Differential Games Based on Invariant Sets Generation

Bai Xue'!, Qiuye Wang!, Naijun Zhan®, Martin Friinzle? and Shenghua Feng!

Abstract— Differential games play an important role in col-
lision avoidance, motion planning and control of aircrafts, and
related applications. The central problem is the computation of
the set of initial states from which the ego player can enforce
safety specifications over a specified time horizon. In this paper
we study differential games based on invariant sets generation,
where the ego player aims to perpetually force the system
to satisfy certain safety specification while the mutual other
player attempts to enforce a violation of the safety specification.
This game is studied within the Hamilton-Jacobi reachability
framework via computing two new robust controlled invariant
sets, i.e., the lower robust controlled invariant set and the
upper robust controlled invariant set (Definition [2). These two
robust controlled invariant sets are respectively characterized
as the zero level set of the unique bounded continuous viscosity
solution to a Hamilton-Jacobi equation with sup-inf Hamilto-
nian and inf-sup Hamiltonian. This is the main contribution of
this work. The uniqueness and continuity property of viscosity
solutions facilitates the use of contemporary numerical methods
to solve this game. Two examples, including a Moore-Greitzer
jet engine model, are used to illustrate our approach.

I. INTRODUCTION

Differential games, i.e., dynamic games featuring an evo-
lution governed by differential equations, have many impor-
tant applications in engineering domains, e.g., in the analysis
of collision avoidance [28], [36], energy management [15]
and safe reinforcement learning [31]. They model a form
of strategic interactions among rational players, where each
player makes decisions in light of its own preference while
expecting adversarial actions from the mutual other player.
As the resulting winning strategies are robust against any
possible action of the adversary, differential games have
received growing interest as a model facilitating synthesis
of reliable control strategies for safety-critical systems.

Differential games were initiated by Rufus Isaacs in the
early 1950s when he studied military pursuit-evasion prob-
lems while working in the Rand Corporation. The pursuit-
evasion game he studied is a two-player zero-sum game,
where the players have completely opposite interests [22].
A challenging class of differential games is to determine
the set of states from which the ego player is able to stay
away from an avoid set, regardless of opposing actions of
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the mutual other player. This set goes by many names in the
literature such as discriminating kernels [2], [13], backward
reachable sets [27] and stable bridges [34]. Differential
games can be solved within the Hamilton-Jacobi reachability
framework. Hamilton-Jacobi reachability analysis addresses
reachability problems by exploiting the link to optimal con-
trol through viscosity solutions of Hamilton-Jacobi equations
[4]. It extends the use of Hamilton-Jacobi equations, which
are widely used in optimal control theory [5], [6], to perform
reachability analysis over both finite time horizons [24], [27],
[25], [1], [18] and the infinite time horizon [12], [20], [21].
While computationally intensive, Hamilton-Jacobi reachabil-
ity approaches are still appealing nowadays due to the avail-
ability of contemporary numerical methods [16] and modern
numerical tools such as [26], [10], which allow solving as-
sociated game problems conveniently. Within the Hamilton-
Jacobi reachability framework, continuity and uniqueness of
solutions are desirable from a numeric computation point of
view, since rigorous convergence results for many popular
numerical approximations, e.g., finite difference schemes,
ENO schemes and WENO schemes, to the derived Hamilton-
Jacobi equation require continuity and uniqueness of the
solution. Unfortunately, reachability analysis under state con-
straints may induce discontinuities of viscosity solutions, see
for instance [23], [5], [17], [7], [14], [29], [8], [3], unless
the dynamics satisfy special assumptions at the boundary
of state-constraint sets, e.g., inward pointing qualification
assumption [32], [33], [9], outward pointing condition [19]
and vanishing on the boundary [7]. These conditions are,
however, restrictive and viscosity solutions can therefore be
discontinuous in general. Recently, without requiring such
assumptions, the work in [11] infers a modified Hamilton-
Jacobi equation and considers reachability problems over fi-
nite time horizons for state-constrained systems with control
inputs. The modified Hamilton-Jacobi equation exhibits a
unique continuous viscosity solution. Based on the Hamilton-
Jacobi formulation in [11], the work in [25] studies the
finite-time games for state-constrained systems. The work in
[18] further investigates differential games over finite time
horizons where the target set, the state constraint set and the
dynamic are allowed to be time-varying. Recently, the work
in [38] studies the problem of computing robust invariant sets
over the infinite time horizon for state-constrained perturbed
systems without control inputs, where a robust invariant set
is a set of states such that every possible trajectory starting
from it never violates a given state constraint, irrespective of
the actual perturbation. In [38] the maximal robust invariant
set is described as the zero level set of the unique continuous
viscosity solution to a Hamilton-Jacobi equation.



