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Abstract: This work presents a method to obtain inner and outer approximations of the region
of attraction of a given target set as well as an admissible controller generating the inner
approximation. The method is applicable to constrained polynomial dynamical systems and
extends to trigonometric and rational systems. The method consists of three steps: compute
outer approximations, extract a polynomial controller while guaranteeing the satisfaction of the
input constraints, compute inner approximations with respect to the closed-loop system with
this controller. Each step of the method is a convex optimization problem, in fact a semidefinite
program consisting of minimizing a linear function subject to linear matrix inequality (LMI)
constraints. The inner approximations are positively invariant provided that the target set is
included in the inner approximation and/or is itself invariant.

1. INTRODUCTION

In this paper, the region of attraction (ROA) of a given
target set is defined as the set of all states that can
be steered to the target set at any time while satisfying
state and control input constraints. The problem of ROA
characterization and computation with its many variations
have a long tradition in both control and viability theory
(where the ROA is typically called the capture basin [1]).
Computational methods start with the seminal work of
Zubov [21] and are surveyed in, e.g., [7, 11, 3] and the

book [2].

This work proposes a computationally tractable method
for obtaining both inner and outer approximations of
the ROA and, importantly, an approximate polynomial
controller. The approach consists of three steps: compute
outer approximations, extract a polynomial controller sat-
isfying the input constraints, compute inner approxima-
tions of the closed-loop system with the extracted con-
troller. Thus, the approach can also be viewed as a design
tool providing a polynomial controller with an analytically
known inner and outer approximations of its ROA.

Computing both inner and outer approximations, com-
pared to just one or the other, enables assessing the
tightness of the approximations obtained and provides a
valuable insight into achievable performance and/or safety
of a given constrained control system. For instance, a
natural application for outer approximations is in collision
avoidance, whereas a typical application of a (positively in-
variant) inner approximation is as a terminal constraint of
a model predictive controller ensuring recursive feasibility
of the underlying optimization problem [17].

The approach builds on and extends the ideas of [7]
and [11] and the controller extraction procedure of [16],
which was also sketched earlier in [6] in the context of
switching sequence design. The main contributions with
respect these works are:

e Contrary to [7], we treat the infinite time version of
the ROA computation problem. The approach uses
discounting similarly to our previous work [11] but
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here we treat the problem of computing the ROA,
not the maximum controlled invariant set as in [11].

e Contrary to [10] we compute inner approximations for
controlled systems. This significantly extends the ap-
plicability of the approach but brings additional prac-
tical and theoretical challenges. In addition, under
mild conditions, the inner approximations obtained
are controlled invariant.

e Contrary to [16] the extracted controller is guaranteed
to satisfy the input constraints and comes with an
explicit estimate of its ROA, both from the inside
and from the outside.

e The formulation providing outer approximations of
the ROA is based on a different idea than that
of [7, 11, 16] and provides tighter estimates on the
numerical examples investigated.

As in previous works [7, 10, 11], the method presented
in this paper studies how whole ensembles of trajecto-
ries evolve through time using the concept of occupation
measures. To obtain the outer approximations, we first
characterize the ROA as a value function of a certain
nonlinear optimal control problem which we then relax
using measures in the spirit of [14]. This leads to a primal
infinite-dimensional linear program (LP) which is then
relaxed using a hierarchy of finite-dimensional semidefi-
nite programming problems (SDPs) whose solutions can
be used to extract approximate polynomial controllers.
Finite-dimensional approximations of the dual infinite-
dimensional LP in the space of continuous functions are
sum-of-squares (SOS) problems and provide outer approx-
imations to the ROA. To obtain the inner approximations,
we characterize directly using measures the complement of
the ROA associated with the closed-loop system with the
extracted polynomial controller. This leads to an infinite-
dimensional primal LP in the space of measures. Finite-
dimensional approximations of the dual LP on continuous
functions are SOS problems and provide outer approxi-
mations to the complement of the ROA and hence inner
approximations to the ROA itself.

Note in passing that the use of occupation measures has a
long tradition both in deterministic and stochastic control;
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see, e.g., [11] for a historical account with the emphasis on
applications to ROA and MCI set computation.

