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SYMMETRY REDUCTION AND RECOVERY OF TRAJECTORIES
OF OPTIMAL CONTROL PROBLEMS VIA MEASURE
RELAXATIONS

NicoLASs AUGIERY*®, DIDIER HENRION?3®, MILAN KORDA?*? AND
VICTOR MAGRON?

Abstract. We address the problem of symmetry reduction of optimal control problems under
the action of a finite group from a measure relaxation viewpoint. We propose a method based on
the moment-Sum of Squares (SOS) aka Lasserre hierarchy which allows one to significantly reduce the
computation time and memory requirements compared to the case without symmetry reduction. We
show that the recovery of optimal trajectories boils down to solving a symmetric parametric polynomial
system. Then we illustrate our method on the symmetric integrator and the time-optimal inversion of
qubits.
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1. INTRODUCTION

While symmetries and associated computer algebra methods have been extensively studied in the framework
of dynamical systems [1-4], few results have been obtained in this direction for control systems. The need
for efficient algorithms providing global solutions to optimal control is a key challenge. A significant effort
has been put into exploiting symmetries in extremal trajectories with the Pontryagin Maximum Principle
(see [5, 6]). In particular, in [5] the author defines a reduced Hamiltonian system via Poisson reduction for Lie
group symmetries. However, to the best of our knowledge, no efficient numerical method has been implemented
in this setting. On the other hand, symmetry reduction has been successfully applied to problems of static
constrained polynomial optimization [7], especially when the optimization problem is invariant under the action
of a finite group. It turned out that a symmetry adapted numerical solution allows one to significantly reduce the
computation effort without compromising accuracy. The literature on exploiting symmetries for globally solving
optimal control problems is much sparser. In financial mathematics, symmetries of the Hamilton-Jacobi-Bellman
(HJB) equation attached to specific stochastic processes were exploited in [8, 9]. In [10] the authors are exploiting
symmetries of a particular class of optimal control problems with the objective of generating benchmark HJB

Keywords and phrases: Optimal control, measure relaxation, semi-definite programming, symmetry reduction, invariant
polynomials.

1 Mac Team, LAAS-CNRS, Toulouse, France.
2 Pop Team, LAAS-CNRS, Toulouse, France.
3 Faculty of Electrical Engineering, Czech Technical University in Prague, Czechia.

* Corresponding author: nicolas.augier@laas.fr

© The authors. Published by EDP Sciences, SMAI 2024

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://doi.org/10.1051/cocv/2024053
https://www.esaim-cocv.org
https://orcid.org/0000-0002-9396-5439
https://orcid.org/0000-0001-6735-7715
https://orcid.org/0000-0003-1147-3738
mailto:nicolas.augier@laas.fr
https://creativecommons.org/licenses/by/4.0

2 N. AUGIER ET AL.

equations with explicit analytic solutions. Symmetries in an infinite-dimensional linear programming relaxation
of the problem of extreme value computation were exploited in [4].

This paper complements recent efforts to improve the scalability of the moment-SOS hierarchy to perform
more efficient analyses of dynamical systems with sparse input data [11-13]; see also the recent surveys [14,
15] describing several sparsity exploiting techniques for polynomial optimization problems. Here, we develop
a systematic method of symmetry reduction for optimal control problems, when the symmetry is induced
by a finite group (infinite symmetry groups are beyond the scope of the present paper), using the measure
relaxation formulation introduced in [16] and its numerical solution via the moment-SOS (sum of squares)
aka Lasserre hierarchy, as originally proposed in [17]. In particular, we show that the solution of the optimal
control problem can be reduced to solving semi-definite programming (SDP) problems possessing symmetry
invariance properties. To the best of the authors’ knowledge, the problem of symmetry reduction of optimal
control problems has not been studied yet with measure relaxations. The strength of our approach is that it
provides a globally converging method for nonlinear optimal control via the solution of convex SDP problems.
The symmetry reduction allows one to compute lower bounds on the optimal cost in a more efficient way,
which is a crucial task for applications, including those from quantum control [18]: among them one can cite
the computation of the so-called quantum speed limit [19], or biological systems, which are often composed of
large-scale networks of structurally similar dynamical systems having symmetries [20, 21].

Another contribution of this paper is to propose a method allowing one to recover the moments of optimal
trajectories. In the polynomial optimization case without symmetry reduction, specific tools for extraction of
minimizers have been developed in [22] based on flat extensions [23]. The distinguishing feature of this method
is the possibility to extract all global minimizers provided there are only finitely many of them and certain
genericity conditions are satisfied. In the optimal control case, the question of recovery of optimal trajectories
is much more intricate, mainly due to the fact that the dynamical setting provides an infinite number of
moment conditions for which the flat extension condition cannot be satisfied. The non-uniqueness of optimal
trajectories for an optimal control problem is a classical feature (see for instance [24] for an overview in the
sub-Riemannian setting), and is related to the notion of the so-called cut locus. We will see along the article
that this phenomenon appears naturally for optimal control problems admitting symmetries and is an obstacle
to the recovery of optimal trajectories when using the moment-SOS hierarchy. This difficulty has already been
underlined in the context of Generalized Moment Problem in [25], Remark 13. We propose here a practical
reconstruction method of the state and control trajectories in the case of systems having symmetries, both
using invariant polynomials and the characterization of occupation measures as extreme points of the set of
solution of the relaxed problem given in [16].

1.1. Contributions
The main results of the paper can be summarized as follows:

1. We adapt the symmetry-adapted SDP scheme developed in [7] to the optimal control setting, with conver-
gence guarantees, allowing one to provide more precise lower bounds on the cost than without exploiting
symmetry and at a lower computational cost.

2. We propose a method of approximation of optimal trajectories by using invariant polynomials and a
selection algorithm of occupation measures. Our algorithm can be decomposed into the resolution of
two successive symmetry-reduced moment-SOS hierarchies for which the uniqueness of the solution is
guaranteed.

We illustrate theses results by an efficient recovery of time-optimal trajectories for two-level quantum systems,
using a symmetry-adapted moment-SOS hierarchy.

2. NOTATIONS

e Forn > 1, denote the group of invertible n x n matrices by GL,,(R). Denote the direct sum of two subspaces
E, and E5 of a vector space V' by Ey @ E2, and for two matrices (M, Ma) € GL,(R) x GL,,(R) with
n,m > 1, denote the (n+m) x (n+m) block matrix composed of the two blocks M; and Ms by M; € M.
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e We let L>°(X,S) denote the Banach space of essentially bounded measurable functions on a set X with
values in a set S with the essential supremum. For a C! function ¢ on a product set X x U, let V¢ be
gradient of ¢ w.r.t. the variable x € X.

e A group G with identity element e is said to act on a set X when there is a map ¢ : G x X — X such
that the following holds for every x € X:

1. Y(e,x) ==

2. ¥(g,v(h,x)) = ¥(gh,x), for every g,h € G.

By a slight abuse of notations, we will write in this article (g, x) = g(z), for every (g,x) € G x X. A group
homomorphism between two groups G and H is a mapping 7 : G — H such that 7(g192) = 7(91)7(92),
for every g1,92 € G.

e Denote the set of non-negative finite Borel measures on a set S by M, (S). We say that a sequence
(k) ken of measures in M (S) weak-x converges to p € M (S), if for every continuous function ¢ on S
with compact support, we have [ o(z)dug(z) = [4@(z)dp(x), when k — oo.

e For n > 1, denote the set of real polynomials with indeterminates x1,...,z, by R[zi,...,z,]. For a =
(a1,...,a,) € N" define ® = z{* ... 20",

e For a subset S of a vector space V, denote the convex hull of S by Conv(S), i.e. the smallest convex set
included in V' containing S.

3. DEFINITIONS AND BASIC FACTS

Consider a polynomial map f in the variables (z,u) € X x U with values in R", where X is a compact
semi-algebraic subset of R" and U is a compact semi-algebraic subset of R™ with n,m > 1, and consider the
controlled ordinary differential equation

x(t> = f(x(t),u(t))7 (3'1)

where ¢ — x(t) takes values in X, and the control ¢ — u(t) takes values in U.
Let

X ={eeR"|Vje{l,....p}, vi(x) > 0},
K={zeR"|Vje{l,...,q}, 0;(z) >0},

where (v;)je1,....p1> (05)jeq1,....qp With p, g > 1 are families of polynomials w.r.t. the variable z, such that K C X,
and

U={ueR™|Vje{l,...,l}, wj(u) >0},
where (w;)jeq1,...;3 with [ > 1is a family of polynomials w.r.t. the variable w.

Following the definition given in [5], we define a symmetry for control system (3.1) as follows.

Definition 3.1. For a subgroup G of GL,(R) acting on X, and a subgroup H of GL,,(R) acting on U, we say
that equation (3.1) is G-invariant if there exists a group homomorphism 7 : G — H such that for every g € G,

flg(2),7(9)(w)) = g(f(z,u)) for every (z,u) € X x U.

A simple example of such invariance is the case of a controlled harmonic oscillator corresponding to
fz1,20,u) = xx2+ u> We have that equation (3.1) is G-invariant with G = {Idgz, —Idg2}, H = {1, -1}
—Z1
and 7(+Idge) = 1.

Definition 3.2. A set S is G-invariant if g(5) C S for all g € G.



4 N. AUGIER ET AL.

Assume that the sets X, K,U, {zo} and equation (3.1) are G-invariant!, and consider the optimal control
problem:

pi=infuer~ oy J(@u) = / Bt 2(t), u(t))dt + H(2(T))

s.t. (z(t),u(t)) satisfies equation (3.1), x(0) = zg, z(T) € K,

(OCP)

where h : [0,7] x X x U = R is a polynomial function such that h(t,g(x),7(g)(u)) = h(t,z,u), for every
(t,z,u) € [0,T] x X x U, and H : X — R is a polynomial function such that H(g(z)) = H(x), for every
geG, reX.

3.1. Embedding of the optimal control problem into a linear program on measures

We relax Problem (OCP) into a linear program on measures, following the approach pioneered in [26-29]
and used computationally in conjunction with semi-definite programming (SDP) hierarchies in [17].

