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About viability and minimal time crisis problem
for the Lotka-Volterra prey-predator model

Terence Bayen?! Alain Rapaport!
September 20, 2016

Abstract

We study the minimal time crisis problem (see [7]) for the classical Lotka-Volterra prey-predator model.
Our aim is to maintain the system in a subset K (z) for which the number of preys is above a given threshold
x. In the case where the viability kernel of K(z) is non-empty, we provide an analytic description of this
set and compute the minimal time function steering the system to this set. We compare this strategy with
the minimal time crisis function that is computed numerically via a regularization method [3]. We also
investigate the minimal time crisis problem numerically in the case where the viability kernel is empty.

Keywords. Optimal Control, Viability Theory, Pontryagin Maximum Principle, Lotka-Volterra system.

1 Introduction
We consider the classical Lotka-Volterra prey-predator model

T = rx-—axy,
y = —my+bry — cuy,

in the positive orthant domain D := (R \ {0})2 where = and y denote respectively the prey and predator
densities, and a, b, ¢, m,r are five positive parameters. The additional mortality term —uy represents a killing
action (by chemical or biological means) on the predators, and the removal effort v € [0, @] is the control
variable. In the present work, we consider that one aims to protect the preys from the predators, playing with
the control u and the objective is that the state belongs as often as possible to the subset

K(z) = {(z,y) € D|x >z},
where z > 0 is a given threshold. We consider time varying controls u(-) in the set
U:={u:Ry —[0,a]; u(-) meas.}.

Differently to the uncontrolled case, the controlled dynamics can have unbounded solutions. For simplicity
and without any loss of generality, we choose the coefficients a, b, ¢ equal to 1 and we obtain the system:

rer —xy,

T
. 1.1
{ Yy = —my-+xy—uy. (1.1)

For any initial condition (xo,%0) € D and control law u(-) € U, we denote by (2,¥)ag,y0,u(.)(-) the solution of
(1.1). In view of proposing control policies in the intention to protect the preys, we study the three following
problems.
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1. Determine the viability kernel, that is the set
Viab(z) := {(zo,y0) € D s.t. Ju(-) €U, (2,Y)z0,y0,u()(t) € K(z), Vt > 0},
and the controls that allow a trajectory to stay in Viab(x),
2. Given a terminal time 7" > 0, characterize the sets
Er(z) :={(z,y) € Ds.t. Iu(-) €U, (Z,Y)a0,y0,u(-)(T) € Viab(z)},
and the controls that allows to reach Viab(z) in minimal time,

3. Study the minimal time crisis over the finite horizon [0, T], which consists in minimizing the cost

T
Jr(u) r=/0 L (2)e (Tag o ,u(-) (8)s Yo ou(-) (1)) dE (1.2)

where 1. denotes the characteristics function

1 if (z,y) ¢ K,
]IK“(x’y):’ 0 iféeyf)f

For the practitioners, solutions of these three problems bring complementary information. The viability kernel
Viab(z) defines the safety subset of the set K (z). Outside this domain, the sets Ep(z) provides measures of
the guaranteed time to reach this safety domain (and then to stay in it). When it is not possible to reach this
domain within a given duration 7', the minimal time crisis measures the smallest duration spent outside the
set K (z) over the horizon [0, 7] (as a trajectory may enter and leave the set K(z)).

2 Study of the viability kernel

Given a non-empty subset A of R?, we will denote by Int(A) its interior. For a fixed u € [0, 4], we define a
function V,, : D — R by:

Volz,y) =2 —(m+u)lnz+y—riny, (z,y)€ D,
together with the number ¢(u) € R defined by
c(u) :=Vy(m+u,r)=(m+u)(l —In(m+u)) +r(1 —lnr),
and the equilibrium point E*(u) for (1.1)
E*(u) i= (¢ (u),y") = (m+u,7).

For a given number ¢ > c(u), we denote by L, (c), resp. by S, (c), the level set, resp. the sub-level set of V,,
defined by

Ly(c):={(z,y) € D, Vu(z,y) = ¢}, resp. Syu(c) :={(z,y) € D, V,(z,y) < c}.

The following lemma is standard when dealing with Lotka-Volterra type systems.

Lemma 2.1. For a constant control u, a trajectory of (1.1) belongs to a level set Ly (c) with ¢ > ¢(u). The
sets L, (c) are closed curves that surround the steady state E*(u).

Proof. By differentiating V,, w.r.t. x and y, one finds 9,V (z,y) = 1 — ™ and 9,V (z,y) = 1 — % for

(z,y) € D. If (z(-),y(-)) is a solution of (1.1) with the constant control u, a direct computation gives

d

dt
So, any solution of (1.1) with the constant control u belongs to a level set of the function V,,. AsV, (z,y) — 400
when ||(z,y)|| = +o0, each level set L, (c) is bounded. For a constant control u, one can check that the single
equilibrium of the dynamics in D is E*(u), and that the level set L, (c(u)) is the singleton { E*(u)}. Therefore,
for any initial condition in D\ {E*(u)}, the trajectory belongs to a level set L, (c) with ¢ > ¢(u) (recall that
Vu(z,y) = 400 when ||(z,y)|| = +00). As L,(c) is a compact set that does not contain any equilibrium
point, the trajectory has to be periodic and thus L, (c) is a closed curve which surrounds E*(u). O

Va(@(t), y(t)) = 0,V + 0, Vi) = 0.



For u € [0, @], we define two functions ¢, : Ry — R and ¢ : Ry — R by
du(r) =z —(m+u)lnz, ze Ry and YP(y):=y—rlny, y eR.
Lemma 2.2. Given u € [0, 4], on has the following properties

e For any x > ¢u(m +u), there exists an unique zf (x) € (m + u, +00) and an unique x;, (x) € (0, m + u)
such that ¢y (zF (2)) = du(z™(x)) = .

o Ifp>(r), the equation ¥ (y) = p has exactly two roots y~(p), yT(p) that satisfy y~(p) <r < yT(p).

