N
N

N

HAL

open science

Stable near-optimal control of nonlinear switched

discrete-time systems: an optimistic planning-based
approach

Mathieu Granzotto, Romain Postoyan, Lucian Busoniu, Dragan Nesi¢, Jamal

Daafouz

» To cite this version:

Mathieu Granzotto, Romain Postoyan, Lucian Busoniu, Dragan Nesi¢, Jamal Daafouz. Stable near-
optimal control of nonlinear switched discrete-time systems: an optimistic planning-based approach.
IEEE Transactions on Automatic Control, 2021, pp.Early access. 10.1109/TAC.2021.3077873 . hal-
03217759

HAL Id: hal-03217759
https://hal.science/hal-03217759

Submitted on 5 May 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03217759
https://hal.archives-ouvertes.fr

LOGO

Stable near-optimal control of nonlinear
switched discrete-time systems: an optimistic
planning-based approach

Mathieu Granzotto, Romain Postoyan, Lucian Busoniu, Dragan NeSi¢, and Jamal Daafouz

Abstract— Originating in the artificial intelligence litera-
ture, optimistic planning (OP) is an algorithm that generates
near-optimal control inputs for generic nonlinear discrete-
time systems whose input set is finite. This technique is
therefore relevant for the near-optimal control of nonlinear
switched systems for which the switching signal is the
control, and no continuous input is present. However, OP
exhibits several limitations, which prevent its desired ap-
plication in a standard control engineering context, as it
requires for instance that the stage cost takes values in
[0,1], an unnatural prerequisite, and that the cost function
be discounted. In this paper, we modify OP to overcome
these limitations, and we call the new algorithm OP,;,.
We then analyze OP,,;, under general stabilizability and
detectability assumptions on the system and the stage
cost. New near-optimality and performance guarantees for
OPnin are derived, which have major advantages compared
to those originally given for OP. We also prove that a system
whose inputs are generated by OP,,;, in a receding-horizon
fashion exhibits stability properties. As a result, OP,
provides a new tool for the near-optimal, stable control of
nonlinear switched discrete-time systems for generic cost
functions.

[. INTRODUCTION

Optimistic planning (OP) is an algorithm that computes
near-optimal control inputs for generic nonlinear discrete-
time systems and infinite-horizon discounted costs, provided
the set of inputs is finite, see [16,23]. Given the current
state, OP intelligently develops the tree of possible future
states, which are enumerable, since the input set is finite. By
prioritizing branches with better costs, which are optimistic
approximations of the infinite-horizon cost, OP efficiently
exploits the available computational power. It then returns an
optimal sequence of inputs for a finite-horizon discounted cost,
where the horizon depends on the given computational budget
and the initial state. Guarantees on the mismatch between the
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obtained value function and the original infinite-horizon optimal
cost are provided in [16] and are of the form %(:), where
v € (0,1) is the discount factor and d(x) is the state-dependent
horizon, which is related to the computation budget used by the
algorithm. Hence, in general, for good near-optimality bounds,

the discount factor  has to be taken small.

OP is a priori well-suited for nonlinear switched discrete-
time systems for which the control input is the switching signal
[3], and no continuous input is present. This is appealing as the
optimal control of switched systems remains an open problem,
especially when dealing with nonlinear dynamics. Indeed,
while the (near-)optimal control of switched linear discrete-
time systems is addressed in, e.g., [1,7,30,36,38], the case of
nonlinear switched systems is still unraveling and concentrates
on continuous-time systems, see, e.g., [33,35,39]. Even so, in
the mentioned works and references therein, algorithms are
often presented for a particular class of systems, no explicit
near-optimality bounds are given, tacitly assuming that the
optimal solution is obtained, and the stability of the induced
closed-loop is eluded, while stability is often essential in control
applications. There is therefore a need for tools for the (near-
Joptimal stable control of general nonlinear switched systems:
we propose a solution based on OP.

Unfortunately, it appears that we cannot apply OP “off-the-
shelf” for standard control engineering problems as OP exhibits
significant limitations. First, the stage cost has to take bounded
values, e.g., in [0, 1], which is not natural in control as this
excludes quadratic stage costs for instance, and to constrain the
stage cost to take values in [0, 1] via a nonlinear transformation
would change the sequence of optimal inputs. Second, the cost
is discounted using factor v € (0, 1), which has to be chosen
small for good near-optimality guarantees as explained above,
while v needs to be close to 1 for the closed-loop system to be
stable [9,12,25]. As a first contribution, we therefore modify
OP to overcome these limitations, that is: the stage cost does
not have to take values in a given bounded set and the cost
is not discounted. We call this new algorithm OP,. OPpipn
returns a sequence of inputs, which minimizes a finite-horizon
cost more efficiently than a brute-force approach in general,
as explained in the paper. In addition, OP,,;, is designed for
minimizing costs instead of maximizing rewards as OP [16,23],
which although apparently easy is in fact non-trivial when
dealing with undiscounted and unbounded stage costs.



Moreover, our goal is also to ensure that a system controlled
by OPp, in a receding-horizon fashion exhibits stability
guarantees, an aspect which is not addressed by OP works
[3,16,23]. To do so and as a second contribution, we introduce a
novel element to the algorithm, the so-called stopping criterion.
Originally, at each call OP develops its tree until exhaustion
of a computational budget or up to a given depth. In contrast,
OPy,i, develops a tree at each call until a stabilizing property
is found among the calculated inputs. By incorporating this
requirement in the algorithm itself via the stopping criterion, the
stability of the induced closed-loop system is guaranteed under
general stabilizability and detectability conditions, as discussed
in more details below. Furthermore, the computational effort
is adapted to the current plant state. This is important, as a
fixed computational effort might be unfeasible or ill-suited in
applications. Other recent works have considered introducing
similar stopping criteria for different optimal control algorithms
to ensure stability guarantees, see [24] in the context of
nonlinear model predictive control and interior point solvers.

The stopping criterion allows to have a direct control on the
near-optimality guarantees, that is, how the computed finite-
horizon cost function compares to the original infinite-horizon
optimal cost. We thus obtain a novel bound on the mismatch
between the two costs, with the next desirable features: (i) it
does not explode for v = 1, contrary to the bound in [16]; (ii)
it decreases as the state is close to a given attractor, while the
bound Vldfm in [16] is a constant for a constant horizon. The
latter implies that for some states OPy,;, may stop with short
horizons while ensuring good near-optimality properties, thus
reducing computational costs. We also analyse how the endured
cost functions along the system solutions when OP,;, is applied
in a receding-horizon fashion compare to the original infinite-
horizon optimal cost. We show that OP,,;, does provide similar
desirable performance properties when applied in closed-loop.

Concerning stability, we prove that a system whose inputs
are generated by OP,, in a receding-horizon fashion satisfies
a semiglobal practical stability property, where the adjustable
parameter is a decision vector used to tune the stopping
criterion. We use a generic measuring function to define
stability as in, e.g., [12,13,25], thus covering point and set
stability in a unified manner. By strengthening the assumptions,
we derive stronger stability properties, including a global
exponential guarantee and we also prove that the stated stability
properties are nominally robust [20]. These stability results
differ from [12,13,25] where stability of systems whose inputs
minimizes (discounted) finite-horizon costs is analysed. Indeed,
the horizon of the cost in this paper is state-dependent, and
not fixed, because of the way OP,;, operates. As a result,
the stability analysis relies on a different Lyapunov function
compared to [12], namely we exploit the infinite-horizon
optimal cost function, which we believe is an interesting
development in its own right. In addition, our analysis exploits
the stopping criterion, while the latter is absent in [12,13,25].

We illustrate the results through the scenario where we are
given a finite number of controllers, and we aim at optimally
selecting one at any given time instant, while ensuring stability.
Two examples are provided, for a cubic integrator and a flexible

joint robotic arm, respectively.

Other tree-based algorithms have been considered in the
literature for switched systems, albeit with different purposes.
For instance, in [8], the stability of linear switched systems
under arbitrarily switching is investigated, by generating a tree-
like structure of possible future state transitions. The work in
[21] considers a branch-and-bound approach for the discrete-
time optimal control of switched linear systems and quadratic
costs. On the other hand, (relaxed) dynamic programming
approaches were considered in [29,31]. In particular, [29]
approximates the infinite-horizon optimal control problem for
linear switched systems, and [31] develops a value iteration
approach exploiting homogeneity of the system and stage costs.
The main difference between our present paper and these
references is that we address nonlinear switched systems and
generic costs.

This paper also conveys another important message. It
illustrates how an optimal control algorithm from a different
research field, namely artificial intelligence, can be adapted and
tailored to solve an important control problem, here the near-
optimal control of nonlinear switched discrete-time systems. It
also demonstrates how control requirements, like stabilizability,
detectability and stability, can be exploited to improve the
original algorithm in terms of near-optimality guarantees and
computational budget.

Compared to the preliminary version of this work in [11],
the main novelty of this paper is the stopping criterion, while
we were using a fixed computational budget in [11] as in [16].
This change reframes every theoretical result of the paper and
provides major advantages in terms of computational cost as
illustrated in examples (see Section V). In addition, (i) the
algorithmic complexity of OP.;, is now investigated, (ii) a
new case study on the optimal selection of feedback laws is
presented; (iii) additional stability and performance results are
provided.

The rest of the paper is organized as follows. Section II
formally states the problem. OP,, is presented in Section III,
where its algorithmic complexity is analyzed. In Section IV, we
analyse the near-optimality and stability properties of OPp,.
In Section V, we apply OP;, for the on-line optimal selection
of feedback laws. The proofs are provided in Section VII,
and some conclusions are drawn in Section VI. A contraction
property of the finite optimal sequence is stated in the appendix.