The paper is organized as follows. Section 2 defines the
problem to be solved; Section 3 introduces the occupation
measures; Section 4 presents the outer approximation
formulation; Section 5 describes the controller extraction
procedure; Section 6 presents the inner approximations.

Proofs, numerical examples and appendices containing
additional developments are available in the extended
version of the paper [12].

1.1 Notation

Throughout the paper we work with standard Euclidean
spaces; all subsets of these spaces we refer to are auto-
matically assumed Borel measurable. The spaces of con-
tinuous and once continuously differentiable functions on

a set X are denoted by C'(X) and C*(X), respectively. By
a measure we understand a countably-additive mappin

from sets to real numbers. Integration of a function v(%
with respect to a measure p over a set X is denoted by
Jx v(@) du(z); often we omit the integration variable or
the domain of integration and write [, vdp or [vdu. The
support of a measure 4 (i.e., the smallest closed set whose
complement has a zero measure) is denoted by spt p. A mo-
ment sequence {yq, }aenn of a measure g on R™ is defined
by Yo = Jgn 2 dp(z) = [p, 271 xzhm du(x). A sequence
of consecutive integers {i,i +1,...,;} is denoted by N/.

The indicator function of a set A, i.e., the function equal
to one on the set and zero elsewhere, is denoted by I4(-).

2. PROBLEM DESCRIPTION

Consider the polynomial input-affine dynamical system

£(t) = f(x(t)) + G(z(t))u(t), (1)
where the vector- and matrix-valued functions f : R —
R™ and G : R™ — R"™ have polynomial entries.
The system is subject to a basic semialgebraic state
constraint !

x(t) € X :={x € R" : gx(z) > 0}, (2)
where gx is a polynomial, and box input constraints
u(t) e U :=[0,a]™, u>0. (3)

The assumption that the input constraint is of the form (3)
is made without loss of generality since any box in R™
can be affinely transformed? to [0,u]™. It is also worth
mentioning that arbitrary polynomial dynamical systems
of the form & = f(x,u) can also be handled by considering
the dynamic extension

] _ | f(z,u)

i v
where the real control input u is treated as a state and
v is a new, unconstrained, control input. Some of our
convergence results hinge on the compactness of the input

constraint set and therefore one may want to impose
additional bounds on the new control input v, which

1 The assumption that X is given by a super-level set of single
polynomial is made for ease of exposition; all results extend immedi-
ately to arbitrary basic semialgebraic sets. This extension is briefly
described in Appendix A of the extended version of the paper [12].
2 Any box in R™ can, of course, be also affinely transformed to
[0,1]™. However, we decided to consider the more general form
[0, @™ so that it is immediately apparent where the upper bound @
comes into play in the optimization problems providing the region
of attraction estimates.
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correspond to slew-rate constraints on the true control
input u, a requirement often encountered in practice.

In the remainder of the text we make the following
standing assumption:

Assumption 1. The set X = {x € R"
compact.

: gx(x) > 0} is

This assumption is of a technical nature, required for the
convergence results of Section 6.

Given a target set
Xr:={zeR": gr(z) >0} C X,

where the function gr is a polynomial, the goal of the
paper is to compute inner approximations of the region of
attraction (ROA)

Xo ={xo € R": Ju(-),z(-),7 € [0,00) s.t.
z(t) = f(z(t)) + G(z(t))u(t) a.e., z(0) = xg,
z(t) € X,u(t) e U, Vt € [0,7], x(r) € X1},
where a.e. means “almost everywhere” with respect to the

Lebesgue measure on [0, 7], z(+) is absolutely continuous
and u(-) is measurable.

In words, the region of attraction X is the set of all initial
states that can be steered to the target set X7 at any time
T € [0,00) in an admissible way, i.e., without violating the
state or input constraints.

Our approach to compute the inner and outer approxima-
tions to the ROA consists of three steps:

(1) Compute an outer approximation to the ROA,

(2) Extract a polynomial controller out of this outer
approximation,

(3) Compute an inner approximation for the closed-loop
system with this controller.

These steps are detailed in the rest of the paper.

3. OCCUPATION MEASURES

The key ingredient of our approach is the use of measures
to capture the evolution of a family of the trajectories of a
dynamical system starting from a given initial distribution.