Proof. One can easily check that lim,_, o ¢y (z) = lim, 0 ¢u(z) = +00. Moreover, by differentiating ¢,
w.r.t. @, one finds ¢ (x) = 1 — % So the function ¢, is decreasing from +oo down to ¢, (m + u) and

increasing up to +oo. Therefore, for any © > ¢, (m + u), the equation ¢,(z) = z has exactly two solutions

x, (z), 2} (x), with z, (r) < m+wu and = (x) > m+u. Similarly, the function 1 is decreasing from +oo down

to ¥(r) and increasing up to 400, which provides the result. O
For ¢ € R, we consider the subsets of D, L} (c), Ly, (¢), S; (¢) and S, (¢) defined by:
Li(c):=Lu(c)N{y =7}, Ly (c) = Lu(c) N {y <7},

and
Su(e)=8ule)n{y =7}, S, (c):=Sulc)n{y <r},
and let r_ € (0, r] be defined by:
ro=y~ (Volag (@), 1) — do(a)).
The next proposition provides a description of the viability kernel, Viab(z), of K(z) for (1.1).

Proposition 2.1. One has the following characterization of the viability kernel:
o If m+u <z, the set Viab(x) is empty.

o Ifu > x — m, the viability kernel is non empty and we have:

Viab(z) = S (Va(z, 1) | (8o (Vo(a7 (2),7) N K(2)),

and its boundary is the union of the three curves

Bf(z) = LFValz,r)),
B™(z) = LgVo(zy(2),r) N{x >z},
Bz) := {z}x[r_,7].

Proof. Let us assume that @« < x — m and let € > 0 be such that m + u < z — e. Consider a trajectory
(z(+),y(:)) that stays in the set K (z) for any time ¢t > 0. As 0 < u(t) < @, we deduce that

y=ylx—m—-u) >ylx—z+e) >ey,

using that z(¢) > z for any time ¢ > 0. Therefore y(-) is unbounded and thus there exists ¢t; > 0 such that
y(t) > r for any time ¢t > ¢;. It follows that

z(t) =x(t)(r—y(t) <0, ¥Vt>t,

and there exists to > t1 such that z(¢2) < z. So the trajectory (x(-),y(-)) must escapes the set K(z), and we
have a contradiction. Thus, the viability kernel Viab(z) is empty.

Assume now that one has @ > 2 — m. Notice first that the three curves B*(z), B~ (z) and B%(z) belong
to the set K (z) and that their union U(x) defines the boundary of a compact subset W (z) of K(z), which is
such that

W(z) = S5 (Valz,r) |J (Sy Volad (2),) N K(2)).



When @ = 2 — m, the set W(z) is reduced to the single point E*(u) that is an equilibrium of (1.1) for the
constant control @. Thus, W(z) is a viable set.

When @ > z — m, we first show that for any initial condition in U(z), there exists a trajectory that stays
in K(z) for any time ¢t > 0. Consider an initial condition in the set B™(z). With the control u = 4, the
corresponding solution of (1.1) remains on the level set Ly (Vz(z, 7)) which is contained in K (x) as its extreme
left point is (x,r). Take now an initial condition in B~ (z). With the control u = 0, the corresponding solution
of (1.1) remains on B~ (z) until it reaches in finite time the boundary point (x (x),r) that belongs to B*(z).
From this point, we come back to the previous case. Finally, take an initial condition in Int(B°(z)) (if not
empty). On Int(B%(x)), one has & > 0 for any control as one has r —y > 0. Thus the trajectory enters the
subset W (z) and cannot evade from K (z) on Int(B°(z)). If the trajectory touches BT U B~, we face one of
the two previous case. So we conclude that W (z) is a viable domain.

We now show that W (z) is the largest viable domain included in K(z), that is, the viability kernel Viab(z),
or equivalently that any trajectory with initial condition in K (z)\ W () leaves the set K (z) in a finite horizon.
For convenience we consider the two subsets of K (z) \ W (z), C*(z) and C~(z) defined by:

CH(z) = (K@) \W()n{y>r} and C (z)= (K(z)\W(z)) N{y <r}.

Consider now an initial condition (zg,yo) € C*(z), and let (x(-),y(-)) a solution of (1.1) starting from (x¢, yo).
One has Vg (zo,y0) > Va(Z,r), and by differentiating w.r.t ¢ one finds:

Therefore no trajectory can reach the level set L;(Vy(Z,r)) from K(z)\ W(x). When y(t) = r, one has
x(t) > m + @ and thus §(t) = r(z(t) —m —u(t)) > 0 as u(t) < . We deduce that if there exists a trajectory
with an initial condition (xg,yo) in CT(x) that stays in K (z), it has to stay in CT (z). By differentiating w.r.t
t, we obtain on C" () that