In this paper we extend the Hamilton-Jacobi formulation
in [38] to address differential games based on invariant
sets generation. In the game, we consider the problem of
computing two new robust controlled invariant sets, i.e., the
lower and upper robust controlled invariant sets. For a given
state-constraint set, the lower robust controlled invariant set
is a set of initial states such that for any neighborhood of
the state-constraint set and any finite time horizon, there
exists a nonanticipative strategy for the ego player which
makes the system stay inside the neighborhood over the
finite time horizon, irrespective of actions of the mutual
other player; the upper one is a set of initial states such that
for any neighborhood of the state-constraint set, any finite
time horizon and any nonanticipative strategy of the mutual
other player, there exists an action for the ego player which
makes the system stay inside the neighborhood over the finite
time horizon. We characterize the lower robust controlled
invariant set as the zero level set of the unique bounded
continuous viscosity solution to a Hamilton-Jacobi equation
with sup-inf Hamiltonian and the upper robust controlled
invariant set as the zero level set of the unique bounded
continuous viscosity solution to a Hamilton-Jacobi equation
with inf-sup Hamiltonian, respectively. Under the classical
Isaacs condition, these two sets coincide. To the best of
our knowledge this is the first work on the use of Hamilton-
Jacobi equations to address differential games with the lower
and upper robust controlled invariant sets. Two examples,
including a Moore-Greitzer jet engine model, are employed
to demonstrate our approach.

This paper is structured as follows: Section [II| gives an
introduction of differential games of interest in this paper,
including the notion of lower and upper robust controlled
invariant sets. Section formulates the computation of
both lower and upper robust controlled invariant sets within
the framework of Hamilton-Jacobi type partial differential
equation. After demonstrating our approach on two examples
in Section we conclude this paper in Section

II. DIFFERENTIAL GAME FORMULATION

In this section we introduce the notations and definitions
used in the rest of this paper. The following basic notations
will be used throughout this paper: R™ denotes the set of
n-dimensional real vectors. ||| denotes the 2-norm, i.e.,
|| == /> i z?, where & = (21,...,2,) . C(R")
denotes the set of smooth functions over R™. Vectors are
denoted by boldface letters.

We consider systems with dynamics given by

#(s) = f(x(s), u(s), d(s))
.’1}(0) =xg € X.

(D

Here we assume that f(x,u,d) : R" x U x D — R" is
continuous over x, v and d, and locally Lipschitz over =
uniformly for v € U and d € D. The sets X, U and D
are compact subsets of finite dimensional spaces R", R™
and IR! respectively, and the controls () : [0,00) = U and

d(-) : [0,00) = D are measurable functions. We define

U = {u(:) : [0,00) — U, measurable} and
D = {d() : [0,00) — D, measurable}

as the respective sets of control functions.

Throughout this paper we will investigate differential
games in which the ego player wants to control the system to
enforce safety specifications while the mutual other player
attempts to prevent this. For this reason, we will usually
interpret u(-) as a control action while considering d(-)
as an adversarial perturbation. The trajectory of system (I))
under the control of u(-) € U and d(-) € D is denoted
by ¢%4(-) : R — R™ with ¢%4(0) = xo. The game is
investigated in the framework of non-anticipative strategies,
whose concepts are formally presented in Definition [I]

Definition 1: We say that a map «(-) : D — U is a non-
anticipative strategy (for the ego player) if it satisfies the
following condition:

For di(+), d2(:) € D and s > 0 for which d;(t) = da(t)
for almost every t € [0, s], a(d1)(t) and a(ds)(t) coincide
for almost every ¢ € [0,s]. The set of non-anticipative
strategies «(-) for the ego player is denoted by I'.

Non-anticipative strategies for the mutual other player
B(:) : U — D are defined similarly. Its set is denoted by
A.

Based on the non-anticipative strategies in Definition
we define two new robust controlled invariant sets, i.e., the
lower robust controlled invariant set and the upper robust
controlled invariant set.

Definition 2: Let X = {x € R"” | h(z) < 0} and X, =
{x € R" | h(x) < €} be sets in R”, where X is compact
and h(x) is bounded and locally Lipschitz continuous in R",

1) The lower robust controlled invariant set R~ of system
(I) is the set of initial states & such that for any e > 0 and
any T > 0, there exists a non-anticipative strategy a(-) € T
such that for any perturbation d(-) € D the corresponding
trajectory ¢§(d)’d(t) stays inside X, for ¢t € [0,T], i.e.,

R:{meR”

2). The upper robust controlled invariant set R of system
is the set of initial states = such that for any 7" > 0 and
any € > 0 and any non-anticipative strategy 3(-) € A, there
exists a control w(-) € U such that the trajectory ¢ () (1)
stays inside X, for ¢t € [0,T], i.e.,

Ve > 0,VT > 0,3a(-) € T',Vd(-) € D,
vt € [0, 7], o3 D 4(1) € X, '

Ve > 0,VT > 0,V8(:) € A, Ju(-) € U,

vt € [0,T], %P (1) € X,

Note that the assumption on the boundedness of h(x) over
x € R™ is not restrictive since if h(x) is unbounded, then
h(zx) = 5 f}gf()m) is bounded and the set X' is still equal to
{x € R" | h(x) < 0}.

The differential game of interest in this paper is on the
computation of the sets R~ and R based on the following
assumption.

Rt =<z ecR"




Assumption 1: Both the sets R~ and R™ are not empty
and have nonempty interior.
From Definition |2} we have the following inference.
Corollary 1: R~ C X and RT C X.
Proof: Letx € R~ but x ¢ X.
Obviously, there exists €; > 0 such that h(xz) = €.
Therefore,

Je < €,3T =0Vex(-) € I',3d(-) € D,

3t € [0,T), o3 D(t) ¢ X,
contradicting @ € R ™. Therefore, x € A and thus R~ C X.
Analogously, we have RT C X, |

III. CHARACTERIZATION OF ROBUST CONTROLLED
INVARIANT SETS

In this section we characterize the lower and upper robust
controlled invariant sets using Hamilton-Jacobi equations
with sup-inf and inf-sup Hamiltonians respectively.

