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Abstract

This paper adapts to the case of impulse and hybrid control systems the results obtained
by Aubin, Bicchi & Pancanti on “detectability” of solutions of usual control systems. Mea-
surements of the state, described by a informational tube, that may be quantized, are gath-
ered along time. The detector associates at each time with any state satisfying the given
measurement the (possibly) empty set of the initial states from which starts a solution that
arrives at this state while satisfying the measurements. This detector is then studied by
tools of viability theory, and shown to be a solution to a system of Hamilton-Jacobi-Bellman
partial differential inclusions satisfying supplementary conditions (that can be regarded as
the vectorial analogue of Bensoussan-Lions “quasi-variational inequalities” in impulse op-
timal control. The derivatives of the detector provide the regulation map governing the
motives of the detectable runs.
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Introduction

We denote by S(x) C C(0,00; X) the set of evolutions z(-) € C(0,00; X) starting at = at
time ¢ = 0 and solutions to the control system

{ i) 2'(t) = f(zt),u(?))
i) u(t) € Ulz(t)
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with state-dependent constraints on the controls.

We follow an idea pioneered in [29, Delchamps] that regards measurements as a de-
terministic memoryless entity that gives us a limited amount of information about the
states, whether continuous or “quantized”, i.e., when measurements are made in a finite
number of instants instead of continuously. The problem is formulated as follows: How
much information about the current state is contained in a long record of past (quantized)
measurements of the system’s output? Furthermore, how can the inputs to the system be
manipulated so as to make the system’s output record more informative about the state
evolution than might appear possible based on a cursory appraisal?

This issue was taken up in [9, Aubin, Bicchi & Pancanti| in the case of nonlinear control
systems, differential inclusions and more generally, evolutionary systems (defined by set-
valued maps S : X ~ C(0,00; X)) using viability techniques (for another approach of
observability regarding measurements as an approximation of the state and using viability
techniques, we refer to [31, Doyen & Rapaport]. Detectors have been investigated by the
Soviet School. We refer to [35, Kurzhanski & Filippova] and [36, Kurzhanski & Valyi] for
surveys of the results obtained by this school.).

We take up in this paper these issues for impulse control systems (of which hybrid
control systems are particular cases) and more generally, for impulse evolutionary systems
introduced in [18, Aubin & Haddad].

Before proceeding further, we recall that information recorded by measurements is
mathematically described in [9, Aubin, Bicchi & Pancanti] by “informational tubes”

teRy~ P(t) ¢ X:=R"

that provides the “limited amount of information about the states” at time t. We take
P(t) := X when no information is recorded at time ¢. Hence quantized measurements are
obtained when P(t) # X only for a finite number of instants t,.

An example of informational tubes is given by P(t) := h=!(y(t)) where h : X + Y is
an observation map and where t — y(t) is the evolution of the observed output.

The same framework houses also the case when the observation map is set-valued: We
set P(t) := H 1(y(t)) and the above viability condition reads

Vitel0,T], y(t) € H(xz(t))

Quantized or qualitative measurements can also be obtained when the observation map
h is constant on a (finite) covering of the state space, as in [29, Delchamps]. This specific
case is studied in [12, Aubin & Dordan].

We assume also that we know further that the initial states belong to a subset C C
P(0).

Once the informational tube P(-) and the subset C' C P(0) in which the initial are as-
sumed to belong are given, we describe the answer to the question raised in [29, Delchamps]



by introducing the detector: the detector is the set-valued map D (p ¢y that associates with
any time T and any observation x € P(T) at time T the (possibly empty) subset of states
xo € C from which x := x(T) can be reached by an evolution x(-) € S(xo) detectable by
the tube in the sense that

Vtel0,T], z(t) € P(t)

It is clear that the set-valued map 7'~ Im(Dp,))(7,-) is nonincreasing, refining the
set of detectable states of C' from which at least one evolution is detected (“filtered” so
to speak) by the detection tube P(-). The larger T, the more information provided by
measurements is gathered, the smaller Im(D(py)(7,-). This detector has been studied
in [9, Aubin, Bicchi & Pancanti] for general evolutionary systems.

We define in this paper the concept of detector under impulse differential inclusions and
more generally, impulse evolutionary systems introduced in [18, Aubin & Haddad]. Impulse
differential inclusions, and in particular, hybrid control systems, are defined by the solution
map S : X ~ C(0,00; X) of a control system and a reset map ® : X ~ X.

A run is defined by a (finite or infinite) sequence Z(-) := (7, n(+))n of cadences 7, € X
and of motives x,(-) € C(0,7,; X) describing the evolution Z(t) at t between two consecu-
tive impulse times ¢,, and t,,4+1 := t,, + 7, (where ty = 0) by

V>0, Z(t,) = x,(0) & YVt E [tn,tnt1], Z(t) = zp(t —ty,)
A run Z(-) := (7, zn(+))n is a solution to the impulse evolutionary system starting at
x if

Vo >0 i) Yn>0, xz,(-) € S(zn(0))
=" i) Vn >0 such that 7, < 400, z,41(0) € P(zp(m))

The elements x,, := x,,(0) are called the reinitialized states.

A first advantage of introducing impulse evolutionary systems is to summarize the
usually protracted description of hybrid systems® — that can be regarded as instances of
impulse differential inclusions — by only two set-valued maps F' — the right-hand side of
the differential inclusion governing the continuous evolution of a hybrid system — and ®,
describing the reset map reinitializing the system when required. We refer to [3, Aubin]
or [20, Aubin, Lygeros, Quincampoix, Sastry & Seube] for more details on that topic.

The definition of a detector under an impulse evolutionary system is the same than
the definition of a detector under control systems or differential inclusions: Solutions to
control systems or evolutions of evolutionary systems are simply replaced by “runs” of
impulse evolutionary systems.

The aims of this paper are to characterize the detector D(p ) regarded as a set-valued
map from the graph Graph(P) of the tube P to the set C as

3See for instance among many papers and books [25, Branicky, Borkar & Mitter], [24, Bensoussan &
Menaldi], [38, 39, Matveev & Savkin] and [41, Shaft & Schumacher].