Assume therefore that the initial state is not a single
point but that its spatial distribution is given by an
initial measure po and that to each initial condition a
stopping time 7(xg) € [0, o0] is assigned. Assume that the
support of po and the stopping time 7() are chosen such
that there exists a controller u(z) such that all closed-
loop trajectories z(- | xg) starting from initial conditions
Zo € spt pp remain in X for all t € [0, 7(z0)).

Then we can define the (average) discounted occupation
measure as

7(2o)

p) = [ [ e Laale o) didifan). A€ X,
x Jo

L | 0
where 8 > 0 is a discount factor. This measure measures
the average (where the averaging is over the distribution
of the initial state) discounted time spent in subsets of the
state-space in the time interval [0, 7(xg)).

The discounted final measure ur is defined by

ir(A) = / e BT (a(r (o) | o)) dprolze), A C X,
" (5)
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where we define e #7(#0) := 0 whenever 7(zg) = 4o0.
The discounted final measure captures the time-discounted
spatial distribution of the state at the stopping time 7(xg).

The equation linking the three measures is a variant of the
discounted Liouville equation

| v@dura) + 5 / o(z) du(x) (6)
= [ o@ (@) + [ Vola)- 1) + Gepu@) dno)

which holds for all v € C*(X). This equation will replace
the system dynamics (16) when studying the evolution of
trajectories starting from the initial distribution pg over
the possibly infinite time intervals [0, 7(x)). The equation
is derived in Appendix B of the extended version of the
paper [12].

) dpo(x

4. OUTER APPROXIMATIONS

In this section we formulate an infinite-dimensional linear
program (LP) in the space of measures characterizing
the ROA (or more precisely a set closely related to it)
and whose finite-dimensional relaxations allow for the ex-
traction of an approximate controller. Finite-dimensional
relaxations of the dual to this LP then provide outer
approximations to the ROA.

Here we take an approach different® from [7, 11, 16] and
formulate the ROA computation problem as an optimal
control problem whose value function characterizes the
ROA; this problem is then relaxed using measures. The
optimal control problem reads:

V(zg) = e[oSUI]) 0 e_ﬁT[HXT( (r ))—]Ix\XT(J}(T)ﬂ
st &) = fz(t) + G@(t))u(t), x(0) =0

z(t) € X, u(t) e UVt el0,r],

. . . (7)
where the objective function is zero if 7 = +o00. Clearly,
the initial conditions that can be steered to Xp achieve
a strictly positive objective; the initial conditions that
necessarily leave X achieve a strictly negative objective;
and the initial conditions that can be kept within X forever

but do not enter X7 achieve a zero objective. Therefore
X() = {.’E | V(.’E) > 0}

Now we formulate an infinite-dimensional LP relaxation of
the problem (7) in the space of measures. First, and this
the key insight due to [16] ensuring that an approximate
controller can be extracted, we view each component u;(z)
of the controller u(x) in (6) as a density of a control
measure* o; defined by

ai(A):/Aui(x)du(x), i=1,2,...,

3 The works [7, 11, 16] do not use the value function of an optimal
control problem and argue directly in the space of trajectories
modelled by measures. This approach can also be used to characterize
the infinite-time ROA sought here; however, on our class of numerical
examples, the tightness of the finite-dimensional relaxations and the
quality of the extracted controllers seem to be inferior to those of the
approach presented here. Note that this is something peculiar to the
infinite-time ROA problem and has not been observed for the finite-
time ROA problem of [7, 16] and the maximum controlled invariant
set problem of [11].

4 In [16] the authors use signed measures which they then decompose
using the Jordan decomposition — this step is avoided here since our
control input is, without loss of generality, non-negative; this reduces
the number of control measures by half and therefore makes the
subsequent SDP relaxations more tractable.

m, ACX. (8)

Defining the linear differential operators £; : C*(X) —
C(X) and Lg, : CY(X) - O(X),i=1,...,m, by
Liv:=Vv-f, Lgv:=Vv- G

where G; denotes the ™" column of G, the Liouville
equation (6) can be rewritten as

/vduT-i-B/ vdp
X X

:/ vduo+/ £fUdM+Z/ (Lg,v)doi,  (9)
X X i=17X

where we used the fact that do;(z) = u;(z)du(x) in view
of (8).

