(t,x) < V*(t,z), Y(t,z)e[0,T]x X.

Proof. We take any (¢t,z) € [0,7] x X and we consider that V*(¢,2) < oo, since the case V*(t,z) = oo
is trivial. Hence, according to Th. 2.1, there exists an admissible control u(-) € U(t,t1,x) for ¢1 € [t,T] such
that V*(¢t,z) = t; — t, and an associate trajectory Z(t) such that Z(t) = = and Z(t;) € K. We observe
that L[V (t,Z(t))] = 0,V (t,2(t)) + V. V(t,2(t)) " f(t,z(t),u(t)) > —1 ae. on [t,t1], the inequality holding
since V satisfies Eq. (2.7). By integration, we observe that V(¢1,z(¢1)) — V(t,z) >t —t1 = —V*(t,x), i.e.,
V(t1,Z(t1)) + V*(t,z) > V(t,z). As V satisfies Eq. (2.8) and as Z(t1) € K, we observe that 0 > V(¢1,Z(¢1)),
and therefore V*(¢t,z) > V (¢, x). 0

2.3. Infinite dimensional Linear Programming formulations. In the rest of the paper, we consider
a given point xy € X, and we raise the issue of computing the minimal time from zg to K and the associated
control. We make the following assumption:



ASSUMPTION 2. There exists an admissible control u € U(0,t1,x0) associated with t; € [0,T]. In other
words, V*(0,x9) < t1 < o0.

We consider the optimization problem of finding the subsolution of the HIB PDE that maximizes the evaluation
in (0,z¢). This problem may be cast as an infinite dimensional linear program:

sup  V(0,z)
VeF
(DF) st. OV(La)+1+V,V(ta) ft,xu) >0 Y(t,a,u)€[0,T] x X xU

V(t,z) <0 v(t,x) € [0,T] x K,

with F € {CY(R"*1), C®°(R"1), R[t,x1,...,2,]}. Foragiven V € F, the feasibility in (D) is clearly equivalent
to the satisfaction of Eqgs. (2.7)-(2.8). We also note that this infinite dimensional LP formulation corresponds
to the dual LP formulation in [26]; in fact, this is the dual problem of an infinite dimensional LP formulation
of the control problem based on occupation measures. According to the next theorem, the problem (Dx) on C*
functions has the same value as the minimal time control problem.

THEOREM 2.3. Under Assumption 1 and Assumption 2, and for F = C*(R"Y), the value of the LP for-
mulation (Dr) equals V*(0, xo).

Proof. As for the proof of Th. 2.1, this is a direct application of [40, Th. 2.1], which also states the absence of
duality gap between a control problem over a differential inclusion and a maximization problem over subsolutions
of the HJB equation. We underline that the assumptions (H1)-(H5) in [40] are satisfied here; more precisely, our
Assumption 1 enforces (H2) and our Assumption 2 enforces (H4). d

Theorem 2.5 extends this result by stating that we can require the subsolutions of the HJB equation to be in
C°(R™"1), while preserving the value of (Dz). Before stating this theorem, we introduce an auxiliary lemma.

LEMMA 2.4. For any V € CY(R"1Y) satisfying Eqs. (2.7)-(2.8) with feasibility error less or equal than n > 0,
V(t,z) +n(t —1—T) satisfies Egs. (2.7)-(2.8).

_l’_
Vo V(t,x)" f(t,z,u) > —n, for all (t,z,u) € [0,T] x X x U. By linearity, and since 0;(t — 1 — T) nd

Proof. We introduce V (t,x) = V(t,z) +n(t — 1 — T). By assumption on V (t,z), we have 9,V (t,z) + 1
1
Vot —=1-=T)=0,0V(t,x) +1+V,V(t,x)" f(t,2,u) > 0. By assumption on V(t,z), we have V(t,z) < n, f

<
all (t,z) € [0,T] x K. Hence, V(t,z) <n+nt—1-T)<n+nT —1-T) =0 for all (t,z) € [0,T] x K. I:I

THEOREM 2.5. Under Assumption 1 and Assumption 2, and for F = C*>(R"*1), the value of the LP
formulation (Dr) equals V*(0,x0).

Proof. We consider F = C°°(R"*!) and we use the notation Y to denote the compact set [0,7] x X.
We fix € > 0, and we will prove that there exists V' € C°°(R"*!) that is feasible in (Dx) and such that
V(0,2¢) > V*(0,79) — €. According to Th. 2.3, there exists V; € C1(R"*!) that is feasible in (D) and such
that V1(0,20) > V*(0,2¢)— §. For any o € (0, 1], we introduce the mollified function Vi, = Vi*¢, € C™ (R™+1),
ce Ty < 1
0 if flyll =1
given constant £ > 0 such that [,,,, w(y)dy = 1. Hence, a simple change of variable shows that [,.,, ws(y)dy =
1. We also underline that w, is non-negative and supported on the ball B(0,0). For any y = (t,z) € Y and any
o € (0,1], we have that [Vi(y) = Vie(y)| = [Vi(y) = [0 o) Vily—h)we (R)dh| = | [ (Vi(y) = Vi(y—h))we (h)dh|
as fB 0.0) wy(h)dh = 1. We denote by Ly an upper bound for the continuous function ||[VVi(y)||2 over the
compact set ¥ = {y € R**1: d(y,Y) < 1}, which is a Lipschitz constant for the function V;. We deduce, by
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where w, is the standard mollifier defined as w, (y) = —rw(y/o), where w(y) =



triangular inequality and non-negativity of w, that for any y € Y,

(2.9) Vato) = Vio o] < | o, 1) = Vil = s (1)
(2.10) < /B(OJ) Ly ||Bllwo (h)dh

(2.11) <ivo [ (070)||h/o||w<h/a>0§+ldh
(2.12) < LVU/( Vit

constant, denoted Z.

By property of the mollifiers [21], we have 0;Vi,(y) = 0;(V1 * wy) = (0;V1 % w,) for any i € {t,x1,...,2pn}.
Therefore, 0,V1,(y) = fB(O,a) O Vi(y — h)wy(h)dh and V. Vi, (y) = fB(O,U) V:Vi(y — h)wy(h)dh. Using the
equality fB(O o) wo(h)dh = 1, we deduce that for any y € Y,

(2.13) 0Vie(y) + 14 (VaVie ) f(y,u) = /B o )(atvl(y —h)+ 14 (VaVily — 1) " £y, u))we (h)dh
(2.14) = /B(O )(8tV1(y —h) + 14 (VaVily — 1) " f(y — h,uw))wy (h)dh

(2.15) 4 /B o, TV = DT = S ) ()

We compute lower bounds for the two terms of the sum. We start with the second term: using Cauchy-Schwarz
inequality, we notice that fB(o,a) Vo Vily —h) T (f(y,u) — f(y — h,u))we (h)dh > — fB(O’U)HVl(y =S (y,u) —
f(y = h,u)||ws(h)dh. Noticing that ||V, Vi(y — h)|| < Ly, since y — h € Y for any h € B(0,0) C B(0,1), and
introducing the Lipschitz constant Ly for f, we have

(2.16) /B(O Vil ) (00 Sy b ()i > —LVLf/ |llwy (R)dh = —Ly L.

0,0

We define n = ﬁ We introduce the compact set Z = [0,7] x X x U and the family of compact sets
Zs = {2z € RN : d(2,Z) < §} for 6 € (0,1]. For any z = (y,u) € Z;, we introduce ¥(z) = 9;Vi(y) + 1 +
(VaVi(y)) T f(y,u). The function 1(2) is continuous and according to Lemma A.1, there exists oy > 0 such that
min.cz, 1 (z) > min.cz 1 (z) — 4 for any o € (0, 01]. By feasibility of V1 in (D), we know that min.cz ¢ (z) > 0,
which yields that t(z) > —Z for any z € Z,,. We deduce that

_ P _ N o —
e [ @ L (k) btz [ S (dh =~

since (y — h,u) € Z, for any h € B(0,0). Combining the decomposition of Egs. (2.13)-(2.15), with the lower
bounds of Eq. (2.16) and (2.17), we deduce that

n
2)’
for any (y,u) = (t,z,u) € [0,T] x X xU and o € (0,01]. We define & = min{oy, ﬁ, iz} From Eq. (2.12)
and Eq. (2.18), we deduce that

(2.18) Vie(y) + 1+ (VaVie(y) " fly,u) > —(Lv Lo +

(2.19) Vis(0,20) > V4 (0,20) — 1 > V*(0,20) — % _
(2.20) Vis(t,z) < Vi(t,z)+n<mn, V(tz)el0,T]x K
(2.21) OVis(t, ) + 14+ Vo Vig(t,x) f(t,z,u) > —n, Y(t,z,u) €[0,T] x X x U.