Notation. Let R := (—00,00), R>¢ = [0,00), Z>¢ =
{0,1,2,...} and Z~ := {1,2,...}. We use (z,y) to denote
[z7,yT]T, where (z,) € R* x R™ and n,m € Zsq. A
function x : R>g — Ry is of class K if it is continuous,
zero at zero and strictly increasing, and it is of class Ko
if it is of class K and unbounded. A continuous function
B :Rsg xRs>g = Rxg is of class KL when 5(-,t) is of class
IC for any ¢t > 0 and f(s, -) is decreasing to O for any s > 0.
The notation I stands for the identity map from R to R>q. For
any sequence u = [ug, U1, .. .| of length d € Z>oU{oo} where
u; € R™, i€ {0,...,d}, and any k € {0,...,d}, we use uly,
to denote the first k& elements of u, i.e. u|x = [ug,. .., ur—1]
and u|p = @ by convention. Let f : R>o — R>g, we use
f*) for the composition of function f with itself & times,



where k € Z>o, and f(©) = I. The Euclidean norm of a vector
2 € R™ is denoted by |x|. The distance of a vector x € R” to
non-empty set A is defined as |z|4 := inf{|z — x| : z € A}
The transpose of a matrix A is denoted by AT. We denote
Amin(P) and Ao (P), the smallest and the largest eigenvalues
of a symmetric real matrix P. Given a discrete-time dynamical
system z(k+1) = g(x(k),u(k)) where z(k) € R™ is the state
variable at step k € Z>q and n € Z~(, we use the compact
notation z+ = g(z, u) instead.

[I. PROBLEM STATEMENT

Consider the system
at = fu (l‘), (1)

with state z € R", control input v € U where U =
{1,..., M} is a finite set of admissible inputs with M > 2,
and f, : R™ — R" for every u € U. We use ¢(k,x,ul) to
denote the solution to system (1) at time £ € Zx>( with initial

condition x and inputs sequence ul|, = [ug,u1,...,Us_1],
with the convention ¢(0,z,-) = ¢(0,z, ) = .
We consider the infinite-horizon cost
JOC(QZ,’LL) = Zéuk((b(kaxau‘k))a (2
k=0

where z € R” is the initial state, v is an infinite sequence
of admissible inputs, ¢, : R” — R>¢ is the stage cost given
input v € U. Finding an infinite sequence of inputs which
minimizes (2) given x € R™ is very difficult in general, as the
particular case of linear switched systems with quadratic stage
cost already shows [22,38]. We therefore aim at generating
sequences of inputs that nearly minimize (2) instead, in a
sense made precise in the following. For this purpose, we
revise optimistic planning (OP) as originally developed in
[16]. We call this new algorithm OP,y;,. Furthermore, we aim
at ensuring stability properties for the induced closed-loop
system. We ensure the robustness of this stability property
under additional regularity properties of f,, and ¢, which will
be made later, in Section IV-C.

The forthcoming analysis revolves around the general
stabilizability and detectability assumptions on system (1) and
stage cost ¢ stated next, as in, e.g., [12,13,25].

Standing Assumption 1 (SA1): There exist ay,aw € Koo,
continuous functions W, o : R® — R>, and aw : R>q —
R>g continuous, non-decreasing and zero at zero, such that
the following conditions hold.

(1) For any x € R"™, there exists an infinite sequence of
admissible inputs u’_(x), called optimal input sequence,
which minimizes (2), i.e. Voo (2) := Joo (2, Uk (x)), and
Vs 1s such that

Voo (2) <@y (o(x)). 3)
(ii) For any x € R", u € U,
W(z) <aw(o(z)) 4)
W(fu(z)) = W(z) < —aw(o(x)) + Lu(z).  (5)
|

Function o : R®™ — R>( in SA1 is a “measuring” function
that we use to define stability, which depends on the problem.

For instance, by defining 0 = |-|,0 = |- |2 or o : x> 2" Qx
with Q@ = QT > 0, one would be studying the stability of the
origin, and by taking o = | - | 4, one would study stability of

non-empty set A C R™. General conditions to ensure the first
part of item (i) can be found in [19]. The second part of item
(1) is related to the stabilizability of system (1) with respect
to stage cost £, in relation to o. Indeed, it is shown in [13,
Lemma 1] that a sufficient condition for (3) to hold is that the
stage cost ¢, is uniformly globally exponentially controllable
to zero with respect to o for system (1), see [13, Definition 2].
On the other hand, item (ii) of SA1 is a detectability property
of the stage cost £, with respect to o, and is thus not related
to item (i) of SAl. For example, when ¢, (z) > o(x), one
verifies item (ii) of SA1 with W = 0 and ay = I. For more
information on SAl and “measuring” function o, see, e.g.,
[12,13,25]. Note that we neither require ¢, to take values in
[0, 1] contrary to [16], nor that it is positive definite.
We are ready to present the algorithm.

A. Main idea 1. O

The algorithm evaluates finite-horizon costs given any initial
state x € R™

d
Jd(l‘vud) = ZEWC (¢(k,$,Ud|k))7 (6)
k=0
where d € Z is a horizon, and ug = [ug, u1, ..., ug) € UL,

OP,,;, searches for optimal input sequences which minimizes
exactly cost (6), given state  and a state-dependent finite
horizon d(x) € Z~, that is

Vd(z) (CC) = TI};(IH) Jd(x) (I, U’d(w)) (7N
We denote by ujl(z) (2) a corresponding optimal input sequence
of length d(x), which may be non-unique. Hence, V() () =
Ja) (x, Uy (2)). The horizon d(z) in (7) is selected by the
algorithm itself. In particular, OP,y, iteratively increases the
horizon d in (6) up to a horizon d(z), which depends on the
initial state x. Horizon d(x) corresponds to the first d-horizon
optimal cost that verifies the next criterion, i.e. d(x) is such
that

U(¢(d(x)7 €, u;(m) (x)‘d(x))) < Cstop(57 $)7 (8)

where
. qb(d(x),x,uz(z) (7)[q(z)) is the state, with some abuse
of terminology', reached by applying the finite-horizon
sequence ug(m)(a:);
® Cyop(e,2) > 0 is a stopping function, which we design
and which may depend on state vector  and a vector of
tuneable parameters € € R™<, with n. > 0. The design
of cyop 1s explained in the sequel.
As we will show, by controlling the “size” of the last state
o(d(x), z, wy,)(*)|d()) through function cyop and parameter

IStrictly speaking ¢(d(x), z, u,’;(z (@)]a(x)) is the value of the solution
to (1) initialized at € R™ at step dgx) with inputs "2(1) (z).



€, we control directly, for each z € R"”, the mismatch between
Vd(l.)(z) and the optimal value function associated to cost (2)
at x, i.e. V() defined in item (i) of SA1. For d(x) to be
finite for any x € R"™, we also rely on the following assumption
on Cyop, Which is made without loss of generality as we design

Cstop-
Standing Assumption 2 (SA2): For any ¢ € R"< and any
xz € R™ with o(z) > 0, cyop(e, z) > 0. O

SA2 formalizes which stopping functions cyp guarantee
that OP;, terminates. Possible candidate functions are, e.g.,
Caop(€, ) = a(o(x)) for some o € K in which case there
is no parameter €, cyop(e,z) = [e|a(o(x)), chople,x) =
le], with ¢ € R\{0}, or combinations like cxop(e,z) =
max{|e1|o(z), |ea|} for € = (e1,€2) € (R\{0})? and =z € R™.
We stress that cgop is not required to be positive definite,
i.e., we accept cyop(e,z) > 0 for o(z) = 0. By shaping
the terminating function cg.p, We can tighten (or relax) near-
optimality properties as shown in the sequel.

Remark 1: Model predictive control often similarly solves
a finite-horizon problem with terminal constraints, see, e.g.,
[32] for results where the horizon is varying as in (7). Here,
not only the horizon is state-dependent, but the terminal set
constraint itself is also state-dependent. O

Altogether, given any x € R™ and € € R"<, the cost function
that OPy,;, explicitly calculates is denoted by

Ve(@) = Ja) (2, u(@)). ©)

We use the notation V in (9), instead of Vy(,), to emphasize
that the returned cost function is parameterized by e. Likewise,
we denote by uX(z) := Uy (z) a sequence of inputs that has
cost V() and verifies (8). Problem (9) is implementable when
d(x) is finite, as the input set I/ is finite. In this case, a brute-
force approach can solve it by developing all possible sequences.
However, this is computationally intensive, in particular when
d(x) is large, as the computational cost grows exponentially
with the horizon. OPp;, instead intelligently explores the
possible sequences to solve (9) with potentially larger horizons
with the same computation budget compared to a brute-force
approach in general [16], as the computational cost for a given
horizon grows with smaller exponential base, see Section III-C.

The next statement ensures that, given any 2 € R™, d(x) as
defined in (8) is finite.

Proposition 1: For all z € R™ and any ¢ € R"<, d(z) in
(8) is finite and V. (z) in (9) is thus well-defined. O

B. Algorithm description

OPin explores the possible choices of inputs optimistically
until the stopping condition in (8) is verified, and is inspired
by [16]. The computational resources utilized for this purpose
are denoted as a budget B € Z-(, which corresponds to B+ 1
leaf expansions, and which adapts to the state . We denote by
T the exploration tree from initial state x € R", constructed
from admissible input sequences and their respective cost (6).
A leaf is a node of T with no children, and the set of all leaves
of T is denoted £(T). At iteration ¢ € Z>, a leaf L; € L(T)
is fully expanded. That is, for every v € U, we add a child to
L; labeled by the resulting state f,(L;), which are new leaves
of T after this, L; is no longer a leaf, but becomes an inner

node. We denote with a slight abuse of notation w(L;) the input
sequence from the root x to the state of leaf L;. We also denote
by J(L;) := Jg)(w,u(L;)) the cost (6) given by the sequence
that takes x to the state of leaf L;, with d(i) := depth(L;) — 1,
where depth(-) is the number of edges (or inputs) from the root
to L;. The algorithm expands the leaf with minimal associated
cost J(L) among all non-expanded leaves L € T, and we
denote such leaf by L;. The algorithm terminates when an
optimal sequence candidate is found with o(L;) < cyop(e, ),
that is, w(L;) verifies o(¢(d, z,u}(x))) < caop(e, ), see (8).
This sequence exists according to Proposition 1. The algorithm
is formalized in Algorithm 1.

