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Abstract. The aim of this paper is to tackle the time optimal controllability of an (n+ 1)-dimensional
nonholonomic integrator. In the optimal control problem we consider, the state variables are subject
to a bound constraint. We give a full description of the optimal control and optimal trajectories are
explicitly obtained. The optimal trajectories we construct, lie in a 2-dimensional plane and they are
composed of arcs of circle.
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1 Introduction

This paper is devoted to the study of the time optimal controllability of an (n + 1)-dimensional
nonholonomic differential system with constraint on the state variables. The optimal control problem
we deal with is bilinear with respect to the state and control variables. Nonholonomic systems have
been intensively studied in numerous works and we only refer to Bloch [4] where a comprehensive
survey is given in connection with control theory. Minimum time control problems for nonholonomic
systems have also been considered in the literature and explicit optimal solutions have been computed
for the case n = 2 when no constraint is imposed on the state variables. We refer to Bloch [4] where the
Lagrangian approach is used in order to compute optimal controls when no state constraint is imposed.
We also refer to Beals, Gaveau and Greiner [3] (see also Prieur and Trélat [16]) where the minimal
time control problem is solved through a complete description of the geodesics in a sub-Riemannian
manifold. As far as we know, there is no explicit optimal solutions when constraints are imposed on
the state variables. The aim of this paper is to describe the optimal solutions to the minimal time
control problem for a general nonholonomic system with a state constraint. This will be achieved with
the use of Pontryagin’s maximum principle extended to the state constraints cases (see Bonnans and
Hermant [5], Harlt, Sethi and Vickson [12] or Ioffe and Tihomirov [14]).

The general nonholonomic system we consider is a multi-dimensional generalization of the Brockett
integrator, see [6]. We mention that our generalization is different from the one originally given in [6]



but follows the one given by Beals, Gaveau and Greiner [3] for (2n + 1)-dimensional Heissenberg
systems.

Before introducing in details the general nonholonomic system we are interested in this work, we
give some notations used throughout this paper. Let n > 2 be an integer and let M denotes a n X n
real non-symmetric matrix (i.e. M # M). By (-,-) we denote the inner product in R” and |- | is the
corresponding Euclidean norm. The null vector in R™ is denoted by 0,,. We fix two values ¢ € (0, +00]
(possibly ¢ = +00) and § € R, § # 0 which will stand respectively for the bound of the state constraint
and the nontrivial target to be reached for one of the variable components. Then, the optimal control
problem we consider reads as follows:

Time optimal control problem. Find the minimal time T* > 0, such that there exist functions
(y,x) : [0,7*] — R x R™ and a control variable w : [0,T*] — R" satisfying the differential system

j = (Ma,u) (1.1)
T=u (1.2)
with the given initial and final states

and subject to the constraints

In the optimal control problem (1.1)—(1.6), functions (y, ) : R — R x R™ are the state variables
of the system whereas u : Ry — R" is the control variable. Equation (1.3) is the initial condition for
the state variables and (1.4) is the final state to be reached in a minimal time. The constraint (1.5)
on the control variables is necessary to make system (1.1)—(1.4) relevant. Without any constraint on
the boundedness of the control variables, the minimum time control problem does not make sense.
Indeed, the control variable can be seen as a velocity variable and if we do not require the control
u to be bounded, the minimal time tends to zero. The constraint (1.6) on the state variable x is
mainly motivated by the work of Lohéac, Scheid, Tucsnak [15]. In this paper, the authors tackle a
time optimal problem arising from fluid dynamics and self-propulsion of a deformable body immersed
into a Stokes fluid. The body is able to move into the fluid by changing its shape. In this context,
the state variable y stands for the position of the mass center of the body in the fluid, whereas x
corresponds to the magnitudes of radial deformations. In order to deal with small deformations, a
state constraint of type (1.6) has to be imposed on the magnitudes x.

The paper is organized as follows. In Section 2, after giving some basic results on the controllability
of the nonholonomic differential system (1.1)—(1.6), we state the main result of this paper. Optimal
trajectories are fully described and optimal solutions to the constrained nonholonomic problem (1.1)—
(1.6) are explicitly given. In Section 3, general properties on the optimal control problem are obtained.
In particular, a ”bang-bang” property is established for the optimal control. Next, in Section 4 we apply
an Hamiltonian approach taking into account the state constraint and we make use of Pontryagin’s
maximum principle in order to get fine properties on the optimal control. Section 5 is devoted to the
2-dimensional control case (n = 2) where explicit optimal solutions are obtained. Finally, in Section 6
we prove the main result in the n-dimensional control case by using the explicit solutions builds in
Section 5.



2 Controllability results and statement of the main result

In this section we start to establish some controllability results on the nonholonomic system (1.1)—(1.6).
The main result of this paper is given at the end of the section.

For a given control variable u, the Cauchy problem (1.1)—(1.3) admits a unique solution. More
precisely, one can easily checked that the following existence result holds.

Theorem 2.1. Let u € L¥(R)" be given. There exists a unique solution (y,x) € WL®(R) x
WL (R)™ to the differential system

y=(Mz,u)

T=u

with initial conditions

(y(0),z(0)) = (0,0,) € R x R".
For every u € L>®(R;)", according to Theorem 2.1, we can defined for ¢ > 0,

Xu(t) = :C(t),
Yu(t) = y(t),

where (y,z) € WH°(Ry) x WH(R,)™ is the solution of (1.1)—(1.3) with the control variable u.

We now address the controllability problem associated to the differential system (1.1)—(1.3).
Controllability problem. Find a time T > 0 and a control variable w € L*°(0,T)" such that

(Vu(T), Xu(T)) = (,00) (2.7)
and which satisfy the control constraint
lu(t)] <1 (for a.e. t € (0,T)) (2.8)
together with the state constraint

Xu(t) <c  (te[o,T)). (2.9)

This problem can be solved by using tools coming from the geometric control theory. The control-
lability result for problem (2.7)—(2.9) reads as follows.

Proposition 2.2. There exist a time T > 0 and a control variable w € L*(0,T)" such that (2.7) is
satisfied with the constraints (2.8) and (2.9).

Proposition 2.2 can be proved by using the Chow theorem based on the computation of Lie brackets
(see for instance [1, 10]). This result can be obtained by a slight modification of the controllability
result proved in [15, Theorem 4.1] (see also [10, Example 3.20] and [4]), so we do not give the proof of
Proposition 2.2. We just want to point out that the assumption that the matrix M is not symmetric
i.e. M # M7, is crucial in order to obtain non-null Lie bracket.

The controllability result of Proposition 2.2 allows to define the set U’ (M) of controls u solution
of (2.7)-(2.9) in time T" by

UT (M) = {u € L=(0,T7)", |u| <1 and |Xy| < c ae. in (0,T), (Vu(T), Xu(T)) = (7,0,)} . (2.10)
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When no confusion occurs, we will simply write U7 instead of U (M).

Applying the classical Filippov Theorem (see for instance [1, 8, 12]) to the time optimal control
problem, we can easily obtain the following result. For the proof, we refer to [15, Proposition 4.5]
where a similar time optimal control result is proved.

Proposition 2.3. The set of times T > 0 such that there exists a control variable w € L*°(0,T)"
satisfying (2.7)—(2.9), admits a minimum value T*(M) > 0.