From Lemma 2.4, we deduce that V(t,z) = Viz(t,z) + n(t — 1 —T) € C®(R"*!) is feasible in (Dz). From
Eq. (2.19), we deduce that V (0, 20) > V*(0,z9) —§—n—(1+7)n, and by definition of n, V' (0, z¢) > V*(0,2¢) —e.0
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The next theorem underlies the convergence proof of the hierarchy of semi-infinite problems in Sect. 3: if we
restrict to polynomials HJB subsolutions, the value of the problem (D z) remains unchanged.

THEOREM 2.6. Under Assumption 1 and Assumption 2, and for F = R[t,x1,...,x,], the value of the LP
formulation (Dr) equals V*(0,x0).

Proof. We consider F = R[t,z1,...,2,]. For a given € > 0, and we will prove that there exists V €
R[t, 21, ..., z,] that is feasible in (D) and such that V(0,zq) > V*(0,z) —e. According to Th. 2.5, there exists
a function Q € C°°(R"!) which is a subsolution of the HJB equation and such that Q(0,z¢) > V*(0,z0)—5. We
notice that @ has a locally Lipschitz gradient. Therefore, we can apply Lemma A.2. This yields, in particular,
that for any v > 0, there exists a polynomial w € R[t,z1,...,2,] such that for all (¢,z) € [0,T] x X, |w(y) —
w(y)| < vand |Qw(t,z) — 0V (t,z)| <wv,i € {t,x1,...,vn}. We deduce that |9;Q(t,7) +V,.Q(t,x) " f(t,z,u)—
6tw(t7 l‘) + vﬂlw(tv x)Tf(t’ €, u)l < |8tQ(t> J)) - atw(t’ Jf)l + Z?:l ‘8$1Q(t7 l‘) - 8$iw(t7 x)‘Ml < V(l + E?:l Mi)7
where M; = max(; gz u)ejo,7xx xv | fi(t, 7, u)|. Therefore, we observe that for all (¢, z,u) € [0,T] x X x U,

n

(2.22) Opw(t, x) + 14 Vaw(t,z) " f(t,z,u) > 0,Q(t,x) + 1+ Vo Q(t,2) T f(t,x,u) — v(1+ Y M;)
i=1
(2.23) > —v(1+ > M),
i=1
as @ is a subsolution of the HJB equation. In summary, for v =n(1+ >, M;)~! <n,
(2.24) w(0,20) > Q(0,20) — 1 > V*(0,20) — % p
(2.25) w(t,z) < Qt,z) +n <1, ¥(t,z) € [0,T] x K
(2.26) orw(t,z) + 1+ Vew(t,z) " f(t,x,u) > —n, Y(t,z,u) € [0,T] x X x U,

the last inequality following from Eq. (2.23). Based on Egs. (2.25)-(2.26) and Lemma 2.4, we notice that the
polynomial V(t,z) = w(t,z) + n(t — T — 1) € R[t,x1,...,x,] is feasible in the problem (Dr). Having defined
= 3773y, Ve see, based on Eq. (2.24), that it satisfies V' (0,29) > V*(0,20) = § —n—n(T +1) = V*(0,2) —eO

3. Convex semi-infinite programming to compute near-optimal subsolutions. For F being ei-
ther CY(R"*1), C°(R"Y), or R[t,x1,...,2,]}, the linear program (D) is infinite dimensional, and thus, not
tractable as it stands. Therefore, we next present a hierarchy of convex SIP problems that are solvable with a
dedicated algorithm, to compute subsolutions to the HJB equation that are near optimal in the problem (Dx).

3.1. A hierarchy of linear semi-infinite programs. Instead of having an optimization space F that is

infinite dimensional, we suggest to restrict to the finite dimensional subspaces Ry[t, z1,...,x,] of polynomials
of degree bounded by d. This restricted dual problem is:
sup V(0, 20)
VERy[t,z1,...,xn]
(Ra) st. OV (La)+1+VoV(ta) T f(t,z,u) >0 Y(t,zu) €[0,T]x X x U
Vit,z) <0 V(t,z) € [0,T] x K.

In the rest of the paper, we will denote by N the dimension of the vector space Ry[t, 1, ..,z,] and ®(¢,z) € RV
a basis of this space. For both objects, there is indeed a dependence of d, that is implicit here for readability

reasons. For any V' € Ry[t, z1,...,x,], we introduce the vector 8 of the coordinates of V' in the basis ®. Hence,
we have the relation
(3.1) V(t,z) =0T ®(t,z) € Ry[t,x1, ..., z,].

Expressing problem (R,;) as an optimization problem over the vector of coefficients, it appears clearly that this
is a linear semi-infinite program.

PROPOSITION 3.1. For d € N*, problem (R,) is a linear semi-infinite program, i.e, a linear program with a
finite number of variables and an infinite number of constraints. More precisely, there exist a vector ¢ € RN,
and a compact set ) C RN such that (R,) reads

sup c'f
(SIP) 0ERN
st. a'd+b<0 Y(a,b) € V.
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Proof. We define the vector ¢ = ®(0, ), and the compact sets

(3.2) Vi ={(=0,®(t,z) — Vo ®(t,z) " f(t,z,u),—1),(t,z,u) €[0,T] x X x U}
. Yo = {(®(¢,2),0), (t,z) € [0,T] x K}
(3.4) Y=Y1UMls.

We see that for any Vp(t,z) = 0T ®(t,x) € Ry[t,x1,...,2,], Vo(0,20) = ¢ 0, and Vp(t, ) is feasible in (R2,) if
and only if "+ b <0, for all (a,b) € V. d

We will see in the next section how to efficiently solve those semi-infinite programs. Prior to that, we state the
convergence of this hierarchy of semi-infinite programs.

THEOREM 3.2. The sequence val(Rg) converges to V*(0,zo) when d — oo.

Proof. On the one hand, we introduce the notation vy = val(R;). This sequence is obviously an increasing
sequence, bounded above by V*(0,z(). Hence, it converges to a value ¢, and any subsequence converges to ¢ <
V*(0,20). On the other hand, Th. 2.6 guarantees that there exists a sequence of polynomials wy, € R[t, x1, ..., Ty
that are feasible in (Dz) and such that wy(0,z9) =, V*(0,20). By definition, we have vg, > wy(0,z¢), where
di = deg(wg). Up to the extraction of a subsequence of (wy), we can assume that the sequence dj, increasing,
therefore (vg, )ken is a subsequence of (vg)gen. As vg, — £ and wg(0,29) = V*(0,20), we deduce that
£ > V*(0,z0), which yields the equality £ = V*(0, o). 0

3.2. Regularization and solution of the semi-infinite programs. We introduce a quadratic regular-
ization in the semi-infinite program (S1P), yielding the following formulation depending on p € Ry :

max c¢' 6 — 4|6
(SIP,) 0ERN
st. a’@+b<0 VY(a,b) €.

