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Abstract. In this paper, we study a generalized bilevel optimal control problem that has a variational
inequality parametrized by the final state on the follower and pure state constraints on the leader. After
reducing the problem with a gap function to an analogous single-level optimal control problem, we focus
on the development of a necessary optimality condition of the Pontryagin type. We highlight some
significant issues originating from the generalized bilevel structure and its pure state constraints on the
leader, which give rise to a degenerated maximum principle in the absence of constraint qualifications. To
ensure the nondegeneracy of the derived maximum principle, we employ a partial penalization strategy
and a well-known regularity criterion for optimal control problems with pure state constraints.
Keywords. Gap function; Generalized bilevel programming; Maximum principle; Optimal control prob-
lem; Optimality conditions.
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1. INTRODUCTION

Since 1950, optimal control problems have been studied with two goals. The maximum
principle, a set of necessary conditions for an optimal control function, was one of them. The
second method was called "dynamic programming,” which simplifies the work of determining
the best control function for solving a Hamilton-Jacobi partial differential equation. In the
same vein, bilevel optimal control problems, which are bilevel optimization problems with
control at least one level, have been considered because of its numerous applications; see, e.g.,
[1,2,3,4,5,6,7] and the references therein. Many methods have been used to investigate such
problems, including theoretical studies [8, 9, 10] and numerical studies [4, 11, 12].

Finding Pontryagin optimality conditions is under the spotlight for addressing optimal con-
trol problems recently. In 1995, Hartl, Sethi, and Vickson [13] reviewed a number of max-
imum principle approaches via two basic strategies: direct adjoining and indirect adjoining.
Additionally, they also gave special attention to the connections between the various multi-
pliers that arise in these approaches and providing examples to support their claims. In [14],
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Hoehener suggested new second-order necessary optimality conditions via a variational ap-
proach. The approach enables to produce direct proofs, in contrast to the conventional method
of establishing second-order required conditions (by using an abstract infinite-dimensional op-
timization problem). The optimal controls need only be measurable, and there are no convexity
assumptions made for the constraints. For other second-order optimality conditions, we refer
to [15, 16, 17]. In terms of numerical resolution, Nikoobin and Moradi [18] examined two sig-
nificant problems with indirect techniques from a practical standpoint: the convergence issue
and constraint handling. More precisely, the homotopy continuation method was expanded to
include ordinary differential equations, equations dealing with boundary conditions, and perfor-
mance indexes in their study. Recently, Benita, Dempe, and Mehlitz [19] deduced Pontryagin
optimality conditions for an original optimistic bilevel programming problem, which consists
of a pure state-constrained optimal control problem in the leader and a parametric but convex
finite-dimensional optimization problem in the follower, whose parameter is the final state of
the leader’s state function. To ensure that the improved maximum principle does not degenerate,
the partial penalization principle and some enhanced assumptions were employed.

In this paper, we investigate a generalized bilevel optimal control problem (GBOCP) in which
the leader controls the state function (of the dynamic system) x and the control u; and contains
a pure state constraint. The follower, on the other hand, is a variational inequality constraint
parametrized by the final state of x. Our approach requires employing a gap function to con-
vert the parametric variational inequality into terminal constraints. The result is an optimal
control problem with non-smooth equality constraints. The essential constraint containing the
gap function was moved to the objective functional, leading to an exact penalization, using the
partial calmness regularity to identify the necessary optimality conditions.

The following is how the remainder of this article is structured: Section 2 goes over some
preliminaries and fundamental concepts. Section 3 is devoted to stating the problem under
consideration and reformulating it. In addition, some results on the exact penalization and the
principle uniform parametric error bound based on the R-regularity of the solution map solution
are presented. Furthermore, we develop several Pontryagin optimality conditions in Section 4.
After that, we provide an example to illustrate the results obtained. In Section 5, a discussion
on the Pontryagin optimality conditions is presented. Finally, Section 6 ends this paper.

2. PRELIMINARIES

2.1. Basic tools. In this paper, (-,-)g. and || - || represent the scalar product and the maximum-
norm of R", respectively, and R’} is a collection of vectors x € R" with nonnegative components.

For a subset Q C R”, the convex hull of Q is denoted by co (€2). In addition, we define the
function xq as follows: xq(A) = QNA for any A C R". Let (E,||-||z) be a Banach space,
x € E, and € > 0. We denote the open ball around x with radius € by U%,(x). For a subset A of
E and a vector x of E, da(x) = inf{||x —y||g : y € A} is the distance between A and x. Given
scalars f;,¢y > 0, we consider the following set:

%o ([ti,1f), R") := {continuous functions v with n components over [t;,]} .

We denote by 6§ ([r;,1¢],R") the dual space of €y ([r;,1¢],R"). By €3 ([ti,tf]), we refer to
the set of all elements of € ([t;,2/],IR), which on nonnegative functions in 6y ([t;,27],R) takes
nonnegative values. For any measure A € 6} ([t;,2/]), supp(2) denotes the smallest closed set
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X C [ti,ty] with A(Y) = 0 for any relatively open subset Y C [t;,¢] \ X. We denote by .Z the
sigma-algebra generated by [t;,7/] and by %" the Borelean sigma-algebra on R”.

We indicate by M ([ti, trl, R”) the set of all functions ¢ : [f;,77] — R”, which are measurable,
by L' ([t;,t7],R") the space of all functions @, : [t;,z7] — R", which are Lebesgue-integrable,
and by L™ ([t;,¢],R") the space of all measurable functions ¢ : [1;,7;] — R", which are bounded
almost everywhere on [t;,#¢], while the Sobolev space % [n] is described by

Winl={v:ltt;]] > R" : ve L' ([tut/],R") and v € L' ([t;,¢/],R")},
where v denotes the (weak) derivative of v.

Lemma 2.1 ([20]). Let # |n] be a Sobolev space. Then, we can locate a scalar Cepp > 0 such
that, for any v € #'|n|, and for any t € [ti,tf],

17(0) e < ¥l ] ey < Comp 7

Let 2 C R" be a set, and g € 2. The Fréchet normal cone to 2 at g is defined by

T =
N(2,9):={necR" : limsup L_q) <0,
i—g9c2 19—4l

while the basic (or Mordukhovich) normal cone to 2 at g is given by
N(2,g) := limsup N(2,q).
q—=q,9€2

Consider F : R" — R as a differentiable function. For x € R", VF (x) € R4*" refers to the Ja-
cobian of F at x; when d = 1, we consider the gradient VF (x) as a vector of R”, and V2F (x) :=
VVF(x). Given a function f : R” — R := RU {4}, dom(f) := {x € R": f(x) < +oo} and
epi(f) :={(x,y) e R" xR: f(x) <y} denote the effective domain and the epigraph of f, re-
spectively. The basic (or Mordukhovich) subdifferential of f at @ € dom(f) is given by

df (@):={aeR" : (a,~1) € N(epi(f),(a f(a)))}
If f is locally Lipschitz at @, the Clarke subdifferential is defined by 9° f(a) := cod f(a). There-
fore, when f is strictly differentiable at @, we have d°f(a) = {Vf(a)}. Besides, let ¢ : R* - R
and y : R" — R? be Lipschitz continuous functions. Consider the following nonlinear opti-

mization problem:
min @ (x) subjectto y(x) <O0. (2.1)
X

Definition 2.2. [21] Let @ be feasible to problem (2.1).
(2)): The set of abnormal multipliers corresponding to a is given by
o (a) := {n ERY: 0€dy (@) ' n, (N, (@)pe=0,n> 0}-