%VO( (t),y(t)) = —u(t)(y(t) —r) <0,

and thus Vo(z(t),y(t)) < Vo(zo, yo). It follows that the trajectory is bounded. Moreover, one has & < 0. i.e.
the function ¢ — z(t) is non-increasing and thus converges to a certain zo, > 0. By Barbalat’s Lemma, @(t)
converges to 0 which implies that y(¢) tends to r. Then Vg (x(¢), y(¢)) converges to Vi (2o, ) > Va(Z, r) which
implies that 2o, < Z. Thus, the trajectory necessary leaves the set K (x) and we have a contradiction.
Consider now an initial condition (zg,yp) € C'~(z). Similarly, one can show that no trajectory can reach
the level set Lo(Vo(z™(z),7)) from K(z)\ W (z). It follows that a trajectory with an initial condition in C'~(z)
that stays in K (z) has to stay in C~ (z) (otherwise, it reaches C'*(z) and we have shown above that its has to
escape K (z)). As previously, one can show that a trajectory that stays in C~(x) is bounded and as t — z(t)
is increasing, one obtains the convergence of z(t) to a certain z, > z. By Barbalat’s Lemma, @(t) converges
to 0 when ¢ — 400, which implies that y(t) — r, and thus o, > xf (2) > m + 4. Therefore there exists £ > 0
and to > 0 such that y(t) = (z(¢t) — m — w)y(t) > ey(t) for any t > to,. This gives a contradiction with the
convergence of y(t) to r when ¢t — +oo. So, the trajectory has to enter C*(z) and then leaves K (z). O

The viability kernel is depicted on Fig. 1 in case (ii) of Proposition 2.1 together with the three curves
B*(z), B~ (z),B%(z) that define its boundary. We now provide additional geometric properties of Viab(z).

Property 2.1. Suppose that u >z —m

(i) Consider the unique solution of (1.1) backward in time with u = 0 from (x{ (z),r), and let ' > 0 be the
first time where this trajectory intersects the axis {y = r}. Then, we have:

z(t') < .
(i) The set Viab(z) is a compact convex set.

Proof. To prove (i), suppose by contradiction that z(¢') > x. Denote by (zo(+),yo(:)) the unique solution
of (1.1) with « = 0 and such that (z0(0),50(0)) = (z(¢'),r). By construction, the point (zi (z),r) is on
the graph of this curve, thus we denote by to := inf{t > 0 ; (zo(t),y0(t)) = (z7(z),r)}. Now, consider
the unique solution of (1.1) with v = 1 starting from (z(¢'),r). Clearly, one has y1(t) < yo(t) for any
time ¢t € (0,to]. But, the unique solutlon (Z1(+),71(+)) of (1.1) with v = 1 and starting from (z,r) passes



through the point (x7 (z),r). Moreover, one also has §;(t) < yo(t) for any time ¢ € [0,%y]. To conclude, the
inequality y1(t) < yo(t) implies that there exists a time 7 € (0, ¢o) such that (z1(7),y1(7)) = (£1(7),91(7)). By
Cauchy-Lipschitz’s Theorem, both solutions (z1(-),y1(:)) and (Z1(-), #1(+)) should coincide everywhere which
is a contradiction as (21(0),41(0)) # (£1(0),91(0)). This proves (i).

We already know that if non-empty Viab(x) is a compact subset of R%. Now, one can easily verify that
solutions of (1.1) in the plane (z,y) satisfy:

d? d?

y<r = J () >0 ; y>7‘:>—g (z) <0,

dx? lu=0
which proves that Viab(z) is convex. O

Remark 2.1. (i) Whereas for m < z, the property (i) is elementary (as the equilibrium point for (1.1) is
(m,r) when u = 0), the property (2.1) shows that it remains valid whenever m > x. Note also that in the
latter case, then Viab(z) is always non-empty as @ > 0.

(i) We know (see e.g. [1, 2]) that whenever a state is in Viab(z), any control u can be taken in the interior
of this set. However, one should take w =0 on B~ (z) and u =1 on BT (x) in order to stay in this set.

(iii) If x > m, then any point on the segment [x,u+m] x {r} is a steady-state point for (1.1) with a prescribed
constant control whereas if x < m, then any point on the segment [m,a + m| x {r} is a steady-state point for
(1.1) with a prescribed constant control.

K*(z)

Z

Figure 1: Viability kernel when u > z — m.

2.1 Lower bound on two consecutive crossing times

In this section, we suppose that the condition

U Z L —m,

is fulfilled, i.e. that Viab(z) # 0 (see Proposition 2.1). Our aim is to show that given two consecutive crossing
times t; < to from K to K¢ and from K¢ to K such that the corresponding trajectory does not hit Viab(x)
at time t; and t5, then t5 — t; is minorized by a uniform constant.



Proposition 2.2. Suppose that t1 < ty are two consecutive crossing times from K to K¢ and from K¢ to K
respectively and that (x(t1),y(t1)) ¢ Viab(z), (z(t2),y(t2)) ¢ Viab(z). Then, we have the following inequality:

()
lg—t1 2 maa (2.1)

Proof. By integrating the equation ¢(t) = y(t)(z(t) — m — u(t)) over [t1,ts], one deduces that:

ta ta y(t2) 4 y(t2) 4
m+m@—m2/(mﬂm»a:/x@w—/ Aﬁz—/ y:m(T»
t1 t1 y(t1) Y y(t) Y r—

as was to be proved. O

3 Minimal time problem to reach the viability kernel

3.1 Attainability of the viability kernel

In this section, we suppose that the condition
U 2 L —m,

is fulfilled, i.e. that Viab(z) # () (see Proposition 2.1). We recall from the Viability Theory (see e.g. [1]) that
the viability kernel Viab(z) can be reached from outside only at its boundary in common with the boundary
of K(z), that is, accordingly to Proposition 2.1 at the line segment (possibly reduced to a singleton when
i =x—m) B%x) = {z} x [r_,r]. In order to show the attainability of the target set, it is convenient to
introduce the feedback control:

umm:{“1f9>“ (3.1)

0 if y<r

Given an initial condition (zq,y0) € (R x R%)\Viab(z), we denote by (zp,(-),ym(-)) the unique solution of
(1.1) starting from (zg, yo) at time 0 and associated to the control w,,(-) defined by:

U (t) = [T (), Ym (1))

Proposition 3.1. The feedback control (3.1) steers (1.1) from any initial condition (zo,yo) € D\Viab(z) to
the viability kernel Viab(x).

