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Résumé de la theése

Cette these est consacrée a 1'étude de la théorie des barrieres pour les systémes
non linéaires sous contraintes d’entrées et d’état. La principale contribution concerne
la généralisation au cas de contraintes mixtes, c’est-a-dire dépendant des entrées et de
I’état de fagon couplée. Ce type de contraintes apparait souvent dans les applications
et dans les systemes différentiellment plats sous contraintes. On prouve un théoreme du
type principe du minimum qui permet de construire la barriere et I’ensemble admissible
associé. De plus, dans le cas d’intersection de plusieurs trajectoires ainsi construites, on
démontre que les points intersections transversaux sont des points d’arrét de la barriere.

Ces résultats sont utilisés pour calculer 'ensemble admissible d’'un pendule avec un
cable non-rigide monté sur un chariot, la contrainte correspondant au fait que le cable reste
tendu. Ce probléme correspond en fait a la détermination de I’ensemble potentiallement
str dans le cadre des systémes hybrides.

Mots clés

Barrieres, Systemes non linéaires, contraintes sur ’état et les entrées, contraintes mixtes,
ensemble admissible, points d’arrét, ensemble potentiellement stir

Abstract

This thesis deals with the theory of barriers in input and state constrained nonlinear
systems. Our main contribution is a generalisation to the case where the constraints are
mixed, that is they depend on both the input and the state in a coupled way. Constraints
of this type often appear in applications, as well as in constrained flat systems. We prove
a minimum-like principle that allows the construction of the barrier and the associated
admissible set. Moreover, in case of intersection of some of the trajectories involved in
this principle, we prove that such transversal intersection points are stopping points of
the barrier.

We demonstrate the utility of all the theoretical contributions by finding the admissible
set for the pendulum on a cart with a non-rigid cable, the constraint being that the cable
remains taut. Note that this problem corresponds to the determination of potentially safe
sets in hybrid systems.

Keywords

Barrier, nonlinear systems, state and input constraints, mixed constraints, admissible set,
stopping points, potentially safe sets
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Chapter 1

Introduction

Given a constrained nonlinear system the aim of our work is to find its admissible
set, which is the set of all initial conditions for which there exists a control such that
the constraints are satisfied for all time. It turns out that this set is closed and that
its boundary can be divided into two complementary parts, one of which is called the
barrier. This is so-called because of a property it possesses called semi-permeability: for
an initial state outside the admissible set, no trajectory satisfying the constraints can
cross the barrier in the direction of the interior of the admissible set. These terms were
originally introduced by Isaacs in the context of pursuit-evasion differential games, see
[24], and have recently been recognised in [I5] to play a key role in the study of constrained
nonlinear systems. This semi-permeability property is significant because it allows the
barrier’s construction via a minimum-like principle.

To explain the ideas let us find the admissible set and the barrier for the following
system from [15]:

1=
o (1.1)
To = —2T1 — 229 +u
with constraints
To <1
2= (1.2)
lu] < 1.

Consider an initial condition xg on the barrier, the semi-permeable part of the boundary of
the admissible set which is, here, the set of initial conditions Z for integral curves of ,
denoted by z(“®) that satisfy the constraints for all time. Then it can be shown
that there exists a control 4 such that the resulting integral curve z(%%) remains on the
barrier until it intersects the set Gy = {z : x5 = 1}. In other words, the barrier is made
up of integral curves of the differential equation with specific inputs. Moreover, it
can be shown that the barrier arrives tangentially on G, which allows us to identify these
points of intersection. These results are encapsulated in Propositions[2.1.2land [2.1.3] The
next result is that trajectories running along the barrier satisfy a minimume-like principle
which we can use to determine the control function u associated with a barrier trajectory.
This result is encapsulated in Theorem [2.1.1]

If we carry out this analysis on the above problem, we identify the final point z =
(—3,1) € Gy, along with the control function @. It turns out that u(t) = —1 over some
interval before arriving at z and that there is a switch from @(t) = +1 once it crosses the
x1 axis. Now integrating backwards from z using u, we get the trajectory as in Figure
which is the barrier for the problem. As will be done throughout the thesis, the admissible
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set is labelled A and the barrier is labelled [0.A4] . Due to the semi-permeability of the
barrier, any trajectory initiating in the complement of A is guaranteed to violate the
constraints in the future.

a0l

Figure 1.1: Admissible set for (|1.1)) with a pure state constraint. An integral curve is
shown that initiates in A®, utilising the control u = +1 for zo < 0, v = —1 for 25 > 0.
This emphasises the semi-permeability property.

In this thesis we build on what is known about the admissible set. Our first contribu-
tion involves generalising the results from [I5] to the case where the constraints imposed
on the system depend on both the control and the state. As is done in optimal control
we refer to these constraints as mized, see for example [11} 23].

An example of where these constraints occur is given by the classic pendulum on a
cart where the rigid rod has been replaced with a cable that may go slack, see Figure
1.2l The goal is to manoeuvre the cart in such a way that the cable always remains taut.
One way to ensure this is to impose the condition that the tension in the cable is always
nonnegative, which can be shown to be equivalent to:

usin(f) + Mg cos(h) — M16? < 0.

where u is the force applied to the cart and is assumed to be bounded, 6 denotes the angle
the rope makes with the vertical, M is the mass of the cart, [ the length of the cable and
g the acceleration due to gravity. In other words, we need to impose a mizred constraint.

Finding the admissible set for this system may be useful to avoid unsafe control of
overhead cranes, see for example [28]. A comparable example may be found in [43], where
the authors study tethered unmanned aerial vehicles. Constraints of this type also arise
in aerospace problems, see for example [46]. Another motivation for the generalisation to



Figure 1.2: Pendulum on a cart with non-rigid cable

mixed constraints is provided by flat systems, [53, 35], under constraints: if we express
the state and control variables in terms of a flat output y, namely z = o(y,7,...,y®)
and v = ¥(y,7,. .. Ly @), where y*) denotes the kth order time derivative of y for an
arbitrary integer k, the constraint v(u) < 0 is transformed into v(¢(y, 7, ...,y D)) £
¥y, 9, ...y, v) <0 where v = y(@V is the new control variable. It can be seen that 4
is mixed.

The presence of mixed constraints makes the study of the admissible set considerably
more difficult. This is due to the fact that the evolution of the constraints as a function
of time may be discontinuous, that the boundary of the constraint set is not defined
a priori as in the purely state constraint setting, and that we require the existence of
(regular) perturbed trajectories in some sense that remain on the boundaries of the active
constraints. Moreover, it is convenient to use some tools from nonsmooth analysis.

Returning to the example above, we keep the dynamics and replace the pure
state constraint by the mixed one :

rousl (1.3)
u <1
and introduce the notation U = {u : |u| < 1}. The difficulty now is that if we consider
an initial condition xy on the barrier, then we are not sure of where the trajectory “ends
up” because the constraint g(x,u) = xs — u can be zero for any (z1,x2) € R x [—1,1].

We are able to prove, see Proposition that in the mixed constraint case the
barrier may intersect the set Gy = {x : min,ey g(z,u) = 0} = {x : minj,<; 2 —u = 0}.
Though in this particular example this set is differentiable, the intersection might occur in
a generalised tangential manner, see Proposition . (See Section for an example
of where the barrier does not ultimately reach Gy.) Moreover, the presence of mixed
constraints requires a modification of the minimum-like principle, see Theorem that
allows one to identify the control u, and along barrier trajectories the constraints may be
saturated.

If we apply the generalised results on the example with mixed constraints, we identify
the problem’s barrier as in Figure Note that in this case the barrier arrives at
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(—3,1), and that the control (t) = x5(t) over an interval before z and switches from
= 1 as the trajectory crosses the x; axis.

W
—~

~
S—

Go={z:22=1}

-30|—

_35|—

|
-40
-10 0 10 20 30 x 1 40 50 60 70

Figure 1.3: The admissible set, labelled A, for ([1.1]) with a mixed constraint, shown along
with the admissible set with a pure state constraint

In some examples it has been observed that barrier trajectories, found via the minimum-
like principle, intersect and that parts of them are in the interior of the admissible set
and need to be ignored. A second contribution we make to the study of admissible sets is
an explanation of this phenomenon that we call stopping points. The result is a theorem
that states that every transversal intersection point of barrier trajectories is a stopping
point.

The outline of the thesis is as follows: in Chapter [2] we first present a summary of
the paper [I5] on which the contributions of this thesis build. The rest of Chapter [2] is
dedicated to work that is related to the admissible set. Chapter [3| covers our work on
mixed constraints and makes frequent reference to Appendix [A], where we cover relevant
concepts of compactness of the space of solutions, and Appendix |[B| where we present a
needed generalisation of a form of the Pontryagin maximum principle. Chapter [ covers
our work on stopping points. Chapter [5]is dedicated to describing the admissible set for
the pendulum on a cart with a non-rigid cable, as introduced above, and requires all the
theoretical contributions of the previous chapters. In the final chapter we briefly explore
an alternative approach to generalising the theory on barriers from [I5] to the mixed
constraint case: letting the control be an additional state variable. This study is left
unfinished due to unexpected difficulties and is stated here as an open problem. Finally,
we provide some perspectives where we point out possible future research.



Chapter 2

A Short Survey of Constrained
Systems

Résumé du Chapitre 2. Un rapide survol des systémes sous contraintes.

Dans ce chapitre on présente un rapide survol des travauz sur les systémes sous con-
traintes. D’abord, on résume le papier [15], qui est a l'origine des résultats de cette thése.
Puis on rappelle brievement des travaux sur la théorie de la viabilité et on présente un
exemple qui compare la construction de la barriére avec la construction du noyau de via-
bilité qui lui est étroitement lié. Le reste du chapitre est consacré a d’autres travaux sur
les systemes sous contraintes : ensembles atteignables rétrogrades, fonctions de Lyapunov
barriéres et une variante intitulée en Anglais “barrier certificate’.

Introduction

In Section we cover, without proofs, the main results on barriers in input and state
constrained nonlinear systems as in [15], where the constraints are not mixed. In Chapter
we will generalise the definitions and notations of Section [2.1]as well as the most important
results (namely Proposition Proposition and Theorem to the mixed
constraint case.

Section is dedicated to viability kernels which are closely related to admissible
sets. Consequently, we cover the ideas with some depth and compare the method used
to construct barriers (via a minimum-like principle) with the methods generally used to
construct viability kernels (via iteratively computing approximations of reachable sets).

The remainder of the chapter covers other methods that ensure that systems perform
in a way such that constraints are never violated. We briefly cover target avoidance
problems and backwards reachable sets that appear in the setting of differential games
and which have been applied to the study of “safety sets” in hybrid systems. We also
cover barrier certificates and barrier Lyapunov functions.
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2.1 Barriers in Constrained Nonlinear System, the
Unmixed Case

The material in this section is a summary of the paper [I5]. Consider the constrained
nonlinear system:

&= f(x,u), (2.

l‘(to) = Xy, (2

uelu, (2.

gi(z(t)) 0 Vte€[to,00), Vie{l,...,p} (2.

=~ W N
— N N N

where x(t) € R™. U is the set of Lebesgue measurable functions from [tg, 00) to U, where
U is a compact convex subset of R™, and not a singleton.
The constraint set is defined by:

GE&2{reR":g(r)<0,i=1,..,p}

Introduce the notation g(x) = 0 to indicate that x satisfies g;(z) = 0 for at least one
i € {1,....,p} and g;(x) < 0 for all i € {1,...p}. g(x) < 0 (resp. g(x) = 0) indicates
that g;(x) < 0 (resp. gi(z) <0) for all i € {1,...,p}. I(x) denotes the set of all indices
i €{1,...,p} such that g;(z) = 0.

Also define the sets

Go = {z € R": g(z) = 0}, G_2{zeR":g(x) <0}. (2.5)

It can be seen that G = Gy U G_.
The assumptions made by [15] for the rigorous analysis of the barrier are:

(A1) fisan at least C? vector field of R™ for every u in an open subset of R™ containing
U, whose dependence with respect to u is also at least C2.

(A2) There exists a constant 0 < C' < +o00 such that the following inequality holds true:

sup |27 f(z,u)| < C(1+ ||z|*), forall x
uelU

(A3) The set f(x,U), called the vectogram in [24], is convex for all = € R™.

(A4) For each i = 1,...,p, g; is an at least C? function from R™ to R and the set of
points given by g;(z) = 0 defines an n — 1 dimensional manifold.

In the sequel we will denote by 2(*?0) the solution of the differential equation (2.1]) with
input u € U and initial condition xo, and by x(%¥)(t) its solution at time #. Sometimes
we will use the notation z* and z*(t) without specifying the initial condition.
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2.1.1 The Admissible Set
The admissible set, as in [15], is defined as follows:

Definition 1 (Admissible Set). We will say that a state-space point T is admissible if
there exists, at least, one inpul function v € U, such that (2.1))~(2.4) are satisfied for
xo =12 and u=v. The set of all such T is called the admissible set:

A2{TeG Fuecld, g(z"(t)) %0,V € [ty 00)}. (2.6)

Proposition 2.1.1
Assume that (A1)—(A4) are valid. The set A is closed.

The proof of Proposition uses the result that the space of solutions is compact,
see [18, Appendix A]. In Chapter 3| we prove that the admissible set as defined in the
mixed constraint setting is also closed, and the proof also results from the compactness
of the space of solutions as generalised in Appendix [A]

Denote by 0.A the admissible set’s boundary and define the two sets:

[0A], =0ANGy, [0A]_ =0ANG_. (2.7)
It can be seen that 0.A = [0A], U [0A]_.

2.1.2 The Barrier
Now consider the subset [0.A]_ of the boundary of the admissible set.
Definition 2. The set [0A]_ is called the barrier of the set A.

Proposition 2.1.2

Assume that (A1) to (A4) hold. The barrier [0A]_ is made of points T € G_ for
which there exists 4 € U and an arc of integral curve (™% entirely contained in [0.A]_
until it intersects Gy at a point x™®)(t) for some t € [ty, +00).

Next, the semi-permeability property is stated. It follows as a corollary of Proposition
212
Corollary 2.1.1

From any point on the boundary [0.A]_, there cannot exist a trajectory penetrating
the interior of A, denoted by int(A), before leaving G _.

In the next proposition is stated the ultimate tangentiality condition, which says that
the barrier must intersect the set GGy tangentialy. It is akin to the transversality condition
found in optimal control. By Lsh(z,u) £ Dh(x)f(z,u) is meant the Lie derivative of a
smooth function h : R™ — R along the vector field f(-,u) at the point z.

Proposition 2.1.3

Consider ¥ € [0A]_ and u € U as in Proposition m i.e. such that the integral
curve (%) (t) € [0.A]_ for all t in some time interval until it reaches Gy. Then, there
exists a point z = ™) (t) € cl([0.A]_) N Gy for some finite time t > t, such that

i Lg; = 0. 2.
min max Legi(2,u) = 0 (2.8)
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Next is the theorem that allows one to construct the barrier via the minimum-Ilike
principle. Let H(z, \,u) = AT f(x,u) denote the Hamiltonian.
Theorem 2.1.1

Under the assumptions of Proposition every integral curve x* on [0.A]_ N
cl(int(A)) and the corresponding control function u, as in Proposition satisfies
the following necessary condition.

There exists a (non zero) absolutely continuous maximal solution A" to the adjoint
equation

o = - (ete.a0) X0, NO=0aEY 29

such that the Hamiltonian is minimised:

min {(A"(6)" f(2"(8), w) } = ((8)" f (2" (8), a(t)) = 0 (2.10)
at every Lebesgue point t of u (i.e. for almost all t < t).

In (2.9), t denotes the time at which z is reached, i.e. x%(t) = z, with z € Gy
satisfying the ultimate tangentiality condition:

gi(2) =0, i€l(z), miél mﬂz(x% Ltgi(z,u) & Lgi(2,u(t)) = 0. (2.11)
uel iel(z

Using these results one can construct the barrier for a particular problem by first iden-
tifying the ultimate tangentiality points via (2.11)), then determining the control function
associated with trajectories running along the barrier, via the Hamiltonian minimisation
condition , and then integrating backwards using the problem’s dynamics as well as
the dynamics of the adjoint. An example will be covered in the next section.

2.2 Viability Theory

Viability theory, [1], is a body of work that is closely related to the study of admissible
sets and barriers. It considers the nonlinear system with a constrained control, -
, along with a state constraint set C which has nonempty interior. Note that this set
plays an analogous role to the set G = {z € R": g;(z) < 0,i=1,...,p} from the theory
on barriers. One of the goals of Viability theory is to find the infinite horizon viability
kernel of IC, given by:

Viab oo)(K) £ {z € K : Ju € U, 2" (1) € K VL € [tg, 00)}
or the finite horizon viability kernel, given by:
Viab(K) £ {z € K : Ju € U,z (t) € K Vt € [to, 7]},

where, as before, #(¥)(t) is the solution of (2.1)) at time ¢. It can be seen that these sets
play an analogous role to the admissible set from the theory on barriers and, in particular,
if I = G these two sets are the same.

2.2.1 Estimating the Viability Kernel via Reachable Sets

A common approach in the literature is to estimate the viability kernel (finite or infi-
nite) by iteratively computing approximations of reachable sets. This method is nicely
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illustrated by the following algorithm from [25] used to approximate the finite horizon
viability kernel. To explain the algorithm, let us introduce the following set:

Definition 3 (backwards reachable set).
RY(S) & {zg € R™ : Ju € Uy s.t. 2 (t) € S}. (2.12)

where xp = x(0) and Uy is the set of all measurable controls u : [0,t] — U, and
U is as before. R?(S) is the set of states from which S can be reached at eractly time
t. Next, introduce a partition P = {to,...,t.} of the interval [0, 7] with ¢, = 0 and
t, = 7 and let ||P|| denote the largest interval in the partition and |P| = r. If it is
assumed that the function f is bounded, i.e. ||f(z,u)|] < M, then for any ¢ € [t;,1;11]
|lz(t) — x(t;)|| < M ||P]|. Consider the set:

Ky(P) = {x € Kld(z,K) > M| P||}

where d(z,S) is the distance from the point x to the set S. It can be seen that K| (P) is
an inner-approximation of K.
The iterative algorithm is then as follows:

K" £ K,(P)

2.1
Kt 2 K (P)N Ry, 4, ,(K"), forn=1,..r (2.13)

and it can be shown, see [25], that for any partition of the interval [0, 7] the set K° is
an under-approximation of Viabjy -(K). Similar ideas also appear in [5] in the context of
“controlled invariance”.

Another earlier method that uses reachable sets to compute the infinite horizon via-
bility kernel is described in [51]. Here, the idea is to consider a discrete inclusion:

.TTH_I c G((L’n)

where z is the state of the discrete system at index i and G is a set valued mapping.

It can be seen that G(z") is the set of all states reachable at index n + 1 from 2.
If we now consider the state constraint set K it can be shown, under certain regularity
assumptions on G and C, that the following iterative algorithm:

K02 K

K 2 fr e K Ge) NKn £ 0}, n=1,2,... (2.14)

leads to an estimate of the “discrete viability kernel”, labelled Viab(K) (this is the discrete
analogue of Viabjy «)(K), i.e. the set of all states from where there exists a solution to the
discrete inclusion such that every element of this solution is in K). It can be shown that
this estimate becomes arbitrarily close as n goes to infinity, i.e. lim,,_,., K" = Viab(K).
If the discrete inclusion is an appropriate approximation of the continuous dynamics, as
explained in [51], one can find a good under-approximation of the infinite horizon viability
kernel for the continuous system.

Both algorithms require the computation of a reachable set, or its approximation, with
each iteration. It is interesting to note that whereas the algorithm starts with the
constraint set I and recursively looks at sets reachable backwards in time, the algorithm
starts with /C and recursively looks at sets that are reachable in the future.

There is a large literature dedicated to the computation of reachable sets, and the
interested reader may consult for example [§], [13], [32], [31] and [19].
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A Comparative Example

In order to demonstrate the difference between the methods generally taken by viability
theory (utilising reachable set computations) and the theory on barriers, let us consider
the double integrator example from [25].

The dynamics are given by

i’1:$2

I"QZU

and the constraints imposed are |u| < 1 and (2} +23) — 3 < 0. Using the iterative scheme
involving backwards reachable sets mentioned in the previous section, the authors in [25]
use ellipsoidal techniques from [32] to find successively better approximations of the finite
horizon viability kernel Viaby . See Figure 2.1}

Using the theory on barriers, we identify g(z) = (21 +23) — 1 and U = [, 1]. Using
Theorem [2.1.1] we identify the points of ultimate tangentiality:

1
min Dg(z)f(z,u) = min 22129 4+ 220u = 22129 — 21]z2| =0

ul<g lul<%

Thus they are given by (—%, 0); (£,0); (4 \/%) and (—1, —\/%). We derive the associated

29 49
control function from the Hamiltonian minimisation condition (2.10)):

3 it A\p(t) <0
u(t) =4 —1 if A\p(t) >0
arbitrary if A\a(¢) = 0.

The co-state dynamics are given by:

M =0
Ay = =\

with A\(t)T = Dg(z) = (21(t), 225(1)).

We now need to integrate backwards from each of the ultimate tangentiality points in
order to identify the barrier. Doing this from the points (41, i\/%) gives us trajectories
that immediately leave the set G, and so we can ignore these curves.

If we consider the point (z1 (%), z2(f)) = (3,0) along with the final adjoint (A (£), A2 (£)) =
(1,0), we get A\i(t) =1 and A\o(t) = —t +t > 0 for all t € (—oo,t], and thus u(t) = —

A similar argument shows that @(t) = ; for the barrier curve ending at (x1(), 22(t))
(—2,0).