Algorithm 1 Algorithm for OPy;,

Input: cgop(e,-), state x
Output: depth explored d(x), sequence u’(x), cost V()
Initialisation:
1: d,i+ —1
2. tree T« {z,2,0}
Optimistic exploration:
3: while true do
1=1+1
Find optimistic leaf L; € argmin J(L)
LeL(T)
Add to T the children of L;:
6:  for each child ¢ of L;, T + T U{c,u(c), J(c)}
7. if d < depth(L;) — 1 then {Sequence uj () found}
8
9

{the empty sequence and cost 0}

AN

d < depth(L;) — 1

if 0(L;) < cqop(e, z) then break {Leaf S selected}
11:  end if

12: end while

13: B+

14: return d(z) < d, ul(x) < u(S) and V.(z) < J(5)

@ 90 X

Steps in lines 5-6 of Algorithm 1 are the optimistic
exploration. Any sequence of inputs from descendants (children,
children of children and so on) of a node N will have costs J
greater than N, as ¢,,(x) > 0 for any € R™ and u € U. The
optimistic choice then guarantees that J(L; 1) > J(L;) for any
iteration ¢ € Zx>¢. This implies that the first leaf to be expanded
at a depth d’ 41 will be a suitable candidate for V(. (z),
which is in turn tested for the terminating constraint (8). The
output cost is V-(z), corresponding to the first finite-horizon
input sequence that verifies (8), calculated with a varying
budget B, which depends on z. Note that the expansion of
the tree is independent from the “leaf selection” step, and is
fully determined by the optimistic selection of leaves. The
terminating condition in line 10 is guaranteed to be eventually
verified when Proposition 1 holds, as formalized in the next
proposition.

Proposition 2: Let z € R” and € € R", then Algorithm 1
terminates with w(S) = u(x) and J(S) = V.(x). O

Remark 2: Compared to the version of OP,,, presented in
our preliminary work [11], the computational budget is not
fixed and adapts to d(z). This has the potential advantage of
using less computations, see the example in Section V-A. U



In the following subsection, we study the benefits of
optimistic exploration compared to a brute-force approach.
C. Algorithmic complexity

OP,i, solves (9) by generating an exploration tree 7. As
Algorithm 1 in general only expands certain leaves and not
others, we save computational power compared to a brute-force
approach. This is shown in the original OP [16], and we extend
that analysis here for OPp;,. The computational cost of OPp;,
is related to the set of leaves it may expand, which, given
r € R", is quantified by

T*(CE) = {ud :d € Zzo, Voo(x) > Jd(:mud)}. (10)

We call 7*(x) the near-optimal tree at x € R", which is
composed of all input sequences that have a cost smaller
than optimal cost V. (z). Note that due optimistic exploration,
OP,,i, expands a leaf from exploration tree 7 with smallest
cost: no leaf with cost larger than V,,(z) may be expanded.
Hence, OP,, only considers sequences that belong to 7*(x).
We have the next result.

Proposition 3: Let x € R” and € € R™, then Algorithm 1
only expands leaves with sequences in 7 *(x). O

We have then that 7*(z) C 7. We characterize the
algorithmic complexity of Algorithm 1 by the branching factor
of tree 7*(z), defined as follows.

Definition 1: For any x € R™, the branching factor of tree
T*(x) is the smallest value b(xz) € (1, M] for which there
exists a constant C(x) > 0 so that |7 (z)| < C(z) - (b(z))4,
for all d € Z>(, where |7 ()| denotes all nodes of 7*(z) at
depth d. O

The branching factor b(x) takes values between 1 and M
for any x € R™, where M is the number of inputs. For lower
computational costs, it is desirable to have b(x) close to 1.
The branching factor b(z) depends on the problem and the
state x. For example, if one were to consider M identical
controllers, OP,;, would be forced to explore all branches,
independently of system and stage cost, as no controller is
better than the others. In this case, b(z) = M for any x €
R™. However, the branching factor may be much smaller in
applications, see Section V. It is hard to estimate the branching
factor a priori, but instead it can be examined a posteriori,
as done in the examples provided in Section V. Overall, in
order to find a finite optimal sequence for horizon d(z), OPy,
requires computational budget B < C(x)(b(x))%®), which is
exponential (and the price to pay for a general algorithm), but
with lower cost than brute-force search when b(x) < M.

On the other hand, the choice of stopping criterion has an
important impact on the computational cost of OP,,. Indeed,
horizon d(x) is typically small when cqp is large, hence
requiring less exploration than d(z) large (and cyop small).
However, in that case, we may not have good optimality or
stability guarantees, as it will be seen in the following section.
One then has to consider the appropriate balance between
computational budget and system performance. Particular
applications may have suitable heuristics for the choice of
stopping criterion or refined node expansion strategies. In
general, this question must be studied on a case by case basis,
and is thus out-of-scope of this paper as we present a general
theory and do not concentrate on specific examples.

IV. MAIN RESULTS

In this section, we first analyze the near-optimality properties
of OPy,in. We then provide conditions under which system (1),
whose inputs are generated in a receding-horizon fashion by
OPp,in, exhibits stability properties. Robustness of this stability
property is ensured afterwards under mild regularity properties.
Finally, we analyse the cost along solutions to system (1)
controlled by OP,,, thereby providing performance guarantees
of the closed-loop system.

A. Relationship between V. andV,

Algorithm 1 is able to calculate V_(x) exactly for any given
x € R™. However it is not obvious how V(z) relates to Vo, (z),
which is the original optimal value function we aim for. Since
£, is not constrained to take values in a given compact set, and
we do not consider discounted costs, the tools used in [16] to
analyze this relationship are no longer applicable. We overcome
this issue by exploiting SA1 and the stopping criterion in the
next theorem.

Theorem 1: For any x € R™ and € € R"<,

V(@) < Vie(w) < Va(e) + ve(2), (an

where v. () := @y (Csiop(€, )) With @y from SAL. O

The lower-bound in (11) trivially holds from the optimality
of Vo(x) = V) (x) as d(z) < oo, and the fact that £, (x) > 0
for any z € R™ and u € U. The upper-bound, on the other
hand, implies that the infinite-horizon cost is at most v, (z)
away from the finite-horizon V.(x). The error term v, (z) is
small when so is cgop(e, ) as @y € Koo, which again we
can tune. We can therefore make V. (z) as close as desired
to Vo (x) by adjusting cyop; the price to pay will be more
computations.

Remark 3: Compared to the term given in [16], which we
recall is "ff” for a discount factor v € (0,1), v in (11) is
finite in the absence of a discount factor. Moreover, we can
directly tune v.(x) via cgop(€, ), which is not the case in [16].
By exploiting stabilizability and detectability properties in SA1,
we have obtained an error bound that forfeits the assumption
¢,, € [0, 1], accepts the undiscounted case v = 1, depends on
the selected stopping condition cgp, and is not necessarily
uniform in x. ]

B. Stability

We now consider the scenario where system (1) is controlled
in a receding-horizon fashion by OP,;, as defined by Algorithm
1. That is, at each time instant k € Z>, the first element of
the optimal sequence u?(xy) is calculated by OPyn, and then
applied to system (1). This leads to the closed-loop system

2" € fuz () (x) = FZ (),

where fy-(,)(2) is the set {fu(r) : w € UZ(x)} and
Uz (z) = {up : Jui,...,uqm € U suchthat Vo(z) =
Ja()(x, [uo, - . . ,ud(m)])} is the set of the first input of d(x)-
horizon optimal input sequences at x, with d(z) as defined in
(8). We denote by ¢(k,x) a solution to (12) at time k € Z>q
with initial condition x € R™, with some abuse of notation.

(12)



We assume next that cyop can be made small as desirable
by taking |¢| sufficiently small. As we are free to design cgp
as wanted, this is without loss of generality.

Assumption 1: There exists 0 : R>g x R>o — R, with
0(-,s) € K and (s, -) non-decreasing for any s > 0, such that
Caop(€, ) < O(le], o(x)) for any z € R™ and € € R". O

Example of functions cop Which satisfy Assumption 1 are
Csiop (€, @) = [elo(2), Cuop(e; ) = max{er]a(o (@), e2]} for
e = (e1,62), @« € K and = € R" to give a few. The next
theorem provides Lyapunov properties for system (12) that we
use to derive the main stability result afterwards.

Theorem 2: Let Y := V,, + W, the following holds.

(1) For any z € R"™,
ay(o(z)) < Y(z) <ay(o(z)),

where Qy = aw,Qy = ay +aw, with aw, @y, aw
from SAI.
(ii) For any x € R", e € R", v € FX(x),

Y(v) = Y(z) < —ay(o(z)) + av(cop(e, )

where ooy = oy, with oy and oy from SAT, and cgop
comes from (8). U

Item (i) states that Y is positive definite and radially
unbounded with respect to the set {x : o(x) = 0}. Item (ii) of
Theorem 2 shows that Y strictly decreases along the solutions
to (12) up to a perturbative term @y (csop(€, x)), which can
be made as small as desired by selecting || close to O as
vy (caop(e, ) < av(0(|el,o(z))), per Assumption 1.

Remark 4: Similar Lyapunov constructions are employed in
[12,13]. The difference here is that the horizon in cost (9) is
not fixed as in [12,13] and depends on the state. We circumvent
this problem in Theorem 2 by using the infinite-horizon optimal
value function V, in the definition of the Lyapunov function Y
(and not the finite-horizon optimal value function as in [12,13]),
which we believe is an interesting result on its own. (]

The next theorem provides stability guarantees for system
(12).

Theorem 3: Consider system (12) and suppose cgqp verifies
Assumption 1. There exists § € KL such that, for any 6, A > 0,
there exists e* > 0 such that for any z € {z € R" : o(z) <
A} and € € R" with |¢| < €%, any solution ¢(-, ) to system
(12) satisfies, for all k € Z>g

o(¢(k,z)) < max{B(c(x),k),d}.

(13)

(14)

(15)

]
Theorem 3 provides a semiglobal practical stability property
for the set {z : o(z) = 0}. This implies that solutions to (12),
with initial state x such that o(z) < A, where A is any given
(arbitrarily large) strictly positive constant, will converge to
the set {z : o(z) < 4}, where ¢ is any given (arbitrarily small)
strictly positive constant, by taking * sufficiently close to 0,
thereby making cy,p sufficiently small. An explicit formula for
e* is given in the proof of Theorem 3 in Section VII, which is
nevertheless subject to some conservatism. The result should
rather be appreciated qualitatively, in the sense that (15) holds
for small enough €*.
By strengthening SA1, we can provide stronger proper-
ties under a particular class of stopping criterion, namely

Cotop(€, @) < |e|o(x) for any € R™ and € € R™. The next
result ensures a semiglobal asymptotic stability property.
Corollary 1: Suppose the following holds.