Proof. First step. We show that it is enough to prove the result for any initial condition of type (zo,r) with
xo > 7 (z). If the initial condition (z¢,yo) is such that yo < r, then it is enough to replace xg by z,(t.)
where ¢, is the first time ¢ > 0 such that y,,,(t.) = r. If (xm(te), ym(tc)) € Viab(x), then the result is proved.
Otherwise, we have z,,(t.) > =& (z). If now yo > r, we apply the control u,, until the first time ¢, > 0 such
that y,,(t.) = r. Then, for t > ¢/, (close to t.) one has y.,(t,) < r, and we conclude by the previous case.

Second step. We now show the lemma for any initial condition (zg,7) with zo > x2(Z). By applying the
feedback control u,,, we can define two sequences of time (t,),>0 and (t],),>0 such that:

Un(tn) =yn(th) =1 o, :=x,(t)) <z <3 1= 257(t0)
Moreover, the trajectory is such that for any n € N:
tE€ (tnsty) = ym(t) > 15t e (B, thy1) = ym(t) <

We have 21 < zp. Indeed, consider the two solutions of (1.1), &o(-), resp. &1(-) with the control u = 0, resp.
u = @ starting from the point (zf,7). We then have @ (t) > & (t) for t € (0,] where { is such that 2 (f) = 7.
Now, as &1 (-) passes though the point (zq,r), we deduce that 1 < xg. Now, the two solutions of (1.1) with
u = @ starting from (zo,7) and (z1,7) cannot intersect, thus we deduce that z} > z{. By induction, we obtain
that (@, )n>0 is decreasing and that (z],),>0 is increasing.



Now, integrating (1.1) on the interval (o, t(,), resp. (t(,¢1) with w = @, resp. with u = 0 yields:

—x0 + (m + @) In(zg) = —z + (m + @) In(x),
—z1 +mlnz = —z{ + mInag.

Thus we obtain the relation zgp —z; — mIn (%) + @ ln (%) = 0 and by induction we get:

!
VneN, x,.1—2,—mln (x"_l) +uln (96”1) =0.

Tp Tp—1

As x,_1 < x,, we deduce that

Tp_1 — Tp > Wln <w71> .
Tp—1
Notice that x,, 1 —2/,_; > xf (z) and 2/, _; <z for n > 1, thus i,"—: >14+ @ It follows that
Tn—1—Tn 2 5,
where 8 := uln (1 + @) > 0. This proves that the trajectory necessary enters Viab(z). O
Remark 3.1. Following [3] we shall call the feedback u myopic. Indeed, if a € [0, 4], we know that:
%Va(iﬂ(f),y(t)) = (a—u(®))(y(t) —r) VteRy, (3.2)

where (z(-),y(+)) is a solution of (1.1) associated to a control function u(-) € U. Finding an admissible control
decreasing the value of Vi, appears therefore to be a a good strategy in order to reach Viab(x). In view of (3.2),
we can observe that for any admissible control u, one has

EVaw(0),9(0) = (0 — un (D) 0(0) ~ ) < SValal),y(0)) = (@~ ul) (1) — 7).

However, there is no evidence that this strategy coincides with the minimal time strategy (that will be computed

hereafter).

Our objective is now to compute an optimal control steering (1.1) in minimal time to the viability kernel
Viab(z). To do so, we apply the Pontryagin Maximum Principle [14] which provides necessary optimality
conditions on an optimal control.

3.2 Pontryagin Maximum Principle
The minimal time control problem to reach Viab(z) is defined as follows:

v(zo,Y0) = u(n)léu Ty st (x(Ty),y(Ty)) € Viab(z), (3.3)

where (24,(),y.(-)) is the unique solution of (1.1) associated to the control u and starting at some point
(x0,90) € D\Viab(z), and v(zg,yo) € [0,400] is the value function associated to the problem. Recall that
Viab(z) can be reached from K (z)¢ only through the line segment BY(z). From Proposition 3.1, the set
Viab(z) can be reached from any initial condition (xg,yo) € D (i.e. v is finite everywhere in D), thus the
existence of an optimal control is straightforward using Fillipov’s Theorem (see [10]). We are now in position
to apply the Pontryagin Maximum Principle (PMP) to derive necessary optimality conditions on problem
(3.3).

Recall that given a non-empty closed convex subset K C R™, n > 1, the normal cone to K at a point
x € K is defined as Ng(z) :={p € R"; p-(y—z) <0, Yy € K} where a-b denotes the standar scalar product
of two vectors a,b € R". Let H : R? x R? x R x R — R be the Hamiltonan associated to (3.3) defined by:

H = H(x,y,p,q,po0,u) = pr(r —y) + qy(x —m — u) + po.

We now apply the Pontryagin Maximum Principle to (3.3). Let u € U be an optimal control defined over a
certain time interval [0, 7Ty] with T, > 0 and let 2, := (x4, y.) be the associated solution. Then, there exists
an absolutely continuous map A := (p,q) : [0,7,] — R? and pg < 0 such that the following conditions are
satisfied:



The pair (A(+),po) is non-zero.

The adjoint vector satisfies the adjoint equation A = — 25 (2, (¢), \(), po, u(t)) a.e. on [0,T,] that is:

p =ply—r)—ay,
{ ¢ =pr+qlu+m-—zx). (3.4)

As Viab(z) is a non-empty compact convex subset of R™, the transversality condition can be expressed
as AM(Tw) € —Nviap(z)(2(Ty)) (see e.g. [16]).