2If we now use this information and integrate backwards from (3,0) and (—3,0) we
get the barrier as in Figure Note that this is the exact admissible set and, in this
example, corresponds to the infinite horizon viability kernel Viabg o).

The above example suggests that finding the admissible set using the theory of barriers
is much simpler than the methods from viability theory: compare the best approximation
from [25] that uses 377 iterations, computing an estimate of a reachable set at each

iteration, versus integrating a differential equation twice using the barrier approach.

1
1
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Figure 2.1: Image taken from [25]. Red: constrained set, black: boundary of Viaby 1,
green: approximation of Viaby . From top left to bottom right the partition of the
interval [0, 1] gets finer.
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0.3

0.2+

0.1+

Z1

Figure 2.2: Admissible set from the comparative example of Section obtained using
the theory on barriers.

However, it is fair to say that the barrier approach needs some “art” in solving the
problem. In other words, experience is needed to quickly arrive at the solution, similar
to solving optimal control problems via the maximum principle. This “art” is especially
needed in solving problems of higher dimension, (see the three dimensional problem of
the Dubins’ car in the section on stopping points, Section .

2.3 Other Approaches for Ensuring Constraint Sat-
isfaction

2.3.1 Backwards Reachable Sets and Target Avoidance in Dif-
ferential Games

Sets that are similar to admissible sets and viability kernels are of interest in the field
of differential games. Following [41], and keeping their notations, consider a differential
equation with two inputs:

* = f(x,a,b) (2.15)

where z is the state, a is the input for player E (the “evader”) and b is the input for the
player P (the “pursuer”). It is assumed that a € A; and b € B;, where A; is the set of
measurable functions from [t,0] to A C R™e; and B, is the set of measurable functions
from [t,0] to B C R™ with A and B compact, and t € [—t1,0], t; > 0. The function
f:R"x Ax B — R" is assumed to be uniformly continuous, bounded and Lipschitz in x
for fixed @ and b, which guarantees that there exists a unique solution of for fixed
a and b. We denote by z(®*%0)(s) the solution of at time s € [t,0] initiating from
xo at time t with inputs a and b.
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Having an additional input allows one to analyse and design a system’s behaviour in
a robust sense: for example, the second input b may represent disturbances or model
uncertainties and one can then design the control a in order that it takes account of b.
This is sometimes referred to as a “game against nature”, see for example [2], and [3]
for the relationship between differential games and robust control. Another example of
where considering this second input (or multiple inputs) is useful is in collision avoidance
problems, which occur, for example, in air traffic control, see [57].

Given a target set

Go = {z € R": g(z) <0}

where ¢ is a bounded Lipschitz continuous function, player P wants to steer the state
such that it intersects Gy and player E wants the state to evade Gy. The information that
the players have of each other’s inputs affects the solution of the game and a common
assumption to make is that one of the players uses nonanticipative strategies.

Definition 4 (Nonanticipative Strategies).

[, 2 {vy: A — Bif a(r) = a(r), for a.e. r € [t,s], then v(a(r)) =y(a(r))
for a.e. r € [t,s]}

In other words, the pursuer’s input is based on the current input of the evader, and it
does not have access to the evader’s input in the future. It should be mentioned that if
the pursuer knows the initial condition of the game as well as the history of the evader’s
input for all r € [¢, s, then by the uniqueness of solutions it also knows the current state
of the game. A nonanticipative strategy is therefore a state feedback with additional
information of the other player’s input.

Depending on the application the nonanticipative strategy may be given to the pursuer
or the evader or both. By only giving it to the pursuer in the above definition we give
this player an advantage over the evader and we can investigate reachability problems
in a worst case context. For more information on strategies and solutions to differential
games see the paper [60].

Given a target set Gy, the goal is to find the set G; as defined next:

Definition 5 (Differential Games Backwards Reachable Set).
G & {xg €R": Iy €Ty st. Va € A Is € [t,0] s.t. 2™ (s) € G} (2.16)

As can be seen, G, is the set of all initial conditions for which there exists an input for
player P such that the state reaches G, regardless of the input for Player E. The idea is
to never let the state venture inside the set G; as a way of ensuring that the constraints
are always satisfied. Note that if Gy is a subset of the state space where the constraints
are violated in the theory on barriers, then (G;) is similar to the finite horizon admissible
set, and can in fact be seen as a robust analogue:

(G = {0 €R" :Vy €Ty,3a € Ay, s.t. 270 (s) ¢ Gy, Vs € [t,0]}

The majority of the literature on target avoidance via backwards reachable sets deals
with the problem by taking an optimisation approach involving Hamilton-Jacobi-Isaacs
(HJI) partial differential equations. If we define the value of the game to be

t — 1 (av’%z) O
v(z,t) = min max g(z"*"*(0))
then it can be shown, see [41], that v(z,t) is the viscocity solution of an HJI equation,
and consequently G, is given by its zero sublevel set:
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Theorem 2.3.1 ([41]])
Let v : R™ x [—t1,0] — R be the viscosity solution of the terminal value HJI PDE:

Dyv(z,t) + min|0, H(x, Dyv(z,t))] =0 (2.17)

with v(z,0) = g(z), where H(x,p) = max,eqamingesp’ f(x,a,b). Then, the zero
sublevel set of v describes G;:

G ={x eR":v(x,t) <0}.

Isaacs originally investigated these ideas in [24] using state feedback strategies which
are of the form a(z) and b(z), along with a value given by:

o) = pap )

where 7(Gy) = inf{s > t : x(@5™)(s) € Gy}. This is also where he introduced the
concepts of capturability, barriers, the usable part and semi-permeability. However, it is
well-known that this value function may be discontinuous, which creates problems when
trying to compute/approximate it. The viscosity solution to is continuous which
allows its approximation via effective level-set methods, see for example [40] and [7].

Further references that study backwards reachable sets for differential games via an
optimisation approach include [63], [39] and [58]. These references also apply the results
to computing “safety sets” in hybrid systems.

Similar ideas that use Hamilton Jacobi type equations to find backwards reachable
sets have also been explored in a control systems context, i.e. with no second input. See
for example [31], [33] [32], [45] and [37].

2.3.2 Barrier Certificates

Consider a time-varying nonlinear system

#(t) = f(z.1) (2.18)

where z € R" is the state, t € R is time and it is assumed that f is continuous with
respect to x and ¢t. Also specified is a set X C R™; an initial subset of the state space,
labelled Xy; a forbidden/unsafe subset, labelled X,; and a time interval [to, 1], o < ¢;.

Definition 6. The system ([2.18|) with sets X, Xo, X, and time interval [to,t1] is said
to be safe if x™(t1) ¢ X, for all zg € Xj.

Safety is then established via Lyapunov-like sufficient conditions as in the next theo-
rem.
Theorem 2.3.2

Suppose that there exists a real-valued function B(x,t) that is continuously differen-
tiable w.r.t. x and t, such that

B(z(t),t) >0, Va(t;) € X,

B($(t0),t0) <0, V[L’(to) € Xo
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0B 0B
— t — < X .
5 (x,t)f(x,t) + T (x,t) <0, Vae X, VtE [ty 1]

Then the system is safe.

The function B is called a barrier function or certificate because its zero level set specifies
a “barrier” between the initial states and the unsafe states that system trajectories cannot
cross. The attractiveness of the approach comes from the fact that if f is polynomial,
and the sets Xy and X, are described by polynomial inequalities, then polynomial barrier
functions can be obtained via convex programming. However, note that this approach
verifies whether a given set X is safe and differs from the theory on barriers and viability
theory where “safe” sets are computed.

Note that there is no control in the right hand side of , and so in a control
systems setting Theorem would at best be applicable for verifying safety given a
candidate control function. However, in [48] an extension of the theorem is stated that
involves multiple barrier functions for control functions that are piecewise constant.

Another point to make is that the approach only considers finite horizons, and so
asymptotic behaviour of system trajectories cannot be investigated. To clarify, consider
the example from [62] of a linear system & = Ax with A a Hurwitz matrix, and let
X, = {0}, with Xy = R\ {0}. Then this system is safe for any ¢; < oo, even though all
trajectories approach X, as t approaches co. These issues are further addressed in the
same paper.

For more information on barrier certificates see the references [48], [50] and [49] from

where Definition [6] and Theorem have been adapted.

2.3.3 Barrier Lyapunov Functions in Backstepping

Given a nonlinear control system in strict feedback form with state constraints, the lit-
erature on barrier Lyapunov functions aims to design/find controllers in order to track
a desired output without violating the constraints for a given initial state. Therefore, it
differs from previously mentioned methods where a type of “safety set” is sought that
consists of initial conditions for which there exist admissible controls. Nevertheless, we
summarise the method and begin by briefly covering the method of backstepping.

Backstepping is a well-known method for constructing stabilizing controllers for non-
linear systems in strict feedback form, see for example [26, Ch. 14] and [30]. Following
[26], a strict feedback system is given by

x = fo(x) + go(x) 21

Z = fi(z, z1) + g1(z, 21) 22

Zy ‘:f2(flf,21,z2) + ga(x, 21, 22) 23 (2.19)
Zher = fom(@, 21, 2emn) F g1 (T, 20, Zem) 2

2k = fel(z, 21, ., 2k) +gr(z, 21, .. 26)u

where x € R", z; € R, i = 1,..., k, with initial conditions x(0) = g, 2;(0) = 22 and u € R
is the input. It is assumed that the functions fo : D — R™ and gy : D — R", are smooth
in a domain D C R"™ that contains # = 0. Furthermore, it is assumed that f;(0) = 0 for
i=0,...,kand g;(x,21,...,2;) #0i=1,..., k over some domain of interest. The goal
is to design a state feedback such that the origin (x, z;, ..., 2zx) = (0,...,0) is stable.
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Backstepping constructs the stabilizing controller recursively. To explain the method,
consider the system:

o= fn)+g(m)é (2.20
£ = fim, &) +g;(n,u (2.21)

where n € R”, £ € R, and the assumptions imposed on the functions f and g are the same
as those imposed on fy and gy above. The functions f; and g; have the same assumption
imposed on them as f; and g; for : = 1,..., k above.

Next, we state Lemma 14.2 from [26, Ch. 14] which we have slightly modified.

Lemma 2.3.1

Consider the system (12.20)) - (2.21). Regarding £ as an input for (2.20), let £ = ¢(n)
be a stabilizing state-feedback control law for (2.20) with ¢(0) = 0, and let V(1) be a

smooth Lyapunov function such that:
ov
on

[f(n) +gmon)] < -W(n) VneD (2.22)

where W (n) is positive definite. Then, the control function:

1 (09 oV }
U= —<{— - - — — k¢ — — fi(n,
LS 10+ 900 = G o)~ Kl = 000)] = 50,0
for some k > 0 stabilises the origin of - with
2
Vin)+ & 20(77)] (2.23)
as a Lyapunov function.
Now considering the system
T = fo(ilf) + go(l')Zl (224
2 = file,z) + iz, 1)z (2.25)

we assume that z; = ¢g(x) is a stabilizing feedback for equation ([2.24]) (which we have
obtained or designed somehow) with ¢¢(0) = 0 and Vj(z) is a smooth Lyapunov function

that satisfies (2.22). In (2.20) - (2.21]) we let:
n=wx, 52217 f:f07 g9 = 9o, fj:fh g; = g1, U = 29
and from Lemma [2.3.1] we arrive at the function:

1 [ 9o
g | Oz

o) + (o)) = Go0(o) — ks s = ] = e 20|

2o =1z, 21) =
2 = ¢1(x, 21) an

with k; > 0, which stabilises the origin of (2.24]) - (2.25]), with the smooth Lyapunov
function
(21 — ¢o()]”

Vile, 1) = Valw) +
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Now we consider the system

T = folx)+ go(x)z
o= filz,z) +gi(z, 21)%

Zy = folw,21,22) + go(x, 21, 22) 23

77_<:1>75—22,f—<f0‘;19021 ),g—<901 >afj_f2:9j_927u_23

and use Lemma to arrive, after some simplification, at

let

z3 = ¢2(ZE,21,22)
0 9 4
= oo\ ) e+ G ) )2 e el

with ks > 0, and a smooth Lyapunov function

(21 — ¢o($>]2 T [20 — ¢1($)]2

‘/Q(ZE,Zl,Zg):‘/O(.T)+ 9 9

We carry on in this way k times to arrive at the final stabilizing control function,
u= ¢p(x,21,...,2), along with a smooth Lyapunov function:

u [z — ¢j—1(35)]2‘

Vi(z, 21, ..., 20) = Vo(x) + 5

J

(2.26)

1

The Lyapunov function Vj(x, z1, ..., 2x)’s sublevel sets are invariant sets. However, if
there are state constraints imposed on the system, then there is no guarantee that the
state will always satisfy these constraints.

A barrier Lyapunov function replaces the function (2.26) and is designed in such a
way that the state will remain admissible. The idea is to choose the Lyapunov function
so that it becomes unbounded as the state approaches the boundary of some subset of
the state space. These functions have been used in output tracking problems for systems
in strict feedback, and we briefly summarise the method as given in [55].

Definition 7. [55] A barrier Lyapunov function is a scalar function V(x), defined with
respect to the system & = f(x) on an open region D containing the origin, that is con-
tinuous, positive definite, has continuous first-order partial derivatives at every point of
D, has the property V(x) — 0o as x approaches the boundary [of the closure] of D, and
satisfies V(x(t)) < b, for allt > 0 along the solution of © = f(x) for x(0) € D and some
positive constant b.

We consider the system (2.19)), with z e R, fo: D = R, go: D - R, D C R, and
with a single output y = x. We also impose constraints on the state:

{le < by (227

’Zl| Sk’cz, 'l:l,,k,’

where k., and k., for each i are positive constants and let G = {(z,21,...,2x) : |2] <
keo,s |2i| < ke, i=1,...,k}. The goal is to design the single input u such that the output
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y(t) tracks a desired smooth output yu(t), where it is assumed that sup,c(y o) [ya(t)] < Ao,
Ao > 0, while satisfying the constraints . In the spirit of Lemma , we do this
by recursively constructing a control law along with a barrier Lyapunov function that
guarantees that the state remains in some subset of the state space.

Consider the candidate barrier Lyapunov function:

1 ki b1 k. .
Vk(ﬂf,Zl,,Zk):2ln<k2bo>+221n<k2i222>, ’L:l...,k'.
b; )

2
bp — L i—1

where ky, = k., — Ao and the k;,’s are positive constants to be chosen. Let wy L - Yd,

and w; £ 2, — ;1 for i = 1,..., k, where the a;’s are stabilizing functions that are given
by
1 : 2 2 kli — Wy
Q= ; <_fi + Qo1 — (kbi — Wi )Kw; — k‘zi = w:g_lgz—lwz—l , =1,k
and 1
oy = g— (—fo — (]{350 — ’w(z))/ﬁowo + yd)

0

where ko and k; for i = 1,...,k are also positive constants to be chosen. The control is

then given by u = ay.
Now considering the system
w = h(w)

with initial condition w(0) € R*"! that satisfies |w;(0)] < ky, for i = 0,...,k, it can be
shown that

k
‘/k(w07 s ,U)k) = _Zn’iwi
i=0

and that the solution of the system satisfies |w;(t)| < ky,, i =0,...,k, for all ¢ > 0.

Under some assumptions placed on y; as well as the functions g;, it may then be
possible to find design parameters (ky,,. .., Kp,, K1, .., k) that guarantee that the out-
put asymptotically tracks y; and that the state (x, z1,. .., 2x) remains in a subset of G.
However, finding these parameters involves solving a nonlinear program for each initial
condition that is of interest.

For more information on barrier Lyapunov functions consult the references [56] [44],
[54], [42].



Chapter 3

Barriers for Mixed Constraints

Résumé du Chaptire 3. Les barriéres pour des contraintes mixtes.

Dans ce chapitre on étend les résultats de [15] au cas ou les contraines sont miztes,
notamment la notion de semi-perméabilité, et la construction de la barriére utilisant une
généralisation du principe du minimum de Pontryaguine (voir Annexe B). On montre
que la barriére peut se terminer sur l'ensemble Gy = {x : min,cy max;—1__, gi(z,u) =
0} de maniére tangente généralisée (au sens du gradient généralisé), ce qui donne des
conditions finales pour l’adjoint et I’Hamiltonien du principe du minimum. Cependant, il
est aussi possible que la barriére n’intersecte jamais cet ensemble et les conditions pour la
construction des barriéres reste incompléte. Ces observations sont illustrées par quelques
exemples.

Introduction

In this chapter we extend the results on barriers in constrained nonlinear systems from
[15], which has been summarised in Section 2.1} to the case where the constraints are
mized. Recall that these are constraints that explicitly depend on the control as well as
the state.

In the exposition of the generalisation we follow similar steps as in Section 2.1} Tm-
portant contributions include:

e The admissible set as defined in the mixed constraint case is shown to still be closed
and we study a subset of its boundary, that we still call the barrier, which also
exhibits a semi-permeability property.

o Trajectories that run along the barrier may intersect the set Gy = {x
min,ep max;—1,., gi(x,u) = 0}, see Proposition 3.3.2] (Note that we have rede-
fined the set G as it occurred in Section . In this case, the intersection of the
barrier with the set Gy occurs tangentially in a generalised manner, see Proposition
.3.4] and is characterised using tools from nonsmooth analysis.

o Trajectories that run along the barrier still satisfy a minimum-like principle, see
Theorem [3.4.1] though containing significant modifications as compared with The-
orem 2.1.1} To prove Theorem we use a duality-like argument similar to the
one from [I5]: the boundary of the constrained reachable set at some time ¢, issued
from any point of the barrier, is tangent to the barrier, and the respective normals
of both boundaries are opposed. To characterise the extremum trajectories whose
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endpoints lie on the boundary of the reachable set we needed to generalise a form
of the Pontyagin maximum principle, as is covered in Appendix [B] This required
the introduction of assumption (A3.4) in order to construct the suitable needle per-
turbations that satisfy the constraints in order to generate the perturbation cone,
which is a key construct used in proving Theorem [B.2.1]

o The characterisation of the intersection of the barrier with the set Gy, when this
occurs, allows us to identify points on the barrier, along with the adjoint, that
serve as endpoints from where the barrier can be constructed via the modified
minimum-like principle. However, when the barrier does not intersect GG it remains
in G_ for all time and in this case no conditions have yet been obtained in order
to identify points on the barrier that can be used in its construction. We illustrate
this phenomenon with an example at the end of Section for which we are able
to provide a full solution.

In Section we further demonstrate the results by finding the barrier for two exam-
ples that involve mixed constraints where the barrier reaches GGo. Some of the work in
this chapter can be found in [18].

3.1 Dynamical Control Systems with Mixed Constraints

We consider the following nonlinear system with mixed constraints:

j:f(xvu)7 (
(o) = 0, (
u€eU, (

(

3.
3.
3.
g,-(x(t),u(t)) <0 fora.e té€lty,o0) i=1,..,p 3.

1)
2)
3)
4)

where z(t) € R™. We denote by U a given compact convex subset of R expressible as
Us{ueR":v9u)<0,j=1,...,7} (3.5)

with 7 > m, where the functions «; are convex and of class C?. Note that this definition of
U differs from the one in Section it is needed in this form to prove the generalisation of
the maximum principle in Theorem . Further assumptions on the functions {v;,j =
1,...,r} and {g;,i = 1,...,p}, associated to the constraints, are imposed in (A3.4)-
(A3.5) (see below). The input function u is assumed to belong to the set U of Lebesgue
measurable functions from [ty, 00) to U, i.e. u is a measurable function such that u(t) € U
for almost all ¢ € [tg, 00).

As before, z%(t) or (™) (t) denotes the solution of the differential equation at t
with input v € U and initial condition (|3.2)).

The constraints , called mized constraints [23), [I1], explicitly depend both on
the state and the control. We denote by g(x,u) the vector-valued function whose i-th
component is g;(z,u). By g(x,u) < 0 (resp. g(x,u) = 0) we mean g;(z,u) < 0 (resp.
gi(z,u) <0) for all i. By g(z,u) = 0, we mean g;(x,u) = 0 for at least one i. Note that
the mapping t — g(x(t),u(t)) may be discontinuous. We impose the condition that the
mixed constraints are satisfied almost everywhere in order to arrive at the result that the
space of solutions is compact, see Appendix [A]
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We now (re)define the following sets:

G= | J{z eR": g(z,u) <0} (3.6)
uelU
Go={reG: min iE?}?J.%p} gi(x,u) = 0} (3.7)
G_2 |J{z eR": g(z,u) < 0} (3.8)
uclU

Because the constraints are now mixed, we also need to introduce the following set:
Ul) &2 {uelU:g(r,u) 20} Vred.

Given a pair (z,u) € R™ x U, we denote by I(x,u) the set of indices, possibly empty,
corresponding to the “active” mixed constraints, namely:

I(x,u) = {i1,... i,y = {i € {1,...,p} : gi(z,u) = 0}

and by J(u) the set of indices, possibly empty, corresponding to the “active” input con-
straints:

J(w) = {ji, - dsn} £ {7 € {11} 1 y5(u) = O}
The integer s, = #(I(x,u)) < p (vesp. so = #(J(u)) < r) is the number of elements of
I(x,u) (resp. of J(u)). Thus, s1+ s, represents the number of “active” constraints, among
the p + r constraints, at (z,u).

As in [47] a Lebesgue point, which we will denote by L-point, for a given control u € U
is a time ¢ € [to, 00) such that u is continuous at ¢ in the sense that there exists a bounded
(possibly empty) subset Iy C [tg, 00), of zero Lebesgue measure, which does not contain
t, such that u(t) = lims_,; s¢7, u(s). By Lusin’s theorem, the Lebesgue measure of the
complement in [ty, T, for all finite T', of the set of Lebesgue points is equal to 0.