The input constraints u;(x) € [0,a] are then enforced
by requiring that 0 < o0; < up, which is equivalent
to saying that o; is a nonnegative measure absolutely
continuous with respect to p with density (i.e., Radon-
Nikodym derivative) taking values in [0, %]. The constraint
0 < 0; < up can be written equivalently as o; > 0,
o; + 6; = up for some non-negative slack measure 6; > 0.
The state constraint z(t) € X is handled by requiring
that spt p C X. Further we decompose the final measure
as up = pr + p3 with® sptpr € Xr and sptps C X.
Finally we set the initial measure equal to the Lebesgue
measure (i.e., dug(z) = dz).

This leads to the following infinite-dimensional primal LP
on measures:

pZ==$mt/1du%—l/1du%
s.t. 5/ vdu+/ vd,ulT—i—/ vduZT
Xr X

:/ vdx—|—/£fvdu—|—2/ (La,v)dos Vo € C(X)

/pldal /pzdaz /pidu=0Vz€N71"Vpi€C( )

spt u C X, sptuTCXT, sptu%CX,
spto; C X, spto; C X, Vie N

p>0, pp >0, pgp >0,
0;>0,06;, >0, VZENT

where the supremum is over

1 2 ~ ~
(:U’?/’LTHU/T70-1,"'aama017"~70m) S

M(X)x M(Xp) x M(X) x M(X)™ x M(X)™

The dual LP on continuous functions provides approxima-
tions from above to the value function and therefore outer
approximations of the ROA. The dual LP reads

d} = inf / v(x) dz
b

s.t. Lyv(z) —l—ﬂZpi(x) < puv(z), Ve e X
L

1
pi(x) > Lg,v(z), Vee X, ieN?
pi(z) >0, Vee X, ie N
v(z) > 1, VzeXr
v(z) > —1, VeeX

(11)

5 We could have constrained the support of ,u% to X \ X7 instead of
X; however, this is unnecessary by virtue of optimality in (10) and
avoids using the difference of two basic semialgebraic sets which may
not be basic semialgebraic.
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where the infimum is over

(0,p1,...,pm) € CHX) x C(X)™.

The following Lemma shows that the zero super-level
set of any function v € C! feasible in (11) is an outer
approximation to the ROA.

Lemma 2. If v € C1(X) is feasible in (11), then X C {z :
v(z) > 0}.

Proof. Please see the extended version of the paper [12].
4.1 Finite dimensional relaxations

The infinite dimensional LPs (10) and (11) can be solved
only approximately; a systematic way of approximating
them is the so-called Lasserre hierarchy of semidefinite
programming (SDP) relaxations [13], originally introduced
for static polynomial optimization and later extended to
the dynamic case [14].

Instead of optimizing over measures, this hierarchy takes
only finitely many moments of the measures for the primal
problem (10) while imposing conditions necessary for these
truncated moment sequences to be feasible in the primal
LP via the so-called moment and localizing matrices. On
the dual side, the function space is restricted to polynomi-
als of a given degree while imposing sufficient conditions
for the non-negativity via sum-of-squares conditions. One
then refers to the relaxation of order k when the first 2k
moments of the measures are taken on the primal side
and polynomials of total degree up to 2k on the dual
side. Please refer to [7] or [16] for more details on how
to construct the relaxations for this particular problem or
to [13] for a general treatment.

Let vx(-) be a polynomial of degree 2k solving the k** order
relaxation of the dual SDP (11). Then this polynomial is
feasible in (11) and therefore, in view of Lemma 2, we can
define the k™™ order outer approximation of Xy by

X8 = {z € X :v(x) > 0} (12)

The following theorem states that the running intersection
N¥_,X§ converges monotonically to the set no smaller

than {z | V(z) > 0}, which is the union of the ROA X
and the set of all states which can be kept within X forever.

Theorem 3. The following statements are true: NF_; X§ O
X for all £k > 1 and

lim vol( Ny X5\ {z | V(z) > O}) =0.
k—o0

Proof. The proof follows the convergence of wg(:) to
V(:) in L; norm which can be established using similar
reasoning as in [11, Theorem 6]; details are omitted for
brevity.