The control u satisfies the maximization condition:

u(t) € arg maxo<u<aH (24 (t), A(t), po,w) a.e.t €[0,T,]. (3.5)

An extremal trajectory is a triple (z,(-), A(+),u(+)) satisfying (1.1)-(3.4)-(3.5). As the system is autonomous
and T, is free, the Hamiltonian is zero along any extremal trajectory. We say that the extremal is normal if
po # 0 and is abnormal if pg = 0. Whenever an extremal trajectory is normal, we can always suppose that
po = —1 (using that H and (3.4) are homogeneous). In view of (3.5), we define the switching function ¢ as

¢ = —qy,
and we obtain the following control law:
o(t) >0 u(t) = u,
o(t) <0 = wu(t) =0, (3.6)
o(t)=0 = wu(t) €0,q.

We call switching time (or switching point) a time ¢. where the control is non-constant in any neighborhood
of t.. From (3.6), we deduce that any switching time satisfies ¢(¢.) = 0. A direct computation shows that we
have:

o(t) = —p(t)z(t)y(t) ae. te[0,T,].
Let us now explicit the transversality condition. To do so, let e; := (1,0) and w the unit vector defined by

w := (sinv, — cosy) where ¢ € [-F, 7] is defined by

(x —m)r_

tan’lp = m

Property 3.1. If (x,y) € B°(z), we have:

Yy e (’I‘_,T’) = NViab(g) (xay) =R_x {0}7

y=r- = Nvian@)(z,y) ={a(fw —[L = fle1) ; (a,8) € Ry x [0,1]}.
Proof. The geometric computation of Ny ) (7,y) is standard using that Viab(z) is convex, and that the
normal cone to Viab(z) at (z,y) € B%(z) is the dual cone to the tangent cone to Viab(z) at (z,y). O

The Pontryagin Maximum Principle then implies the following properties.

Proposition 3.2. (i) An optimal control u is bang-bang i.e. it satisfies u(t) € {0,a} for a.e. t € [0,T,] and:

ult) = % (1 +sign((t) ac. t € [0,Tu). (3.7)

(i) The transversality condition reads as follows:

(@(Tw),y(Tw)) € {z} x (r—,r) = (p(Tw),q(Tu)) € Ry x {0},
(x(Tw), y(Tw)) = (z,7-) = (p(Tw),q(Tw)) € {a([1 = Blex — Bw) ; (o, B) € Ry x [0,1]}.

(iii) Any extremal trajectory reaching the target at some point in {x} x (r—,r) is normal i.e. po # 0.
(iv) Any switching point of an abnormal trajectory lies on the axis {y = r}.



Proof. To prove (i), suppose that ¢ = 0 on some time interval [¢1,t3]. By differentiating w.r.t the time ¢, we
obtain ¢ = ¢ = 0 over [t1,t2] implying p = 0 over [t1,%2]. From (3.4), we deduce that the adjoint vector X is
zero over [0,7T,]. We thus obtain a contradiction with the PMP using H = 0. This proves that (3.7) holds
almost everywhere.

The proof of (ii) follows from Property 3.1 and the transversality condition A(Tu) € —Nvap(z)(2(Tu))-

To prove (iii), suppose that pg = 0. Then using that H = 0 and that y(T},) # r, we find that p(T,) = 0.
Thus we would have p(Ty,) = ¢(T,,) = 0 and then A = 0 using (3.4). This contradicts the PMP as the pair
(A(+), po) would be zero.

Finally, suppose that ¢y is a switching point of an abnormal trajectory i.e. ¢(tg) = q(to) = 0. It follows
that p(to) # 0 (otherwise the vector A\ would be zero on [0,T,] and this would contradict the PMP). Now,
suppose that y(tg) # 7, then we find that p(tg)z(to)(r — y(to)) # 0 which again contradicts the PMP as one
has py = 0. Hence, we necessarily have y(tg) = r. O

Remark 3.2. From (3.4) and the fact that (A\(-),po) is non-zero, the mapping t — (p(t),q(t)) is always
non-zero. Following the proof of Proposition 3.2 (i), this argument allows to prove that the set of zeros of ¢ is
isolated.

3.3 Optimal synthesis

We first analyze the behavior of ¢ which is crucial in order to find an optimal control policy.

Lemma 3.1. A normal extremal trajectory (z(-), A(+),u(-)) defined over [0, T,] satisfies the following properties:
(i) The switching function satisfies the following ordinary differential equation (ODE):

) —a) )
o(t) = e o(t) e t € 10,T,], (3.9)

(i) At a time to where y(to) = r, we have ¢(ty) # 0 and:
Blto) =~ (3.10)

(to) +m —x(to)

Proof. Let us show that the set S := {t € [0,Ty] ; y(t) = r} is finite. If o € S, we have q(to)y(to)(x(to) —
m — u(tp)) = 1 which implies that §(tg) # 0, hence tg is isolated and thus S is finite. The proof of (ii) is
straightforward combining H = 0 and y(ty) = 7. O

The previous Lemma implies the following proposition.

Proposition 3.3. Let (2(-), A(:),u(:)) a normal extremal trajectory defined over [0,T,]. Then, the following
properties are satisfied:

(i) If there exist two consecutive instants ta > t1 > 0 such that y(t1) = y(t2) = r, then the control u has
exactly one switching time t. € (t1,t2).

(i) If in addition, x(t1) > x(t2), resp. x(t1) < z(t2), then an optimal control satisfies u = 0, resp. u =1 on
(t1,tc) and then u =1, resp. u=0 on (tc,t2).