PROPOSITION 3.3. For any p > 0, the semi-infinite program (SIP,) has a unique optimal solution with
value val(SIP,) < V*(0,zq). Moreover, val(SIP,) e val(STP).
n—

Proof. The feasible set of (SIP,) being convex, and the objective function being strongly concave, this
optimization problem admits a unique maximum 6. By definition, val(SIP,) =c"0—£|0[* < ¢"6 < val(SIP),
since 6 is also feasible in the maximization problem (S7P). Additionally, val(STP) < V*(0,z), since any
function V feasible in (R;) satisfies V' (0,z0) < V*(0,z0). We also notice that the function p — val(SIP,) is
decreasing, so it admits a limit £ at 0", due to the aforementioned inequalities, £ < val(SIP). For any u,e > 0,
if we take 6, an e-optimal solution in the problem (SIP), we see that val(SIP) —e— £||6[|* < ¢T6. — |6 <
val(SIP,). For a fixed ¢, and taking ;o — 0", we obtain val(SIP) — e < ¢. This being true for any ¢ > 0, we
deduce that val(SIP) < ¢, which proves the equality. d

Setting the regularization parameter y in practice implies a trade-off between the computational tractability of
the semi-infinite program (SIP,,) and the accuracy of the approximation of the original problem (SIP). To
solve the formulation (SIP,), we propose to use a standard algorithm for convex semi-infinite programming,
called cutting-plane (CP) algorithm [11]. To that extent, we assume to have an separation oracle computing,
for any 6 € RV,

3.5 6) = 70+,
(3.5) o(0) Jnax a

and an associate argmaximum. Solving the optimization problem in Eq. (3.5) may be computationally intensive,
since the compact set ) may not be convex. Therefore, we only assume to have an oracle with relative optimality
gap § € [0,1) computing (a,b) € Y, such that ¢(0) — (a’ 0+ b) < &|¢(0)|. We treat this oracle as a black box,
regardless of its implementation, via global optimization, gridding, interval arithmetics or sampling for instance.
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Algorithm 3.1 Cutting-plane algorithm for (SIP,)
Input: An oracle with parameter 6 € [0,1), a tolerance € € R, a finite set Y° C YV, k + 0

0: while true do
1: Compute 6%, the solution of the convex Quadratic Programming problem

max c'60 — 5[0
9ERN

(3.6) st. a'0+b<0 V(a,b)e Y.
Call the oracle to compute (a*,b*) an approximate solution of (3.5) with relative optimality gap 6.
if (a*)T0% +b* < ¢ then
Return #%.
else
YR Yk U {(aF, bE))
k+—k+1
end if

end while

Before stating the termination and the convergence of Algorithm 3.1, we introduce the vector § € RN of
coordinates of the polynomial o(t,2) = t — 1 — T in the basis ®(¢,z), and we notice that this element helps
obtaining feasible solutions since d)(é) = —1: Due to Lemma 2.4, we observe that if # has a feasibility error less
or equal than n > 0 in (STP) and (SIP,,) then, 0 +nd is feasible in (S1P) and (SIP,). For any p > 0, we define
the convex and compact set X, = {§ € RN:cT — £]0]> > ¢"0 — £]|0]|?}, and we define R, = supge, [10]-
Finally, we define the function r,(e) = e(1 + T + uR2(1 + §)). Note that r,(e) =, 0

—0

THEOREM 3.4. If € > 0, Algorithm 3.1 stops after a finite number K of iterations, and 0% + 1i5é s a
feasible and r,(1%5)-optimal in (SIP,). If € = 0, the alternative holds: (a) Algorithm 3.1 either stops after a
finite number of iterations, and the last iterate is the optimal solution of (SIP,), (b) Or it generates an infinite

sequence, and the optimality gap and the feasibility error converge towards zero with an asymptotic rate in O(%)

Proof. First of all, we notice that during the execution of Algorithm 3.1, we necessarily have 0% € X,,, since
0 is a feasible solution in (3.6) with value ¢ 6 — %Hé”z, therefore by optimality of 6 in (3.6), ¢ 6% — L||6"|]> >
cTo— %HéHQ The finite convergence of Algorithm 3.1 if € > 0, and the convergence rate in the case € = 0 (if
no finite convergence) follows from [32, Th.1.1-1.2] (which is an extension of [11]) : we apply these theorems to
the problem (SIP,) with the additional constraint § € X,,. As previously explained, this additional constraint
does not change the execution of the algorithm, but it enables us to satisfy the compactness assumption of [32,
Th.1.1-1.2]. We also note that the objective function is u-strongly concave, and that 6 X, is a strictly feasible
point with respect to the semi-infinite constraints.

We finish the proof by showing that if Algorithm 3.1 stops at iteration K, then § = 6% + - (sé is feasible
and 7, (755 )-optimal in (SIP,). If Algorithm 3.1 stops at iteration K, this means that (a®)T6% + bX < e If
$(6%) < 0, then ¥ is feasible in (STP,), and so is 6 due to Lemma 2.4. If ¢(§%) > 0, then by property of
the d-oracle, (1 — §)p(6%) < (a®) 70X + bE < ¢, and we deduce that the feasibility error is ¢(0%) < <. With

1-6°
Lemma 2.4, we deduce that @ is feasible in (SIP,). We also note that

Tg_Fygnz_ Tox € T Hygx € 52
(3.7 c'f 2||0|| c 0 +1_500 2H9 +1—69”

1-6

(3.8) >cloK — L(l +T)— g <||9K||2 +1

26 K ~ 62 A
S 101 + 1 )

since ¢ = V;(0,29) = —(1 4 T), and due to the Cauchy-Schwartz inequality. By optimality of 6% in (3.6),
8



which is a relaxation of (SIP,), we know that val(SIP,) < c"60% — L|6% 2. Applying this, we deduce that

2
T5 _ M2 € K K 2

. — 21612 > val(SIP,) — ——(1+T)- L&
(39 O B0 2 vals1P,) - 50+ 7) = 5 (101 + 1)
(3.10) >val(SIP,) — ——(1+T) — uR2 [ —— + ¢

' = W1 P T=5 T a1 o)z
(3.11) >val(SIP,) — ru(l%a),
the second inequality following from the fact that ||6] < R, and ||*|| < R,, as 0,0K € X,,. O

4. Feedback control based on approximate value functions. In the previous section, we have seen
how to compute subsolutions of the HJB equation based on convex semi-infinite programming, and how to
deduce a lower bound on the minimal travel time. In this section, we focus on how subsolutions of the HJB
equation, which approximate the value function V*, enable one to recover a near-optimal control for the minimal
time control problem (2.1)-(2.4).

4.1. Controller design and existence of trajectories. For a given continuously differentiable function
V € CYR™M), we define the set-valued maps

(4.1) Uy (t,x) = argerrg]in V.V (t,x)" f(t,x,u)
(4.2) Iy (t,x) ={u €Uy (t,z): f(t,xz,u) € Tx(z)},

where T'x () is the contingent cone to X at point = (see Introduction). In line with previous works designing
feedback controllers based on approximate value functions [18, 23], we are interested in the trajectories satisfying
the following differential inclusion depending on the function V € C*(R"*1):

(CLv) fbv(t) = f(t,l’v(t),uV(t)) with 'Ll,v(t) S Z/{V(t, mv(t)).

Intuitively, such a feedback control pushes the system towards the descent direction of the function V. The
following proposition confirms that, should the function V € C'(R"*!) be optimal in problem (D), then any
minimal time trajectory satisfies the differential inclusion (C'Ly) with respect to V.

PROPOSITION 4.1. Under Assumptions 1-2, we consider an optimal trajectory (x*(-),u*(-)) of the minimal
time control problem (2.1)-(2.4) starting from (0,z), with hitting time 7 = V*(0,z¢). If the linear program
(D7), for F = C*(R"*1), admits an optimal solution V, then, for almost every t € [0,7*],

(4.3) u*(t) € Ty (t, 2" (t)) C Uy (t, 2" (t)).

In particular, the trajectory (z*(-),u*(-)) satisfies the differential inclusion (CLy).

Proof. We define the function «(t) = V(¢,2*(t)) + t, which is differentiable. We have that o/(t) =
OV (t, (1)) + 1+ ViV (t,2* ()T f(t,2*(t),u*(t)), for almost all ¢ € [0,7*]. Since V is feasible in (D#), there-
fore satisfies Eq. (2.7), and since (z*(t),u*(t)) € X x U a. e. on [0,7*], we know that o/(t) > 0 a. e. on
[0,7*]. This proves that the differentiable function «(t) is non-decreasing function over [0,7*]. By optimality
of Vin (Dz), and due to Th. 2.3 (Assumptions 1-2 are satisfied), «(0) = V(0,x¢) = val(Dx) = 7*. Moreover,
a(t*) = 7" + V(r*,2*(7*)) < 7%, since V satisfies Eq. (2.8) and z*(7*) € K. From a(7*) < «(0), we obtain
that a(t) is constant. Hence, 9,V (¢, 2*(t)) + 1 + V.V (¢, 2*(t)) T f(t,2*(t),u*(t)) = 0, meaning

(4.4) V.V (t,2* ()T f(t, x*(t),u*(t)) = —(8;V (t,z*(t)) + 1), a.e. on [0,77].