If u; € U and uy € U, and if 7 > t; is given, the concatenated input v, defined by
U(t) _ Ul(t) 1ft€ [to,T[

ug(t) ift>r
denoted by X, i.e. v =uy X, us.

We further assume:

satisfies v € U. The concatenation operator relative to 7 is

(A3.1) f is an at least C? vector field of R™ for every w in an open subset U; of R™
containing U, whose dependence with respect to u is also at least C2.

(A3.2) There exists a constant 0 < C' < 400 such that the following inequality holds
true:
sup |27 f(x,u)| < C(1 4 ||z||?), for all z

uceU

(A3.3) The set f(x,U), called the vectogram in [24], is convex for all z € R™.

(A3.4) g is at least C? from R™ x U; to RP. Moreover, the vectors

a9; 0, , 4
{ 091 0 u), P ) € W) j J<u>} (39)
are linearly independent at every (z,u) € R" x U for which I(x,u) or J(u) is non
emptyH We say, in this case, that the point = is regular with respect to u (see e.g.
47, 23]).

Note that this implies that s; + so < m, with s; = #(I(z,u)) and so = #(J(u))
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(A3.5) Foralli=1,...,p, the mapping u — g¢;(x,u) is convex for all x € R™.

Given u € U, we will say that an integral curve 2 of equation defined on [tg, T is
regular if, and only if, at each L-point ¢ of u, x%(t) is regular in the afore mentioned sense
w.r.t. u(t), and if ¢ is a point of discontinuity of u, z*(t) is regular in the afore mentioned
sense w.r.t. u(t_) and u(ty), with u(t-) £ lm, qgp w(T) and u(ty) = Hmeg e, u(T),
Iy being a suitable zero-measure set of R.

Since system is time-invariant, the initial time ¢y may be taken as 0. When clear
from the context, “¥t” or “for a.e t” will mean “Vt € [0,00)” or “for a.e. t € [0,00)”. Note
that throughout the thesis a.e. is understood with respect to the Lebesgue measure.

3.2 The Admissible Set: Topological Properties

We now introduce the admissible set in the mixed constraint case.

Definition 8 (Admissible States). We will say that a state-space point T is admissible
if there exists, at least, one input function v € U, such that (3.1)-(3.4) are satisfied for

To=2x and u = v:
A2 {zeG:Jucl, g(x(“’f)(t),u(t)) =<0, for a.e. t}. (3.10)

According to the Markovian property of the system, any point of the integral curve,
@) (), t' € [0,00), is also an admissible point.
The complement of A in G, namely A® = G \ A, is thus given by:

A2 {TeG:Vuell, Fie{l,.p}, 3 < +oo, L—point, s.t. gi(z(1),u(f)) > 0}.
(3.11)

We assume that both A and A¢ contain at least one element to discard the trivial
cases A = () and A = 0.

We use the notations int(S) (resp. cl(S)) (resp.co(S)) for the interior (resp. the
closure) (resp. the closed and convex hull) of a set S.

We also consider the family of sets Ar, called finite horizon admissible sets, defined
for all finite 0 < T' < 400 by

Ar2{zcG:Jucl, g(x(“’i)(t),u(t)) <0, for a.e. t <T}
as well as its complement A$ in G is given by:
A 2 {7 €G:Yuel, Jie{l,..,p}, I <T, L—point s.t. gi(x(“’j)(f),u(t_)) > 0}.

Clearly, since A C Az for all finite T', we have Ay # 0.
Proposition 3.2.1

Assume that (A3.1)—-(A3.5) are valid. The set of finite horizon admissible states, Ar,
is closed for all finite T

Proof: The proof is a direct consequence of Lemma and follows the same lines as
Proposition 4.1 of [I5], up to small changes.

Consider a sequence of initial states {xy }ren in Ap converging to Z as k tends to infin-
ity. By definition of A7, for every k € N, there exists u, € U such that the corresponding
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integral curve x(“%%) satisfies g(z(“k)(t), uy(t)) < 0 for a.e. t € [0,T]. According to
Lemma there exists a uniformly converging subsequence, still denoted by z(“:%x),
to the absolutely continuous integral curve z(®%) for some @ € U. Moreover, we have
g(z @@ (t),u(t)) = 0 for almost every ¢ € [0,T], hence € Ar, and the proposition is
proven. |

Corollary 3.2.1
Under the assumptions of Proposition the set A is closed.

Proof: This proof follows the same lines as Corollary 4.1 of [I5], and we give it for com-
pleteness.

For all 0 < Ty < Ty < oo, we have
A=A CAp, C Ap, C Ay =G.

Therefore, A = Np>¢Ar and the result follows from the fact that the intersection of a
family of closed sets is closed. |

3.3 Boundary of the Admissible Set

3.3.1 A Characterisation of A, its Complement and its Bound-
ary

Denoting by 0.A7 (resp. 0.A) the boundary of Asy (resp. A), we know from Proposi-
tion and Corollary that 0Ar C Ar (resp. 0A C A). As in [15], we focus
on the characterisation of these boundaries and derive the generalisation of Proposition
5.1 from [I5] to the mixed constraint case. Note that in this generalisation we need to
consider the L>°(0, 0co)-norm of a measurable function & : [0, 00) — R.

Proposition 3.3.1

Assume that (A3.1)-(A3.5) hold. We have the following equivalences:
(i) = € A is equivalent to

min ess. sup max g;(z®% (t), u(t)) < 0 (3.12)
uelU t€[0,00) i=1,....,p

(ii) = € AS is equivalent to

min ess. sup max g;(z(t), u(t)) > 0 (3.13)
uel te[0,00) i=1,....p

(iii) x € 0A is equivalent to

min ess. sup max g; (% (), u(t)) = 0. (3.14)
ueU t€[0,00) i=1,....p

Proof: We first prove (i). If Z € A, by definition, there exists u € U such that g(z(“®)(t), u(t)) <
0 for almost all ¢ > 0, and thus such that ess. sup;c(g o) MaXi=1,...p gi (2P (1), u(t)) < 0.
We immediately get

inf ess.sup max g;(z™“7(t), u(t)) < 0. (3.15)
uel t€[0,00) i=1,....p
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Let us prove next that the infimum with respect to w is achieved by some 4 € U in order
to get (3.12)). To this aim, let us consider a minimising sequence uy € U, k € N, i.e. such
that

lim ess.sup max g;(z(“ %) (t),u(t)) = inf ess.sup max g;(z(“® (), u(t)). (3.16)

k—o0 te[0,00) i=1,...,p ueU te[0,00) i=1,...,p
According to Lemma in Appendix [A] with 2 = z for every £ € N, one can
extract a uniformly convergent subsequence on every compact interval [0, 7] with T >
0, still denoted by z(*%®) whose limit is (%% for some @ € U. Moreover, one can
build another subsequence, made of convex combinations of the {g(z(*®) uy,)}, namely
Zle af’jgi(x(“f’i),uj), where the aﬁj’s are all non negative real numbers such that
Z§:1 Ozi-fj =1foralli=1,...,pand k > 1, that pointwise converges to g(x(ﬁ"‘_”), u) a.e.
t €10,7] for all T > 0.

According to Egorov’s theorem [64], the pointwise convergence implies that, for al-
most every t € [0,T], all T > 0 and € > 0, there exists ko(t,T,¢) € N such that, for every
k> ko(t,T, 5)7

Taking the maximum with respect to ¢ € {1,...,p} and the essential supremum w.r.t.
t € [0,00) on the right hand side, we get

k

gi(z @) (1), a(t)) < Z (rj,j €88. Sup _max gi(:n(“f’j)(s),uj(s)) +e vt € [0,T].
j=1 $€[0,00) =1.p

On the other hand, by the definition of the limit in (3.16]), for every € > 0 there exists
k1(e) € N such that for all j > ki(g), we have

ess. sup max 9i(z1 D (t),u;(t)) < inf ess.sup _max gi(x™) (1), u(t)) + ¢
te[0,00) i=1,...,p uel t€[0,00) i=1,...,p

and thus

gi(™D(t),u(t)) <Y o inf ess.sup max g;(z"7) (1), u(t)) +2¢ vt e [0, 7.

Y] .
= ueU te[0,00) 1=1,...,p

Hence, using the fact that Z§:1 aﬁj =1, for all k > max(ko(t,T,¢), ki1(g)), we get

gi (@@ (), a(t)) < inf ess.sup max g;(z®(¢), u(t))+2e ae.t€[0,T], Vi=1,...,p.
uel te[0,00) i=1,...,p

However, since the latter inequality is valid for any ¢ and 7" > 0 and it does not depend

on k anymore, and since its right-hand side is independent of ¢, ¢ and T', we have that

the inequality holds if we maximize the left-hand side with respect to i € {1,...,p} and

take its essential supremum with respect to t € [0,00). Thus, using the definition of the

infimum w.r.t. u, we obtain that, for every £ > 0

ess. sup max gi(®®) (), a(t)) < inf ess.sup _max gi (™D (t), u(t)) + 2
te[0,00) i=1,....,p uel t€[0,00) i=1,...,p

< ess.sup max g;(z (1), u(t)) + 2,
tE[0,00) i=1,...,p

or, using also (3.15)), that

ess.sup max g; (™ (t),a(t)) = inf ess.sup max g;(z™¥(t),u(t)) <0,
te[0,00) i=1,....,p uel t€[0,00) i=1,...,p
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which proves (3.12]).

Conversely, if (3.12)) holds, there exists an input u € U such that

ess.sup max g; (™ (t),u(t)) <0,
te[0,00) =P

which in turn implies that g(z(“% (t),u(t)) < 0 for almost all ¢ > 0, or, in other words,
z € A, which achieves the proof of (i).

To prove (ii), we now assume that z € A® and prove (3.13). By definition of A, for
all u € U, we have ess. Supyc[p o) MaXi=1,...p gi(z®®)(t)) > 0 and thus

inf ess.sup max g; (%) (t), u(t)) > 0.
UEU te[0,00) ©=1iP

The same minimising sequence argument as in the proof of (i) shows that the minimum
over u € U is achieved by some u € U and that

min ess. sup max g;(z%% (t), u(t)) > 0.
u€U tef0,00) =L

But the inequality has to be strict since, if miness.sup max g;(z(“%(t),u(t)) = 0, it
u€U 4e(0,00) =Li-p

would imply, according to (i), that z € A which contradicts the assumption. Therefore,
we have proven (3.13)).

Conversely, if (3.13) holds, it is immediately seen that x is such that

ess. SUp max gi(@™@ (), u(t)) > 0 for all u € Y. The essential supremum with
te[0,00) =l

respect to t must be reached at some t(u) < +oo since t(u) = +oo would
imply that max;—1 ., gi(z(“®(t),u(t)) < 0 for almost all ¢ < +oo, and thus

ess.sup max g;(™®(t),u(t)) < 0. A fortiori, miness.sup max g;(z™(t),u(t)) <0,
t€[0,00) =L UEU 4 (0,00) I=Lr P

which contradicts (3.13). Thus, for all u € U, there exists #(u) < +oo such that
Imax gi(x™®) (E(u)), u(t(u))) > 0, and hence Z € AC, which proves (ii).

=1,...,

To prove (iii), since A is closed, Z € OA is equivalent to z € A and & € cl(A%), the
closure of A, which, by (i) and (ii), is equivalent to (3.12) and (3.13) (the latter with a
“>” symbol as a consequence of Z € cl(.A®)), which in turn is equivalent to (3.14)). [ |

Remark 1. The same formulas hold true for Ay, AS and OAr if one replaces the infinite
time interval [0,00) by [0,T].

3.3.2 Geometric Description of the Barrier

As a consequence of (3.14)), the boundary 0.4 is made of points z such that there exists
a u € U for which at least one of the constraints is saturated for some L-point ¢, i.e.
g(x @@ (t),u(t)) = 0. We now (re)define the barrier for the mixed constraint setting:

[0A]_ =0ANG_
Definition 9. The set [0.A]_ is called the barrier of the set A (see Proposition [3.3.5).

We now present the mixed constraint analogue of Proposition [2.1.2
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Proposition 3.3.2

Assume (A3.1) to (A3.5) hold. The barrier [0.A]_ is made of points & € G_ for
which there exists 4 € U and an integral curve x(™®) entirely contained in [0.A]_

either until it intersects Gy, ie. at a point z = x®®(f), for some t, such that
min,ep max;—;,._, gi(2,u) = 0, or which never intersects Gy.

Proof: Let z € [0A]_, therefore satisfying (3.14). In particular, there exists u € U and
t > 0 such that

min ess. sup max g;(2“%(t),u(t)) = ess.sup max g;(x™*(t),u(t))

u€U 4e[0,00) t=L-P t€[0,00) =1L
= e (@0, 3(9) =0
1=1,..,p

where © has been possibly modified on a 0-measure set to satisfy the right-hand side
equality. Then, choose ¢ as the first time for which max;—; __, gi(z®®) (), 4(t)) = 0 and
an arbitrary to € [0,%[. Setting v(t) = u(to + t), since ty < t, the point & = (%) ()
satisfies max;—1,..p gi(&,7(0)) = max;—1,_._p gi(:r(ﬂ’i’) (to),u(to)) < 0, i.e. £ € G_, and by
a standard dynamic programming argument (since 24 (t) = z(®%) (ty +t) for all t > 0),

min ess.sup max g; (2 (t), u(to +t)) = 0. It follows that ¢ € [0.A]_ and, therefore,
ueU tE[0,00) 74:1,.“,])

the arc of integral curve between 0 and ¢ starting from z € [0.A]_ is entirely contained
in [0A]_.

Since [0A]_ C G_, taking the closure on both sides, we get cl([0A]_) C cl(G-) =
G_U (cI(G,) N GE) Thus either cl([0.A] ) C G_ in which case the integral curves in

[0A]_ remain in G_ forever, or cl([0.A]_) C (CI(G,) N GE)
Let us prove that (cI(G,) N GE) = Gy. According to (3.8)) we have that z € G_ is
equivalent to
min max g;(z,u) <0

uelU 1=1,...,p

and z € GC is equivalent to

max gi(x,u) >0, Vuel.

i=1,....p
Thus, x € <C|(G_) N GE) is equivalent to

min max g¢g;(x,u) =0
ueUi:L...,pgz< ’ )

and our assertion is proven.

Therefore, the integral curves in [0.A]  can intersect Gy. [ |

We now prove the semi-permeability property of [0.A]_ to justify the name of barrier
in Definition [OL
Proposition 3.3.3

Assume (A3.1) to (A3.5) hold. Then from any point on the boundary [0.A]_, there
cannot exist a trajectory penetrating the interior of A before leaving G_.

Proof: Since z € [0A]_, there exists an open set O C R™ such that z + ch € A® for
all h € O and ||h|| < H, with H arbitrarily small, and all ¢ sufficiently small. There-
fore, there exists . such that max;—1__,g;(x(®*M) (), u(t)) < 0 for all t < t.; and
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Een = z(@%+eh) (5) we indeed have & n € G_. Assume, by contradiction, that there

exists @ € U such that max;—;__, gi(x(®&0) (1), 0(t)) < 0 for all t € [0, + 7] for some
sufficiently small 7 > 0 and ¢ £ z(@n)(g 4 7) € int(A), which indeed implies that
z(@Een)(t) € G_ for all t € [0,0 + 7[. As a consequence of (3.12) and (3.14)), there

exists v € U such that ess.sup max g¢;(z) (7 + o + t),v(r + o + 1)) < 0. Setting
te[0,00) i=1,...,p

D=1 Xy @ Mryq v, we easily verify that ess.sup max g;(z®*M(t),5(t)) < 0, which
te[0,00) =P

implies, again by and , that £+ch € int(A), the whole integral curve g (02 +eh)
remaining in G_, hence contradicting the fact that z 4+ eh € A¢. We thus conclude that
no integral curve starting in A¢ can penetrate the interior of A before leaving G_. Fi-
nally, taking the limit as ¢ — 0 we conclude that no integral curve initiating on [0.A] _
can penetrate the interior of A before leaving G_. |

3.3.3 Ultimate Tangentiality

In this section we generalise the ultimate tangentialiy condition as given by Proposition
2.1.31 We define

~ A .
g(w) = min max  gi(z,u) (3.17)

It can be seen that Gy is the set of points © € G such that g(x) = 0. We prove that g is
locally Lipschitz, a simplified version of a result of J. Danskin [14]:
Lemma 3.3.1

The function § is locally Lipschitz, and thus absolutely continuous and almost every-
where differentiable, on every open and bounded subset of R".

Proof: Consider the family of subsets of (,_; cl(g; (] — 00,0])) defined by

o 2 {(z,u) € ﬂ cl(gfl(] —00,0])) : iirllaxpgi(a:,u) =gj(z,uw)}, j=1,...,p.
i=1,....p

It is clear that U;—y , Oj = i1, cl(g; *(]—00,0])) and that we can extract a minimal
subfamily of {O;} still covering ;—; cl(g; (] — 00,0])), where every O; has non-
empty interior. In the sequel we only consider this subfamily. Given z; and z2 in G_
arbitrarily close, there exists i1 such that (x1,u;) € O;, with u; such that g;, (z1,u1) =
mingey gi, (1, u), and such that (xg,u;) € O;,. Thus, we get

g(z2) — g(x1) =min max gi(z2,u) —min max g;(z1,u)

uel ie{1,...,p} uel ie{l,...,p}
< max g;j(xo,u1) — max g;(x1,u1

ie{l,....p} i ) ie{l,....,p} i ) (3.18)
< max gi(z2,u1) — gy (21, u1)

i€{l,....p}

< gy (w2, u1) — giy (w1, u1)

Thus, since g is continuously differentiable in = for all u, there exists a point &£ such
that g;, (w2, u1) — gi, (21, w1) = Degi, (§1,u1) (w2 — 21).

Similarly, there exists is such that (xq,us) € O;, with g;,(z2,u2) = min,ey g4, (2, u)
and (z1,u2) € O;,. We get

in (T2, u2) — iy (1, u2) < §(x2) — G(21) (3.19)
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Again, there exists a point & such that g;, (22, u2) — gi, (1, u2) = Dygi, (&2, u2) (x2 — 21).

Combining (3.18]) and (3.19)) yields

|g(22) — g(x1)| < C|lw2 — 21|

with C' = sup(||Dzgi, (&1, u1) ||, | Dzgi, (€2, u2)|). It results that g is locally Lipschitz. The
absolute continuity and almost everywhere differentiability follow from Rademacher’s
theorem (see e.g. [22, Theorem 3.1]. See also [10) 12]), which achieves to prove the
lemma. |

Now that we have established that the barrier may intersect the set {z € G : g(z) = 0},
we will show that this intersection occurs in a generalised tangential manner. To do this
we will need a few concepts from nonsmooth analysis, see for example [12].

Consider h : X — R, where X is a finite dimensional vector space, and h is Lipschitz
with Lipschitz constant K near a given point x € X. The generalised directional derivative
of h at = in the direction v is defined as follows:

R%(x;v) = limsup Iy +tv) = hly)

y—x,t—0t t

(3.20)

We also need to introduce the generalised gradient of h at x, labeled Oh(z). In our
setting, where we consider a Lipschitz function h : R® — R, the generalised gradient is
the compact and convex set:

Oh(x) = co{lim DA™ (x;) : 7; — z,2; & Q1 U Dy} (3.21)
1—00
where DhT(z) denotes the transpose of the row vector Dh(zx) at x, € is a zero measure
set where h is nondifferentiable (recall that h is differentiable almost everywhere), €2,
is any zero-measure set and recall that co(S) denotes the closed and convex hull of an
arbitrary set S.

The relationship between the generalised directional derivative and the generalised
gradient is given by:

K (z;0) = T, 3.22
(;v) = max &v (3:22)
Proposition 3.3.4

Assume (A3.1) to (A3.5) hold. Consider & € [0A]_ andu € U as in Proposjtionm
i.e. such that the integral curve %% (t) € [0.A]_ for all t in some time interval until
it reaches Gy at some finite time t > 0. Then, the point z = (%) (t) € cl([0.A]_) NGy,
satisfies

0= max & f(z,u(f)) = min max £ f(z,v) = max min & f(z,v). 3.23

£€03(z) 5 f( ( )) veU(z) £€0§(z) 5 f< ) £€0g(z) velU(z) 5 f( ) ( )
Moreover, if the function g is differentiable at the point z, then condition ([3.23|) reduces
to the smooth counterpart:

0= Lg(u(t) = min Lyj(z,u) (3.24)
uelU(z

where L;g(x,u) = Dg(x)f(z,u) is the Lie derivative of § along the vector field f at
(x,u).
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Proof: Let zo € [D.A]_, then there exists a 4 € U such that §(z(®%)(t)) < 0 until 2(%®0)
intersects G at some £. As in the proof of Proposition we consider an open set
O C R” such that 2o +eh € AC for all h € O and ||| < H, with H arbitrarily small,
and all € sufficiently small.

Introduce a needle perturbation of «, labeled u ., at some Lebesgue point 7 of u
before z(®%0) intersects Gy, in the spirit of [15], i.e. a variation w, . of u, parameterized
by the vector

k2 (v,7,1) € Uz®™rh) (- — 1)) x [0,T] x [0, L]

with bounded T, L, of the form

v on [T —le, 7|

u elsewhere on [0, T (3.25)

A - _
Ug,e = U M) V Xr U = {

where v stands for the constant control equal to v € U(z(®%) (1)) for all t € [ — le, T].
Remark that, by definition of G_ and U(z), since z(®%0)(t) € G_ for all t < £, we have
a(t) € U(z(®0)(t)) for all t < £ and thus U (2(%%0)(t)) # () for all t < £.