3.1.1. Liouwille equation

Given a test function ¢ € C1([0,7] x R") and a trajectory z(-) of (3.1) generated by a control input u(-)
starting from the initial condition xy, we have

T T
T, 2(T) = 9(0.30) = [ dta()dt = [ Gtalt) + (Tuolt.a(t). faOu(t) db. (32

To each trajectory-control pair, we can associate a measure p associated to the trajectory-control pair (z(t), u(t))
is defined by

T
wAx Bx(C)= / Taxpxo(t,z(t),u(t)) dt,
0
for all Borel sets A C [0,T], B C R"®, C C U, and a terminal measure defined by

UT = Op(T)-

Definition 3.3. We say that a pair of measures (v,vr) € 44 ([0,T] x X x U) x A#L(K) is a pair of
occupation measures associated with a trajectory of equation (3.1) if dv(t,z,u) = dtd,()(dx)dyy)(du) and
dvr(z) = 61y (da), for some pair (z(t), u(t)) satisfying equation (3.1), where z(-) : [0,T] — X is a Lipschitz
function and u(-) € L>=([0,T],U).

For a pair (u, ur) of occupation measures, the definition of x implies that

T
/ h(t, 2(t), u(t)) di = / ht, @, u) dp(t, 7, w),
0 [0,T]xR»xU

for all h € Ly(p). The measure p therefore uniquely encodes the trajectory-control pair (z(t),u(t)) and allows
one to replace integration along the trajectory-control pair by spatial integration with respect to u. Using this

TThe requirement of xg being G-invariant can be relaxed to zg € Xp with X being G-invariant.
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and (3.2), we obtain the relation

/ng(T7 x) dur(z) — @(0,z0) = / % + (V. o(t,x), flz,u)) du(t, z,u). (3.3)

[0,7]xk"xU O
This equation is referred to as the Liouville equation. Crucially, the equation is affine in the measures (u, pr).

3.1.2. Relaxed OCP

For a set S in a Euclidean space, denote the set of Borel measures defined on S by .#4 (S). If the infimum of
(OCP) is attained, denote the set of optimal pairs by 7 = {(z(t), u(t)) € X x U optimal in (OCP)}. With these
definitions, we are ready to write an infinite-dimensional linear programming (LP) relaxation of Problem (OCP).
The relaxation reads

p* = inf /hdqu/HduT
1T
s.t. (u, pur) satisfy (3.3) Vo € CH([0,T] x X)
(MHU’T) € ‘/%+<[07T] x X x U) X %+(K)

(0)

We observe that the objective function of this optimization problem is linear, the first constraint is affine and
the last constraint is an inclusion into a convex cone. Problem (O) is therefore an infinite-dimensional linear
programming problem with the decision variables (u, ). Note that the constraint sets on the trajectories and
controls are imposed through the conic inclusion (the last constraint) of the optimization problem.

Definition 3.4. Let us denote by M the convex set of optimal solutions (u, pur) € A4 ([0,T] x X xU) x M+ (K)
of Problem (O).

From here, we will make the following assumption.
Assumption 3.5. Assume that:

e Problem (OCP) is feasible;
e X, K and U are compact and T' < oo, which implies that M is non-empty.

A simple observation shows that p* < p. Whenever p* < p, we say that there is a relazation gap between the
original Problem (OCP) and the relaxed Problem (O). A fundamental question is to understand under what
assumptions there is no relaxation gap. A classical set of assumptions from [16] is:

Assumption 3.6. The following conditions hold:

e V(t,x) €]0,T] x X, the function v — inf,cpy{h(t,z,u) | v= f(t,z,u)} is convex;
e Vx € X, the set f(z,U) is convex;
e h is lower semicontinuous and f is Lipschitz;

We introduce the following definition of occupation measures, which correspond to the solutions of the
measure Problem (O) which provide solutions of the original Problem (OCP).

Remark 3.7. Note that, under Assumption 3.6, the occupation measures can be defined as measures associated
with classical solutions of equation (3.1), instead of considering solutions in the sense of Young measures (for
more information, see for instance [16], Proof of Thm. 2.3).

3.2. Moment sequences, relaxation scheme, invariance

For positive integers k, N, define NI := {w € NV | Z;\le w; < k}. For positive integers n,m, let us define
a multi-index « as a vector of n nonnegative integers a = (a1, ..., q,), and a multi-index 8 as a vector of
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m nonnegative integers § = (81,...,8m), and s > 1. For the sake of notation, a polynomial ¢ € R[¢, z,u]
(respectively, ¢ € R[z]) is written as

q(t,z,u) = Z N A A e T e
y=(s,00,8)

(respectively, ¢(z) = Y, qaz(" ... z0", where a € N™).

Definition 3.8. e Given a real sequence z = (2y) ent+n+m (respectively, ¥ = (Ya)aenn ), define the so-called
Riesz linear functional

La(q) =) ty%y
Y

for every q € R[t, z,u] (respectively, Ly(q) := >, Ga¥a, for every q € R[z]).
e For each k € N, define the moment matriz My(z) by

(Mi(2))g,y = 284+

for every 3,7 € N.T"H™ (vespectively, (M (y))s,, := Ya1~, for every B,y € N).
e For each k € N and ¢ € R[t, z,u] (respectively, ¢ € R[z]) , define the localizing matriz as

(Mk(qz))/a,»y = Z 525+ B+

66N1+n+n1

for every 8,7 € N,lc+”+m (respectively, (Mk(qy))ﬂﬁ = _senn 45Ys, for every B,y € Nf).

e For the sake of notation, define z(t) := (2;,0,0)jen, 2() := (20,0,0)acnn, and z(u) := (20,0,3) genm-

Definition 3.9. A pseudo-moment sequence z = (24)acs (respectively, ¥ = (ya),cp) is defined as the image

of a monomial basis B (respectively, B) of R[t,z,u] (respectively, R[z]) by a linear functional L : R[t,z,u] — R
(respectively, L : R[z] — R).

3.2.1. Dense relaxation

Assumption 3.10. Assume that the final time T > 0 is fixed and without loss of generality, let us normalize
ittoT = 1.

Remark 3.11. Assumption 3.10 can be removed by considering the final time 7" as a supplementary variable,
as it was done in [17]. All the results of the present paper remain valid in this case provided that a finite bound
is imposed on the final time.

Consider the polynomials (v;);, (#;);, (w;); as defined in Section 3, and define d(X,K,U) :=
max; ;. (deg(v;), deg(6;), deg(wy)). Following the steps of [17], we propose the following dense relaxation hier-
archy, indexed by k > ko, where ko := [max (deg(f),deg(h),deg(H),d(X, K,U)) /2], for two pseudo moment
sequences 2 = (2a)aecs and ¥ = (Ya),c 5, Where B (respectively, B) is a monomial basis of R[t, z, u] (respectively,



SYMMETRY REDUCTION AND RECOVERY OF TRAJECTORIES OF OPTIMAL CONTROL PROBLEMS 7
R[z]). It is denoted by (Qy), and defined as follows:

pr :=inf L.(h)+ L,(H)

Uz
s.t. Mp(y), Mi(z) = 0

My~ faeg(vy) /21 (v2(x)) = 0

My fdeg(uy) /21 (wj2(u)) = 0 (Qn)

M. [deg(0,)/21(05y) = 0

M1 (H(1 — £)2(t)) = 0

Ly(¢) — L. (9¢/0t + (V0. f)) = $(0,z0),

Vo = (t°z) € R[t, ] s.t. s+ |o| < 2k + 1 — deg(f),

where z(t), z(x) and z(u) are defined as in Definition 3.8. Note that last equality is a linear equality constraint
involving the pseudo-moment variables y and z holds if and only if equation (3.3) is satisfied for every ¢ €
R[t, x] s.t. deg(d) < 2k + 1 — deg(f).

3.2.2. Putinar’s Positivstellensatz

The key argument in the convergence of the hierarchy is Putinar’s Positivstellensatz, which is stated in its
simplest form as follows. Let  C RY be a compact semi-algebraic set defined as

Q::{mERN | gj(z) >0, je{l,...,m}},

for some family of polynomials (g;);eq1,....m) in Rlz].

Assumption 3.12. There exists a polynomial ¢ € R[z] such that ¢(z) > 0 is compact and g(x) = go(x) +
Z;"Zl gj(w)q;(x), where the polynomials (¢;);e{1,...,m} are sums of squares (SOS) polynomials in R[x].

Theorem 3.13 (Putinar Positivstellensatz [30]). Assume that Assumption 3.12 holds. Then we have the
following:
o If feR[z] and f >0 on Q, then f = fo + E;nzl [igj, for some family (f;)jeq1,...m} of sums of squares
(SOS) polynomials in R[x].
o Let y = (Yo)aenn be a sequence of real numbers. If for every j € {1,...,m} and k € N, My(y) = 0 and

My, (gjy) = 0, then y has a representing measure with support contained in Q, i.e., there exists y € M+ (RN)
with supp(p) C Q such that yo = [pn x*dp(z), for every a € NY.

3.2.3. Convergence result

Under Assumption 3.5, 3.6 and 3.12, the results of [17], Theorem 3.6 and [25], Theorem 5 allow us to prove
the following.

Proposition 3.14. Assume that Assumption 3.6 holds for Q@ = [0,T] x X x U and Q = K, and that
Assumption 3.12 holds. Then we have the following:

e the sequence (pi)x is nondecreasing and pr — p* when k — +00
e if Problem (O) has a unique solution (u, pr), then any sequences (Zfa/a)kao and (y¥) x>k, optimal in (Qk)
satisfy for every s € N, a € N" and g € N™,

lim zfaﬁ :/ t*ruPdu(t, z, u),
k—oo [0,T)x X xU
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and

lim o :/ xdpr(z).
K

k—o0

3.2.4. Structure of the set of optimal measures

In the case where the set of optimal trajectories of Problem (OCP) is not reduced to a single trajectory, the
set of optimal measures for Problem (O) is not reduced to occupation measures associated with trajectories in
the sense of Definition 3.3. However, as shown in [16], there are strong structural results for the solutions of
equation (3.3), which will be crucial for the methods exposed in the present paper. Let us first recall a basic
notion.

Definition 3.15. An extreme point of a convex set A is a point « € A with the property that if v = y+ (1 —6)z
with y,z € A and 6 € (0,1), then x =y = z.

By [16], Theorem 1.3, we have the following results for the solutions of equation (3.3).