As V satisfies Eq. (2.7), we have that V.V (t,2*(t)) " f(t,2*(t),u) > —(0;V (t,2*(t)) + 1) for all t € [0,7*] and
for all uw € U. Together with Eq. (4.4), we deduce that u*(t) € Uy (¢,2*(t)) for almost all ¢ € [0, 7*]. Based on
this fact, Lemma A.3 yields that for almost all ¢ € [0,7*], f(¢,2*(¢),u*(t)) € Tx(x*(t)). Therefore, for almost
all t € [0,7%], u*(t) € Zy (¢, z*(1)). |
We just saw that whenever V € C'(R"*!) is optimal in the linear program (Dz), any minimal time trajectory
is a solution of the differential inclusion (C'Ly ) associated with the function V. However, we may not be able
to compute exactly such an optimal function in practice, especially because it may not exist. The next theorem
states the existence of closed-loop trajectories following (C'Ly), for any function V € C1(R"*1).
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THEOREM 4.2. Under Assumptions 1-2, if V. € C*(R"*1) is such that for any (t,x) € Ry x X, Iy (t,x) # 0,
then there exists a trajectory (xvy (), uy (-)) starting at (0,xzq), satisfying the differential inclusion (C'Ly) over
[0,00) and such that xv (t) € X for almost all t € [0, 00).

Proof. We introduce an auxiliary control system to reduce to a time-invariant system with a convex control
set, so as to fit in the setting of [1, Th. 6.6.6]. In what follows, we use the notation y = (¢, z) again. We introduce

two objects: the set-valued map U(y) = {f(y,u),u € U} and the function f(yﬂ;) = <i> for y € R™! and

v € R™. According to the terminology introduced in [1, Def. 6.1.3], (U, f) is a Marchaud control system, as (i)
{(y,v) € R2"+1: e U(y)} is closed, (i) f is continuous, (iii) the velocity set {1} x f(y, U) is convex according to
Assumption 1 and (iv) f has a linear growth, and so has U due to the fact that f is Lipschitz continuous and U/ is
bounded. We introduce C = R, x X and define the regulation map REG(y) = {v € U(y): f(y,v) € Te(y)}. We
also introduce the set-valued map SEL(y) = argmin V,V (y) "v. We prove now that the graph of SEL is closed.
veU(y)
For any converging sequence (yx,vy) — (7,9) with vy, € SEL(yy), we see that for all k£ € N, vy, = f(yx, ux) for
a given up € U and V.V (yr) " f(yx, ur) = h(yx), where h(yx) = mingey ViV (yx) " f(yr,u). Up to extracting a
subsequence of uy, we can assume that uy, — @, as U is compact. Note that h is continuous, by application of
the Maximum Theorem [1, Th. 2.1.6], in so far as (i) (y,u) = V.V (y) " f(y,u) is continuous, therefore lower and
upper semicontinuous, (ii) the set-valued map M (y) = U is compact-valued, and lower and upper semicontinuous
since it is constant. By continuity of h, VV and f, we conclude that V.,V (7)"0 = V,V(9) " f(7,1) = h(y) =
mj?) V.V (%) "v, meaning that v = f(y,u) € SEL(Y).

veU(y

We notice that if u € Zy (y), then v = f(y,u) € REG(y) N SEL(y). As Zy(y) # 0 for all y € C (by
assumption), REG(y) N SEL(y) # 0. Together with the closedness of the graph of SEL, this means SEL is a
selection procedure of REG, according to the terminology of [1, Def. 6.5.2], and has convex values. We underline
that REG(y) # 0, for all y € C, i.e., C is a viability domain for (U, f). As (0,z0) € C, [1, Th. 6.6.6] yields the
existence of a solution (y(-),v(-)) such that y(t) € C, v(t) € REG(y(t)) and

(4.5) v(t) € SEL(y(t)) N REG(y(t)),

for almost all ¢ € [0, 00). We notice first that y;(0) = 0 and ¢, (t) = 1 for almost all £ > 0, thus y;(¢) = ¢. Hence,
we can indeed see y(t) as (¢, z(t)), with 2(0) = z¢ and @(¢) = v(t). Moreover, v(t) = f(t,x(t),u(t)) for a given
u(t) € U, since v(t) € U(y(t)) = f(t,x(t),U) a.e. on [0,00). We deduce from v(t) € SEL(y(t)), which comes
from (4.5), that u(t) € Uy (¢,x(t)). Moreover, we deduce from y(t) € C that z(t) € X a.e. on [0, 00). 0

REMARK 2. The condition Zy (t,x) # O in Th. 4.2 may appear restrictive, because it is not evident why a
vector f(t,z,uy) minimizing V.V (t,x)" f(t,z,u) over u € U would belong to Tx(x). However, we have seen
that under the hypotheses of Prop. /.1, Eq. (4.3) yields Ty (t,x) # (. Moreover, should the condition Ty (t,x) # ()
not be satisfied, we could enlarge the definition of Uy (t,x) in Uy (t,z) = argmin, V.V (t,2) T f(t,z,u), so that

uelU
for € > 0 large enough, Ty (t,z) = {u € Uy (t,x): f(t,z,u) € Tx(z)} # 0.

4.2, Performance of the feedback controller depending on the value function approximation
error. Previously, we introduced closed-loop trajectories satisfying the differential inclusion (C'Ly/) with respect
to a function V € C1(R"*1). In this section, we state some performance guarantees on those trajectories,
depending on some properties of the function V. In the following, we assume that, up to an enlargement of the
time horizon, the system can reach the target set starting from any initial condition (¢,z) € [0,7] x X, and that
the associated value function is Lipschitz.

ASSUMPTION 3. There exists a time T% > T such that the minimal time control problem (2.1)-(2.4) defined
over [0, T% has a value function V* which takes finite values over Y = [0,T] x X, and is Lipschitz continuous.

We emphasize that, under Assumption 3, V*(t,z) < oo implies V*(t,z) = V¥(t,z) for any (t,2) € Y. Since
V* is Lipschitz continuous over Y C R"*! it admits a Lipschitz continuous extension over R"*! [16, Chap. 3,

Th. 1]. We assimilate the value function and its extension on R"*1, such that we can speak about the Clarke’s
generalized derivative 9°V¥(y) of V*# at y € Y. For any V € C*(R"*!), we introduce the notation

(4.6) IVV = VVH o =sup  sup [[VV(y) = gla-
VEY gedeVi(y)

We also define the constant Cy = sup(; , ey xvll f(t; 2, u)|| < oco.
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THEOREM 4.3. Let V. € CYR""!) be a continuously differentiable function, and let (zv(-),uy(-)) be a
closed-loop trajectory starting at (0,x) satisfying the differential inclusion (C'Ly) and the state constraints over
[0,T]. We define ty =sup{t € [0,T]: zy([0,t]) C X \ K}. Then, under Assumptions 1-3,

(4.7) Vit oy (t) < (77 —t) +t2(1 4 Cf)||[VV = VVF|| VYt € [0, ty],
where 7° = V*(0,z0) = V¥(0,20) < tv. In particular, we notice that

(4.8) Vi zy(77) < 277 (1 + Cp)||VV = VVE| .

In Eq. (4.8), V¥(r*, 2y (7*)) measures how far the closed-loop trajectory (v (-),uy(-)) is from the target set
K at the moment when the time-optimal trajectory reaches K. As a corollary, we give a condition for the
closed-loop trajectory (zy (-), uy (+)) to effectively reach the target set K, with a bounded delay compared to the
time-optimal trajectory.

COROLLARY 4.4. Under the same hypotheses as Th. /.3, if |[VV — VV¥|, < 21(%*0/;, then

1
"1T—2(1+C[VV = VA |

(4.9) xzy(ty) € K with ty € |77

*].

We underline that the hitting time ¢y, > 7* converges to the minimal time 7*, when the approximation error
|VV — VV#|| vanishes.

Proof of Th 4.3 and Cor. j.J. For any Lipschitz continuous function F : R"*! — R, we recall that 9°F(y)
denote the Clarke’s generalized derivative at y, and we define Hp as

(4.10) He() =1+ min {g" (.1 )b
F gegglg(y) (f(ya ’LL))

The minimum is attained by continuity of the objective, and by compactness of U and 9°F(y) (see [12]). Note also
that for any V € CY(R"*1), for any y = (¢t,z) € R*" T Hy(t,2) = 1 + 0,V (t,z) + mingepy V.V (t,2)" f(t, 7, u),
and the argmin is Uy (¢, ). By application of the Maximum Theorem [1, Th. 2.1.6], we know that Hp is lower
semi-continuous, since (i) O°F(y) is a compact-valued and upper semi-continuous set-valued map [12], therefore

sois y > U x 0°F(y), and (i) (y,u,g) — g" ( )) is continuous.