Note that in the case where the volume of the set of states
which can be kept in X forever but cannot be steered to
Xr is positive, the set to which the running intersection
of X(()% converges can be strictly larger than X, (in the
sense of positive volume difference); nevertheless by virtue
of optimality in (10) the controller attaining the infimum
in (10) generates Xy (i.e., admissibly steers any state in
Xo to XT)

5. CONTROLLER EXTRACTION

In this section we describe how a polynomial controller ap-
proximately feasible in the primal LP (10) can be extracted

from the solution to the finite-dimensional relaxations
of (10). Given a truncated moment sequence solving the
kth primal relaxation, the idea is to find, component-by-
component, polynomial controllers uf(z), i = 1,...,m, of
a predefined total degree deg(u¥) < k that approximately

satisfy the relation (8). Details of this procedure are de-
scribed below.

First, note that satisfying relation (8) is equivalent to
satisfying

[ v@it@duta) = [ oo

X

for all polynomials® v(-) and therefore, by linearity, it is
equivalent to the linear equation

[ et @ duta) = [ 2 doa),

where the multindex o = (ay,...,a,) € N runs over
all nonnegative integer n-tuples. The data available to us

after solving the k' order primal relaxation are the first
2k moments” of the measures y and o;. The approach for
controller extraction of [16] consists of setting deg(u¥) := k
and satisfying the equation (13) exactly for all moments
up to degree k, i.e., for all & € N such that Y ;" a; <k.
For this choice of deg(u¥), the linear equation (13) takes
a particularly simple form

M (y*)uj = a7, (14)
where M, (y?*) is the (”j;k) X (":k) moment matrix
(see [13] for definition) associated to y?*, the vector of
the first 2k moments of y, ¥ is the vector of the first k
moments of o;, and uf is the vector of the coefficients of
the polynomial u(-).

(13)

However, this extraction procedure does not ensure the
satisfaction of the input constraints and indeed typically
leads to controllers violating the input constraints. One
remedy is to pose input constraints on the polynomial
uk(z) as sum-of-squares (SOS) constraints and minimize
over u¥ the moment mismatch || M}, (y?*)u¥ —o¥ |5 subject
to these input constraints; this immediately translates to
an SDP problem, as proposed originally in [9]. Denoting by
@k the “true” controller, coefficients of which satisfy the
equation (14), this approach is equivalent to minimizing
the L?(p) error® fX(uf(x) — @¥(z))? du(x). The problem
of this extraction procedure is now apparent — the L?(u)
criterion weights subsets of X according to the occupation
measure p and therefore will penalize more those subsets of
X where the trajectories spend a large amount of time and
penalize less those subsets where the trajectories spend
little time. This is clearly undesirable and is likely to
lead to a poor closed-loop performance of the extracted
controller. What we would like to have is a uniform
penalization over the constraint set X or even better over
the region of attraction Xy (since any control is futile
outside Xy anyway). This leads to the following two-step
procedure that we propose:

6 This follows from the compactness of the constraint set X and
the fact that the polynomials are dense in C(X) with respect to the
supremum norm on compact sets.

7 The first 2k moments belong to a measure feasible in (10) only
asymptotically, i.e. when k — oo; at a finite relaxation order k the
first 2k moments may not belong to a measure feasible in (10) (or
any nonnegative measure at all).

8 The integral fX (uf(z) — 4¥(x))? dpu(x) should be understood
syml:>2(?€lically, replacing moments of the “true” occupation measure p
by y<".
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(1) Extract the controller polynomial 4f satisfying ex-
actly (14) but violating the input constraints.

(2) Minimize the L*(v) error [, (uf(z) — af(z))? dv(z)
subject to the input constraints,

where v is a reference measure, ideally equal to the uniform
measure on the ROA Xj. The second step can be carried
out only approximately since the ROA, let alone the
uniform distribution on it, are not known in advance. Here
we use the first 2k moments of the uniform measure on X
as a rough proxy for the uniform measure on Xg. This leads
to the following SOS optimization problem for controller
extraction:

min  u¥Mjub — 2u§Mgﬁf
u; 87,85 )

s.t. uf —gxs) = SOS
u— uf —gxsy = SOS
s; = S08S, s5 = S0S,
where M; and My are respectively the ("+d°f(“§)) X
("+def(”?)) and (”+deng("?)) X (":k) top-left sub-blocks of
My, (y?F), the moment matrix associated to the first 2k

moments of the reference measure v. The optimization is
over the coefficients u¥ of the controller polynomial u*(z)
and the coefficients of the SOS polynomial multipliers
si(z) and si(x).