(i) There exist L,ay,aw > 0, such that SA1 holds with
ay(s) <ays, aw(s) < aws and aw(s) > aws for
any s € [0, L].
(ii) For any x € R™ and € € R, c¢yop(e, 2) < |e]o(x).
Let ¢* > 0 and A > L be such that

11
e < min{ (2w Zv AW (ow (L)) } (16)

ay’ A
Then, there exists 8 € KL, such that, for any x € {z € R" :
o(z) < A} and € € R" such that |¢| < %, any solution
¢(-,x) to system (12) satisfies

o(¢(k,z)) < Blo(x), k) (17)

for all k € Zxg. O

The stability property in (17) corresponds to (15) with § =
0, thus ensuring a semiglobal asymptotic stability property.
Inequality (16) can always be verified by taking £* small,
since the right-hand side is strictly positive. When the sublinear
properties in item (i) of Corollary 1 are valid for L = oo, we
have the next stronger result.

Corollary 2: Suppose the following holds.

(i) There exist ay,aw > 0, such that SA1 holds with

ay <ay L, aw <aw -l and aw > aw - L.

(i) For any z € R" and € € R", cyop(e, z) < |e]o(x).

Let ¢* > 0 be such that
' < Cf—w.
ay

Then, for any € R™ and ¢ € R" such that |e| < ¢*, any
solution ¢(-, z) to system (12) satisfies

o (6. 7)) < ay + aw <1 _aw — |€|dv>kg(x) (19)

’ - aw ay + aw

for all k € Zxg. O

Corollary 2 ensures a uniform global exponential stability
property of set {z : o(x) = 0} for system (12). Indeed, in
(19), decay rate 1 — 2=V ¢ (1) a5 || < &* < v

ay+aw &
in view of (18), hence gl —aw—lelav )Ty g a9 ks 0.
Furthermore, the estimated decay rate can be tuned via ¢ from
1to 1 — —%%— as |e| decreases to zero.

Remark 5: Ttems (i)-(ii) of Corollary 2 are sufficient condi-
tions for global exponential stability. If only global asymptotic
stability is required, the stopping criterion can be selected as
Coop(€,7) < @y (Raw (o(z))) for all z € R™, where @y and
aw come from SAl. Furthermore, if only global practical
stability properties are required, the stopping criterion can be
selected as cyop(e, ) < |e]. |

(18)

C. Nominal robustness

To ensure that the stability properties ensured in Section
IV-B are robust to so-called p-perturbations, as defined in, e.g.,
[20], we can rely on two conditions according to [20, Theorem
2.8]. First, the set-valued mapping F) in (12) needs to be
such that F*(z) is nonempty and compact for any z € R™.



This is the case since U and d(z) are finite. Compactness
of FX(x) proceeds from the compactness of U (z), U (z)
being a closed non-empty subset of finite set I/, given that

fu 1s continuous which we assume in the upcoming lemma.

Second, the Lyapunov function used to prove stability has to
be continuous. In our case, the Lyapunov function constructed
in Section IV-B is Y = V + W. Since W is continuous
by SA1, we need V,, to be continuous. The next proposition
ensures this is the case under extra conditions on f,, £, and
0. The result follows from [25, Theorem 3] with v = 1 and
U ={0,...,M}, and its proof is therefore omitted.

Lemma 1: Suppose the following holds.

(i) f. and £, are continuous for all u € U.

(ii) For every M >0, set {z : o(z) < M} is compact.
Then V, is continuous on R™. O

Item (ii) of Lemma 1 means that ¢ is radially unbounded,

which is the case when o(z) > a,(|z]4) for any z € R™, for
a non-empty compact set A and a, € K

D. Performance guarantees

In Section IV-A, we have provided relationships between the
finite-horizon cost V. and the infinite-horizon cost V. This is
an important feature of OP;,, but this does not directly provide
us with information on the actual value of the cost function
(2) along solutions to (12). Indeed, we do not implement the
whole sequence u}(x) given by OPp, at x in (12), instead we
proceed in a receding-horizon fashion. Therefore, we analyse
a different cost called running cost [14] defined as

{ qu*(qa(k o) (p(k, z)) :

o(-,x) is a solution to (12)}7

Vrun
(20)

where £+ (¢(k,2))(#(k, )) is the actual stage cost incurred at
time-step k. It has to be noted that VI""(z) is a set, since
solutions of (12) are not necessarily unique. Each element
vim(z) € Vi (x) corresponds then to the cost of a solution
of (12). Clearly, VI""(z) is not necessarily finite, as the stage
costs may not decrease to 0 in view of Theorem 3. Indeed,

only practical convergence is ensured in Theorem 3 in general.

We thus first look at the average cost defined as
ngg(l‘) = { ]\;E)noo — Zzu ((k, z)) k ZL‘)) :
21

¢(-,x) is a solution to (12)}-

As before, V="¥(z) is a set of possible averages, where
‘/gan(SC) c
We provide the next guarantee on each element of Vz'®(x).

Theorem 4: Consider system (12), and suppose Assumption
1 and Theorem 3 hold with tuple (¢*,4, A). For any ¢ € R™s
such that |e] < ¢*, any z € {z € R : 0(z) < A}, and
VV8(x) € VE*¥ (), it follows that

0 < V2¥(z) < av(0(el,0)), (22)

Vi (z) is the average of a possible solution of (12).

where @y and 6 comes from SA1 and Assumption 1, respec-
tively. |

Theorem 4 shows that, if § is small, so is the average running
cost, and the latter can be made as close to 0 as desired by
taking |e| small, as (-, ) € K according to Assumption 1 and
ay € K. Note that the average cost associated to the infinite-
horizon cost (2) is zero as Vi () < oo according to item (i) of
SA1. Hence, the mismatch between the latter and the elements
of V2"¥(x) can be made as small as desired. Furthermore, the
upper-bound in (22) is uniform with respect to x. Theorem
3 plays a vital role in Theorem 4, as it guarantees that the
state converges to the attractor {z € R" : ¢(z) < ¢} from any
initial condition x € {z € R™ : 0(2) < A}.

The average cost provides information about the performance
along solutions to (12) in the long run, typically once these
have converged to attractor {x € R" : o(z) < d§}. To quantify
performance in the transient, i.e. before the solution has entered
and stays forever in the attractor, we propose to consider what
we call the “cost-to-attractor” function defined as

N(x)
{ Zﬁu “(¢(k,x)) (O(K, x)) :

¢(-,x) is a solution to (12)},

Vcla
(23)

where N(x) > 0 is an integer such that for every n > N(z),
o(¢(n,x)) < 4. That is, in contrast to V" (z) in (20), where
the series goes up to infinity, here we truncate the series earlier
at N(z), when the state has reached once and for all the
attractor {z € R™ : o(z) < §}. Given the semiglobal practical
stability property of Theorem 3, N(z) is well-defined for any
x € {z € R" : g(z) < A} and any A > 0, provided we
select * sufficiently small. We give the following property for
V().
Theorem 5: Consider system (12), and suppose Assumption
1 and Theorem 3 hold with tuple (¢*,0, A). For any € € R™
such that |e| < &*, any © € {z € R" : 0(z) € (4, A]}, and
VER(x) € V&(x), it follows that
(le|, max{B(o(x), k), 6}),

+ Z Ozv
(24)

where @y, 5 and 6 come from SA1, Theorem 3 and Assumption
1, respectively. ]

Theorem 5 implies that the cost-to-attractor {x € R™ :
o(x) < 6} at x is upper-bounded by V. and an error term
which can be controlled by ¢. In contrast to the average cost
in Theorem 4, we observe in Theorem 5 the role of the decay
rate of 3 on the cost-to-attractor: the faster 5(z, ) decays, the
smaller N (z) and the smaller the error term in (24).

On the other hand, when the set {x € R™ : o(z) = 0} is
globally exponentially stable as in Corollary 2, the elements
of V™" (z) in (20) are finite and satisfy the next property.

Theorem 6: Consider system (12) and suppose the condi-
tions of Corollary 2 hold. For any ¢ such that |¢| < £*, x € R,
and V" (z) € V™ (x), it follows that

Voo () < VI (2) < Voo (2) + weo(2),

0 < VCIH(

(25)



& Gy + aw)P—E
aw aw — ay |E |

come from Corollary 2. ]

The inequality Vo (z) < V™ (z) of Theorem 6 directly
follows from the optimality of V.. The inequality V™" (x) <
Voo (x) + weo(x) provides a relationship between the running
cost V() and the infinite-horizon cost at state =, Vo (z).
The latter inequality in (25) confirms the intuition coming from
Theorem 1 that a smaller stopping criterion leads to tighter
near-optimality guarantees. That is, when |¢| — 0, w. — 0 and
Vi (z) — Voo(z) for any x € R™, provided that Corollary
2 holds. In contrast with Theorem 1, stability of system (12)
plays a role in Theorem 6. Indeed, the term m in the
expression of w, shows that the running cost is large when
|e] is close to £, hence when stability is not guaranteed the
running cost might be unbounded.

Remark 6: The running cost for the original OP was consid-
ered in [5], and it was found to perform at worst like the finite
sequence, i.e. VI"5(x) < Vi o0(x) + ﬂ_d,y,

at  an optimal input sequence u*% g(z) for finite-horizon

discounted cost J, j(v,u;) = ZZ:O Vil (DK, 2, ugle))
for some horizon d € Zs( and discount factor v € (0, 1).
Compared to the bound derived for OP, the bound in Theorem 6
has similar benefits as Theorem 1, namely: we are not limited to
¢,, € [0, 1], it is finite for undiscounted costs (y = 1), and when
o(x) is small follows w, - o(x) small. Moreover, the mismatch
is smaller for faster decays, i.e. for smaller 1 — % O

Remark 7: Inequality (25) can be written as a relationship
of the finite-horizon costs in view of Theorem 6. In particular,
we have V. (z) < Vo(z) < VM™(2) < V(x) + w, - o(x), for
any x € R™. Hence, V.(z), which is returned by the algorithm
at the initial time, can be used to upper and lower bound
Vi (x) from the first call of OPpy, at initial state x. (]

Remark 8: Inequality (25) can be written as a relative
relationship of the true optimal cost [14] when o(z) > 0, in
view of Theorem 2. In particular, we have % < ;”ME/
under the conditions of Corollary 2, which can be made as
small as desired by tunning €. ]

with w, = where constants

where OP calculates

V. APPLICATIONS

A relevant application of the results of Sections III and IV
is when we are given a finite number of feedback laws and
we would like to optimally switch among them to minimize a
cost function given by (2), while ensuring the stability of the
closed-loop. We first discuss the general case in Section V-A
and illustrate it on a cubic integrator. We then provide results
tailored to the uniting control case [26]-[28], which we apply
to a flexible robot arm. These examples illustrate the reduced
computational effort and the desired near-optimal properties
of OPpin, compared respectively to our prior work [11] and a
to uniting control approach.