(2,): The set of normal multipliers corresponding to @ is given by
#(@):={nert: 0€¢@+ay(@ n, (0,y(@)p =0, 720}

Definition 2.3. Let @ be a feasible point of problem (2.1), and let Iy, (@) := {k : yi(a) = 0}.
Assume that y is a differentiable function at a. The Mangasarian Fromovitz constraint qualifi-
cation (MFCQ) is satisfied for @ if there exists a vector € R” that verifies (Vyg (@), n)gn <0
for any k € Iy (a).
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We point out that the Mangasarian Fromovitz constraint qualification is satisfied for @ if and
only if the abnormal cone .7 (@) equals {0}. Finally, let ¥ : R” = R be a set-valued mapping
with

dom(¥) := {ae€R":¥(a) # T},
gph(¥) := {(a,b) eR"xR?:a € dom(¥),be¥(a)}.

Definition 2.4. (R-regular) Let g : R” x R? —> Rl and h : R" x R? — RY be two continuous
functions, and let & : R" = R? defined by E(a) := {b € R? : g(a,b) <0 and h(a,b) =0}. We
say that E is R-regular at a point (a, b) € gph( ) with respect to a subset € of R" if there exist
0,€1,& > 0suchthatdg,)(b) < 0 {0,max{gs(a,b) : s =1,...,1} ,max{|hs(a,b)| : s =1,...,q}},
for any (a,b) € (Ug, (@) NQ) x U]%d (b).

2.2. Optimal control problems with pure state inequality constraints. In this subsection,
we briefly discuss the maximum principle context, following the approaches stated in [22, The-
orem 9.3.1] and [23, Theorem 4.1].

To proceed, we consider a single-level optimal control problem with two state functions, x :
[t,-, tf} —R"and y: [t,-, tf} — R?. We suppose that the trajectory x has a fixed begin point x(;) :=
xo in R"; furthermore, we suppose that it is controlled by a control function u € M ( [t,-, tf} ,R’")
and it is influenced by a pure state constraint y : [t,-,t f] x R" — R. For the second trajectory,
we assume that it is controlled by a control function v € M ( [ti,tf] ,R! ) Mathematically, the
body of the optimal control problem under consideration is as follows:

( min J(x(tf),y(tf))
(x,u),(y,v)

x(t) = 01 (t,x(t),u(t)) ae.t€ [t,t7]
¥(t) =02 (t,y(t),v(t)) ae.t€ [t,t7]
(

fi) = %o 2.2)
v (1, ( )) <0 vt € [tity]

u(t) € a.e.t € [t

v(r) € a.e.t € [t,tf]
[ (x(t ) ¥(t)) €C,

where J : R" x RY — R is the objective function, ¢; : [f;,17] x R" x R™ — R" and ¢, : [1;,1/] X
R? x R! — R? represent the dynamic functions, U and V are nonemty and Borel measurable
subsets of R™ and R/ respectively, and C € R” x R¢.

To continue, we consider the following definition.

Definition 2.5. A point ((x*,u*),(y*,v*)) is said to be a # [n + d]-local minimal solution to
(2.2) if ((x*,u*), (y*,v*)) is feasible to (2.2) and there exists € > 0 such that J (x*(t7),y*(t7)) <
J (x(tf), (7)) for each feasible point ((x,u), (y,v)) of (2.2) which verifies (x,y) € UW[;H-d] (x*, ).

Now, we need to make some hypotheses for its # [n + d|-local optimal solutions. For this
purpose, let ((x*,u*), (y*,v*)) be a # |[n+ d]-local minimal solution of (2.2).

(Z1): J is Lipschitz continuous around (x*(z),y*(¢f)).
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(25): For each (x,y) € R" x RY, the mappings (t,u) — ¢y (t,x,u) and (t,v) — ¢, (¢,y,V)
are . x A" and £ x %l-measurable functions, respectively. For each r € [t,,tf],
and (u,v) € U x V, the mappings x — @ (¢,x,u) and y — ¢ (z,y,v) are continuously
differentiable functions. There are two measurable functions ¥; : [t,-,tf} x R"™ — R,
% : [ti,tr] xRl = R, and scalars €;,€ > 0 such that 1 — ¥ (t,u*(t)), t — % (t,v*(t))
are integrable, and for almost every ¢ € [t;,1f]

101 (2,x1,u) = 91 (1,22, )| o < Y2 (£,u) [|x1 — x2[|, and
192 (6,31,7) — 8 (1.2, | < % (1,7 31 — 2]l
for each x1,x, € U, (x*(¢)), u €U, y1,y2 € U%d (y*(¢)), v € V. ¢ and ¢, are continuous
functions.

(23): Foreacht € [1;,17], x— y(t,x) is continuously differentiable, and V. (r,x*()) #
0. y is an upper semicontinuous function. There are scalars €y, Ly > 0 such that

W (t,x1) =y (t,x2) [ < Ly |61 — x|,

for each t € [t;,17], x1,x2 € Ugh (x*(2)).

(Z4): C is non-empty and locally closed around (x*(r7),y*(17)).

(Z5): There is k > 0 such that {¢(r,x,u) : u € U} is a convex set for all x € U, (xo),
t € [t K.
If y (t;,x0) = 0, then there are scalars v, V5, V3,4 >0and i1 € L ( [t,-, tf} ,Rm) verifying
ueUaeon [ti,tf] such that

101 (1,x0,u"(1))[lo < V3, |61 (2,0, (1)) < V3 and
/ VXII/ a, X T (T,Xo,l/l(f)) - (Pl (T,Xo,u*(f))]df < —vat,

for all a,t € [t;, vi[ and x € U (xo).

Remark 2.6. As it is known that the main objective of the optimality conditions is to reduce the
cardinal of the feasible set. Sadly, sometimes we find that any feasible point verifies the derived
necessary optimality conditions and is therefore useless. For that, and as in [23], we put the last
hypothesis (Z5) to make sure that our derived Pontryagin optimality conditions, in Theorem
2.7, of optimal control problem (2.2) do not degenerate.

An immediate consequence of [22, Theorem 9.3.1] and [23, Theorem 4.1] is given below.