Proposition 3.16. The set of solutions of equation (3.3) satisfying (u, ur) € M+ ([0, T)| x X xU) x M4 (K) is a
convex compact set in the weak-x topology. Its set of extreme points € := S x Sp C M1 ([0, T] x X xU) x M+ (K)
18 mon empty and can be identified as occupation measures, as in Definition 3.5.

Using [16], Corollary 1.4, we have the following property.

Corollary 3.17. For every (u, ur) solution of equation (3.3), there exist probability measures v on S and vp
on St satisfying

/ o(t, 2, u)dpu(t, 7, u) = / ( / ¢<t,x,u>dv<t,z,u>> dv (),
[0,TIx X xU S [0,TIx X xU

/Kso(w)duT(w)Z/ST (/K w(m)dv(w)> dvr (),

for all (¢, ) € C([0,T] x X x U) x CY(K).

By linearity and continuity of the cost functional of Problem (O) w.r.t. (u,ur) € A#([0,T] x X x U) x
M+ (K), we obtain the following result.

Corollary 3.18. The set M is a convex compact set of A4 ([0,T] x X x U) x M+ (K) in the weak-* topology.
Its set of extreme points is non empty and is equal to ENM C A+ ([0,T] x X x U) x ML (K), where £ is
defined in Proposition 3.16.

4. TECHNIQUES AND PROPERTIES FOR SYMMETRY REDUCTION

The idea behind the algorithms which will be exposed in further Sections 7 and 8 is to reduce the problem via
a symmetry decomposition of the solution set M, by the resolution of appropriate G-invariant LP problems on
the set of G-invariant non-negative measures. It requires an understanding of the group action on the space of
optimal trajectories 7, on polynomials, as well as on the space of non-negative measures, that will be described
in this section. We will first state two crucial results, namely Lemma 4.3 and Proposition 4.4 about the structure
of the set of solutions to (O). Then we will introduce symmetry-reduced moments matrices, which will be the
key tool enabling us to solve approximately the symmetry-reduced measure LPs via SDPs.

In what follows, we make the following assumption.
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Assumption 4.1. The group G is finite, and Problem (OCP) is G-invariant.

4.1. Group action on measures and properties of solutions of the linear problem on
measures

Definition 4.2. e For a measure p € #,([0,T] x X x U), define the pushforward measure gxp of p,
defined for every g € G, for every Borel subset A of [0,T], Borel subset B of X, and Borel subset C
of U, by ggu(A x B x C) := p(A x g71(B) x 7(g)"*(C)). Define similarly, for a Borel subset D of K,
gy (D) = pr(g~'(D)) for pr € M1 (K).

e Define for every u € #,([0,T] x X x U), the Reynold operator R by R(u) := ‘G‘ >_gec 9#h- Define
similarly Ry (ur) == &1 Lgeq 9ahir, for pr € Mo (K).

e We say that a measure p € 44 ([0,T] x X x U) (respectively, ur € 44 (K)) is G-invariant if ggapu = p
(respectively, guur = pr), for every g € G. Denote the set of G-invariant pairs (u, ur) € #4([0,T] x
X x U) x My (K) of measures which are solution of Problem (O) by M.

e For every G-invariant (u*, ph) € A4+ ([0,T] x X x U) X A+ (K), define the (possibly infinite dimensional)
convex set

A g = A, pr) € AL([0,T] x X x U) x M(K) | R(p) = p*, Rr(pr) = pp}-
A first observation is that if the control system and initial condition xy and final target set K are invariant by
G, then the Liouville equation (3.3) is invariant by G, i.e., the set M is G-invariant, as stated in next Lemma.

Lemma 4.3. Assume that the initial condition x¢g € X and final target set K C X are invariant by G. Then
equation (3.3) is invariant by G, i.e., the pair (u, pr) satisfy (3.3) if and only if (gup, gupr) satisfy (3.3), for
every g € G.

Proof. Consider y satisfying (3.3) and ¢ € C1([0,T] x X). For every g € G, we have

/K¢>(T79(:v))duT( z) — ¢(0,g(z0)) = + (Vao(t, g(2)), g(f(x,U))>) dp(t, z,u)

[0 TIxXxU

+ (Vao(t, g(2)), f(g(x)»T(g)(u)D) du(t, =, u)

QD Q’) @

(
(

(Vab(t ). S, >>) dgyn(t. )

[0 TIx X xU

where the last equality is obtained by symmetry invariance of f. We deduce the result using the equality
g(xo) =z and [}, (T, g(x))dpr(z) = [ ¢(T, x)dgsupr(x) by G-invariance of zo and K. O

Note that the fact that the set M is G-invariant does not imply that each of its elements are G-invariant,
so that MY C M in general. We state the following structural results for the set of G-invariant solutions of
Problem (O), whose proof is postponed to Appendix A.1.

Proposition 4.4. The set MY C M defined in Definition 4.2 satisfies the following properties:

o M% is non empty.
o We have the equality

M ={(R(n), Rr(ur)) | (p,pur) € M},

and MS is a weak-x compact convex set.
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FIGURE 1. Simplified representation of the set of optimal measures M for Problem (O). The

occupation measures are the extreme points of M, and (u7, uir), (45, psp) are the extreme
points of ME.

e The extreme points of ME are the images by the Reynold operator of the occupation measures optimal
in (0), i.e.,

Eq ={(R(p), Rr(ur)) | (p, pur) € M is a pair of occupation measures}.
o We have M = Conv(Eg).

Note that the results of this paper are not specific to the case where the set of optimal trajectories T for

Problem (OCP) is finite. However, in the latter case, we have the following simple features, which are illustrated
on the simplified finite dimensional representation of Figure 1.

Remark 4.5 (Finite dimensional case). When there is a finite number k£ > 1 of optimal trajectories, the set of
optimal measures is

k k k
M = {(p,pr) € M ([0, T) x X x U) x M (E) | p=Y X', pr =3 v Y Ni=1, \; >0},
i=1 =1 =1

where (v, l/%)ie{l"n’k} are pairs of occupation measures associated with the optimal trajectories. In this case,
the group action induces a permutation of the extreme points of M.

4.2. Group action on pseudo-moment sequences and symmetry-adapted moment
matrices

Here we give some important properties concerning the numerical resolution of the SDPs. In particular,
using the classical isotopic decomposition of G-modules, we define the symmetry reduced moment matrices, as
it was done in [7]. It is first presented for general polynomials depending on a variable x € R™; its adaptation
to the variables (¢,x,u) involved in optimal control problems is straightforward. It requires standard tools of

representation theory, which can be found, for instance in [31]. Consider a group action of a finite group G of
GL,,(R) on a subspace X C R".
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Definition 4.6. e A linear map L : R[z] — R is G-invariant if L(P(g(x))) = L(P(x)) for every g € G and
P € R[z].
¢ A pseudo-moment sequence y = (Yo )acn associated with a linear map L : R[z] — R and a monomial basis
B of R[z] is G-invariant if L is G-invariant.
e Define the Reynold operators on linear maps L : Rlz] = R, by R(L) := ﬁ > gec LY, where LI(P)(z) =
L(P(g(x))), for every g € G and P € R[z].
e For a polynomial P € R[z], define the polynomial R(P) := ﬁ > gea P

As described in [7], Section 3, the set R[z] can be seen as a real G-module defined by a group action defined
for a polynomial P € R[z], define P9(x) := P(g(x)) for every g € G. As a direct consequence of the so-called
isotopic decomposition of G-modules, the set R[z] can be decomposed as a sum of irreducible G-modules, as

q
R[z]®C =PV, (4.1)
1=1
where
Vi= P wy
JjeJi
where for fixed [ € {1,...,q}, the sets Wy, are pairwise isomorphic complex irreducible G-modules, in the sense

that they do not admit non-trivial G-invariant subspaces.

Now we can give the following definition of symmetry-reduced moments matrices, which are defined according
to this decomposition, by considering a basis (s ,, ), of Wi, setting S' = {s} ,, j € Ji}, and defining the truncated
sets Sj, := {(s},...,s,,)} € S' of the basis elements of S' of degree at most k. Note that, as claimed in [7],
Section 3, the set S! C C[x] can be assumed to be real.

Definition 4.7 (Symmetry-reduced moment and localizing matrices). Define the symmetry-reduced moments
matrix, defined for a G-invariant pseudo-moment sequence y = (Yo )acp associated with a G-invariant linear
map L, as

k
Mg (y) == P Mg (),
=1

where the (u,v) entry of M (y) is equal to L(ss!).

Remark 4.8. e For the study of Problem (OCP), one needs to consider the variables (t,z,u) and the
action of an element g € G as (¢, z,u) — (t,g(z),7(g)(u)), as described in Section 3. It is then necessary
to introduce both G-invariant pseudo-moment sequence w.r.t. the variables (¢,z,u) and z, that we will
be denoted, respectively as z = (zy)yes and y = (ya)
R[t, x, u] (respectively, R[x]).

e The same symmetry reduction holds for the partial moment matrices associated with z(t), z(u) and z(z),
as well as for the localizing matrices, as defined in Definition 3.8.

acB> for a monomial basis B (respectively, B) of

To this purpose, we introduce the following set.

Definition 4.9. Let K¢ be the set of pairs (y, z) of G-invariant sequences written as y = (ya),cg and z =
(2y)~eB, for some monomial basis B of R[z] and B of R[t, x,u].

4.2.1. Sign-symmetries

In the numerical implementations proposed in Section 9, we will consider the practical case of sign symmetries
for the optimal control problem, whose algebraic structure is described below.
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Definition 4.10. We say that Problem (OCP) has a sign-symmetry if it is G-invariant in the sense of
Definition 3.1, where G is generated by a finite set of n x n diagonal matrices (Dj);eq1,....s3, 5 > 1, with
coefficients equal to £1, such that, for every j € {1,...,s}, 7(D;) is a m x m diagonal matrix with coefficients
equal to +1.