A. General case
We have the plant model
at = f(‘rv K)

k= glu,2), (20

where z € R" is the state and k € R™*, n, € Z-q, is
the input generated by the feedback law. The latter is given
by k = g(u,x), where u € {1,..., M} is the index of the
controller and M is the number of feedback laws. In that
way, T = f(x, g(u,)), which is the same form as (1). The
objective is to select u to minimize cost (2) while ensuring
stability. We can directly apply the results of Section IV for
this purpose provided SA1 and SA2 are satisfied. An example
is provided below, where we compare the computational budget
of OP, with the one utilised by its preliminary version in
[11].

We consider the cubic integrator from [13, Example 1],
xf =z + u, x; = x9 + u, i.e. where (x1,29) =z € R2
and v € R. It was verified in [13] that an open-loop sequence
of inputs drives the system to = 0 in a finite number of
steps. This open-loop sequence can be exll)ressed as three

feedback laws g(1,z) = —x1, g(2,2) = x5 and ¢(3,z) =
(—% + \/52 x§ , which are successively applied. We propose
here to switch between these gains to minimize cost (2), with
lu(x) = |z1]® + |22| + |9(u,7)|® for any z € R? and u €
{1,2,3}. Note that we cannot design a local linear quadratic
regulator for this system, due to the lack of stabilizability of
the linearized model at the origin. We therefore consider the
switched system

xi‘r =T —i—g(u,x)

+

(27)
x5 =22+ g(u,z)°

with u € {1, 2, 3}.

To apply OPnin, we need to ensure that the required
assumptions hold. The first part of item (i) of SA1 holds for the
same reasons as in [13]. By taking o(x) = |21|® + |x2| for any
z €R? SAl holds aw =1, W =@y =0 and ay = 141, as
in [13]. With cgop(e, ) = |e|o(z) with € € R, we verify the
conditions of Corollary 2 with ayy = 1, ay = 14 and aw = 0,
and, by taking any |e| < €" = &% = L ~ 0.07, we ensure
the global exponential stability of the origin. Consequently,

Theorem 6 also holds. In particular, by taking ¢ = % =

2ay
75 ~ 0.035, we derive that o(¢(k,x)) < 14 (g—;)ka(x) and
that Voo () — V™™ (z) < weo(z) holds with w. = a$, = 196.
For such € and initial state z = (—1,1.5) we observe in
simulations, see Figure 1, that both z; and x5 converge to
zero, as ensured by Corollary 2. The bound on ¢ given above
is subject to some conservatism. In fact, OP;, finds the best
input sequence observed with ¢ as high as { ~ 0.111, and

9
convergence to the origin for ¢ as high as 19 ~ 0.833.

In Table I, we provide the estimates 0f12V€“‘“(x) for z =
(10, 15) for different choices of ¢, and the associated compu-
tational budget utilized by OPy,,, see Section III-B for the
definition of the budget. In particular, we denote by Bp.x the
maximum utilized budget and by B, the average budget,
i.e. the mean of budgets across time steps of the simulation.
Moreover, we provide an estimate b(z) of branching factor b(z)
defined in Section III-C. Here, we estimate b(x) for exploration
tree 7 at = as ﬁ Zz(jl) \‘TE ‘1|’ i.e. the average growth rate
of exploration tree 7. The calculated running cost becomes
smaller when we decrease parameter €, which is consistent

with Theorem 6. We also see how the computational budget B
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Fig. 1: State and input evolution for OP;, with ¢ = 0.035
and z = (-1, 1.5).

adapts to fulfill the stopping criterion. This is a clear advantage
over the preliminary version of OPy;, in [11], where budget was
fixed in such way to guarantee that the horizon explored was
large enough to guarantee stability. A budget of B > 3737_1
was required in [11, Corollary 2] to ensure stability in this
problem, which is clearly unfeasible. Here, as we do not have
to estimate the budget a priori, we do not have to assume the
worst case branching factor, M = 3, or conservative horizon,
d(x) > T72. Instead, the algorithm now leverages the true
branching factor b(x) ~ 1.4 of the near optimal tree 7*(z), as
indicated by the empirical observation that b(x) — 1.4 when
€ — 0 in Table I, and adapts the required horizon on the fly,
hence the significant reduction in computational budget. On
the other hand, OPy;, as in [11] has the advantage that the
budget is fixed in advance, which may be suitable for some
real-time implementations, given that good estimates of the
branching factor and required horizon are available a priori.

e | V&(x) Bux Ba b(@)
3 o 7 ) -
0.910 57770 460 159.4 1.977
0.830 | 22697 460 1377 1977
0590 | 13757 790 2222  1.948
0.145 13757 4762 2289.5 1.664
0.110 | 12609 4762 19866 1.664
0070 | 12609 4762  1986.6 1.664
0035 | 12609 9095 45039 1527
0.001 | 12609 14695 11265  1.392

TABLE I: Estimated running cost of OP,,, associated com-
putational budget utilized by OP.,;,, and average branching
factor along solutions for various values of ¢ and initial state
x = (10,15). Symbol “co” signifies that the cost is infinite
(i.e. the state does not converge to zero). Symbol “— implies
that the estimate branching factor is undefined, since d(z) = 0.

B. A uniting control approach

A particular instance of Section V-A is when M = 2 and
one controller is locally optimal for cost (2), and corresponds
to u = 1, and the other has global stability properties and has
index v = 2, like in uniting control [26]-[28]. Then OP,
can be used to optimally switch between these controllers as
explained next.

1) Main result : We consider system (26) where x € R"»
is the state, k € R™~ is the feedback law output, which
is parameterized by u € {1,2}, n, € Zs¢. Vector field f
is assumed to be continuously differentiable. We focus on

quadratic infinite-horizon costs of the form

Joo(z,u) = &) Qo + k) Ry, (28)

k=0
where ¢, and Ky, are respectively, with some abuse of notation,
the state and input the given feedback law at time-step k& € Z>q
and sequence of controller choices u := [ug,us,...], and
Q € RM=X"= R ¢ R™*"~ are symmetric and positive definite
matrices. We aim to minimize (28) over the choices of u. We
assume that the global controller satisfies the next properties.

Assumption 2: There exists P € R™=*"= gymmetric, posi-
tive definite matrix and a, b > 0 such that, for U : = — 2T Pz,
the following hold for any z € R".

() U(f(z,9(2,2))) = U(x) < —aU(x).

Qi) |g(2,2)| < bla]. D
Item (i) of Assumption 2 implies that U is an exponential
Lyapunov function for system =z = f(z,g(2,x)). Item (ii)
of Assumption 2 means that the norm of the feedback law
is upper-bounded by a linear term in |z|, which is the case
when ¢(2, ) is linear for instance. Design techniques to verify
Assumption 2 can be found in, e.g., [2,6,10,17], for given
classes of systems.

To design the local optimal feedback law, we rely on the
next assumption.

Assumption 3: Let A := %|(070) and B := %|(070)- The
pair (A, B) is stabilizable. O

In view of Assumption 3, we can design the optimal
controller for the linearized mo~del of (26) at the origin,
ie. 7 = Ax + Bu and cost {(z,k) = x'Qz + k' Rk,
where (), R come from (28). This local controller is given by
9(Uiocal, ) = — K for any x € R™ with K := (B Poca B +
R)*lBTPlucalA. Matrix Pica is the unique solution of the
discrete Riccati equation Pyt = AT Pocar A — AT Poca B(R +
BTPlocalB>_1BTPlocalA + Q

Remark 9: The conditions of Assumption 2 can be relaxed.
Possible extensions include the cases where the stage cost
in (28) is only quadratic in a neighborhood of the origin, or
where the global controller only ensures stability properties
with respect to a neighborhood of the origin. These extensions
are left for future work not to blur the main message of this
paper. |

We choose the stopping criterion as cyop(s, z) = |e|z " Pz,
with P from Assumption 2, for any z € R and some ¢ €
R\{0}.

The next statement guarantees that the standing assumptions
stated in Sections II and III are verified.

Proposition 4: Consider system (26) where Assumption 2
is verified. The following hold.

(i) SALl is verified with o(z) =
Anin(Q)  ~

T Pz for any z €

Rn’ aw = Amax (P)? ay 1_16/717;/2}1 for vV o=
%@T“(R), vy :=1In(1 —a)71 and W = ayy =

(ii) SA2 and Assumption 1 are verified with 0(e,o(z)) =

eo(x), for any € R™ and ¢ € R\{0}. O

As a result, we can tune € according to Corollary 2 to endow

the corresponding system (26) with global exponential stability
and performance guarantees as formalized next.



Proposition 5: Consider system (26) where Assumption 2 is
verified. Let € € (0, Z—V‘f) where ay = 1—271*"2 aw = i:;i((QP))
with @@ from (28), P from Assumption 2 and v, v; from
Proposition 4. Let o(x) = x| Px for any z € R"=. The

following hold for any =z € R™.

(i) For any k € Z>o, o(p(k,x)) <
k
o (1 +e— ‘;—V“/’) o(x).
3
(i) V() = Vaol)| < 22, 0

w aw, — aye

Proposition 5 is the application of Corollary 2 and Theorem
6, its proof is therefore omitted.