Theorem 2.7. Let ((x*,u*),(y*,v*)) be a # [n+ d]-local minimal solution to (2.2) such that
hypotheses (271) — (Z5) hold. Then, there are two functions (py,p2) € # [n] X #'[d], a measure
Ae %57 ([t,',tf] ), and a constant T > 0 with the following optimality conditions:

>t the enhanced nontriviality condition: HRHLM([ti i R) T P2l +2 (Jtistr]) +7>0;
>: the adjoint equations: for almost every t € [ti, tf]

—pi(1) " = R() Vg (0,27 (1), (1)),
=p2(t) " = pat) Vg2 (1,y* (1), v (1)) 5
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>: the Weierstrass-Pontryagin conditions: for almost every t € [ti,tf}

R(I)Tq)l (I,X*(Z),M*(l‘)) = lgvlg%(R(t)T¢1 (tv)C*(t)vW) )

pa(0) 02 (1,3 (1), (1)) = max pa(0) 92 (1,3 (1), w):

>: the transversality condition:
p2 (1) =0,
(=R (tr) . —p2(ty)) € T IV (" ()" (1)) +N (C, (x"(25). 5" (1)) )
>: the support condition: supp(A) C {1 € [t;,17] : w(1,x*(t)) =0} ;
where the function R : [ti,tf} — R™ is given by
pi(t)+ » [Vxl//(a,x*(a))/l(da) if ;i <t<ty,
it

p10f>+-[ ]vxw(a,ﬁxa))x(da) if t =ty.
listf

Remark 2.8. Without imposing the validity of hypothesis (Z5), the enhanced nontriviality
condition in Theorem 2.7 receives (p1, p2,A,7) # (0,0,0,0). In this case, there is nothing that
guarantees the nondegeneracy of the derived maximum principle in Theorem 2.7.

R(t) :=

3. THE PROBLEM AND ITS REFORMULATION

To keep things simple, this work is concentrated on a Mayer-type cost function. Examine the
following bilevel optimal control problem with variational inequality constraints:

[ minf (x(ts).7)
subject to %(¢) = ¢ (r,x(¢),u(t)) ae.t € [t;,tf]
*ti) =0 (GBOCP)
g(t,x(1)) <0 Vt € [t;,tf]
ult)e 7 a.e.t € [t ty]
\ y €S (x(ty))

where S(x(z7)) is the solution set of the following variational inequality parameterized by the
final state:

(F(x(tr),y),y—2)pa <0, VzeK(x(tf)). (3.1)
The material provided for this problem includes an interval [t;,7¢], the objective function f : R" x
R? — R, the dynamic function of system ¢ : [t;,¢/] x R" x R™ — R", the initial state condition
fixed xo € R”, the scalar function g : [f;,77] x R" — R, a nonempty and Borel measurable set
Z C R™, the set-valued map K : R" — R4, and the vector function F : R"” x R? — R?. Here,
x and u are respectively the state function and the measurable control of our problem, while
parameter ¢ describes the time, and X refers to us as the (weak) derivative of x w.r.t. time. One

can observe that function S symbolizes the solution mapping of min, (F (x(tf),y),z>Rd subject
toz € K(x(ty)).
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From now on, we work with a specific type of a local and global minimizer. For this purpose,
we indicate the feasible leader set QY and the feasible set O of (GBOCP) by

x(t) =0 (t,x(t),u(t)) ae.tet,ty]

x(t;) =x
Of := < (x,u) € #'[n] x M ([t;,17],R™) g(l,x(t))og 0 Vi€ [ti,ts] [
ut) € a.e.t € [tty]

Qy:= {(x,u,y) € Wn| x M ([ti,t],R™) xR : (x,u) € 0% and y € S(x(tf))},
respectively. Hence, for ® := %/ [n] x R?, we make use of the definitions below.

Definition 3.1 (®-Local minimal solution). A point (x*,u*,y*) € Oy is a ®-local minimal solu-
tion to (GBOCP) if we can find € > 0 such that, for all (x,u,y) € Oy with (x,y) € Ug (x*,y"),

(@), ") < fF(x(tp),y)-

Definition 3.2 (Global minimal solution). A global minimal solution to problem (GBOCP) is a
®-local minimal solution to problem (GBOCP) with € = +-co.

Next, we suppose that K (x(t7)) = {y €R? : G (x(tf),y) <0}, with G : R" x RY — RY
being a vector function with components G, k= 1,...,q.
We assume for the rest of this study that the following requirements hold true for all ®-local
minimal solutions (x*,u*,y*) of (GBOCP):
(Cy) f,F,and G are continuously differentiable functions w.r.t their variables.
(C2) ¢ is a continuous function w.r.t its variables.
x— ¢ (t,x,u) is continuously differentiable for all (¢,u) € [t;,17] X % .
For x to be fixed, (r,u) — ¢ (¢,x,u) is £ x %™ -measurable.
There exist G : [f;,77] X R™ — R a measurable function and € > 0 such that # — ¢ (r,u*(t))
isin L' ([t;,2],R) and
|6 (,20,u) = @ (t,x2, 1) |, < G(1,00) lx1 =2l V1,2 € U (67 (1)), Yu € % .

(C3) For each t € [t;,tf], x — g(t,x) is continuously differentiable, V,g (¢,x*(¢)) # 0 for all
t € [t;,t7], and g is an upper semicontinuous function. There are scalars &;,L, > 0 such
that |g (t,x1) — g (t,x2) | < Lg ||x1 —x2||.., for each 7 € [1;,17] x1,%2 € B, (x*(1)).

(C4) The MFCQ holds atall y € K (x*(zy)).

With the aim to derive an equivalent single-level optimal control problem for generalized
bileve optimal control problems, we define the gap function @gr : R" x RY — R for problem
(GBOCP) for all (a,b) € R" x RY, by @gr (a,b) := sup{(F (a,b) ,b—z)ga : € K (a)}.

For any a € R", the two assertions that follow are clear:

{(pGF (a,b) >0 forall beK(a),

. . (3.2)
¢ocr (a,b) =0 if and only if b € S(a).

Using the gap function, we can then rewrite the solution set of (3.1) for a state function x € #/[n]
as follows:

S (x(ty)) == {y eR?: G (x(t),y) <0 and @gr (x(t7),y) = 0} . (3.3)
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Hence, problem (GBOCP) is identical to the next one-level optimal control problem:

(minf (x(tr),)

subject to X(t) = ¢ (¢,x(¢),u(t)) ae.t € [t;,tf]
x(t;) = xo
g(t,x(t)) <0 Vi € [t;,t/] (3.4)
ult)e 7 a.e.t € [tty]

ocr (x(tf),y) =0
L G (x(tf),y) <0.

From now on, A (x(¢f),y) is borrowed to stand for the collection of all vectors where @gr (x(tf),y)
attains its maximum. It is worth mentioning that the standard constraint qualifications, like the
MFCQ, never hold for problem (3.4). Consider the simple case that (x*,u*,y*) is a ®-local min-
imal solution to (GBOCP), K (x(t/)) = RY, O = #[n] x M ([t;,t7),R™), and @gr is a Lipschitz
continuous function. Then, assertions (3.2) yield inclusion 0 € d°@gr (x*(T),y*); demonstrat-
ing that the abnormal multipliers (see Definition 2.2 (Z))) always exist for problem (3.4). As
a result, the Mangasarian Fromovitz constraint qualification is not verified. We adopt Ye and
Zhu’s theories [24], in which the authors discovered some constraint qualifications by using an
exact penalization. This principle, which is now widely known, is completely connected to the
property of calmness. First, let us go over the concept of partial calmness.