Because zg + ¢h € A, . xn < oo at which x(“”vf’xﬁsh)(t&mh) crosses Gy, see
Proposition As a result of the uniform convergence of z(“s.e:%0+eh) o 2(@:20) there
exists a t > f, s.t. a(eeoteh) (g 4y 2(@20)(7) as ¢ — 0 and, according to the
continuity of §, we have

lim g(z(mem0teh (¢ ) = 0 = g0 (7).

e—0

Because g(:z;("w@oﬁh) (te,n)) = 0and g(x(ﬁ’xo)(t€,,£7h)) < 0 (recall that g(:c(ﬁ*”o)(te,&h)) <
)

all t), we have that

G(wnemoteh) (teen)) — g(x(ﬁ,xo)(tg,,i,h)) > 0.

Recall from [47] as well as [I5] that
line ot () = BT (b ) + ew(te o, 5, ) + O(?)

where

w(t, K, h) £ @t 0)h + 107 (¢, 7) (F(270)(7),0) = @0 (r), u(r))),

(¢, s) being the solution to the variational equation at time ¢ starting from time s
(see equation (B.5)) in Appendix , 7 being any Lebesgue point of the control @, with
v € U(z(®%0) (7)) and where we have denoted by O(e*) a continuous function of * defined

in a small open interval containing 0 and such that lim._g 2,56,6) = lim. 0 O(e") = 0 for
al0<r<k-1,kreN.

Since § is almost everywhere differentiable, we have:

G (2 (Un.emoteh) (¢ — g(z(@o) (¢ _
L K €z K ~ U,
a( ( €, hi) a( ( g, h)) _ Dg(ﬂc( , 0)(755,5,}1))‘10(%,5,}17/% h)) +O(e) >0

(3.26)

for every v € U(z(®%0) (7)) and almost every & and h.

If we take any accumulation point of the right-hand side of (3.26|) as ¢ and ||A|| tend
to zero, according to (3.20) and (3.22]), we get, after division by I:

€07 (E,7) (F(a™) (), 0) — f®) (), a(r))) >0 VE € ™) (3.27)
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Assume for a moment that we can replace v in (3.27)) by a continuous family v, with
respect to 7 such that lim__,;v, = v. This result is proven in Lemma below. Thus,
taking the limit as 7 tends to ¢ in (3.27), we get

7 (f(z,v) — f(zu(t)) >0, VE€dg(z), YoeU(2) (3.28)
where z = 2(®%0)(t). Therefore,

T () — . T
(max & f(z,U(t))—Uggg)géna%f f(z,0). (3.29)

Since the mapping ¢ +— ¢7 f(z,v) is linear on the compact and convex set dg(z) and
the mapping v — &7 f(z,v) is convex and continuous on the compact set U(z) which is
convex by (A3.5), it results from the minimax theorem of Von Neumann (see e.g. [4])
that

min max £ f(z,v) = max min £ f(z,v). (3.30)

veU(z) £€0G(z) £€0g(z) velU(z)

If ¢ is not an L-point, it suffices to modify @ on the 0-measure set {t} by replacing

u(t) by its left limit u(¢_) in the latter expression.

We will now show that this expression is equal to 0. On the one hand, because §
is locally Lipschitz, D§ exists almost everywhere and the mapping t — §(z(%%0)(t)) is
nondecreasing on some small interval (t —n, t] with > 0 sufficiently small, and we have
Dg(x(®=0)(t)). f(2(®0)(t), u(t)) > 0 where Dg exists. Therefore we conclude that

3°(z f(za(t-))) > 0. (3.31)
On the other hand, by definition, we have:

glalumerote)(y_ 1)) — ga®™0)(¢))
g
g(x(“n,e,fﬂ0+5h) (tesn)) — g(a:(ﬁ’“)(te,n,h))
€

0=

g(x(ﬁ’mo) (tz-:,n,h)) - g(x(ﬁ’xo) (E))
g

_l’_

Thus, since the first bracketed term of the right-hand side has been proven to be > 0,
we immediately get

g7 () — G (b 5,0))
3

~im sup g(x(un,s,a:o—i—ah) (te,n,h)) _ g(aj(ﬂ,xo)(t&mh))

€—>0+ €

lim sup >0

e—04

But, since

a (U,IO) — (u,xo)
ey 9 (0) = a0
e—04

m |

ersh)) _ _go(z;f(z,ﬁ(g—)))

we conclude that —g%(z; f(z,u(t_))) > 0. Comparing to (3.31)), we get §°(z; f(z,u(t_))) =
0, or according to (3.22):

which, together with (3.29) and (3.30)), proves (3.23]).

If g is differentiable at z, we can apply exactly the same argument as before up until
equation (3.26)). Thus, letting ||h|| — 0 and dividing by [, we get:

DG ™) (te ). |7 (te s 7) (F(@ D7), 0) = f(@ @D (7),u(r))) | + O(e) > 0.
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If € now tends to zero we get

Dj(2)@" (8, 7) f (""" (7),0) = Dg()@"(#,7) (""" (7),u(r)), Vv e U™ (r)).

We again assume that ¢ is an L-point for the control @, and construct the same continuous
mapping 7 — v, as before, such that lim__;v, = v, for an arbitrary v € U(z) to get:

Dj(2)f(z,v) 2 Dg(2) f(z,u(?)), YveU(z)

or, using the Lie derivative notation:

Lig(z a(h)) = L
79(z,u(t)) = vg;}{l) £9(z,v).

Interpreting L;g(z,u(f)) as the time derivative of ¢ ~ §(z(®¥)(t)) and remarking
that the latter mapping is non decreasing on an interval |t — n,t], for some n > 0
small enough, we indeed deduce that L;g(z,u(t)) > 0. The same mapping being non
increasing on the interval [¢,t + 7'[, we have Lj(z,u(t)) < 0, which finally proves that
L¢g(z,u(t)) = 0. If ¢ is not an L-point of @, the same modification of @ at ¢, as in the
nonsmooth case, may be applied, which achieves to prove the proposition. |

Lemma 3.3.2

Under the assumptions of Propositjon for all v € U(z) with z = x(®¥)(t), there
exists a continuous mapping T + v, from [t — n,t[ to U, with n > 0 small enough,
such that v, € U(x(®%)(7)) for all T € [t — n,t[ and ligl_vT =v.

T,/

Proof: Recall that the condition v, € U(x(ﬂ 20) (1Y) is equivalent to g(z(®%0) (1), v,) < 0
all 7 € [t — n,1] and, since z = z(®%0)(#) € Gy, v € U(2) is such that g(z,v) = 0.
construct such a v, as follows.

We

Since, by assumption, #I(z,u(t_)) = s1 and #J(u(t_)) = s2, with max(s1, s2) > 0,
consider the equation
iy (CL', ’LL)

(z,u) = | 9 (u) |,
Vi1 (u)
Vjo, ()
According to assumption (A3.4) and the implicit function theorem, there exists a con-

tinuously differentiable mapping:

VAN ~ . N m—(s1+s S1+s
G2 (A, .. Ggyps,) : R? x RM(s1F52) _y Rorts:

defined in a neighbourhood of the point (2, Vs, 4sy+1,---,Um), labelled N, such that
(’fL(l’, Usi4sa4+15 - - - aum)a Usi+sa415 - - - ,Um) =0

and

D(2, G2, Usysgt1s -y Um)y Usytsgtly«--yUm) =0 V(T Usytsgtiye-yUm) €N.

Then we define

£ ﬂ(a:(“’xo)(T), Usytsotls -+ Um) VT €[t —mn,t]

Ur
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with 7 small enough such that (z(®%0)(7),vs, 4 sy+1,...,Vm) remains in N in the whole
interval [t — 7, #[. Therefore, we have I'(z(%®0)(7),v,) = 0 for all 7 € [t — 1, [. Moreover,
since v, so defined is clearly a continuous function of 7, and since, by assumption (A.4),
1 may be possibly decreased in order that

Gi (BT (1) 07 Vg, hggtts - -y Um) <O VT e[t—n,t], Vidl(za())

and
A (2T (7Y 0 V) ag i1y s Om) <O VT € [E—n,t, Vi I(u(t))

we have, as required, v, € U(z(%%0)(7)) and lim, -zvr =v. |

3.4 The Barrier Equation

We next present the main result of this section, Theorem [3.4.1], which gives necessary

conditions satisfied by an integral curve running along the barrier. This theorem is the
mixed constraint analogue of Theorem and the main differences include:

o The existence of Karush-Kuhn-Tucker multipliers, u;,¢ = 1,...,p, associated with
the mixed constraints that appear in the adjoint dynamics.

o As a result of Proposition W, given xy € [0.A]_ the resulting barrier trajectory
may ultimately intersect the set Gy. In this case, the final condition of the adjoint
at the time of this intersection is now given by (3.35]).

o The Hamiltonian is now minimised almost everywhere over the set U(z“(t)), as
opposed to being minimised over the set U, as in Theorem [2.1.1}

Theorem 3.4.1

Under the assumptions of Proposition consider an integral curve x* on [0.A]_N
cl(int(A)) and assume that the control function u is piecewise continuous. Then u and
2" satisfy the following necessary conditions.

There exists a non-zero absolutely continuous adjoint \* and piecewise continuous
multipliers pu > 0,4 =1,...,p, such that:

0 = - (Faro.an) w0 - Lu0Rao.an 62

=1

with the “complementary slackness condition”

pi(t)gi(x™(t),u(t) =0, i=1,...,p. (3.33)

Moreover, at almost every t, the Hamiltonian, denoted by H(z"(t),u,\"(t)) =
(A(E)" f(2™(t), u), is minimised over the set U(z"(t)) and equal to zero:

im0 F(@ (1), w) = mip [(A“(t)) Fat 0.0 + SO0 00|
= N ("0, 5(t)) = O

with the following boundary conditions:
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o If the barrier ultimately intersects G, then at this point the adjoint satisfies

u (T —(F
()" e arggre%%é)ﬁ.f(z,u(t)) (3.35)

where z = z"(t) with t such that z € Gy, i.e. min,epmax;—1__,g;(z,u) = 0,
0q(z) being the generalised gradient of g defined by (3.17)) at z.

o If the barrier integral curve remains in G_ forever the adjoint satisfies the fol-

lowing:
if 3z € G such that min max ff(z u) < 0 with t such that z = x%(t) then
uelU(z) £€0G(2)
min A“(£)" f(z,u) = 0. (3.36)
uelU(z)

Remark 2. To compute (3.32)) the following necessary conditions are useful:

g<x“<t>,a<t>,A )=0 ; o
M aey, ay, amw) + 30 022 @), aw) + 3 v ) 22 (a(t) = 0
8u ) i=1 8“ j=1 au (337)
ﬂ?(t)QZ(xu(t)au(t)) = 07 :U';L(t) >0 1= ]-a P
Vi (A1) =0, V6 >0 j=1,..r

Before proving Theorem [3.4.1] we need to introduce the following definition:

Definition 10. The constrained reachable set at time t from initial condition x is given
by:

R(Z) 2 {z eR": JuclU st. v =29 (t), gz (s),u(s)) <0 for a.c. s <t}

Lemma 3.4.1

Let z € [0A]_Ncl(int(A)) and u € U as in Proposition i.e. such that x®®(t) €
[0A]_ for all t € [0, where t is the time such that §(z“*)(t)) = 0. Then, (™) (t) €
ORy(z) for all 0 <t < t.

Proof: We first prove that R;(z) C cl(A®) for all 0 < ¢ < £. Assume by contradiction that
for some 0 < ¢ < £ we have Ry(z) Nint(A) # 0. Then Ju € U such that x(“%)(t) € int(A)
for some 0 < ¢ < #, which contradicts the fact that z € [0.A]_, hence Ry(z) C cl(A°).

By complementarity int(A) C Ry(z)C, and thus cl(int(A)) C cl(R:(z)%). Thus as-
sume that z € [0.A] _Ncl(int(A)) and that there exists u € U as in Propos1t10n Then
it can be shown as in the proof of Corollary - 3.3.3| that there exists a sequence {xk}keN,
with zj, € int(A), and a sequence {uy }ren, ug € U, such that every integral curve z(%sx)
lies in int(A) and the sequence {z(“*®)}, converges uniformly to z(%®) on every compact
interval [0,T]. We therefore immediately deduce that z(%%)(t) € [0.A]_ N cl(int(A)) for
all t < t and hence that (%% (t) € cl(R;(Z)¢). But because z(%%)(t) € R;(Z), and since
OR(T) = Re(Z) Ncl(Ry(Z)C), we conclude that z(®%)(t) € ORy(Z). [ |
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Proof of Theorem [3.4.1]: By Lemma we know that z(%%)(t) € Ry(z) for all 0 <
t < t. Therefore, according to Theorem [B.2.1} we know that 4 must satisfy . Then,
setting \* = —n® we get with @ and that the resulting dualised Hamiltonian
H(x,u, A\, 1) 2 H(z,u, —n, 1), defined by ED, now must be minimised.

If (&%) ultimately intersects Gy, taking the final conditions for A% as in Proposition
namely (3.23)), we immediately deduce that at time ¢ the minimised Hamiltonian
must be zero, and thus the constant of is equal to zero. Let us look at the case
where there exists a point z = z*(t) € Go such that min,ep(,) maxecay(z) §-f(z,u) < 0
but where (%% remains in G_ for all t+ > t. We have that z(®®)(t) € dR(z) and
that R;(z) is tangent to the barrier for all ¢ > ¢t. We can conclude that A(t) = —n(t),
where 7 is as defined in Appendix [B] is the inner normal to a separating hyperplane
that contains the elementary perturbation cone K, as defined in Appendix [B] such that

U(Irl(i,ﬂ,>(t)) AT f(2 ™) (£)) = 0 for all £ > t. We can thus conclude (3-36).
uelU (z("®

Finally, according to the complementary slackness condition, , the minimisa-
tion of H becomes equivalent to which achieves the proof of the theorem. |

Figure 3.1: A trajectory running along the barrier is on the boundary of the constrained
reachable set for every ¢ < ¢, and if it intersects G it does so tangentially in a generalised
sense.

Remark 3. If g is differentiable at the point z, condition (3.35) reduces to its smooth
counterpart, i.e., \X'(t)T = Dg(z)
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Remark 4. The assumption that 2% € [0.A]_Ncl(int(A)) means that we possibly miss
isolated trajectories which are in A\ cl(int(A)). The ezxistence and computation of such
trajectories, if they exist, are open questions.

3.5 Examples

3.5.1 Constrained Spring 1

Consider the following constrained mass-spring-damper model:

T\ 0 1 T 0 -
(obz)_(—z —2><x2>+<1>“7 ul <1, 2 -u<0

where z; is the mass’s displacement. The spring stiffness is here equal to 2 for a mass
equal to 1 and the friction coefficient is equal to 2. u is the force applied to the mass.
We identify g(z,u) = 9 —u, U = [-1,1] and g(x) = x5 — 1. We also identify the
following sets: G ={zx € R? 12, <1}, Go={r € G:zo=1} and U(z) = {u € U : 15 <
u < 1}. Note that if z £ (21, 25) € Go, i.e. 2o = 1, then U(2) is the singleton U(z) = {1}.
We have 0g(z) = {(0,1)7} = Dg(z)" (which means that § is differentiable everywhere)
and the ultimate tangentiality condition reads:
min Dg(2)" f(z,u) =0
uelU(z)
which gives
min —2z; — 22 4+u=-221—24+1=0
uel(z)
Thus z = (—3,1).
Let us now compute A(¢). From , which here reduces to , we get that
At) = Dg(z) = (0,1). )
We now construct the barrier by integrating backwards from z and A(¢). From the
minimisation of the Hamiltonian, H(x, A\, u) = A\jxe+ \o(—2x1 — 225 +u), condition (3.34)),
we find that the control u associated with the barrier is given by

min_ AMZo 4+ Ao(—221 — 229+ u) =0

23U
which gives:

if )\Q(t) <0
u(t) =1

if Ao(t) >0
_ Ty if xo €| —1,1
a(t) = { —1 if e} —oo,]—u

if Ao(t) =0

u(t) = arbitrary
We note from condition (3.32) that if the constraint is active (i.e. g(x,u) = 0), the

adjoint differential equation is given by

\a afTa a@g_ 0 2 @ a0
g () (1)
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and is otherwise (when g(x,u) < 0) given by

o OfT 0 2,4
A_—(%)\_<_12>/\. (3.38)

Recall that \y(f) > 0 and z9(t) > 0. Therefore, because A and x are continuous,
u(t) = z5(t) over an interval before t. We can show that @(t) # 1 over this interval: if
r9 = 1 and u = 1 over an interval before ¢, then we get i = —22; —2+1=0o0r 2; = —%
which implies 7 = 0 for all ¢ €]t —n,t], n > 0. However, we would also have &; = 1 over
t €]t —n,t], which contradicts the fact that @, = 0 over this interval.

Therefore, only the constraint ¢ is active over an interval before ¢, and by , we

obtain p over this interval:

0H dg
_— _— = A — —=
ou +M8u 2= p=0
and thus Ay = p. In addition the adjoint satisfies:
A= ( _01 ? ) A, Vet -, (3.39)

At some point in time before £, let us label this point ¢, we have )\g(ﬂ =0 and it can
be verified that, at this time, 25(f) = 0 and A\ (£) < 0. Let us prove that )\, is negative
on the interval [0, ﬂ If Ay vanishes at some point in time, since we have

).\2:2)\1:0

then A\ = 0 which contradicts our assertion. We conclude that over [0,], A, is either
everywhere positive or everywhere negative.

If over this interval before ¢ Ay > 0, then the co-state dynamics are as before, and
Ao < 0 which is equivalent to —\; + Xy < 0, but this contradicts the fact that (D) < 0.
We can conclude that A, is negative before ¢, and that @ = 1 over this period. The
adjoint dynamics are then given by . The sign of Ay then remains negative until the
trajectory intersects G again. The barrier is shown in Figure (3.2

Note that Assumption (A3.4) does not hold true at the final point z since there are
two active constraints for only one control. However, we can argue by the continuity of
the set-valued mapping = — U(x) at the point z that condition still holds.

To elaborate, note that lim,,, U(z) = U(z), this limit being taken over the set {z :
re < 1}. We can thus conclude that there exists a continuous mapping 7 +— v,, as
specified in Lemma [3.3.2, which is required to arrive at the conclusions of Proposition
B.3.4 See Figure [3.3] for further clarification.

3.5.2 Constrained Spring 2

Consider the same mass-spring-damper system with the same constants as in the
previous example, but with a richer constraint:

(2)=(5% 5)(5)+(V)n mzr mmazo om
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Figure 3.2: Admissible set of the constrained spring from Example [3.5.1

We identify g(x) = 22 — |zs|, and Gy = {z : 15 = 0U x5 = +1}. g is differentiable for
xo # 0 and from ([3.34)) and ([3.35]) we identify, in same manner as in the previous example,
two points of ultimate tangentiality, namely z = (—3,1) along with A(¢) = (0,1), and
z = (,—1) along with A(f) = (0,—1). We defer the treatment of the z; axis, which is
also in (G, to the discussion below.

From the minimisation of the Hamiltonian, which is the same as in the previous

example, we find the control u:

_ o 1 if ) G]O, 1]

U(t) N { i) if i) 6] — 1,0[
if A\a(t) >0

_ . i) if T9 E]O, 1]

a(t) _{ =

u(t) = arbitrary

If we now integrate backwards from the points (—3, 1) and (35, —1) with the control @(t)
we obtain the barrier as in Figure 3.4} It turns out that along both curves u(t) = x(t).
Let us now turn to the z; axis, where § = 22 — |25/ is non differentiable. For any z

on the z; axis, we have U(z) = [—1,1] and 9g(z) = co ((O, -1)T (0, 1)T> ={0} x [-1,1]
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Ulx)=10
)
A
Go
e =1 / AU(z) = {1}
U(z) = [22,1]
»1q
T =—1 !
Ul) = [-1,1]

Figure 3.3: Figure emphasising the continuity of the mapping z — U(x)

and we must have:

I B /B0 0 iy, g, A ) 24
For each —3 < z; < 1 equation has a solution given by £ = (0, sign(—2z; + u))
from which we deduce that u = 2z;. However, one can directly verify that the integral
curves of with endpoints in the set [—3, 1] x {0} with the control u = z, all
correspond to admissible curves (integrated backwards) and therefore do not belong to
the barrier, but that they make the constraint g(x(™®(t),u(t)) equal to 0 for & = x5 for
all Z € [—1, %] x {0} and for all ¢. This attests that our conditions are only necessary and
far from being sufficient.

Remark 5. Note that, as in Example Assumption (A83.4) does not hold true at the
final points z € Gy since there are two active constraints for only one control. Again, we
conclude by continuity that condition (3.35|) still holds.

3.5.3 Example Where Barrier Does Not Intersect G, Tangen-
tially

The first two examples demonstrated the construction of barriers that intersect the set
Gy tangentially. We next cover an example of where this does not occur, i.e. the barrier
remains in G_ for all time. Note that this phenomenon can not exist in the case of pure
state constraints; due to the mixed constraints the set U(x) depends on = and can be
empty in some part of the state space.