In the case where Problem (OCP) has a sign-symmetry generated by a single n x n diagonal matrix D we
use the following decomposition and reduction of moment matrices:

e We consider the truncations of the irreducible decomposition (4.1) to degree k as
R[t,z, ulx = Vi VL,
where
Vit = {P € R[t,x,uly | P(t,D(x),7(D)(u)) = P(t,z,u)},
and
V2 ={P e R[t,z,u], | P(t,D(x),7(D)(u)) = —P(t,z,u)}.
Similarly consider
Rz]x = V¢ EBVka
where
Vi ={P e Rlz]x | P(D(2)) = P(x)},
and
Vi = {P € Rlz], | P(D()) = —P(x)}.
e We generate G-invariant pseudo-moment sequences (y, z) € K¢ as sequences indexed w.r.t. the products

of elements of monomial basis S} associated with V;/ (respectively, S associated with V), for j € {1,2}.
e As defined in Definition 4.7, the moment matrix M (z) can be decomposed as two blocks

M (2) = M (2) D MiG(2),

where for [ € {1,2}, the square matrix Mg (z) has dimension equal to dim(V}).
e The matrix M (y) can be decomposed as two blocks ME (y) = MG (y) @ MS(y), where for [ € {1,2},

the square matrix Mg (y) has dimension equal to dim(V}).

Example 4.11. For the case n =m =1, D = 7(D) = —1, k = 2, in the concatenation of the basis S} =
(1,t, 4%, 2%, 2u,u?) and 85 = (x,u, tz, tu) and associated pseudo-moment sequences Zs1 indexed w.r.t. products
of the elements of S and zsz indexed w.r.t. products of the elements of 82, the moment matrix reads as two

blocks
MQ(Z “1) 0
G _ S
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of size 6 X 6 and 4 x 4, instead of a squared 10 x 10 matrix in the dense case. Similarly, in the concatenation of
the basis S = (1,2?%) and S = (), and associated pseudo-moment sequences ysy indexed w.r.t. the elements

of S} and Ysz indexed w.r.t. the elements of S2, the moment matrix reads as two blocks

[ Ma(yg) 0
Mg(y)‘( 0 Mg(?JSg))

of size 2 x 2 and 1 x 1.

Remark 4.12. In the case where G is generated by several diagonal matrices in the sense of Definition 4.10,
the moment matrices can be reduced into more numerous blocks, in the same way as what is done for the dual
version on positive polynomials in [32], Section III-C.

5. SYMMETRY ADAPTED RELAXATION FOR OPTIMAL CONTROL

Now we adapt the moment-SOS relaxation exposed in [17] by adapting the polynomial optimization results
of [7] to the setting of Problem (O).
We restrict Problem (O) to the optimization over G-invariant measures.

pY = inf (u, h)
ST

s.t. (u, pr) satisfy (3.3)
supp(ur) € K
(i) € M([0,T] X X X U) x s (K)
i, pr are G — invariant, i.e. gup = p, gupr = pr, for every g € G.

(09)

As Problem (0O) is feasible, we can consider u, ur in its feasible set, and obtain directly by Lemma 4.3 and the
affine dependence of equation (3.3) in the pair (p, ur) that (u*, p5) = (R(p), Rr(pr)) belongs to the feasible
set of Problem (O%). It follows that Problem (O%) is feasible, and the corresponding cost is unchanged by the
transformation via the transformation (u, ur) = (R(u), Rr(ur)), so that p& = p*, where p* is the optimal cost
of Problem (O). As a consequence, the set of optimal measures for Problem (O%) is exactly the set M& defined
in Definition 4.2.

Remark 5.1. Note that Problem (O%) does not correspond to a measure relaxation of an optimal control
problem in the form described by (OCP). Contrarily to what one could think at first sight and to what has been
done in different settings in [3, 5, 33], we do not map the trajectories of (OCP) onto trajectories of a reduced
control system via a change of variables. Instead, we take advantage of the linearity of the measure relaxation
formulations (O) and (O%).

In order to propose a suitable semi-definite approximation of Problem (O%) with convergence guarantees,
we propose to follow the steps of [7], Section 3 via the use of decompositions described in Section 4 allowing
one to decompose the moment matrices and localizing matrices into several low dimensional blocks, as defined
in Definition 4.7.

For (y, z) € K¢, denote the symmetry reduced moment matrices by M (y) and M (z) defined for k > 1, as
in Definition 4.7. Following the steps of [7], we propose a hierarchy indexed by k > ko, where k¢ is chosen as in
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Section 3.2.1, denoted by (Q%):

G ._ :
PE = (y,;)nefICG L.(h) + Ly(H)

st. M (y), MF(z) =0
M deg(v,)/2] (vi2(2)) = 0
M deg(w;)/2] (Wiz(w) = 0
My faes(o;)/21(059) = 0
MLy (#(1 = 1)2(t)) = 0
Ly(¢) = L. (0¢/0t + (Va0 f)) = ¢(0,20), V¢ = (t°2%) € R[t, 2] s.t. s + [o| <2k + 1 — deg(f)
@5)
Remark 5.2. In accordance with Definition 4.6, G-invariant pseudo-moment sequences (y,z) € K¢ can be
generated as R(L)(B), where B is a monomial basis of R[z] and L : R[z] — R is a linear map. The same holds
for z = (2y), replacing Rlz] by R[t,z,u]. Up to an elimination of redundant terms, those sequences can be

reindexed w.r.t. a basis of invariant polynomials of R[x] and R[t, z,u], the latter being further introduced in
Defintion 7.1.

Theorem 5.3. Assume that Assumption 3.6 and 3.12 hold. Then the sequence (ka) is mon-decreasing and
converges to p* when k — +00.

Proof. We adapt the arguments of [7], Theorem 3.7. Let y, z be two pseudo-moment sequences associated with
linear maps L : R[t,z,u] — R and L : R[z] — R, which are solution of (Q}), which is feasible by [17], Theorem
3.6. Then the two G-invariant sequences 7, Z associated with R(L) and Ry(L), where R(L) and Ry(L) are
defined as in Definition 4.6, are solution of (Qg)7 so that we have that the SDP (QkG) is feasible and ka = pk-
As pp — p* from Proposition 3.14, it follows that pg — p*, when k — oc. O

The same result as Proposition 3.14 can be proved for the symmetric relaxation, as a direct consequence
of [25], Theorem 5.

Proposition 5.4. Assume that Assumption 3.6 and 3.12 hold and that Problem (O%) has a unique solution
(, i), i-e., that MC is a singleton. Then any sequences (Zfag)kao and (y¥) >k, optimal for (QY), we have,
for every s e N, a« € N and 8 € N,

Zfaﬁ — t*zuPdu(t, z, u),
[0,T)x X xU

i~ [ atdur(o)
K
when k — —+o0.

6. A RECOVERY METHOD WITHOUT SYMMETRY REDUCTION: HOW TO
CATCH EXTREME POINTS IN THE SET OF OPTIMAL MEASURES
In this section, we address the problem of recovering an approximation to an optimal trajectory from a given

moment sequence obtained from solving (Q¢). We start with the case where symmetries are not exploited.
Subsequently, we will tackle the recovery problem in the symmetry-reduced case.
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6.1. Christoffel-Darboux kernel for curve reconstruction

Given a moment sequence, a method to recover the support of the corresponding measure is to use the
so-called Christoffel-Darboux kernel, following the steps of [34] and [35], Section 6. Let b(¢,y) be a polyno-
mial basis of R[t,y]x, T > 0 and let Y C R™ be an arbitrary set, and f be a mapping from [0,7] to Y. Let
My, = fOT b(t, f(1))b(t, f(t))Tdt be the moment matrix of order d = 2k of the measure du(t,y) = 65 (dy)dt
on [0,T] x Y.

Definition 6.1. Define the Christoffel-Darboux (CD) polynomial
ar.(t,y) = b(t,y) (M + Bi1d) " b(t, )",

with a regularization parameter S := 23*‘@, and fi(t) := min (zamgminyqu;c (t, y))
We have the following important result, which corresponds to [34], Theorem 1.

Theorem 6.2. If the set S C [0,T] of continuity points of f is such that [0,T]\ S has Lebesque measure zero,
then fi.(t) — f(t) when k — +oo for a.e. t € [0,T], and || fx — f|lz1(0,77) — O.

In the case where there is a unique solution to Problem (OCP), this method allows us to rebuild (at least
approximately) the optimal trajectory. Indeed, in the latter case, Proposition 3.14 allows to recover trajectories
thanks to the knowledge of the approximate moment matrix of the corresponding occupation measure, in
the sense of Definition 3.3. However, the reconstruction is much trickier when uniqueness fails. In this case,
by linearity of Problem (QO), the moments which are obtained via moment relaxations may correspond to
approximations of the moments of any superposition of measures belonging to the set M.

Remark 6.3. Non-uniqueness is a natural consequence of the existence of symmetry for Problem (OCP), when
there exists g € G such that 7(g) # Idgm, where 7 is as in Definition 3.1. In this case, if (z(t),u(t)) steers a
G-invariant element 2y € X towards a G-invariant set K, then (g(x(t)), 7(g)(u(t))) satisfies the same property,
for every g € G.

6.2. Catching extreme points

In this section, we propose a method that allows approximating the moments of an occupation measure
solution of Problem (Q), without exploiting symmetries. Our method, based on the resolution of two SDPs,
ensures convergence towards the moments of the extreme points of the optimal measure solutions M, which
correspond to occupation measures by Corollary 3.18.

The two steps are:

1. Compute the truncated optimal cost py via the resolution of the SDP (Qy);
2. Solve the SDP (Z)) defined below in order to obtain an approximation of the moments of a pair of
occupation measures in M.

Assumption 6.4. Consider two polynomials P € R[t, z,u] and P € R[z] such that

inf P(t,x,u)du(t,x,u)—f—/ P(z)dpr(z) (6.1)
()M J(0,T)x X xU K

has a unique solution (p*, uy) € A4 ([0,T] x X x U) x A1 (K).
Notice that the optimization in (6.1) takes place over M, i.e., the set of optimal solutions to (O).

Remark 6.5. The fact that the measures in .#, ([0,7] x X x U) and .#, (K) are moment determinate guar-
antees the existence of P and P. Moreover, the genericity of the uniqueness property of Assumption 6.4 w.r.t.
polynomials P and P of large enough degree can be obtained by a direct application of [36], Theorem 5.
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Define k; := max(ko, deg(P), deg(ﬁ)). For k > ki, let pi be the truncated optimal cost of (Qf), and consider
the following SDP, denoted (Zj):

me() ()

st La(h) + Ly(H) < p
My (y), My (2) = 0,
M}, [deg(v;)/21 (v;2()
My raes(6,)/21(6039) =
Mo fdeg(uwy) /21 (w5 2(u)
My (t (1 —t)z(t)) = 0
Ly(¢) — L, (0¢p/0t + ( 20, ) = (0,20), Vo = (t°2%) € R[t, x] s.t. s+ |a|] <2k + 1 — deg(f).