Definition 3.3. Problem (3.4) is said to be partially calm at a (x*,u*,y*) € Qy if there exist
€,B >0 such that f (x(tf),y) — f (x*(t),y*) + Bo > Oforall (x,u,y,0) € O x K (x(t7)) x Ry
satisfying (x,y,0) € Ug, g (x*,y%,0) and @gr (x(tf),y) =o0.

The following result describes the partial calmness property at a defined ®-local minimum

solution of (3.4) using the precise penalization concept when the gap function @gr is a locally
Lipschitz continuous function.

Proposition 3.4. Let (x*,u*,y*) be a ®-local minimal solution of (3.4). Assume that Qgp
is Lipschitz continuous function around (x* (tf),y*). Then, problem (3.4) is partially calm at
(x*,u*,y*) if and only if there exists some B > 0 such that (x*,u*,y*) is a ®-local minimal
solution for the following optimal control problem:

( min f (x(ty),y) + Bocr (x(17),)

subject to x(t) = ¢ (¢,x(t),u(t)) a.e. t € [t ty]

x(t;) = xo
g(t,x(1)) <0 Vit € [ti,1] (P[BD
u(t) e % a.e. t € [tj,1]

G (x(14),y) <0.

Proof. First, assume that problem (3.4) is partially calm at (x*,u*,y*). Then, there exist &, 8 >0
such that for all (x,u,y,0) € Q% x K (x(t7)) x Ry satisfying (x,y,0) € U§,  (x*,y*,0) and
@cr (x(17),y) = o, f(x(tr),y) — f (x*(t¢),y*) + Bo > 0. Since @gF is Lipschitz continuous

\
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around (x*(¢7),y*), then there exist €|, Ly, > 0 such that
l9GF (a1,b1) = @6 (a2,b2) o0 < Lagp [|(ar1,b1) = (2,02, (3.5)

for all (a1,b1), (az,b2) € U, pa (X*(17),*).
Now, let (x,u,y) € 0% x K (x(¢)) which satisfies (x,y) € UG (x*,y*) with

e :—min { g, ——, ! £
' "Cemp’ Comp ' max {L(PGF ) CembL(PGF} 7
where C,,,;, is the constant in Lemma 2.1 satisfying
[Pe)loo < l1xlleg [4,) ) < Cemb Xl (3.6)

forall t € [t;,1/].
Next, fix a scalar ¢ such that @gr (x(t),y) = 0. It follows that
(1) x x
o = @cr (x(17),y) — @cr (¥"(tf),y")
(27) . .
< Logr H (x<tf)7y) - (x (tr),y )Hoo
(37) . .
< Loge max {[|x(t) —x"(tp)|[.. 1y ="}
(47) . .
< Logr maX{Hx—x H%([[h[f],[[{n) ly=y Hoo}
(57) . .
< maX{L(PGF ; L‘PGFCemb}maX{”x_x ||7//[n] s ly—y ||oo}
(67) N
< max {L‘PGF J L(PGFCemb} €
(77)
< &,
where (1*) results from y* € S (x*(ty)), (2*) from (3.5), (3*) is the definition of || - ||, (4*)
and (5*) corresponds to assertion (3.6), (6*) is a consequence of (x,y) € Ug (x*,y*), and (7*)
relates to how €* is defined.
Consequently, (x,y,0) € U§, p (x*,y*,0). Finally, from the fact that @gr (x(tf),y) = 0, the
partial calmness of (3.4) at (x*,u*,y*), and the assumption y* € S (x* (tf)), we have that

F(x(t),y) +Bocr (x(t7),y) = f(x*(t0),5") + Bocr (x*(t7),y")

hold for all feasible points (x,u,y) of problem (P[B]) with (x,y) € Ug (x*,y*), which proves
that (x*,u*,y*) is a @-local minimal solution to problem (P[f]).

Conversely, assume that there is > 0 such that (x*,u*,y*) is a ®-local minimal solution to
the problem of (P[B]). Then, there exists some & > 0 such that f (x*(¢7),y*) < f (x(t7),y) +
Bocr (x(tf),y) for all (x,u,y) € O x K (x(t¢)) with (x,y) € U (x*,y*). Let us fix (x,u,y,0)
in 0% x K (x(t7)) x Ry with @gr (x(tf),y) = 0 and (x,y,06) € U§  (x*,y*,0). Hence, we can
write f (x(tf),y) — f (x*(t¢),y*) + Bo > 0. As a consequence, problem (3.4) is partially calm
at (x*, u*,y%). O
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Subsequently, we offer sufficient conditions to ensure that problem (3.4) remains partially
calm. We start with the uniform parametric error bound, which uses the distance function.

Definition 3.5. We say that variational inequality (3.1) possesses a uniformly parametric error
bound (UPEB) at (x*(¢7),y*) € gph(S) if there exist scalars €, 6 > 0 such that

Y (x(t7),y) € Upnypa (X7 (19),5") 1 ¥ € K (x(t5)) = ds(xe)) ) < O0Gr (x(t7),¥) -

Proposition 3.6. Let (x*,u*,y*) be a ®-local minimal solution to (3.4). Assume that variational
inequality (3.1) possesses a (UPEB) at (x* (tr), y*) with modulus ¢ > 0. Then, there exists a
scalar B* > 0 such that (x*,u*,y*) is a ®-local minimal solution to (P|B]) for all B > cp*.

Proof. Firstly, observe that problem (GBOCP) is identical to the next optimal control problem:
min f (x(i),y)
subject to x(¢) = ¢ (t,x(r),u(r)) ae.t € [t,tf]

x(0) =xo

(3.7)
g(t,x(1)) <0 vt € [ti,ty]
ult)e 7 a.e.t € [t ty]

(x(1))) () =0.