We will say that 7 (M) defined in Proposition 2.3 is the optimal time and a corresponding control
u € UT"M) is a time optimal control. The optimal time T*(M) depends on the matrix M but when
there is no possible confusion, we do not mention this dependency by simply writing 7. The 2-tuple
(T*,u) where u € UT" is called an optimal solution of (2.7)—(2.9).

We are now in position to give the main result of this paper.

Theorem 2.4. Let \* be the largest modulus of the eigenvalues of the skew part of the matriz M, i.e.

A* :max{|)\|, A€ sp <;(M—MT)>} .

Let us also define the two real positive values,

o7
d*:\/ﬁ‘j\/l and T:%C.

Then, the optimal time T* of the problem (2.7)—(2.9) is given by:

d* if ¢ = d*,
T* — e | (2.11)
% + 7 otherwise.

Moreover, the problem (2.7)~(2.9) admits a time optimal control u € C°([0, T*])"™ given by :
u(t) = n(Hwr +(Hwe (¢ €[0, T7]), (2.12)
where wi, ws € R™ are two orthonormal vectors satisfying
1 1
5 (M - MTw; = Nwsy  and 5 (M - M)wy = =\ w .

The function v = (y1,72) € C°([0,T*])? is defined as follows.

e if c > d*, we have

v(t) = R <sign(y)§z t) v (te[0,TY). (2.13)
o if c < d*, we have
R(QSig:(y)t) v ifteo. ),
v(t) = { R (Slgj(y) (t— T)) v ifteln T — 1), (2.14)
R (Sig“(y) (2t — 3(T* — ))) wo ifte [T —r T%.




cosf —sinf

In the above, R stands for the rotation matriz, R(0) = <sin9 cos 0

> for & € R. The vector vy € R?

is chosen such that |vo| = 1.

From Theorem 2.4, one can give a complete description of the optimal trajectory t +— X (%)
associated to the optimal control w given by (2.12). Indeed, integrating (2.12) yields Xy (t) = oy (t)w1+
as(t)ws for all ¢t € [0, T*] with ay(t) = fot 7y1(s)ds and as(t) = fot y2(s)ds. As a result, we obtain
that the optimal trajectory t — X, (t) associated to w lies on the plane spanned by {wi,ws}. In the
case where ¢ > d* i.e. when the bound of the state constraint is large enough, the optimal trajectory
t — Xy(t) describes a circle of diameter d* < ¢ passing through the origin 0,. When ¢ < d*, the
optimal trajectory t — X, (t) is a C'l-curve formed by arcs of circles. In particular, in that case one
can easily check that | Xy (t)| = c for all t € [r, T* — 7] and | X (t)| < cforall t € [0, 7) U (T* — 1, T*].
An example of an optimal trajectory is shown in Figure 1 in the case where ¢ < d*. In Figure 1, the
trajectory t — A4, (t) is displayed in the plane spanned by the two orthonormal vectors w; and ws.

Remark 2.5. We point out that the minimal time is a decreasing function of the largest modulus A*.
More precisely, for any couple (M, M) of non-symmetric square matrices, we have:

max{|\|, X €sp(M — M ")} <max{|\|, Aesp(M —M")} = T*M)<T*(M),
whatever the size of the matrices are.

Remark 2.6. In the case where the bound of the state constraint is large enough, i.e. when ¢ > d*, the
state constraint does not play any role since the optimal trajectory will never reach the constraint. In
the case of time optimal control for the Brockett integrator, explicit optimal solutions have been already
obtained in [16] for the 2-dimensional control case n = 2, without constraint on the state variables.
We also refer to [3] where a complete description of the geodesics of (2n + 1)-dimensional Heisenberg
groups are given. For the latter, no state constraint are considered in their study.

Figure 1: Optimal trajectory ¢ — X, () in the case where ¢ < d*.



3 Preliminary properties of the optimal solution

In this section we establish some properties of the time optimal solutions of the control problem
(2.7)—(2.9). These properties will be very useful when integrating the maximum principle in Section 4
in order to obtain fine properties of the optimal trajectories. We first mention a result about the
reversibility property of the control problem.

Proposition 3.1. Let T > 0 and u € UT be solution of the control problem (2.7)—(2.9). We define
the function w € L>(0,T)" by w(t) = w(T —t) for almost every t € (0,T). Then, we have

(Va(T), Xa(T)) = (=7, 0n)
with |a(t)| <1 for a.e. t € (0,T) and |Xu(t)| < ¢ for allt € (0,T).

In other words, if u is a control steering the state trajectory from (0, 0,,) to (g, 0,) in time 7', then
w = u(T — -) is a control which steers the state trajectory from (0,0,) to (=7, 0,) in the same time
T.

The next result is concerned with the non-symmetric matrix M and it asserts that only the skew
part of M plays a role in the control problem (2.7)—(2.9). More precisely, we have the following result.

Proposition 3.2. For every T > 0, we have UT (M) = UT(3(M — M")). Moreover, T*(M) =
T*(3(M —MT)).

This means that a function w € U7 (M) is solution of the control problem (2.7)-(2.9) if and only
if it is a solution of the control problem obtained from (2.7)—(2.9) by replacing the matrix M with its
skew part, that is to say by considering the equation

b= (3 -3

in place of equation (1.1).

Proof of Proposition 3.2. We first prove that U7 (M) c U” (§(M — M")). Let us choose u € UT (M)
and we set © = Xy, y = Vu. Equation (1.1) can be written in the form:

= <; (M+MT) mm>—|—<; (M—MT) ar;:c> .

Since the matrix % (M + M T) is symmetric, we have
1 T \ _1d /1 T
<2(M+M )w’w>—2dt<2<M+M )"’J”“‘> ‘

T
1
Integrating <% (M +MT) x, :B> over t € [0,7T] yields / <2 (M—i— MT> :Iz,zi:> dt = 0 due to the
0

initial and final conditions (0) = x(T") = 0,,. Then, we have

o) -0 = [ {5 (- nT) ) ar

As a result, the symmetric part of M does not play any role in the control system. This fact clearly
implies that U7 (M) Cc UT(3(M—MT")). In a very similar way, one can prove that U7 (3(M—M ")) C
UT(M). The Proposition is then proved. O



The next Proposition shows that the time optimal control is ” bang-bang”, that is to say the bound
of the constraint (2.8) is reached by an optimal control for almost every time.