It is worth noting that if a low-complexity controller is
desired one can enforce sparsity on the coefficient vector
of the polynomial u¥ by adding an l;-regularization term
y||uk||1 for some v > 0 to the objective of (15) and/or fix
an a priori sparsity pattern of uf

(15)

To state a convergence result for the extracted controllers,
we abuse notation and set [v(z)duy := Y, vay**(a) for
a polynomial v(z) = > vax® of total degree less than 2k.
The following convergence result for the controllers ﬁf was
established in [16]:

Lemma 4. There exists a subsequence {k;}?2; such that
Akj ~ *

o) @) dp () = [ (@) ) di” (),

for all polynomials v(z), where u} (z)du*(z) = do}(x) and

(u*,07) is a part of an optimal solution to the primal
LP (10).

lim
j—oo Jx

Establishing a stronger notion of convergence and extend-
ing the convergence result to the controllers u¥ (z) satisfy-

i
ing the input constraints obtained from (15) is currently
investigated by the authors.

Remark 5. The method of controller extraction ensuring
the satisfaction of input constraints using sum-of-squares
programming is not the only one possible but is par-
ticularly convenient for subsequent inner approximation
computation since the extracted controller is polynomial.
For instance, other viable approach is to simply clip the
controller 4¥ () on the input constraint set; in this case the
closed-loop dynamics is piecewise polynomial defined over
a semi-algebraic partition and it is still possible to compute
inner approximations by a straightforward modification of
the approach of Section 6.

6. INNER APPROXIMATIONS

Given a controller u(x) satisfying input constraints ex-
tracted from the outer approximations, all we need to

do to obtain inner approrimations to the ROA Xj is to
compute inner approximations of the ROA for the closed-
loop system

= f(z):= f(x) + G(z)u(z). (16)
Remark 6. All results of this section apply to uncontrolled
systems & = f(z) with an arbitrary polynomial vector
field f, not only those of the special form (16).

In order to compute the inner approximations we combine
the ideas of our two previous works [10] and [11] for com-
putation of inner approximations to the ROA in a finite-
time setting and outer approximations to the maximum
controlled invariant set, respectively. This combination of
the two approaches retains strong theoretical guarantees
of both and seems to exhibit faster convergence of the
finite-dimensional SDP relaxations.

The key idea of [10] that we adopt here is to characterize
the complement of the ROA

XS = X\ Xo.
By continuity of solutions to (16), this set is equal to
X§={zo€ X : z(-) s.t. &(t) = f(z(t)) and 37 € [0,00)
s.t. (1) € Xp and/or z(t) € X§ Vit € [0,00)},
where
X7 ={z eR" : gx(x) >0, gr(z) <0}
is the complement of X7 in X and
Xo:={zx eR" : gx(x)=0}.

In order to compute outer approximations of the comple-
ment ROA X§ we study families of trajectories starting
from an initial distribution pg. The time evolution is
captured by the discounted occupation measure (6) and
the distribution at the stopping time 7(-) € [0, oc] by the
final measure pg (5). The three measures are again linked
by the discounted Liouville’s equation (6).

The complement ROA X§ (and hence also the ROA X))
is then obtained by maximizing the mass of the initial
measure subject to the discounted Liouville equation (6),
support constraints spt p C X7, spt uo C X7, pr C Xo,
and subject to the constraint that the initial measure is
dominated by the Lebesgue measure (which is equivalent
to saying that the density of the initial measure is below
one). The last constraint is equivalent to the existence
of a nonnegative slack measure [y such that | y wdpo +
Jxwdiy = [y wdx for all w € C(X). This optimization
procedure yields an optimal initial measure with density
(with respect to the Lebesgue measure) equal to one on
X§ and zero otherwise.