A. System Reformulation

As f is assumed to be locally Lipschitz continuous in
system (I, the existence of a global solution ¢>;‘éd(t) over
t € [0,00) is not guaranteed for any initial state @y € R™.
However, the existence of global solutions is a prerequisite
for constructing Hamilton-Jacobi partial differential equa-
tions in the Hamilton-Jacobi reachability framework. As in
[38], [37], in this subsection we construct a system, to which
the global solution over t € [0, 00) starting from any initial
state g € R"™ exists. Also, its solution coincides with the
solution to system over a compact set B. The compact
set B is chosen to satisfy

X CBand 9BNoX =0, (2
resulting in that there exists ¢ > 0 such that
X.C Band 0X.NIB = 0,Ve € [0,¢]. 3)

Such a set B exists since the set X is a compact set in R™.
The auxiliary system is of the following form:

@(s) = F(x(s), u(s),d(s)), @)

where F(x,u,d) : R" x U x D — R™, which is globally
Lipschitz continuous over £ € R™ uniformly for © € U and
d € D with Lipschitz constant Ly, i.e.,

HF(wlvuvd) - F(:Bg,'u,,d)H < Lf”wl - wQH (5)

for z;,xz2 € R”, u € U and d € D, where Ly is the
Lipschitz constant of f over B. Moreover, f(x,u,d) =
F(x,u,d) over Bx U x D.

The existence of system (@) is guaranteed by Kirszbraun’s
extension theorem for Lipschitz maps [35]. For instance,

F(:B,’U,, d) = ;ng(f(yvua d) + ALJ‘”:B - yH) (6)

satisfies such requirement, where A is an n-dimensional
vector with each component being equal to one. Thus, for
any (xo,u(:),d(:)) € B x U x D, there exists a unique

absolutely continuous trajectory @(t) = 2:%(t) satisfying

(@) a.e. with (0) = x for ¢t € [0, 00) [Theorem 5.5, Section
I, [5]]. Since f(x,u,d) = F(x,u,d) over BxU x D, we
have the conclusion that given xy € B, u(-) 6 L{, d(-)eD
and T > 0, if p24(t) € B for t € [0, T] wd(t) € B for
t € [0, 7] holds and further ¢p%:%(t) = 922 (t) for ¢ € [0, 7).

Moreover, the sets R~ and R* for system (I) coincide
with the corresponding sets for system @). Since X, C X,
for 0 < €1 < €9,

B Ve € [0,€],YT > 0,3 (-)
R =qzecR" .y
vd(.) € D,Vt € [0,T), ¢a<> t) € X,
and
Ve € [0,€],VT >0,V
RT = weR” c€ 0., AL
Ju(-) €U, vt €0,T], ¢>uﬁ(u>
holds, where € is defined in (3). Therefore, we have that
Ve>0,VT20,EIa()€FVd
R =<¢zecR" Dd
vt [0,7], 93D (t) €
and
Ve > 0,VT > 0,V8(-) € A, Ju(-) € U,
Rt ={zecR" AL) u() .
vt € 0, 7], 93P (1) € X,

This indicates that both the lower and upper robust controlled
invariant sets can be obtained based on system (@). In the rest
we consider system (@) instead of system ().

B. Hamilton-Jacobi Equations

In order to obtain Hamilton-Jacobi equations for charac-
terizing the sets R~ and R, for any solution ¥%4(.) of
system with an initial value & we associate a payoff
which depends on (u(-),d(-)) € U x D and is denoted by

sup e "h(yp@(t)), (7)
te[0,00)

J(x,u,d) =

where v is a scalar constant valued in (0, 00).

For the payoff J(x, u, d), we respectively define the lower
value function V~(x) and upper value function V*(x) as
follows:

V7 (x):= inf sup J(x,a(d),d) (8)
a(el g(yep
and
VT(z):= sup inf J(z,u,B(u)). 9
B(reawlIeU
We will show that the zero level sets of the lower value
function V'~ (x) and the upper value function V' (x) are
respectively the lower robust controlled invariant set R~ and
the upper robust controlled invariant set R™, i.e., R~ =
{z eR" |V (z)=0}and Rt ={z e R" | VT (x) =0}.
Before justifying this statement, we need an intermediate
proposition stating that both the lower value function V'~ and
the upper value function V+ are non-negative and bounded
over R™.

Proposition 1: The lower value function V'~ () is non-

negative and bounded over = € R". Analogously, the upper



value function VT () is non-negative and bounded over x €
R™ as well.

Proof: We just prove the statement pertinent to the
lower value function V'~ (z). The similar proof procedure
applies to the upper value function V' (x) as well.

Since h(x) is bounded over R™, we have that

: —~t a(d),d _
Jim e h(gS D) = 0

for a(-) €T, d(-) € D and « € R". Since J(x, a(d),d) >
limy 00 e’“’th(@bg(d)’d(t)) fora(-) e, d(-) e Dand x €
R™, this implies that

J(xz,a(d),d) > 0,Va() € T',Vd(-) € D,Vx € R".
Thus,

sup J(z,a(d),d) > 0,Va(-) € T',Vx € R".
d(-)eD
Consequently, V~(x) > 0 for € R".
The boundedness of V'~ is guaranteed by the fact that

J(xz,a(d),d) < M,Ya(-) € T',Vd(-) € D,Vx € R",

where M is a positive value such that |h(x)| < M over
x € R". Thus, V() < M over x € R™. [ |

Lemma I: R~ = {x | V- (z) = 0} and Rt = {z |
V*(z) = 0}.