Proof. From (3.10), the sign of ¢(;), ¢ = 1,2 depends on the value of x(¢;) w.r.t. u(to) +m. Whenever the
trajectory satisfies y(t1) = r with z(t;) > 2 (), we thus have ¢(¢;) < 0 and thus u = 0. Using that z(t2) < m,
we deduce that ¢(t2) > 0, hence the trajectory necessarily has a switching point at a time t. € (¢1,%2). Now,

from (3.9), one has (ﬁ(tc) = —rfgf(”t)) > 0. Thus, the only possibility for the trajectory is to switch from u =0
to u = 1. This shows the uniqueness of t. in (t1,t3). If now x(t;) < zi (z), the same argumentation shows
that there exists a unique switching time from v = 1 to w = 0 in (¢1,t2). This proves (i) and (ii). O

We denote by 7 the graph of the unique solution (Z(-),g(-)) of (1.1) backward in time starting from the
point (z,r) associated to the feedback control (3.1). Let 71 be the first time where (Z(-), §(-)) exits K(z) and
T2 be the first exit time of (Z(-),§(-)) of the set {(z,y) € D ; y < r}. Finally, let 77 be the restriction of
(Z(+),9(+)) to the interval |1y, T2].

The optimal synthesis of the problem then reads as follows (see also Fig. 2).



Theorem 3.1. Let (xg,yo) be an initial condition in D\Viab(z).

(i) If (o, y0) € 7, then any extremal optimal trajectory steering (1.1) from (zg,yo) to the target set is abnormal.
The corresponding control is given by wu, and switching points occur on the axis {y =r}.

(i) If (zo,y0) & v, then any extremal optimal trajectory steering (1.1) from (xo,yo) to the target set is normal.
Moreover, if u denotes the optimal control, there exists p € N*, s € {0,1}, and a sequence (T )o<k<p Such that:

o Wehavep=0<1 < - <Tp_1 <Tp =T, and 73, is a switching time of u for 1 <k < p.

e The optimal control u is given by

ut) = 51+ (-1)P*%) te(mmn), 0<k<p-1 (3.11)

NS

o Ify(T,) € (r_,r), resp. y(T,) =r_, then s =1, resp. s =0.

Proof. Let us prove (i). We already know from Proposition 3.2 (iv) that any trajectory starting on the curve
~ and associated to the control w,, corresponds to an abnormal extremal trajectory. We must prove that such
an extremal is optimal. To do so, let us choose (xg,yo) on the curve ~, and let (z(-),y(-),u(-)) an optimal
extremal trajectory steering (1.1) from (zo,yo) to Viab(z). Let tg be defined as follows:

to:=inf{t >0; IJe >0Vr e (t,t+¢e) (x(r),y(1)) &~}

Suppose by contradiction that to < T,. As (z(-),y(-),u(-)) is extremal, (3.5) implies that ¢y is necessarily a
switching time from v = 0 to w = 4 or from u = @ to u = 0. We argue that y(to) # r. Indeed, otherwise, we
would have a contradiction with the definition ¢y (as by definition, u,, switches on the axis {y = r}). Hence,
either we have y(to) < r or y(t9) > r. Now, the fact that y(to) # r implies that the extremal (z(-), y(-), u(-))
is normal. Indeed, we cannot have p(tg) = 0 by Cauchy-Lipschitz Theorem, but as y(ty) # r, we obtain that
p(to)z(to)(r — y(to)) # 0 and thus pg must be non-zero. Suppose for instance that y(tg) < r. By construction
of tg, this point is a switching time from v = 0 to v = 1 and we necessarily have é(to) > 0. On the other
hand, we obtain from (3.9) that

oy y(to)
Hlbo) = r —y(to)

<0,

and a contradiction. If y(tg) > 7, we obtain a similar contradiction with the sign of qS at time tg. This shows
that tg > T, thus we have proved that the abnormal extremal trajectory starting from (zg,yo) with the
control u,, drives (1.1) optimally to the target.

Let us now prove (ii). We consider an extremal optimal trajectory (z(-),y(-),u(:)) driving optimally (1.1)

from a point (2o, yo) ¢ v to Viab(z). We will consider the two following cases depending if y(Ty,) € (r_,r) or
y(Tu) =r—.
First case: y(Ty,) € (r—,r). From Proposition 3.2 (iii), we have py # 0 i.e. the trajectory is normal. Now, as
¢(Ty) = 0 and d)(Tu) =— TELT(’:‘F)) < 0, we obtain that u = @ in a left neighborhood of T},. By using Proposition
3.3 (i), we obtain that the extremal has exactly one switching time ¢, between two consecutive instants ¢; < to
such that y(t;) = y(t2) = r. We thus obtain (3.11) by considering (1.1) backward in time from ¢t = T,, and by
counting the number of times (denoted by p — 1 with p > 1) where the trajectory surrounds Viab(z) before
reaching (29, y0). When k = p — 1, we obtain u(t) = %(1 + (—1)' %), thus s = 1 as was to be proved.

Second case: y(T,) = r—. Suppose that the extremal is abnormal i.e. py = 0. It follows that ¢(T3,) > 0.
Otherwise, the transversality condition would imply ¢(7T,) = 0 and using H = 0 we would have p(T,) = 0
and a contradiction with the PMP. We deduce that ¢(T,) < 0 thus v = 0 in a left neighborhood of T;,. As
the extremal is abnormal, switching points occur only on the axis {y = r}. This shows that we have u = 0
on [t., T,] where t. is the last time such that y(t.) = r before reaching B°(z). Thus, by integrating backward
in time (1.1) from (z,r_), we find that u = u,, and that (xo,yo) € v which is a contradiction. We have thus
proved that the extremal optimal trajectory is normal. Finally, we have two cases depending if the normal
trajectory reaches (z,r_) with u =0 or u = 1:

- The case where we have ©v = 1 at the terminal time T, exactly corresponds to the sub-cases where
y(T,) € (r—,r) and thus we obtain (ii) similarly as above.
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- Now, suppose that we have u = 0 at the terminal time 7,. The trajectory necessary has a switching
time on 77 (as it is normal). We thus obtain (3.11) by considering (1.1) backward in time from ¢ = T,
and by counting the number of times (denoted by p — 1 with p > 1) where the trajectory surrounds
Viab(z) before reaching (xo,y0). As v =0 in a left neighborhood of T,,, we obtain s = 0.

