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A Differential game control problem with state constraints

NIDHAL GAMMOUDI*and HASNAA ZIDANI |

Abstract

We study the Hamilton-Jacobi (HJ) approach for a two-person zero-sum differential game with state
constraints and where controls of the two players are coupled within the dynamics, the state constraints
and the cost functions. It is known for such problems that the value function may be discontinuous
and its characterization by means of an HJ equation requires some controllability assumptions involving
the dynamics and the set of state constraints. In this work, we characterize this value function through
an auxiliary differential game free of state constraints. Furthermore, we establish a link between the
optimal strategies of the constrained problem and those of the auxiliary problem and we present a
general approach allowing to construct approximated optimal feedbacks to the constrained differential
game for both players. Finally, an aircraft landing problem in the presence of wind disturbances is given
as an illustrative numerical example.

2010 MS-Class.ification Primary: 49N70, 491.20; Secondary: 49N90.

Key words: State constraints, differential games, nonanticipative strategies, trajectory reconstruction,
windshear problem

(Communicated by the associate editor name)

1 Introduction

Two-person zero-sum differential games provide convenient framework for analyzing real conflict situations
between two players where the gain of one player corresponds certainly to the loss of the other player. The
most classical example is the Target Problem where the dynamic is controlled by both players, one player
wants the dynamical system to reach, in finite time, a given set called the target while his opponent tries to
avoid this target forever (see [13, 12, 14]). Another classical example is the Pursuit-Evasion game for which
each player controls only half of the system’s coordinates and the cost is the capture time which is the first
time when the first player’s coordinates become close enough to those of his opponent (see [15, 5]).

Differential games can be studied in different contexts depending on the information advantage accorded
to the two players which defines two values of the game. The most popular class of information advantage
is the one of nonanticipative strategies where one of the two players knows, at each instant, the past and
present choices of his opponent without having any idea about his future actions, see [17, 16]. Another class
of game strategies is called positional strategies where at each instant and before taking any decision, both
players know the position of the system, see [4, Chapter VIII].

In the present work, we consider a two-person zero-sum differential game subject to state constraints
where the first player is allowed to use nonanticipative strategies which are mappings from the set of controls
of the second player, B, to the actions set of the first player, A (the precise definitions of A, B and the set
of nonanticipative strategies, I', will be given in section 2).

For a given finite time horizon T" > 0, consider the dynamical system

{ i(s) = f(s,y(5), alb](s), b(s)), ae. s € [t, T,
y(t) ==,
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where af-] € T is the nonanticipative strategy of the first player, b(-) € B is the action of the second player,
and f:[t,T] x R? x A x B is a continuous function (more precise definitions and assumptions are given in
section 2).

a[b],b

The absolutely continuous solution of (1) is denoted by y,,

corresponding to («[b](-),b(-)) € A x B.

For a given set of state constraints, K, a trajectory yff(), corresponding to a couple of actions (a(-),b(-)) €
A x B, is admissible if yff(s) e K, Vs e[t,T].

We are interested in the following differential game with maximum running cost:

and will be referred as the trajectory

v(t,z) = inf w(t, z;a) (2)
al-]er

where 7 is defined by:

sup { ( max os,y7 () ) Vol (1) ], i () s admissible vb() € B,
7(t, z;a) := { b(-)eB * \sET]

400, else,

where the cost functions ¢: [t,T7] x R? x A x B — R and ¥ : RY — R are continuous (see section 2 for
precise assumptions). This problem formulation can model the situation where the first player, representing
the controller, uses his advantage of information to counteract to unknown disturbances, representing the
second player of the game, which can affect the system and the cost functions, see section 5. For such
situations, the traditional approach is to represent disturbances via a statistical model and to optimize the
expected value of the cost [24] and the references therein. However, this approach may not be effective
against some catastrophic cases and it is not always possible to have a good statistical model. Therefore this
situation can be modeled by a two-person zero-sum differential game where the first player (the controller)
minimizes the cost in the case of the worst behavior of his opponent (unknown disturbances). We can also
imagine another game example where the second player objective is to maximize the cost 7 or to violate
state constraints.

Without considering state constraints, K = R¢, this differential game was studied in [27] with a maximum
bounded cost function and in [25] with a Lipschitz continuous infimum cost. It was also studied in the case
of a single controller in [23] by characterizing the value function epigraph via a viability kernel.

In the presence of state constraints, K # R%, some difficulties appear. The value function v becomes
lower semi continuous and its characterization as unique solution of an HJ equation requires some additional
assumptions involving the dynamics f and K. In the case of one controller problems, the most popular
assumption, which is the inward pointing condition, was introduced in [28]. This condition imposes, at each
point of the boundary of K, the existence of a control value that lets the dynamics points in the interior of
K. Equivalent assumptions in the case of a two-players problem can be found in [15, 6, 7]. Unfortunately,
such assumptions cannot be satisfied for several control problems, which complicates the characterization of
the value function as solution of an HJ equation.

In this work, we do not assume any controllability assumptions on the dynamics or on the set of state
constraints. In addition to that, controls of the two players are allowed to be coupled within the dynamics,
the state constraints and the cost functions. Moreover, we consider weak assumptions on f, ¢ and
(locally Lipschitz continuous and not essentially bounded). We extend the result of [1] to the case of a
two-person games in order to characterize v through a locally Lipschitz continuous value function of an
auxiliary differential game, unique solution of an HJ equation with obstacle term. In particular, in [1], the
link between the constrained problem and the auxiliary was established under a convexity assumption on
the dynamics f. Here, we study this link in a more general setting even when f is not convex. Without the
convexity of the dynamics and without controllability assumption, the set of trajectories is not closed and
the value function is not even lower semi-continuous.

Another contribution of this paper concerns trajectory reconstruction for the constrained differential
game based on the knowledge of an approximation to its associated auxiliary value function. In particular,
we prove that an optimal strategy of the first player for the auxiliary differential game, starting from a specific



initial position, is also optimal for the constrained differential game. In addition to that, we exploit some
ideas from [2, 26] about trajectory reconstruction in the case of dynamical systems with a single controller
in order to present here a general approach allowing to construct approximated optimal feebacks to the
constrained differential game for both players by use of the auxiliary differential game value function. More
precisely, we present a general reconstruction procedure corresponding to an arbitrary case for which choices
of the second player are not essentially optimal and a specific reconstruction procedure where the second
player takes optimal decisions representing the worst case for the first player. Convergence results of the
trajectories sequences reconstructed by both procedures are also provided and discussed in this paper.

As an illustrative example, we study an aircraft landing problem in the presence of windshear. Indeed,
the best strategy to avoid a failed landing, that can occurs because of quick changes of the wind velocity,
is to steer the aircraft to the maximal altitude that can be reached, during an interval of time, in order to
prevent a crash on the ground. In [20, 21], a Chebyshev-type optimal control problem was proposed and an
approximate solution is provided. The Hamilton-Jacobi-Bellman approach was applied in [2] to solve this
problem after supposing the knowledge of the wind velocity fields. In [9], the aircraft landing problem was
formulated as a nonlinear differential game with state constraints and a semi-Lagrangian scheme was applied
to compute an approximation of the value function.

In this paper, we propose a 5D differential game model with maximum running cost, where wind distur-
bances are considered as a second player and the first player tries, by use of nonanticipative strategies, to
counteract to dangerous scenarios that can happen because of wind disturbances.

The paper is organized as follows. Section 2 introduces the constrained differential game with maximum
running cost and formulates its associated auxiliary problem. Section 3 shows how the auxiliary problem
introduced can be used to overcome the difficulties coming from the states constraints. Section 4 presents
some results concerning reconstruction of optimal trajectories for the auxiliary problem and for the original
constrained problem. The aircraft landing problem in presence of windshear is presented in section 5 as an
illustrative numerical example.

Notation In this paper we adopt the convention that inf @ = 400 and sup @ = —oc.
For any a,b € R, the notation a\/ b (resp. a Ab) stands for max(a,b) (resp. min(a,b)). The Euclidean
norm (inner product), on R? (d > 1), is denoted by || - || ({-,-)) while B denotes the unit ball of R?.

For any subset Y of R?, Y and Y denote, respectively, the interior and boundary of Y. Besides, d(-,Y)
and dy (-) denote the distance and the signed distance function to Y respectively. Recall that the signed
distance dy (+) is defined as follows:

—d(z,0Y) ifz €Y,
d =
v(@) { d(x,dY) else.