)= (Zk)
0,
)=

We have the following:

Proposition 6.6. e Under Assumption 6.4, the optimal pair (u*,u%) of Problem (6.1) is a pair of
occupation measures, in the sense of Definition 3.3.
e [For any sequences (Zfag)kzkl and (yE)i>k, optimal for (Zi), we have, for every s € N, a € N* and
BeN™ 2k 5 — f[(),T]XXXUtsxo‘u'@d,u*(t,x,u), yh — [ x®dph(z) when k — oo.

Proof. In order to prove the first claim, as M is weak-x compact by Proposition 3.16 and the map

M3 (p, pr) — (/[0 S P(t,z,w)du(t, z,u), /Kf’(x)du;p(x)>

is continuous, it is a direct consequence of [37], Corollary 4.2 that the solution of Problem (6.1) is reached at an
extreme point of M. The uniqueness assumption of the solution of (6.1) implies that it is reached at an extreme
point of M, and only at this point. Using Proposition 3.16, we obtain that the solution of Problem (6.1) is
reached at a pair of occupation measures, and the first claim of the proof is proved.

The proof of the second claim is adapted from the proof of [25], Theorem 8, with a slight modification
provided that the value of py depends on k > kg. It relies on the simple fact that the condition (u, ur) € M
is equivalent to the fact that (i, p7) is solution of equation (3.3) and (h,pu) + (H, ur) < p*, where p* is the
optimal cost of Problem (©). Consider the sequence of SDP relaxations, denoted by (Z}), defined for k > k; as

inf L.(P)+ L,(P),

Y,z

st. L.(h)+Ly(H)<p
M. (y), Mi(2) = 0,
My, fdeg(v;) /21 (vj2()) =
My, _rdeg(0,)/21(05y) =
My, _rdeg(w;) /21 (wjz(u )
My (2 (1 —t)z(t)) = 0
Ly(¢) — L. (0¢/0t + <V o, 1)) = (0, z0), Vo = (t°z%) € R[t, 2] s.b. s+ || <2k + 1 — deg(f).

By [25], Proposition 7, the SDP (Zj) admits a pair of minimizing sequences (zx, Yx)k>k, - For v = (s,a, 8) €

NI*n+m - define the sequence (2¥)g>g, by 2’,; = z’,j for |y| < 2k, and 25 = 0 if |y| > 2k. Define similarly
(9%)k>k, by 9% == y* for |a| < 2k, and 9% := 0 if |a| > 2k. By [25], Lemma 5, we obtain that (%), is
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uniformly bounded in 1°°(N'+7+™) and (§*)s>, is uniformly bounded in {°°(N"), so that they admit weak-x
converging subsequences. Denote the corresponding limits by 2z, for every v € N+ and y, o, for every
a € N". As py, — p* when k& — 400, we can show that the pair ((z%oo)veNunﬂn, (ya7oo)a€Nn) is feasible for
the SDP (Zy), for every k > k. Thanks to Theorem 3.13, we obtain that (z,.c)yent+n+m and (Ya,o0)aenn
are the moment sequences of a pair of measures (u>°, uf) € A4+ ([0,T] x X x U) x A+ (K) that is feasible for
Problem (6.1). Moreover, by construction of the moment relaxations (Zj) and (Zj), we can check that (1, u59)
is optimal for Problem (6.1), so that we can deduce by uniqueness that (4, u3°) = (u*, u). It follows that the
sequences (2%);>k, and (§%)k>k, are bounded sequences having unique weak-x accumulation points, and the
result is proved. O

Remark 6.7. The SDP (Z}) corresponds to a minimization over the outer approximation of the optimal set
of Problem (O), computed previously with SDP (Q%). In accordance with Remark 6.5, we will consider k > ki
large enough and random polynomials P and P of degree smaller than k for its practical implementations.

7. RECOVERY OF OPTIMAL TRAJECTORIES WITH SYMMETRY
REDUCTION WHEN THE OPTIMAL INVARIANT MEASURE IS UNIQUE

Now we present a method to recover trajectories in the case where Problem (OCP) is G-invariant, assuming
uniqueness of the solution of Problem (O%), i.e., that the set M is a singleton. In this case, one can apply
Proposition 5.4 in order to approximate the moments of the unique measure in ME. It is then an important
task to propose a recovery method of the occupation measures thanks to the latter moments. Our method
uses invariant polynomials and brings about a significant reduction in the computational cost compared to the
method of Section 6. The results of this section will be combined with those of Section 6 in order to tackle the
general case in Section 8.

7.1. Algorithm
ALGORITHM 4,

1. Compute a lower approximation ka of the optimal cost via (Qf), and obtain an approximation of the
moments of the unique G-invariant pair of measures (u*, u%) € MY;

2. Recover the trajectory and control associated with a pair of occupation measures (u, pr) € M which is
an extreme point of the set M, by solving (Py) or (P,), detailed in what follows.

The first step has already been detailed in Section 5 and consists in computing pkc. Now we describe the

second step, i.e., how do invariant polynomials allow us to recover the moments of optimal trajectories.

7.2. Invariant polynomials and constancy results

We start by giving a basic definition of invariants adapted to our setting.

Definition 7.1. e We say that a polynomial @ € R[z,u| is G-invariant if it belongs to the set

Rlz,u]” = {Q € R[z,u] | Vg€ G, Qg(x),7(9)(u)) = Q(a,u)}.

Define similarly R[z]¢ = {P € R[z] | Vg € G, P(g(x)) = P(z)} and R[u] = {V € R[z] | Vg €

G, P(r(9)(u)) = V(u)}.
e We say that a polynomial @ € R[z,u] is G-state/control invariant if @) can be decomposed as Q(z,u) =
P(z)V(u), where P(g(x)) = P(z) and V(7(g)(u)) = V(u), for every g € G.

Next proposition states that we can express some important invariant quantities over the optimal set M for
Problem (O).
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Proposition 7.2. Assume that M@ is a singleton (u*, u%), and let Q € Rlx,u]® and P € R[z]%. Then the
mapping

A(0.T] % X X U) ol (K) > (s i) > ( /[OT] rQEwdt ), [ P(x)duT<x>>

is constant on M.

Proof. Assume by contradiction that there exist distinct pairs (u1, ur1) and (2, gr2) in M? such that

/ Q. u)dpn (1,2, u) # Q. u)dps (1,2, u) (7.1)
[0,TIx X xU [0,TIx X xU

for some s € N.
By G-invariance of @), we have that for every measure u € .#,([0,7T] x X x U) and g € G,

/ t*Q(z, u)dgup(t, z, u) :/ t°Q(x, u)du(t, z,u),
[0,T)x X xU [0,T|x X xU
and hence
/ t*Q(x, u)dR(1q)(t, x,u) :/ t*Qx, u)dpg(t, z,u),
[0,T]x X xU [0,T)x X xU

for ¢ € {1,2}. It follows from (7.1) that the two G-invariant measures R(p1) and R(us2) are distinct, which
is a contradiction provided that M is a singleton. The same argument holds for the measures pur; and pzs
in .#,(K), by considering the integrals [, P(z)duri(z) and [, P(x)dure(z) for P € R[z]%, and we get the
result.

O

Corollary 7.3. Assume that MS is a singleton (u*,u%), and let Q(z,u) = P(z)V(u) € Rlz,u]® be
G-state/control invariant. Then the mapping

tSP(m)V(u)du(t,aﬁ,u),/

K

A ([0,T] x X X U) x M (K) 3 (p, pr) = (/[0 P(fC)GWT(iU))

TIx X xU

is constant on M, for every s € N. In particular, if (x(t), u(t)) is a solution of Problem (OCP), then the moments
of the measure dv(t, z,u) = dp(u()) (dz)dy (u(e)) (du)dt defined on the set [0,T] x P(X) x V(U) C [0,T] x R? are
given by

/ £ P(2)*V () dpr* (£, 7, ),
[0, TIx X xU

and those of the measure dvp(t,x,u) = dp 1)) (dz) defined on P(K) C R are given by [, P(x)*du;(x), for
every «, 3,s € N.

Consider a family of homogeneous generators (Qq)ge(1,... p} of the invariant ring Rz, u]®, where p > 1, i.e.,
the family (Qq)qe1,....p} satisfies R[z,u]” = R[Q1,...,Q,]. The existence of such generators is guaranteed by
Hilbert’s finiteness theorem, and Noether’s bound theorem (see, for instance [38]) ensures that one can bound
the degree of the polynomials (Qg)4e1,...,p} by the order |G| of G.
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Main tasks: The problem of recovery of optimal trajectories can then be seen from two different viewpoints,
both requiring the use of the invariant polynomials (Qy),:

e (P;): Find an admissible trajectory (x(t),u(t)) for equation (OCP), assuming the knowledge (at least
approximate) of the curves (Qq(z(t), u(t)))ge(1,... p}-
e (P): Find the moments of a pair (u, ur) € M defined as occupation measures under the form

(dﬂ(t, 2, 1), d,uT(:v)) - (%) ()8 e) (du)dt, Gy (dx)) :

having an approximate knowledge of those of (u*,pF), by a similar method of the one described in
Section 6.2.

7.3. Problem (P)
For an optimal trajectory (z(t),u(t)) of Problem (OCP), consider the curves

2alt) = Qu(a(t), u(t), (7.2)

for ¢ € {1,...,p}, and every ¢ € [0,T]. By Proposition 7.2, the moment matrices of the measures di(t,2) =
d2,(t)(dz)dt are independent from the choice of the optimal trajectory (x(t),u(t)) and can be computed thanks
to the moments of (u*, u%), obtained solving Problem (OF) via the resolution of the SDP (Q%). As a direct
consequence, the curves (z,4(t)), can be recovered approximately via the use of Christoffel-Darboux kernels, as
defined in Definition 6.1.