Consider the double integrator:

{ I _ " (3.42)
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Nl

(.

| )
0.5 ‘ o :
Ty o0 //
A
T AC \ AC

Figure 3.4: Admissible set of the constrained spring from Example [3.5.2]

with constraints 1 — u < 0, |u| < 1. If we carry out our usual analysis we identify
Go = {z : g(xz) = 0}, where g(z) = x; — 1, and one point of ultimate tangentiality:

min Dg(z).f(z,u) = z9 = 0,
uelU(z)

which gives z £ (21, 2) = (1,0). We derive the control associated with the barrier from:

min \xs + Xu =0, a.e. t

uel(x)
which gives:
if A\a(t) <0
u(t) =1 if z; €]oo, 1]
oo itz e [-1,1]
u(t) = { —1 if @ €] —o00,—1]

u(t) = arbitrary.

The adjoint equations are given by:

: 0 0
=50 )

with A(£) = Dg(z) = (1,0)T. From here we deduce that \y(t) = —t +1 for all t € (—oo0, ],
and thus \y(t) > 0 for all t € (—oo, t]. If we integrate backwards from the point z = (1,0)
we find that the integral curve immediately leaves the constrained state space, and so this
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curve cannot be part of the barrier. However, let us show that the barrier does indeed
exist and that it remains in G_ for all time.

We will frequently refer to the following analytic solution of given by the control
a(t) = z1(t) initiating at t = 0 from 2 = 2(0) = (21(0), 22(0)):

2400) (1) — 21(0) + 25(0) , . 21(0) — 22(0)

2 2
oo gy = SO0 20)=0)

With this control the origin is a saddle point.
Proposition 3.5.1

The set B = {(x1,x3) : o > —x1, 17 < 1} is a subset of A°.

Proof: From the mixed constraint we have that w(t) > x;(t), which implies [ju(o) >
f(f x1(0). Thus:

2 () = 21(0) + 22(0)t + /0 t /O tu(a)dadr, vt € [0, 00) (3.43)
> 21(0) + z2(0)t + /Ot /Ot z1(o)dodr, ¥Vt € [0,00) (3.44)

But 21(0) + 22(0)t + [§ [ x1(0)dodr = Met + Me*t. Thus, for any
admissible wu,

0 0 0) — 22(0
ey 3 O 0 1O =220) 1y o
If we consider the limit as t — oo, we see that x(lu’mo) (t) = oo. Therefore, if the system ini-

tiates in the set B then for any admissible u there exists ¢, 5, > 0 such that xgu,aso) (tu,zg) >

1. Therefore, for any zg € B, we have min,¢y ess.supte[o’oo)g(x(“’xo),u(t)) > 0, which
by Proposition implies zg € A®, which completes the proof. |

Proposition 3.5.2
The set L = {(x1,23) : o = —x1, 27 < 1,27 > —1} is a subset of [0.A]_.

Proof: For any z € £ employing 4(t) = x1(t) gives xgﬁ’zo)(t) = x1(0)e~! and xéﬁ’zo)(t) =
—x1(0)e~t. Thus the solution remains on £ and asymptotically approaches the origin.
Moreover, g(z(®%0)(t), a(t)) = 0 for all t. Let I(z) £ {2 : x3 + 2; = 0}. Recalling from
the mixed constraint that u(t) > x1(t), if we thus employ any other control specified by:

u(t): .1‘1(t) t%]tl,tlﬁ-é‘[
v>xi(t) te)t,ti+¢f
we get:
DU (1)), £ (") (1), u(t) = 23" (t) + ut)
> =" () + 2" (1)
= 0.
Therefore, any other control results in the state leaving £ and entering B C A°. There-
fore, for any ¢ € £, minyey €ss. SUP;e(o o) g(z(®0) y(t)) = 0, which again by Propo-

sition implies that zp € 0A. Since L C G_, L C [0A]_ which completes the
proof. |
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We now prove that the barrier extends as in Figure from the point (z1,x2) =
(—1,1), being constructed backwards by the control u(t) = —1 for all ¢ €] — oo, |, where
z" is the backward extension of the barrier and z%(t) = (—1,1).

By Lemma [3.4.1| we can say that any trajectory running along the barrier still satisfies
the Pontryagin maximum principle and in particular that the Hamiltonian is minimised
and constant for almost all time.

Starting from £ we have proven that employing @ we remain on £. The reachable set
from any point of £ is tangent to £ according to Lemma[3.4.1]and its adjoint #* is normal
to L. Hence, \* = —n" satisfies

- a(\T ¢
ueg(l;g(t))/\ ()" f(z"(t),u) =0, a.e. t.

We have that the point (—1,1) € [0.A]_ and so in order to further construct the barrier

we need only identify the adjoint at this point. Seeing as though at this point the vector

field given by the control 4, associated with the barrier, is f(z%(t),a(t)) = (1,—1), we

can deduce that \(t) = k(1,1), k a positive constant. Recall that the adjoint equations

are given by:

A= < _01 8))\ A1) = k(1,1)

from which we deduce that A\;(t) = k and \y(t) = —k(t —t) + k, t € (—o0,t]. The
Hamiltonian minimisation almost everywhere gives:

u(t) = —sign(Xa(t)) = —1.

Using this information we can extend the barrier further backwards as in Figure [3.5] We
have also included a few of the vectograms along the extension of the barrier in order to
emphasise that this is indeed an “extremal” trajectory and that as we approach the point
(—1,1), the vectogram points towards the set B, which we have shown to be a subset of

AC.
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05—

!
. L CloA]_
) )

-2.5 -2 -1.5 -1 -0.5

o
o
o
N

Figure 3.5: Figure showing some of the sets referred to in Example [3.5.3, along with a
curve obtained by backward integration from the point (—1,1) which we have shown to
be the backward extension of the barrier.



Chapter 4
Stopping Points

Résumé du Chapitre 4. Points d’arrét.

Des trajectoires barrieres, i.e. obtenues via le principe du minimum et contenues dans
la barriére, peuvent se croiser et leurs prolongations rétrogrades se trouver ainst dans
l'interieur de ’ensemble admissible. Dans ce cas on doit ignorer les parties correspondant
a ces prolongations. Ce chapitre est consacré a [’étude de ce phénomeéne qu’on appelle
point d’arrét. Notre contribution réside ici dans un théoréme qui affirme que chaque
intersection transverse de trajectoires barriéres est un point d’arrét. Deux exemples de
cette situation sont présentés.

Introduction

The previous sections have provided us with necessary conditions that are satisfied by a
trajectory that runs along the barrier for problems with pure state or mixed constraints.
We have already seen examples of where a trajectory obtained via backward integration
leaves the constrained state-space, and it is clear that the barrier “stops”: further prolon-
gation of the curve is outside G (as defined in either the pure state or mixed constraint
setting) and so it cannot be part of the barrier.

There are also examples of where these trajectories, obtained via backward integration,
intersect with each other and where their further prolongations are in the interior of
A. At these points the barrier also “stops”. Interestingly, Isaacs observed an analogous
phenomenon in the context of differential games [24], and noted, without explanation,
that it is “possible for a semipermeable surface to come to an abrupt end”. He then
demonstrated this on a number of examples.

In our context of constrained nonlinear systems we call these points stopping points,
and in this chapter we present a theorem that states that every transversal intersection
point of trajectories that run along the barrier is a stopping point. The work in this
section has been published in [17].
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Figure 4.1: Problem from section wall avoidance for the Dubins car

4.1 Motivating Example: Nonholonomic Vehicle

Let us consider the system:

& = cosb
= sinf

0 = u

uf < 1

with constraint g(x,y,0) = x — 1. This is a simple model of a nonholonomic vehicle of
unit length moving at constant unit speed where the front wheels can instantaneously
change their angle. The pair (x,y) denotes the coordinates of the middle of the rear axle
and 0 is the angle the car makes with the x-axis, [16], see Figure The constraint may
be interpreted as a wall located at x = 1 to be avoided.

Let us find the barrier: the co-state at tangential arrival is given by : A(t) =

(925 94> 90)F = [1,0,0]". The Hamiltonian minimisation for almost all ¢ < ¢ gives:
|H\H<I}{)\1 cosf + Agsinf + A\zu} =0 (4.1)
ie.
1 Ag(t) <0
u(t) = —1 A3(t) >0

arbitrary  A3(t) =0
The co-state is given by:
' 0 0 0
A= 0 0 0\

sinff —cosf 0
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Figure 4.2: For any initial condition (zo,yo, ) with 2o < 0 (the initial orientation has
been indicated with an arrow on the car) there exists a control such that the solution traces
out a unit circle in the (x,y) space that is completely contained in {(z,y,60) : z < 1}

ie. A\(t) =1; Ag(t) =0 and therefore,

As(t) = sin 6(t).

From equation (f.1)) at the final time ¢, 6(t) = £5, and we also have x(t) = 1 and y(t)

is free. To show that A3 only vanishes at isolated points in time before ¢, suppose that
A3(t) = 0 over some interval before ¢. Then 6(t) = 0 + km, k an integer, over this same

interval, but (¢) = £7 and we thus have arrived at a contradiction.

If (t) = Z and A3(t) > 0 over Jt — n,t] with n > 0 and sufficiently small, then

over this interval A3(t) < 0 which implies that sin#(t) < 0. This in turn implies that

0(t) ¢]5 —v, 5 +v[ for v > 0 and sufficiently small, which leads to a contradiction because

0(t) = § and 0 is continuous. We thus conclude that over an interval before arriving
tangentially with 6(t) = 7, we have u(t) = 1. Similarly, we conclude that u(t) = —1 over
an interval before arriving with 6(t) = —7.

For the interval [t — 7,t] we can easily compute the analytic solutions: for a curve
ending at [z(t), y(¢),0(t)]" = [1,y1, =57, we get z(t) = cos(t —t); y(t) = —sin(t —t) +y1;

0(t) = —(t —t) — I and for a curve ending at [z(t),y(?),0(¢)]" = [1,41,5]", we get

x(t) = cos(t —t); y(t) = sin(t —t) + yo; 0(t) = t —t + Z. These curves are helices in
the (x,y,0) space and intersect when ¢t = ¢ — 7 (i.e. when z(t) = 0) and yo —y1 = 2.
Because y(t) is free, we can see that any point on the y-axis is the intersection point of
two trajectories that run along the barrier.

In fact, we can argue that any initial condition (xg, yo, 6y) with zo < 0 is in the interior
of A: note that with u = 1 or u = —1 we get, from the analytic solutions above, that the
car would trace out unit circles in the (x,y) plane with centre (x¢ =+ sin(6y), yo F cos(p)).
At least one of these circles is contained in the set {(z,y,0) : z < 1}, see Figure 1.2 and
we can conclude that for any initial condition with xy < 0 there exists a solution such
that the constraints are satisfied for all time.

Returning to finding the barrier via backward integration, we can see that once we

reach the y-axis we need to stop: any further prolongation is inside .A. In the next section
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we provide a rigorous treatment of the stopping point phenomenon.

4.2 Rigorous Treatment

We assume in the remainder of this chapter that |I(z)| = 1 for all z € G, where |A]|
denotes the cardinality of a set A. Thus the mapping z — [(z) is piecewise constant
on Gy and it may be seen that the barrier [0.A]_ is a piecewise (n — 1) dimensional
manifold which is the envelope of backward integrated trajectories given by Theorem
2.1.7] or Theorem [3.4.1] Several cases of stopping points are possible, among which are:

o the barrier is made of maximal integral curves obtained from Theorem [2.1.1] or
Theorem by backward integration, that stop in finite timd'| In this case we
call the corresponding end-point a barrier stopping point.

e two or more distinct integral curves obtained as before intersect at a point, some
arcs of these curves not forming part of the barrier. Such a point corresponds to a
barrier stopping point by intersection. See the Definition [11]

e an integral curve obtained as before may intersect with itself at a later time, some
arcs of this curve not forming part of the barrier. This corresponds to a barrier stop-
ping point by self-intersection. If t; and £, are the distinct times at which this integral
curve passes through the point &, then this case is possible if f(&, u(t1)) # f(€, u(ty)),
where u satisfies the Hamiltonian minimisation conditions or (13.34]).

We now give precise definitions of these stopping point phenomena.
Definition 11 (Stopping Point).

(i) Consider two distinct integral curves x(“1*1) and x(“2%2) obtained from Theorem
or Theorem by backward integration, running along the barrier [0.A] from two
distinct points 21,2, € Go at t, and ty respectively, i.e. x> (t;) = zl, '
where u; is the corresponding control function that satisfies condition (2.10)) or 1
for almost all t < t;, i = 1,2. Assume that there exists a point of tmnsversal
intersection & of these two curves at some time labeled t. & is said to be a barrler
stopping point by intersection either if the two maximal integral curves stop at &,
or if z(#)(t) € int(A), i = 1,2, for all t < t, whereas ') (t) € [0A]_ for all
teltt],i=1,2.

(i) Consider an integral curve x“*) obtained from Theorem or Theorem m
by backward integration, running along the barrier [0A]_ from a point z € Gy at
t, ie. xl® Z)(t_) = z, where u is the corresponding control function that satisfies
condition (2.10) or (3.34) for almost all ¢t < t. Assume that there exist times
t1 and ty, with t; < ty, such that & = 3 (t;) = 2@ (&) with f(&,u(t))) and
f(€,u(ty)) independent. € is said to be a barrier stopping point by self-intersection
if 22 (t) € int(A), for all t < ty, whereas () (t) € [0.A]_ for all t € [ty,1].

The next theorem states that all points where integral curves intersect with one another
or with themselves are stopping points.

Lwe discard cases of blow-up in finite time
2in other words with f(&,uy(f)) and f(&, uz(%)) independent
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Remark 6. By condition (2.10) and condition (3.34) we have that at each t
A“@)T f(z(t),u) > 0 for all u € U, which intuitively means that the vectogram f(x,U)
points in the direction of cl(A®) for all z € [0.A]_.

Theorem 4.2.1

(i) Consider two distinct integral curves x(“1*1) and z(“>*2) as in Definition |11, If

there exists an intersection point & of these two curves at some tjmeﬂ t, ie.
w120 (1) = g(2:22) (f) = £, then £ is a barrier stopping point by intersection.

(ii) Consider an integral curve x(“?) as in Definition |11, If () is self-intersecting
at &, then £ is a barrier stopping point by self-intersection.

Proof: (i) We denote by A"t and A“2 the two corresponding adjoint integral curves satisfying

MU () = (Dgi; (zj))T, J =1,2, with 7 € I(z;) for the case with pure state constraints,
or A% (t;) € arg Maxeeog(z,) £.f(zj,u(ty)), j = 1,2 for the case with mixed constraints.
For each t € [t,t;] the adjoint A" (t) is the normal to the (n — 1) dimensional separating
hyperplane II;(¢) tangent to the curve 2(%%) at the point 2(%-%)(t), the vectogram
given by f(z(%+%)(t),U) being included in the closed half space H;r (t) containing A\“s (t),
j = 1,2, since we have (A% (t))" f(x(%%)(t),v) > 0 for all v € U by condition and
condition (3.34). Moreover, according to Remark@ f(2(52)(t), v) points into cl(A®) for
all v € U and all t such that 2(“%)(t) € [0.A]_, j = 1,2. Thus f(¢,U) C 1] (£) N 115 (),
see Figures and Therefore, going backwards with — f (2% (t), u;(t)), i = 1,2
impies that 2(“®)(t) € int(A) for all t < f and thus cannot belong to the barrier. Hence
£ is a stopping point.

(ii) Let A" denote the adjoint associated with the integral curve (%2 with \%(f) =
Dg;+(2)T, and let TI*(¢) denote the closed half space containing A\%(t) at time ¢. The
proof of (i) may be adapted to a self-intersecting curve by replacing the two closed half
spaces II{ (f) and IT3 (£) by II*(#;) and II*(Z2) respectively. The proof then follows the
same lines. ]

Remark 7. Theorem is applicable to points where more than two distinct integral
curves obtained from Theorem |2.1.1 or Theorem |3.4.1] intersect. In this case, Theorem
can be applied to pairs of integral curves.

4.3 Examples

4.3.1 Two Dimensional Nonlinear Example

We consider the problem from section 8.3 of [15]. A system is specified with dynamics:

j?g =U '
with |u| < 1. The state is constrained to lie in the region —1 < z; < 3. From the ultimate
tangentiality condition we easily identify four points: (—1,—1), (—1,1), (3,—1) and (3, 1).
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Figure 4.3: Example of a stopping point by intersection occurring in a two dimensional
system. The two separating hyperplanes at ¢ are marked in red and f (£, U) C 11

Figure 4.4: Example of a stopping point by intersection occurring in a three dimensional

system.
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[0A]o

Figure 4.5: Admissible set for Example [4.3.1} from [I5]

The adjoint dynamics are given by:

)‘\1:0

}\2 = 21’2)\1 (43)

According to the Hamiltonian minimisation condition we must have

min {A;(1 — 23) + Xu} = 0,
ue[—1,1]
which gives u(t) = —sign(X2). In [I5] it was shown that integral curves ending at (3, 1)
and (—1,—1) have the associated control u(t) = 1 and that integral curves ending at
(3,—1) and (—1,1) have the associated control a(t) = —1, see Figure [4.5] Moreover, the
curves ending at (3,1) and (3, —1) intersect at the point & £ (2 + é, 0) and by Theorem
we can conclude that it is a stopping point by intersection.
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Figure 4.6: The barrier for the nonholonomic vehicle, showing the intersection of the two
surfaces in a line

4.3.2 Back to Nonholonomic Vehicle

Let us again consider the nonholonomic vehicle problem from section |4, where we have
shown that the trajectories on the barrier are helices in the (x,y,6) space. These back-
wards integrated trajectories, each of which initiates from a different y coordinate, run
along two manifolds that intersect on the y-axis, which we denote by S, see Figure By
Theorem we can conclude that all points £ € S are stopping points by intersection.

We can interpret the result as follows: the car is allowed to do what it pleases, unless
it comes too close to the wall (z > 0). If > 0 and the car is not oriented appropriately,
then it is guaranteed to hit the wall regardless of control chosen. This corresponds to
being in the set A°.

For a certain distance close to the wall (0 < x < 1) there are two orientations of the car
along with appropriate controls (u = £1) that guarantee that it will arrive tangentially
to the wall, and any other control will result in collision. This corresponds to being on
the barrier, [0A]_.

The line § of stopping points are special points on the barrier. From here, the car can
choose between two different controls that will guarantee tangential arrival to the wall.



Chapter 5

An Application to Potentially Safe
Sets in Hybrid Systems: Pendulum
on a Cart with Non-Rigid Cable

Résumé du Chapitre 5. Une application aux ensembles potentiellement siirs
pour systemes hybrides: le pendule avec un cable non-rigide monté sur un
chariot.
Notre but dans ce chapitre est d’obtenir [’ensemble des conditions initiales pour lesquelles

il est possible d’employer un controle tel que le cable reste tendu. Bien que les conditions
pour la construction de la barriére ne soient pas réunies, on utilise une méthode de con-
vergence pour obtenir cette derniére ce qui permet de déduire [’ensemble admissible. Puis,
on montre qu’on peut interpréter ces résultats en termes de systeme hybride et d’ensemble
potentiellement sur.

Introduction

In this chapter we study a pendulum on a cart with a non-rigid cable. Our goal is to
find the set of initial conditions for which it is possible to employ a control such that the
cable never goes slack. In the first section we do the complete analysis and then carry
out a brief discussion in Section where we show that this system can be modelled as
a hybrid system and that the obtained admissible set may be interpreted as a potentially
safe set.

5.1 Admissible set for the Pendulum on a Cart with
Non-Rigid Cable

5.1.1 Modelling of the System

We consider the classic pendulum on a cart, see Figure 5.1} but replace the rigid rod with
a massless cable that may go slack. The control, u, assumed to be bounded, is the force
applied to the cart of mass M kg, 6 denotes the angle in radians the cable makes with
the vertical, m is the mass in kg at the end of the cable, [ is the length in meters of
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the cable and g the acceleration due to gravity. The cart’s position is given by z, and
the coordinates of the mass m are given by (y, z). We also note that y = x + [sin § and
z = lcosf. It is desirable to manoeuvre the cart in such a way that the cable always

Figure 5.1: Pendulum on a cart with non-rigid cable.

remains taut.

The study of this system may serve as an initial step in the investigation of safely
controlling overhead cranes where slackness of the cable would result in free-fall of the
working mass, which is very dangerous and can damage the system. See for example [27],
[28] and [29] for studies on weight handling equipment. A similar problem appears in [43]
where the authors study tethered unmanned aerial vehicles.

One way of keeping the cable taut is to impose the condition that the cable’s tension,
T, is always nonnegative. Under this assumption the dynamics of the system are given
by the well-known equations of the pendulum on a cart system, given by:

91 - 92 (51)
: —ucos(fy) + (M + m)gsin(6;) — mlb5 cos(6;) sin(6,)
62 - D) (52)
[ (M 4+ msin®(6,))
i‘l = T2 (53)
. 2 _ .
b — u + mlsin(0,)05 — mg cos(6,) sin(6;) (5.4)

M + msin®(6;)

where 1 = x, and 0; = . These equations of motion are easily derived via the Euler-

Lagrange equations. Let us show that imposing the condition that the tension in the

cable remains nonnegative is equivalent to imposing a mized constraint on the system.
Considering the balance of forces on the mass m, we get that

mzZ = —T cosf; —mg
where 2 = —| (9% cos 0] + 92 sin 6’1). Thus T" > 0 is equivalent to:

_,é+g >

0
cost; —
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and so

2 . —u cos 01+(M+m)gsin Gl—mw% cos 61 sin 64
— — 1m
105 cos B — lsin 6, {(Mrmsin? (01)) +g .
cos 0, -

After multiplying by —I (M + msin®(6;)) (an expression that is always negative), gather-
ing terms and simplifying we obtain:

gl(M +m)
cos 6,
—ml20§ sin? 6, + gml cosf; > 0.