Proof: 1. For the statement R~ = {x | V() = 0},
we first prove R~ C {z | V~(x) = 0}.

Assume that x € R~ and € is an arbitrary positive number.
Since h(x) is bounded over x € R", there exists M > 0 such
that h(x) < M over € R™. Also, since limy_,o, Me " =
0, there exists 7" > 0 such that Me " < e fort > T.

Since x € R, there exists a7 (-) € I' such that

sup_ sup h(yha=" D U(t)) < e
d(-)eD t€[0,T]
and thus
sup sup e‘”h(z/ﬁ”(d)’d(t))
d(-)eD te[0,00)
s,

= sup max{ sup e "'h(vg
d(-)eD te[0,T)

sup e_7th('(/)g"T(d)’d(t))}
te[T,00)

< max{ sup sup e_“’th('tbg“T(d)’d(t)),
d(-)eD t€[0,T)

sup e h(yg V(1))

sup
d(-)eD te[T,00)
<e.
Furthermore,
V7 (x) = inf sup J(xz,a(d),d)

a()erl d(-)eD
< sup J(z,ar(d),d) <e.
d(-)eD
Since e is an arbitrary positive number, V'~ (z) < 0. In addi-
tion, according to Proposition 1] which states that V= (z) > 0
over R", we conclude that R~ C {&# € R" | V~(x) = 0}.

Next, we prove that {& e R" |V~ (x) =0} CR™.
Assume that g € {x € R" | V() =0} but p ¢ R™.
Therefore, we have

Je > 0,37 > 0Va(-) € T,3d() € D,
Jt € [O7T]7 go(d),d(t) ¢ Xf‘

Therefore, sup;e(g,00) e (D A1) > e Te for

a(-) € T and consequently
inf sup sup ef'yth(¢g0(d)’d(t)) > e 7T,
()€l g(.)eD te[0,00)
contradicting V'~ (o) = 0. Thus, &y € R~ and further
{z |V (w0) =0} SR

In summary, we have R~ = {& € R" | V~(x) = 0}.

2. We prove that Rt = {z | V*(x) = 0}, and first prove
that RT C {x | V' (x) = 0}

Let £ € R" and V*(xz) = 6 > 0. We will derive a
contradiction. Due to V' (x) = ¢ > 0, there exists 31(-) €
A such that infy, e J(x,u, B1(u)) > %, implying that
J(z,u,B1(u)) > % for all u(-) € Y. Due to the fact that
there exists 77 > 0 such that

e Mh(yE P (1) < e M < g
fort > T",u(-) € Y and B(-) € A, where M is a positive
value such that |h(x)| < M over € R”, there exists T}, €
[0,T"] for u(-) € U such that

RO (T) >
and therefore, 1u" 1) (Tw) ¢ X 5, Vu(-) € U, contradicting
x € RT. Thus, R C {z | V*(x) < 0} holds. In addition,
according to Proposition [1| which states that V' (x) > 0 for
x € R", we have RT C {z e R" | VT (z) = 0}.

Next, we show that {x € R™ | VT (x) =0} C RT. Let
V*H(xz) =0 but x ¢ RT. According to the concept of R™
in Definition 2] we have that

Je > 0,37 > 0,38(:) € A, Vu(-) €U,
3t € [0, T, h(gp2P™ (1)) > e.

Therefore, supg()ea infu(yeu J(z, u, B(u)) > e T,
which contradicts V() = 0. Therefore, we conclude that
{x eR" | VT (zx)=0} CR".

In summary, {x € R" | VT (x) =0} =R™". [

From Lemma |1} if the lower value function V~ () and
the upper value function V' (x) are computed, the sets R~
and R™ can be obtained. We in the sequel show that the
lower value function V~(x) : R® — R and the upper
value function VT (x) : R — R are respectively the unique
continuous and bounded viscosity solution to Eq. and

Eq. (TI):

min {w*(w) ~H (a, (9%‘%(3:)), Vo (x) — h(w)} =0
(10)
and
VT (x)

min {'yV"'(:I:) ~ H(x, ), VH(x) — h(oc)} =0,

ox (11



for € € R", where H™ (x,p) = supgepinfucup -
F(z,u,d) and H*(z,p) = infycy supgep p - F(z,u, d)
are the sup-inf and inf-sup Hamiltonians respectively. The
concept of viscosity solutions to Eq. (I0) and Eq. (TI) is
presented in Definition [3]

Definition 3: [5] A locally bounded and continuous func-
tion V(x) on R™ is a viscosity solution of Eq. (Eq.
(Td)), if for any test function v(x) € C°°(R™) such that
V(x) — v(z) attains a local minimum at x, € R,

min{yV (zo) — H™ (zo,p), V(xo) —
(min{~yV (z0) — H+(woap)» V(xo) —

h(xg)} >0

hazo)} >0)

holds, i.e., V() is a viscosity supersolution; 2) for any test
function v(z) € C*°(R") such that V(x) — v(z) attains a
local maximum at xg € R™,

min{yV(zo) — H™ (zo,p), V(xo) — h(zo)} < 0 (13)
(min{yV (z0) — H* (20,p), V(20) — h(20)} < 0)
holds, i.e., V(x) is a viscosity subsolution, where p =

Ov(x)

ox |:1::a;0 .