1. the unique set-valued map W : Graph(P) ~ C satisfying

(a) for any zop € W(T, x), there exists a run Z(-) to the impulse evolutionary system
(S, @) starting from C, satisfying the viability conditions (3) on [0,7] and
reaching = at time 7', and any such runs actually satisfies

Vie0,T], woe Wit a1)

(b) for any xg € C\W (T, z), for every run Z(-) to the impulse evolutionary system
(S,®) reaching x = x(T) at time T and satisfying for some S € [0,7] the
conditions

VitelS,T], Z(t) € P(t)

then
Vite[S,T], zg ¢ W(t,Z(t))

As a consequence, for any 7' > 0 and for any z9 € dcD(pcy(T,x) in the boundary
of D(pcy(T,z) relative’ to C, for detectable every run Z(-) € R(xo) to the impulse
evolutionary system (S, ®) reaching = at time T, then actually

Vtel0,T], xo € dcD(pcy(t, (1))
2. the smallest solution W : Graph(P) ~ C' to the problem
U U W(t, ®(x(t)) = W(T,x)
te[0,T] z(1)eS(X) | o(T)=z & V s€[t,T], z(s)EP(s)
and furthermore, satisfies the fixed point condition

U U D(P,C)(taq)(x(t))) = D(P,C)(Ta l‘)
tel0, T z(1)eS(X) | z(T)=z & V s€[t,T], z(s)€P(s)

3. the smallest of the set-valued maps W : Graph(P) ~» C satisfying the initial condi-
tion

VeeC, W(0,z) = {z}

the following property
W(t, ®(x)) C W(t,x)

and solution to

Vt >0, y e W(t,x), 3u e U(x) suchthat 0 € DW(t,z,y)(—1, —f(z,u))

4The relative boundary 0k D to K of a subset D C K is equal to DN K\X.



where DW (t,z,y)(—1, —v) denotes the (graphical contingent) derivative of the set-
valued map W : Graph(P) ~ C at the point (¢,z,y) of its graph in the direction
(—1,—v) and is the unique solution in the Frankowska sense (see below for precise
definitions).

In other words, the detector is a set-valued solution of a “system of Hamilton-
Jacobi-Bellman partial differential inclusions” satisfying supplementary conditions,
as “quasi variational inequalities” in optimal impulse control are solutions to Hamilton-
Jacobi-Bellman partial differential equations satisfying further fixed-point proper-
ties.

Knowing the detector and its derivatives, we introduce the associated regulation map
R(p’c) defined by

R(P.O)(t.2.y) = {u€ U(x) 0€ DD(pc(t.y)(~L, (. u))}
that allows to regulate the detected runs: Starting from =z,

1. either zg € ®1(C) and we take 79 = 0 and a next reinitialization state z; €

<I>(a;0) NnC,

2. or g ¢ ®~1(C) and we take for first motive zq(-) an evolution governed by

until the first time 7o (if any) when 2o € D(p c)(70, ®(20(70))) and we take z; €
D (zo(10))-

We then proceed recursively

The strategy for studying and characterizing detectors under impulse evolutionary
system is the same than the one proposed in [9, Aubin, Bicchi & Pancanti]: It involves
the concept of impulse capture basin of a target under an impulse evolutionary system, a
concept similar to the concept of impulse viability kernel introduced and studied in [27, 28,
Cruck]. We prove that the graph of a detector is an impulse capture basin of an adequate
target under an adequate auxiliary impulse evolutionary system. We next transfer the
properties of these capture basins to properties of the detector.

Outline — We set up the problem in the first section by introducing impulse evo-
lutionary systems, detection tubes and detectors.

We next introduce in the second section the concept of impulse capture basin of a
target (viable in a constrained subset) and relate it to the detector.



We reacall in the third section a basic characterization of impulse capture basins, that
is translated for the detectors in the fourth section.

The fifth section recalls resutls of viability theory and of [, Aubin & Haddad] relating
the impulse capture basin to capture basins of adequate targets under the evolutionary
system governing the (continuous) evolution of motives of the run. It thus allows to use
the known properties of these capture basins (see for instance [7, 8, Aubin] and [10, Aubin
& Catté] for recent results on that topic). These results are thus “transferred” to provide
a further characterization of detectors in the sixth section and applied to show that the
detector is a solution to a system of Hamilton-Jacobi-Bellman partial differential inclusions
satisfying supplementary conditions, that provides the regulation map.

Acknowledgments The authors thank Antonio Bicchi for having introduced them
to the detectability problem and for the discussions.

1 Impulse Evolutionary Systems and Detectors

The concept of impulse evolutionary system was introduced in [18, Aubin & Haddad|
in order to encompass both impulse systems associated with control systems and differ-
ential inclusions, path-dependent or memory-dependent controls systems and differential
inclusions, as well as other evolution systems such as parabolic type differential inclusions.

For instance, let X := R™ and Y := R™ denote finite dimensional vector spaces. Let
f: X xY — X be a single-valued map describing the dynamics of a control system and
U : X ~ Y the set-valued map describing the state-dependent constraints on the controls.

First, any solution to a control system with state-dependent constraints on the controls

can be regarded as a solution to the differential inclusion 2/(t) € F(x(t)) where the right
hand side is defined by F(z) := f(z,U()) == {f(2, %) }uev(z)-
We denote by Sp(x) the set of absolutely continuous functions ¢ — x(t) € X satisfying

for almost all ¢t > 0, 2/(t) € F(x(t))

starting at time 0 at z: x(0) = x.

Let C(0,00; X) denote the space of continuous functions supplied with the compact
convergence topology. The set-valued map Sp : X ~ C(0, 00; X) is called the solution map
associated with F.

This solution map is the prototype of an evolutionary system:



Definition 1.1 Let us consider a set-valued map S : X ~» C(0,00; X) associating with
each initial state x the (possibly empty) set S(x) of evolutions x(-) starting from x in the
sense that x(0) = x. It is said to be an evolutionary system if it satisfies

1. the translation property: Let x(-) € S(xz). Then for all T > 0, the function y(-)
defined by y(t) :== z(t + T) is an evolution y(-) € S(x(T)) starting at x(T),

2. the concatenation property: Let z(-) € S(x) and T > 0. Then for every y(-) €
S(x(T)), the function z(-) defined by

) o) if te]0,T]
m>'{M%T)ﬁt2T

belongs to S(x).

We associate with S its backward evolutionary system S_ : X ~» C(0, 00; X) defined by
y(+) € S—_(x) if and only if there exists an evolution z(-) € S(x) such that for every T > 0,
the function x(-) defined by

o (T —t) if t€][0,T)
$®~—{g@_n if t>7T

belongs to S(y(T)).