To shorten some notations, s.t., l.s.c. and w.r.t. stand for ”such that”, "lower semi continuous” and
”with respect to”.

2 Problem formulation

2.1 Settings of the constrained differential game

Consider a two-person zero-sum differential game with finite time horizon 7" > 0. Actions of the first and
the second players are measurable functions from [0, 7] and taking values respectively in A, a compact set
of R? (p > 1), and B, a compact set of R? (¢ > 1). The set of admissible controls of the second player B is
defined as follows:

B :={b(:) : [t,T] — B, measurable}.

The set of admissible controls of the first player A can be defined in a similar way to B.



In this paper, the first player is assumed to use nonanticipative strategies. Following the formulation of
Elliott and Kalton [16], the set of this type of strategies for the first player, denoted by I', can be defined by:

= {aH (B A, st. Wb(-),0/(-) € B, and Vr € [0, 7],
(b(s) —(s) ae. se [o,T]) = (a[b](s) = alt'](s) ae. se [0,71)}.

For a choice (a[],b(-)) € T x B of the two players, consider the following dynamical system

y(s) = f(s,y(s), a[b](s),b(s)),a.e. s € [t,T7,
y(t) =z,

where z € R%. The corresponding absolutely continuous solution is denoted by ;" LW’(-).
Furthermore, the following hypothesis will be considered throughout this paper:

(H1) The dynamics f : [0,7] x R? x RP x R? — R? is continuous and for any R > 0, there exists
L;(R) > 0, such that for every (a,b) € A x B, s € [0,T] and y1, yo € R? verifying |y1], [y2| < R :

|f(s7y17a7b) - f(87y23a7b>‘ S Lf(R)|y1 - y2‘
Moreover, there exists ¢y > 0, s.t. Vy € R¢,

max{|f(s,y,a,b)|,s € [0,T],(a,b) € Ax B} <cp(1+ |y|)-

(H3) The running cost function ¢ : [0, 7] x R? + R is locally Lipschitz continuous, i.e. for any
R > 0 there exists Lg(R) > 0 s.t. for any s € [0,T] and y1, yo € R%, |y1],lya] < R :

|p(s,y1) — B(s,92)| < L¢(R)|y1 — 2.

Moreover, there exists ¢4 such that Vy € R, max{|¢(s,y)|,s € [0,7]} < cs(1 + |y]).

(H3) The final cost function 9 : R% — R is locally Lipschitz continuous, i.e. for any R > 0 there
exists Ly(R) > 0 s.t. for any y1, y2 € R, [y1],ly2| < R :

[W(y1) — (y2)| < Ly(R)|yr — yal-
There exists also ¢y, > 0 such that Vy € R%, [4(y)| < ey (1 + |y]).

Let K be a non-empty closed subset of R? representing the set of state constraints.

A trajectory yfg(ﬁ associated to a couple of actions of the two players (a(-),b()) € A x B, is said to be
admissible if it remains in K at any time instant.

We are interested in the following state-constrained differential game with maximum running cost:

v(t,x) = inf 7(t,z; ) (4)
al-]el
where
sup {( max ¢(S,yz£;b],b(s))) \/w(yng],b(T))}, if yng],b(.) is admissible Vb(-) € B,
7(t, x;a) := { b(-)eB * \s€tT]

400, else.



Problem (4) describes the case when the first player is exploiting his information advantage and trying to
find nonanticipative strategies that guarantee admissibility of trajectories against any choice of the second
player and minimize the cost 7.

One can imagine another situation where the players’ actions are separated w.r.t. the dynamics and
every player chooses his control in the aim of satisfying his own state constraints, see [6].

In general, for such state-constrained optimal control problems (K # R%), the value function v is not
essentially continuous and may require further controllability assumptions to characterize it as the unique
viscosity solution of an HJ equation. An idea about such assumptions in the case of a two-person differential
game can be found in [15, 6, 7].

As mentioned earlier, we do not impose any controllability assumptions in this work. Following [1], we
introduce an auxiliary control problem free of state constraints with a more regular value function allowing
us to characterize v.

2.2 An auxiliary control problem

First consider the augmented dynamics f defined for s € [0,T], & := (z,2) € R? x R and (a,b) € A x B by:
f(&fﬁ,mb) - (ﬂ&%a,b)) .
(6]

Denote by g}fjxyz’b(-), for (af],b(-)) € T’ x B, the solution of the following augmented differential system:

(6)

{Kgf<m>ﬂm@wm»@ﬁsewﬂ,
(z,2) € R4 x R.

Since the last component of the augmented dynamics f is equal to zero, y]ta Li]z’b(-) can be expressed also

as gf‘[m”]zb( )= (yffg’“’( ), ) where ya[ b (+) is the solution of (3).
Moreover, the set of constraints K is closed. Henceforth, it can be characterized as follows:

Vy eRY, de(y) <0< yeK, (7)

where di(+) is the signed distance to K which is Lipschitz continuous. Therefore an admissible trajectory
s Ll’]’ (+), corresponding to a couple of controls («[b](:),b(-)) € A x B can be characterized by means of the
signed distance:

yrs(s) € K, Vs € [tyTﬂ & gl[%]dzc(yaf]b( 5)) <0.

The value function of the auxiliary problem, w, can be defined, for ¢ € [0, 7] and (=, z) € R? x R, by :

w(t,z,z):= inf sup {( max ¢(s ym )\/1/) a[b] b )} (8)

al]er pyep L \s€[t,T]
where for (z,2) € R¢ x R and s € [0, T], the functions ¢ and ¢ are given by:
(ZB(S,I', Z) = (¢(87x) - Z) \/dlC(x) and 1&(1"7 Z) = w(x) -z

Remark 2.1 When the constrained problem (4) is of type Bolza, the auziliary problem can be formulated
by modifying the augmented dynamics and the functions ¢ and . In this case, the objective function J is
given by:

J(t,2,a,b) (/ES%I als), b(s)) + Byl (1))



for (t,x) € [0,T] x R? and (a(-),b(-)) € A x B and where { and v are respectively the distributed and the
final cost functions. R
For & = (z,2) € R? x R, consider the augmented dynamics f:

f(s,fc,a,b) = <fg(&ss’,xz’,ac;,blz)) )

and the cost functions é and 1/3

$(s,2) = dic(w) and (&) = P(x) - =

Let gjzg]’b() be the unique continuous solution of the following differential system, associated to (a[b](+),b(-)) €
A x B:

9(s) = f(s.9(s), alb](), b(s)), a.e. in [t, T,
9(t) =% = (z,2) e R x R.

Therefore, the corresponding auxiliary problem is defined by:

w(t,) = nf  sup {( max as 570 ()) \/ o) |

al-]er b(-)EB s€t,T]

fort €[0,T] and & € R? x R.

The above formulation still valid even for a problem of type Mayer (£ = 0). On the other hand, all the
results that will be seen in the following sections still true also for a state constrained problem of type Bolza
or Mayer.

3 Properties of the value functions v and w

This section is devoted to some properties of the auxiliary value function, w, and to show how it can be used
to characterize v, the value function of the constrained problem (4).

The following proposition gives some results concerning the regularity of w and its characterization
through Hamilton Jacobi equations.

Proposition 3.1 Assume that hypothesis (H1), (Hz2) and (Hg) hold, then:
(i) w verifies a dynamic programming principle. For any h € [0,T — ],

t, : — inf ¢ h, a[b],bt h, n ’ albl,b 7 ) 9
wit, z,2) = inf b(s'l)lgg{w( Y (4 h) Z)\/(Serfftlﬁh]aﬁ(s Yea () Z))} (9)

(i) The value function w is locally Lipschitz continuous on [0,T] x R x R.
(#91) w is the unique viscosity solution of the following HJ equation:

{ min (—Qtw(t,a:, 2)+ H(t,z, Dyw(t,z, 2)),w(t,x, z) — qg(t,x, z)) =0, n[0,T[xR? xR, (10)

w(T,z,2) = §(T,z,2)\ ¥(z,2), inR?xR,

where 0; stands for the time derivative, D, stands for the derivative w.r.t x and the hamiltonian H is given
by:

H(t,z,p) := min max — (f(¢,,a,b),p), (11)

for (t,z,p) € [0,T] x R x R?,



Proof. First, the dynamic programming principle (9) is a classical result that can be found for instance
in [4, Chapter VIII]. Moreover, since the auxiliary problem is free of state constraints, one can show that w
is locally Lipschitz continuous by the same arguments used in [1]. Finally, it remains to prove that w is the
unique viscosity solution of (10).