Firstly, we show that both V~(x) and V*(x) are uni-
formly continuous.

Lemma 2: Both the lower value function V~(x) and the
upper value function V() are uniformly continuous over
R™.

Proof: We just prove the statement related to the lower
value function V'~ (). The one for the upper value function
V*(x) can be justified following the same procedure.

V(z1) = V(x2)|
<| inf  sup J(z1,a(d),d)
a()el g(yep
— inf  sup J(x2,a(d),d)
()€l g(yep

sup |J(x1,a(d),d) — J(z2, a(d), d)|
a()el' d(-)eD

< sup

sup  sup e Y h(pelP (L)) —
a(-)er d(-)eD te[0,00)

< sup

Since h(x) is bounded over x € R", for arbitrary ¢ > 0,
there exists T, > 0 such that

sup sup  sup e |y A(t)) —
a()el d(-)eD te[Te,0)

<e.

h(yg! (1)

B D4(0).

Therefore,
sup sup sup e (oD A(t)) — h(pe P (t))]
a(-)er d(-)eD te(0,00)
< max{
sup sup sup e HA(pSDA(E)) — h(ypg P (1)),

a(-)el d(-)eD tel0,Te)
sup sup  sup e [R(p D (1)) — h(p (1))
a()elr d(-)eD te[Te,0)

}

< max{

C R O

S

sup sup sup e f|h(ep2 o‘(d) (1) —
a()elr d(-)eD te[0,Te)

€

}

< max{Lpe

) ||7 6}7

where L, ad L; are the Lipschitz constants of h and F'
over the bounded set Q(B;) = {x | ¢ = g‘o(d)’d(t),t €
[0,T.],2z0 € Bi,a(-) € T',d(-) € D} with By being a
compact set in R™ covering x; and x, respectively. The
boundedness of the set {2(B;) can be obtained based on the
fact that F(x,u,d) : R" x U x D — R™, which is globally
Lipschitz continuous over € R™ uniformly for u € U and
d € D with Lipschitz constant Ly, and

R OF

< w1 — @l + Ly / Jgpea ) () _ qpa(da)da () s
0

<e

2200 1)

— |

fort € [0,T], a1(-) €T, a2(-) € T',di(-) € D and dy(-) €
D.

Since there exists ¢ > 0 satisfying ||z — a:QH < 6 such
that  supq(.yer SUPg(.yep SUPe(o,7.) e |h(va, d) d(t)) -
h( al(d) (1) < e, there exists § > 0 satlsfymg [l —
2|l < 6 such that |V (z1) — V(z2)| < 2e.

Due to the arbitrariness of ¢, we shows the uniform
continuity of V'~ (x). |

The following theorem states that the lower value function
V'~ (z) and the upper value function VT (x) are the viscosity
solution to Eq. (I0) and Eq. (TI)) respectively.

Theorem 1: The lower value function V'~ (x) and the
upper value function V' (x) are respectively the viscosity
solution to Eq. (I0) and Eq. (TI).

Proof: The proof follows the one of Theorem 1.10 in
Section VIII in [5] with some modifications. The details can
be found in https://lcs.ios.ac.cn/~xuebai/
Differential Games Based on_Invariant
Generation.pdf. |

Further, we show the uniqueness of viscosity solutions to
Eq. (I0) and Eq. (TI).

Theorem 2: The lower value function V'~ (x) and the
upper value function VT (x) are respectively the unique
viscosity solution to Eq. (I0) and Eq. (TTI).

Proof: The proof follows the one of Theorem 2.12
in Section III in [5] with some modifications. It is based


https://lcs.ios.ac.cn/~xuebai/Differential_Games_Based_on_Invariant_Generation.pdf
https://lcs.ios.ac.cn/~xuebai/Differential_Games_Based_on_Invariant_Generation.pdf
https://lcs.ios.ac.cn/~xuebai/Differential_Games_Based_on_Invariant_Generation.pdf

on proving a comparison principle: If Vi(x) and Vi(x)
are bounded continuous functions over € R"”, and they
are respectively a viscosity sub and supersolution to Eq.
(I0) (Eq. (TI)), then Vi(x) < Va(x) in R™. Obviously, if
such comparison principle holds, the uniqueness of bounded
continuous solutions to Eq. (I0) (Eq. (T1))) is guaranteed.

The details can be found in https://lcs.ios.ac.
cn/~xuebail/Differential Games_Based_on__
Invariant_Generation.pdf. |

We will show that V'~ (x) = V*t(x) for € R" based
on Eq. (I0) and Eq. (TT) under the Isaacs condition.

Theorem 3: V~(x) < VT (x) holds for z € R™ and con-
sequently Rt C R~. Moreover, if H™ (x,p) = H" (z,p)
for z € R and p € R", then V() = V() for x € R
and thus R~ =RT.

Proof:  Since the upper value function V*(z) is a

supersolution to Eq. (IT)), we have that for v(x) € C*(R"™)
such that V'~ () —v () attains a local minimum at o, € R",

min{yV* (zo) — H (o, p), V' (z0) — h(x)} > 0.