Differential inclusions with memory ([32, 33, 34, Haddad]), partial differential inclu-
sions (see [42, 44, 45, Shi Shuzhong]), mutational equation 3 f(z) on metric spaces (see

[2, Aubin]), etc., provide other examples of evolutionary systems.
We identify C(0,0; X) with X and we define “runs” in the following way:

Definition 1.2 Let us set x(7t) := lim; . x(7). We say that a (finite or infinite) se-
quence
Z() == (Tmza()nzo € [[ R xC(0,70; X)

n>0

is a run Z(-) made of
1. a finite or infinite sequence T(Z(-)) := {Tn}n of nonnegative cadences 7, € [0, +0o0],
2. a sequence of motives x,(-) € C(0,7,; X).

if it is defined by the formulas

i) the sequence 7 (Z(-)) := {tn}n>0 of impulse times t,,11 1= t, + 7y, to =0 (1)
it) Vn>0, Z(ty) :=x,(0) & VtE [ty tnt1], T(t) = zp(t —tn)



We say that the sequence of x,, := x,(0) € X is the sequence of reinitialized states.

Naturally, if 7, = 0, i.e., when t,11 = t,,, we identify the motive x,(-) with the reini-
tialized state x,(-) = x, € C(0,0; X) = X, so that runs can be time-dependent functions,
sequences, or hybrids of them. We set

v (Z(-)) = {n €N such thatt, =t}

1s the set of impulse times equal to t.

If the sequence of cadences is finite and stops at Tn, we agree that the Nth motive
(xn(-),un(:)) is taken on [0, +oo[ and we agree to set TN41 = +00.

We associate with a run Z(-) its sequence of switches s(Z(-)) := (sn(Z(+)))n>0 defined

by
sn(Z())) = 2n(0) = 2n_1(Tn-1) = Z(tn) — Z("tn)
We denote by T (Z(-);t) the set of impulse times t, <t less than or equal to t.
The life expectation N(Z(+)) of a run Z(-) is defined by +oo if the run is finite or by

+o0
AE#) = 37 = lim by < +00
n=0

in the opposite case. Hence the domain of definition of a run is the interval [0, \(Z(-))].
We set

N(Z(-) = inf 7, & M(Z()) = supm,
n>0 n>0

The run Z(-) is said to be

1. discrete if for some p and for alln > p, 7, =0 (the run ends with a sequence),

2. exhaustive if all its cadences T, are finite, and thus, nonexhaustive if the sequence of
cadences is finite and stops at some TN (the run ends with a continuous evolution),

3. a Zeno run if its life expectation \(Z(-)) < 400 is finite, and NonZeno in the opposite
case,

4. simple is all the cadences 1, > 0 are strictly positive, i.e., if the sequence of impulse
times t,, is strictly increasing,

5. with bounded variations if it is simple, exhaustive and nonZeno.

We say that a run Z(-) is viable in K if for any t > 0, Z(t) € K.

We observe that discrete runs are Zeno and that nonexhaustive runs are nonZeno (by
definition).

We then define impulse evolutionary systems in the following way:



Definition 1.3 Let ® : X ~ X a set-valued map®, regarded as a reset map, and S :
X ~» C(0,00; X) be an evolutionary system. Then the pair (S, ®) governs a run Z(-) of an
impulse evolutionary system if

Z) xn() S S(l‘n(O)) or (xn(o)vxn()) € Graph(S)
vnz0, { 1) Tni1(0) € D(2n(r)) OF (2n(Ta): Tas1(0)) € Craph(®) @

We shall denote by R(x) := R{g@) (x) the set of runs of the impulse evolutionary system
(S, ®) starting from x € K wviable in K. We shall say that the impulse evolutionary system
is simple (resp. nonZeno, erhaustive) on K if for all x € X, all runs Z(-) € R(z) viable
in K are simple (resp. nonZeno, exhaustive).

When § := Sp is the solution map of a differential inclusion ' € F(x), we set

K _ pK
Risp.e) = Rira)y
We now introduce the concept of detector:

Definition 1.4 Let P : t € Ry ~ P(t) C X be a tube regarded as a informational tube
and C C P(0).

The detector D(p ¢y : Graph(P) ~ C associates with any T > 0 and x € P(T) the
(possibly empty) subset Dp (T, x) of initial states xo € C' from which x := x(T') can be
reached by a run Z(-) € R(s,a)(To) detectable (by the tube) in the sense that

vielo,T], Z(t) € P(t) (3)

The domain Dom(D p ) is the set of detected states x € P(T'), in the sense that they
can be reached at time T by at least one detectable evolution starting from C, whereas
the image Im(Dp ) is the set of detectable states zg € C' from which starts at least one
detectable evolution.

We shall characterize the graph of a detector as a impulse viable-capture basin under
an auxiliary impulse system, a concept closed to the concept of impulse viability kernel
introduced and studied in [27, 28, Cruck].

2 Impulse Capture Basins

We associate now with an impulse evolutionary system capture basins of targets defined
in [, Aubin & Haddad] in the following way:

"When @ : X ~ X is defined on X, we associate with it its “graphical restriction” to K x K (again
denoted by) @ defined on G := K N ®!(K) and associating with x the subset ®(z) N K.
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Definition 2.1 Let K and C C K be two subsets. The impulse viable-capture basin
ImpCapt(K,C) := ImpCapt g ¢ (K, C)

of C viable in K under the impulse evolutionary system (S, ®) is the subset of initial states
x € K from which starts at least one run viable in K until it reaches the target C in finite
time.

We shall say that a subset K captures the target C' C K in K wunder the impulse
evolutionary system (S, ®) if K := ImpViabs ¢)(K,C), i.e., if from any x € K starts at
least one run viable in K until it reaches the target C in finite time.