Proposition 3.3. Let T* > 0 and uw € UT" be an optimal solution of the control problem (2.7)-(2.9).
Then, u satisfies for almost every t € (0,T%),

u(t)] =1 (3.1)

and
u(t) € Ker(M — M ")+, (3.2)

Proof. To prove (3.1), we argue by contradiction. Let us assume that there exists a time optimal
control w which does not satisfies (3.1). We define the function s € W1°(0, T*) by

s(t) :/0 |w(r)|dr (te[0,77]). (3.3)

Let us denote T = s(T*). Since y # 0, the optimal control u is necessarily a non-null function and
then the function s is non-constant on [0,7*]. As a result, we have that T > 0. In addition, from the
fact that |u(t)] < 1 for almost every ¢ € (0,7*) and since we assume that u does not satisfy (3.1),
we deduce that T = s(T*) < T*. Moreover, since s is an nondecreasing function, there exists a right
inverse function s, : [0,7] — [0,7*] such that s(s.(0)) = o for every o € [0,T]. In addition, s, is
a nondecreasing function. This fact implies that s, is almost everywhere differentiable in [O,T] and
we have that $(s,)s, = 1 a.e. in [0,7]. Using (3.3), we deduce that lu(sy)| s, = 1 ae. in [0,7].
Therefore, we obtain
lu(s,)| #0 ae. in [0, 7]

Now, we introduce the following functions defined for almost every o € [0, 7] by

(o) = @) 3.4

(o) (s, (@)] (3.4)
§(o) = y(s:(0)) (3.5)
(o) = w(sr(a)) ) 3.6

where y = Y, € WH(0,7*) and = = X, € WH(0,T*)". We are going to prove that @ is a
control function providing a solution to (2.7)-(2.9) in the smaller time 7' < T*. This will lead to a
contradiction to the fact that 7 is the minimal time.

We first notice that @ € L*(0,7)" and (7,&) € W'>°(0,T) x W1(0,T)". For almost every
o € [0,T], we have

@a:¥'sra = (Mx(o),u(c
107 = Tatar 7] 167 (@) = (M3(0). ()
dj 1

e (o) = m a:(sr(a)) =u(o).

Thus, we deduce that § = YV and & = Xy. The constraints (2.8) and (2.9) are fulfilled by the control
u. In addition, we have



Then (T, @) is a solution to the control system (2.7)—(2.9) and since T < T*, we obtain a contradiction.
The bang-bang property (3.1) is then proved.

Now, we turn to the proof of (3.2). Using the space decomposition
R" = Ker 1(M ~M") ) &Ker 1(M - M) ] (3.7)
2 2 ’

we split w(t) = ug(t) + w1 (t) with ug(t) € Ker(3(M —M ")) and uy € Ker(3(M — ]\JT))J'7 for almost
every t € [0,77]. Let us define ; = A, for i € {0,1}. We clearly have that X,, = xo + x; with
xo(t) € Ker(3(M — MT)) and x1(t) € Ker($(M — MT))J‘, for every ¢ € [0,T]. Expanding the scalar
product in (1.1) with the splitting (3.7) yields

Vul(T*) = /OT* <; (M + MT) Xu(t),u(t)> dt + /OT* <; (M - MT) Xu(t),u(t)> dt.

We have that u = X, and (M + M ") is a symmetric matrix, thus the first integral term in the above
relation is null (see the proof of Proposition 3.2). Then we obtain

V(T = /OT* (<; (M~ M) o), u(t)> 4 <; (3 —ar7) wl(t),uo(t)> 4
4 <; (M~ M) (1), ul(t)>> at
_ /OT* <; (3 -7 :vl(t),ul(t)> dt = Y, (T*).

Thus, we conclude that (7%, ) is an optimal solution, that is u; € U™ Since w and w; are time
optimal controls, they both satisfy the bang-bang property (3.1) and consequently we have that ug = 0,
and w = u;. This ends the proof. O

4 Maximum principle

Before considering the Hamiltonian approach of the optimal problem, we recall some basic facts about
the Radon measures and bounded variations functions. We say that n is a Radon measure on [0, 7] if
it is a regular Borel measure which is finite on the compacts. For more details on Radon measure, we
refer to [11]. The space BV (0,T) of functions of bounded variations is defined by

BV(0,T) = {,u : [0,7] — R measurable, sup <Z lp(tre1) — u(tk)|> < +oo} ,
neN* \ .7,

where the supremum is taken over all finite partitions 0 =ty < t; < ... < t, = T. For a complete
description and properties of functions of bounded variations, we refer to [2] (see also [11]). We only
recall the basic fact that for every function p € BV(0,7) and ¢ € (0,T), one can define the left and
right limits

u(t™) = lirr(l] p(t—e), p(tt) = lir% p(t+e).
55;»(] 55;0

and the jump value is denoted by
[u)(t) = p(tT) — p(t™) -
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Now, we consider the Hamiltonian approach so as to obtain necessary optimality conditions for
the time optimal problem. In order to take in consideration the state constraint, we follow a classical
procedure, as described for instance in [14, 5, 9, 7]. The Hamiltonian of the system (2.7)—(2.9) for the
minimal time problem is the function H : R" x R x R x R" x R — R defined by (see [15, Section 5]):

H(w7u7p07p7 80) - <poMcc—|—p,u> +80' (41)

In order to take into account the state constraint (2.9), we introduce the function g. € C*°(R",R)
defined, for every & € R", by

1 2 2 : *
B §(|£| —c) if ce RY,
9:(£) = {—1 if ¢ = 400. (42)

Let T > 0 be the minimal time corresponding to an optimal control w € L*(0,7)" with the
associated state trajectory (y, z) = (Vu, Xu) € WH2(0, 7). We define the set

E. = {t € [OvT] ) ’Xu(t” = C} .

The Pontryagin maximum principle (see [14, Section 5.2.1, Theorem 1] or [5, Theorem 2.2]) asserts
that there exist so < 0, go € R", g; € R", pg € R, p € BV (0,7)" and a non-negative Radon measure
n with support in E., not all null, such that (2.7)-(2.9) hold together with the co-state equations

T
p)=a+ [ mMTude~ [ o). (4.3)
t [t,T]
p(0) = qq (4.4)
and in addition
H($,U,p0,p, 50) = %%%H(w?vap()vp’ 30)' (45)
[v]<1

Since the Hamiltonian H and the state constraint function g. defined by (4.2) do not depend on the
time variable ¢, we deduce that (see [14, Section 5.2.2.]):

H($7u7p07p7 SO) =0. (46)
We emphasize that in the presence of state constraints, the function p can be discontinuous because
the co-state equation (4.3) involves an integral with respect to the measure 7.

In the next Proposition, we give some property of the optimal control w satisfying (2.7)—(2.9)
together with the adjoint variables satisfyings (4.3)—(4.6).

Proposition 4.1. Let us consider T > 0, u € L>®(0,T)" and (y,x) = (Vu, Xu) € WH2(0,T)" !
satisfying the control problem (2.7)—(2.9). We also consider sp < 0, qo € R", q; € R", py € R,
p:[0,T] — R™ and a non-negative reqular measure n with support in E. = {t € [0,T], |Xu(t)| = c},
not all null, satisfying (4.3)—(4.6). Then, we necessarily have that

30<07 qo#on; q17é0n7 PO?AO,
and w,p € CO(0,T))" N C((0,T]\ Eo)" satisfy

M
u= 1)07524—1) in [0,T7]. (4.7)
—50



In addition, we have that
(x,u) =0 1in E., (4.8)

and the measure 1 satisfies the property
n({t}) =0 for everyt e [0,T]. (4.9)

Remark 4.2. A time 7 € (0,T) such that |x(T)| = ¢ and with the property that there exists g > 0
such that |x(T —€)| < ¢ for every e € (0,e9] will be called a reaching time. The property (4.8) implies
that the state constraint (2.9) can only be reached tangentially at any reaching time 7.