Let ¢ be a function of class C! and (¢, x, z) be a local minimum for w — £ such that w(t,z,2) = £(t, z, 2).
Assume that there exists § > 0 such that

—0¢&(t,x,2) + H(t,x, D E(t,x,2)) = =5 < 0.
In this case, there exists by € B such that, for any a € A,
—8t£(t, z, Z) - <f(t’ Z,a, b0)7 D$§(t7 z, Z)> < —0.

Now let fix A > 0 small enough and af-] € I'. For any time instant s € [¢t,T], we have that a[b](s) € A.
Hence, from the last inequality, we get:

—0i&(tyx, z) — (f(t,x, afbo](8), bo), Dz&(t, z, 2)) < =6, for any s € [¢,t + h].

By continuity of &, f and D,¢, we obtain, for any s € [t,t + hl:

—OE (5,500 (5), 2) — (f (s, 500 (5), afbo](5), bo), Dt (5,50 (s), 2)) < —

)

J
2
henceforth

t+h
/t (= Out s,y (5), 2) = (F (s, (), afbol(5), bo), Dab (s, e (5), 2)) ) ds < =,

which implies that

o oh
§(t,2,2) = E(t+ By (4 h).2) < —

On the other hand, we have

(w =)+ h, g™ (L4 ), 2) = (w =€) (L, 2).
From the two above inequalities, we deduce that

oh albo],bo a[bo],bo albo],bo
- < < .
5 w(t,z,z) <w(t+h » Ytz (t+h),z) <w(+h » Ytz (t h),z)\/ (Ser[rtlfiih]‘ls(s ytm (s )az))

Therefore we get

oh alb],b afb],b
— t < t+h t+h), z ) .
y +wltn2) < sup fult+ byl e+ )9V ( max, o0 (6. 2)) |

Since the last inequality holds for any af] € T, we deduce that

oh alb],b a[b],b
< =
5 +w(t,z, z) < aﬁlefr b(sglgB{ w(t+h,yg, " (t+h),z) \/ (Sem[t%)jh b(s, Yoo (5), z)) } w(t, z, z),

which is impossible. We conclude that

78t£(ta z, Z) + H(ta z, ng(ta z, Z)) Z 0.

a[b],b

On the other hand, ¢(t,z, z) < m[ax b(s,y Yoo (5),2) Sw(t,z,z) =E(t,,2).



As a conclusion, min ( — 0&(t,x,2) + H(t,x, DyE(t, x, 2)), (§ — dg)(t,x,z)) > 0, which means that w is a

super-solution of (10).

Now, we will show that w is a sub-solution of (10). Let & be a function of class C! such that w — ¢ has
a maximum at (¢,z,2) and w(t, z, z) = £(t, z, 2).

It &t z,2) = w(t,z, 2) < gZ;(t,x, z), then ¢ satisfies:

min ( - 8t§(t,x, Z) + H(t,.%‘7DI§(t7.'L‘, z)), (5 - é)(tv'% Z)) <0.

which means that w is a sub-solution of (10).

If not, we get w(t, x, z) > ¢(t, x, z). Henceforth, there exists 7 > 0, such that for any admissible trajectory

2Lb]’b(-), we have w(s, yfgﬁb] °(s),2) > (s, yf‘ib] ®(s),z), for any s € [t,t + 7]. In this case and by using the

dynamic programming principle (9) verified by w between ¢ and ¢ + h, for any 0 < h < 7, we get

w(t,z,z) = inf sup w(t+ h, ya[b] b( ), 2)
allel p(yeB

From [4, Chapter VIII], we get the following inequality:
—0i&(t,x,2) + H(t,x, D E(t, 2, 2)) <0,

which ends the proof.
Uniqueness of w as a viscosity solution of (10) comes from the comparison result given in Appendix of
[1] and which remains true for this class of Hamilton-Jacobi equations. O

After its characterization, w can be exploited to get information on the value function of the constrained
problem v and this is the aim of the following theorem.

Theorem 3.2 Assume that hypothesis (Hy), (Ha) and (Hg) hold. The value function v can be estimated
by means of w through the following relation :

inf{z € Rlw(t,z,z) <0} <o(t,z) < inf{z € Rlw(t, z, z) < 0}, (12)
for any (t,z) € [0,T] x K.

Proof. Let (t,z) € [0,T] x K. First, we will assume that v(¢,z) < +00 and prove the following inequality:
inf{z e R|w(t, z,z) <0} <wv(t,z) (the inequality is obvious if v(t, ) = +00).
Let z € R be such that v(t,x) < z. By definition of v, there exists a nonanticipative strategy ao[-] € T

s.t. for any b(-) € B, the trajectory y; 2o[bb () remains in K and 7 (¢,2; ap) < z. notice that if v(¢,2) = 400
then it is obvious that the following 1nequa1ity holds:
Therefore for any b(-) € B we get

de (1Y < 0 and aoltlb aoltlb <
Jnax, k(e " (s)) <0 an b(s,l)lé’g{ (sren[%qﬁ(s Yiw )\/w } <z

From the two above inequalities, we deduce that

sup { ( max ds, 55" (s),2) ) \/ s (1), )} <.

b(-)eB  \sE[L,T]
We conclude that w(t, z, z) < 0 whenever z > v(t,x). By continuity of w w.r.t. z, we deduce that
VzeR, z>v(t,z) = w(t,x,z)<0. (13)
In particular, we have w(t, z,v(¢,z)) < 0. Henceforth

inf{z € Rlw(t, z,2) <0} <wv(t, z).



Now let z € R such that w(t,z,2) < 0. Let § := —w(t,z,2) > 0. From the definition of w and the
infimum property, there exists a[-] € T' verifying:

sup{(maqu(S ym )\/1/) a[b]b )}Sw(t,x,z)—FS:O.

b(-)eB L \sE[L,T]

Therefore for any b(-) € B the trajectory yffﬁf]’b

sup {((max o(s, 52 (5)) \ vl (0) ) < =,

b(-)eB  \SE[t,T]

(+) is admissible and

which means that 7 (¢,2; @) < z. By definition of v, we deduce that v(t,z) < z for every z € R such that
w(t, x,z) < 0. This proves that
v(t,z) <inf{z € Rlw(t, z,z) < 0}.

O

Remark 3.3 For any (t,z) € [0,T] x K, if inf{z € Rlw(t,z,2) < 0} = +oo, thereby v(t,z) = +oo which
means that there is no strategies of the first player that guarantee admissibility of trajectories for any action
of the second player. However if inf{z € Rlw(t,z,z) < 0} € R, the infimum is reached by some z € R.
Furthermore, if inf{z € Rlw(t,z,2) < 0} € R one can prove that:

inf{z € Rlw(t, z, z) <0} = v(t,z) = inf{z € Rlw(t, z, z) < 0}.

On the other hand it may occur that inf{z € Rlw(t,z, z) < 0} < co and inf{z € Rlw(t,z,z) < 0} = o0
and in this case we have no information on v(t,x).

Remark 3.4 In [1], it was shown that when some convexity assumption is verified by f, a precise connection
is established between v and w. Theorem 3.2 gives a more general result on the link between those two value
functions without assuming any additional assumption.

When some convexity assumption is verified by f, we can prove a more precise connection. For this,
assume that:

(H4) The dynamics f is affine in the first control input a' and A is a convex set of RP.

The aim of the following Theorem is to characterize the value of the constrained problem v through
the auxiliary value function w. In addition to that, it establishes a link between optimal strategies of the
auxiliary and the constrained problems.

Theorem 3.5 Assume that assumptions (Hy), (Hz), (Hs) and (H4) hold and let (t,z) € [0,T] x K.
(7) Suppose that w(t,x,z) < 0 for some z € R, then there exists a*[/] € T s.t. for any b(-) € B, the
trajectory y,. m[ I (1) is admissible and

(maX¢(s v )\/¢ v

selt,T
(#4) The exact value of v can be obtained by the following relation:
v(t,x) = inf{z € Rjw(t, z,z) < 0}. (14)

(#91) If v(t,xz) < oo, then any optimal strategy for the auziliary problem (8) on [t,T] associated to
(z,v(t,x)) is optimal for the constrained problem (4) on [t,T] associated with the initial position x.

Lf is of the form f(t,x,a,b) := fo(t,=,b) + f1(t,x,b)a.



Proof.