—1?03m cos® 0, + 1?05 (M +m) — lusin 6, + [sin2 0, — 1}

This last inequality then simplifies to:

usin 6, + Mgcos 6, — MI0; < 0. (5.5)

Note that (5.5]) is independent of 21 and 23 which also do not appear on the right hand
sides of (5.1)) or (5.2). Therefore, we can analyse the system while ignoring the dynamics of
the cart and our problem reduces to finding the admissible set of the following constrained
system:

0 = 6,
9’ _ ucos(01)—(M+m)gsin(61)+mlo2 cos(01) sin(61) (56)
2= —l(M+msin2(01))
subject to:
ul <1

usinf; + Mgcosf, — M163 < 0. (5.7)

Because our theory has been developed for constraints of the form , we will
consider the problem with a non-strict inequality as in (5.7). Although it would be
correct to observe that zero tension in the cable results in the mass being in free-fall, we
can in fact guarantee that the cable remains taut when this occurs as long as the state
remains in the obtained admissible set. The reason for this is that we can interpret
and as studying a pendulum on a cart with a rigid bar and requiring the tension to
be nonnegative. Clearly then, any trajectory of this system such that the tension never
goes negative will be a trajectory for the pendulum on a cart with a non-rigid cable such
that the cable never goes slack.

5.1.2 Constructing the Admissible Set

We label the mixed constraint h(f,u) = wusinf; + Mgcosf, — M3 and let h(h) =
minj,<; h(0,u) = —|sin| + Mgcosf; — MI63. Let us assume that barrier trajectories
reach the set Gy = {(61,02) : h(f) = 0}, which is shown in Figure for the constants
M = 0.1, m = 01,1 =1and g = 10. Note that the equation h(f) = 0 only has a
solution for #; € [— arctan(Mg) + 2km, arctan(Mg) + 2kn], k an integer, and that h(0) is
not differentiable if §; = 2kw. Also,
(-1, MO Mocoshy 1 1] if sing, > 0
U(6) = § [MB Mool 1 q[-1,1]  if sing, <0 (5.8)

[—1,1] if siné, = 0.
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)

Go

02

ZEEN |

(—arctan(Mg),0) (arctan(Mg),0)

Figure 5.2: The set Gy = {0 : —|sinb,| + Mgcos0; — M6 = 0} for M = 0.1, m = 0.1,
[ =1 and g = 10, along with some important points.

Without loss of generality we will only carry out the analysis on Go for 6, €
[— arctan(M g), arctan(M g)].

Invoking the ultimate tangentiality condition on Gy for #; € [—arctan(Mg),0[, we
obtain:

min Dh(f).f(#,u) = min (cosfy — Mgsin 6y, —2M16,).(61,65)" =0 (5.9)

uel (0) ue{l}

where we note that U(#) = {1} for #; in this range. The expression becomes

_ M - 2 .
(cosfy — Mgsin,) 05 — 2M16, (COS 01 — (M + m)gsind, + mlb; cos 0, sin 91> 0

—1 (M + msin®(6))

from where we immediately identify the point (—arctan(Mg),0) as a point of ultimate
tangentiality. Let us show that (5.9) does not have another solution for any 6, €
[—arctan(Mg), 0[. Indeed, we must investigate:

Mi
—1 (M + msin?(6,))

(cos®y — Mgsin6y) — 2M1 <00591 — (M +m)gsinf, + mlSntitMacosty g p, sin91>
1~ 1) —

where we have substituted 67 using h(f) = 0. Multiplying by —I (M + msin?(6,)), after
some algebra we get:

—3M cos by — 3Mmgsin b cos® 6, + 3M?gsin b, + 3Mmgsin 6,

+m cos® 0 — mcosf; — 2msin® 6, cos by = 0.
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Noting that m cos® #; — mcos 8, = —m cos 6, sin” #;, the above expression becomes:

—M cos 0, — Mmgsin 0; cos® 0 + M?gsin 0 + Mmgsin 6, — sin® 6, (mcos6;) =0
and after grouping terms we get:

—cos 6, (M + m sin? 91) + Mg sin 6, (M + msin? 91) = 0.

The expression (M + msin®6;) > 0, thus we get 6; = arctan(5) ¢ [—arctan(Mg), 0],
and so there is not another solution for #; € [—arctan(Mg), 0[.

Along the same lines we deduce that (arctan(Mg),0) is the only point of ultimate
tangentiality on Gy for all 6, €0, arctan(Mig)].

By constructing the barrier from (4 arctan(Mg) + 27k, 0) we will show that these

points cannot be the only points of ultimate tangentiality. This fact will motivate a close
inspection of the points (0, :I:ﬂ + 27k) where h is not differentiable.

We concentrate on the point § £ (Ay,60,) = (— arctan(Mg),0); the analysis will carry
over to the points (+arctan(Mg) + 2km,0) in a similar way. The Hamiltonian is given
by:

1
Mg

ucos(0y) — (M + m)gsin(6;) + ml63 cos(6;) sin(6,) . ,
H(6 A) = Ao+ A A
(0,2,u,\) 102+ 2( Z1(M + msin?(8)) FA3T1+ AT
and the adjoint equations are given by:
0 —g%ﬁ 0 —g%:‘l‘ ucost — Mgsin 6,
: -1 —-32 0 -z —2M16,
= 96 96 _
A(t) 0 0 2 0 o 2 | A(t) — u(t) 0 : (5.10)
0 0 1 0 0
From ([3.37)) we have that p satisfies:
om | oh
ou " Hou "
which is equivalent to:
Ao COS 6, .
01 =0
—1 (M + msin®(6)) T psin

and so: e
u(t) = Mremae)) h(6(t), u(t)) =0
0 if h(4(t),u(t)) <0.

The final conditions of the adjoint are given by

At) = Dh(0)" = (cosf; — Mgsin by, —2M16,,0,0)T

and from here we deduce that A\;(t) = A3(t) = 0. The Hamiltonian minimisation condition
gives:

wcos(fy) — (M + m)gsin(6y) + ml2 cos(6,) sin(01)> _0

el (0) Arlz A2 < —1 (M + msin?(6,))
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and so, because — (M + msin?(6;)) < 0, the control is given by:

if A\a(t) cosf(t) >0

u(t):{ 1 if sinfy(t) <0

. MI62(t)—M 61(t) . .
mln( (Smel‘((’tc)os 1 1) if sinf(t) >0

if Ao(t)cosBy(t) <0

a(t) =

1 if sin6(t) >0
ax (Ml@%(tii;];{?t(;os@l(t)’ _1> if sinfy(t) <0
if Ao(t) cosByi(t) =0

u(t) = arbitrary.

If we use the information and integrate backwards from the points (+ arctan(Mg) +
27k, 0) we get the trajectories as in Figure . Looking at the integral curve arriving
at (—arctan(Mg),0) we see that A€ must be to the right of the obtained curve and the
interior of A must be to its left, as indicated in the figure. However, further backwards
along the curve it becomes clear that the part to the right of this curve is also to the
left of the curve terminating at (—arctan(Mg) + 2m,0). Clearly there is a contradiction
with regards to the orientation of the obtained barrier, and parts of it must be missing.
We conclude that if there is another barrier trajectory ultimately intersecting Gy, then it
must intersect the points (0 j:f + 2k7), where h is not differentiable.

Turning our attention to the point (0, \/;) (the analysis carries over to all the points

(0, j:\/% + 2k7) in a similar way), we see that h((0, ﬂ),u) = 0 for all uw € [—1,1] and
the regularity assumption (A3.4) does not hold true. Therefore, we cannot deduce the
existence of the continuous mapping as described in Lemma [3.3.2] which is required to
prove the ultimate tangentiality condition, Proposition Moreover, the analysis is
made considerably more complicated by the fact that the set-valued mapping = — U (x)
is not continuous at these points, as illustrated in Figure and so we cannot use
arguments similar to those in Examples 3.5.1| and [3.5.2| to deduce that the point (0, ﬂ)
is still an ultimate tangentiality point. Nonetheless, we will show that this point is still
on the barrier by considering the limit of the set U(6(t)) along specific directions.

Consider a barrier trajectory 6(%) with §(%%)(0) = 6, € [0.A]_ and assume that it
intersects the point (0, \/%) at some future time, i.e. %) (f) = (0, \/%), t > 0. Referring
to the partition of the state space as in Figure [5.4] define the sets:

MI165 — Mg cos 6, ~ }

D_ é{e 6, <0,

sin 91

o Mig3 — M )
D+—{9 o, > 0, M0 = Mgcoshy - 1) o}
sin 6,

2— ~
c_é{e:el<o, M6, — Mg cos b, <—1,h(0)§0}
sin 6,

MI62 — Mg cosf .
C+é{0:91>0, 2 ~ 908 1>1,h(9)§0}
sin 6,

we will show that a barrier trajectory intersecting the point (0, \/%) must arrive from the
set labelled D_.
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Figure 5.3: Result of obtaining barrier trajectories that end at the points (£ arctan(Mg)+
2km,0). There is a contradiction with regards to the orientation of the barrier, and we
conclude that parts of the barrier are missing.
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Figure 5.4: The bottom figure shows plots of the sets {6 : h(f,—1) = 0} and {6 :
h(0,1) = 0} in dashed curves. The top drawing shows the set U(6) for various regions in

a neighbourhood of the point (0, ﬂ) and emphasises the fact that the set valued mapping
0 — U(0) is not continuous at this point.
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If the trajectory approaches the point (0, \/g) from D, or D_ and we consider the

left limit of the set U(8™%(¢)) as ¢t  t then, due to the continuity of the mapping
9 . Ml@ —Mgcos 6y

sin 01

mapping 7 — v, from [t —n, [ to U, with > 0 small enough, such that v, € U(0®%) (7))
for all 7 € [t — n,t[ and lim,_;v, = v. This mapping 7 — v, also exists if the barrier

approaches the point (0, \/;) from C, or C_ because in this case U (6% (t)) = [~1,1] for

all ¢ in an arbitrarily small interval before t.
We now construct a needle perturbation as in (3.25)):

, we can see that for all v € U(§@%(¢_)) there exists a continuous

N _ v on [T —le, 7]

Uge = U N (rie) UV X7 U = { u elsewhere on [0, 7]

and carry out the analysis as in Proposition [3.3.4] to arrive at:

h (9 (@.00) — h(p(@bo) -
WO D) = DO i) D50 1)) (0 . 1)) + O() 2 0 (5.1

£

for every v € U(6®%)(7)) and almost every € and h as in equation (3.26]). In particular,
recall:

W(te o ps K, b)) = @V (E, 0 b+ 107 (1, 7) (F(O) (7),0) — F(OT)(7),(r))) .

Replacing v in the above expression with the continuous family v, letting A and e tend
to zero and then dividing by [, we see that as 7 tends to ¢ equation (5.11]) becomes:

Dh(§™® ()™t 1) (f(0 ") (), 0) — fOP (L), a(t-)) = 0, Vo e U@™)(i-))

where as before, u(t_) £ lim; »4¢7, u(7), Iy being a suitable zero-measure set of R and
0(t-) = lim, ~ 0(7). Because h(9®%) (1)) is clearly increasing over an arbitrarily small
interval before ¢ we have

min  Dh(6%)(#_)). f(0®%) (), u) > 0. (5.12)
welU (9(%:90) (F_))

Let us assume that (%) approaches the point (0, f ) from C,. Then U(0®@%)(t_)) =
[—1,1] and Dh(#®%)(_)) = (— cosOy(t_) — Mgsinfy(t_), —2MI0(t _)) The inequality

- ) becomes:

min  fy(F) [(—cosOy(f-) — Mgsin(t))
ueU (0(%:%0) (¢_))

oMl (ucos@l(t) (M +m)gsin6y(t_) +mlh3(t_) cos 0y (t_) sin 0y (t. ))
—1 (M—I—msm (0, (t _))

>0

where we have dropped the superscripts to lighten the notation. This simplifies to:

min \/7—1- 2\/7 \/7—1-2\/7
uelU(6(%:0) (_

We have that @(t_) = —1 and so —ﬂ - 2\/%1](5,) = —\/%4— Qﬂ(—l) < 0 which is

impossible. Therefore, a barrier trajectory cannot approach the point (0, ﬂ ) from C,.
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Let us assume that (%) approaches the point (0, \/> ) from Dy. Then U (9 who) (_)) =
-1, M] Dh(#®%)({_)) is the same as before and — \[Jr 2\/> \[Jr

sin 61

2\/% (—1) < 0 which is impossible. Therefore, a barrier trajectory cannot approach the
point (0, ﬂ) from D,.

Let us assume that 6(%%) approaches the point (0, \[) from C_. Then U(9(®%)(¢_)) =
[—1,1] and Dh(9®%)(t_)) = (COS 01(t_) — Mgsin0y(t_), —2MI05(t _)) The inequality

(5.12]) becomes:
min \/7—1- 2\/7 \/7—1— 2\/7 (5.13)
ueU (6(®%) (¢

and again we have u(¢_) = —1 which means \[—i— 2\[u ﬂ—i—Qﬂ(—l) < 0 which
is impossible.

Finally, if %) approaches the point (0,,/¢) from D_ then U(#™%)(t_)) =

[w 1] and Dh(0(@%)(¢_)) is as before. The inequality (5.12) becomes:

sin 01

uelU(6(%:0) (¢ sin 91( )

Therefore, it is only possible for #(%%) to intersect the point (0, \/% ) from the set D_.

Recall from Appendix that for any elementary perturbation vector v(t) =
[FOEO) (), v) = F(OTD) (1), u(t))], v € U(B™0)(1)) we have that:

n(t)" v(t) <0

where 7)(t) is the normal of a hyperplane containing the elementary perturbation cone K.
Therefore, from equation (5.12)) we have that Dh(§@%)(t_))v(t_) > 0 which means that
—Dh(0@%)(¢_)) is the normal to the referred to separating hyperplane. We can thus

conclude that the final conditions of the adjoint at (0, ﬁ) are given by

NEYT = —nfi )" = DRO®(E)) = (1,-201(,/%),0,0)

From here we deduce that A\s(t) = A3(t) = 0 and we derive the same control law as before.
Because A\p(t_) < 0 and cos(#;(t_)) > 0 we conclude, from the continuity of 6 and A,
that:
MI163(t) — Mg cos b, (t)
sin 91 (t)

at) = (5.14)

over some interval of time before ¢. This fits in well with our previous argument that the
barrier trajectory must approach (0, \/% ) from D_.

We now have all the information we need in order to construct the barrier from the
point (0, ﬁ) However, note that equation is singular for #; = 0 which presents a

problem if we want to numerically integrate backwards from (0, \/%) Luckily, we can in
fact find the ezact solution to the pendulum equations with control (5.14)) and boundary

condition (0,,/9).
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Employing the control ((5.14)), the system (5.6) becomes:

0,—0, = 0 (5.15)
Oy(—1sinb,) — 102 cosby +g = 0. (5.16)

The adjoint equations ({5.10)) reduce to

Ao (102 — g cos 6y)

N, = — 5.17
! [ sin? 6, (5-17)
. 2
A = =M\ + M (5.18)
sin 6,

which are the same equations one derives from the much simpler system ([5.15)) - ([5.16]).
(We momentarily drop the superscripts to lighten the notation.) Equation ([5.16)) is

equivalent to:
2

ﬁlcos 0, =—g
and from the boundary condition 6, (f) = 0 we get:
d . g _
7 €08 01(t) = —04(t) sin b, (t) = _7(75 —t) (5.19)
and 1
cos(01(t)) = —5%(15 D241, (5.20)

Due to the symmetry of cosine, we see that there are two possible solutions:

1 .
0,(t) = £ arccos (—2?(75 — )% + 1)

defined on the interval [t — Q\E b+ 2\/5]. However, from the condition 0,(t) = ﬁ we

deduce that the correct solution is given by:
_ [ - l
t—24—t+2¢/—1. (5.21)
g g

From equation we can find the solution for Géﬁ’e‘)) over this same interval.

The adjoint equations - are also singular for #; = 0. We work around
this problem by integrating the system equations and the adjoint equations
backwards from the point §(%20)(t —n), n > 0, along with A(®¥)(f — ) = (I, —2Ml\/%),

where 0(%0)(f —p) is the exact solution to - at t —n. As 7 tends to zero the
resulting integral curve uniformly converges to the barrier trajectory.

The resulting admissible sets are shown in Figures [5.5] and for two different sets
of constants. It is interesting to note that for the same bound on the input force, if the
cart’s mass compared with the mass at the end of the cable is small enough then the two
barrier trajectories intersect and we get a stopping point as shown in Figure [5.6, Figure
5.7 shows the control function associated with the barrier trajectories.

@ 1 n
6{%) (t) = — arccos (—2?(25 — 1) + 1) , te€
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Figure 5.5: The admissible set for the pendulum on a cart with a slack rope, equations
(5.6)), with the constraint that the tension in the cable is always nonnegative. The con-
stants in this case are: g = 10m/82, = 1 metre, M = 0.5 kg, m = 0.1 kg. Note that the
admissible set is disjoint in this case.
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Figure 5.6: The admissible set for the pendulum on a cart with a slack rope, equations
(5.6)), with the constraint that the tension in the cable is always nonnegative. The con-
stants in this case are: g = 10m/82, [ =1 metre, M = 0.1 kg, m = 0.1 kg. Note that the
obtained barrier trajectories intersect at stopping points.
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Ml@g—Mg cos 01
' sin 64 '

(7

X7

Figure 5.7: A closer look at the control associated with the barrier trajectories from the
example in Figure . The crosses labelled “x” correspond to 6; = £7 where the control

switches. The crosses labelled “+” correspond to the points where the controls associated
Ml@%—Mgcosel

with the barrier trajectories arriving at (0, £%) switch to =
1
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5.1.3 Discussion

The physical interpretation of the results is clear: if 8 is such that B(Q) > 0 then the
angular velocity of the mass is too small to ensure positive tension in the cable, and the
mass enters free-fall. If § € A® then no admissible control function can prevent a loss of
tension in the future.

At the ultimate tangentiality points § = (£arctan(Mg) + 2km,0), k an integer, the
angular velocity of the mass is zero and because h() = 0 the tension in the cable is
zero and the mass is in free-fall. However, employing the only admissible control at this
point (i.e. uw = 1 depending on the point) results in the state immediately entering the
admissible set and the tension can be made positive again. As is intuitively expected,
for the same bound on the input force the final angle §; = £ arctan(Mg) + 2k increases
with an increase in the mass of the cart.

At the singular points (2km, :tﬁ), k an integer, the control acts perpendicularly to
the cable and so does not have any effect on the tension. This is why the set of admissible
controls at these points is {u : u € [—1,1]} and why the analysis is so difficult. The
barrier trajectory that passes through the points (2km, iﬁ) is quite interesting. Along

Mlangg cos 01
sin 01

(lcosf) = 2 = —g, and the solution is only

the entire part of the trajectory for which v = the mass is in fact in free-fall:
d2
- B dt?
defined on the interval [t - 2\/2 Jt+ 2\/5] because |z| < I. As remarked earlier, studying

the system ([5.6) with constraint (5.7) can be interpreted as studying a pendulum on a

cart with a rigid bar and requiring the tension to never be strictly negative. We are thus
Ml@g—Mgcosel
sin 61

recall that equation ([5.16|) is equivalent to

assured that along the barrier trajectory where u = the cable does not go

slack. Upon the barrier’s arrival at the points (0, :I:\/%) it is again possible to employ a
control such the state enters the admissible set and the tension in the cable can be made
positive.

It is interesting to note how the admissible set is dependent on the problem’s constants.
For those as specified in Figure [5.5] the admissible set consists of a periodic sequence of
disjoint connected components. This has the interesting interpretation that if the system
is initiated in the bounded connected component of the admissible set (i.e. the part at
low angular speeds) then it is impossible to increase the angular velocity beyond a certain
bound without leaving the admissible set. However, if the system is initiated with a
high enough angular speed one can “spin” the mass through the full range of angles, i.e.
through all § € R, always maintaining a taut cable. In fact, if one initiates with these high
velocities one would always need to manoeuvre the mass in this way as it is impossible
for the state to pass into the bounded part of the admissible set. Moreover, one can most
certainly not change the sense of this “spinning” manoeuvre.

The admissible set obtained in Figure permits more freedom with the manoeuvring
of the mass. Indeed, because the admissible set is connected, one can for example start
with a slow velocity, manoeuvre the mass into a clockwise spinning motion, slow it down
and then manoeuvre it into an anticlockwise spinning motion, all the while maintaining
a taut cable.

5.2 Hybrid Systems and Safety Sets

We now briefly discuss how the pendulum system from the previous section can be mod-
elled as a hybrid system and how the obtained admissible set can be viewed as a type of
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“safety set”.

Hybrid systems incorporate both continuous and discrete dynamics and can be used
to model many systems found in engineering. There exist different frameworks in the
literature, see for example [20] and [36], but we will follow the hybrid automaton approach
as expounded in [59]. We have made small changes to this framework that allows the
“guards” and “invariants” to be state and control dependent, and we have enforced the
assumption that the dynamics describing the evolution of the continuous state at each
location satisfies assumptions (A3.1)-(A3.3).

Definition 12 (Hybrid Automaton). A hybrid automaton is described by a tuple
(L, X, A, U, E,Inv, Act) where each of the symbols have the following meanings:

e L is called the locations. It is a finite set and forms the vertices of the automaton.

e X CR" is the continuous state space.

A is a finite set of symbols that label the edges of the automaton.

U C R™ is the space in which the continuous control variables u take their values.