1

fly,u

First, we take any y; = (t1,21) € [0,T] x X \ K, and we prove that Hy:(t;,z1) < 0. According to
Assumption 3, V¥(t1,21) < oo, and according to Th. 2.1 applied to the control system (2.1)-(2.4) on the interval
[0,T%], there exists an optimal trajectory (z(-),u(-)) over [ti,ts] (with to > ¢; since zy ¢ K) starting from
(t1,21). By definition, V#(t;,21) = to — ;. We can also prove that for all ¢ € [ty,t], VE(t,2(t)) =ty —t: (i) the
trajectory restricted to [t, 2], yields an admissible trajectory starting from (¢, (t)), therefore V*#(¢, z(t)) < to —t,
and (ii) for an optimal trajectory (Z(-), u(+)) starting from (¢, z(t)) over [t, ¢3], the trajectory following (z(-),u(-))
over [t1,t] and (%(-),@(-)) over [t,t3] is admissible and starting from (¢;,21), therefore, VE(t, 2(t)) + (t — t1) >
VE(ty, 1) = to — t1, giving VE(t,2(t)) > ta — t. As a(t) = VE(t,x(t)) =ty — t for all t € [t1,t2], we deduce that

(4.11) o' (t) = —1a. e. on [t1,ts].
Moreover, since V* is Lipschitz continuous by assumption, and ¢ + (¢, 2(t)) is Lipschitz continuous as z(t) is dif-
ferentiable a.e. with a bounded derivative, Lemma A.4 gives: o/(t) = w > Milge eyt (¢,2(t)) g’ (m(lt)>

a.e. on [t1,ts]. Using that &(¢) = f(t,z(t),u(t)) a.e. on [t1,t2], and the definition of Hy:

’ . 1
(4.12) oWz w9 (f(t,x(w, u<t>>> z Bl 28)) = 1,

a.e. on [t1,t3]. Combining this with Eq. (4.11), we deduce that for almost all ¢ € [t1, 2], Hy: (¢, 2(t)) < 0. By
lower semi-continuity of Hy: (see above), and by continuity of z(-)

(413) an(tl,xl) § 0.
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Second, still for any (t1,21) € [0,7] x X \ K, we observe that there exists (g,u;) € 9°V*¥(t1, 1) x U such

1
that Hy:(t1,21) =14+g"
ve(t,z1) g (f(tl,xl,ul

Therefore, for any V € C'(R"+1)

)>; indeed, we already mentioned that the minimum in (4.10) is attained.

(4.14) L+ 0V (t1,21) + Vo V(tr,21) ' f(t,21,w) = Hys(t1,21) + (VV (B, 21) — g) <f(t1’ ;17 u1)>

(4.15) < Hys(ty,x) + |VV = VVH|(1 + Cy),

the inequality being due to Cauchy-Schwartz inequality, and the definition of |[VV — VV#||. We know that
Hv(thxl) < atV(tl,CCl) + 1+ VmV(t1,$1)Tf(t1,l'1,ul) by definition of Hv(tl,a)‘l) (as u; € U), therefore
Eq. (4.15) gives Hy (t1,21) < Hy:(t1,71) + (1 + C;)|[[VV — VV¥||. Using this inequality and Eq. (4.13), we
deduce that for all (t1,21) € [0,7] x X \ K,

(4.16) Hy (t1,z1) < (1+Cp)||[VV — VVE.

Third, according to the hypotheses of the theorem, we take any V € C'(R"*!), and any closed-loop trajectory
(v (-),uy(-)) starting at (0, o) satisfying the differential inclusion (C'Ly/) and the state constraints over [0, T].
We, then, study the evolution of V¥ over this trajectory. As zy(t) is Lipschitz continuous, Lemma A.4 yields
the existence of g(t) € 9°V¥(t, zv (t)) for almost all ¢ € [0, 7], such that

(4.17) % (Vi(t, 2y (1)) < g(t)T ( ft.o (tl)w (t))> ae. on [0,7].

1

As uy (t) € Uy (t, 2y (1)), we know that Hy (t,zy (1)) =1+ VV(t, 2y (t)) T <f(t,;vv(t),uv(t))

) , and therefore,

@19) G (o) < Lt Bl )+ 60 - IV O (5 00 )

We deduce, using Cauchy-Schwartz inequality and the definition of |[VV — VV||,

d

(4.19) 5

(Vit, v (1) < =14 Hy(t,av(t) + (1 + Cyp)|[VV = VVE,

for almost all [0,7]. Moreover, for all ¢t € [0,ty), zv(t) ¢ K. Therefore, we can apply Eq. (4.16) to deduce,
in combination with Eq. (4.19), that for almost all [0,ty],4 (Vi(t,zv(t))) < —1+2(1 4 Cy)||VV — VV¥|. By
integration, we deduce that for all t € [0, ty], VE(t,zy (t) —7* < —t+2t(1+C)||VV =V V||, as V#(0, 21/ (0)) =
V#(0,z0) = 7*. This proves Eq. (4.7).

Fourth and finally, we prove the corollary. Due to the definition of ¢y, the following (non-exclusive) alterna-
tive holds: either xy (ty') € K or ty = T. Moreover, if |[VV — VV#||, < %7 then VE(t, oy (1)) — 7" < —t+
t(1—7%/T) and V¥(t, 2y (t)) < 7*(1—t/T) for all t € [0,ty]. We notice that if ¢y, = T, then V#(ty, zy (ty)) <0,
i.e., xy (ty) € K. Coming to the aforementioned alternative, we deduce that zy (ty) € K. Moreover, this fact
combined with Eq. (4.7) gives us that 0 < (7* — tv) + ty 2(1 + C¢)[|[VV — VV¥||, hence

(4.20) ty (1=2(1+Cp)|VV = VVH|) < 7.

By assumption, 1 — 2(1 + Cf)||VV — VV#|| > 7*/T > 0, we can thus divide Eq. (4.20) by this quantity to
obtain the result of the corollary: ty < 7%/ (1 —2(1+ Cy)|[|[VV — VV¥| ). ad

In the previous theorem and the corollary, we saw that the suboptimality, in terms of hitting time, of a closed-
loop trajectory (zv (-),uy(:)) satisfying the differential inclusion (C'Ly ) decreases as the approximation error
|[VV — VV?#|| decreases. Furthermore, we see that the closed-loop trajectory comes close to optimality when
the approximation error vanishes. We now study a sufficient condition under which the approximation [|[VVy —
VV*#||s can be made arbitrarily small, using a polynomial Vy(t, ) of sufficiently large degree d € N.
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4.3. A sufficient regularity condition for the existence of near-optimal controllers based on
polynomials. In the case where the value function is twice differentiable, there exist polynomials V; with
such a vanishing approximation error ||[VV; — VV#||,, and that are near optimal solutions in the hierarchy of
semi-infinite programs (R,).

THEOREM 4.5. Under Assumptions 1-3, if the value function V¥ belongs to C*(RP|Y), and is a subsolution
to the HJB equation, then there exist a sequence of polynomials (Vy(t, z))aen+, with Vi(t,z) € Ry[t, z1,. .., zy],
and two constants c1,co > 0, such that for all d € N*,

o The polynomial V4(t, ) is feasible, and <--optimal in the problems (D) and (Rg),
e The following inequality holds: ||[VVy — VV¥#|o < .

Under these hypotheses, the polynomials V,(¢, ) are subsolutions to the HJB equation, and form a maximizing
sequence of the problem (Dz); we also notice that the hierarchy of semi-infinite programs (R;) converges in
O(é) in terms of objective value. Moreover, according to Cor. 4.4, for any sequence of closed-loop trajectories
(xv,(+),uy,(-)), the associated hitting times converge to the minimal time 7*: this is a minimizing sequence of

trajectories for the optimal time control problem (2.1)-(2.4).

Proof. By definition of C?(R"*!|Y’), there exists a function Q@ € C?(R"*!) such that V#(y) = Q(y) and
VVE(y) = VQ(y) for all y € Y. In application of Lemma A.2, as Q has a locally Lipschitz gradient since it is
twice differentiable, there exists a constant A > 0, and a sequence of polynomials (wq(t, z))gen+ with wq(t, z) €

Rg[t,x1,...,2,] and such that for all (t,z) € Y, |wa(t,z) — Q(t,z)] < % and ||Vwg(t,z) — VQ(t,x)||2 < %.