Remark 10: We do not show that we recover the properties
of the local optimal controller in a neighborhood of the origin.
This is left for future work, however we illustrate next that in
simulations this is indeed the case. O

2) Example: We consider the flexible joint robotic arm model
from [34, Section 4], discretized by an Euler scheme with
T > 0, that gives

rT =2+ T(Apz + Bpk — Epé(1)), (29
where z € R4, k € R,
0 1 0 0
—48.6 —125 486 O
L= 0 o o 1| G0
19.5 0 -16.17 0

B, = (0,21.6,0,0), E, = (0,0,0,3.33). System (29) has a
nonlinearity of type Lur’e, due term ¢(x) = x3 + sin(x3). We
fix T' = 0.1. The infinite-horizon cost is given by

Joo(w,u) =Y 1 Qo + Rr,

k=0

€Y

where Q) = I;«4, With Iy 4 is the identity matrix of dimension
4, and R = 1. The jump map of system (29) is continuously
differentiable at the origin, and the linearized system at
the origin is controllable. Hence, Assumption 3 is verified
and we design a local controller g(1,2) = —Kjoeaqz that
optimizes (31) for linear system of (29) around the origin
(t1ocat = 1), as in Subsection V-B.1. On the other hand, we
design the global controller ¢(2, ) = —Kjgioba With Kgigpar =
[3.6,0.9, —1.5, 0.3], which verifies LMI conditions found
in [10, Theorem 2]. In fact, we slightly modify the LMI? in
[10, Theorem 2] to guarantee U(f(z, —Kgopax)) — U(x) <
—d (z" Qz + Q:TKglobalRKglobalz) for some a’ > 0. This is
done to ensure a less conservative estimate than Proposition
5 and conclude that cost (28) for v = 2 is given (and upper-
bounded) by

0o

1 _
E x;gerk + kaKglobalRKglobalx S EZ'TPJU = ava(ﬂf)7
k=0

where
531  0.35 —2.62 0.96
.4 | 035 003 —-020 0.05
P=10" —2.62 —0.20 297 —0.24 (32)
0.96 0.05 —0.24 0.27

2By adding a(Q + K;'l—oba]RKglobal), where a > 0 is a decision variable,
to the block —P of the LMI from [10, Theorem 2]

Amin(Q) -5 _ 1

>\maX<P) =1.40-10"° and ay = pri
0.0504 and SA1 holds with W = ay = 0, similarly as in
Proposition 5. Take cyop(e,2) = ||z Pz with ¢ € R\{0}
for any x € R”, hence SA2 holds. Moreover Assumption 1
holds with (||, 0(x)) = cgop(e, ). Therefore Corollary 2
and Theorem 6 follow by taking ¢ € (0, $), where 2 =

2.77 - 10~*. Hence, for inputs of system (29) given by

o — gz — | 10:6,06,-0.7, 0.2
“ITTN 36,09, -15, 0.3z

We calculate ay =

when u =1

when u = 2,

we can utilize OPy,, to unite both controllers which, given
an appropriate choice of ¢, will calculate u, € {1,2}
that preserves the global stability ensured by feedback law
x — ¢(2,z) while having the option to utilize the locally
optimal controller g(1,x}). We choose € = 107, In Figure
2, we simulate the closed-loop system with initial state g =
(10, —10, —10, —10), with input  either given by OPyy,, the
local controller or the global controller. We observe that: 1)
the local controller indeed only locally stabilizes the origin, as
the state fails to converge to the origin; 2) OP;, prioritizes the
local controller, but opts for the global stabilizing one when
necessary, see Figure 3.

In Table II, we compare the running cost of OPy;, versus
the running costs obtained with the local and global controllers,
respectively. We observe that OP,;, outperforms both the local
and global controller. We also compare OPy,, to a uniting
controller in Table II. The uniting controller is implemented
by employing the global controller when o(z) > ¢ and the
local one when o(z) < &, with £ = 10° and no hysteresis.
The threshold is a priori large. However, since o(z) = x| Pz
with A\pax (P) & 7 - 107, the switch to the local controller only
happens when the state is close to 0, as desired. Interestingly,
OPin also outperforms the uniting controller. We point to
Figure 3 for a simple explanation: in spite of the large state,
OPyyi, first selects u = 1, only briefly selecting u = 2. OPp,
is free to chose the most (optimally) favourable controller. On
the other hand, the uniting controller has fo employ the global
controller for large states, which is sub-optimal. Similar results
have been obtained for various values of ¢ from 107 to A102.
Moreover, we have observed an average branching factor b(z)
of 1.032 across the 4 given initial states, which is significantly
smaller than the worst case M = 2 (and close to the best
possible value, 1, on which 7* contains a single path).

%100

+«OPpin €=107"°
e Local controller
=-Global controller

20 25 30

k

Fig. 2: o(¢(+, z)) for inputs given by OPin, g(1, x) and g(2, x)
for 29 = —10- (—1,1,1, 1).
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Fig. 3: Input selection of OPpy, for 2o = —10- (—1,1,1,1).

Controller
OPnin Local Global  Uniting
—-10-(-1,1,1,1) 70453 %) 83365 83295
Initial 10-(1,1,1,1) 15714 00 16046 15998
States (1,1,1,1) 49.75 49.75 203.77 49.75
—(1,2,3,4) | 68248 682.48 791.3 751.79

TABLE Il: Estimated running cost for the different controllers
and various initial conditions. The symbol “oco” implies that
the state is not converging towards the origin, hence the cost
explodes. The minimum of each line is given in bold.

VI. CONCLUSION

We have presented and analysed a planning-based approach
for the near-optimal, stable control of general nonlinear
switched discrete-time systems where the control input is the
switching signal. It will be interesting in future work to study
the potential of OP,;, for stochastic problems inspired by [4].
Another path of interest would be to further study the stopping
criterion and conservatism in the bound of £*. For example, this
could be done by studying the particular case of linear switched
systems with quadratic stage costs, in which we could then
compare with the related literature, e.g., [1,30,37]. A more in-
depth analysis of the optimally uniting control problem would
also be a relevant research direction, see Remark 10.

VIl. PROOFS
A. Proof of Proposition 1

Let x € R™ and ¢ € R™. In view of Lemma 2 in the

appendix, we distinguish two cases. When o(x) = 0, it
follows that o (¢(d, z,ujy(z))) < ay' o (I—ay oa;l)d o

ay(0) = 0 for any d € Zs( according to item (i)
of Lemma 2. Hence, o(¢(d,z,u}y(z))) < caop(e,z) for
any d € Zsq since cgop(e,2) > 0. When o(z) > 0,
o(p(d, z,u(x))) < ap' o (I—-ay oa;l)d o ay(o(x))
and this upper-bound can be made arbitrarily close to
0 by increasing d, according to item (iii) of Lemma 2.
Hence, there exists a finite d sufficiently large such that
o(¢(d,z,uy(@)) < ot (I-ay oay!)’ @y (o)) <
Cotop(€, %) aS Cyop(e, ) > 0 for o(x) > 0, and we take
uX(x) = u}(z). Thus, for any « € R™ and ¢ € R there is a
finite d € Z~ such that o(¢(d, z, u%(z))) < cyop(e, ). As a
consequence, d(x) in (8) is finite and so is V. in (9).

B. Proof of Proposition 2

Let x € R™ and € € R"<. First, we show that S exactly
calculates cost V, := Jy(z,u} (x)) for some d' € Zy.
The optimal property of output S to Algorithm 1 is fully
determined in the particular iteration in which it is updated.
Hence, let 7; be the tree to be expanded at iteration i € Z>,
in which S is updated. We show now that the selected leaf
S with cost J(S), where J(5) is the cost associated to leaf
S, attains the optimum of horizon d’ := depth(S) — 1, that is
J(S) = V. Since V; < J(S) by the optimality of w, (x), it
suffices to prove V; > J(S). For this purpose, we proceed by
contradiction, and we assume that V; < J(5). It follows from
the fact that the input set ¢/ is finite that a sequence that attains
the optimum Vj; exists, i.e. there is a node N # S, decedent
of root z and possibly not in 7;, with cost J(N) = V.
Since £, (z) > 0 for any z € R™ and u € {1,..., M}, any
ancestor (parents, parents of parents and so on) of N will
have a lower cost than J(NNV). Hence, let L be the ancestor
of N such that L] € L(T;), thus J(L}) < J(N). Then, we
have J(L) < J(N) =V < J(S), that is J(L}) < J(S).
However, S is the optimistically chosen leaf S = L;, and
J(S) = J(L;) < J(L) for any leaf L € L(T;), hence for leaf
L}, it follows that J(L}) < J(S) < J(L}), which is impossible.
We have attained a contradiction, therefore V, < J(S) is
false, which implies J(S) < V; and since Vj; < J(S), we
conclude Vj = J(S). J(S) < Vj; and since V;; < J(S),
we conclude Vi (z) = J(S). Thus, at every update of .S, a
new optimal sequence is found with increased horizon d’
d'+1. By Proposition 1, d(x) is well-defined and there exists a
sequence uy ) (z) =: uZ(z) such that o(¢(d(z), 7, uf(x))) <
Cstop (€, ). In other words, o(L;) < cyop(€, ) is bound to be
verified in a finite number of expansion, and d(x) as defined
in (8) holds with d(z) = depth(L;) — 1 holds. Therefore,
Algorithm 1 is guaranteed to terminate, with outputs d(x) and
S ={¢(d(z), z,ut(x)), uk(x), Ve(x)} fully determined.

C. Proof of Proposition 3

Let x € R™ and € € R™. First, note that the root in the
exploration tree 7 of Algorithm 1 is always expanded, and
corresponds to the empty sequence in 7*(x). Moreover, for
any exploration tree 7 of Algorithm 1, there exists a leaf
L’ € L(T) such that J(L") < V(). Indeed, a truncated
subsequence of w*(x) will do. At iteration i, due to optimistic
exploration, Algorithm 1 selects leaf L; such that J(L;) <
J(L) for all L € L(T), hence J(L;) < J(L') < V(x).
Thus, by definition of (10), w(L;) is in 7*(z) and the proof
is complete.

D. Proof of Theorem 1

Let x € R™ and ¢ € R", d(z) € Zso as in (8),
optimal sequence [ug, u], ..., up,| = ui(z), cost V(z)
defined in (9) are well-formed by Proposition 1. Since V.
is a finite-horizon optimal cost, V.(z) < V(z). On the
other hand, consider the infinite-horizon sequence u =
[ug, uls - Wy 1> Use (A(d(2), 2, uZ(2)]a(s)))] Which exists
by item (i) of SA1. It follows from the optimality of V., (z)
that Vo (z) < Joo(x,u), and from the definition of w that
Joo(z,u) = Ve(x) + Voo (o(d(2), 2, uk(2)|4(z))), Which is



finite. By invoking item (i) of SAl, we derive V(z) <
Ve(z) +av(o(p(d(z), v,uk(x)|4)))), and, by the definition
of d(z) in (8), Ve (z) < Vo(z) + @v (cuop(e, 2)).

E. Proof of Theorem 2

Let ¢ € R, z € R™ and v € F(x), which is well-defined
in view of Proposition 1. There exists [uf,u], ..., uj., ] =
u?(z) such that v = f,:(z) and wl(z) is an optimal input
sequence for system (1) and cost (6) with horizon d(x), which
also verifies (8). Hence V. () = Jy(q (x, ul(z)).