Assertion (i) states that, for every (t,z,2) € [0,T] x K x R, the auxiliary control problem admits an
optimal strategy a*[-]. This claim holds when assumption (Hy) is satisfied, and it can be proved by adapting
arguments from [12, 13, 14, 18]. For the sake of completeness, a sketch of the proof of (i) is given in Appendix
A.

Now we will prove (i¢). From Theorem 3.2, we already know that
inf{z € Rlw(t,z,z) <0} <w(t,z).

On the other hand, let z € R s.t. w(¢,z,2) < 0. From assertion (i), there exists a*[-] € ' s.t. for any
b(-) € B, the trajectory y, z[ b (+) is admissible and

(maX¢(s v )\/w v

se(t,T]

which means that 7 (¢, z;a*) < z. By definition of v, we conclude that v(t,x) < z, for any z € R verifying
w(t, z,z) < 0. Henceforth,
v(t,x) <inf{z € Rlw(t, z,z) < 0}.

It remains to prove assertion (iii). For this reason, let o*[-] € T be an optimal strategy to the auxiliary
problem (8) on [t,T] associated to the initial point (x, z), where z := v(t, x), which means that

w(t,z,z) = sup {(max & (s, yt;[b]b )\/¢ *[b]b )}

b(-)eB s€[t,T]

Since z = v(t, z), statement (13) concludes that w(t, z,z) < 0 and thus

sup {((max d(s. 7, (5).2)) \/ dlw, (@), 2) f < 0.

b(-)eB s€t,T]

Therefore, for any b(:) € B, the trajectory y; x[b] b() is admissible and

sup { (max o(s, 55" () \/ w0 b < it ).

b(-)eB * \seltT]

In other words, 7 (¢, z;a*) < v(t,z) = Hlfr m(t,x; ). We conclude that o*[-] is an optimal strategy for
al-|e€

the constrained problem (4) associated to the initial state x. (]

Comments: Reduction of the computational domain

Since problem (8) is without state constraints, the auxiliary value function w is defined on [0, 7] x R? x R.
Nevertheless, for computational issues, we should restrict the domain of interest of w to a neighbourhood
of K x R. Therefore, we will follow a technique developed in [2, Section 3.2] for which the auxiliary value
function w will keep a constant value outside a neighbourhood of K x R. Let p > 0 be a fixed parameter
and K, be a neighbourhood of X defined by K, := K + uBga.

The idea consists in introducing a truncation of di, (ﬁ and 1[) to obtain a new control problem free of
state constraints with value function w,, taking constant value outside /C,,.

First consider the Lipschitz continuous function di. := di /\ i which verifies for any y € R%:

di(y) S0 yek, dily)<p, and di(y)=psyd K.
Furthermore, we consider a truncation of (ﬁ and 1& as follows:

qu 5292)/\/1' and 1[’;1 ::1[}/\.“~ (15)

10



Finally, we define the specific auxiliary value function w,,, for (¢,z,z) € [0,T] x R? x R as:

wy(t,z,z) == inf sup {( max éu(s,yzgj}’b(s), z)) \/ﬁu(yzib]’b(T), z)}, (16)

alJer  p(yep \ \s€lt,T]

which verifies the following relation
wy(t,z, 2) = w(t, z, ) /\u.

Since, we are interested in the region {z|w(t,z,z) < 0}, for (¢,z) € [0,T] x K, which coincides with
{z|lw,(t,z,z) < 0} for any p > 0, it does not matter which auxiliary value function we use (w or wy,).
Therefore, for the sequel we will confound w and w,,, for ;> 0, denoted simply by w.

The question now is how to characterize w,, and this is the aim of the following proposition.

Proposition 3.6 w, is the unique viscosity solution of the following HJ equation:

min (—atwu + H(t,z,Vawy,),wy(t,x,z) — éu(t,x, z)) =0, in[0,T[xK, xR,
wu(T,x,2) = éu(ﬂfu z) \/zﬁu(x, z), in KK, x R, (17)
wy(t,x,z) = p, forallt € 0,T], z ¢ ICOu and z € R.

The proof of Proposition 3.6 can be done as in [2, Theorem 3.5].

On the other hand, suppose that cost functions ¢ and v are bounded (they take values on some interval

[m, M]). Thus, to establish estimations for the value function v or to find its exact value, it is enough to
consider the auxiliary variable z in [m, M].

4 Reconstruction of trajectories based on the value function

4.1 Introduction

Consider a differential game free of state constraints with maximum running and final cost functions. We
present in this section a reconstruction procedure based on the knowledge of an approximation of this
differential game value function. We propose to discretize in time the continuous problem and to reconstruct
approximated optimal feedbacks.

For a given finite time horizon T > 0, consider the differential system:

{ C(s) = F(s,¢(5),a(s), b(s)), ae. in [t,T],

) = x, (18)

where x € R™, m > 1, and (a(-),b(-)) € A x B are the actions of the first and the second player respectively.
The value function of the differential game studied in this section is defined by:

u(t,x) = inf - sup {((max o(s. V() \/ w0 ) (19)

al-]eT b(-)eB sE€t,T]

where ® and ¥ are the maximum running and final cost functions respectively. We impose the following
hypothesis:

(Hs) Suppose that F', ® and U satisfy respectively hypothesis (Hy), (Hz2) and (Hgs).
Under hypothesis (Hs) and from section 2, u is the unique solution of the following HJ equation with

obstacle term:

{ min (—8yu(t, x) + H(t, x, Dyu(t, x)), u(t,x) — ®(t,x)) =0, in [0, T[xR™, (20)

u(T,x) =@(T,x) V ¥(x), inR™,

11



where the hamiltonian H is given by:

H(t7X7p) :=min max — <F(t7Xa a7b)7p>a

beB acA
for (¢, y,p) € [0,T] x R™ x R™.
We denote by J the global cost in (19):
afbl,b «afb],b
T x0,0) = ((max (s, M) ) V RGP (D)) (21)

for (t,x) € [0,T] x R™ and (a(-),b(-)) € A x B.

Recall that the aim of this section is to approximate optimal feedbacks of the differential game (19). To
this end, we will discretize in time and synthesize from the discrete differential game an approximation of
the optimal strategy of the first player and the optimal control of the second player.

For simplicity, consider a uniform time partition of [0,7] with a step time h = %, N e N*: 59 =0,
s1 = h,..., S = kh,..., sy = Nh=T.

The dynamical system (18) can be approximated through the following Euler forward scheme:

Ck =X
Cer1 = X+ (8k41 — 1) F(t, G, ak, br) (22)
Ci—i-l:Ci"'hF(Si,Ciaai,bi); i:k—Fl,...,N—l.

for t € [sy, spy1], 8t 0< k<N -1, x €R™, (a;) € AN"% and (by) € BNF.
More precise approximations of (18) can be considered by using higher order Runge-Kutta schemes.
Finally, even for the discrete game, we attribute to the first player an advantage of information. This
advantage of information can be modeled by discrete nonanticipative strategies. Indeed, at each step time
s; and before choosing his action a; € A, the first player knows the choice of his opponent b; € B. Following
the formulation presented in [4, Chapter VIII], the set of discrete nonanticipative strategies of the first
player I'* can be define as:

.= {ahH BN 5 AN st V(by), (b)) € BY, and VkeN, k<N -1,
(bj =b’; for any j < k‘) = (ah[b}j = ay[b']; for any j < k)}

Subsection 4.2 deals with the case of trajectory reconstruction by use of a general class of approximation
functions w;, while in subsection 4.3, we show a convergence result when the approximation wu; verifies a
specific criterion.

4.2 A general reconstruction procedure

In this section, we consider an approximation uj of u. This approximation could be a numerical solution
obtained by solving a discretized scheme of the Hamilton Jacobi equation (20) verified by w.
Let E}, denote the uniform error estimate between u and wy, given by Ej, := ||up, — ul|.

(Hg) Suppose that the error estimate Ej, satisfies: Ej, = o(h).

Notice that several numerical schemes for solving HJ equation (20) have been studied in the literature.
Under monotonicity, stability and consistency assumptions, the error estimates F}, is of order O(\/ﬁ ) where
At is the time step size of the scheme, see [8]. Therefore, to satisfy assumption (Hg), it suffices to consider,
for example, a convergent numerical scheme of (20) with At = h3.