O

3.4 Discussion
To highlight the optimal synthesis provided by Theorem 3.1, we provide the following remarks.

e The optimal control provided by Theorem 3.1 (ii) can be interpreted as a slight perturbation of the
myopic strategy (3.1): instead of switching on the axis {y = r}, switching times are delayed and the
corresponding switching points occur after the last intersection between the corresponding trajectory
and the axis {y = r} (see the switching curves in red on Fig 2).

e Abnormal trajectories are contained in the curve v and they are the only extremal trajectories for which
switching points occur on the axis {y = r}.

e Between two consecutive times ¢; < to where a normal extremal trajectory satisfies y(t1) = y(t2) = r,
the extremal has exactly one switching time.

e (iii) In Theorem 3.1, any normal trajectory reaching By(x) in its interior satisfies:
p—(2j+1)>0 and p—2j>0 = y(rp_gjy1)>7r and y(rp—9;) <T

In other words, odd switching points occur below the axis {y = r} whereas even switching points occur
above the axis {y = r}.

e Any normal trajectory either reaches By(z) with u = @, or it reaches the point (z,r_) with « = 0. In
the latter case, an optimal trajectory switches from v =1 to v =0 on ;.

Figure 2: Optimal synthesis provided by Theorem 3.1: in red the switching curves, in green, resp. in blue the
solutions of (1.1) with w = 1, resp. with u = 0.

4 The minimal time crisis problem over a finite horizon

The time crisis problem consists in studying the following optimization problem

T
inf /0 Lo (2o(8) dt, (4.1)

ueU

where z,, := (24, y.) is the unique solution of the Cauchy problem

& =a(r—y) z(0) = zo,
{ y=ylx—m—u) y(0)=yo, (4.2)

11



The existence of an optimal control is standard (see [3, 7]). Note that for initial conditions are taken in a
compact subset C' of D, then there exists T' > 0 such that for any initial condition (xg,yo) € C, then (4.1) is
equivalent to (1.2). To derive necessary optimality conditions on an optimal control, one can apply the hybrid
maximum principle (see [11]).

4.1 Application of the hybrid maximum principle

The times t. where a trajectory either enters or exits the set K through the set {# = z} are crucial in the
analysis.

Definition 4.1. (i) We say that t. is a crossing time from K to K€ if there exists € > 0 such that for any
time t € [te —€,t.), resp. t € (te,te + €] one has z(t) € K, resp. z(t) € K°.

(i) We say that t. is a crossing time from K¢ to K if there exists € > 0 such that for any time t € [t. —e,t.),
resp. t € (te,t. + €] one has z(t) € K¢, resp. z(t) € K.

(iii) We say that a crossing time t. from K to K¢ is transverse if (2(t.),e1) # 0.

Let H : R? x R? x R x R — R be the Hamiltonian associated to (4.1) defined by:
H := H(z,y,p,q,po,u) = px(r —y) + qy(z —m — u) + polxe(z,y).

If w is an optimal control of (4.1) and (x4 (+),y.(:)) is the associated solution of (4.2), then the following
optimality conditions are satisfied:

e There exists pg < 0 and a measurable function () := (p(+),q(*)) : [0, T] — R? satisfying a.e. on [0, T7:

p =ply—r)—qy,
{q =pz+q(u+m—z). (4.3)

The control u satisfies the maximization condition:

u(t) € argwrél[%xﬂ]H(a:(t),y(t),p(t),q(t),pmw) a.e. t €[0,T). (4.4)

The Hamiltonian H is constant along any extremal trajectory (x(-),y(-),u(-),p(:),q(:),po) satisfying
(4.2)(4.3)-(4.4).

For each crossing time t. from K to K¢ or from K¢ to K, one has A(tJ) — A(t;) € Nk (z(t.),y(t.)).
Moreover, if t. is transverse, then one has:

> — c c e c))—
v(i;) € K and a(tf) € K* = pltd) = plty) = Mz (15)

z(ty)e Keand z(tf) e K = p(th) —p(t,) = q(ta)y(ic()t(;;g{)y_(i()t);))+p°.

The triple (po,p(+),q(+)) is non-zero.
As (z(T),y(T)) € D is free, we have p(T) = ¢(T) = 0.

It is important to notice that at every transverse crossing time ¢. from K to K¢ or from K¢ to K, the function
¢ is continuous (thus the switching function ¢ = —gqy is also continuous) whereas p has a jump given by (4.5)
(thus ¢ = —pzy is discontinuous).

Lemma 4.1. An optimal trajectory corresponds to a normal extremal i.e. py # 0.

Proof. Suppose that pg = 0 and that the trajectory ends in K. Let t. be the last entry time into the set
K. Then at t = t., the jump condition on the adjoint vector becomes writes p(t;) = p(t) using that
q is continuous at t = t., that ¢(¢tF) = 0 and that pg = 0. The adjoint equation (4.3) together with
p(tZ) = q(t7) = 0 then implies that p = ¢ = 0 on the interval [tT,¢.] where ¢, is the last exit time from K
before. Again using the jump condition on the variable p, we obtain that p(t. ) = ¢(t. ) = 0. By induction, we
obtain that the adjoint vector is zero on any time interval where the associated trajectory either belongs to K
or to K¢, and thus (p(-), q(-)) = 0 over [0, T]. This contradicts the hybrid maximum principle as (po, p(+), ¢(+))
must be non-zero. The same arguments can be used in the case where the trajectory ends in K°. O

Without any loss of generality, we suppose that pg = —1.
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4.2 Study of the problem in the case where the end-point is in K

In this part we consider the following assumption.
(H) The end-point trajectory is such that (z(T),y(T)) € K.