7.8.1. Solve the polynomial system (7.2) in (x(t),u(t)) with state/control separation

Due to the fact that controlled vector field f is polynomial and defined on a compact set, we have the
existence of a solution (x(-),u(-)) of equation (7.2) such that the state z(-) is a Lipschitz function. It is then
natural to separate the state and the control and get rid at first of the control w(¢) which is possibly discon-
tinuous (for instance in the case of bang-bang optimal controls). Consider a family of homogeneous generators
(Pt Vs ) (q1,g2)€ {1, b {1,....po} OF the invariant rings R[z]% and R[u]“, where p1, p> > 1, so that equation (7.2)
can be simplified into

(a1 (8): 045 (1) = (P, (2(2)), Ve, (1)) , (7.3)

for (g1,92) € {1,...,p1} x {1,...,p2}, and every t € [0,T], which is divided into separate equations on the
variables 2 and u. A method to test the dynamical feasibility of a solution of equation (7.3) and, in the positive
case, recover the associated optimal control is proposed in Appendix A.3.

Remark 7.4. By Corollary 7.3, the moments of the measure
dvg, . (t,z,u) = 5yq1 (t) (dx)équ(t) (dw)dt
defined on [0, 7] x R? are given by
[P e .
[0, TIx X xU
for every ((1176]2) € {17 s 7p1} X {17 s 7102}7 SaaaB eN.

Remark 7.5. In the case of sign-symmetries given in Example 4.11, the set R[z] is generated by P(x) = z
and R[u]“ is generated by V (u) = u?. Hence solving (7.3) in z-component is equivalent to taking the square root,

2
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up to the singularity at « = 0. Solving (7.3) in the u-component may be harder due to possible discontinuities
of the control ().

Remark 7.6. In this setting, Problem (P;) corresponds to a lift over invariant problem (see for instance [39, 40]
for a study of regularity issues). The resolution of equation (7.3) can be made analytically in some easy cases
(e.g. sign symmetries). Computer algebra methods can be used in more complex cases, which are, however,
beyond the scope of this paper.

7.4. Problem (P»)

In the case where solving (P;) is too hard, we propose a numerical method involving a supplementary step,
which aims at getting the moments of an extreme point (u, ur) of the set M using the approximate values of
the moments of (u*, %), and the selection of extreme measures proved in Section 6.2 with SDP (Z). It consists
in the minimization of a functional built from polynomials P € R[t, z,u] and P € R[z] guaranteeing uniqueness
of the following LP on measures:

inf /Pdu+/PdMT

BT

s.t. (u, pr) satisty (3.3)
(1, pr) € Au*,u}a

where A« ,x is defined as in Definition 4.2.

By noticing that (y, ur) € Ays s if and only if [#°Q(z,u)dp = [t°Q(z, u)dp* and [ Q(z)dur = [ Q(x)duf
for every s € N and (P, Q) € Rz, u]® x R[z]%, we can propose the following SDP relaxation sequence, denoted
by (Ry) and defined, for k > ki, as

inf L.(P)+ Ly(P)

e
sit. L(h)+ L,(H) < p§
Mi(y), My(z) = 0,
Mp_tdeg(v;)/21(vj2()) =
My, _rdeg(0,)/21(05y) = 0,
My deg(w;) /21 (w2 (u
M1 (t (1 —t)z(t)) = 0,
Ly(¢) — L. (9¢/0t +
L (t°Py(2)* Vo (u)?) =
Ly(Pa()®) = Ly; (Pg(2)%),
for every se Nya e N,f e N, g € {1,...,p},

where z}, yi are the optimal solutions of the SDP (Q$).
By similar arguments to those used in the proof of Proposition 6.6 concerning the convergence of SDP (Zy),
we obtain the following convergence result.

Proposition 7.7. For any sequences (Zfag)kao and (y¥)i>k, optimal for (Ry), we have, for every s € N,
a e N" and B € N,

zfaﬁ — t*ruPdu(t, z, u),
[0,TIx X xU
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and
y’of—>/ z*dpr(x),
K

when k — oo, where (u, pr) is a pair of occupation measures solution of (O).

Remark 7.8. Note that even if this method breaks symmetry and does not involve the symmetry
reduced moment matrices, the number of SDP variables is significantly reduced because of multiple moment
substitutions. The efficiency of (Rj) will be illustrated in the numerical results of Section 9.

8. RECOVERY OF TRAJECTORIES WITH SYMMETRY REDUCTION IN THE
GENERAL CASE
Our next Algorithm (Asy) allows to tackle the case where the solution of Problem (O%) is not unique, i.e.,
the set M is not a singleton, using symmetry reduction. It requires the supplementary minimization Step 2,

which relies on the results of Section 6 and generalizes the hierarchy (Z;) to the symmetric setting.
ALGORITHM A,

1. Compute a lower approximation pg of the optimal cost via (QE)7

2. Select an extreme pair of G-invariant measures (u*, p%) € MY, by minimizing a random symmetric linear
functional;

3. Apply Step 2 of Algorithm (Ay) (i.e. solve (Py) or (Pz)) in order to recover the trajectory and control
associated with a pair of occupation measures (u, ur) € M belonging to the set A« ., where A« .z is
defined as in Definition 4.2.

The goal of what follows is to describe Step 2 of Algorithm (As). Indeed, the first step (respectively, third
step) has already been described in Section 5 (respectively, Sect. 7). Contrary to the case described in Section 7
where M is a singleton, the mapping

SP(2)V (u)? T, U )% T
(1 i) > (/[O,T]th” V) ), [ P >>

is in general not constant for (u, ur) € M. However it is constant on every A, ..., for (i, pr) € MY, where
Ay 18 as in Definition 4.2. The goal is then to recover the value of this mapping on A« ., where (u*, 1u7)

is an extreme point of M.

Proposition 8.1. Let Q(z,u) = P(x)V(u) € R[z,u]® be G-state/control invariant, in the sense of
Definition 7.1. The moments of any measure of the form

(dv(t, z,u),dvr(x)) = ((Sp(z(t)) (d.%‘)(sv(u(t)) (dw)dt, 6P(z(T)) (dl‘)) ,

where (z(t),u(t)) are optimal pairs of Problem (OCP) are given by

(/ tSP(x)aV(u)Bdu(t,z,u),/ P(z)o‘duT(t,x,u)>
[0,T]x X xU K

where (w, pur) is an extreme point of MS.

Proof. By Proposition 4.4, the extreme points of M are

Eq ={(R(p), Rr(pr)) | (u, pr) € M is a pair of occupation measures}.
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Consider an extreme point of M% which can be written as the image R(u) by R of an occupation measure .
Then we have

SP(x)*V(u B :L S )% T U B
/[O,T]xXxUt P( ) V( ) dR(,U) | g%;;/[O,T]xXxUt P(g( )) V( (g)( )) d,u

= t*P(2)*V (u)Pdp
[0,T]x X xU

:/ t*P(x)V (u)’dv,

[0, TIx X xU

where the second equality is obtained by G-invariance of Q = PV, and the third one by definition of v. The
same argument being true for the measure vy by using Ry, the result follows. O

Assumption 8.2. Consider G-invariant polynomials P € R[t, z,u] and P € R[z] such that

inf / P(t,nu)du(t,x,u)—i—/ P(z)dpr(z) (8.1)
(,pT)EME J10,T)x X xU K

has a unique solution (u*, %) € MY, which is an extreme point of M.

Consider the SDP relaxation sequence, denoted by (Z,? ), defined for k > kq as

iynzf L.(P) + Ly(P)

st. Ly(h)+ Ly(H) < oS
ME (y), ME (2) = 0,
My fae(op) /21 (i2(@)) = 0, .
My faes(0,)21(059) = 0,

MkG— [deg(w;)/2] (wjz(u)) = 0,
M (11 = £)2(1)) = 0,
Ly(¢) — L. (0¢/0t + (Vad, f)) = ¢(0,20), Yo = (°z%) € R[t, 2] s.t. s + |a] < 2k + 1 — deg(f).

This SDP is a generalization of SDP (Zj). By similar arguments to those used in the proof of Proposition 6.6
together with Proposition 8.1, we obtain the following convergence result.

Proposition 8.3. Assume that Assumption 8.2 holds. Then for any sequences (Zfag)kzko and (Y*) x>k, optimal
for (ZF), we have, for every s € N, a € N* and 8 € N™,

zfaﬁ — truPdp* (t, x,u),
[0,TIx X xU

and
i~ [ et (o)
K

when k — 00.
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9. NUMERICAL EXAMPLES

We illustrate our methods first with an elementary example of an integrator with symmetries. Then we tackle
the case of qubit inversion, which is the most simple example of quantum systems, and which has attracted
a large interest for years [18, 41]. All computations shown were run on a personal computer running MACOS
with an 11th Gen Intel(R) Core(TM) i7-11800H @ 2.20GHz Processor and 16GB of RAM. The software was
coded in Matlab utilizing the Gloptipoly3 [42] library for problem formulation or Yalmip [43], and SeDuMi
[44] as the SDP solver?. The code symmetric OCP_SOS.m from [45] achieves the cost computation with Yalmip
modeling and uses the classical dual formulation on polynomials of the Moment hierarchies stated in the present
paper (see e.g. [7, 17, 25]), while symmetric_.OCP_qubit.m achieves the trajectory reconstruction via Algorithm
(Az). The use of Yalmip is restricted to the computation of optimal costs, corresponding to the first step of the
proposed algorithms solving SDP (Q¢'). As Gloptipoly modeling is more convenient for dealing with the measure
formulation of our optimization problems, we will use it for trajectory recovery. However, as a counterpart we
will restrict the numerical simulations concerning trajectory reconstructions to the symmetry reduction (Qi)
described in Appendix A.2 which considers G-invariant moment sequences. It achieves in practice only moment
substitutions instead of block diagonal reduction of moment and localizing matrices.