The reconstruction procedure presented in Algorithm 1 corresponds to the case where choices of the
second player are not optimal and take arbitrary values in B. The first player will observe his opponent

12



Algorithm 1: Arbitrary case

Require: x € R™.
1: Initialise (o = x.
2: fori=0---N—-1 do
3:  An arbitrary choice of the second player b; € B.
4:  The optimal reaction of the first player, aj € A, s.t.

aj[bl; :==al € arg&in{uh(siH, Ci+ hF (s, Gya,by)) \/<I)(si, Cl)}

o

The new state position: (;4+1 = ¢; + hF(s;, (G, af,b;).
6: end for

choice and will choose his optimal reaction. This algorithm is given for a particular reconstruction from an
initial time ¢ = 0 and an initial position y € R™.

For x € R™, let (aj}), (bk), (k) be the sequences generated by Algorithm 1 and we define the following
piecewise constant controls (o [bn](-),bn(-)) € A x B, such that «j[by](s) := a; and bp(s) := by for s €
[Sk,Sk+1] and an approximate trajectory (p(-) solution of:

Cn(s) = F(s,Cu(s), ai[bal(s), bu(s)), a.e. in [0, T,
(23)
Ch(o) =X

Theorem 4.1 Assume that hypothesis (Hs) and (Hg) hold and that assumption (Hy) is verified for F' and
A. For x € R™, the trajectory Cn(-), defined in (23), verifies:

tim sup{ ( max (s,G())) \/ (G (T) } < u(0,). (24)

h—0+ s€[t,T]

Proof. Let x € R™, and let ({x), (a;) and (bg) be the sequences of trajectory and players’ actions
generated by Algorithm 1.

Since F' is locally Lipschitz continuous, there exists R > 0 such that for any h > 0 and any 0 < k < N,
we have ||(x]| < R. We can choose the constant R large enough such that any trajectory starting from any
initial position (; will remain in Bg, the ball of R¢ centred at 0 and with radius R. Let Mp > 0 be a
constant verifying:

|F(s,¢,a,b)|| < Mg,Vs €[0,T],V¢ € Bg,¥(a,b) € A x B.

Step 1. We establish that there exists €, > 0, s.t. }lliﬂ%)ﬁh =0, and
— —

un(s0,X) > un(s1,¢) \/ ®(s0,x) — hen — 2En. (25)

By the dynamic programming principle verified by u, between sg = 0 and s; = h, we get

u(sox) = inf - sup fu(sy, @l () \/ (max @(s,¢5%(s)) |,

allel p(yen s€[s0,s1]

which implies that

> inf alblb ) :
u(80> X) = OLF]IEF b(S.l)lgB{U/(Sh Cso,X (81)) \/ (805 X)}

For € > 0, we pick an e-optimal strategy, a[-] € T, and the above inequality becomes:

ulso) = =e-+ sup fulsn G610V @G0 0}
b(-)eB
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Let by(-) € B be a constant control such that by(-) = by € B (by generated by Algorithm 1). The above
inequality becomes:

u(s0,x) = —€+u(sy, (s [;(’0] o (sy) \/<I> 50, X (26)

We set a“(+) := af[bp](-) € A. On the other hand, since the set F(so,x,A,bo) is convex (assumption
(Hy)), there exists ag € A such that:

s1
Co + / F(s0,x,a(s),bo)ds = x + hF(so, X, ao, bo)

50

Consider now the trajectory (% 2 (-). We have ||¢% % (s) — x|| < Mgh, for s € [sg,s1], and

50,X 505X

lge 3 (s )—(X+hF(80,X,a,bo))HS/ 1F (s, 530 (), a%(5), bo) — F(s0, X, a%(5), bo) || ds.

S0

From the Lipschitz continuity of F' there exists §(h) > 0, the modulus of continuity of F', defined as:
8(h) = max{”F(s, Coa,b) — F(s',¢,a,b)|], for ¢ € Br, (a,b) € Ax Bands,s €[0,T] with |s — 5| < h}.

Combining the last inequality with the definition of §(h) above gives:

1€2 b0 (s1) — (x + hF (s0, X, ao, bo))|| < hd(R) + / 1 Lp(R)||¢& P (s) — x|lds < hd(h) + Lp(R)Mgh®.

S0

From the Lipschitz continuity of v and the above inequality, we get:

u(s1,¢') = hLu(R)(8(h) + Lr(R)Mrh) < u(s1, %" (s1)), (27)

S0,X

where ¢’ := x + hF(so, X, a0,bp) and L, (R) is the Lipschitz constant of u. We set e, := L,(R)(6(h) +
Lp(R)MRgh).
Notice that for any z,y,z € R with z > 0, we have

@-—2)\/yzz\/y—=
Therefore from (26) and (27), we deduce:
u(80,x) > —€ — hep +u(s1,¢ \/<I> 80, X
Now, by using the fact that ||up — u|| = E} we obtain:
up (80, x) = —€ — hep, — 2B + up(s1, ¢ \/<I> 50, X
From Algorithm 1 and since af minimizes a — up(s1, x + hF (S0, X, a, bo)) V ®(s0, x), we obtain:
h(517<l)\/q>(30a ) < un(s1,¢ \/‘I) 50, X
where (7 is defined in Algorithm 1. Therefore
un(s0,x) > —€ — hep — 2B, + un(s1,¢1) \/ ®(s0, X)-

which implies (25) because € is chosen arbitrary.
This result can be generalized with the same arguments for all k =0,..., N — 1:

un (ks Ck) = un(s641: Co1) \/ (sk, k) — hen — 2B, (28)
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where (j, is defined in Algorithm 1, for any £ =0, ..., N.
Step 2. From (28), and by using the fact that (z — z)\/y > 2\ y — 2z for any z,y,z € Rs.t. z >0, we
get by induction:

un(so, x) 2 (Uh(sN»CN) \ @(s0.) V- \/‘I’(SNA,CNA)) — Nhep — 2NE},. (29)

Recall that Fj, is the uniform error between u and uj. Therefore, we deduce from (29):

wn (50, %) = (u(sn, Cn) — En) \/ (Ogglgag_;b(sk, Ch)) = Nhe, — 2N By,

Since sy =T = Nh and u(T,(n) = ®(T,¢n) V ¥(Cn), the last inequality becomes:

up (S0, X) > (Og}%XN‘I’(Sk,Ck)) \/ V((n) — Tep — (% +1)E},

By hypothesis (Hg), we conclude that:

(0, ) 2 tim sup( max @51, 1)) \/ (). (30)

Step 3. In this step, we will establish an estimation between ((x), the trajectory generated by Algorithm
1 and ¢, (+), solution of (23). We claim that for any k =0, ..., N — 1, we have:

max ]”Ch(s) — Gl <O(h) and [|G(T) — (|l < O(h). (31)

SE[Sk,Sk+1

We start by proving the claim by induction. For s € [sq, s1], we have:
1Cn(s) = xII < / IE'(0,Ch(0), a5, bo)[[d0 < Mp(s — so) < Mrh = O(h),
S0

which gives the result for k =0, i.e. IflaX ]||Ch(s) — x|l £ O(h).
s€

0,51

Suppose that (31) is verified for 0 < k < N — 2, and let’s prove it for k + 1. For s € [sk11, Sk+2]:

1€ (8) = Crall = [|Cn(sk+1) +/ F(0,Cn(0), a1, bry1)d0 — hF (s, Cr, ap, br) — Cell

Sk+4+1
< 2Mph + [|Ch(sk+1) — Gill
Using the induction’s hypothesis for ||(n(sk+1) — (k|| concludes the proof. On the other hand, we have:
16 (T) = Cn Il < NIG(T) = S| + Rl F(sn—1,¢N-1,a%_1,bn-1)[| < Mgh + O(h) = O(h).

Step 4. For any k =0--- N — 1 and s € [sg, Sg+1], we have:

16(5) = Gu(s0)]| < [ I1F(8,1(6). . i) |8 < Mh,

which gives:
max  [|Cn(s) — Cu(sk)l| < Mgh. (32)

SE[Sk,Sk41]

On the other hand, we have:

s @5, Gh) — max (s, Guls))| = | _max (s, Go) = max (| _max @(5,Gu(s)))
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<
s Bsk Go) = e @(si Gu(su)| + | i Blse, Gulon) = | mane (_max (s, Gu(s) )|

< _ _
< Ogglga]%(il\@(skik) D (s, Cn(sk))l + o max | (sk, Crlsk)) Se[gzi)iﬂ]‘p(S,Ch(S))\

< _ _
< jmax La(R)IG — i) + | _max 1L@(R)Se[gi>§+ﬂlléh(8k> Cr(9)]l;

where Lg(R) is the Lipschitz constant of ®. From (31) and (32), we conclude that:

|0<g1<aj>v< Plsw: G) = Jnax, ®(s,Cn(s))] < O(h).