E is called the set of edges. Fvery element of E is defined by a tuple
(I,a,Guard,y, Jump, ;/,I') where I,I' € L, a € A, Guard;,y C X x U and Jump,; is
a relation defined on a subset of X x X. The meanings of these two last sets will
be made clear shortly.

e Inv is a mapping from L to the set of subsets of X x U. If the system is at location
l; the continuous state x must satisfy x € Inv(l;). The subset Inv(l;) is referred to
as the location invariant for location ;.

e Act assigns to each | € L an ordinary differential equation & = fi(x,u), where f;
satisfies the assumptions (A3.1)-(A3.3), the solution of which is referred to as the
activities of location [.

A continuous trajectory associated with a location [; is specified by the tuple
(I;, 04, 2%, u'), where §; € R is nonnegative (called the duration of the continuous tra-
jectory), u' is a piecewise continuous function from the interval [0,d;] to U and z° is a
piecewise differentiable function from [0, ¢;] to X, such that:

o 2'(t) € Inv(l;) for all ¢ €]0, d;]
o 2%(t) and ui(t) satisfy 2°(t) = fi(z*(¢),u'(t)) a.e. t €]0, &].
A trajectory of the hybrid automaton is an (infinite) sequence of continuous trajectories:
(lo, 60, 2%, u%) 2% (11, 01, 2, u') 25 (Iy, 69, 2%, u?) 22 ... (5.22)
such that at the event times
to = do, t1 = 0g + 01, toa =g+ 01 + Ja, . ..
the following holds for all : = 1,2,...:

° (zz(tl)a uz(tz)) € Guardlil

sbi41
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o (2%(t;), 2™ () € Jump,, ,

it1”

The behaviour of a hybrid automaton is determined by the events which occur at event
times. Initiating at a location [y, the continuous state evolves according to the differential
equation at that location. When an event occurs the location [, transitions to a new
location [; and the continuous state x jumps instantaneously to a new state z/, with
(z,2") € Jump,, ;,, and then evolves according to the differential equation at location ;.
This process continues for all event times.

An event may be externally induced or internally induced. An externally induced event
comprises the specification of the event time and a symbol a € A. An internally induced
event occurs when (z,u) ¢ Inv(l), i.e. an event must take place when (x,u) ¢ Inv(l).
An event may take place if and only if (z,u) € Guard;y. Thus, it can be seen that the
invariants provide enforcing of switching whereas the guards provide enabling of switching.

Given a hybrid automaton it may be necessary to ensure that the state, described by
the pair (I,z) € L x X, never ventures into some known set of undesirable/bad states.
Solving this problem usually involves finding a set of initial conditions, in the literature
usually referred to as a “safety set”, from where it is guaranteed that it is never possible
for the state to reach the undesirable states.

The references [39] [63], and [58] (already mentioned in Section [2.3.1)) apply backwards
reachable sets for differential games to the study of safety sets in hybrid systems. Further
references on the subject include [13], [19], [9] and [3§].

We will now demonstrate that our work from previous chapters may find future ap-
plication to the study of safety in hybrid systems. Moreover, because we have results
on barriers for systems with mixed constraints, our work may be applicable to problems
where undesirable sets are subsets of the state space and control space.

As an early application, we are interested in the following problem: given a hybrid
automaton for which no externally induced events are possible with initial condition
(Ip, zp) and an undesirable subset of L x X x U given by:

B=(L—-{l})x (X xU)—1Inv(ly))
find the potentially safe set:

Definition 13 (Potentially Safe Set). Given an undersirable set B C L x X x U, a state-
space point (I, ) € L x X is said to be potentially safe if there exists, at least, one control
u € U such that (165D (¢), 2G50 () u(t)) & B for allt > 0. The potentially safe set, S is
the set of all such points, i.e.:

S={(l,z) € LxX:3uclst. (1), zb59(t), u(t)) ¢ B,vt}.

In other words, we are interested in the special case where it is desirable that the
system never transitions out of the initial location. We call this set potentially safe to
emphasise that our notion of safety in hybrid systems is not the one usually found in the
literature: we only require that there exists a control such that B is not reached.

We can recast the pendulum on a cart system as a hybrid automaton. If we examine
the system we see that it is quite difficult to specify a complete hybrid model: if the
tension in the cable is positive the dynamics are given by and if the cable goes slack
and the mass is in free-fall the dynamics are also easy to specify. However, there is a
“bouncing phenomenon” that occurs: if the mass is in free-fall there is a finite time at
which the cable goes taut, an impact occurs and the mass is in free-fall again. Modelling
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this phenomenon would be very difficult as it depends on the properties of the cable, the
state of the mass at impact and the state of the cart. This “bouncing” carries on until
enough energy has been lost, at which point the system returns to being governed by
. Luckily in order to solve our problem, we can ignore this aspect of the system and
study the following incomplete model.

Let L ={lp,l1}, X =R*, A= {a}, U =[-1,1], E = {(lo, a, Guard,,,,, Jump, , ,11)},
Guardy, ;, = {6 : Ju s.t. h(0,u) > 0}, Inv(ly) = {(0,u) : h(0,u) < 0}, fi,(0,u) is given by
and the remainder of the model is left unspecified, as it unnecessarily complicates
the problem. See Figure [5.8 The potentially safe set is now just the admissible set as
obtained from the previous section.

lo I

0= f,(0,u)

free — fall
H(t) S InV(lo)

bouncing phenomenon

Figure 5.8: An incomplete hybrid automaton for the pendulum on a cart with a non-rigid
bar.



Chapter 6

Unsolved Problem: Augmenting the
State

Résumé du Chapitre 6. Probléme non-résolu: augmentation de I’état.

Dans ce chapitre on considére les contraintes mixtes comme des contraintes d’état
pures sur l'état étendu ou l'entrée est considérée comme un état supplémentaire, dans
un but de simplification. Cependant, on obtient des résultats qui ne permettent pas de
conclure, le probleme demeurant non-résolu.

This section briefly explores the idea of letting the control u be an additional state of
the system with dynamics given by % = v, where v is a new fictional bounded measurable
input function. The motivation for this is that a system subjected to mixed constraints
would be transformed into the framework of the pure state constraint setting with the hope
that many of the difficulties associated with mixed constraint barriers would be averted.
Intuitively, as we let the bound on the fictional input v tend to infinity we should get
that the admissible set obtained for the augmented system, projected onto the x space,
approaches the admissible set obtain for the original problem where u was considered an
input. However, carrying out this analysis on a simple example, that we present in this
chapter, gives some very surprising and nonintuitive results even for a problem subjected
to pure state constraints.

Let us consider the double integrator subjected to a pure state constraint:

l"l = X2 (61)

Py = u (6.2
with |u| <1 and z; —1 < 0. The ultimate tangentiality condition gives:

min Dg(z).f(z,u) =29 =0

<1
and so an ultimate tangentiality point is given by z = (z1,2) = (z}(2),2%(t)) = (1,0),

where t indicates the time of tangential arrival with G and @ denotes the control associ-
ated with the barrier trajectory. The adjoint satisfies:

i = ( Y 8))\ N (D) = (1,0)
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and we deduce \¥(t) =1 and \§(t) = —t +¢ > 0 for all t € (—o0,?]. We find that the
control is given by:
u(t) = —sign(A2(t)) = —1.

Integrating backwards from z utilising @ gives the barrier in Figure [6.1]

T2

|
T

Figure 6.1: Admissible set for (6.1)) - (6.2) with |u| <1 and z; —1 <0.

Let us now augment the state:

T, = T
U=0
with |v] < Vmax, 0 < Upax < 00, 21 —1 <0, u—1 < 0and —u —1 < 0 and let us label
gi(z,u) =x1—1, go(xr,u) = u—1 and g3(x,u) = —u— 1. The adjoint equations are given
by:
. 0 0 0 M (9)
A=1| =1 0 0 [N M@ =] M)
0 -1 0 A3 (t)

which gives A{(t) = AJ(2), A3(t) = —(t — H)AV() + A5(¢) and X§(¢) = sAY(E)(t —¢)* —
N5(t)(t—t)+ A5(¢) for t € (—oo, ] where v is the control associated with the barrier, given
by:

6(t> = _vmaxSign()‘g(t»'
We now show that the only points of tangential arrival are given by {(z1,zq,u) : 1 =
l,ze =0,—1 < u < 0}.

The state cannot arrive tangentially only with the planes given by {(xy,z2,u) :
go(z,u) = 0} or {(z1,m,u) : gs(x,u) = 0}, because the ultimate tangentiality condi-
tion would give:

min +v =0

"U‘S'Umax

which is impossible because vy, > 0. Let us look at the plane given by {(z1,xs,u) :
g1(z,u) =0} for u €] — 1, 1].
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Ultimate tangentiality gives:

min Dg(z).f(z,v) = 20 =0

|'U| <Umax

where 2z 2 (21,29, 23) = (29(t),25(¢),u’(t)). We deduce that the barrier may arrive
tangentially with the set given by B = {(x1,22,u) : 1 = 1,29 = 0, |u| < 1}, along with
the final adjoint A’(¢) = (1,0,0). Therefore, from the exact solution of the adjoint we

get that for a trajectory arriving on B, v(t) = —vpax. If we integrate backwards from
any point on B such that u”(t) > 0 we see that these trajectories immediately leave the
constrained state space because z{(t) = —&(t —1)* + u’(t)(t — t)* + 2§(¢) > 0 for all

t €] — oo, t] and all @?(t) > 0.
Considering the intersection of the planes given by {(x1,x2,u) : gi(z,u) = 0} and
{(x1, z2,u) : g3(x,u) = 0}, we invoke conditions ([2.11)):

min max{Dg(z).f(z,v), Dg3(2).f(z,v)} = min max{ze,—v} =0 (6.4)

|'U|Svmax |'U‘§Umax

For any |z5| > vmax (6.4)) becomes:

min max{z, —v} = 25 > 0.
[v|<vmax
For any |Z2| S Umax
min max{zy, —v} = 29,

[v|<vmax
and so the point (1,0, —1) is a point of ultimate tangentiality, along with the final adjoint
A(t) = (1,0,0). For all identified ultimate tangentiality points, that is the set {(zy, xq,u) :
1 =129 =0,—1 < u < 0}, we see that \5(¢) > 0 for all t < ¢ and 80 ¥(t) = —Vpax-

The surface made up of backwards integrated barrier trajectories for vy, = 1 is shown
in Figure . For decreasing t, u”(t) increases until the trajectory reaches the plane given
by {(x1,22,u) : w =1} at which point we need to stop.

Peculiarities of the obtained result include the fact that there is no interior of the
admissible set, and as we let v, tend to infinity, the surface disappears. We conjecture
that switching of the control must take place for trajectories ending at the identified
ultimate tangentiality points in order to construct a sensible admissible set. However,
this switching is clearly not provided by the obtained adjoint, and the solution to the
problem is an open question.
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X1 1

Figure 6.2: Three different views of the surface obtained for the constrained system ((6.3]).



Perspectives

The first contribution of this thesis is the extension of the work on admissible sets and
barriers introduced in [15] to the case of mixed constraints. It was shown that the barrier
as well as the concept of semi-permeability extends to this setting; that the barrier may
intersect the set Gy and if so, that it satisfies a generalised ultimate tangentiality condition;
and that the barrier can be constructed via a modified minimum-like principle, the proof
of which required the Pontryagin maximum principle stated in terms of reachable sets for
systems with mixed constraints, as covered in Appendix [Bl However, the result in this
form is available only for control functions that are assumed to be piecewise continuous.
The possibility of relaxing this assumption to merely measurable controls is an open
question, and can be the subject of future work.

The treatment of the maximum principle as in Appendix [B|required the introduction of
the regularity assumption (A3.4) in order to construct the suitable needle perturbations.
We also used this regularity assumption to prove the ultimate tangentiality condition.
However, as discussed at the end of Example [3.5.1] and demonstrated in the application
to the pendulum on a cart problem of Chapter [3], this assumption may be too strict,
especially on the set GGy, where we may be able to find points of ultimate tangentiality
by considering the continuity of the mapping = +— U(x). Relaxing the assumption (A3.4)
could be addressed in future research.

A trajectory running along the barrier may reach the set Gy tangentially, in which
case we can characterise this intersection and identify points from where the barrier can
be constructed. However, as displayed in Example [3.5.3] it is possible that the barrier,
still a semi-permeable surface satisfying a minimum-like principle, does not necessarily
reach G tangentially but remains in GG_ for all time. As yet, general conditions that may
be used for the identification of points on a barrier of this type, along with the adjoint,
have not been derived and this could form the focus of future research.

The thesis’s second contribution is a preliminary investigation of stopping points that
occur in the construction of barriers: we have presented a theorem that states that every
intersection point of barrier trajectories is a stopping point.

It has been observed in optimal control that problems with state constraints often
have singularities of the value function, see for example [61]. Note that the barrier, which
is an (n — 1) dimensional manifold, is nondifferentiable at the stopping point in Example
and at every point on the “stopping line” in Example £.3.2] It may be that stopping
points in barriers play an analogous role to singularities found in optimal control.

The minimum-like principle allows us to find a collection of (n—1) dimensional oriented
manifolds that intersect. Deducing what parts of these manifolds are in the interior of
the admissible set is a question of determining the orientation of these manifolds in a
neighbourhood of the intersection. Future research could investigate the use of tools from
differential topology, such as the Brouwer degree, to describe this change of orientation.
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Finally, we applied the theoretical contributions of the thesis to find the admissible set
for the problem involving the pendulum on a cart with a non-rigid cable, as in Chapter
bl This problem involved mixed constraints and stopping points, and we had to provide
an ad hoc proof that the barrier intersected specific points on GGg which again highlighted
the strictness of the regularity assumption (A3.4).
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Appendix A

Compactness of solutions

We slightly extend the compactness results proven in [I5, Appendix A] to the mixed
constraint context. We first recall the following lemma and its corollary from [I5] along
with the proofs for completeness.

Lemma A.0.1

If assumptions (A3.1) and (A3.2) of Section hold true, equation admits a
unique absolutely continuous integral curve over [tg, +00) for every uw € U and every
bounded initial condition xy, which remains bounded for all finite t > tg,

1
)] < (14 a1 = 1) £ K (1), (A1)
Moreover, we have B
[2(t) = (s)| < CJt = 5| (A.2)
for all t,s € [to, T| and all T > t,, where
C = sup | f(z,u)|| < +o0. (A.3)
=] <K(T),ueU

Proof: Multiplying both sides of (3.1) by x(t)T, we get

52 (I 0)IP) = 20" $a0) u(t)

or, in integral representation, and taking absolute values,

[l2(®)]I? = 02| = 2 \ /t:x(T)Tf(w(T),U(T))dT

t
< 20/ (1+ ||z(7)||*)dr according to (A3.2)
to
or .
(14 12@1) < (1+ llzol?) +2C [ (14 lo(r))?) dr
to
By Gronwall’s Lemma, we get
(1+ l2(®)lI?) < (1+ [lwo]?) 2710

which readily yields (A.1)).
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To prove Inequality (A.2), let us recall that, for every pair t,s € [éo,T ] and all
T > tg, x(t) —x(s) = JE f(x(1),u(r))dr. The continuity of f implies that C' < 400 with
C defined by (A.3). We immediately deduce (A.2). |

Corollary A.0.1

Let us denote by X (x¢) the set of integral curves issued from an arbitrary x, ||xo|| <
00, and satisfying , , .

If assumptions (A3.1) and (A3.2) of Section hold true, X(x¢) is a subset of
C°(]0, 00), R™), the space of continuous functions from [0,00) to R™, and is relatively
compact with respect to the topology of uniform convergence on C°([0,T],R") for
all finite T > 0. In other words, from any sequence of integral curves in X (xq), one
can extract a subsequence whose convergence is uniform on every interval [0, T, with
T > 0 and finite, and whose limit belongs to C°(]0, c0), R™).

Proof: In Lemma inequality (A.1) means that the restriction of the integral curves

of X(xp) to any finite interval [0,7] is equibounded, and shows that the same
restriction to any finite interval [0, 7] of the integral curves of X (x() is an equicontinuous
set with respect to the topology of uniform convergence on C°([0, 7], R"), for all T > 0.
The relative compactness results from Ascoli-Arzela’s theorem (see e.g. [64, Chap. III,

§3, p. 85)]). [ |

We now adapt the proof of [15, Lemma A.2, Appendix A].
Lemma A.0.2

Assume that (A3.1), (A3.2) and (A3.3) of Section hold. Given a compact set
X, of R", the set X £ Usoer, X (20) is compact with respect to the topology of
uniform convergence on C°([0,T],R") for all T > 0, namely from every sequence
{x(wm), o C X one can extract a uniformly convergent subsequence on every finite
interval [0,T], whose limit £ is an absolutely continuous integral curve on [0, 00),
belonging to X. In other words, there exists T € Xy and i € U such that £(t) = 22 ()
for almost all t > 0.

Moreover, if the sequence {(x(“*™) )}y satisfies the constraint
g () uy(t)) < 0 for all k and almost all t, then the limit also does:
g(x @@ (t),u(t)) < 0 for almost all t.

Proof: Since &) is compact, it is immediate to extend inequalities (A.1]) and (A.2)) to in-

tegral curves with arbitrary xg € Ay by taking, in the right-hand side of , the
supremum over all zg € Xy. Thus, by the same argument as in the proof of Corol-
lary [A.0.1] using Ascoli-Arzela’s theorem, we conclude that X is relatively compact with
respect to the topology of uniform convergence on C°([0,T],R"), for all T > 0. The
proof that from every sequence {x(“k’xk)}keN C X one can extract a uniformly conver-
gent subsequence on every finite interval [0, 7] whose limit & belongs to X is the same
as in [I5], which we now present along with the new result that the sequence of func-
tions {t — g(a(“®k) (t), uy(t)} converges to a limit such that g(z(®% (t),a(t)) < 0 almost
everywhere.

We first remark that, from the fact that X is relatively compact we have that the

limit, &, is a continuous function on [0, 7] for all T' > 0, and that, for every finite T" and
every t € [0, 7],

£(t) = kh_}rgo xp + lim /Ot F (@) (8), ug(s))ds = Z + klgr()lo /Ot Fy(s)ds (A.4)

k—o0
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where the limit is taken over a subsequence and with the notations z = limy_,o 3 and
Fi(t) = f(a om0 (), up (1))

We denote by < v,w >= 1" v;w; the scalar product of the vectors v and w in
R™. Since, for every k, the integral curve (%) satisfies #(“%k)(t) = Fj,(t) for almost
every t, taking the scalar product of both sides by a function ¢ € C*°([0,00),R™) and
integrating from 0 to T, yields

T T
/ < (1), 8 (1) > df = / < (), Fult) > dt
0 0

or, after integration by parts:
T
- / < @(t), 2T (1) > dt+ < o(T), 2T (T) > — < (0), z(W%) (0) >
0

T
:/0 < o), Fi(t) > dt

Taking the limits of both sides, according to the uniform boundedness of the integrals,
we get, with ¢ defined as a distribution on [0, T):

T _ T
/0 < o(t),E(t) > dt 2 —/0 < G(b),E(t) > di+ < o(T),E(T) > — < p(0),7 >

T
= lim < (t), Fi(t) > dt.

k—o0 Jo

(A.5)

In other words, € = limj_,o, F}, in the sense of distributions. Moreover, for every T > 0,
restricting ¢ to CP([0,T],R™) (the set of infinitely differentiable functions from [0, 7]
to R™ with compact support, which is indeed contained in C*°([0, c0),R™)) and using
the density of C([0,7],R™) in L*([0,T],R") (see e.g. [52]), equation also implies
that the sequence Fj is weakly convergent in L%([0,T],R"). Let us denote by Fr its
weak limit in L2([0, 7], R™). We have therefore constructed a collection { Fr}psg of weak
limits, which uniquely defines a function F almost everywhere on the whole interval

[0, 00), whose restriction to any interval [0,T] coincides a.e. with Fr, i.e. F‘ o] = Fr

a.e.. Indeed, taking any pair of intervals [0, 71| and [0, T»] with 77 < T», by the uniqueness
of the limits FTl and FTZ, the restriction of F_'T2 to the interval [0,77] coincides almost
everywhere with Fr, and it is readily seen that non uniqueness of F' would contradict
the uniqueness of every Fr.

Accordingly, the sequence of functions {t — g(z(“%)(t), ux(t)) : k € N} is bounded
in L2([0,7],R") for every finite T, which implies that this sequence contains at least
a weakly convergent subsequence (still denoted by g(z(“7%) w;)). We denote by g its
weak limit, independent of T as above.

By Mazur’s Theorem (see e.g. [64, Chapter V, §1, Theorem 2, p. 120]), for every
k, there exists a sequence {o/f, e ,aﬁ} of non negative real numbers, with Zle af =1,

such that the sequence
Fy il F,
AN of o
< Gk ) z; gz uy)

is strongly convergent to 7 ) in every L?([0,T],R") for all finite 7. Note that

this property a fortiori holds true if we replace the sequence F; by any subsequence
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< (x(uz',;i) ) > constructed by selecting a subsequence of indices i; such that, given
)
€

sup ([ £(45°75) (), i, (£)) = F(6(8),us, (1)

+ g (@55 (), i, (£) = g((0),ug, (B)]]) < 27
for each j, which is indeed possible thanks to the uniform convergence of z(ue:k) to ¢

F
and the continuity of f and g. Note also that the limit ( g ) remains the same (for

convenience of notation, we keep the same symbols for the oz] ’s, but we remark that

these coefficients have to be adapted relative to the new subsequence).