9.1. Toy model: integrator with symmetry

Consider the following integrator optimal control problem:

min 1T
s.t. @(t) = u(t) on [0,T]
lu(t)| <1, |z(t)] <1 (INT)
z(0) =0, z(T)* = 1.
Here we have X = [-1,1] = {z € R | vi(z) =1 -2 >0}, U = [-1,1] = {u € R | wi(u) = 1 —u?® > 0},

K ={+1} ={z € R | 0;(z) = 1 — 2? = 0}, which are compact semi-algebraic sets such that Assumption 3.12 is
satisfied. Moreover, one can check easily that Assumption 3.6 is satisfied. The group G = {—1,1} together with
multiplication acts as a sign symmetry with 1(z) = z, —1(z) = —z, 7 = Idg, in accordance with Definition 3.1.
The initial state and final set are G-invariant, in the sense of Definition 3.2. By a direct analysis of the dynamics,
we show that the optimal cost is T'= 1 and the two optimal trajectories are defined, for every ¢ € [0, 1], by
(x1(t),u1(t)) = (t,1) and (z2(t),u2(t)) = (—t,—1). Their associated occupation measures are dv;(t,z,u) =
O, (1) (dz)dy, (1) (du)dt, for j € {1,2}. By Proposition 3.18, the set M of optimal measures for Problem (O) is
equal to

M= {(x\ldul(t,x,u) + )\gdllg(t,x7u),)\151(d$(}) + )\géfl(dl‘)) | AM+HA=1, A1 >0, > 0}7

so that the unique G-invariant pair of measures in M is (u*, %), where p* = 1(v1 + 1) and p4 = 3(6;(dz) +
d_1(dz)).

9.1.1. Cost computation

On Table 1, we compare the dense (Q) and symmetric (Q%) relaxations in the case d = 2k € {14, 16, 18,20},
where the SDPs are modeled with Yalmip. We notice a better reduction of the computational time due to the
block structure of the semi-definiteness constraints involved in the SDPs for (Q¢), and to the reduced SDP
variables. The fourth column corresponds to the number of moments involved in the SDP. The reduction by a
factor 2 of the number of pseudo-moment variables in the symmetry-adapted SDP relaxation is consistent with
our theoretical estimates from Section 4.2.

ZSee the code archive https://github.com/nicolasaugierl /SYMMETRIC_OCP.git for more details.


symmetric_OCP_SOS.m
symmetric_OCP_qubit.m
https://github.com/nicolasaugier1/SYMMETRIC_OCP.git
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TABLE 1. Comparison of dense (Qj) and symmetric (Q¢) relaxations for integrator system,
modeled with Yalmip with d = 2k € {14, 16, 18,20}.

d=14 Cost Time SDP variables
Without symmetry 0.9736 13s 709
With symmetry 0.9740  4.8s 359
d=16

Without symmetry 0.9740  28.7s 1002
With symmetry 0.9748  9.5s 506
d=18

Without symmetry 0.9752  81.3s 1367
With symmetry 0.9760  20.8s 689
d=20

Without symmetry 0.9736  183s 1812
With symmetry 0.9755  44.54s 912
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FIGURE 2. Rebuilt and theoretical trajectories of Problem (INT) as a function of ¢, computed
with d = 16 via Christoffel-Darboux Kernels.

9.1.2. Reconstruction via solving (P1) in Algorithm (A;)

On this toy problem, the solution of (O%) is unique and equal to (u*, u%), and we can apply Algorithm (4;)
described in Section 7. We consider the invariant polynomial Q(x) = 22, and thanks to Proposition 7.3, we
have f[O’T] Q(z(t))dt = [ Q(z)dp*(t,z,u). In this setting, the polynomial system (7.3) restricted to the state
trajectory writes y(t) = Q(z(t)), for every t € [0,T]. This fact allows plotting the image Q(z(t)) of one of the
two optimal trajectories x(t) as a function of ¢ obtained via Christoffel-Darboux kernels on Figure 2. In this
case, approximations of the two optimal trajectories can be obtained by taking the square root, modulo a sign
choice at the points where z(t) vanishes (here it is only the case at t = 0, as it can be guessed numerically from
the curve of Q(x(¢))).

As explained in Section 7.2, the control reconstruction is harder because the control can be discontinuous. In
particular, considering the invariant polynomial V (u) = u?, we have Joo.r V(u(@®))dt = [ V(u)dpu*(t, z,u). This
allows us to plot the image V' (u(t)) as a function of ¢ obtained via Christoffel-Darboux kernels on Figure 3.
We can guess numerically that the optimal control should be bang-bang. However, Figure 3 does not allow
recovering u(t) due to its possible switches between the values +1.
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FIGURE 3. Rebuilt and theoretical image via V(u) = u? of optimal control trajectories of
Problem (INT) as a function of ¢, computed with d = 16 via Christoffel-Darboux Kernels.
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FIGURE 4. Reconstruction of the control u(t) thanks to the hierarchy (Ry), with d = 2k = 16.

9.1.3. Optimal control reconstruction via solving (Pa) in Algorithm (A1)

In order to recover an optimal control, we propose to solve the LP on measures (7.4) via the corresponding
moment relaxation (Ry), as illustrated on Figure 4. This method involves only moment substitutions without
block diagonalization of moment matrices as in SDP (Qf) The computation time is equal to 12,9506s with
498 pseudo-moment variables for d = 16.

9.2. Minimal time inversion of a single qubit

Consider the following control system, corresponding to the equation of a Qubit on the Bloch Sphere S?:

#(t) = (Ao + u(t) Ay )a(t) (9.1)
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where x(t) belongs to the real two-dimensional sphere S? C R?. The matrices

0 —kcos(a) 0
Ao = | kcos(a) 0 0],
0 0 0
0 0 0
Ar=10 0 —ksin(a) |,
0 rksin(a) 0

are 3 X 3 real antisymmetric matrices, with given parameters x > 0 and « € (0,7/2). The OCP is the following;:

min T >0,

st 2(t) = (Ao + u(t)A1)z(t) on [0,T)]
z(t) € S, u(-) € [-1,1]
z(0) = (0,0,1), =(T) = (0,0,—1).

(QUBIT)

With the notations of Section 3, we have X =§? = {z e R® | 22 + 23 + 22 -1 >0, —(2? + 23 + 23) -
1>0}, U=[-11]={ueR|w(u)=1-u*>0}, and K = (0,0,—1), which are compact semi-algebraic
sets, satisfying Assumption 3.12. Moreover, one can check easily that Assumption 3.6 is satisfied. The group
G = {D,Idgs}, with D = diag(—1,—1,1) together with matrix multiplication, acts as a sign symmetry with
7(Idgs) = 1, 7(D) = —1, in accordance with Definition 3.1. Notice that xg = (0,0,1) and 2y = (0,0, —1) are
G-invariant, in the sense of Definition 3.2. Using the theoretical results of [41], when « > 7 /4, we know that
there are four optimal control strategies. The optimal controls consist of two bang arcs, with switching times
occuring when the trajectory z(t) crosses the equator of S?, and it is proved analytically that the minimal
time is equal to Ty = 27/k. More precisely, the four optimal control are (us(t), —u1(t), u2(t), —ua(t)), where
u1(t), us(t) are defined as:

_ [ 1fortel0,ts]
ul(t) = { —1forte [ts7Tf]7

and

1forte [O,Tf — ts]
us(t) = { —1for t € [Ty —t5,TY],

where t, = 7 — arccos (cot?(«)). Denote the trajectories associated to those controls by (27 (t))e(1,... 43, belong-
ing to S2. The controls uy(t),us(t) are plotted on Figure 5d. For readability, we did not plot the symmetric
controls —uj(t), —us(t). On the Figures 5a, 5b, and 5c¢, we have plotted the x1,x2,23 components of the
trajectories corresponding to the optimal controls us(t),us(t). Note that taking the sign symmetric controls
—uq(t), —u2(t) achieves a change of sign for z1(¢) and x2(t), while keeping x3(t) invariant. On Figure 6, we have
plotted the four possible optimal trajectories on the sphere S2.

9.2.1. Cost computations

We assume that x = @, a = arctan(3) ~ 1,25 > /4. In this case, the theoretical minimal time is p =

27 /K =~ 0.9935. Table 2 displays our numerical results, providing the lower bounds for the cost, with a relaxation
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order d = 2k € {6,8,10, 16}, obtained respectively with the relaxations (Qj) and (Q¢), modeled with Yalmip.
As in the integrator we notice a better reduction of the computational time compared to previous case due
to the block structure of the semi-definitness constraints involved in the SDPs for (Qf). Note that we have
not been able to perform the experiments for d = 16 without exploiting symmetry because our computational
device ran out of memory as indicated by the abbreviation “OoM” in the table.

9.2.2. Optimal trajectory reconstruction using Algorithm (As)

Contrary to the case of the integrator (INT) there is no guarantee of uniqueness for solutions of Prob-
lem (O%) associated to Problem (QUBIT), so that we propose to apply Algorithm (Ay) using symmetries via
the application of successive SDPs: first (QkG) in order to obtain a lower approximation ka of the optimal cost,
then (Z,?) to recover the image of optimal trajectories by invariant polynomials. The efficiency is compared to
the dense case which does not take into account symmetries implemented in Appendix A.4. A basis of homoge-
neous generating invariant polynomials is given for the x-component by P (x1, ¥, x3) = 2%, Po(x1, 72, 73) = 22,
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FIGURE 6. The four optimal trajectories (x'(t),z%(t),z3(t),2*(t)) plotted on the sphere in
different colors

TABLE 2. Comparison of dense (Qx) and symmetric (Q¢) relaxations for qubit system, with
Yalmip modeling, with d = 2k € {6, 8,10}.

d=16 Cost Time  SDP variables
Without symmetry 0.7708 1.7s 672
With symmetry 0.7708 1.7s 346
d=28

Without symmetry 0.8758  16.2s 1782
With symmetry 0.8758 5.5s 906
d=10

Without symmetry 0.9244  226s 4004
With symmetry 0.9244  55.5s 2023
d=16

Without symmetry 0.9585  OoM 25194
With symmetry 0.9585  16534s 12642

P3(x1, 29, 23) = 2179, Py(21,79,73) = 13, and for the u-component by V(u) = u?. In this setting, the polyno-
mial system (7.3) restricted to the state trajectory writes y;(t) = P;(z(t)), for every j € {1,...,4},and t € [0,T].
By application of the SDP (Z,?) in Algorithm (As), we recover approximately the moments of an extreme point
(u*, wr) in the set M associated with Problem (). We can then approximate the moments of the curves
x1(t)%, 22(t)2, z3(t), for optimal trajectories (z1(t),z2(t), z3(t)) for Problem (QUBIT). On Figure 7, we have
plotted the reconstruction of the latter curves thanks to the Christoffel-Darboux kernels for d = 2k = 10, for
which the computation time is 81.1s. The curves corresponding to optimal trajectories are plotted in dashed
lines.