Proof. To begin with, we give some properties of the set E.. Since n is a regular measure, we obtain
from (4.3) that p € BV(0,T)" and p is continuous from the left. Notice that since € C°([0,7])" and
x(0) = z(T) = 0, we have that E, is a closed set of (0,7) and [0,7] \ E. is a set of positive measure.

Since the support of 7 is included in E., we obtain from (4.3) that p is almost everywhere differ-
entiable on the open set [0, 7]\ E. and we have,

p(t) = —poM "u(t)  forae. te (0,T)\ E.. (4.10)

e We start to prove that sy < 0. To this end, we assume by contradiction that sp = 0. Then g,
g1, po, p and 7 are not all zero and due to (4.6), we have

0= (poMzx + p,u) a.e. in [0,7]. (4.11)

We introduce the set A = {t € [0,T], poMz(t)+p(t) # 0,}. Using the maximum principle (4.5) we de-
poM=(t) + p(t)

duce that, for almost every t € A, we have wu(t and then
O = () 1 pl0)]
(poMz(t) + p(t),u(t)) # 0. Due to (4.11), we obtain that A is a negligible set and thus
p=—poMx a.e. in [0,77]. (4.12)

The above equation yields p € W1>°(0, T)". Differentiating (4.12) and comparing the result with the
equation (4.10), we obtain

0, = po(M — M ")u(t) for a.e. t € [0,T]\ E.. (4.13)

Now, under the assumption sy = 0, we are going to prove that pg # 0. Arguing by contradiction,
we assume that pp = 0. Using (4.12), we obtain that p = 0,, in [0, 7], hence g, = 0,, and for every
t € [0,T], we have

T
qlz/ Vge(x)dn.
t

Since T' ¢ E. then n({T'}) = 0 and then q, = 0,, and for all ¢ € [0, 7], we obtain
Vge(x)dn = 0,. (4.14)
[t.T]

If ¢ = 400, we clearly have that n = 0 and hence sg, po, qg, g1, p and 1 are all zero, leading to a
contradiction. Thus, in the case where ¢ = +00, we have pg # 0. For the case 0 < ¢ < 400, we will
show that 7 = 0 and the same contradiction as above will hold. Since Vg.(x) = «, the equation (4.14)
implies that for every to and t; with 0 <tg < t; <7, we have

/ xdn =20,
[to,t1]

10



Let to be chosen in the support of 7. Then, for every € > 0, the measure of the interval [t — &,to +
e] N[0, T] with respect to n is positive. Since the support of 7 is contained in E., we have ty € E. and
hence |x(tp)| = c¢. Using the fact that = is continuous, we obtain that there exists € > 0 such that
(x(to), z(t)) > % for every t € [to —e,to + €] N [0,T]. On the other hand, due to (4.14) we have,

2
0= / (w(to), 2(0)dn > Sn(lto — e,to + N [0, 7))
[to—e,to+<]N[0,T]

We deduce that n([to — &, %o + ] N [0,T]) = 0 which contradicts the fact that o is in the support of 7.
Consequently, the support of 7 is empty and thus n = 0. As a result, so, po, q¢, g1, p and n are all
zero which leads to a contradiction.

So, under the assumption sg = 0, we have proved that py # 0. Now, we deduce from (4.13) that
u € Ker(M — M) in the set [0,7] \ E. of positive measure. This is in contradiction to the property
(3.2) in Proposition 3.3. Therefore we have proved that sp < 0.

e Now, we turn to the proof of (4.7). Since sy < 0, we deduce from (4.6) that poMx(t) +p(t) # Oy,
for almost every ¢ € [0, T]. Hence, using (4.5), we obtain

wit) — OM(D) £ (1)
[poMa(t) + p(?)

Inserting the above expression in (4.6), we obtain (4.7) and as a result we have that w € BV (0,7)".

for a.e. t € [0,T].

e Let us prove that w is a C* function on the open set [0,7] \ E.. From the co-state equation
(4.3), we infer that p has the W1 >-regularity on the set [0,T]\ E.. Therefore, according to (4.7) we
obtain that w has also the W1 >-regularity on [0,7] \ E.. Differentiating (4.7) and (4.3), we obtain
that u satisfies the differential equation

a(t) = Lo (M — MTu(t) for ae. t€[0,T]\ E..
e

This ensures that u is a C*° function on [0, 7]\ E.. Using (4.7) we clearly obtain that p also possesses
the C*°-regularity on [0,77] \ E..

e Now, we prove that u,p € C°([0,7]) and that the property (4.9) on the measure 7 holds. These
results are obvious when E. = (). So we only consider the case where 0 < ¢ < 400 and E, # (). We
start to prove that p is continuous on [0,7]. According to the co-state equation (4.3), it is sufficient
to prove that the function m : ¢t — ftT adn is continuous on [0,7]. We argue by contradiction. Let us
assume that the function m is not continuous on [0, T]. Hence, there exists a time 7 € [0, 7] such that
[m] (1) = (1) with a = n({7}) > 0. Therefore, using (4.7) and (4.3), we obtain

—sou](1) = [p/(7) = az(7). (4.15)

Notice that since we already know that w is a C'*° function in [0,7] \ E., we necessarily have that
7 € E.. In particular, we know that 7 # 0 and 7 # T'. Using (4.6) with the expression (4.7) of u, we
obtain

lpoMzx + p|? = s in BV(0,T),
which implies

[poMa () + p(r )" = [poMa(r) + p(r ).

It follows that

2(poM(7), [pl(7)) + [Ip[*](7) = 0. (4.16)

11



Using (4.7), (4.15) and the fact that |x(7)| = ¢, equation (4.16) yields after straightforward calcula-
tions,

—2spa(u(t7),2(7)) + 2o = 0. (4.17)

Since a > 0, we obtain o = %(u(T_), x(7)). We know that 7 € E,, i.e. |x(7)| = ¢, thus we necessarily

have M(7'_) > 0. This leads to (u(77),2(7)) > 0 and we deduce that o = 25 (u(77), z(1)) < 0,
dt c

which is in contradiction to the fact that a > 0. So, p cannot have discontinuity points and in view
of (4.7), we have also shown that w € CY([0,T])". From (4.3), we have [p](t) = n({t})xz(t) for every
t € [0, 7] then the continuity of p implies (4.9).

e We are now in position to prove (4.8). In fact, we are going to prove that (u(7),x(7)) = 0 for
every 7 € E, or equivalently d'(ﬁF (1) = 0 for every 7 € E.. Let us choose 7 € E.. Using the Taylor
formula, we have

d|z[”
dt

d|x|”

dt

le(1T +0)> = |=(1)]* + 6 (1) +0(0) =c*+6 (1) 4+ o(0) (0 —0).