We also need the concept of backward impulse evolutionary system:

Definition 2.2 We associate with an exhaustive impulse evolutionary system (S, ®) its
backward impulse evolutionary system R (s_ o1 defined by Z(-) € R(s_ o-1)(z) if and only
if there exists a run Z(-) € R(se)(x) such that for every T' > 0, the run Z(-) defined by

) ZT—1t) if te]0,T]
2(t) '_{ Ht—T) if t>7T
belongs to R(s ¢ (7(T)).
When S := Sp is the solution map of a differential inclusion 2’ € F(z), we set R{gF o)1 =
R po-1):
We observe that R(s_ _ (@-1)-1) = R(s,¢) and that Z(T') = z and Z(0) = (7).
Indeed, a backward run Z(-) = (7n, Zn(-))n € R(s_ »-1)(x) of the impulse system is the
run defined by a sequence of cadences 7, and motlves a:n( ) € S(zyp,) if and only if for every

T > 0, the run Z(-) = (7, 7p(-)) € R(s,9)(Z(T)) where, N denoting the largest integer
such that ty < T,

1. the cadences 7, are defined by

i) T0 = T —tn
i1) ‘= TN—p, P=1,...,N,
iii) T, =0, p>N+1

)
|

and the corresponding sequence of switching times tAp is defined by

i) tp =0
i) tp =T —tn_pr1, p=1,...,N,

~

iti) t, =T, p>N+1
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2. and the motives by

i) Zp(r) == an_p(T—1t), p=0,...,N
it) Tni1(t) = Z(T —1t)

satisfy Zp(-) € S(Zp) and the end-point condition Z,(7,) € ®(ZTp+1).

The reinitialized states are equal to %, := on_p_1(TN—p-1) € @~ H@p-1(7p-1))

We now relate the graph of a detector with the capture basin of an auxiliary system:

Lemma 2.3 The graph of the detector D(pc) is the impulse viable-capture basin of {0} x

Graph(I|¢) wviable in Graph(P) x C wunder the auziliary impulse evolutionary system
({=1} xS_ x {0}, I x @7t x I):

Graph(D(pc)) = ImpCapt((_1}xs x{o}.1xe-1x1)(Graph(P) x C,{0} x Graph(I|¢))

Proof — Indeed, to say that (7', z,x¢) belongs to the viable-capture basin of {0} x
Graph(I|¢) viable in Graph(P)x C under the auxiliary system ({—1}xS_ x{0},Ix®~1xI)
means that there exists a run Z(-) € R(s_ ¢-1)(z) and a time t* > 0 such that

i) Vtelo,t*], (T —t,z(t),x0) € Graph(P) xC
i1) (T —t*,2(t*),z9) € {0} x Graph(I]¢)

The second condition means that t* = T and that Z(T") = xo belongs to C. The first one
means that for every ¢t € [0,T], Z(t) € P(T —t). This amounts to saying that the run
Z(:) == 2(T — ) € R(s,0)(z0) where ¢ belongs to C satisfies the viability conditions (3),
i.e., that zo belongs to D(pc)(T,z). O

3 Characterization of Impulse Capture Basins

From now on, we shall assume that the impulse evolutionary system (S, ®) is nonZeno
(this means that all runs solutions to the impulse evolutionary system have an infinite life
expectation A(Z(-)). In particular, they cannot end with an infinite sequence.)

Let us consider a target C' C K and the family D(K,C) of subsets D satisfying
CcDCK.

We are led to characterize impulse viable-capture basins of targets in order to derive
characterizations of the detector. We begin by quoting reults of [, Aubin & Haddad]
(derived from results of [10, Aubin & Catté]) characterizing impulse viable-capture basins
as unique common fixed points of the two maps ImpCapt s ¢) (K,:): D(K,C)— D(K,C)
and ImpCapt s ¢)(+,C) : D(K,C) — D(K,C) associating with any subset D € D(K,C)
the impulse viability kernels ImpCapt s ¢) (K, D) and ImpCapt s ¢ (D, C).
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Theorem 3.1 The impulse capture basin ImpCapt(&@)(K, C) of a target C C K wiable
mn K s

1. the largest subset D satisfying C C D C K and D C ImpCapt s ¢)(D,C),
2. the smallest subset D satisfying C C D C K and ImpCapt(S’(I,)(K, D)c D,

3. the unique subset D satisfying C C D C K and

D = ImpCapt(s ¢)(K,D) = ImpCapt(s ) (D,C)

4 First Characterization of Detectors

We derive a first characterization of the detector from the above characterization of the
viable-capture basin:

Theorem 4.1 The detector D(p ) is the unique set-valued map satisfying
VzeC, Dpe(0,r) = {r}
and, for any T > 0

1. for any xo € D(p ) (T, x), there exists a run Z(-) to the impulse evolutionary system
(S, ®) starting from C, satisfying the viability conditions (3) on [0,T] and reaching
x at time T, and any such run actually satisfies

Vite [O,T], To € D(p@v) (t,f(t)) (4)

2. for any xog € C\W (T, x), for every run z(-) to the impulse evolutionary system (S, ®)
reaching x = x(T) at time T and satisfying for some S € [0,T] the conditions

ViteS,T), z(t) € P(t)

then
Vtel[S,T], xo ¢ W(t,z(t))

As a consequence, for any T > 0 and for any xo € OcD(pc)(T,z) in the boundary of
D pc)(T,z) relative to C, for every run Z(-) to the impulse evolutionary system (S, ®)
reaching x at time T and satisfying (4), then

Vite [O,T], xo € acD(p’C)(t,f(t))
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Theorem 3.1 states that the impulse viable-capture basin

Graph(D(pc)) = Capt({_1}xs_x{0}1xe-1x1) (Graph(P) x C, {0} x Graph(I|c))

is the unique subset V C Graph(P) x C containing {0} x Graph(I|¢) satisfying

V = ImpCapt({_1}xsxfo}1xa-1x1)(V, {0} X Graph(I|c))

and
ImpCapt({_1}xsx o}, 1xe-1 x1) (Graph(P) x C,V) =V
The first statement means that whenever (T, z,xo) belongs to V, there exists a run

7(-) € R(s_,a-1)(z0) such that (T'—t,%(t), zo) belongs to V until it reaches {0} x Graph(I|c)
at time 7. This is equivalent to saying that

Vte0,T], zo € Dpe)(T' —t,2(t)) = Dpoy(T —t,2(T —t))

where 7(-) := Z(T — ) € R(s,a)(7)-

The second statement means that whenever (T, z,x¢) does not belong to V, all runs
7(-) € R(s_e-1)(z) are such that (T' —¢,%(t),z9) do not belong to V whenever (17" —
t,Z(t),xo) € Graph(P) x C, i.e., whenever Z(t) € P(T —t) for every ¢t € [0,T]. This is
equivalent to saying that for all runs #(-) € R(s (7o) reaching = at time T" and satisfying
for some S € [0, 7] the conditions