Remark 4.1. Suppose for instance that Viab(z) # 0 and that (zo,yo) belongs to a compact set C of D. If T
is large enough, it can be expected that for any optimal solution of (4.1) starting in C, there exists T, < T such
that for any time t > T, then (x(t),y(t)) € Viab(z). We know that for t > T, the trajectory is in the viability
kernel of K, thus there exists a control u such that the associated solution (z(-),y(-)) satisfies (z(t),y(t)) € K
for any time t > T.. Hence, we obtain that 1x(x(t),y(t)) =0 fort > T,.

The previous assumptions imply that the Hamiltonian is zero along any extremal trajectory as we have:
H = polge(2u(T), yu(T)) = 0.
Lemma 4.2. If t. is the last entry time from (x(-),y(+)) into K, one has u =1 in a left neighborhood of t..

Proof. Using that p = ¢ = 0 over [tT,T], that ¢ is continuous at ¢ = ¢., and that py = 0 we find that
p(t;) = m > 0. This implies that ¢(t;) = —p(t. )x(te)y(t.) < 0. Thus, as ¢(t.) = 0, we must have
¢ > 0 in a left neighborhood of ¢, and thus we have u =1 for t < t., t close to t.. O

Next, we define T, (u) as the first entry time of the trajectory into the set Viab(xz). More precisely, we
consider the following definition.

Definition 4.2. If an optimal trajectory enters Viab(z) before t =T, then we set
Te(u) := inf{t € [0,T] (x(£),y(t)) € Bo(z)}-
Otherwise, we set Te(u) = +00.

Lemma 4.3. Let u an optimal control and (x(-),y()) the associated trajectory.
(i) At any time t where (x(t),y(t)) ¢ OK and y(t) # r, one has:

; y(t)(z(t) —m —u(t)) y(t)

o) = 10O Zm =t - 2Ot wl0).000),

(i1) Any switching time for the control u in the set {y > r} N K, resp. {y <r}N K is fromu=0tou=1,
resp. from u =1 to u=0.

(iii) At any time to < Te(u) such that y(to) = r, (z(to),y(to)) € K, and y < r in a left neighborhood of to,
then one has ¢(to) = 0.

(iv) At any time to such that y(to) = r and (z(to),y(to)) € K with y > r in a left neighborhood of to, then
one has ¢(to) > 0.

Proof. The proof of (i)-(ii) is as in Lemma 3.1 and Proposition 3.3. To prove (iii), suppose that (z(t),y(t)) € K.
We find that q(to)y(to)(x(to) —m —u(to)) = 0. If ¢(to) > 0, then we have u(tg) = 0 and x(tp) = m hence the
trajectory is at the stable steady-state (r,m) which is a contradiction. Similary, if ¢(to) < 0, then u(ty) = @
and z(tg) = m+ @ and the trajectory has reached the stable steady-state (r, m+@) which is also contradiction.
Hence, we must have ¢(tg) = 0. Let us now prove (iv). We find that g(to)y(to)(z(to) — m — u(tp)) = 1. As
y > r in a left neighborhood of tg, one has ¢(tp) < 0 which implies x(tp) — m — u(tg) < 0 and thus we must
have ¢(tp) < 0i.e. ¢(tg) > 0 as was to be proved.

O

We deduce the following property.
Corollary 4.1. If (H) is satisfied, the strategy defined by u,, is not an optimal solution of the crisis problem.

Lemma 4.4. Suppose that there exists a time interval [t1,t2] C [0,T] such that:

- For any time t € [t1,12], (x(t),y(t)) € K
- For any time t € [t1,12], p(t) = q(t) = 0.
- The time ty is a transverse crossing time from K to K°€.

Then, one has u(t) = @ fort > ta close to to.
Proof. The jump condition on p at time ¢, writes p(t]) = % < 0. Thus, ¢(tF) = —p(t)z(t2)y(tz) > 0
and using that ¢(t5) = ¢(t;) = 0 one finds ¢ > 0 for ¢t > t, close to to as was to be proved. O
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4.3 Comparison between the time crisis function and the minimal time function

We suppose in this part that Viab(z) # 0. For (zo,yo) € D, let

91 (1'07 yO) = infu(~)61/{ f0+oo ]lK(g)C (xu(t)v yu(t)) di
92 (:1?0, y()) = infu(-)el/[ f0+oo ﬂvmz;(g)c (.’L‘u(t), yu(t>) de

From the inclusion Viab(z) C K(z), one easily deduces that:

61 (w0, yo) < O2(wo, yo)-

Now, as Viab(z) is viable, Proposition 4.1 of [7] implies that 02(xo,y0) = v(xo,y0). Hence, we obtain the
inequality 61 (z0,¥0) < v(Z0,%0), (z0,%0) € D.

Proposition 4.1. For any (xo,y0) € v\Viab(z), one has:

01(z0,y0) < v(Zo, Yo). (4.6)

Proof. First, recall that the control w,, drives (4.2) in minimal time from (zg,y0) to the set By(z) i.e.
v(xo,y0) = T(um). Using the control u,,, we deduce that 6;(zg,yo) < +oo. Hence, there exists T > 0
(large enough) such that (4.1) is equivalent to

T
inf [ L (@a(t), yu(t)) dt
[ e o)
By the previous results, we know that for a fixed 7" > 0, the control u,, is not an optimal solution for 6, thus

+oo +oo
01(x0,y0) < / L (z)e (@u,, (), Yu,, (1)) dt < / Wiab(z)e (Tuy, (1) Yu,,, (1) At = v(20, o)
0 0
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