Then, in order to satisfy the constraint |x(7 + 0)|? < ¢? for every § € R small enough, we necessarily

have d‘da;P (1) =0.

e The proof of the properties q; # 0,,, g; # 0,, is a consequence of the continuity of w. Indeed,
we have g, = p(0) and g, = p(T') and due to (4.7) and the fact that u € C°([0,T])", we deduce that
u(0) = }SOqO and u(T) = }Soql. Since w is continuous in [0, 7] and satisfies the bang-bang property
(3.1), we necessarily have gy # 0y, q; 7 O.

e Finally, we prove that pg # 0. We argue by contradiction. Let us assume that pg = 0. We define
7 = sup{t € [0,7], |z(o)| < c for every o € [0,t]} and we see that 7 € (0,7]. Using the co-state
equation (4.3) with pg = 0, we obtain that p is constant on [0,7] and hence using (4.4) and (4.7),
we have p(t) = qq, u(t) = % for every t € [0,7]. Thus z(t) = %t for every t € [0,7]. If 7 =T,
we have x(T) = %T # 0 which is in contradiction to the final condition (2.7). If 0 < 7 < T, then

2 2
we necessarily obtain 7 € E.. Moreover, we have d‘dﬁ‘ (1) = 2(x(7),u(r)) = %T # 0 which is in
0

contradiction with (4.8). Thus, we have proved that py # 0.

The proof of the Proposition is completed. O

We conclude this section by giving the explicit form of the optimal controls and trajectories in
region where the state constraint is not reached.

Lemma 4.3. Let u € L*>(0,T*)" be a time optimal control. Then, for every to,t; > 0 with ty < t1
such that |Xy| < ¢ in (to,t1), we have

_ T
MM) ulte)  (t € o)) (4.18)

u(t) = exp (6(15 —tp)

with § = 222 £ 0.

Proof. The Prontryagin maximum principle ensures that there exist sp < 0, gy € R", g; € R", pg € R,
p:[0,7] — R™ and a non-negative regular measure 1 with support included in E., not all zero such
that such (2.7)—(2.9) and (4.3)—(4.6) hold. Since the support of n does not intersect the interval [to, t1],
we deduce from the co-state equation (4.3) and the C*°-regularity of p in (¢g,t1) that the following
differential equation holds:

p=—poM'u in (to,t1) .

12



Hence differentiating (4.7), we obtain,

_ 2po (M—MT

. 1
= ——(poMu — poM ")
—S0 2

)u in (to, t1).

The general solution of the above differential equation for w is given by (4.18). O

5 Optimal solution for the 2-dimensional control case

In this section, we study the case of a 2-dimensional control, i.e. the case n = 2. We shall give the
explicit expression of a 2-dimensional optimal control together with the associated optimal trajectory
for the state variables. We first remark that any 2 x 2 non-symmetric real matrix M possesses a skew
part given by

1
S (M — M) =M\,

0

where J = <1

-1
0 > and A is a non-zero real number. Introducing the rotation matrix R defined by

cosf —sinf - -
R(0) = (sin@ cos 0 ) for every 6 € R, we have that J = R(%) and R(#) = exp(6 J) for every 6 € R.

The first result is devoted to the description of the optimal trajectory for & into a region where
the state constraint is not reached.

Proposition 5.1. Let T* > 0 and u € L>®(0,T*)? be an optimal solution to the control problem
(2.7)~(2.9) with n = 2. We denote by y = Yo, and © = X,, the corresponding optimal state variables.
Then there exists 0 # 0 such that for every to,t1 > 0 with ty < t1 such that |Xy| < ¢ in (to,t1), we

have, for every t € [to,t1],
u(t) = R(OA(t — to))u(to) , (5.1)

1

z(t) = z(to) — v (R(6A(t —t0)) — I2) u(to) , (5.2)
1 t—to
5 )

y(t) = y(to) + S(to, t1) — 5 (ulto), () — 2(to)) + A {Ja(to), (1)) + (5.3)

1 .
where S(to,t1) = §(<Msm(t1),m(t1)> — (Msm(t), z(to))) with Mg = 5(M + M"). The real value
A #£ 0 is uniquely determined by the skew part of the 2 X 2 non-symmetric matrix M written in the
form (M — M ") = AJ.
In addition, the optimal state trajectory t € [to,t1] — = (t) € R? is a parametrization of an arc of

1 1
circle with radius Y and center x(to) — ﬁJu(to) e R2.

Proof. The expression (5.1) for w is nothing more than the expression (4.18) in Lemma 4.3 for the
2-dimensional control case. Moreover, integrating (5.1) between t and ¢ € (o, t1) yields the expression
(5.2) for @. Let us turn to the proof of the expression (5.3) for y. We integrate (1.1) between ¢y and
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tc (to,tl) :

y(t) — y(to) = / (Ma(s), u(s)) ds

_ / (Mga(s), u(s)) ds + / (T (s), uls)) ds

to to
1

= §(<Msw(t1),x(t1)> — <Msw(to),w(to)>) —l—/t (A x(s),u(s))ds (5.4)

Using (5.1) and (5.2) into the last integral term in (5.4), we obtain

/tt<AJ:c(s),u(s)> ds = /: <)\J C;LJ(U(S) —ulty)) + m(t0)> 7u(8)> ds

0 0

_ /t: <(1S(u(s) — u(ty)) + Ma(to), u(5)> ds

-1 t: ()l ds — & <u(t0), /t:u(s) ds> I <J:I;(t0), /t:u(s) ds>

=t —5750 - % (u(to), z(t) — x(to)) + A (Jx(to), z(t)) (5.5)

Combining (5.4) with (5.5) yields (5.3).

Now, we prove that the optimal trajectory ¢ € (to,t1) — «x(t) describes an arc of circle. To see

1
this, we define ¢y = x(tog) — ﬁju(to) € R? and we have, for every t € (to,t1),

2 Jult)? 1
BAR T oAl

This completes the proof of Proposition 5.1. Ol

@ (t) — col? = ;—;JR (A — t0)) ulto)

In the next Lemma, we give a property on the optimal state trajectory which asserts that the
trajectory does not pass through the origin except at the initial and final times. This result will be
useful for the complete description of the optimal trajectory.

Lemma 5.2. Let n = 2. We suppose that the 2 x 2 matriz M in problem (1.1)—(1.6) is given by
M = \J with X € R*. Let T*(M) be the corresponding optimal time and w € UT™ (M) a time optimal
control. Then {t € [0,T*], Xy(t) =02} = {0,T*}.

Proof. As usual, we denote (y,x) = (Vu,Xw) the optimal state trajectory associated to w. It is
clear that we have {0,7*} C {t € [0,T*], x(t) = 02}. We assume by contradiction that there exists
o € (0,7%) such that (o) = 0s.

It is easy to see that the control & = Ju is also a time optimal control, i.e. @ € UT". Indeed, let
us introduce (7, &) = (y, Jx). Then we have

z=Jit=Ju=u and hence §=9y= Nz, u)=N(Jz), Ju) =Nz, ).
This implies that (Vg, X&) = (9, &). In particular, we have &(0) = (o) = 02 and g(o) = y(o). Then,
due to the Bellman principle, the controls @ defined by
w: [0,T*] — R?
u(t) ift<o
t —
a(t) ifo<t<T*

14



is a time optimal control for the control problem (2.7)—(2.9). However, @ is not smooth at time o and
o¢ E.={te[0,T], |Xu(t)| = c} since Xy(o) = 02 (see Figure 2).

T2
trajectory for t < o trajectory for t > o
a(o™)
/7 g N
\
02 ; T1
a(o)

Figure 2: Counter example for proving that the optimal trajectory for  does not pass through 0s,
except at initial and final times.