Since H™ (z,p) < H"(zx,p) for x € R" and p € R", we
have that

mln{’var (1170) —H™ (a:Ovp)? v (Il?o) - h(alo)} >0,
where p = 815(;”) |z==,- Therefore, the upper value function
V() is also a supersolution to Eq. (T0). According to the
comparison statement in the proof of Theorem |2} V~(x) <
V*(x) holds for = € R™.

Also, since V'~ (x) > 0 over R™ according to Proposition
{x eR" |Vt (z) =0} C {z € R" |V~ (x) = 0} holds.
Furthermore, from Lemma |1, we have Rt C R~.

Obviously, the fact that H™ (z,p) = H" (z,p) for x €
R"™ and p € R™ implies that V~(x) = VT (x) for z € R"
and thus {x | V= (z) =0} = {z | VT (x) = 0}. According
to Lemma [I, we have R~ = R™. [ |

Remark 1: Since F(xz,u,d) : R" x U x D — R" is
continuous over x, u and d, according to Theorem 2.3 in
Chapter VIII in [5], if U and D are convex spaces, the sets
{ueU]| H(u,d) >t} and {d € D | H(uw,d) > t} are
convex for all t € R, w € U, d € D, where H(u,d) =
p-F(xz,u,d). Then H (z,p) = H" (z, p).

The simplest system for Theorem 2.3 in Chapter VIII in
[5] to hold is the one being affine in the control variables
u €U andd € D, thatis, F(z,u,d) = F\(x)+ Fy(x)u+
F3(x)d, where U and D are convex compact sets in R™
and R! respectively. This implies that f(z,u,d) = Fy(x)+
Fy(z)u + Fs5(x)d for € B.

IV. EXAMPLES

In this section we illustrate our approach on two examples.
For numerical implementation of solving Eq. and Eq.
(11)), we use the ROC-HJ solver [IOﬂ

Thttps://uma.ensta-paristech.fr/soft/ROC-HI/

Example 1: We consider a two-dimensional system of the
following form adopted from [38]:

i = —0.5z,

§ =102 — (u—d)y, (1
where U = [-0.2,0.2], D = [-0.2,0.2] and X = {(z,y)" |
h(w,y) < 0} with h(z,y) = e

Let B = [-1.1,1.1] x [—1.1,1.1]. Obviously, the set B
satisfies (Z). We can construct an auxiliary system @(s) =
F(x(s),u(s),d(s)) of the form @) such that F(x,u,d) =
f(z,u,d) for (x,u,d) € BxU x D. According to Lemma
[I] and Theorem [I] the lower and upper robust controlled
invariant sets, i.e., R~ and R, can be computed by solving
Eq. and Eq. respectively. We perform numerical
computations on the set B and use uniform grids of 4 x 10*
to solve Eq. (I0) and Eq. (TI).

For this example the Isaacs condition, i.e., H™ (x,p) =
H™(z,p) for p € R" and = € R", does not hold. Indeed,
e.g., for p = (1,1) and « € B, we get p- f(z,u,d) =
—0.52 + 1022 + (u — d)?y, implying

sup inf p- f(z,u,d) =

deD uweU
—0.533+1Oa?2, ify<OANxeB
—0.52 + 1022 — 0.04y, ify>0Axz € B’
but
inf : d) =
Jnf, sup p f(z,u,d)
0.5z + 1022 — 0.04y, ify<OAze B
—0.52 + 1022, ify>0AzeB’
Thus, we cannot guarantee that R~ = R™.

The level sets of computed functions V™~ (z) and V()
are illustrated in Fig. [T] and [2] respectively. The level sets
displayed in Fig. [I|and 2] further confirm that the lower value
function V'~ (x) and the upper value function V' (x) are
non-negative, as stated in Proposition

The computed lower robust controlled invariant set R~ =
{z | V~(x) = 0} and the upper robust controlled invariant
set RY = {x | V' (x) = 0} are respectively illustrated in
Fig. [1] and 2] The comparison of them is illustrated in Fig.
The visualized result in Fig. [3| indicates that R* C R,
as claimed in Theorem

Example 2: Moore-Greitzer jet engine model. We test
our approach on the following system coming from [30],
corresponding to a Moore-Greitzer jet engine model:

1
i:—y—gx2—§x3+d,
¥ = (0.8076 + uw)x — 0.9424y,

z24+4%-0.25

d € [-0.02,0.02] and » € [-0.01,0.01].
From [30], we know that u(x) = 0.8076x — 0.9424y is a
controller that guarantees the existence of a robust invariant


https://lcs.ios.ac.cn/~xuebai/Differential_Games_Based_on_Invariant_Generation.pdf
https://lcs.ios.ac.cn/~xuebai/Differential_Games_Based_on_Invariant_Generation.pdf
https://lcs.ios.ac.cn/~xuebai/Differential_Games_Based_on_Invariant_Generation.pdf

Fig. 1.  Above: The blue region denotes the computed lower robust
controlled invariant set 'R~ for Example |I} Below: An illustration of level
sets of the computed lower value function V().

Fig. 2. Above: The blue region denotes the computed upper robust
controlled invariant set R+ for Example Below: An illustration of level
sets of the computed upper value function V1 ().

Fig. 3.  An illustration of comparison of the computed lower robust
controlled invariant set R~ and upper robust controlled invariant set R+
for Example m Red and blue curves denote the boundaries of computed
sets R~ and R+, respectively.