VitelS,T], z(t) € P(t)
then
Vte[S,T], o ¢ Dpoy(t,z(t))

Let us consider now zg € dcDp,c) (T, z) where T' > 0. This means that there exists
a sequence y, € C\Dpc)(T,x) converging to xg. Hence (T,7,y,) does not belong to
the capture basin of {0} x Graph(I|¢) viable in Graph(P) x C. Therefore we know that
for any run #(-) € R(s (7o) satisfying detectability conditions (3), for any ¢ € [0,7],
yn € C\D(p)(t,Z(t)). Taking any run #(-) € S(v) satisfying (4) and passing to the limit
when n — +oo, we infer that

Vite [O,T], To € acD(pjc)(t,a_f’(t))
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5 Prerequisites on Impulse Capture Basins

5.1 Prerequisites from Viability Theory

We shall need some the following definitions and results from Viability Theory:

Definition 5.1 Let K and C C K be two subsets, C' being regarded as a target, K as a
constrained set.

1. The subset® Viab(K,C) of initial states zg € K such that at least one solution
x(-) € S(xo) starting at xq is viable in K for allt > 0 or viable in K until it reaches
C' in finite time is called the viability kernel of K with target C' under S.

A subset C' C K is said to be isolated in K by S if it coincides with its viability
kernel:
Viab(K,C) = C

2. The subset Capt(K,C) of initial states xo € K such that C' is reached in finite time
before possibly leaving Kby at least one solution x(-) € S(xg) starting at xo is called
the viable-capture basin of C' in K and

Capt(C) := Capt(X,C)
is said to be the capture basin of C.
3. When the target C = 0 is the empty set, we set
Viab(K) := Viab(K,0) & Capt(K,0) = 0

and we say that Viab(K) is the viability kernel of K.
A subset K is a repeller under S if its viability kernel is empty, or, equivalently, if

the empty set is isolated in K.

In other words, the viability kernel Viab(K) is the subset of initial states xy € K
such that at least one solution z(-) € S(xp) starting at z¢ is viable in K for all ¢ > 0.
Furthermore, we observe that

Viab(K,C) = Viab(K\C) U Capt(K, C) (5)

SWhen C is not contained in K, we naturally set

Viab(K,C) := Viab(K,KNC) & Capt(K,C) := Capt(K,KNC)
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Consequently, the viability kernel Viab(K, ) of K with target C' coincides with the
capture basin Capt(K,C) of C viable in K whenever the viability kernel Viab(K\C) is
empty, i.e., whenever K\C is a repeller:

Viab(K\C) = 0 = Viab(K,C) = Capt(K,C) (6)

This happens in particular when K is a repeller, or when the viability kernel Viab(K) of
K is contained in the target C.

When the evolutionary system S := Sg comes from a differential inclusion 2’ € F(x),
we introduce the following Frankowska property that we need for deriving the system of
Hamilton-Jacobi-Bellman equations of which the detector is a solution:

Definition 5.2 Let us consider a set-valued map F : X ~ X and two subsets K and
C C K. We shall say that a subset D between C and K satisfies the Frankowska property
with respect to F if"

i) VYxzeD\C, Fx)NTp(z) # 0
it) VezeDNInt(K), —F(x) C

) (7)
iii) Vo€ DNOK, —F(x) C Tp(x)UTx\ k()

Remark that when K is assumed further to be backward invariant and F' to be Lipschitz,
the above conditions (7) boil down to

{ i) VYaxe€D\C, F(x)nTp(x) # 0 (8)
i) YoeD, —F(z)C Tp(z)

Viability® and Invariance? Theorems imply

Theorem 5.3 Let us assume that F is Marchaud®, that K is closed and that a closed
subset C' satisfies Viabp(K\C) = 0. Then the viable-capture basin Captp(K,C) is

"The contingent cone Tr(x) to L C X at x € L is the set of directions v € X such that there exist
sequences h, > 0 converging to 0 and v, converging to v satisfying = + h,v, € K for every n (see for
instance [13, Aubin & Frankowska]) or [40, Rockafellar & Wets] for more details).

8See for instance Theorems 3.2.4, 3.3.2 and 3.5.2 of [1, Aubin].

9See for instance Theorems 5.3.4 of [1, Aubin].

10A set-valued map F is a Marchaud map if

i)  the graph of F is closed

1)  the values F(x) of F are convex

#4t) the growth of F is linear: 3¢ > 0|V z € X,
[1E @) = sup,epe vl < e(lle] +1)
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1. the largest closed subset D satisfying C C D C K and

VaeeD\C, Fx)NTp(z) # 0 9)
2. if F is Lipschitz, the unique closed subset D satisfying the Frankowska property (7).

5.2 Links between Capture Basins and Impulse Capture Basins

We recall the follwowing important characterization of the impulse capture basin given in
[, Aubin & Haddad]:

Theorem 5.4 Let us assume that the impulse differential inclusion is exhaustive. The
impulse capture basin ImpCapt s ¢) (K, C) is a fized point

Capts (K, ! (ImpCapt(s ¢) (K, C))) = ImpCapt s ¢) (K, C)

of the map D — Captg(K, D) and actually, the smallest of such fized points or even, of
the subsets D between C' and K such that

Captg(K,® (D)) ¢ D

5.3 Regulation of Viable Runs

Since the impulse capture basin D := ImpCapt s 4)(K,C) is equal to Capt(K,® (D))
by Theorem 5.4, we infer that starting from any initial state zg € D, a run #(-) =
(Tn, Zn(+))n>0 is viable in K until it reaches the target C' in finite time is regulated in the
following way:

1. if g € C, then the runs stops, and otherwise,
2. if g € DN ® (D), then 79 = 0 and x1 € ®(z0)

3. if 29 € D\®1(D), then the first motive x(-) € S(xg) is viable!! in D until the first
time 79 > 0 when either z¢(~7) € C, and then, the run stops, or xo(~ 1) € ®~1(D),
and then, we take z1 € ®(xo(~79)) as the next reinitialization state.