By Minkowski’s inequality, we have:
1
2

(/ IIZa’“f ) g, ( ))—F(t>||2dt)
= /TIIZa’?(f<£<t> ugy (1)) = f@ 0" (1), s, (1)) ) Pt 2 (A.6)
~\Jo 3 J T BN AR

2

T k B
| LI ek (0,0, (0) - Pl
04

We now prove that the limits of the two terms on the right-hand side of expression ({A.6)),
as k tends to infinity, exist and are equal to 0. The convergence of the second limit to 0
is clearly an immediate consequence of the strong convergence of Zj 10 F to F.

For the first term on the right-hand side of -, according to the construction of
the above subsequence, and using the fact that 042g € [0,1] for every j, we have

| S of (£, ui, (1) = £ (0), iy (1)) |
k
< 3 abIFE) i, (0) = @55 (8), i, ()]

j=1
<e zk:oz;@_] (A7)
j=1
<clamel) s
Thus .
aj; ), u;, (1)) — x(u’J’%) t),u;. (t 2dt 2
(/ HZ (£, () = £ (t), wi, () | ) as

hence, since € can be chosen arbitrarily small, the left-hand term in (A.8|) converges to
0 as k tends to infinity.

Therefore, the same holds for the left-hand side of (A.6), which proves that F(t)
belongs almost everywhere to the closed convex hull of {f(£(t), ui,;(t))}jen which is con-
tained in f(§(¢),U) according to (A3.3).
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The proof that g(t) € g(£(t), U) for almost all ¢ follows the same lines. We immedi-
ately conclude that if g(z(“%%)(t), us(t)) < 0 for all k and almost every t, it is the same
for any convex combination and therefore g(t) < 0 for almost all ¢.

Finally, again according to (A3.3) and (A3.5), there exists, by the measurable selec-
tion theorem [6], u € U such that

F(E(t),u(t)) F(t)
_ = _ a.e. t € 0,00).
( EGRIG) a(t 1, 0)
Thus, we conclude that ¢ satisfies £ = f(&, ) almost everywhere, with £(0) = Z € .
By the uniqueness of integral curves of 1' we conclude that £(t) = z(@7)

everywhere and, thus, that £ € X. Accordingly, we indeed have g(t) = g(§(
g(z(®®)(t), u(t)) < 0 a.e. t € [0,00), which achieves to prove the lemma.






Appendix B

Maximum principle for problems
with mixed constraints

In this appendix we sketch a version of the maximum principle for problems with
mixed constraints that describes the extremal curves as those whose endpoints at each
time ¢ belong to the boundary of the reachable set at the same instant of time. This form
of the principle is needed to prove Theorem . The proof draws content from [34],
where the principle is proved in the particular case of constraints on the control, and [47],
where the principle is proved in the context of optimising a cost function for systems with
both constraints on the control and the state, but which are not mixed, though a remark
indicating the possibility of its extension to mixed constraints is given in [47, Chapter VI,
§35]. See also [23, Chapter 7] for a proof in the framework of the Calculus of Variations.
For a survey on the maximum principles with state constraints, the reader may refer to
[21].

In our treatment we will introduce the suitable perturbations to regqular trajectories,
similar to [47], that are needed to generate the so-called perturbation cone, the latter
being crucial to obtain the necessary conditions of the maximum principle. Throughout
the analysis we assume that the extremal control is piecewise continuous as in the above
cited references.

The contents of this appendix are to appear in [I§].

B.1 Control perturbations

Consider an integral curve z(%?0) associated with the piecewise continuous control
u, initiating from the point zg. Let 7, & = 0,..., K, with 75 = 0, be a collection of
points of continuity of u such that 7, — €l is also a point of continuity with [, > 0 for
all ¢ small enough. Assume that g(z(®)(t),u(t)) < 0 for a.e. t € [rp_1,7%[. We will
perturb the control over the interval I, = [rx — eli, 7x[ and extend both the control and
the integral curve between 7, and 7.1 — €lgy1 in order to satisfy the constraints. This
will be done by first making a subdivision crf;, q=1,...,dg, namely 7, = of < ... <
0(’; < e < ijk = Tg+1 — €lgs1, assumed to contain all discontinuities of u on the interval
[Tk, Ts1 — €lgs1[ and adapting u and its corresponding integral curve on each subinterval
[05, J(I;H[, g=1,...,d; — 1, using the implicit function theorem.

At k=1, if s = #1(z®®) (1)), u(r)) = 0 and sy = #J(@(7,)) = 0 (we do not pass on
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the indexing of s; and s, with respect to k and ¢ to avoid too cumbersome notations), we
introduce the classical needle perturbation: u;, = @ X, _., vy, defined on the interval
[0, 71[, with v, arbitrarily chosen in U(x(®®) (7 — £l;)) and constant over [y — ely, 7q[.
We denote by &7, = (#1170 (1y).

Otherwise, by remarking that s; and sy are such that max(si, sy) > 0, according to
(A3.4), define the function

9ir (‘7:7 U)
9i <I7U)
I'n(z,u) = o1
(=W
Viag (1)
and consider the solution 4, of I'j (z,u) = 0, defined from a neighbourhood N, of
R™ x Rm=(s1+52) o R9152 Thus,
Ur (2, G (2, Uy tsnits - -y U )y Uy bsgits - s Um) = 0 V(2 Usy 169415+ Um) € N,
and we can define the integral curve x;, by:

T = f(2, U5 (T, Vs 45941y > VUm)s Usytsgtls - s Um) (B.1)
starting from 2(®®0) (7 — ely), with (Vs 441, ..,Un) arbitrary in the projection of N7,
on R™=(1#52) and such that @y, (1) = G, (21, (1), Veypspits .- Um) € Ul (1)) for all
t € [ — ely, m[. In this case we denote &, = x,(11).

We now consider the interval [, 7y — elo]. If 51 = #I(2®*0) (1), (7)) = 0 and s, =

#J(u(r1)) = 0 then  is kept the same on [0, o3[ and we denote by @y, , = 1y, X, @ and

&, = ™) (g} — ol). Otherwise, since s; = #I(z(®*0) (1), u(r1)) and sy = #J(u(r1))
are such that max(si, so) > 0, according to (A3.4), define the function

gir (2, 1)

Gi,, (T, U
1—‘11,1 (SL’,U) = ’}/13(<U) )
1

Vjs, (1)
and consider the solution @y, , of T'y,  (x,u) = 0, defined from a neighbourhood N, ; of

R" x R™=(s1#52) o Rs1+52 Thus,

F11,1 (:L“, ﬁ11,1(1'7 Usytso+15 - - - 7um)7 Usi+so+15 - - - ’um) =0 \V/(l‘, Usi+so+15 - - 7UM) € Nf1,1

and we can define the integral curve zy, , by:

T = f(xv a11,1<x> ﬂ81-1-524-17 s 7um)a ﬂ51+52+1, s aam) (B'2)

starting from &7, at time 7; and assume that the interval [0}, o3[ is small enough such
that its solution remains in N7, ,.

We iteratively apply the same construction for all ¢ = 2,...,d; and thus obtain
the perturbed z, , and uy, . in each interval [a;,a(}ﬂ[, q=1,...,d; — 1, satisfying the
constraints.
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Then finally, for £ > 1, assuming that 7, , , and uy, , have been obtained, we
construct ., ., and 4y, ., by replacing 7 in the above algorithm by 7, to
finally get the complete perturbe& trajectory.

According to [47, Chapter VI, §34] we introduce the following notations: the perturba-

tion parameters denoted by 7 belong to the convex cone co{ (7, lg, vk, e) : k=1,..., K}
and we note x.(t) = xy, (t) previously defined with the vector of perturbation pa-
rameters 7w if ¢ € [0(’;, a[’; 1. Then, for a given vector of perturbation parameters
& {m, .., 7,1y, ..., aglg,v1,. .., g}, with ap > 0 and Zle ar = 1, we have
T (t) = @0 (t) + edx(t) + O(£?) (B.3)
with
K — — —
da(t) = 3 ar®”(t, i) [£(@ ™) (1), 00) — F@ ™) (7), u(mi))| e (B.4)
k=1
and ®“ the transition matrix of the variational equation:
d, - 0 . - 09 (o _ _
07007 = (G0, al0) + A0 FLE 0. a(0)) #5(07), @7 =1

(B.5)
for all 0 < 7 < ¢ where the function A” : [0,#;] — R™ x R? is a matrix with piecewise
continuous entries which we recursively construct over [0,%] as follows.

Consider the interval [r; — ly, 7] and assume that s; = #1(z(®) (1), u(;)) = 0 and
sy = #J(u(m1)) = 0 (again, we will not carry over the indexing of s; and s, to subsequent
intervals to lighten the notation). Then we let A%(¢) = 0 for ¢ € [r; —ely, 7], i.e. a matrix
of zeros.

Otherwise max(sy,s;) > 0 and we define Af (), an n X s; matrix, along with LY (t),
an n X sy matrix, as the solution to the following linear equation for ¢ € |1y — ely, 7

Ofr,.n(@™(1), u(t)) Oin ..oy (@0 (1), 0(E) o 0 OV g (@70 (2), (1))

= A, (1)

ouy, ..., 0Ugs 1, Ouy,...,0Ugs 1, Ouy, ..., 0Us 1,
(B.6)
where
agil 891'1
ou T Ousy
agilw"visl . 1 e
6“17 7au81+82 ag;sl o 89;s1
6u1 T 8“51+52
o o . . .
and - of et— and 5 %15"“2 are similarly defined. The solution to this equation
Lseeny Usi+so UL yeeey Usi+so
exists due to assumption (A3.4).
Let , . ;
AT(E) A2(t) ... )\zfl (t)
] Nt (t) L Ao (1)
A=
Ni(t) . 0

Denoting by M ()., the entry in the a’th row and b’th column of the time-varying matrix
M, we now specify:

. { N(t), Yae€{l,...,n}, if beI(z®™) (1), u(r))

)

A (t)ap = 0 Va € {1,...,n}, if b¢ I(z(®™) (1), u(r))
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In other words, we augment the matrix A} (¢) by adding columns of zeros that correspond
to the inactive g;’s over the interval [y — ely, 71]. Recall that we have divided the interval
[0,¢;] into a number of disjoint subintervals as follows:

O<71—5l1<7'1:0i<0%<---<a§1:7'2—5[2<72:a%<0§<---<0£{:t1

We recursively construct A%(t) over each of these subintervals using the same algorithm
to arrive at A%(¢) defined over the whole interval [0, ¢;].
Now introducing n%(t) = (®*)~1(¢,0)ny = ®%(0,t)n for an arbitrary 1y # 0 and setting

HOERNORNG (B.7)
we get the adjoint equation

0 == (S 0.a0) F0+ S0l @ 0.a0. @B

=1

The variational equation (B.5)) may be interpreted as describing the parallel displace-
ment of tangent vectors vy, = |f(z(®%)(7.), vp) — f(x(a’IO)(Tk),ﬂ(Tk))} I, referred to as

elementary perturbation vectors, _along 2(®®0) from 75, to t, and the adjoint equation (B.8))
may be interpreted as describing the parallel displacement of hyperplanes along x(%%0),
It can be shown that

jt {(@ﬁ(t,Tk)vwk)Tnﬂ(t)} =0 YVt VY #0 (B.9)

for any elementary perturbation vector v, . Denote by K; the tangent perturbation cone:
Ky = {z:x=2®%)(t) + sx(t)}.

In other words, K; consists of the convex combination of all elementary perturbation
vectors that have been transported to time t.

B.2 The maximum principle

The following theorem is an adaptation of [47, Theorem 23, Chapter VI, §35], in the
spirit of [34], using the perturbation cone constructed in the previous section. We present
a sketch of the proof for completeness.

Theorem B.2.1 (Mazimum principle)

Consider the constrained system , , . Let z(®%0) be a regu-

lar trajectory associated with the piecewise continuous control uw € U such that
@)t} € ORy, (1) for some t; > 0. Then, there exists a non zero absolutely
continuous n* and piecewise continuous multipliers u¥ >0, i = 1,...,p satisfying, for
almost all t < t;:

(0 = = (S 0,00 0+ 0% @0, a0) (B0

i (g™ (1), alt)) =0 Vie{L,...,p} (B.11)
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such that, if we define the dualised Hamiltonian
A T P
i=1

it satisfies

map (a0 (), u, (1), () = M) (0), @(0), (1), w¥(1)) = constant a.c. t < 1)
(B.13)

Proof: Following the proof of Theorem 3 from [34, Chapter IV], the fact that z(%%0)(¢;) €

ORy, (7o) implies that there exists a sequence of points { P, }, with P,, outside Ry, (xg) for
each n, such that P, — 2(%%0)(¢;), and the unit vectors in the direction P, — z(%%0) ()
approach a vector labelled w(ty).

It can be shown that w(¢;) can not be interior to the set K¢, , and thus we can conclude
that there exists a hyperplane II(¢;) at z(%%0)(¢;) that separates the vector w(t;) from
Kt,. Let n(t1) be the exterior normal of the hyperplane II(¢1), then its parallel transport
along z(%0) is given by the solution of and we get

n(t)Tv(t) = n(t)To(t)) <0, Vt€[0,t] (B.14)

from where v(t) is any perturbation vector in K;. We now prove the Hamilto-
nian maximisation condition by contradiction. Denote by H(x,u,n) = o’ f(x,u) the
Hamiltonian (not dualised) and suppose that

H (%0 (8), u(t), n™(t)) > H(z @0 (t), a(t), n"(t))

over some interval |t — n,t' +n[, > 0 on [0,#;] with u(t) € U(z(®%)(t)) for all t €
|t —n,t + n[ where t' € [0,¢1] is a point of continuity of u. We thus get

n(t)" (@) ) > ()T f ), alt)

where u/ = wu(t'). If we consider the elementary perturbation vector denoted by v, =
{f(x(ﬂ’xo)(t’),u’) — f(x(a’xo)(t'),ﬁ(t’)], which corresponds to the data 7« = {¢/,1,u'},
then we get

() v (') >0

which contradicts (B.14). We thus conclude that

max  H(@®0 (1), u, () = H@™0) (1), a(t), (1), ae. <t
wel (z(%0) (1))

By the Karush-Kuhn-Tucker necessary conditions we conclude that there exists p piece-
wise continuous multipliers i, ¢ = 1,...,p and r piecewise continuous multipliers o,
7 =1,...,7r such that

0,10, ()~ 3 A S (0, 0(0) - Y 0 @) =0, ae. b

i=1 j=1

along with the complementary slackness conditions:

{ﬂ?(t)gz-(w“(tm(t)):o, ait) >0 i=1,...p
(B.15)
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Noting that %—IZ = nT%, if we now multiply equation by ' it can be shown that
f; = pi, i =1,...,p and from here we also get (B.11]).

Finally, we need to show that H(z(®%0)(t), u(t), n"(t), u*(t)) = constant a.e. t < t.
To this end, we introduce

m(n,z) & ex, H{(w,u,n) = max H(z,u,n) - ;mgz-(az, u)
P
M(t) £ m(n™(t), z ™) (1)) = H(z"*0)(t),a(t), n™(t) — Y pl(t)gi(x ™) (1), a(t))
=1

and show that the mapping m is locally Lipschitz and thus continuous. From this we will
deduce that the mapping t — M (t) is also locally Lipschitz, since it is the composition
of m with the piecewise differentiable mappings t — z(®%0)(t) and t — 7%(t).

Let m(z1,n1) = H(n1,x1,u1) and m(xg,n2) = H(n2,z2,u2). For the point z, since
we have U(z1) # 0 equivalent to §(z1) < 0 and since § is continuous by Lemma [3.3.1]
there exists a neighbourhood of x1, N (1), such that U(x1) NU (&) # () for all £ € N ().
Therefore, there exists a point x5 in this neighbourhood such that U(x1) N U(z2) # 0
and consequently since u; € U(z1) there exists 9 € N(x1) such that u; € U(zz2). Then

we have
m(r1,m) —m(x2,m2) = max H(m,r1,u) — max H(nz,x2,u)
uelU(x1) ueU(z2)
< H(m,z1,u1) — H(nz, z2,u1)

IN

sl(o)-()]

where the last inequality follows from the fact that H is continuously differentiable w.r.t.
x and 1 and the constant K is determined from the mean value theorem. A similar

) (o)l
) (o)

Let 7 € [0,1], then for an arbitrary 7/ > 7 with 7/ € [0,¢1], since M is locally
Lipschitz and therefore has bounded variation, we have the following classical integral
formula:

m(w2,m2) — m(z1,n1) < Ko

and thus:

|m(x1,m) — m(x2,n2)| < max(Ky, Ka)

which shows that m(z,n) is locally Lipschitz.

!

M() - () = [ an)
where dM is a bounded measure on [1,7']. By a straightforward identification we have

- Egj(x(ﬁ’”’(t), a(t), n®(t)i(t)dt + 8821(“7(&’””0)(75), a(t), n" ()n(t)dt

oH , (- P
- (u,xo) 77 77
+ 2w 1), (),

dM(t)
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Using (B.10) we immediately deduce that

P ‘ )
i=1
+88]7_7I(x(“’10)(t), _(t)ma(t))n(t) —0

Let us now prove that

[%ffwww(t), (077(0) — Y () 22 0 1), a(t))] di()=0.  (B17)

From left multiplying n%(t)” we get:

O @0, 1(e) 0 (1)~ () 22 (@520 (0), (1))~ v T (@550 (0), (1)) = 0
i1 j=1
(B.18)
where
V() 2 L7 0) (B.19)

with £%(t) suitably augmented with zeros for coordinates which do not correspond to
active constraints, as was done for A%. Let us prove that

T

N S
> i 0GR T @), u(t) | da(t) = 0. (B.20)
A u

7j=1
For those components where the constraints are not active we have v; = 0. Otherwise,
if v; # 0 we have ~;(u(t + ¢€)) = ~;(u(t)) = 0 for € small enough if ¢ is a Lebesgue
point. Therefore, V;?(t)%(x(ﬂ7$0)(t),ﬂ(t))dﬂ(t) = 0. If ¢ is not a Lebesgue point, again
since v # 0 we have ~;(u(t4)) —~v;(u(t-)) = 0 which yields %(aﬁ(ﬂ’zo)(t), u(t))du(t) =0,
therefore (B.20)) is proven. Multiplying (B.18)) by du(t) yields (B.17)).

Finally, the proof that S>7_, g;(2(®%0)(t), w(t))dul(t) = 0 follows the same lines as
the proof of (B.20]) according to the complementary slackness property. It results that
dM (t) = 0 which means that M is constant on every interval of time which achieves the
proof of the theorem. [ |









Sur les barriéres des systémes non linéaires sous contraintes avec
une application aux systéemes hybrides

Résumé de la theése: Cette these est consacrée a I'étude de la théorie des bar-
rieres pour les systemes non linéaires sous contraintes d’entrées et d’état. La
principale contribution concerne la généralisation au cas de contraintes mixtes,
c’est-a-dire dépendant des entrées et de I'état de fagon couplée. Ce type de
contraintes apparait souvent dans les applications et dans les systemes différen-
tiellment plats sous contraintes. On prouve un théoreme du type principe du
minimum qui permet de construire la barriere et I’ensemble admissible associé.
De plus, dans le cas d’intersection de plusieurs trajectoires ainsi construites,
on démontre que les points intersections transversaux sont des points d’arrét
de la barriere.

Ces résultats sont utilisés pour calculer ’ensemble admissible d’un pendule
avec un cable non-rigide monté sur un chariot, la contrainte correspondant au
fait que le cable reste tendu. Ce probléme correspond en fait a la détermination
de I'ensemble potentiallement siir dans le cadre des systémes hybrides.

Mots clés

Barrieres, Systemes non linéaires, contraintes sur 1’état et les entrées, con-
traintes mixtes, ensemble admissible, points d’arrét, ensemble potentiellement
stir

On Barriers in Constrained Nonlinear Systems with an Application
to Hybrid Systems.

Abstract: This thesis deals with the theory of barriers in input and state
constrained nonlinear systems. Our main contribution is a generalisation to
the case where the constraints are mixed, that is they depend on both the
input and the state in a coupled way. Constraints of this type often appear
in applications, as well as in constrained flat systems. We prove a minimum-
like principle that allows the construction of the barrier and the associated
admissible set. Moreover, in case of intersection of some of the trajectories
involved in this principle, we prove that such transversal intersection points
are stopping points of the barrier.

We demonstrate the utility of all the theoretical contributions by finding the
admissible set for the pendulum on a cart with a non-rigid cable, the constraint
being that the cable remains taut. Note that this problem corresponds to the
determination of potentially safe sets in hybrid systems.

Keywords

Barrier, nonlinear systems, state and input constraints, mixed constraints,
admissible set, stopping points, potentially safe sets

/. .
= ParisTech

MINES PARIS INSTITUTE OF TECHNOLOGY
Tech



	Page de garde
	Résumé
	Contents
	Introduction
	A Short Survey of Constrained Systems
	Barriers in Constrained Nonlinear System, the Unmixed Case
	Viability Theory
	Other Approaches for Ensuring Constraint Satisfaction

	Barriers for Mixed Constraints
	Dynamical Control Systems with Mixed Constraints
	The Admissible Set: Topological Properties
	Boundary of the Admissible Set
	The Barrier Equation
	Examples

	Stopping Points
	Motivating Example: Nonholonomic Vehicle
	Rigorous Treatment
	Examples

	An Application to Potentially Safe Sets in Hybrid Systems: Pendulum on a Cart with Non-Rigid Cable
	Admissible set for the Pendulum on a Cart with Non-Rigid Cable
	Hybrid Systems and Safety Sets

	Unsolved Problem: Augmenting the State
	Perspectives
	Bibliography
	Compactness of solutions
	Maximum principle for problems with mixed constraints
	Control perturbations
	The maximum principle

	
	Page de garde