Finally, using the fact that ||(5(T) — (|| < O(h), we get:

|< max CI)sk,Ck)\/\IJCN (maX(I) )\/\Ilgh NI < O(h) (33)

0<k<N-1

By combining the estimates (30) and (33), we obtain:

u(0, x) > lim sup{( max D(s ) \/\Il Cu(T }

h—0+ s€[0,T

4.3 Reconstruction of robust optimal trajectories (worst case)

In this section, we consider a reconstruction algorithm for the worst case. We adapt some arguments
introduced in [4, Chapter VIII] to our case with finite time horizon and maximum running cost. We
consider a specific approximation wuj, of the value function u which verifies a discrete dynamic programming
principle. Then, we prove the existence of an optimal strategy for the first player and an optimal control
for the second player obtained from wj;. Henceforth, we deduce an approximation of optimal feedbacks for
problem (19).

First, we start by defining the specific approximation wuy, of the value function u on [0, 7] x R™. We keep
the uniform time partition of [0, T]. Let J; be an approximation of the global cost J defined by:

Tt (22), () = @(6,0 \/ (_max (s1.6)) \/ w(cw).
for t € [sg, sk41], x € R™ and ((a;), (b;)) € AN=F x BN=F,
Therefore, we consider the following approximation of the value function u:

up(t,x) = inf sup  Jn(t, x, an[b],b) (34)
an[]€ET™ (b, )eBN -k

for t € [s,sp+1[ and x € R™.

Now, we present the following algorithm corresponding to a reconstruction procedure based on the value
function uy, in the worst case where the second player takes optimal decisions which corresponds to the worst
situation for the first player. This algorithm is presented in a general form for some initial time ¢ € [0, T
from an initial position x € R™. Let kK < N — 1 such that ¢ € [sg, Sgt1][-

The following Proposition presents some results verified by the approximated value function wuy, the
reconstructed trajectory ((;), the discrete strategy aj[] € T and control (b;) € BM~* generated by
Algorithm 2:
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Algorithm 2: Worst case
Require: t € [sg, sp+1[, Kk < N —1 and x € R™.
1: Initialise ¢ = x.
2. fori=k---N—-1 do
3: if i =k then

4: The optimal choice of the second player, b;, € B, s.t.
b}, € argmax min{uh(sk_,_l, X + (sg+1 — t)F(t, x,a,b)) \/ (¢, X)}
beB acA
5: The optimal reaction of the first player, aj € A, s.t.

ap[b7]k = ag € argéiin{uh(sk-&—la X+ (sk41 — ) F(t,x,a,b;)) \/ @2, X)}-

6: The new state position: {f,; = x + (sp+1 — t)F(t, x, a5, by).
7. else
8: b € argmax min{uh(sHl, ¢+ hF(s;,(Fa,b)V D(si, CZ*)}
beB acd
9: ap[b*]; =a) € argmin{uh(siﬂ, CF 4+ hE (s, ¢ a,bl))\ D(s, C;‘)}
acA
10: F1 = (4 hF (s, a8, by).
11:  end if
12: end for

Proposition 4.2 Assume that hypothesis (Hs) holds. Fort € [sk, sk+1[C [0,T] and x € R™, we have:
(i) up, verifies the following discrete dynamic programming principle:

un(t, x) = max min {wl(skﬂ, X+ (s — F(t,x,0,0) \/ @t X)} (35)

(i) Furthermore, Ju(t,x,aj[bl,b) < un(t,x), for any (b;) € BN=k. The equality holds when (b;) =
(b}). In this case (aj[], (b)) represents a Nash equilibrium for (34) 2, in the terminology of the theory of
noncooperative games.

(#it) Finally, up converges to u, when h — 0, over compact subsets of [0, T] x R™.

Proof. [Proof of Proposition 4.2] The results of this Proposition have been established in [4, Chapter
VIII] for unconstrained Bolza problem with infinite time horizon. The proof can be adapted to the case of
finite time-horizon problem with maximum running cost. We give here a very succinct sketch of the proof.

The dynamic programming principle is a classical result. From (i) and Algorithm 2, we obtain:

up(t, x) = max ggg{uh(skﬂa X+ (sk+1 —t)F(t,x,a,b)) \/ CI’(X)}

min{up (4100 + (501 = DF (5.0, 50) \ 000 } = un (3041, Gi) \ 2(0)
By the same argument, we get for any i > k + 1:
up(8i,¢) = un(Si+1, (1) \/ ().

From the above equalities, we conclude:

un(tx) = @00 \/ (_max @(¢)) \/ (G = Jalt.x aib7] b).

i=k+1,...,N

2This means that every player cannot improve his guaranteed outcome, given by wuy (¢, x), by any unilateral deviation from
his optimal choice (a7} [-] and (b}) for the first and the second player respectively.)
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In a similar way, one can prove that for any (b;); € BV ~*:
Jh(ta X5 O‘Z[b]v b) < Uh(t, X)
This concludes claim (i3). To prove statement (iii), we first consider the weak limits

u(t, x) == lim sup  wup(s,y) u(t, x) = lim inf  wp(s,y).
(s,y)—=(t,x),h—0F (s,y)—(t,x),h—0F

By viscosity arguments, we can prove that u is a subsolution and w is a supersolution of the HJ equation
(20). The conclusion comes from the comparison principle [1, Appendix] which gives & < u < w, and the
inequality u < w is obvious. O

Theorem 4.3 Assume that (Hs) is satisfied and assume that uy, is given by (34). Lett € [0,T] and £ € R?,
there exist (&[],05(-)) € T x B verifying
lim J(t,x, arlbr], br,) = u(t, x)-
o, (t, x; & [bp], by) = u(t, x)
Proof. We define Bj,, a subset of B, by:
By, = {b(-) € B, s.t. b(s) = b(kh), Vs € [kh, (k + 1), for k=0,.., N — 1},

and let Ay, be the subset of A defined in a similar way to Bj,. Now, let’s define (&} [],b5(-)) € T x B by:

b, (s) :=Dbls/n and  a;[bl(s) := aj[b]s/n)

where a[-] € T and (b}); € BN are generated by Algorithm 2 and (b;); € BN~ is defined by b; := b(ih),
fori=k,...,N—1, for any b(-) € B. Notice that b} (-) € By, and &}, [b](-) € Ay, for any b(-) € B. Furthermore,
for any (a(-),b(+)) € Aj, x By, we define ((a;);, (b;);) € AN=F x BN=F by:

4; =a(ih) and b; =b(ih) for i=k,.,N—1.

By exploiting the Lipschitz continuity of F'; ® and ¥, and by following the same arguments used in Step 3
& 4 from the proof of Theorem 4.3, we get:

|J(t, X, a,b) — Jn(t, x,4,b)| < O(h). (36)

This claim implies that
|J (£ X, @R [0R], b5) — Jn(t, X, 0 [D7], DY) < O(h). (37)

Then, from (i7) and (4i7) of Proposition 4.2 we have:
Jn(t,x, o [b*],b*) = up(t,x) and  lim wup (¢, x) = u(t, x)-
h—0+

Finally, combining the two above equalities with inequality (37) gives the desired result. Now, it remains to
justify the claim (36). O

Theorem 4.3 shows the convergence of the trajectory reconstruction procedure of Algorithm 2. However,

this result requires the approximation uy, of u to satisfy a dynamic programming principle. If this requirement
is not satisfied, then the statement of Theorem 4.3 is no longer valid.
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5 Application to the aircraft landing problem

5.1 Introduction

Aircraft accidents can happen because of quick changes of the wind velocity at low altitudes which present
a real danger. For this reason, it is important to look for the best flying configurations to avoid a failed
landing. It consists in steering the aircraft to the maximum altitude that can be reached, during an interval
of time, in order to prevent a crash on the ground.

In papers [21, 20], a Chebyshev-type optimal control problem was proposed and an approximate solution
of the problem is computed in order to deduce an approximate feedback control.

In paper [2], it was supposed that the wind velocity fields are known and a precise model for these fields
is provided in Appendix A of [2]. The Hamilton-Jacobi-Bellman approach was used to characterize and
compute the value function of the control problem.