From items (i) and (ii) of SA1, we have Y(z) = V(z) +
W(z) <ay(o(x)) +aw(o(z)) =: ay(o(z)). On the other
hand, we have from item (ii) of SA1 that aw (o(z)) < W (z)+
€y () since W (fyz(x)) > 0. This implies that ayy (0(x)) <
W(z) + Ve(z) < W(z) + Voo (z) = Y(x). Hence item (i) of
Theorem 2 holds with ay = ayy.

Consider the sequence w := [u},u3,...,u} .\ 1, U]
where @ = ul (§(d(2), 2, uZ(2)la@)), wi(¥)la@w) =

[u, - - )] and ¢ denotes the solution of system (1). The
sequence 4 consists of the first d(z) elements of u’(z) after
ug, followed by an optimal input sequence of infinite length at
state ¢(d(z), z, w:(z)|q(z)). Which exists according to item (i)
of SA1. Sequence @ minimizes Joo (¢(d(x), z, ul(7)|4()), @)
by virtue of item (i) of SA1. From the definition of cost J; in
(6) and V. (v) in view of item (i) of SAI,

Voo (0) < Joo(v, )
= Jd(:z 1(v, @lagz)—1) (33)
Joo(¢(d(x )—1 0, U g(z)-1), W)
From  Bellman  optimality  principle, we  have
Velz) = Vim(z) = Llyle) + Vag-av) =
Cuz (2) + Ja(e)—1(v, @la(z)—1), hence
Ja@)-1(v, Ulaz)—1) = Ve(x) — Lyz (7). (34)
Moreover, by item (i) of SAI,
JOO(QS(d(‘T) - 17 v, ﬁ|d(:c)—1)a 1_11)
<av(o((d(x) — 1,0, 8|4m)-1)))- (35)
Consequently, in view of (33), (34) and (35),
Veo(v) < V() — fug ()
+ay(o(o(d(z) — 1,0, ﬁ"d(m)—l)))- (36)

Since ¢(d(z) — 1,v,0|4z)-1) = ¢(d(@), 2, uZ(2)q(x))
and (8) holds, o(¢(d(z) — 1,v,4|4m)-1)) -
o(o(d(x), z, ut(x)|az))) < Csiop(€, 7). Therefore,

Voo (v) < V()

— Lz (2) + Qv (csiop(e; T))- 37)

By Theorem 1, V.(z) < V(z), thus

Voo (0) < Voo (z) — Cus () + @y (csople, @)). (38)
By invoking item (ii) of SA1, we derive Vo (v) + W (v
Voo () + W(x) — aw (o(x)) + @y (csiop(€, )), and since

Ve + W, the proof is completed with ay := ayw.

F. Proof of Theorem 3
Let A,§ > 0. We select ¢* > 0 such that

_ 1,1 =
(=", 0y (B)) < @y (53 (5)), (39)
~ ~ N
where ay = aw oa;,l, A :=ay(4), § = (H — O‘—Y) o
-1
ay(0) and 6 comes from Assumption 1. Note that (H - 7)
is indeed of class K as we assume without loss of generality
thatt T — &y € Ko, hence I — ay + & € K and
so is its inverse. Inequality (41) can always be verified by
taking ¢ sufficiently small since 6(-,ay Y(A)) € K, and
ay ' (3ay(6)) > 0. It follows from 6(-,s) € K for any
s > 0 and 6(s,-) is non- decreasmg for any s > 0, that
0(lel, a5 (5)) < O(e*, a5 Y(A)) for any s € [0,A] and
le] < &*. Furthermore, from Assumption 1 and item (i) of
Theorem 2, we derive cyop(e, ) < 6(|e],ay' (Y(2))). Thus,
in view of (39),
(1. =
Cstop (€, ) < avl <2ay(6)> (40)
< A. On the other hand, we have
v (s)) for any s € [0, 00). Hence, for

for any x such that Y(z) <
@' (30v(9) <@/’ (3@

any z € R™ such that Y(z) € [ ] and |e| < &*,
avy (csiop(e, x)) < &yz(é) < aY(;/(fU)). @1

Let z € R™ with o(z) < A and v € F¥(z). In view of (40)
and items (i) and (ii) of Theorem 2,

Y(v) = Y(z) < —ay (Y(2)) + av (caop(€; 2))-
Since o(z) < A, Y(z) < ay(o(r)) <ay(A) :~& Consider
Y(z) € [0,0). Since cyop(e,x) < @y (3ay(s)) holds for

Y(z) < A, it holds here. Furthermore, since I — ay € K
holds without loss of generality, and in view of (42),

Y(v) < Y(z) — ay (Y(z)) +av (0(c", o(z)))

(42)

< (- ) () + v (). -
Given the definition of 4,
Y(v) < (11 - 5‘;) (8) = ay (9). (44)
When* Y(z) > 8, we derive from (41) that —&y (Y(z)) +
av (csop(e, 7)) < —4ay (Y(x)). Thus, from (42>,
Y(v) = Y(z) < —3ay (Y(2)). (45)

In view of (44) and (45), it follows for any k € Z> that
Y(p(k +1,2)) < max {(I— jay)(Y(2)),ay ()}, (46)

3If that is not the case we can always find o/ € Ko such that T — @y <
I— o’. Indeed, as ay = aw = ay < @y holds from (i), which in turn
implies ay o @ St < I, hence s — ay oay(s) > 0 for all s > 0 and
equality holds if and only if s = 0 Therefore there exists o’ € Koo such that
I-a €Koo dl’ldﬂfayoay <T- <, by Lemma B.1 [18]. A similar
property is derived in [15].

“It might be of interest to assume ay-(8) < A as to the set {z : Y(z) > 6}
be non-empty, but it is not necessary.



where ¢(k,x) is a solution starting at x for system (12).
Y(v) < ay (6) follows.

Furthermore, when Y(z) < ay(é)
Indeed, if Y(z) € [0, Al
and if Y(z) €
Hence the set {z € R™ : Y(z) < a,- ()} is forward invariant
for system (12). By iterating (46), we obtain

Y(o(k,2)) < max { B(V(x), k), ay (3) },

where (s, k) = (I-1iay )(k) (s) for any s > 0, with 3 €
KL as limg_yo0 (]I - *Cky)(k) (s) = 0 for any s > 0 per the
proof of item (ii) of Lemma 2 from the Appendix, since
(I—3ay) (s) < s for s> 0and (I— 3&y) (0) = 0. Finally,
invoking ay (o(z)) < Y(z) < @y (o(x)), we deduce

o(6(k,x)) < max {ay" (B@y (o(2),k)) 3}

Thus (15) holds with 3(s, k) = a3 (E(ay(s),k)) for any
SZOankoEZZo.
G. Proof of Corollary 1

Let A > 0, x € R™ be such that o(z) < A. We select *
as in (16) and let € € R such that |¢| < ¢* and v € F*(z).
Note that €* in (16) is well defined since the right-hand side is
strictly positive. We will follow the same arguments as proof of
Theorem 3, however applying the sublinear bounds of Corollary
1. From item (ii) of Theorem 2, Y(v) — Y(z) < —aw (o(x)) +
@y (Csop(€,x)). We use the following strategy. First, we show
that Y(v) — Y(z) < —5;2z—Y(z) holds for some p1 > 0

when o(z) € [0,L] since e* < 2. Then, we show that
Y(v) — Y(z) < —1a@y (Y(z)) holds for &y = aw o@y " when

i1
o(z) € (L,A], given &* < %QW(L)). To conclude, we
combine the two inequalities and we defer to the proof of
Theorem 3.

Let, for the moment, = be such that o(z) < L. From item (i)
of Corollary 1, we have that —aw (0(z)) < —awo(z) holds
as o(x) < L, and similarly that @y (cuop(e, 2)) < av|elo(z),
since |e|L < e*L < L follows from item (ii) of Corollary 1
and (16). It follows then that Y(v) — Y(x) < —aw (o(z)) +
@y (Csop(e, 7)) < (—aw +aylel)o(x) holds. Since |e] < e* <
22, we derive —aw + ay|e| < 0, hence, there exists p > 0
such that —aw + ayle| < —p. We derive Y(v) — Y(z) <
—po(x). On the other hand, we have Y(z) < @y (o(z)) <
(ay + aw)o(x) in view of item (i) of Theorem 2, hence,
—(ay + aw)o(z) < =Y(z). Since p > 0, we derive

,u
V(o) - ¥ir) < ——L
When o(x) € (L,A], it follows that Y(v) — Y(z) <
—aw (o(a)) +av (cap (. 2) < —aw (9(a)) (=" A) from
&y (2<A1W(L)) v (*A) <

Y(v) < Y(z) < ay(d) from (45),

(47)

(48)

V(). (49)

item (i1) of Corollary 1. As * <
w (L) holds. Since o(x) > L and aw € K, we have that
w(L) < 3aw(o(x)), hence @y (e*A) < Faw (o(z)) and
T0) - V(o) < o (o) + Jow(o(z)) = - baw(o(z).
Then, in view of item (i) of Theorem 2, we have Y(z) <
ay (o(x)) that implies ayw o ay' (Y(z)) < aw(o(z)), and
conclude

w\Ho\

Y(v) = Y(x) < —say (Y(z)),

(50)

[0,6), we deduce Y(v) < ay () from (44).

where ay = ap o a;l.

We have found that Y(v) — Y(x) decreases for all Y(x) €
(0,@y (A)]. In particular, by —=—=—Y(x) for o(z) € [0, L]
and by —3ay(Y(z)) elsewhere, that is Y(v) — Y(z) <

— min {Bav-,:aw I, é&y} (Y(x)). The desired result is then
derived by following the final steps of Theorem 3 to construct

8.