This is in contradiction with the regularity of the optimal controls proved in Proposition 4.1. Thus,
Lemma 5.2 is proved. O

We are now in position to give the full description of the optimal trajectory when the state con-
straints are imposed. The following result is a particular version of Theorem 2.4 when n = 2, i.e.
when considering the 2-dimensional control case.

Proposition 5.3. Let M be a 2 X 2 real non-symmetric matriz. We define the two real positive values,

«_ |20yl _ 7
d" = B and T = 5 (5.6)

where the real value A # 0 is uniquely determined by the skew part of the 2 x 2 matrix M written in
the form X (M — M ") = X\J. Then, the optimal time T* for the problem (2.7)~(2.9) with the 2 x 2
matrix M s given by:
wd* ifc>d",
T* — 7Td*2 . (57)
+ 7 otherwise.
2c

Moreover, the problem (2.7)~(2.9) admits an time optimal control uw € C°([0,T*])" defined as follows:

e ifc > d*, we have
2 .
T t) U (telo, T7]). (5.8)

u(t) = 7 (sign(s)

In this case, the optimal trajectory t — Xy(t) for t € [0,T*] describes a circle with diameter
d* <ec.
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e if c < d*, we have

(R<251gcn(g)t> u ift €0, 7),
u(t) =< —R (Slgnc(y) (t — T)) U ifte|r, T —1), (5.9)
R <Slgnc(gj) (2t — 3(T™" — T))> wy ifte[T*—1, T%.

In this case, the optimal trajectory t — Xy(t) for t € [0,T*] is composed by three arcs of
circle. The first arc of circle corresponds to the trajectory starting from x(0) = 0 until the state
constraint is reached tangentially at time T = 5 with |x(7)| = c. Then, the trajectory stays
on the constraint, that is |x(t)| = ¢ for times t € [1,T* — 7]. Finally, at time t = T* — 7, the
trajectory leaves tangentially the state constraint and describes an arc of circle in order to reach

the final state x(T*) = 0.
In the above, the vector ug € R? is chosen such that |ug| = 1.

Proof. This proof is organized as follows. Firstly, we will prove the result for the case ¢ > d*.
Afterwards, the result will be shown for ¢ < d*.

According to Proposition 3.2, we can assume without loss of generality that M = A\J. Let T* =
T*(M) > 0 be the minimal time for the problem (2.7)-(2.9) and let w € U”" (M) be a time optimal
control. We denote the corresponding state variables y = ), and « = Xj,.

e In order to prove the result for the case ¢ > d*, we first pay attention to the case ¢ = 4+o00. In this
case, the state constraint (2.9) is never reached and according to Proposition 5.1 an optimal control

has the form
u(t) = R(0At)uo (te[0,77]),

with ug € R?, |ug| = 1 and § € R*. The state trajectory (y, ) has the following representation for
every t € [0, T7]:

2(t) = 157 (R(5M) — Do) wo,
y(t) = & — 5 fuo,2(0)

In order to reached the final state (2.7), we must have
T‘k
g= 5 and |0A|T™ € 27N*.

Hence, there exists & € N* such that

2km|y| T* | 2kn
T = and 6 =— =sign(y)/ —. 5.10
VA y @) Ay (510

Moreover, Proposition 5.1 implies that

sup |z(t) = — = S (5.11)




Since we deal with the case ¢ = 400, the minimal time 7™ is necessarily obtained with £ = 1 and we
obtain T* = wd* with the corresponding optimal control u given by (5.8).
One can easily check that the optimal control w previously obtained in the case ¢ = +oo still
remains an optimal control in the constrained case d* < ¢ < 400 with the same minimal time 7.
From Proposition 5.1 we deduce that the associated trajectory ¢ € [0,7*] — x(t) is a circle of
diameter d*.

e Now we investigate the case where ¢ < d*. We will first show that the state constraint for x is
necessarily reached in a time 7 € (0,7). Then, we will compute an optimal control.

1. Let us assume by contradiction that the state constraint (2.9) is never reached. In that case,
the optimal time and the time optimal control have the same expressions as the ones already
obtained in the case ¢ = +o00. In particular, the expression (5.10) for the minimal time 7% and
the estimate (5.11) for @ hold true for £ > 1. Since ¢ < d*, estimate (5.11) implies that k£ > 2.
Hence at time o = r‘% < T*, we have (o) = 02. This is in contradiction with Lemma 5.2.
Consequently, the state constraint (2.9) is necessarily reached and according to Proposition 4.1

(see also Remark 4.2) the constraint is reached tangentially.

2. We now turn to the computation of the optimal control.
e Firstly, we prove the following characterization for the optimal solution:

(a) the state constraint is reached tangentially at time 7 = ZIf, ie. |z(7)] = ¢ and

2
((7),u(r7)) = 0;
(b) the trajectory for @ stays on the constraint between times 7 and 7% — T;

(c) finally the state trajectory leaves (tangentially) the state constraint at time 7% — 7 in order
to reach the final state (y(7%),x(T*)) = (g, 02).

We recall that due to proposition 5.1, we know that the trajectory for @ is composed by arcs
inside the region where the state constraint is not reached. Obviously, when the trajectory lies
on the constraint, @ also describes an arc of circles. In addition, from (5.1)—(5.2), one can see
that the trajectory can change of arc of circle only when reaching or leaving the state constraint.

We start by proving the description of the trajectory announced in (a).

Let 7 =inf {t € [0,T*], |x(t)| = ¢, Vs € [0,t), |x(s)| < ¢} be the first reaching time. According
to the first item, we know that 7 exists. Since x reaches the constraint in a tangential manner
(see Proposition 4.1 and Remark 4.2) then t € [0, 7] — x(¢) is a parametrization of a semicircle
of radius ¢/2. In addition, due to the fact that |u(t)| = 1 for every ¢ € [0,7] and that wu is
continuous, we deduce that 7 = T = 7.

Using Proposition 5.1, we obtain that the radius of this semi-circle is ‘5—1/“ = 5, and then

2
0= €0 with ¢y = +1. (5.12)

We now prove that the last part of the trajectory, described in (c), is also an arc of circle. We
first prove that if the trajectory leaves the constraint at time o then we necessarily have that
o =T* — 7 and the state trajectory is never reached again. Using (5.1)—(5.2), with § given by
(5.12), we obtain that

x(o+7) =02 and lx(t)| #0 (t€[o,0+T)).
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Consequently, due to Lemme 5.2, we obtain that o + 7 = T™*.
Then we have proved that the optimal trajectory ¢ — x(t) for t € [0, T, has the characterization
given by (a), (b) and (c).

e We now turn to the calculation of an optimal control.

Using (5.3), we obtain

pYears
4

y(r) =y(T7) —y(I™ —7) = (5.13)

:60

T
)

For every t € [1,T* — 7], we have |x(t)| = ¢ and & must have the form:

xz(t) =R (Ij(ct)> x(T) (telr,T"—1]), (5.14)

with v € W1°(7, T* — 7) being an unknown function. We have

u(t) =a(t) =v(t)JR (V(t)> m(CT) for a.e. t € (1,7% — 7). (5.15)

C

Due to the fact that |u(t)| = 1 for every t € (0, 7*), we have that || = 1 everywhere in (7, 7% —7)
and since u is continuous, we have that v is a constant and we denote 1 = v = £1.