A more realistic situation can be found in [9] where a nonlinear differential game with integral payoff
functional and state constraints was studied. In particular, the dynamic programming approach was applied
to the problem of an aircraft control during take-off in a windshear. For this case, the first player (the
minimizer, the pilot) uses pure feedback strategies, while the second player (the maximizer, the wind) uses
feedback counter strategies (the wind is permitted to measure the current value of the first player’s control).
To solve the problem, a semi-Lagrangian scheme is applied to compute an approximation of the value
function.

Consider the flight of an aircraft in a vertical plane. Different forces are acting on the center of gravity
of the aircraft. Among those forces one can cite:

e the thrust force Fr with a modulus of the form Fr(t,v) := (t)Fr(v) where v is the modulus of the
aircraft velocity and B(t) € [0, 1] is the power setting of the engine.

e the lift and drag forces Fy, and Fp with modulus F, and Fp depending on v and the angle of attack
Q.

e the weight force Fp with modulus Fp = mg, where m is the aircraft mass and g the gravitational
constant.

Precise expressions of Frr, Fy, and Fp can be found in [2, 10, 11].
From the Newton’s law, we deduce the following equations of motion (see [2, 10]):

(s) = v(s) cos(y(s)) + wa(s)

(s) = v(s) sin(y(s)) + wn(s)

(s) = s
)=

z(s

>

s) = PEEEN cos(as) + §) — FRLCRAED — gsin(y(s)) — wi(s) cos(y(s)) — wi(s) sin(3(s))
LB sin(a(s) + 0) + FEERAD g eos(y(s)) + win(s) sin(v(s)) — wn(s) cos(v(s))

S m

(s),

where x is the horizontal distance, h denotes the altitude, v is the relative path inclination, § > 0 is a
parameter of the model, w, and wj, are respectively the horizontal and the vertical components of the wind
velocity vector, w, and wj, are their derivatives and a represents the control variable.

.

S

\2.
I
g: <

(
a(s

5.2 5D differential game model

In this paper, we propose a differential game model with maximum running cost in which wind disturbances
are considered as a second player and our aim is to steer the aircraft to the maximum altitude that can be
reached during an interval of time, by means of nonanticipative strategies, in order to prevent a crash on
the ground.
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5.2.1 Model presentation and differential game

Wind disturbances are represented by w, and wy, the derivatives the horizontal and the vertical components
of the wind velocity vector. To simplify notations, we denote by b(-) = (b1(+), ba(+)) := (W, (+), wn(-)) taking
values in a compact set B of the form:

B := By X By = [b1,min, b1,max) X [02,min, b2,max]-
Now, we consider new state variables represented by a vector of R®:
y() = (A(),0(): () wn() () T
The admissible set is of the form:
K = [hmin, hmax] X [Vmin, Vmax] X [Ymin, Ymax] X [Whmin, Whmax] X [Qmin, Qmasx]-

In our case, the above 5-D differential system is transformed to:

h(s) = v(s) siny(s) + wa(s) (38)
0(s) = W cos(a(s) +6) — FD(U(Z’Q(S ) _ gsiny(s) — by (s) cosy(s) — ba(s)siny(s) (39)
i5) = 2 i (s) 4 0) 4 PN oy )05 sin s) — 2 costr(s) (40
wn(s) = ba(s) (41)

a(s) = a(s), (42)
(

where a(+), the control of the first player, takes values in a compact and convex set A := [—amin, Gmax)-
This differential system can be expressed differently:

y(t) = f(ty(t), at), b(t)) := go(y(t)) + b ()91 (y (1)) + b2(t)g2(y(t)) + alt)es

where es is the fifth element of the canonical basis of R® and

BFr(v) USIH’Y 0 0

cos(a+6) — 2 — gsiny —cosy —sin~y

90(y) = %(ﬁFT(“’ sin(a + 6) + W —gcosv) ,91(y) = | Lsiny | and ga(y) = | Lcosy
0 0 1
0 0 0

In order to transform our problem into a minimization problem, the maximum raunning cost function ¢
is defined as ¢(y) := H, — h, where h is the aircraft altitude (the first component of the state vector y) and
H, > 0 is a given reference altitude.

5.2.2 Numerical resolution

To determinate the intervals in which the state variables, the control of the first player and the wind
disturbances take values, we are based on the wind model presented in [2, Appendix A]. Therefore, we
obtain the following constraints on state and controls, presented respectively in Tables 1 and 2:

Remark 5.1 Since ¢ is bounded, the auziliary variable z will take values in an interval of the form [Zmin, Zmax) -
In this case, z € [H, — hmax, Hr — Pmin)-
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State variable | h(ft) | v(ft s71) | v (deg) | wi(ft s71) | a (deg)
min 450 160 | -7.0 -100.0 | 0.0
max 1000 260 | 15.0 50.0 | 17.2

Table 1: State constraints: domain K.

Control variables | a (deg s=1) [ by := w,(ft s72) | by := wp(ft s72)
min -3.0 0.0 | -2.0
max 3.0 7.7 1 2.0

Table 2: Control constraints: sets A and B.

To obtain an approximation of the auxiliary value function, we use a finite differences scheme for solving
the HJ equation (10). More precisely, we consider an Essentially Non Oscillatory scheme of second order
(ENO2) (see [22]). First, since amax = —amin, we can calculate explicitly the Hamiltonian function H(y,p),
for (y,p) € R® x R5:

H(yvp) = min max — <f(tv Y, a, b)7p>

beEB acA

~(90(v),p) — max bi{g1(y), p) — maxba(ga(y), p) + dmax|ps|.
Therefore, the following numerical Hamiltonian can be used to solve a discretized form of the HJ equation
verified by the problem value function:

H , P Zmax ( fz y7 opt) 0)?; + min ( - fi(y7 bopt)70)p1+ + Amax Max <p§7 _p;ra O)a

where by € argmax ((big1(y) + baga(y)) , p), for p = B2
beB

Then, we extend the computational domain in all directions to obtain /C, := K + uBs, where By, :=
[~1,1]? and the parameter y is a small fixed positive value (in this case, y = 0.05).

Consider also the following mesh steps A := (dt, (dy;)1<i<d,02). For a given multi-index ¢ = (i1, ...,
7%, let Yi := Ymin,i T 10Yi, 2§ '= Zmin + J0%, j € Z and t,, :=ndt forn =0, ...,
of T'/§t. Therefore, we define the grid of K, X [Zmin, Zmag):

id) S
N, where N is the integer part

g = {(yi’zj)’i € Zda.j S Z7 (yiazj) € K:u X [Zminazmaw]}

Let denote QAS” = q@(yl, z;) and wf; an approximation of the auxiliary value function w, defined in (8),
at (t'nmyuZ])

Finally, to solve numerically the HJ equation verified by w, we follow the explicit scheme (see [2, 8]):

¢ij

N _
wi,_
wij

43
— ma (u (43)

n+1

— 6tH(y;, D~ w”Jrl D“‘w”“) qu) ne{N-1,..,0} (v, z2) €8,

where the terms D*w?
following expression:

w;'; are approximated through a second order ENO scheme, see [22], given by the

n n
+ L wiﬂ:ek,j - wi, j 5yk 2
D n:j = :I:iéyk F 72 U(Dk sz j’Dk;l:lw:Zj)
with D wi'; = (w} W (1yep i T 2Wikee, zul’.ﬂr(eﬂ)ekJ.)/(<5g/k)2 and o is defined, for any a,b € R, as follows:

a if ab > 0 and |a| < |b],
bif ab > 0 and |a| > |b],
0if ab < 0.

o(a,b) =
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Remark 5.2 The numerical Hamiltoanian H is consistent with H, i.e. H(y,p,p) = H(y,p), monotone, i.e.

fork=1,..,5, g’f (y,p~,p") >0 and aH L (y,p~,pT) <0 and Lipschitz continuous w.r.t. all its arguments.
Py k

Furthermore, the time step 0t is chosen in order to satisfy the Courant-Friedrich-Levy condition:

(Z Hfz amax) < CFI,

=1 §yl 0ys

where CFL <1 is a constant value (In our model, CFL = 0.5). Under those conditions, the approzimation

wy'; converges to w, the unique viscosity solution of (10) (see [8]).

To solve the constrained problem (4), we proceed as follows:

1. First, we compute an approximation of the auxiliary value function w by solving (43). Denote this
approximation by W2.

2. Then, thanks to assertion (i) of Theorem 3.5, we get an approximation of the value function v at an
initial state yo:

28 = min{z € [Zmina ZmaxHWA(Oﬂ Yo, Z) < 0}

3. Finally, we apply our reconstruction procedure (Algorithm 1 or 2) with the approximation W4, starting
at time ¢ = 0 from (yo, 22), to get approximated optimal strategies of the first player for the constrained
problem (4), starting at time ¢ = 0 from the initial state yo (see assertion (4ii) of Theorem 3.5).