Writing the above formally leads to the following primal
infinite-dimensional LP on measures

p; = sup [ lduo

s.t./vduT—Fﬁ/vdu:/vduo—F Vo fdu, YveCh,
X X b's X

/wduOJr/wdﬂo:/wd:c, Vw e C,
X C X CX ~ C
spt u C X, spt o C X7, spt ur C Xo, spt jig C Xrp,

/1’0207[1'20’ /JTZOa IELOZOa

(17)
where the supremum is over the vector of nonnegative
measures

(/-LOMquT:/)’O) € M(X%) X M(XZC") X M(Xa) X M(XZC")

The dual infinite-dimensional linear program on continu-
ous functions reads
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s.t. Vou(z) - f(z) < po(z), Ve X, (18)
w(z) > v(x) + 1, Ve X7,
w(z) >0, Vo e X7,
v(x) >0, Va € Xy,

where the infimum is over the pair of functions (v,w) €
CH(X) x C(X).

The following lemma establishes that the set {x € X :
v(z) < 0} for any function v € C1(X) feasible in (18)
provides an inner approximation to the ROA Xj.
Lemma 7. If v € C*(X) is feasible in (18), then {z € X :
v(z) < 0} C Xo.

Proof. Please see the extended version of the paper [12].

6.1 Choice of the discount factor [

The LPs (17) and (18) depend on the discount factor 5 > 0
which is a free parameter. Theoretical results pertaining to
the infinite-dimensional LPs (17) and (18) and convergence
guarantees of their finite-dimensional relaxations do not
depend on the value of 8 as long as it is strictly positive.
However, the speed of convergence and the quality (i.e.,
the tightness) of the ROA estimates coming out of the
finite-dimensional relaxations does depend on f.

This dependence can be exploited to speed-up the con-
vergence of the finite-dimensional relaxations by observing
that if a vector of measures (uo, i, pir, fio) is feasible in the
primal LP (17) with a given value of the discount factor
B > 0, then for any other value of 8/ > 0 there must
exist discounted occupation and terminal measures uﬁl

and ,ug such that the vector of measures (ug, 1, u?/ iy
is also feasible in (17). Therefore, instead of considering a
single value of 3 we can define a vector B = (31,..., Bn,),
B; > 0, and optimize over vectors of discounted occu-
pation and terminal measures g = (p!,...,u™) and
pr = (ph, ..., ), components of which have to satisfy

the discounted Liouville equation with one common initial
measure pg. This leads to the following modified primal LP

p; =sup [ ldug

s.t./vd,u%—l—ﬁi/vd,ui:/vd,uo—i—/V%fd/ﬁ, i€ Ny”?
X X X X

/wduo—l—/wdﬂoz/wdﬂc
X X X

spt po C X7, sptfip C X7

spt 1’ C X%, spt pl € Xo, i€ Ny”?

to = 0fig >0

Mi207ué“20v iEN;LB»
(19)

where the supremum is over the vector of nonnegative
measures

(1o, 11, s fio) € M(X7)x M (X7)"" x M (X)" x M(X7).

As already remarked the optimal values of the infinite-
dimensional primal LPs (17) and (19) are the same;
however, the finite-dimensional SDP relaxations of (19)
are likely to converge faster than those of (17) (and will
never converge slower provided that the 8 used in (17) is
among the components of the vector 8 used in (19)).

For completeness we also state the dual infinite-dimensional
LP on continuous functions where the function v from (18)
is replaced by a vector of functions v = (v1,...,Vn,):

7 = inf / w(x) dx
b's

s.t. Voui(z) - f(z) < Bivi(z), Vo€ X5, ieN?

ng
w@) > 143 (), VeeXs
i=1
w(z) >0, Ve Xt
vi(x) >0, Vo€ Xy, i€N)?,
(20)

where the infimum is over the vector of functions (v, w) €
CH{X)" x C(X).
Remark 8. For any functions vy,...,v,, feasible in (20)

the results of Lemmas 7 and 10 and Corﬁ)llaries 11 and 12
hold with the function v replaced by Y., v;.

6.2 Finite-dimensional relazations

The infinite dimensional primal and dual LPs (17) and (18)
give rise to finite-dimensional SDP relaxations in exactly
the same fashion as outlined in Section 4.1 or described in
more detail in, for instance, [7, Section VI]. Further details
are omitted for brevity.