Furthermore, problem (3.7) is partially calm at (x*,u*,y*). Indeed, let € > 0 be the constant that
€

satisfy Definition 3.1 and & = > Let & € [0, [, (x,u) € 0" and y € R¥ such that dS(x(l‘f)) (y) =

& and (x,y) € Ug (x*,y*). Condition (C;) implies that S (x(tf)) is closed. Then, there exists

y € S (x(77)) such that ||y —y||., = €. Thus (x,u,y) is a feasible point of (3.7). Moreover,

16%5y) = e V)lle < 1%, 5") = (e y)lle + [1(x:y) = (v, ¥)le < &1 +&2 <&

Consequently, (x,y) € Ug (x*,y*). Since (x*,u*,y*) is a ®-local minimal solution to (3.4),
then

By multiplying inequality (3.8) by (—1) and adding f (x(tf),y) on both sides, we obtain
F(x(p),y) = F (F(p),y™) = f (x(tp),) = f (x(tp),3) -
Since (Cj) holds, f is locally Lipschitz continuous at (x*(¢/),y*) with modulus Ly > 0 on
Ug, . ga (x*(tf),y*), then f (x(tf),y) — f (x*(t7),y*) + L& > 0, which proves that (3.7) is par-
tially calm at (x*,u*,y*).
Secondly, as in Proposition 3.4, there exists §* > 0 such that, for all (x,u,y) € Oy with
(1,y) € UG (x*,3°),

f(X*(ff)ay*) +B*d5(x*( ) 0 < f(x(ff)a)’) +[3*d5(x(tf))()’)~ (3.9

Now, let (x,u,y) € Oy with (x,y) € U (x*,y*). We have from y* € S (x*(¢f)), inequality (3.9),
and the (UPEB) assumption that

F (1), y") + 0B pcr (X" (tr),5%) < f (x(17),) + 0B  @r (x(tf),y) -
Consequently, (x*,u*,y*) is a ®-local minimal solution to (P[f]) for all B > c3*. O

If
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Finally, keeping in mind that S is defined as in (3.3), we provide a sufficient condition for the
(UPEB) based on the R-regularity of the set-valued mapping S.

Proposition 3.7. Letr (x*,u*,y*) be a ®-local minimal solution to problem (GBOCP). Assume
that there exists some neighborhood /" C R" of x*(t7) verified dom (K) N 4" = dom (S)N.A4".
Moreover, let S be R-regular at (x*(t7),y*) w.rt dom(S). Then, variational inequality (3.1)
possesses a (UPEB) at (x*(t7),y*) € gph(S)N.A" x RY.

Proof. Since S is R-regular at (x*(zf),y*) wrt dom (§), then there exist scalars 6,8 > 0 such
that, for all (x,u,y) € Oy with (x(t7),y) € Rand (x*(t),y*) Ndom (8) x RY,

dS(x(tf)) (v) < omax {O, Gy (x(tf),y) v Gy (x(tf),y) , OGF (x(tf),y)} )

Hence, one can write y € K(x(t7) = 4y ) (v) < 09cr (x(t7),y) for all (x,u,y) € Oy verified
(x(t),y) €US, pa (x*(tf),y*) Ndom(S) x RY. In view of dom(K)N .4 = dom(S) N .4, for
all (x,u,y) € Oy satisfying (x(y),y) € [URand (x*(tp),y*) N A R?, we obtain

Y € K(x(ty) = dg(y,,) () < 0@cr (x(t5),5)

which completes the proof. U

4. NECESSARY OPTIMALITY CONDITIONS

In this section, we use the maximal concept described in Section 2.2 to deal with Pontryagin
optimality conditions for problem (GBOCP). Following Remark 2.6, we add the two conditions
below to avoid the nondegeneracy of the necessary optimality conditions. For a ®-local minimal
solution (x*,u*,y*) of (GBOCP), we assume that:

(Cs) There exists € > 0 such that, for all x € Ug, (xo) and 7 € [t;, €[, {¢(t,x,u) :uc %} is
convex.

(Ce) If g(ti,xo) = 0, then there exist scalars €, €&,€3,€4 > 0 and a control function u €
L' ([t;,tg],R™) verifying & € % a.e on [t;,17] such that

¢ (t,x0,u” (1)), < &3,
¢ (,x0,u(t))|l.. < &,
JiVg(s,x) " [0 (T,x0,u(T)) — ¢ (T,x0,u"(7))]dT < —gyt,

for all 5,7 € [t;, €[ and x € UZ, (xo) .

On the other hand, we need the following upper estimate for our gap function, which is a
straightforward application of [25, Corollary 1 of Theorem 6.5.2]. To proceed, let (x*,u*,y*) €
Oy and let z € K (x* (tf)). The abnormal and normal cones in smooth cases take, respectively,
the following forms:

A yy(2) = {NERL:V,G (x*(ff)aZ)Tn =0,n"G (x"(17),2) = O}’
%(X*7y*)(z) = {neRL:F (x*(tf),y*) +V,G (x*(tf),z)Tn = O,nTG(x*(tf),z) = 0}.
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Proposition 4.1. Let (x*,u*,y*) € Q,. Suppose that o ) (A (x*(t7),y*)) = {Ora}. Then
@G is Lipschitz continuous near (x*(tf),y*) and

gor (x*(17)y") C { (vx@f)F (") 07 —2) = Vo) G ((1),2) 1,

V,F (x* (tf),y*)T (v —2) +F (x*(tf),5") ) such that

z€EA (x*(tf),y*) ,nN e ‘%(x*,y*)<z)}-

Now, we are ready to derive a maximum principle for the generalized bilevel optimal control
problem under consideration.

Theorem 4.2. Let (x*,u*,y*) be a ®-local minimal solution to problem (GBOCP). Suppose that
Aoy (A (x* (t£),¥*)) = {Ora}, conditions (C1) — (Cg) hold, and problem (3.4) is partially
calm at (x*,u*,y*). Then, there exist a function p € W [n|, an integer | € N*, a finite family of

scalars (®)y<;<; € Ry with Z @; = 1, a finite family of vectors (1;);<;<; € RZ, a finite family
=2

of vectors (zi)y<;<; C A(x (f) y*) with for all i € {2,...,1}: n; € By y)(2i), a measure
A e 6l ([titf]), and T >0, B > 0 such that

(7

(7):

: the enhanced nontriviality condition ||R||;- + A (Jti,tf]) + 7 > 0;

([Il'.[f],Rn>

)
(): the adjoint equation, for almost everyt € [t;,t7], —p(t) T =R(t) "V, ¢ (t,x*(t),u* (1))
the Welerstrass—rontryagin condition: for almost every t € |t;,t

he Wei P in conditi ! y

R(t)" ¢ (1,27 (1),u* (1)) = max R(r) " ¢ (1,27 (1), w):

wew

() the transversality condition:

[
—R(ty) =7 (Vx(tf)f(X*(tf)7y*) +B (;ai [Vx(zf)F (7)) O —z)

V)G (x*(17),2) ! ni] >> + Vi) G (x"(17),5") s

(5): the support condition: supp(A) C {t € [titr] i g(t,x* O}
(J): the variational inequality condztzon forallie{2,.. l }

F (x*(t5),

V) VG (' (t),z) mi=0, 0] G(x"(ty),z) =0

(F7): the complementarity condition: anG (x* (tf),y*) =0;
(FR): the multiplier condition:

=T (Vyf (x* (tf)

l
v)+B (Z“ 9,8 (0)5) 07 =)+ F (x*<rf>,y*>])>

+V,G (X*(tf)ay*)T ni;
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where the function R : [t;,t;] — R" is given by:
pt)+ | Vig(s,x'(s))Ads)  ifui<t<ty,

[tiJ[

p(ty) + [ ]ng(s,x*(s))l(ds) ift=ty.
Lty

R(t) ==

Proof. Since (x*,u*,y*) is a @-local minimal solution to problem (GBOCP), then (x*,u*,y*) is
clearly a ®-local minimal solution to problem (3.4). As (3.4) is partially calm at (x*,u*,y"),
according to Proposition 3.4, one has that (x*,u*,y*) is a ®-local minimal solution to (P[f]) for
some f§ > 0. Set Z := {(a,b) e R"xR? : G(a,b) <0}. Considering y* as a constant state
function, we see that (x*,u*,y*) is a ®-local minimal solution to the following optimal control
problem:

( (ﬁi)r’luf(x(ff),y(ff)) +Bocr (x(tr),¥(tr))
subject to k(1) = ¢ (1,x(¢),u(t)) ae.t € [t,1f]
y(t) =0 a.e.t € [t,tf]
x(t;) = xo
g(t,x(t)) <0 Vi € [t;,1f]
u(t) e % a.e.t € [t,tf]
\ (x(17),¥(17)) € Z.