Using (5.14) and (5.15), we obtain (AJx(t), u(t)) = Ace; for every ¢t € (7,7* — 1), then
T —1 T —1
y(T* — 1) — y(r) = / J(1) dt = / OJa(), w(t) dt = Aeer (T — 27). (5.16)

Then, using (5.13) and (5.16), we obtain

y(I™) = y(r) + (y(T™ = 7) —y(7)) + (Y(T™) —y(T* — 7))
pYearss pYesss PVt

=€ + Aeer (T" — 27) + € 1 =05 + Aeey (T — em).
Then )
A
g—e€o CQW = Aeer (T" — emr) . (5.17)

Since the trajectory of « is composed by arcs of circle and since the state constraint is reached
and leaved tangentially, we deduce that the length of the trajectory t — x(t) for t € [0,T*] is
necessarily larger than the perimeter of a circle of radius ¢/2. So, we have

T*
/ ()] dt > e
0

Since || = |u| = 1 on [0, 7*], we deduce that T* > cm. Since we assumed that ¢ < d* = \/%,

we obtain from (5.17) that e; = sign(\y) and then using (5.17), the minimum for 7* is obtain
for €9 = €1. Therefore, the minimal time T is given by

_ gl | e

T = .
Ale 2

A straightforward calculation shows that the control given by (5.9) is optimal.

The proof of Proposition 5.3 is completed. 0
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We conclude this section by giving a numerical example of a fluid-structure interaction control
problem. We consider a swimming control problem for a deformable body immersed into a Stokes
fluid. The body is able to self-propell into the viscous fluid by changing its shape. As already
mentioned in the introductory section at the beginning of the paper, the state variables & correspond
to the magnitudes of the deformations and a state constraint is imposed in order to ensure in particular
that the deformation map is one-to-one. We refer to [15] for more details. In this context, the minimal

. . . . . 3 (0 2
time control problem involves the Shapere-Wilczek matrix (see [17, 15]) given by M = = <3 O).
An optimal trajectory ¢ — a(t) with the state constraint |x| < 1 is depicted in Figure 3.

1 _I T T |m I_
0.5 + i
g of .
-0.5 g
1k i
-1 -0.5 0 0.5 1

1

Figure 3: Case n = 2. Optimal trajectory ¢ — «(t) with the Shapere-Wilczek matrix. The state
constraint is |z(t)| < 1.

The state variable y stands for the vertical position of the mass center of the body and we choose the
target y = 1. In Figure 4, we plot the optimal trajectory ¢ — y(t) obtained with the full matrix M. We
also display in Figure 4, the optimal trajectory obtained by only considering the skew-symmetric part
%(M — M) instead of the full matrix M. For these two matrices, we emphasize that the dynamics
of the system are different although the optimal controls are the same as proved in Proposition 3.2.
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_02 1 1 1 1

Figure 4: Case n = 2. Optimal trajectories ¢ — y(t) with the full Shapere-Wilczek matrix and with
its skew-symmetric part. The state constraint is |z(¢)| < 1 and the objective is § = 1.

6 Proof of the main result for the n-dimensional control case

In this section, we consider the general n-dimensional control case with n > 2 and with an n x n real
non-symmetric matrix M. We will construct a n-dimensional optimal control from the 2-dimensional
control computed in the previous section. To begin with, we make some reductions on the n x n matrix
M of the control problem (1.1)-(1.6). Let us first notice that due to Proposition 3.2, we can assume
without any loss of generality that M is a skew-symmetric matrix. Moreover, due to the property
(3.2) in Proposition 3.3, the null space of M does not play any role in the control problem (2.7)-(2.9).
Consequently, we can also assume that M is an invertible matrix. This means in particular that the di-
mension number n of the matrix M is even. The eigenvalues of the skew-symmetric invertible matrix M
are pure imaginary numbers ¢\, —iA1, iAo, —iAg, - -+ ,iA;, —tA; with 2l = n and with A\ > ... > X\ > 0.
In addition, the skew-symmetric invertible matrix M can be diagonalised in an orthogonal basis to a
block diagonal real matrix. More precisely, there exists a real orthogonal matrix P such that (see [13,
Corollary 2.5.14])

AJ
PTMP=J(A) with J(A)= : (6.1)
ANJ
where J = (1) _01 and A = (A1,..., ;). Moreover, the columns of the orthogonal matrix P are
composed by the real vectors wi,was, - -+ ,wo which satisfy, for j =1,--- 1,

Mwsj—1 = \jway, (6.2)

M’ngj = —)\ngj_l . '

One can easily check that, for every T' > 0, we have

ucUT(I(N) & PucU’ (M) (6.3)
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Consequently, the minimal time for the matrix M is equal to the minimal time for the matrix J(A)
ie.,

T (M) =T*(J(A)).
For the rest of the section, we will denote the minimal time 7*(A) instead of T*(M) and when no
confusion occurs, we will simply write T*.

According to (6.3), it is sufficient to prove Theorem 2.4 for the n-dimensional control problem with
the block diagonal matrix J(A) defined by (6.1) instead of the full matrix M. Moreover, the vector
A € R is composed by the positive imaginary part of the eigenvalues of %(M - M T) taken with their
multiplicities and arranged in decreasing order. We will obtain a n-dimensional optimal control with
the n x n matrix J(A) starting from a 2-dimensional optimal control for the 2 x 2 matrix A\*J where
A* = max A. This will be made possible thanks to a monotonicity argument and a zero-invariance
property of the optimal solution.

Let us introduce some notations that will allow us to link the n-dimensional control case with the
2-dimensional one. For every [ € N*, we define the maps:

Hé ‘R — R2?
U1 .
<U2j1> (] € {1,...,[}).

Ugj
V21

The following result is concerned with a monotonicity property for the map A — T*(A).
Lemma 6.1. Let A = (A\j)jecq1,..1) € R%! and A = (S\j)je{l
positive finite sequences such that 1 > 1> 1 and X\; > \; for every j € {1,...,1}. Then we have

T*(A) < T*(A).

€ R% [ be two non- imncreasing and

Proof. Let u € C°(0, T*(A))Ql be an optimal control associated to the matrix J(A). Then, we define
@ 0, T*(A)* by
Aj e
. LI (u(t) if j <1
_ J
I (a(t) =4 VA
0, otherwise,
for every t € [0,7*(A)] and for all j € {1,---,I}. Let (y,2) = (Vu,Xu) € Whee(0,T%(A)) x

Whoe (0,T*(A))2l and (7, &) = (Va, Xa) € WH(0, T*(A)) x W (0,T*(A))2l be the state variables
associated with the matrices J(A) and J(A) respectively. Then, for every ¢ € [0,7*(A)], we clearly
have
Aj e
. LI (= (1) ifj <
I (2(0) =3 VA
05 otherwise,

for all j € {1,---,0}. This implies that |[&(t)| < c for every ¢ € [0,7%(A)] and &(T*(A)) = 0.
Moreover, we have for every t € [0, T*(A)],

i@ JIL (2 (1)), T (a(t ))>
=1

Hence, (t) = y(t) for every ¢ € [0,7%(A)] and §(T*(A)) = y. This ends the proof. O

'M~

(AT (). T (w(6) ) = 9(0)

=1
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Now, we turn to a zero-invariance property satisfied by any optimal control.