Let vf, i =1,... ,ng, and wy denote the polynomials of

degree 2k solving the k" order SDP relaxation of the dual
LP (20) and let

ng

Xg o ={reX:) vi(z) <0}
i=1

(21)

denote the k" order inner approximation (since XOIk C Xp
by Lemma 7 and Remark 8).

The following theorem summarizes convergence properties
of the finite-dimensional relaxations. Let X31 C Xg be the
closed-loop ROA associated to the closed-loop system (16)
(defined analogously as ROA Xj).

Theorem 9. The following convergence properties hold:

e The optimal values of the primal and dual SDP

relaxations converge to the volume of X \ X' as the
relaxation order k tends to infinity.

e The functions wy converge in L' to the indicator
function of the set X \ X§'.

e The sets X2, converge from inside to X§' in the sense
that the volume of X&'\ XZ tends to zero as the
relaxation order k tends to infinity.

Proof. The proof follows by the same arguments as
Theorem 6, Corollary 7 and Theorem 8 of [10] using
Theorems 2 and 4 of [11] in place of Theorems 1 and 5
of [10].

6.3 Invariance of the inner approximations

In this section we investigate under what conditions the
inner approximations X2, are controlled invariant for the
system (1) and positively invariant for the system (16).
Recall that a subset of R™ is called positively invariant
for an uncontrolled ODE if trajectories starting in the set
remain in the set forever. Similarly a subset of R™ is called
controlled invariant for a controlled ODE if there exists an
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admissible control input such that the trajectories starting
in the set remain in the set forever.

The following Lemma leads almost immediately to the
characterization of the invariance of XOIk; it says that
trajectories starting in XOIk stay there until they reach the
target set Xp for the closed-loop system (16).

Lemma 10. If 2(0) € XZ, then z(t) € XZ, for all t €
[0,7], where 7 = inf{s € [0,00) | z(s) € X} < oo is the
first time that z(t) reaches Xr, and x(t) is the solution
to (16).

Proof. Please see the extended version of the paper [12].

The following two immediate Corollaries give conditions
under which XOI]C is invariant.

Corollary 11. If the target set X is controlled / positively
invariant for the system (1) / (16), then so is the set
ng U Xyp.

Corollary 12. If closure(Xr) C X7, then X7 is con-
trolled / positively invariant for the system (1) / (16).

7. NUMERICAL EXAMPLES
Please see the extended version of the paper [12].
8. CONCLUSION

We have presented a method for computing inner and
outer approximations of the region of attraction for input-
affine polynomial dynamical systems subject to box input
and semialgebraic state constraints. The method combines
and extends the ideas of our previous works [7, 10, 11} and
the controller extraction idea of [16]. The inner approxi-
mations are controlled invariant provided that the target
set is included in the inner approximation and/or itself
controlled invariant.

The approach is based purely on convex optimization, in
fact semidefinite programming (SDP), and is tractable for
systems of moderate state-space dimension (say up to n
equal to 6 or 8) using interior point solvers, in our case
MOSEK; the number of control inputs m plays a secondary
role in the computation complexity since the number of
variables and constraints in the SDP relaxations grows
only linearly with m. The linear growth is due to the
fact that one measure on R” is associated to each control
input, where n is the state dimension. The total number of
variables therefore grows as O(mn?) when the polynomial
degree is held fixed and as O(md"™) when m and n are
held fixed; this is a significantly more favourable growth
rate than O((m + n)9) or O(d"*™) of [7, 10, 11]. Larger
systems could be tackled using first-order methods; for
instance SDPNAL [20] shows promising results on our
problem class (after suitable preconditioning of problem
data).

The approach can be readily extended to trigonometric,
rational or rational-trigonometric dynamics with the same
theoretical guarantees since a variant of the Putinar Pos-
itivstellensatz [18] (which Theorem 9 hinges on) holds for

trigonometric polynomials as well [5].

At present no proof of convergence of the inner approx-
imations XOIk to the ROA X, is available. This is since
Lemma 4 provides only very weak convergence guaran-
tees of the extracted controller to a controller generating
the ROA Xj. Strengthening Lemma 4 or the possibility

of proving the convergence by other means is currently
investigated by the authors.
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