It follows from Theorem 2.7 that there exist two functions p; € #'[n|, p» € #'[d], a nonnegative
Borel measure A € 6 ([t;,7f]) and a constant 7 > 0 satisfying for almost every 7 € [t;,17]:

RN = (1.4 ) P21l + A (3 5]) + 7> 05 (4.1)

—p1(0)" =R(1)'Vip (1,57 (1), 0" (1)) ; (4.2)

— pa(t) =0; (4.3)

R(1) "6 (1,27 (1), " (1)) = max R(r) " ¢ (1" (1), w); (4.4)
we

p2(0) =0; (4.5)

(=R(tp). =palt)) € { (tVaif (005" (1) Vyipf (e 0) )
+TﬁaC§DGF (x*(lf),y*(tf)) +N (g, (x*(tf),y*(tf))) ;
supp(([ti,1f],R")) C {t € [ti,1f] : g (1,x"(t)) =0} ; 4.7)

where R : [t;,t7] — R" is given by:

p1(t)+ Vg (s,x*(s))A(ds)  ift; <t <ty,
R(t) e [ti7t[
pi(ty) + [ ]ng (s,x%(s)) A(ds) ift =1;.
Lty
Combining (4.3) and (4.5), we obtain p, = 0. Then, the enhanced nontriviality condition (.77)
follows from (4.1). Take p = p;. Then, the adjoint equation (%) follows from (4.2) and the

Weierstrass-Pontryagin condition (.73) follows from (4.4). Observe that condition (4.7) is the
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support condition (.75). From (Cy4), we have

N(Z, (¢ (1) (1) € {(wmﬁ@wnwvammwﬁ@wmwwnﬂﬁ

n >0, nTG(x*(tf),y*(tf)) 20}.

Recall that y* () = y*. According to (4.6), there is § = (&;, &) €dpgr (x*(t7),y*) satisfying
complementarity condition (%) and 1; € RY such that

_R(tf) =T (Vx(tf)f (X*(tf)ay*) +ﬁ§1> + Vx(l‘f)G (X* (tf)7y*)T ni,

(4.8)
0 =7 (Vyf (*(t7),7") + B&E) + VoG (x*(¢5),y") " i

!
Proposition 4.1 implies that there exists / € N*, (),.;,.; C RT with ¥ o = 1, and for all
- i=2

i€{2,...,1}, there exist z; € A (x*(tf),y*) and n; € B+ ;) (z;) satisfying variational inequality
condition (%), and

/

25 o |:Vx(tf)F (& (t)y") T 0 — ) — Vi) G (x7(17),2) ! ’71}
=" :

Y o6 [VoF (7 (1)57) 07 =a) 4 F (v a7).57)|

so we obtain transversality condition (.7;) and multiplier condition (.73) from (4.8). The proof

is complete. O

Example 4.3. To emphasize our findings, we take into consideration the subsequent problem:

/

min (x1(1)+5)* —2x2(1) +y
subject to %1 (1) = —2x(¢) +uy (¢) ae. r€[0,1]
Ko (1) =202 =2t —4+up(r) ae.te0,1]
x(0) = (%,3)T (4.9)
—x2() <0 vt € [0,1]
u(t) € [—1,3] x [3,5] ae. t€]0,1]
y€S(x(1)),

where S (x(1)) is the solution set of the variational inequality: y —z < 0 for all z € K (x(1)),
with K (x(1)) :={z€R : 2x(1)—z<0 and —z<0}.
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A comparison between problem (GBOCP) and problem (4.9) gives us:

ti:=0,
tr:=1,
x:=(x1,x2)
ui=(ur,uy) ",
Fx(1),y) = (x1(1)+5)* = 2x2(1) +,
0 (£,x(0),u(t)) = (—2xa(t) + 1 (1), 262 = 2t — 4+ (1))

Fx(1),y) =1,

G(x(1).y) = 2ua(1) =y~
n=m=gq:=2
d:=1

As we have already mentioned, S (x(1)) represents the solution set of the following paramet-
ric problem:
min (F (x(1),y),z)g subjectto z € K (x(1)). (4.10)

Z

Then, S (x(1)) is given by

0 if xo(1) <0,

sy ={ ) s

{2x(1)} ifxp(1) >0

Now, the point (x*,u*,y*) which is defined by

( 2 1
X (1) :§t3—|—t2—7t+§ vr € [0,1],
X5(1) = -2 +1+43 vr € [0,1],
wi(t) =4t —1 vt € [0,1], (4.1D)
wh(t) == =202 +5 vt €[0,1],
y*:=6;

is a global minimal solution to (4.9). Thus(x*,u*,y*) is a ®-local minimal solution to (4.9). By
definition of the gap function, we have

€S (1),y) =« 0=(Fx*(1),y") Yy =z )g ey =7".
Hence, A (x*(1),y*) = {6}.
By a simple calculation, we find that &7,« ) (A (x*(tf),y*)) = {0}. By Proposition 4.1,
we see that @gr is Lipschitz continuous near (x*(1),y*). Problem (4.10) is fully linear. [24,

Proposition 4.1] gives that problem (4.9) is partially calm at (x*,u*,y*). By construction, all
conditions (C})-(Ce) are satisfied.
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Consequently, according to Theorem 4.2, there exist p € #[2], an integer [ € N*, a finite
family of scalars (o),;<; C Ry with Y! ,a; =1, afinite family of vectors (Mi)1<i<i C R%,a
finite family of vectors (z;);<;<; C A(x*(1),y") verified for all i € {2,...,1}: N; € B ) (2i),
ameasure A € ¢ ([0,1],R?) and some 7 >0, 8 > 0 such that:

(1) the enhanced nontriviality condition: HRHL‘X’([O,I],]RZ) +A(]0,1])+7 >0,

.. . pl(l‘)> 0 )
2) the adjoint equation: for almost every r € [0,1] [ *, ;
(2) 1] q Y [ ] (pz( ) 2R1( )

(3) the Weierstrass—Pontryagin condition: for almost every ¢ € [0, 1]
Ri(t) (—2x5(t) +ui (1)) + Ro(t) (26% — 2t — 4+ uj (1))
= max [Ri(t) (—2x5(t) +w1) +Ra(t) (267 — 2t — 4+ w)] ;
we

(4) the transversality condition:

(6) =25 25 an )

(5) the support condition: supp(A) C 0;
(6) the variational inequality condition, foralli€ {2,...,/},1-1;1—7Ni2=0,1;1 (6 —z;) —
Nizi = 0;
(7) the complementarity condition: —67; = 0;
(8) the multiplier condition: T (1+8)—1n11—M12=0
where the function R is defined by:

.
p2(t) — [ [l(ds) ifo<r<1
0.