""and thus, regulated by the differential inclusion 2’(t) € F(z(t) N T5(x)) when the evolutionary system
is the solution map of a differential inclusion =’ € F(z).
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5.4 The Frankowska Property of Impulse Capture Basin

When the evolutionary system S := Sp comes from a differential inclusion 2/ € F(z),
Theorem 5.3 characterizing capture basins by tangential properties, Theorem 5.4 relating
them with impulse capture basins and Lemma 2.3 relating them to the graphs of detectors
imply the following characterization of the impulse capture basins:

Theorem 5.5 Let us assume that F is Marchaud, that K and ®'(K) are closed and that
K\® 1(K) is a repeller. The impulse capture basin ImpCapt (s 3y (K, C) is the smallest of
the subsets D between C' and K satisfying

1. D is the largest closed subset L satisfying
YD) c L (10)

and
VeeI\C, Flx)NTy(z) # 0 (11)

2. if F is Lipschitz, D is the unique closed subset L satisfying (10) and the Frankowska
property (7).

Let us define the regulation map R((K,C)) by
R(K,C)(x) = {u € F(&) | F(#) 0 TupCapt,, ) () # 0}

In this case, we obtain the following regulation law:

Theorem 5.6 Let us assume that F is Marchaud, that K and ® ' (K) are closed and
that K\® 1 (K) is a repeller.

the motives xp(+) of a run Z(-) = (T, Tn(*))nefo
target C' in finite time are requlated by

ny wviable in K and reaching the

-----

whenever z,,(t) € ImpCapt s ¢ (X, C’)\CD*l(ImpCapt(S,@) (K,C)),
2, (t) € R(K,C)(xn(t)) & z,(0) = 0

n

and the reinitialized states by

whenever z,(1,) € @‘1(ImpCapt(3’q>)(K, ), Tny1 € P(xn(1))NImpCapt s o) (K, C)
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6 Second Characterization of Detectors

We now use Theorem 5.4 to prove a formula analogous to the formula for the valuation
function of an optimal impulse control problem established in [4, Aubin]:

Proposition 6.1 The detector D(pcy : Graph(P) ~ C under an impulse differential
inclusion is the smallest solution W : Graph(P) ~» C to the problem

U U W(t, @(z(t))) ¢ W(T,x)
te[0,T) z(1)eS(X) | o(T)=z & V s€[t,T], z(s)€P(s)

and thus, satisfies the condition

U U Dpc)(t, (z(t)) € Dpey(T,x)
te0,T] z(1)eS(X) | z(T)=z & V s€[t,T], z(s)€P(s)

Proof — By Theorem 5.4, we need to characterize subsets of the form
Capt{_1}xs_x o} (Graph(P) x C, (I x ® x I)~!(Graph(W)))
First, we observe that
(I x ® x I)"}(Graph(W)) = Graph(W o ®)
where W o ® is defined by
(Wod)(t,x) = W(t,®(x))

Indeed, (t,z,y) belongs to (I x ® x I)~!(Graph(W)) if and only if there exists x. € ®(z)
such that (t,z.,y) € Graph(W), i.e., if and only if y € W(t,z,) C W (t, (x)).

Second, let us consider two set-valued maps U : Ry X X ~ X and V: Ry x X ~ X
contained in U, with which we associate the set-valued map V g,y defined by

Graph(Vyw)) = Capty_1yxs_xqo}(Graph(U), Graph(W))

that plays the role of a value function in optimal control.
We deduce from [8, Aubin] the following formula for the set-valued map V gy

Vow)(T,z) = U U (W(t,x(t))ﬂ ﬂ U(s,x(s)))

2()ES(X) | 2(T)=z t€[0,T] se[t,T]
In our case, the set-valued map U is defined by

Graph(U) := Graph(K) x C
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so that y € U(t, ) if and only if x € P(¢) and y € C. Therefore

y € () Uls,x(s))ifand only if y € C and V s € [t,T7], z(s) € P(s)
s€[t,T]
In other words, the detector under an impulse differential inclusion is the smallest
solution to the problem

U U W(t, ®(x(t))) ¢ W(T,z)

te0,T] z(1)eS(X) | z(T)=z & V s€[t,T], z(s)EP(s)

7 Hamilton-Jacobi Characterization of the Detector

Finally, thanks to the concept of contingent derivative of a set-valued map, we also deduce
from Theorem 5.5 as in [8, Aubin] that the detector is a Frankowska solution to an adequate
“quasi” system of Hamilton-Jacobi-Bellman partial differential equations, “quasi” in the
sense of quasi variational Hamilton-Jacobi inequalities introduced by Alain Bensoussan
and Jacques-Louis Lions in optimal impulse control (see for instance [22, 23, Bensoussan
& Lions J.-L.]for motivations, examples and a review and [4, Aubin]).

We refer to [1, 5, 8, Aubin], [16, Aubin & Frankowska] and their references for set-
valued solutions to systems of Hamilton-Jacobi inclusions. For that purpose, we recall
that the (graphical contingent) derivative of a set-valued map V' : Graph(P) ~» C' may be
defined by the relation

Graph(DV(t, z, y)) = TGraph(v) (t7 z, y)

(see for instance [13, Aubin & Frankowska]) or [40, Rockafellar & Wets] for more details
on derivatives of set-valued maps and set-valued analysis).

Definition 7.1 We shall say that a set-valued map V : Graph(P) ~ C is a Frankowska

solution to the Hamilton-Jacobi system of first-order partial differential inclusions

oV (t, x) N oV (t,x)
ot Ox

satisfying the initial condition V(0,x) = x if its graph is closed, if

0 € - F(x) (12)
Vt>0,VyeV(tx), Jve F(x) suchthat 0 € DV (t,z,y)(—1,—v)
and if for every v € F(x)
Vt>0,VyeV(tz), 0€DV(tx,y)(l,v)

or
whenever (t,z) € 0Graph(P), v ¢ DP(t,x)(1)
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Theorem 5.5 and the above definition of contingent derivative of a set-valued map
imply the following

Theorem 7.2 Let us assume that F' is Marchaud, that C is closed and the graph of the
tube P(-) are closed and that for all T > 0, P(T)N®(P(T)) is closed.