5.2.3 Numerical test: Reconstruction of optimal trajectories and controls

The numerical simulations presented in this section have been performed by using a c++ code with 20
OPEN-MP parallel threads on a Intel Xeon Gold (3.50GHZ) processor.

The final time horizon is set to "= 8. We consider a grid G which contains 40 x 20* x 5 points. An
approximation W% is obtained by solving (43). Then we perform the trajectory reconstruction for some
initial positions by using Algorithms 1 and 2.

In general, the computation of the minimal values a] and max-min values b}, in Algorithms 1 & 2,
might be numerically very challenging. In our simulation, the dimension of the control space is low, and the
admissible sets of control values A and B have simple forms. The minimal values a} in Algorithms 1 & 2,
and max-min values b} in Algorithm 2 are approximated by an exhaustive search method with 100 control
inputs in A and 100 input values in B. Notice that while the computation of W2 requires huge numerical
resources, as it is obtained by solving a PDE in dimension 6, the reconstruction procedure takes less than 1
minute.

Figures 1, 2 and 3 present the results obtained with the following initial points:

y1 = (600,239.7, —2.249, —26.0,7.373), y2 = (650,230, —2.249, —28.0, 7.373)

and
y3 = (800, 200.0, —2.249, —30.0, 7.373).

First, we shall mention that reconstruction of admissible trajectories is not possible for all initial positions.
Indeed, there are some initial points from which we cannot guarantee existence of strategies of the first player
corresponding to admissible trajectories, for any perturbation of the wind. Those initial points correspond
to a positive value of w, for any value taken by the auxiliary variable z, and hence to an infinite value of v,
the value function of the constrained problem (4).

One can get an idea about all initial positions for which there exists at least one strategy of the first
player that corresponds to trajectories satisfying state constraints for any perturbation of the wind. The set
of such initial positions is called the feasible set which can be defined by the negative level of the auxiliary
value function w.
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Figure 1: Trajectories and controls reconstruction as a response to arbitrary disturbances (random distribu-
tion, Algorithm 1, in blue) and to the worst case (Algorithm 2, in red) from yj.

In figures 1 and 2, starting from y; and y, respectively, as expected, we observe that altitudes reached
in the worst case (Algorithm 2) are always lower than those obtained in the random case (Algorithm 1).

In the worst case, perturbations aim to decrease as much as possible the altitude h. Therefore, its
objective is to have i < 0. Since h(s) = v(s) siny(s) +wp(s), wind perturbations in this case will take values
that decrease wp, and vsin(vy). For this reason, we observe that b1(-) = b1 maz > 0 a.e. to decrease v along
time. However, ba(+) = ba,min < 0 a.e. to decrease wy, since wy(s) = ba(s).

In figure 3, starting from ys, we remark that perturbations values in the worst case do not change
compared to the previous initial flight configurations (y; and ys). Nevertheless, we observe that altitudes
reached in the random case (Algorithm 1) are similar to those obtained in the worst case (at some moments,
there are sensibly lower). This observation can be explained by the high initial altitude for ys3 with respect
to y1 and y2 (ho = 800f%). In other words, when the initial altitude of the aircraft is higher enough, worst
perturbations cannot have the same effect as in previous situations (initial flight configuration with lower
altitude such y; and ys).

A Proof of the claim (i) in Theorem 3.5
First, let A : B — A be a set-valued map defined, for any b(-) € B, by:
A= {a) € A | (max 6020 2)) V dl20).2) < o}
The map A(+) is said to be nonanticipative if for any 7 € [0,7 — ¢t], for any by1(-),b2(-) € B which coincide
almost everywhere on [t,t + 7] and for any a;(-) € A(b1), one can find as(-) € A(b2) which coincides with

a1(-) almost everywhere on [t, ¢+ 7] (see [12, 13, 14]).
Now, let (¢,,2) € [0,T] x R? x R be such that w(t,z, z) < 0. By definition of w, for any n € N*, there
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Figure 2: Trajectories and controls reconstruction as a response to arbitrary disturbances (random distribu-
tion, Algorithm 1, in blue) and to the worst case (Algorithm 2, in red) from ys.
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Figure 3: Trajectories and controls reconstruction as a response to arbitrary disturbances (random distribu-
tion, Algorithm 1, in blue) and to the worst case (Algorithm 2, in red) from ys.
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exists ay,[)] € T such that:

sup {(Sgl[%]¢(ym )\/w T )} %

b(-)eB

IN

We start by showing that the set-valued map A(-) has nonempty values. Indeed, let fix b(-) € B and let y,,(-)
be the solution of:

Un(s) = f(s,yn(s), an[b](s),b(s)), a.e. s€[t,T],
yn(t) = x.

Therefore, for any n € N*, y,(-) verifies:

(maX¢yn )\/%/fyn S%

set, T

Now, denote by S} 71(x) the set of absolutely continuous solutions of:

y(s) € f(s,y(s), A, b(s)), ae. s€lt,T],
y(t) = x.

Under hypothesis (Hy) and (Hg), S () is a compact subset of W1([0, T]) for the topology of C([0, T]; R?)
(this is a consequence of [3, Theorem 0.3.4] and the Convergence theorem [3, Theorem 1.4.1], see also [19,
Proposition 2.1]). Therefore, there exists a subsequence, still denoted (y,,(-))n, that converges uniformly to
y*(-) € Si,1)(x) solution of:

{y*(s) € f(s,y"(s), A,b(s)), ae. selt,T)

By the measurable selection theorem from [18], there exists a control of the first player, a;(-) € A, depending
ap,b 7

on b(-) € B which is already fixed, verifying y*(-) = y;%"(-) almost everywhere on [t, T]. By continuity of ¢
and ’(/37 we conclude that:

((max oy (s),2)) \ dluis" (1), 2) <0,

se(t, T]
which means that a,(-) € A(b) and therefore A(-) has nonempty values.
Then, we claim that the set-valued map A(:) is nonanticipative. To prove this claim, let 7 € [0,T — ¢],

b1(+),b2(-) € B coinciding almost everywhere on [t,t + 7] and consider a1 (-) € A(b1). From the definition of
A, the trajectory y‘“’bz( -) is admissible (will remain in K on [t,t + 7]) and verifies:

max oL b2 ) Py b2 (t+71)) <=z
(Lmax_ o™ () Vvii ) <
Now, consider as(-) € A such that az(-) := a1(-) on [¢,t + 7]. Starting at time ¢ + 7 from a’ 7y;z1zb2 (t+7)
and by exploiting the same arguments already used to show that A(-) has nonempty values, there exists

ap, (+) € A s.t. yfjj . (+) is admissible i.e. will remain in K on [t + 7,7 and verifies:

ab27b2 abz,bz
max  o(y ) \/1/1 <z
(sé[t-‘rT T] t47,2’ t+‘r !

Define the control as(-) € A by:

an() = a1(-) on [t,t+ 7],
ap, () on [t+7,T]



which belongs to A(bs) and coincides almost everywhere with a;(-) on [¢,t+ 7]. Henceforth we conclude that
A(+) is nonanticipative.

Finally, A(-) has closed values for the weak topology of L2([0,T], A). Indeed, let (a,(-)), be a sequence of
A(b), for a fixed control of the second player b(-) € B, that converges, for the weak topology of L?([0,T], A),
to some control a(-) € A.

Since for any n € N, a,(-) € A(b), the trajectory yf’;ﬂb() verifies:

((max bz "(s),2)) \V bluis" (1), 2) < 0.

se(t,T]
Under hypothesis (H;) and (Hg), the sequence (y;' = (1)), will converge, for the compact convergence, to
yff() By continuity of ¢ and 1), we deduce that:

(maxqﬁym )\/t/}ym <0.

s€[t,T]

Therefore, a(-) belongs to A(b). We conclude that the set-valued map A(-) has closed values for the weak
topology of the Hilbert space L?([0,T7], A).

To end this proof, it is enough to use [13, Lemma 4.1] that guarantees the existence of a nonanticipative
selection o*[-] such that for any b(-) € B, a*[b](-) € A(b). We conclude that there exists o*[-] € T" s.t. for

b]’b(-) is admissible and

(o0 en) Vi

any b(+) € B, the trajectory ytofx[
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