Solving (P;) as third step of Algorithm (A4,) and selection of trajectories Optimal trajectories of
Problem (QUBIT) then have to be selected among the Lipschitz curves which are solutions of y;(t) = P;j(x(t)),
for every j € {1,...,4}, and t € [0,T], as described in Section 7.2 with equation (7.3). A feasibility test
can be done, which consists in solving approximately the linear programs (A.2) via the SDP (Q}) from
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FIGURE 7. Reconstruction of the image of trajectories via invariant polynomial with CD kernels,
with d = 2k = 10.

Appendix A.3, choosing among the possible trajectories x(t) allowed by the previous step. We checked numer-
ically in TRAJECTORY _TEST.m the infeasibility of the curve whose xs-component is equal to +/y2(t), by
checking SDP infeasibility of (Q}) with d = 6. This fact ensures that the xe-component of optimal trajectories
change sign and are composed, up to a global sign change, of two branches ¢t — +4/y2(t) for t € [0,t*] then
t — —y/y2(t) for t > t* where t* > 0, as claimed by the structure of optimal solutions plotted on Figure 5. Note
however that this step requires the knowledge of the moments of the function ¢t — £4/y2(¢), which can be done
thanks to computing approximate moment integrals of the square root of Christoffel-Darboux approximant of
y2(t). In order to avoid this difficulty and possible accumulation of errors, the computations have been made
by computing the corresponding moments thanks to the knowledge of the theoretical optimal trajectory.

Control reconstruction via solving (P,) as third step of Algorithm (A;) Concerning the recovery
of the optimal control, the same discontinuity problem occurs as for the integrator example of Section 9.1. We
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FIGURE 8. Rebuilt control with (Ry) for d = 2k = 10 on Figure 8a. The control is plugged into
the dynamics (9.1) on the simulations plotted on the figures 8b and 8c.

propose to solve the linear program and (7.4) via the corresponding moment relaxation (Ry). On Figure 8, we
illustrate the results obtained by applying the SDP (Ry), allowing to recover approximately an optimal control
u(t) via Christoffel-Darboux kernels, which is plotted on Figure 8a. Due to moment substitutions, the compu-
tation time of (Ry) with d = 2k = 10 is equal to 118s, with 3040 pseudo-moment variables, which is improved
w.r.t. the dense case. The control is then plugged in the dynamics (9.1), and we obtain the corresponding
trajectories on Figure 8b and 8c.

Remark 9.1. Note that the time needed for the second step of Algorithm (As) would have been approximately
twice the time of its first step using Yalmip modeling, as the two steps are two symmetry-reduced problems
of the same size. However, the third step of Algorithm (As) may require supplementary time when solving
Problem (P;) via (Ry), due to a reduction which only involves moment substitutions.

10. CONCLUSION

In this work, we have shown that using symmetries is an efficient way to increase the computational efficiency
for solving optimal control problems using the moment-sum-of-squares hierarchy, treating both reduction of
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FIGURE 9. Reconstruction with (CD) kernel of optimal control and trajectories, without sym-
metry for Problem (QUBIT), with d = 2k = 10, compared to theoretical optimal solutions in
dashed lines.

problem size as well subsequent recovery of of optimal trajectories. It turned out that symmetry reduction
allows to recover the image of optimal trajectories of the state variables by invariant polynomials in a very
efficient way. Then we proposed a method via moment substitution allowing to recover an optimal control. In
further works, we plan to study systems exhibiting more complex symmetries, and computer algebra methods
to solve the polynomial system obtained by symmetry reduction. A longer term perspective is to study Lie
group symmetries which are very common in physics.
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APPENDIX A. APPENDIX

A.1 Proof of Proposition 4.4

Proof. For the proof of the first point, let (u, ur) € M. By G-invariance, we have R(u) = p and Ry (ur) =
wr, so that (w, pr) € {(R(u), Rr(pr)) | (w, pr) € M}. Conversely, for (i, ur) € M, Lemma 4.3 proves that
(R(p), Rr(ur)) € MY, as the group G is finite. In particular, the set M% is non empty. Concerning weak-x
compactness, as R and Ry are continuous operators for the weak-x topology, the set M is closed as the inverse
image of (0,0) by the continuous mapping (u, pr) — (R(p) — p, Re(ur) — pr). It follows that the set M is
weak-+ compact as a closed subset of the weak-x compact set M.

For the proof of the second point, assume by contradiction that there exist (u,ur) € M which are not
occupation measures and such that (R(u), Rr(ur)) is an extreme point of M%. By Proposition 3.16, we have
that (u, pr) satisfy

/ ¢(t’w7U)du(t7w,U)=/ (/ ¢(t7w’U)dv(t,m7U)> dv (),
[0,T]x X xU S [0,T]x X xU

and

[ et = [ ([ ptern)) aurir),

for every (¢,¢) € CH([0,T] x X x U) x CY(K), where (v,vr) are probability measures on the sets S and St
of occupation measures, in the sense of Definition 3.3. From the linearity of R and Ry that R(u) and Rr(ur)
satisfies

/ ot w)d(R(n)) (1,2, u) = / ( / ¢<t,x,u>d(m)><t,m,u)> (),
[0,TIx X xU S [0,TIx X xU
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and

| ety - [ ( / so(m)d(Rm»(x)) dvr(3),

for every (¢, ) € C*([0,T] x X xU) x CH(K). As (u,u7) ¢ € =S x St, we have that (v, vr) is not supported
on a single point of £. We obtain a contradiction since (R(u), Rr(pr)) is assumed to be an extreme point of
ME.

The last statement follows from Krein-Milmann theorem in the infinite dimensional setting [37], Chapter 111,
Section 4.

A.2 Symmetric hierarchy without block diagonalization

For two G-invariant pseudo-moment sequences y and z, consider the following symmetry-adapted relaxation
hierarchy, indexed by k > kg, where kg is chosen as in Section 3.2.1, denoted by (Qi)

TR = 1ynzf L.(h)+ Ly(H)

s.t. Mg(y), Mi(z) = 0
M}, _[deg(v;) /2] (vj2()) = 0
Mio—rdeg(u;) /21 (wjz(w)) = 0
Mp—facg(o,)/21(05y) = 0
M1 (H(1 — £)2(t)) = 0
Ly(¢) — L, (09/0t + (Vud, f)) = ¢(0,x0), Yo = (t°z%) € R[t, z] s.t. s+ |a| < 2k + 1 — deg(f) .
(Qr)

The latter semi-definite conditions being equivalent to those of (Q%), we have the equality 7, = p$, for every
k> ko.

A.3 Dynamical test of the solutions of equation (7.3) and control recovery

In general, not every Lipschitz curve solving equation (7.3) in its az-component is feasible nor optimal for
Problem (OCP). It is then a crucial task to propose a numerical method testing the feasibility and optimality
of () for Problem (OCP) and in the positive case recovering the associated optimal control u(-).

Assumption A.1. We know a Lipschitz curve z(-) solving equation (7.3) in its z-component and/or its
associated moments w.r.t. the Lebesgue measure on [0, T].

For p € #+([0,T] x U), consider the following reduced Liouville equation

0
H(T2(T)) - 0(0.20) = [ O (Va(t,2(1)), £ (1), w) it ), (A1)
[0,T]xR" xU
for every ¢ € C1([0,T] x X).
Introduce the following linear program:

inf / h(t,z(t),u)du(t, u)
H [0,T|xU

s.t. p satisfy (A.1)
we AL (0,T) xU).
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Note that, as the curve z(-) is fixed, the term H(z(T")) involved in the cost of Problem (OCP) can be removed,
and if there exists u(-) such that (z(-),u()) is feasible and optimal for Problem (OCP), then the set of solutions
of Problem (A.2) is non-empty and contains the occupation measure dv(t,u) = , ) (du)dt.

In order to solve Problem (A.2), we propose the following hierarchy, indexed by k > kg, for pseudo moment
sequences z = (2y)yes and ¥ = (Ya),ep, Where B is a monomial basis of R[t,z,u], and B is a monomial
basis of R[z]. It is denoted by Q% and defined as a slight modification of (Qy), by adding the conditions
L,(t°z%) = L« (t°z%),Vs,a s.t. s+ |a| <2k and Ly () = Ly« (z),Va € N" s.t. |a| < 2k, where z*, y* are the
moment sequences associated with the measures dv(t, ) = 0, (dz)dt and dvr(x) = 0,7 (dw), that are known
a priori under Assumption A.1.

We have the following properties:

e If there exists k > ko such that (Q}) is unfeasible, then the curve x(-) is unfeasible for Problem (OCP),
and the solution has to be rejected.

e In the case where (QY) is feasible, check optimality, by checking that inf Q¥ + H (z(T)) — p$ is close to 0
when k — +o0.

Remark A.2. In order to avoid approximation issues, in our numerical implementations we replace the
constraints L, (t°z®) = L.« (t°z%),Vs,a s.t. s+ |a| < 2k and L,(z*) = Ly (z),Va € N s.t. |a| < 2k by
|L.(t°z%) — Ly« (t°2%)| < €,Vs,a s.t. s+ |a] < 2k, |Ly(x®) — Ly (2%)] < €,YVa € N” s.t. |a| < 2k, with € > 0
small enough.

A.4 Optimal trajectory reconstruction without using symmetries

We propose to achieve the reconstruction of trajectories without using symmetries described in Section (6).
The SDP (Z;) allows finding the approximate values of the moments of an optimal trajectory for Prob-
lem (QUBIT) in the variables (¢,z,u). We have plotted the rebuilt optimal control u(t) and trajectory
components (x1(t), x2(t), z3(t)) on Figure 9, to be compared with the optimal solutions obtained with the
four optimal controls (uq (), —uq (t), ua(t), —uz2(t)), which are plotted in dashed lines. We notice that the con-
trol curve is close to the optimal one, contrary to the recovered trajectories, especially the xo-component. For
d = 2k = 10, we obtain the reconstruction of Figure 10 by plugging the control obtained on Figure 9a into
the dynamics of equation (9.1). On the figure, the simulated trajectory is plotted in black, and the optimal
trajectories corresponding to the controls (uq(t), —u1(t), ua(t), —u2(t)) are plotted in dashed lines.
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