H. Sketch of proof of Corollary 2

Let z € R™. We select €* as in (18) and let ¢ € R™ such
that |e] < ¢* and v € F, *( ). In particular, we have shown
that Y(v) — Y(z) < —5—45-Y() holds for o(z) € [0, L) in
Corollary 1. In this proof we derive from (18) that Y{(v) —
Y(z) < — m) Y(z) holds for any o(x) > 0. Note

ay+aw
that we do not require ¢* < 1 since @y (|e|o(z)) < avle|o(z)
is guaranteed to hold for any z € R" and € € R"<. We now
proceed with the same argument as the proof of Corollary 2
in [25]. Let € R™ and denote ¢(k,x) be a corresponding

solution to (12) at time k € Z>g, it holds that Y{(¢(k,z)) <
_ Nk -

1— aw=lelov ) Ty () Since Y(z) > aw(o(2) > awo(x)

and Y(z) < ay(o(x)) < (ay + aw)o(x) holds from item (i)

of Theorem 2 and item (i) of Corollary 2 for any z € R",

N

it follows from Y{(¢(k,z)) < (1 - 76’?/7'?‘“‘/) Y(z) that
Nk

awo(o(k,x)) < (1 - %) (@ay + aw)o(x) hence

ay+taw
o lefav |
o(p(k,x)) < WA () (1 — M) and the proof
is concluded.

ay+taw

. Proof of Theorem 4

Let A, > 0, x € R™ such that o(z) < A. We select &*
as in Theorem 3. Let ¢ € R" such that |¢| < &%, ¢(k +
1,z) € FX(¢(k,x)) for any k € Z>o where ¢ is a solution to
(12) initialized at x. For the sake of convenience, we denote
l(x,u) :={,(x) for any u € Y. Consider

Ve (x) (Sh

—lef;:Zf

where uy, € UZ (¢(k, z)) such that ¢(k +1,2) = fur (d(k,z)).
Note that indeed V:"¥(z) € Vi*¥(z). The lower-bound 0 <
V"8 (x) in (22) follows immediately from ¢(x,u) > 0 for any
x € R™ and u € U. On the other hand, we derive from (37)
that, for any k € Z>o,

Vao (9(k +1,)) = Ve(6(h, ) -
< —U(o(k, x), up) + v (Caop(€; P(K, 7))).
Hence
+ v (coop(e, 0(k, x))), (53)



from which we deduce, for any N > 0,

N
> Uk, @), up)
k=0

< Va(6(0,2) = Vo ((1,2)) + @v (Csiop(e, (0, 7))
+ Ve(0(1, 7)) = Voo (0(2,2)) + v (caop (e, 9(1, 7))
+ ...

+ Ve(o(N(2), 2
+aV(Cstop( ¢(

x)) +

\_/

) = Voo(o(N + 1,2))
(x),x)))

aV(CSlOP(ga ¢(k,$))),

2

(54)

Mz

< Vz(9(0,

>y-

=0
since V. (¢(k,xz)) — ( (k,z)) < 0 for all k£ € Zxo
according to Theorem 1 and Vo, (¢(N +1,2)) > 0. According
to Assumption 1, cyop(e, @(k,z)) < 6(le|,o(é(k,2))), and
since Theorem 3 holds, o(¢(k, x)) < max{5(k,o(x)),d0} as
o(x) < A. Hence, by direct substitution in (51),

Vs < gim (V00,0

N—o00 v
+ Y av (O(e max{(ho(2)). o)) ).
k=0

We break the sum in two parts. Let H(z) € Z be such that
Blo(x),k) > § for k € {0,...,H(z)} and B(o(z), k) <
§ for k € {H(z) +1,...} when o(z) > 4§, otherwise, if
o(z) <4, we define it H(z) = —1. Integer H (z) exists and
is finite since 8 € KL. It follows that B(o(x),k) < ¢ for
ke {H(x)+1,...}. Hence

e . 1
v < tim (VG

N—o0
min{H (z),N}

£ (6 fk o)

k=0
N
+ D Oév(g(&(s)))v (55)
k=H (x)+1
where Zf_l = 0 by convention. It follows that

Vo(@) + "M @y (0e, Bk, o(@)))) > 0 as

N — 00, which implies
av, 3 ]'
V(z) < lim —

li !
- Ngrg)o N
k=0

A

(56)

Hence V2"¢(z) < @y (0(|e], 8)) limy o0 & a1 and The-
orem 4 holds.
J. Proof of Theorem 5

Let A,0 > 0, z € R™ such that o(z) < A. We select
e* as in Theorem 3. Let ¢ € R"™ such that |¢] < &¥,
ok +1,2) € FX(¢p(k,z)) for any k € Z>o where ¢ is a

solution to (12) initialized at x, and N(z) is such that for
any n > N(z), ¢(n,z) < § which exists since o(¢p(k,x)) <
max{f5(c(z),k),d} for any k € Z>¢ and € KL according
to (15). For the sake of convenience, we denote £(x, u) = £, (z)
as in the proof of Theorem 4. Consider

N(z)
Ze

where uj, € U (¢(k,x)) such that ¢(k+1,2) = fur ((k,z)).
From (54) in the proof of Theorem 4, we have that

Zz

Vctd (57)

N
) < Ve(8(0,2)) + Y @y (caop(e, $(k, ),

k=0
(58)
for any N > 0. Theorem 5 holds by taking N = N(x),
and by invoking Assumption 1 and Theorem 3, that is,

av (Csiop(e, (K, 2))) < @v (6(le], max{B(o(x),
K. Sketch of Proof of Theorem 6

Let € R™, ¢ € R"= such that |¢| < &* where &* is selected
as in Corollary 2, ¢(k+1,z) € FX(¢(k,x)) for any k € Z>
where ¢ is a solution to (12) initialized at . The proof follows
by following the steps of the proof of Theorem 4, in particular
inequality (54), however summed with N — co. That is,

k),6})).

VI () < Ve(6(0,2)) + > v (caop(e, ¢k, 7))

k=0

(59)

All that remains 1is to compute a bound on
> e @v(csop(e, @(k, x))), which is possible by recalling
that o(p(k, 7)) < 2EW 5 () gl_awlsav

By tow holds from
Corollary 2 and av (csop(e, ¢(k,2))) < avle|lo(o(k,x))

as the conditions of Corollary 2 are assumed to
hold.  Specifically, > 77, @y (csiop(e, @(k, x))) =
k
—lelav

ay+aw

elay @) g () 2 (1 2

k _
(25) as 3377, (1 - “wsfElav) — caviaw The lower
bound Vi (z) < VI""(z) follows from the optimality of
Voo(x). Since (59) holds for an arbitrary solution of (12),
p(k +1,2) = fur (#(k,z)) for any k € Z>o, the resulting

bound holds for any V*"(x) € V™M (z).
L. Proof of Proposition 4

) , which provides

Let x € R™. From item (i) of Assumption 2, there exists
P € R" x R™ symmetric, positive definite matrix and a > 0
such that, for solution ¢gjobai (k, ) to system (26) with feedback
law ¢(2, z) initialized at x, the following holds for k € Zx.

betoba (k+1,2) T Ppgionar (k+1,2) — btobat (k%) T Ppgionar (k)
T
< _a¢global(k7$) P¢global(k7$)~

Hence, Ggoba(k + 1,2)" Pogopa(k + 1,2) < (1 —
@) dgtobal (K, ) T Pogioval (k, z). By iteration and recalling that
Pelobal (0, ) = @, we derive

U(Cbglobal(k +1 .’17)) < (1 — a) (w), (60)

where o(z) = 2" Pz. We show next that £o(¢giobal (k, z)) <
vio(z)e 2% for some vi,vy > 0 and fy(z) := o' Qz +



g(2,2) " Rg(2,z). Since Q is positive definite, ' Qz <
Amax(Q)|x|?. Furthermore |z]? < ﬁzTPI hence
T Qx < %Q)) T Pz. Similarly for R and invoking item
(ii) of Assumption 2, we obtain that, g(2,7)" Rg(2,7) <
Amax(R)|9(2,2)[7 < Amax(R)D]z[? < 52=G00T Pa. Tt fol-
lows from (60) that

Co(bgioba (k, ) < vyo(z)e 2k,

Amax (Q)+b)\max (R

(61)

where v = X and v, = In(1—a)”'. By
invoking [13, Lemma 1], we derive that the second part of
item (i) of SA1 holds with ay := 167_%]1 In particular,
Voo(#) < @y (o(x)) = =252 " Pz, which is finite for all
x € R", thus [19, Theorem 2] is verified and the first part
of item (i) of SA1 holds, hence item (i) of Proposition 4
is verified. On the other hand, since Apin(Q)|z|? < 27 Qx

holds, A"““((Q))a(z) = )\TE?’% v Pr < 27Qx < £,(x) for
any u € {1,..., M}, hence item (ii) of SA1 is verified with

aw = /)\““:‘::(Q)]I and W = ayw = 0. We have proved that
item (ii) of Pr0p0s1t10n 4 holds. Item (iii) of Proposition 4
follows immediately since cqop(e, ) = 6(|e, 0(x)) := co(x)
by our choice of c¢yp, hence Assumption 1 holds. Furthermore,

o(x) > 0 when o(z) > 0 follows from € € R+, hence SA2

holds.

APPENDIX

We show that, for any d € Z~( and x € R", the following
properties hold for any finite-horizon optimal sequence w(z).

Lemma 2: Let © € R™. For any d € Z~( and u}(z), the
following hold.

(i) o(¢(d,z,us(z)]a)) < ay o (I—awody
ay (o(z)), with @y = ay +aw and aw, ay, aw € Koo
comes from SAIL.
Function I—ayy oa;l contracts to zero, that is, for any s >
0, (I-a 0671)(@ (s) < I-«a oafl)(d Y (s)
s w Y w Y
and for any s > 0, limg_,o0 (I — aw o ozyl) g (s) =0.
Proof. Let x € R™ and d € Z~(. A d-horizon optimal
sequence w)(x) such that Vy(x) = Jg(x, u}j(x)) exists for any
d € Zsq in view of (6) as the input set I/ is finite. Let
Yy = Vg + W, where W comes from item (ii) of SAI.
We have that: (a) ay (o(x)) < Yy(z) < @y(o(z)) holds
with oy, = aw and @y = ay + aw as [12, Theorem 1]
r [13, Theorem 1] applies; (b) with Yy (¢(d, z, u}(x))) <
(H —ay oa;l) ¢ (Yy(x)) with ay := aw according to [12,
(32)], and T — ay o a;l € K4 (see footnote 3 in page
11). By applying (b) in (a), we obtain o(¢(d, z,u}(x))) <

(@)
Y

o

(i)

ay o (I—ay oa;l)d (ay (o(x))), and item (i) of Lemma
2 holds. In view of (]I —ayody ),ay o a;l € Koo, it
follows that s — ay o @y '(s) < s for any s > 0. Hence,
by composing (I — ay o@y ') to both sides d — 1 times, we
conclude (I — avy o a;l)(d) (s) < I—ayo a;l)(dfl) (s)
when s > 0, i.e. strictly decreasing in d for s > 0, and 0
when s = 0. Hence, [ — aiy © a;l is contractive to zero and
item (ii) of Lemma 2 holds.
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