With ag = %, and B = %(1 + T 4+ TCy), we define the polynomial Vy(t,z) = wq(t,x) + agt — Ba €
A2+

Ry[t, 1, ..., x,]. First, we notice that ||[VVy — VV¥||o < |[|[Vwg — VVE|e + ag < ch) for all d > 1. This

proves the second point of the theorem, having defined the constant ¢, = A(2+ C), which is independent from
d. We prove now the first point. For all d > 1, and (¢,z,u) € [0,T] x X x U,

(4.21) O Va(t,x) + 14+ V. Vy(t, oc)—'—f(t7 T,u) = aq + 8tVﬁ(t, x)+ 1+ VIVﬁ(t7 x)Tf(t7 x,u)

(4.22) F(Vwalt,2) = WV )T (f(t,i,u))
(4.23) > aq + (Vwa(t, z) = VVE(t,2)) T (f(t %r u)> ’

as V¥ is a subsolution to the HJB equation, hence satisfies Eq. (2.7). Using the Cauchy-Schwartz inequality, we
obtain O,Va(t,z) + 1+ VoValt )" f(t,2,1) > ag — [Vwa(y) — VVAH)a(1 + Cp) > ag — 4(1+ Cy) = 0. This
proves that Vy satisfies Eq. (2.7). It also satisfies Eq. (2.8), because for any (¢,z) € [0,T] x K,

(424) Vd(t, x) = wd(t, x) + agt — 551
(4.25) <Vt z) + % + agt — Bq
(4.26) <VAta) + 5+ ol — B
(4.27) <V¥t,z) =0.

since % + agT — B4 = 0 by definition of 84, and since z € K. We deduce that Vj is feasible in (R,;). Its objective
value is Vy(0,20) > wq(0,20) — By > V#(0,20) — 4 — Ba = V#(0,20) — &, where ¢; = A2+ T +TCy). As
V30, z0) = V*(0,20) due to Assumption 2, V4(0,z¢) > V*(0,z0) — & > val(Dr) — 4 > val(R;) — <, and we
therefore conclude that Vy is %-optimal in (D) and (Ry). 0

REMARK 3. Admittedly, the hypothesis in Th. /.5 that the value function V¥ belongs to C%(RP|X) is strin-
gent. It is worth noting, however, that there exist systems that satisfy this hypothesis. Here is an example:
() = u(t), x(t) € X =1[0,1]?, |lu(®)|| <1 and K = {0} x [0,1]. The value function associated with the horizon
T =00 is Vi(t,z) = z1.

5. Illustrative examples. We implemented and tested the proposed methodology on three Minimal
Time Control Problems: a generalization of the Zermelo problem, a regatta problem and a generalization

of the Brockett integrator. The numerical examples in this section were processed with our Julia package
MinTimeControl.jl!. In this implementation of Algorithm 3.1, the master problem (3.6) is solved with the

I This package is available at github.com/aoustry/MinTimeControl.jl
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simplex algorithm of the commercial solver Gurobi 10.0 [17]. At each iteration, we add a maximum of 100
points to the set *. The separation oracle (3.5) is implemented with a random sampling scheme (with 500,000
samples at each iteration to detect violated constraints), and with the global optimization solver SCIP 8 [6], for
the certification at the last iterate. This solver is used with a relative tolerance § = 10%, and with a time limit
of 10,000s. We also precise that we compute a heuristic trajectory based on the particularities of each problem;
this heuristic is not optimal, but provides an upper bound 7" on the minimum time, and therefore, a relevant
time horizon [0, T]. The trajectory resulting from the heuristic is used to initialize the set J°, in the sense that
we enforce the HJB inequality for some points of this trajectory. During the iterations of the algorithm, we
obtain functions Vpi (¢, 2) and we simulate the associate feedback trajectory defined by the differential inclusion
(CLy); if the obtained trajectory reaches the target set, it gives us an upper bound. Those trajectories are also
used to enrich the set Y*. For all the numerical experiments, the regularization parameter is = 107°, and we
use the tolerance e = 1073,

Table 1, Table 3 and Table 4 present the numerical results for three different applications. The different
columns of these tables are the following:

e “d € N’ is the degree of the polynomial basis used.

o “Estimated value of (R;)” stands for the value Vy(0, zg), where 6 is the output of Algorithm 3.1, using
the sampling oracle. This estimated value of (R,;) is not an exact lower bound, since this sampling
oracle does not provide the guarantee that 6 is indeed feasible in (S1P).

e “Certified lower bound for (R,)” stands for Vj(0, 2¢)—¢(0) (14T, where 6 is as defined above and ¢(6) is a
guaranteed upper bound on ¢(6), the feasibility error of 8 in (S1P), computed by the global optimization
solver SCIP 8. As Vp(t, )+ ¢(0)(t —1—T) is therefore feasible in (R,), the value Vy(0, z0) — $(0)(1+1T)
is a guaranteed lower bound on val(R;), and, therefore, on V*(0, zg).

e “Value feedback control (C'Ly)” is the hitting time of the best feasible control generated along the
iterations: either with the heuristic control at the first iteration, or the closed-loop controlled trajectory
defined by (C'Ly) associated with V' = Vjx at iteration k of Algorithm 3.1.

e “Solution time (in s)” is the total computational time of the heuristic control, of the iterations of
Algorithm 3.1 including the sampling oracle, and of the closed-loop trajectory simulation. Therefore,
this is the computational time needed to obtain the estimated value of (R;) (second column), and the
best feasible control (fourth column).

e “Iterations number” is the total number of iterations of Algorithm 3.1.

e “Certification time (in s)” is the computational time of the global optimization solver SCIP 8, playing
the role of d-oracle, to compute the aforementioned bound ¢(6), and deduce the certified lower bound
(third column).

5.1. A time-dependent Zermelo problem. We consider a time-dependent nonlinear system with n = 2
and m = 2, defined by

1
(5.1) 1(t) = ur(t) + 5(1 + 1) sin(rza(t))
(5.2) Ta(t) = ua(t),
with the state constraint set X = [—1,1] x [—1,0], the control set U = B(0,1). This is the celebrated Zermelo

problem, but with a river flow gaining in intensity over time. Fig. 1 gives a representation of this flow. The
initial condition is x(0) = (0, —1), and the target set is K = B(0,r), for » = 0.05. The travel time associated
with the heuristic control, consisting in following a straight trajectory, is 1.261 (see Fig 2). Table 1 presents the
numerical results for different values of d. We see that the value of the linear semi-infinite program (R;) quickly
converges as d increases: starting from d = 6, the 4 first digits of the estimated value (second column) reach
a plateau which corresponds to the value (1.100) of the best feasible trajectory we generate with our feedback
control. As regards the certified lower bound, the best value (1.092) is obtained for d = 5. For greater d, we see
that increasing d deteriorates the tightness of the best certified bound. This is due to the fact that the separation
problem becomes more difficult, with two consequences: (i) the sampling fails to detect unsatisfied constraints,
so Algorithm 3.1 stops with a solution that has a real infeasibility ¢(6) larger than e (targeted tolerance), and
(ii) the global optimization solver called afterwards does not manage to solve the separation problem to global
optimality within the time limit (case d € {7,8}), given only a large upper bound ¢(0) on the true infeasibility
@(0). We notice that as soon as d > 3, the feedback control defined by (C'Ly) (see Sect. 4) yields a trajectory
that is 13% faster than the heuristic trajectory. In summary, we obtain a certified optimization gap of 0.7% for
this minimal time control problem.
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Fig. 1: Representation of the water flow in the Zermelo problem

JleN Estimated Certified Value feedback Solution Iterations Certification
value of (R;) LB for (R;) control (CLy) | time (in s) number time (in s)

2 0.952 0.945 1.261 2 4 1

3 1.064 1.044 1.101 12 14 12

4 1.096 1.084 1.100 22 17 1530
5 1.099 1.092 1.100 54 22 4000
6 1.100 1.059 1.100 60 18 2330
7 1.100 1.051 1.100 105 24 TL
8 1.100 0.690 1.100 215 31 TL

Table 1: Time-dependent Zermelo problem: lower and upper bounds, and computational times for various
degrees of the SIP hierarchy (Rg)

I Starting point

[ Target set K

Heuristic control (t=1.261)
Feedback control CL. (t=1.100)

0.00 | C)
-0.25 |
X -0.50 f '
—0.75 |
-1.00 | '
-0.6 -0.3 0.0 0.3 0.6
X1

Fig. 2: Time-dependent Zermelo problem: heuristic control and feedback control (d = 6)
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In the special case of this non-polynomial controlled system, a polynomial reformulation exists, at the price
of increasing the dimension of the system to n = 4:

(5.3) 1(t) = ua(t) + %(1 1) sin(rza(t))

(5.4) Eo(t) = ua(t)

(5.5) x3(t) = —mxy(t)usa(t)

(56) l‘4(t) = ﬂSCg(t)Ug(t),

with the state constraint set X = [—1,1] x [—1,0] x [-1,1] x [~1,0], the control set I/ = B(0,1), the terminal set

K= B(0,7)x[-1,1]x[—1, 0], and the initial condition 2y = (0, —1, —1,0). The dynamics maintain the equalities
x3(t) = cos(maa(t)) and x4(t) = sin(mwaz(t)). We are therefore able to compare our approach with the sum-of-
squares (SOS) hierarchy, which consists of replacing SIP inequalities in (R,;) with SOS positivity certificates. For
each order k of the hierarchy, i.e., for a maximal degree d = 2k of the polynomial basis, this yields a semi-definite
programming problem that we solve with the solver CSDP, used with the package Sum0fSquares.j1l. We obtain
a polynomial V (¢, x1, z2, x3,24) that is solution of the corresponding relaxation. Based on this polynomial, we
can also generate a feedback controlled trajectory solution of the differential inclusion (C'Ly ). Table 2 compares

SIP hierarchy SOS hierarchy
denN Est./Cert. Val. feedback Sol./Cert. | Cert. Val. feedback Sol.
LB control (CLy) time (in s) | LB control (CLy) time (in s)
2 0.952/0.945 1.261 2/1 0.533 1.261 <1
4 1.096/1.084 1.101 22/1530 1.064 1.105 1
6 1.100/1.059 1.100 60/2330 1.099 1.100 12
8 1.100/0.690 1.100 215/TL 1.100 1.100 190

Table 2: Time-dependent Zermelo problem: comparing the SIP and the SOS approaches

the performance of the SIP and the SOS approaches. We see that for low-degree polynomials (d < 4), the semi-
infinite hierarchy gives better lower bounds than the SOS hierarchy, although at a higher computational time
in the case d = 4. For d € {6, 8}, the lower bound of the SOS hierarchy is tight, while only the estimated lower-
bound of the SIP hierarchy is tight: to obtain a certified lower bound, the SOS hierarchy performs better. For
these values of the degree d, this optional certification step (calling to the global optimization solver) is costly
in the proposed approach. For this first example, where the SOS hierarchy is applicable since a polynomial
reformulation of the dynamical system exists, the SIP approach is slower than the SOS hierarchy.

5.2. A regatta toy-model. We consider a time-dependent nonlinear (and non-polynomial) system with
n =2 and m = 1, defined by

(5.7) Z1(t) = windspeed(t) polar [u(t)] cos(u(t) + windangle(t))
(5.8) Z2(t) = windspeed(t) polar [u(t)] sin(u(t) + windangle(t)),
where windspeed(t) = 2 + t, windangle(t) = Z(1 — 0.4t) and polar[u] = [sin(2*)|. In this model, the control
u(t) represents the relative angle between the heading of the boat and the (origin) direction of the wind. The
evolution of the wind direction over time is depicted in Fig. 3. The polar curve of this toy model of a sailing boat
is represented in Fig 4; this figure clearly shows that this model does not satisfy Assumption 1. Although the
absence of duality gap between the control problem and the LP problem (Dz) is, therefore, not guaranteed, we
see in Table 3 that if this gap exists in this case, it is low (below 1.6%). The state constraint set is X = [—1,1]?,
and the control set U = [—m, 7). The initial condition is z(0) = (0, —1), and the target set is K = B(0,r), for
r = 0.05. The travel time associated with the heuristic control, consisting in following a straight trajectory, is
1.278 (see Fig. 5).

We see that the highest estimated value of (R;), for d =7 and d = 8, is 0.5% lower than the value (0.913)
of the best feasible trajectory obtained with the feedback controller for d = 6. This feedback controller yields a
trajectory which is 29% faster than the heuristic trajectory. As regards the certified lower bound, d = 4 yields
the best result (0.896), at a price of a running time of 498s for the exact oracle (SCIP 8). For the same reasons
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Fig. 4: Regatta problem: the polar curve of the sailing boat
deN Estimated Certified Value feedback Solution Iterations Certification
value of (R;) LB for (R;) control (CLy) | time (in s) number time (in s)

2 0.834 0.829 1.278 6 6.0 2
3 0.896 0.880 0.912 16 10.0 56
4 0.904 0.896 0.915 31 13.0 498
5 0.907 0.774 0.912 52 16.0 1020
6 0.907 0.799 0.912 100 22.0 1930
7 0.908 0.691 0.912 190 29.0 7600
8 0.908 0.000 0.911 312 33.0 TL

Table 3: Regatta problem: lower and upper bounds, and computational times for various degrees of the SIP
hierarchy (R,)

as in the previous application, a larger d does not necessarily mean a better certified lower bound obtained
within the time limit. In summary, we obtain a certified optimization gap of 1.6% for this minimal time control
problem.

5.3. A generalized Brockett integrator. For n € N* and m = n — 1 and given a continuous mapping
q: R™ — R™, we consider the following generalization of the Brockett integrator [29],

(5.9) ii(t) = wi(t) Vie{l,...,n—1}
(5.10) £ (t) = gla(t) Tu(t).
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Fig. 5: Regatta problem: heuristic control and feedback control (d = 6)

In particular, we study this system for n = 6, and ¢(z) = (2/(2 + x4), —x1, — cos(z123), exp(z2), xlxgxﬁ). The

state constraint set is X = [—1,1]°, and the control set is U = B(0,1). The initial condition is (20) = 31, and
the target set is K = B(0,r), for r = 0.05. The travel time associated with the heuristic control is 1.377.

e N Estimated Certified Value feedback Solution Iterations Certification
value of (R;) LB for (R;) control (CLy) | time (in s) number time (in s)
2 1.071 0.763 1.071 220 28 73
3 1.072 0.000 1.071 5630 133 TL
4 1.072 0.000 1.070 147400 319 TL

Table 4: Generalized Brockett integrator: lower and upper bounds, and computational times for various degrees
of the SIP hierarchy (Ry)

Since this system has a larger dimension than the other two examples, we see that the computation times
are longer for the same degree d. Already for d = 2, we obtain an estimated value of (R,;) that is within 0.1% of
the value of the feedback control (1.070). This feedback control yields an improvement of 22% over the heuristic
trajectory. Note that the estimated values of (R;) computed by Algorithm 3.1 with the (inexact) sampling
oracle are slightly larger than the value of the best trajectory we computed: thus, these estimates are not valid
lower bounds, but only estimates of the value of the minimum time control problem. Regarding the certification
of lower bounds, the global optimization solver SCIP 8 fails to produce tight upper and lower bounds on ¢(6),
the infeasibility of the solution 6 returned by Algorithm 3.1. Therefore, the resulting certified lower bounds
are not tight either. In summary, we obtain a certified optimization gap of 29% for this minimal time control
problem.

6. Discussion. We apply the dual approach in minimal time control, that consists in searching for maximal
subsolutions of the HJB equation, to generic nonlinear, even non-polynomial, controlled systems. The basis
functions used to generate these subsolutions are polynomials, that are subject to semi-infinite constraints. We
prove the theoretical convergence of the resulting hierarchy of semi-infinite linear programs, and our numerical
tests on three different systems show good convergence properties in practice. These results show that the use of
a random sampling oracle allows a good approximation of the value of the control problem. For small systems,
it is even possible to obtain tight and certified lower bounds, based on a global optimization solver. Finally,
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the numerical experiments also show that the computed subsolutions of the HJB equations help to recover
near-optimal controls in a closed-loop form. As illustrated in these numerical experiments, the advantage of
our approach based on semi-infinite programming, compared to the sum-of-squares approach, is the ability to
handle non-polynomial systems. In the numerical example where a polynomial reformulation of the system was
possible, the sum-of-squares approach was, however, faster.

A promising avenue for continuing this work is to investigate the use of a other basis of functions to search
for an approximate value function, resulting in other semi-infinite programming hierarchies with convergence
guarantees. In particular, it would be relevant to use non-differentiable functions in the basis to improve
approximation capabilities for non-differentiable value functions. Another avenue of research is to extend the
approach and theoretical results to a generic optimal control problem.
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Appendix A. Technical lemmata.