Lemma 6.2. Letl € N*, A € R} and A = (A\,...,)\) € Ril. We consider w € UT"(J(A)) a time
optimal control with the matriz J(A) and satisfying II{ (w(0)) = 0y for some k € {1,...,l}. Then
I u(t) = 0y for every t € [0,T].

Proof. As usual, we define x = X, and y = ), the state variables associated to the optimal control
w € UT"(J(A)). We recall that the Prontryagin maximum principle ensures that there exist so, po, P,
qo, ¢; and 1 not all null such that (2.7)—(2.9) and (4.3)-(4.6) hold and Proposition 4.1 ensures that

80<0, po#oaqﬂ#onaQ17§0n-

In addition, according to Proposition 4.1, we know that u, p € C°([0, T])?. Finally, taking into account
(4.7) at time t = 0, we have II' p(0) = 0 and in view of (4.4), we obtain I g, = 0. In addition,
since p is continuous, we deduce from (4.3)—(4.4) that

T* T*
w0 [ mIWud- [ wd. (6.4)
0 0

Notice that due to (4.9), we have f[to p fdn = f(to 1y S dn for every f € C([0,7*]) and for all

0 < tg < t1 <T7. Hence, we write fttol f dn for these integrals with respect to the measure 7.

Combining (6.4) together with (4.3), we obtain

t t
p(t) = qq + / poJ(A)udt + / xdn (te]0,77)). (6.5)
0 0
In addition, since wu is a time optimal control with the matrix J(A), we know from (4.7) that
—sou =poJ(A)x +p.

Hence, we deduce
—soIlu = poll}, (J(A)zx) + Iip = po AT}z + [}p. (6.6)

Using (6.5) with (6.6), we obtain for every ¢ € [0,T%],
—solllyu(t) = (po\ T} (t) + Tp(t), () )
t
= (AT (t) W) + (Mo W) + (11 [ o3 (8w Wute) ) +
t
+ <H§C/ x dn, Hﬁgu(t)> .
0
Using the fact that I1Lq, = 02 and [Tl x(¢) = fot Il u(0) do, we obtain
t t
—so| T u(t)? = < / 2p0)\JHf,€udt,H§€u> + < / ngdn,n;u(t)>
0 0
t t s
- / <2p0)\JH§Cu(s),H2u(t)> ds + / / <H2u(0),ﬂfcu(t)> do dns .
0 0 JO
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The Cauchy-Schwartz inequality yields
t t rs
—soltu() < [ 2N M) [tfu®]ds + [ [ ()| Mu()] do do
0 0 JO

t t S
<|qu<t>r< [ 2N imatyas+ [ [ rn2u<a>dadns).
0 0 0

Finally, since we have n([0,¢]) < 400, one can apply the Fubini Theorem (see [11, Theorem 1, Sec-
tion 1.4]) to get

t t t
~solTu(t)] < /0 2lpoA | Mya(s)] ds + /0 /0 X0.4()|Mkas()| do d,
t t
< /0 2o |Thau(s)|ds + /0 (o, 1)) Mu(o)| do

t
< [ elpodl -+ n(l0.7) o) ds.
Hence, we obtain, for every ¢ € [0,T%],

! 2|p0)‘ + 77( OaT* )
| < [ AP0 g as.

Applying Gronwall’s Lemma, we conclude that I, u(t) = 05 for every ¢ € [0,7*]. O

The following result deals with an invariance property of the optimal solutions under suitable
rotations. We denote by O,, the set of the n x n real orthogonal matrices.

Lemma 6.3. Letl € N*, A € RY and A = (\,...,\) € ]R’_j_l. We consider an orthogonal matriz
R € Oy such that R and J(A) commute. If w € U (J(A)) is a time optimal control with the matriz
J(A) then Ru € UT"(J(A)) is also a time optimal control.

Proof. As usual, we denote by & = X, the optimal state trajectory associated to the time optimal
control w € UT"(J(A)). Let us define @ = Ru and & = Rx where R € Oy commutes with the matrix
J(A). We clearly have that = @ and (0) = &(T*) = 0Oy and |&| = |x|. Since R is an orthogonal
matrix which commutes with J(A), we obtain that (J(A)z,a) = (J(A)x,u) and hence Vi = V.
Therefore, we have @ € UT" (J(A)) i.e. @ = Ru is also a time optimal control. O

In the next Lemma we give a particular matrix R € Oy, which satisfies Lemma 6.3.

Lemma 6.4. Let [ e N*, e Ry, A=(\,...,\) € Ril and v € R?. There exists R € Oy such that
R and J(A) commute and Hg(R'v) = 0y for every j € {2,...,1}.

Proof. We can assume without loss of generality that A = 1. Using an iterative procedure, it is enough
to show the result for I = 2. This is done by considering the map R defined for every v € R* with

[v[ =1 by,
0 I
. if ’lJ1 =09 ,
- 0
R(v) =
lvt|1y ﬁ ((Ul,112>12 — <Jv1,'u2>J) )
1 . o 1 otherwise,
|;—1‘ (<’U y) o + (Juv v )J) lv' |1y

where v’ = TI?(v) for every i € {1,2}.



Using relation |v!|?v? = (vl v?)v! + (Jv!,v?)Jv!, one can check that for every v € R, with
lv| = 1 we have R(v) € O4. Moreover R(v) and J(1,1) commute and II3(R(v)v) = 0,. O

We are now in position to prove Theorem 2.4 for the n-dimensional control case, starting from a
2-dimensional optimal control associated to the matrix A*.J. More precisely, for u € Z/IT*(A*)()\* J), we
define u* € L*°(0, T*(\*))? by

T (1) — {’;2“) i ’; B ; _, e o). (6.7)

We clearly have that u* € U7 A)(J(A)). We now want to show that u* € U7 TMN)(J(A)) ie. u*
is an optimal control for the problem (2.7)-(2.9) with matrix J(A). This is equivalent to prove that
T*(A) = T*(\%).

From Lemma 6.1, we have
T () = T°(A) > T*(A"),

where A* = (\*,...,\*) € Rl. Now, we prove that
T*(A*) > T*(\Y).

To this end, we consider @ € U7 (M) (J(A*)). Lemmas 6.3 and 6.4 imply that there exists an orthogonal
matrix R € Og such that Ra € U7 (A7) (J(A*)) with I} (Ra(0)) = 0 for every k € {2,...,1}. Hence
the zero-invariance property of Lemma 6.2 implies that I} (Ra(t)) = 0 for every k € {2,...,1}
and t € [0,7*(A*)]. Finally, it remains clear that w = II} (Ra) € U7 A)(\*J). Then we have
T*(\*) < T*(AY).

Hence we have proved that T*(A\*) = T*(A) = T*(A*) and this proves that the function u* defined
by (6.7) is an optimal control for the control problem (2.7)—(2.9) with the matrix J(A). According
to (6.3), an optimal control for Problem (2.7)—(2.9) with the skew-symmetric invertible matrix M is
given by Pu*. Writing down u* = (71,72,0,--- ,0) " with 51,72 € C([0,7*]) and since the columns of
the matrix P are composed by the vectors wy,--- , w,, we obtain

Pu* = yjw; + yws.

The proof of Theorem 2.4 is completed.
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