Fig. 4. Above: The blue region denotes the computed lower robust
controlled invariant set R~ and upper robust controlled invariant set R,
Below: An illustration of level sets of the computed upper value function
V= (x) and upper value function V* (z) for Example

set of the following system

. 35 14

T=-—y— 5T — ¥ +d,

Yy=1u
where d € [—0.02,0.02]. In our example we change the
coefficient 0.8076 of the variable = in u(x) to 0.8076 + u
with u € [—0.01,0.01].
Let B = [—0.51,0.51] x [—0.51,0.51]. Obviously, the set B
satisfies (Z). We can construct an auxiliary system (@) with
F(z,u,d) of the form (6).

Since f(x,u,d) can be written as fi(x) + fo(x)u +
fs(z)d, and U and D are convex, we obtain that F'(x, u, d)
satisfies Theorem 2.3 in Chapter VIII of [5], as illustrated in
Remark[I] Furthermore, according to Remark [T|and Theorem
we have V~(z) = V1 (x) for z € R™ and thus R~ =
R*. Thus, the lower and upper robust controlled invariant
sets, i.e., R~ and R*, can be computed by solving either
Eq. (TI0) or Eq. (T).

We perform numerical computations on the set B and use
uniform grids of 4 x 10* to solve Eq. (I0). The computed
sets R- ={z |V (x) =0} and RT = {z | V() = 0}
are illustrated in Fig. ] which also illustrates the level sets
of functions V'~ (x) and V*(x). The level sets displayed in
Fig. further confirm that both functions V= (x) and V' ()
are non-negative, as stated in Proposition [I]

V. CONCLUSION AND FUTURE WORK

In this paper we considered differential games based on
the computation of two new robust controlled invariant sets,
i.e., the lower and upper robust controlled invariant sets. This
game was studied within the Hamilton-Jacobi reachability
framework, in which the lower robust controlled invariant set
is characterized as the zero level set of the unique bounded
continuous viscosity solution to a Hamilton-Jacobi equation
with sup-inf Hamiltonian while the upper robust controlled
invariant set is characterized as the zero level set of the



unique bounded continuous viscosity solution to a Hamilton-
Jacobi equation with inf-sup Hamiltonian. Two examples,
including one adopted from a Moore-Greitzer jet engine
model, were employed to illustrate our approach.

In our future work, we would investigate the condition un-
der which Assumption [T] holds, and the relationship between
the lower (upper) robust controlled invariant set R~ (R*)
and the lower (upper) controlled invariant set R*~ (R*T),
where the concepts of both sets R*~ and R** are given in
Definition [4l

Definition 4: Let X = {x € R"™ | h(z) < 0} be a
compact set in R"™, where h(x) is a bounded and locally
Lipschitz continuous function in R"”,

1) The lower controlled invariant set R*~ of system (I))
is the set of initial states  such that for any 7" > 0,
there exists a non-anticipative strategy «(-) € T' such that
for any perturbation d(-) € D the corresponding trajectory
¢4 (4) stays inside X for t € [0,T], ie.,

VT > 0,3a(-) € T,Vd(\) € D,

R =
vt € [0,7], g P4(t) € X

xzeR"”
2). The upper controlled invariant set R** of system () is
the set of initial states o such that for any 7" > 0 and any
non-anticipative strategy B(-) € A, there exists a control
u(-) € U such that the trajectory puP (t) stays inside X
fort € [0,T7, i.e.,

A YT >0,98(-) € A, Ju() €U,

Vt € [0,7], 2P (t) € X
REFERENCES

R*FT={xzeR

[1] A. Altarovici, O. Bokanowski, and H. Zidani. A general Hamilton-
Jacobi framework for non-linear state-constrained control problems.
ESAIM: Control, Optimisation and Calculus of Variations, 19(2):337-
357, 2013.

[2] J.-P. Aubin. Viability theory. Birkhauser Boston Inc., 1991.

[3] F. Bagagiolo, R. Maggistro, and M. Zoppello. A differential game
with exit costs. Dynamic Games and Applications, 10(2):297-327,
2020.

[4] S. Bansal, M. Chen, S. Herbert, and C. J. Tomlin. Hamilton-Jacobi
reachability: A brief overview and recent advances. In CDC’17, pages
2242-2253. IEEE, 2017.

[5] M. Bardi and 1. Capuzzo-Dolcettae. Optimal control and viscosity
solutions of Hamilton-Jacobi-Bellman equations. Springer Science &
Business Media, 1997.

[6] M. Bardi, M. Falcone, and P. Soravia. Numerical methods for pursuit-
evasion games via viscosity solutions. In Stochastic and differential
games, pages 105-175. Springer, 1999.

[71 M. Bardi, S. Koike, and P. Soravia. Pursuit-evasion games with state
constraints: dynamic programming and discrete-time approximations.
Discrete & Continuous Dynamical Systems-A, 6(2):361-380, 2000.

[8] P. Bettiol, P. Cardaliaguet, and M. Quincampoix. Zero-sum state
constrained differential games: existence of value for bolza problem.
International Journal of Game Theory, 34(4):495-527, 2006.

[9] P. Bettiol, M. Quincampoix, and R. B. Vinter. Existence and charac-

terization of the values of two player differential games with state

constraints. Applied Mathematics & Optimization, 80(3):765-799,

2019.

O. Bokanowski, A. Désilles, and H. Zidani. ROC-HJ: Reachability

analysis and optimal control problems — Hamilton-Jacobi equations.