LEMMA A.1. We consider a compact set Z C R, and the family of compact sets Zs = {z € RP: d(z,Z) < §}
for any § > 0 and a continuous function v € C(RP). Then, the function U(5) = min,cz, ¥(z) is continuous at
0.

Proof. First of all, we notice that the function 6 — min,cz, ¥(z) is well-defined, since 9 is continuous and
Zs is compact. As Zs, C Zs, for any 6; < d2, the function ¥ is non-increasing, which proves that the following
limit exists:

(A1) lim U(8) = T(0+) < T(0).

§—0t

We take a positive sequence (0x) € RY | such that 6, — 0. Hence, ¥(8;) — ¥(0") by definition of the right-
limit. For any k € N, we define 2z, € Zs, such that ¢¥(z;) = U(d;). The sequence (d;) being bounded, we can
introduce an upper bound . Hence, any element of the sequence (z,) belongs to the compact set Z5, and up
to the extraction of a subsequence, converges to a point z being such that ¢(z) = ¥(01) by continuity of
and uniqueness of the limit. As d(zg, Z), the distance between z; and the compact set Z, is bounded above by
0, and is non-negative, it converges to 0. By continuity of the distance, we know that d(z,Z) = 0 and, thus,

U(01) =1(z) > ¥(0). Together with Eq. (A.1), this yields ¥(0") = ¥(0). O

LEMMA A.2. Let Q € CY(RP) be a continuously differentiable function, with a locally Lipschitz gradient. Let
Z C RP be a compact set. Then, there ezists a constant A > 0, and a sequence of polynomials (wq(x))gen~ such
that for all d € N*, wg € Ry[z1,...,xp] and

(4.2) sup () — Qo) < 5
xeZ
(A.3) sup|[Vuy(e) ~ V)< 5.
x€e”Z
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We underline that the constant A implicitly depends on p, @ and Z, but not on the polynomial wy(z), nor on
its degree d.

Proof. We introduce a constant R > 0 such that Z C B(0, R), and the function @ = w * 13(0 R+1), Where w
is the mollifier introduced in the proof of Th. 2.5. We notice that & € C°°(RP) is supported on Z =B(0,R+2)
and constant equal to 1 over B(0, R). We define Qx ) = Q(z)&(x), and we notice that (i) Q is supported on the
compact set Z, which contains Z, (ii) for all z € Z, Q(z) = Q(z) and VQ(z) = VQ(z). Applying [3, Th. 1] to
the function Q, that has a compact support, we know that there exists a constant C such that for any d > 1,
there exists a polynomial wy(x) of degree at most d such that

(A4) sup wali) = Qo) < Gr(3) < On(y).
(A.5) sup [0 (ura — Q)] < O 5)
x€Z

where k(§) = sup sup  0;Q(x) — 9;Q(y)|. We define Z = {x € RP: d(x, Z) < 1}. Since dQ is uniformly
1<i<p (z,y) ERP xR?
le—y|<s

null outside Z, and assuming that 6 < 1, we notice that

K(6) = sup  sup [9;Q(x) — 9,Q(y)| = sup  sup [8:Q(x) — BQ(y)|.
1<i<p 4,y Z xRP 1<i<p g ycZxZ
lz—y|<é |z—y|<o

We note that 9;Q(x) = &(2)8;Q(z) + Q(2)0;&(x), and therefore, |8;Q(z) — 8;Q(y)| = |©(2)(8;Q(z) — 8;Q(y)) +
3;Q(y)(w(z)—&(y)+Q(z)(Fiw(x)— ;0 (y))+9:0(y)(Q(x) —Q(y))|- We use, then, the triangle inequality and the
facts that (i) & is C°°, therefore bounded, Lipschitz continuous, and with a Lipschitz-continuous gradient over Z
and (ii) @ is continuously differentiable, therefore bounded, and Lipschitz continuous over Z by assumption it
has a Lipschitz continuous gradient over the compact set Z. We deduce that 9;Q is Lipschitz continuous over Z:

there exists L; > 0 such that sup [0;Q(z) —:Q(y )| < L;4, for all § € [0, 1]. Defining L = max; L;, we deduce

z,y€ZXZ
|lz—y|<é

#(8) < Ld. Then Eq. (A.4) reads sup, ; |wa(z) —Q(z)| < CL "and Eq. (A.5) reads sup,¢, 10;(wq— Q) ()| < cL
for all i € {1,...,p}. We also deduce that sup, ,||Vwa(z) — VQ(z)||< %. Defining A = CLp, and noticing
that for all z € Z, Q(z) = Q(z) and VQ(z) = VQ(z), one obtains the claimed statement. |

LEMMA A.3. Under Assumption 1 and Assumption 2, we consider an admissible trajectory (z(-),u(-)) over
[0,t1] of the minimal time control problem (2.1)-(2.4) starting from (0,x0). Then, for almost all t € [0,t1],

f(t7x(t)7u(t)) € TX(x(t))'

Proof. We reduce to a time-invariant controlled system: we define, for any y = (t,x) € R"*! and u € R™,
fly,u) = (f(yl u))’ and the constant set-valued map U(y) = U. The control system (f,U) is a Marchaud

control system [1, Def. 6.1.3], since: (i) the graph of U is closed (ii) f is continuous (iii) the velocity subsets
{f(y,u): v € U(y)} are convex due to Assumption 1, and (iv) the function f has a linear growth since it is
Lipschitz continuous, and the set-valued map are bounded, thus also has a linear growth. We define the set

C = R4 x X and notice that the control u(-) regulates a trajectory y(t) = (xét)) that remains in C, therefore

according to |1, Th. 6.1.4], for all most all t € [0,%1], u(t) € {u € U(y(t)): fly(t),u(t)) € Te(y(t))}. We notice
that Te(y(t)) C R x Tx(x(t)), implying that f(y(¢),u(t)) € Tx (x(t)). 0

LEMMA A.4. For any locally Lipschitz continuous function F: RP — R, and for any Lipschitz continuous
curve y: [0, T] — RP, the function t — F(y(t)) is differentiable a.e. and satisfies

A6 min ¢ y(t) < —(F(y(t))) < g y(t),
(A.6) eoin 9 y()_dt( (y(1))) jeanax y(t)

for almost all t € [0,T).

The particular functions F' for which these three quantities are equal are called path-differentiable in [7].
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Proof. First, we notice that the functions ¢ — y(t) and ¢ — F(y(t)) are Lipschitz continuous, therefore
differentiable a.e. on [0,7] due to the Rademacher theorem |16]. Hence, for almost all ¢ € [0, 7], both y(¢) and
F(y(t)) are differentiable at t. We consider such a ¢, and we show that (A.6) holds for this particular ¢, which
we prove the Lemma. Since y is differentiable at ¢, r(h) = y(¢ + h) — y(t) — hy(t) is in op—o(h) .

Since s — F(y(s)) is differentiable at ¢, the following holds

(A7) %(F(y(t))) — hJ%r,iBoF(y(t + h)}z — F(y(t))
(A.8) _ h_}g%wF(y(t) + hy(t) +h7’(h)) — F(y(t)

Since 7(h) = op—o(h) and F is locally Lipschitz, we know that  lim F(y(t))_F}Ey(tH’"(h» = 0. Summing this

h—0,h>0
with Eq. (A.8), we deduce that
" © ) =, gy OO IO = Pl + 1)
(4.10) < timsup TE IO Z WD pegy ) ),
hye_(;};z(i)o

where F°(y;v) = limsup w is the F°(y; h) Clarke’s directional derivative at y € R? in the direction

y' =y
h—0,h>0

v € RP. The inequality follows from the fact that y(¢) + r(h) — y(t). By property of the Clarke subdifferential
[12], we also know that F°(y;v) = max,epep(y) g' v- Hence, in particular,

LRy <

A1l —
( ) dt( ( _geag%(t))g

().
The reasoning that proved Eq. (A.11) is also applicable to —F', that is also locally Lipschitz, and such that
s+ (—F)(s) is differentiable at ¢t. Therefore,

d
A.12 —(=Fy@®))) < max Ty(t).
(A.12) g Pw@)) s | max 990

As 9°(—F)(y(t)) = —0°F(y(t)) by property of the Clarke subdifferential, we deduce that

d
A.13 ——(Fy(t)) < max —g'y(t)=— min T(t),
(A.13) o F®) < T y(t) jeolin 9 i)
and therefore £ (F(y(t))) > mingepe p(ye) 9 9(t)- |
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