The detector D(pcy : Graph(P) ~ C is the smallest of the set-valued maps W :
Graph(P) ~ C satisfying the initial condition

Veel, W(,z) = {z}
the following property:

1. the largest set-valued map U : Graph(P) ~ C with closed graph satisfying

(Wod)(x) C U(t,x) (13)
and

Vt>0,yeU(t,x), Jv e F(x) suchthat 0 € DU(t,x,y)(—1,—v)
2. If furthermore, F is assumed to be Lipschitz, the unique Frankowska solution V :
Graph(P) ~ C to the Hamilton-Jacobi system of first-order differential inclusions

(12) satisfying condition
(Vod)(t,z) C Vit,2) (14)

Knowing the detector and its derivatives, we introduce the associated regulation map
R (pc) defined by

R(P7 C)(t,l’, y) = {U S U((IZ) 0e DD(P,C)(t7$7y)(_17 —f(l',U))}
that allows to regulate the detected runs:

Theorem 7.3 Let us assume that F' is Marchaud, that C is closed and the graph of the
tube P(-) are closed and that for allt >0, P(t) N ®(P(t)) is closed.
Starting from xo € D(pcy(T, ),

1. either o € ® 1(C) and we take 79 = 0 and a nest reinitialization state v, €
(I)(x()) N C,

2. or g ¢ ®1(C) and we take for first motive xo(-) an evolution governed by
i) 2(t) = flaz@),ud))
i) ult) € Ropey(t,2(t), o)

until the first time 7o (if any) when xo € Dpc)(70, P(w0(70))) and we take x1 €
®(z0(70))-



21

We then proceed recursively

Proof — Indeed, since (T, z,x9) belongs to the impulse capture basin of {0} x
Graph(I|¢) viable in Graph(P) x C' under the auxiliary impulse evolutionary system
({1} x S_ x {0},I x ®~! x I) by Lemma 2.3, then

1. either (T, z, xo) belongs to ((I x ® x I)(Graph(D(P,())), i.e.,, 9 € D(T,x_1) where
r_1 € ®71(z), and thus, we take (Ty,2z_1,y1) € Ix & x I)"Y(T, 2, x0), ie., Ty =T,
y1 = xo and x_; € & (z) such that zg € Dpc)(T,z_1)

2. or we take a solution t — (T — t,Z(t), xo) where Z(-) is a solution to the differential
inclusion

F(t) = —f(@@),a())
starting at = such that (T —t,Z(t), o) belongs to the graph of D(p ) until the
first time 71 > 0 (if any) when (T — 7_1,%Z(T — 7_-1),z0) belongs to (I x & x
I)(Graph(D)(p)), i.e., such that zg € D(p (T —7—1,2_1) where 21 € = 1(z(T -
7_1)). It satisfies
Vite [0,7‘71[, xrg € D(P,C’)(T —t,Z(t) = D(P,C)(T —t,x(T —1t))
This implies that
for almost allt € [0,T —7_1[, 0 € DD(T —t,Z(t), xo)(—1, —f(Z(t),u(t)))

i.e., that

for almost all t € [0,T — 71, u(t) € Rypey(T —t,Z(t), z0)

Let us set z(t) := Z(T — t) and u(t) := u(T — t), so that z(-) is a solution to the
control system
2'(t) = f(x(t),ut))
starting at (T — 1), satisfying (T — 7—1) = x and
Vi E]T —T_-1, T], To € D(p’c) (t, I‘(t))

and thus
for almost all ¢ €]T — 71, T], u(t) € Rpey(t, z(t),v0)

We proceed in this way until time 7" when Z(0) = xzo. O
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Hence, feedbacks r regulating the motives of the runs starting from xg, reaching x at
time 7" and satisfying (t) € P(t) for all t € [0, T are selections r(t, z, z0) € R(p,cy(t, 7, o)
with enough regularity for implying that to the differential equation

2'(t) = fz(t),x(t x(t), 20))

have solution starting at xg at time 0.

Naturally, continuous selections do satisfy this condition. But other less regular selec-
tions may have solutions : we can take, for instance, for r’(¢,z, 2q) € Rpc)(t,x,x0) the
element of R(p ) (t,z, x9) with minimal norm, or use other selection mechanisms (see for
instance Chapter 6 of [1, Aubin]). Observe also that we only need continuity with respect
to z and measurability with respect to t (see [?, 7, Frankowska, Plaskacz & Rzezuchowskil).

Once can also “differentiate” the regulation map for expressing the velocities u/(t) of
the control u(-) and thus, obtain dynamical feedbacks (see for instance Chapter 7 of [1,
Aubin]) and heavy solutions that minimize the chattering.



23

References

(1]
2l

B8l
(4]

5]

(7]
(8]
(9]
[10]
[11]
[12]

[13]

[14]
[15]
[16]
17

18]

[19]

AUBIN J.-P. (1991) Viability Theory Birkhauser, Boston, Basel, Berlin

AUBIN J.-P. (1999) Mutational and morphological analysis: tools for shape regula-
tion and morphogenesis, Birkhduser

AUBIN J.-P. (1999) Impulse Differential Inclusions and Hybrid Systems: A Viability
Approach, Lecture Notes, University of California at Berkeley

AUBIN J.-P. (2000) Optimal Impulse Control Problems and Quasi-Variational Inequalities
Thirty Years Later: a Viability Approach, in Contréle optimal et EDP: Innovations et
Applications, I0S Press

AUBIN J.-P. (2000) Boundary-Value Problems for Systems of First-Order Partial Differential
Inclusions, NoDEA, 7, 61-84

AUBIN J.-P. (2001) The Substratum of Impulse and Hybrid Control Systems, in Hybrid Sys-
tems: Computation and Control, 105-118, Di Benedetto & Sangiovanni-Vincentelli Eds,
Proceedings of the HSCC 2001 Conference, LNCS 2034, Springer-Verlag

AUBIN J.-P. (2001) Viability Kernels and Capture Basins of Sets under Differential Inclusions,
SIAM J. Control, 40, 853-881

AUBIN J.-P. (to appear) Boundary-Value Problems for Systems of Hamilton-Jacobi-Bellman
Inclusions with Constraints, SIAM J. Control

AUBIN J.-P., BICCHI A. & PANCANTI S. (In preparation) Detectability of Evolutions by
Tubes,

AUBIN J.-P. & CATTE F. (to appear) Bilateral Fized-Point and Algebraic Properties of Via-
bility Kernels and Capture Basins of Sets, Set-Valued Analysis

AUBIN J.-P. & DA PRATO G. (1992) Contingent solutions to the center manifold equation,
Annales de I'Institut Henri-Poincaré, Analyse Non Linéaire, 9, 13-28