R(t):= (R (1),Ra(2)) = | p1(0),
pz(l)—/ A(ds) ift=1
[0,1]

According to the complementarity condition and the multiplier condition, we find that n; =
(t(14B),0)" . Since A (x*(1),y*) = {6}, we have z; = 6 for all i € {2,...,I}. Therefore, under
the variational inequality condition, we have 1; = (1,0)" for all i € {2,...,1}.

The function R’s construction indicates Ry = p;. R; and p; are both constant functions,
according to the adjoint equation. The transversality condition gives us that R(1) = 0, therefore
R, = p1 =0. Hence, p; is also a constant function. Let u := ., 0 xr with L., be the Lebesgue
measure and F :=] — oo, 0[U]1,+oo[. It is easy to see that the support condition is verified by u.
Hence, we have R, (1) = pa(¢) for all 7 € |0, 1]. Consequently, from the transversality condition,
we obtain Ry (1) = pa(t) = —7 — 21 for all r € [0,1]. Finally, in our case, the choice of 7 is
unproblematic as long as 7 > 0.

5. DISCUSSION

In this section, we show that the Pontryagin optimality conditions for problem (GBOCP) gave
more information than various optimal control problems. Here, we focus on bilevel optimal
control problems. More precisely, we compare our maximum principle in Theorem 4.2 to
that stated for bilevel optimal control problems in [19, Theorem 4.3], which both lead to two
different Pontryagin optimality conditions.
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Consider the bilevel optimal control problem shown below

[ min f (x(t),5)
subject to %(¢) = ¢ (r,x(¢),u(t)) ae.r € [t;,tf]
*(0) =x (BOCP)
g(t,x(1)) <0 Vt € [ti,tf]
ult) e w a.e.t € [t ty]
L yE II (X(lf)) ,

where I1 (x(t f)) is the solution set of the following fully convex parametric optimization prob-
lem:

myin h(x(tf),y) subjectto yé€ K (x(tf)), (Plx(tf)D

with 7 : R" x R? — R. Using the value function V : R" — R, which is defined by, for all x(tr) €

R", V (x(t¢)) := inf {h (x(t7),y) : y € K (x(t¢)) } , one has that problem (BOCP) is equivalent
y

to:

(‘min f (x(tf),y)
)

x7u7y

subject to x(¢t) = ¢ (¢,x(t),u(t)) a.e.t € [tity]
g(t,x(t)) <0 Vit € [ti,t/] (5.1)
u(t) S84 a.e. t e [li,l‘f]
h(x(ty),y) =V (x(t7)) <0

\ G()C(lf),y) SO

From the KKT optimality condition, one sees that y* € II (x(ty)) is equivalent to

(Vyh (x(tf),y") ,y" —2) <0, VzeK (x(tr)).
Consequently, bilevel optimal control problem (BOCP) can now be considered an optimal con-
trol problem with variational inequality constraints (GBOCP).

Under the hypotheses of Theorem 4.2, we have the following Pontryagin optimality condi-
tions for problem (GBOCP):

(21): the enhanced nontriviality condition: ||R|| L"(° ) + A (Jti,tf]) + 7> 0;
[li,tf]aRn

(2): the adjoint equation, for almost every ¢ € [t;,t¢], —p(t) T = R(t) T V@ (t,x*(t),u*(t));
(73): the Weierstrass—Pontryagin condition, for almost every ¢ € [t;,1/],

R(t)" ¢ (1,5 (1),u*(1)) = Vlglea%xR(f)Tfl’ (£, (1), w);

(J4): the transversality condition:
_R(tf) =1 (Vx(tf)f (x*(tf)7y*) +ﬁ <

V)G (¥ (17),2) ! le} )) +Vi)G (& (1)) " s
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(J5): the support condition: supp(A) C {t € [t;,1f] : g (t,x*(t)) =0} ;
() the variational inequality condition: for all i € {2,...,[}

Vyh (x*(tf)vy*) +V)’G (X*(tf>7zi)Tni =0, niT ( (tf) Z’) =0;

(Z): the complementarity condition: n,' G (x*(t/),y*) = 0;
(Z): the multiplier condition:

1
=7 (Vyf (x*(tf),y*) +p (Zi Q; [Vgh (x* (tf),y*)T O —z)+Vyh (x*(tf),y*)} ) )

-
+ VG (¥ (tr),y") M3
where the function R : [t;,1¢] — R" is given by:

p(t)+ [ [ng(sax*@))l(dé‘) ifti§t<tf,
ti,t

R(t) :=

p(ty) + - Vg (s,x"(s))A(ds) ift=ty.
l,',lf

According to our knowledge, the first finding on optimality conditions for bilevel optimal
control problems was identified in [19]. These conditions were detected via the notion of Clarke
subdifferential by using the same reformulation stated in (5.1). The Pontryagin optimality con-
ditions in the latter paper can easily be recovered from Theorem 4.2 while rewriting (BOCP) as
an optimal control problem with variational inequality constraints (GBOCP). Indeed,

(1) The enhanced nontriviality condition, the adjoint equation, the Weierstrass-Pontryagin
condition, and the support condition are the same in Theorem 4.2 and [19, Theorem 4.3]
because all these conditions are associated with only leader data.

(2) Furthermore, since both problems (GBOCP) and (BOCP) have the same lower inequal-
ity constraints, their complementarity conditions are identical.

(3) In contrast to Theorem 4.2, the transversality condition, the follower’s optimality con-
dition, and the multiplier condition of [19, Theorem 4.3] have the following forms,
respectively.

(iv) =R (tr) = Va )G (x*(15),y") (M —TBM2) + TV f (¥ (tr),5%) 5
(vi) Vyh (x*(t),y*) +V G( (1)) m=0, 1) G (x(tr),y") = 0;
(Vi) T (Vof (¢*(17).37) +BVsh (x"(17),")) + VoG (2 (1).5") ' 1 =
It is noticeable that conditions (74), (), and (%) significantly differ from (iv), (vi), and
(viii), and the fundamental reason for this is the differing nature of the gap function applied.
The absence of second-order terms in Theorem [19, Theorem 4.3] is the most visible difference
between the results. This discovery implies that the subdifferential estimate of the optimal value
function in [19, Theorem 4.3] plays a very restricted role. Imagine a situation in which the
follower of (GBOCP) has no constraints, which results in K (x(tf)) = R?. Since the inequality
constraints G (x(t¢),y) < 0 are absent, the conditions of (iv), (vi), and (viii) are reduced to the
following form, respectively.