Ecole Nationale Superieure de Techniques Avancees, Institut des

sciences et technologies de Paris, 2013.

0. Bokanowski, N. Forcadel, and H. Zidani. Reachability and minimal

times for state constrained nonlinear problems without any control-

lability assumption. SIAM Journal on Control and Optimization,

48(7):4292-4316, 2010.

[10]

(11]

[12]
[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

[23]
[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]
(33]

[34]

[35]

[36]

[37]

[38]

F. Camilli, L. Griine, and F. Wirth. A generalization of Zubov’s method
to perturbed systems. SIAM J. Control Optim., 40(2):496-515, 2001.
P. Cardaliaguet. A differential game with two players and one target.
SIAM Journal on Control and Optimization, 34(4):1441-1460, 1996.
P. Cardaliaguet, M. Quincampoix, and P. Saint-Pierre. Pursuit differ-
ential games with state constraints. SIAM J. Control and Optimization,
39(5):1615-1632, 2000.

E. J. Dockner, S. Jorgensen, N. Van Long, and G. Sorger. Differential
games in economics and management science. Cambridge University
Press, 2000.

M. Falcone and R. Ferretti. Numerical methods for Hamilton—Jacobi
type equations. In Handbook of Numerical Analysis, volume 17, pages
603-626. Elsevier, 2016.

I. J. Fialho and T. T. Georgiou. Worst case analysis of nonlinear
systems. [EEE transactions on Automatic Control, 44(6):1180-1196,
1999.

J. F. Fisac, M. Chen, C. J. Tomlin, and S. S. Sastry. Reach-avoid
problems with time-varying dynamics, targets and constraints. In
HSCC’15, pages 11-20. ACM, 2015.

H. Frankowska and S. Plaskacz.  Semicontinuous solutions of
Hamilton—Jacobi—Bellman equations with degenerate state constraints.
Journal of Mathematical Analysis and Applications, 251(2):818-838,
2000.

L. Griine and O. S. Serea. Differential games and Zubov’s method.
SIAM Journal on Control and Optimization, 49(6):2349-2377, 2011.
L. Griine and H. Zidani. Zubov’s equation for state-constrained
perturbed nonlinear systems. Mathematical Control and Related
Fields, 5(1):55-71, 2015.

R. Isaacs. Differential games: a mathematical theory with applications
to warfare and pursuit, control and optimization. Courier Corporation,
1999.

S. Koike. On the state constraint problem for differential games.
Indiana University Mathematics Journal, 44(2):0-0, 1995.

J. Lygeros. On reachability and minimum cost optimal control.
Automatica, 40(6):917-927, 2004.

K. Margellos and J. Lygeros. Hamilton—Jacobi formulation for reach—
avoid differential games. IEEE Transactions on Automatic Control,
56(8):1849-1861, 2011.

I. M. Mitchell. A toolbox of level set methods. UBC Department of
Computer Science Technical Report TR-2007-11, 2007.

I. M. Mitchell, A. M. Bayen, and C. J. Tomlin. A time-dependent
Hamilton-Jacobi formulation of reachable sets for continuous dynamic
games. [EEE Transactions on Automatic Control, 50(7):947-957,
2005.

T. Mylvaganam, M. Sassano, and A. Astolfi. A differential game
approach to multi-agent collision avoidance. [EEE Transactions on
Automatic Control, 62(8):4229-4235, 2017.

M. Quincampoix and O.-S. Serea. A viability approach for optimal
control with infimum cost. Annals. Stiint. Univ. Al. I. Cuza lasi, sl a,
Mat, 48:113-132, 2002.

M. A. B. Sassi and A. Girard. Controller synthesis for robust in-
variance of polynomial dynamical systems using linear programming.
Systems & Control Letters, 61(4):506-512, 2012.

R. Sharma and M. Gopal. Synergizing reinforcement learning and
game theory — a new direction for control. Applied Soft Computing,
10(3):675-688, 2010.

H. M. Soner. Optimal control with state-space constraint i. SIAM
Journal on Control and Optimization, 24(3):552-561, 1986.

H. M. Soner. Optimal control with state-space constraint. ii. SIAM
Jjournal on Control and Optimization, 24(6):1110-1122, 1986.

A. 1. Subbotin.  Generalized solutions of first order PDEs: the
dynamical optimization perspective. Springer Science & Business
Media, 2013.

F. A. Valentine. A Lipschitz condition preserving extension for a
vector function. American Journal of Mathematics, 67(1):83, 1945.
B. Xue, A. Easwaran, N.-J. Cho, and M. Frinzle. Reach-avoid
verification for nonlinear systems based on boundary analysis. /EEE
Transactions on Automatic Control, 62(7):3518-3523, 2017.

B. Xue, M. Frinzle, and N. Zhan. Inner-approximating reachable
sets for polynomial systems with time-varying uncertainties. [EEE
Transactions on Automatic Control, pages 1468—1483, 2020.

B. Xue, Q. Wang, N. Zhan, and M. Frinzle. Robust invariant sets
generation for state-constrained perturbed polynomial systems. In
HSCC’19, pages 128-137. ACM, 2019.



	Introduction
	Differential Game Formulation
	Characterization of Robust Controlled Invariant Sets
	System Reformulation
	Hamilton-Jacobi Equations

	Examples
	Conclusion and Future Work
	References