AUBIN J.-P. & DORDAN O. (2001) Dynamical qualitative analysis of evolutionary systems,
Proceedings of the ECC 2001 Conference

AUBIN J.-P. & FRANKOWSKA H. (1990) Set-Valued Analysis, Birkhduser, Boston, Basel,
Berlin
Birkhéauser, Boston, Basel, Berlin

AUBIN J.-P. & FRANKOWSKA H. (1990) Inclusions aux dérivées partielles gouvernant des
contréles de rétroaction, Comptes-Rendus de 1’Académie des Sciences, Paris, 311, 851-856

AUBIN J.-P. & FRANKOWSKA H. (1991) Systémes hyperboliques d’inclusions auz dérivées
partielles, Comptes-Rendus de I’Académie des Sciences, Paris, 312, 271-276

AUBIN J.-P. & FRANKOWSKA H. (1992) Hyperbolic systems of partial differential inclusions,
Annali Scuola Normale di Pisa, 18, 541-562

AUBIN J.-P. & HADDAD G. (to appear) Cadenced runs of impulse and hybrid control systems,
International Journal Robust and Nonlinear Control, 11, 401-415

AUBIN J.-P. & HADDAD G. (2001) Path-Dependent Impulse and Hybrid Systems, in Hybrid
Systems: Computation and Control, 119-132, Di Benedetto & Sangiovanni-Vincentelli
Eds, Proceedings of the HSCC 2001 Conference, LNCS 2034, Springer-Verlag

AUBIN J.-P. & HADDAD G. (2002) Impulse Capture Basins of Sets under Impulse Control
Systems, Cahiers du CERSEM



20]

21]

[22]
23]
[24]
[25]

[26]

[27]
28]
[29]
[30]
31]
32
3]
[34]

(35]

[36]
37]

[38]

24

AUBIN J.-P., LYGEROS J., QUINCAMPOIX. M., SASTRY S. & SEUBE N. (2001) Impulse
Differential Inclusions: A Viability Approach to Hybrid Systems, IEEE transactions in Auto-
matic Control

BALLUCHI A. , SOUERES P. & BICCHI A. (2001) Hybrid feedback control for path tracking
by a bounded-curvature vehicle, in Hybrid Systems: Computation and Control,133-146,
Di Benedetto & Sangiovanni-Vincentelli Eds, Proceedings of the HSCC 2001 Conference, LNCS
2034, Springer-Verlag

BENSOUSSAN A. & LIONS J.-L. (1982) Contréle impulsionnel et inéquations quasi-

variationnelles, Dunod, Paris

BENSOUSSAN A. & LIONS J.-L. (1984) Impulse control and quasi-variational inequal-
ities, Gauthier-Villars

BENSOUSSAN A. & MENALDI (1997) Hybrid Control and Dynamic Programming, Dynamics
of Continuous, Discrete and Impulse Systems, 3, 395-442

BRANICKY M.S., BORKAR V.S. & MITTER S. (1998) A unified framework for hybrid con-
trol: Background, model and theory, IEEE Trans. Autom. Control, 43, 31-45

CARDALIAGUET P., QUINCAMPOIX M. & SAINT-PIERRE P. (1994) Temps optimaux
pour des problémes avec contraintes et sans contrélabilité locale Comptes-Rendus de I’ Académie
des Sciences, Série 1, Paris, 318, 607-612

CRUCK E. (2001) Problémes de cible sous contraintes d’état pour des systées non linéaires
avec sauts d’état, Comptes-Rendus de I’Académie des Sciences, PARIS,

CRUCK E. (2001) Target problems under state constraints for nonlinear controlled impulsive
systems, UBO # 01-2001

DELCHAMPS D.F. (1989) Extracting state information from a quantized output record, Sys-
tems and Control Letters, 13, 361-371

DI BENEDETTO M.D. & SANGIOVANNI-VINCENTELLI A. (2001) Hybrid Systems:
Computation and Control, LNCS 2034, Springer-Verlag

DOYEN L. & RAPAPORT A. (1999) Observability and observers for control systems, Cahiers
du Centre de Recherche Viabilité, Jeux, Controle # 9908

HADDAD G. (1981) Monotone trajectories of differential inclusions with memory, Isr. J. Math.,
39, 83-100

HADDAD G. (1981) Monotone viable trajectories for functional differential inclusions, J. Diff.
Eq., 42, 1-24

HADDAD G. (1981) Topological properties of the set of solutions for functional differential
differential inclusions, Nonlinear Anal. Theory, Meth. Appl., 5, 1349-1366

KURZHANSKI A.B. & FILIPPOVA T.F. (1993) On the theory of trajectory tubes. A mathe-
matical formalism for uncertian dynamics, viability and control, in ADVANCES IN NONLINEAR
Dy~namics AND CONTROL. A REPORT FROM Russia, Kurzhanski A,B. Ed.m 122-188

KURZHANSKI A.B. & VALYII. (1997) ELLIPSOIDAL-VALUED DYNAMICS FOR ESTIMATION AND
CONTROL, Birkhauser

LYGEROS J., TOMLIN C. & SASTRY S. (1999) Controllers for reachability specifications for
hybrid systems, Automatica, 35

MATVEEV A.S., SAVKIN A.V. (2000) Qualitative Theory of Hybrid Dynamical Sys-
tems, Birkhauser



39]

[40]
[41]

[42]
[43]
[44]

[45]

25

MATVEEV A.S. , SAVKIN A.V. (2001) Hybrid dynamical systems: Controller and
sensor switching problems, Birkhauser

ROCKAFELLAR R.T. & WETS R. (1997) Variational Analysis, Springer-Verlag

SHAFT (van der) A. & SCHUMACHER H. (1999) An introduction to hybrid dynamical
systems, Springer-Verlag, Lecture Notes in Control, 251

SHI SHUZHONG (1986) Théorémes de viabilité pour les inclusions aux dérivées partielles, C.
R. Acad. Sc. Paris, 303, Série I, 11-14

SHI SHUZHONG (1986) Viability theory for partial differential inclusions, Cahier de MD #
8601 - Université Paris-Dauphine

SHI SHUZHONG (1988) Nagumo type condition for partial differential inclusions, Nonlinear
Analysis, T.M.A., 12, 951-967

SHI SHUZHONG (1989) Viability theorems for a class of differential-operator inclusions, J. of
Diff. Eq., 79, 232-257