(iv) =R (17) = TV f (x*(1r),5%) s
(vi) Vyh (x*(tf),y*) = 0;
(viii) TVyf (x*(t),y*) = 0.

T
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While Theorem 4.2 continues to provide significantly greater information regarding the exis-
tence of V such that

(J4): the transversality condition:
!
* * * N\ 1 /%
—R(1y) =T | Vi f (< (10),5*) +B Y [Vx(zf)vyh ((20),y") (v _Zi)} ;
i=2

(Z6): the variational inequality condition: Vyh (x*(tf),y*) = 0;
(Z): the multiplier condition:

l
0= Vo (1)) +B Lo Vo (s ap)y") " O =20

6. CONCLUSIONS

In this paper, we developed Pontryagin optimality conditions for a generalized bilevel optimal
control problem with pure state constraints in the leader. Using the gap function, we converted
the problem under consideration into a single level optimal control problem. In order to accom-
plish our goal, we used a variety of tools, including partial penalization. Since the gap function
is not differentiable, we used a few results of nonsmooth analysis. We specifically provided an
estimation of the gap function’s Clarke subdifferential. We imposed other hypotheses on our
problem to make sure that the derived optimality conditions were not degenerate. Finally, we
discussed the case that our results indicate that the maximum principle for generalized bilevel
optimal control problems using the gap function approach is more efficient than the maximum
principle for bilevel optimal control problems using the optimal value function approach when
(BOCP) is expressed as a (GBOCP).

REFERENCES

[1] S. Albrecht, M. Leibold, M. Ulbrich, A bilevel optimization approach to obtain optimal cost functions for
human arm movements, Numer. Algebra, Control Optim. 2 (2012), 105-127.

[2] K. Mombaur, A. Truong, J.P. Laumond, From human to humanoid locomotion-an inverse optimal control
approach, Autonomous Robots 28 (2010), 369-383.

[3] S. Albrecht, M. Ulbrich, Mathematical programs with complementarity constraints in the context of inverse
optimal control for locomotion, Optim. Meth. Softw. 32 (2017), 670-698.

[4] F. Fisch, J. Lenz, F. Holzapfel, G. Sachs, On the solution of bilevel optimal control problems to increase the
fairness in air races, Journal of Guidance, Control, and Dynamics 35 (2012), 1292-1298.

[5] M. Knauer, C. Buskens, Hybrid solution methods for bilevel optimal control problems with time dependent
coupling, In: M. Diehl, F. Glineur, E. Jarlebring, W. Michiels, (ed.) Recent Advances in Optimization and its
Applications in Engineering, pp. 237-246, 2010.

[6] V.V. Kalashnikov, R.Z. Rios-Mercado, A natural gas cash-out problem: A bilevel programming framework
and a penalty function method, Optim. Eng. 7 (2006), 403-424.

[7] V.V.Kalashnikov, F. Benita, P. Mehlitz, The natural gas cash-out problem: a bilevel optimal control approach,
Math. Probl. Eng. 2015 (2015), 286083.

[8] P. Mehlitz, G. Wachsmuth, Weak and strong stationarity in generalized bilevel programming and bilevel
optimal control, Optimization 65 (2016), 907-935.

[9] J. Ye, A. Li, Necessary optimality conditions for nonautonomous optimal control problems and its applica-
tions to bilevel optimal control, J. Ind. Manag. Optim. 13 (2019), 1399-1419.



248 R. EL IDRISSI, L. LAFHIM, Y. OUAKRIM

[10] P. Mehlitz, G. Wachsmuth, Bilevel optimal control: existence results and stationarity conditions, In: S.
Dempe, A. Zemkoho, (ed.) Bilevel Optimization: Advances and Next Challenges, pp. 451-484, Springer,
Cham, 2020.

[11] S. Dempe, F. Harder, P. Mehlitz, G. Wachsmuth, Analysis and solution methods for bilevel optimal con-
trol problems, In: M. Hintermuller, R. Herzog, C. Kanzow, M. Ulbrich, S. Ulbrich, (ed.) Non-Smooth and
Complementarity-based Distributed Parameter Systems, pp. 77-99, Springer, Cham, 2022.

[12] N. Garcia-Chan, L.J. Alvarez-Vazquez, A. Martinez, M.E. Vazquez-Méndez, Bilevel optimal control of ur-
ban traffic-related air pollution by means of Stackelberg strategies, Optim. Eng. 23 (2022), 1165-1188.

[13] R.F. Hartl, S.P. Sethi, R.G. Vickson, A survey of the maximum principles for optimal control problems with
state constraints, STAM Rev. 37 (1995), 181-218.

[14] D. Hoehener, Variational approach to second-order optimality conditions for control problems with pure state
constraints, STAM J. Control Optim. 50 (2012), 1139-1173.

[15] K. Malanowski, H. Maurer, S. Pickenhain, Second-order sufficient conditions for state-constrained optimal
control problems, J. Optim. Theory Appl. 123 (2004), 595-617.

[16] J.F. Bonnans, A. Hermant, Second-order analysis for optimal control problems with pure state constraints
and mixed control-state constraints, In: Annales de 1’Institut Henri Poincare C, Analyse non linéaire, pp.
561-598, Elsevier, Masson, 2009.

[17] H. Frankowska, N. P. Osmolovskii, Strong local minimizers in optimal control problems with state con-
straints: second-order necessary conditions, SIAM J. Control Optim. 56 (2018), 2353-2376.

[18] A. Nikoobin, M. Moradi, Indirect solution of optimal control problems with state variable inequality con-
straints: finite difference approximation, Robotica 35 (2017), 50-72.

[19] F. Benita, S. Dempe, P. Mehlitz, Bilevel optimal control problems with pure state constraints and finite-
dimensional lower level, SIAM J. Optim. 26 (2016), 564-588.

[20] R.A. Adams, J.J. Fournier, Sobolev Spaces, Elsevier, New York, 2005.

[21] J.J. Ye, D.L. Zhu, Q.J. Zhu, Exact penalization and necessary optimality conditions for generalized bilevel
programming problems, SIAM J. Optim. 7 (1997), 481-507.

[22] R.B. Vinter, Optimal Control, Springer, Berlin, 2010.

[23] S.O. Lopes, F.A.C.C. Fontes, M.R. De Pinho, An integral-type constraint qualification to guarantee nonde-
generacy of the maximum principle for optimal control problems with state constraints, Systems Control Lett.
62 (2013), 686-692.

[24] J.J. Ye, D.L. Zhu, Optimality conditions for bilevel programming problems, Optimization 33 (1995), 9-27.

[25] F.H. Clarke, Optimization and Nonsmooth Analysis, Wiley-Interscience, New York, 1983.



	1. Introduction
	2. Preliminaries
	2.1. Basic tools
	2.2. Optimal control problems with pure state inequality constraints

	3. The Problem and Its Reformulation
	4. Necessary Optimality Conditions
	5. Discussion
	6. Conclusions
	References

