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Abstract—This paper considers the problem of approximating
the ‘“maximal” region of attraction (the set that contains all
asymptotically stable sets) of any given set of locally exponentially
stable nonlinear Ordinary Differential Equations (ODEs) with
a sufficiently smooth vector field. Given a locally exponential
stable ODE with a differentiable vector field, we show that
there exists a globally Lipschitz continuous converse Lyapunov
function whose 1-sublevel set is equal to the maximal region
of attraction of the ODE. We then propose a sequence of
d-degree Sum-of-Squares (SOS) programming problems that
yields a sequence of polynomials that converges to our proposed
converse Lyapunov function uniformly from above in the L!
norm. We show that each member of the sequence of 1-sublevel
sets of the polynomial solutions to our proposed sequence of
SOS programming problems are certifiably contained inside the
maximal region of attraction of the ODE, and moreover, we
show that this sequence of sublevel sets converges to the maximal
region of attraction of the ODE with respect to the volume metric.
We provide numerical examples of estimations of the maximal
region of attraction for the Van der Pol oscillator and a three
dimensional servomechanism.

I. INTRODUCTION

For a given equilibrium point, a Region of Attraction (ROA)
of a nonlinear Ordinary Differential Equation (ODE) is defined
as a set of initial conditions for which the solution map of the
ODE tends to that equilibrium point. The maximal ROA of an
equilibrium point, meanwhile, is defined as the ROA which
contains all other ROAs of that equilibrium point. Specifically,
for an ODE x(¢) = f(x(¢)), we denote the solution map (known
to exist when f is Lipschitz continuous) of the ODE by ¢y :
R” x R — R" which satisfies

d
E(pf(x,t) = f(¢¢(x,t)) for all x € R" and 7 > 0,
¢7(x,0) = x for all x € R",

where f:R" — R” is such that f(0) = 0. The maximal ROA
is then defined as

ROAy = {x €R": lim |9 (x,1)| > = 0}.

The problem of computing sets which accurately approxi-
mate the maximal ROA with respect to some set metric plays
a central role in the stability analysis of many engineering
applications. For instance, knowledge of the ROA provides a
metric for the susceptibility of the F/A-18 Hornet aircraft expe-
riencing an unsafe out of control flight departure phenomena,
called falling leaf mode [1], [2].

If the matrix A € R™" is Hurwitz (the real part of the
eigenvalues of A are all negative) then the associated linear
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system, with vector field f(x) = Ax, has a maximal ROA that
can be found exactly as ROAy = R". In the more general
case of nonlinear systems there is no known general analytical
formula for ROAy. However, for particular nonlinear systems,
such as those arising from gradient flow dynamics, the max-
imal ROA can be expressed analytically [3]. In the absence
of an analytical formula for ROA; in recent years there has
been considerable interest in discovering numerical methods
for approximating ROA ¢ rather than finding ROA; exactly.

Lyapunov‘s second method is arguably the most widely
used technique for finding ROAs associated with an ODE [4].
Rather than solving the ODE directly to find a closed form
expression of the solution map, ROAs can be computed indi-
rectly by searching for a “generalized energy function”, called
a Lyapunov function. A Lyapunov function of an ODE is
any function that is positive everywhere, apart from the origin
where it is zero, and is strictly decreasing along the solution
map of the ODE. Specifically, if we can find a function V such
that V(0) =0 and V(x) > 0 for all x # 0, then if VV (x)7 f(x)
is negative over the sublevel set {x € R" : V(x) < a} we have
that {x € R" : V(x) < a} C ROAy is a ROA [5]. For linear
systems, f(x) =Ax where A € R"*", a necessary and sufficient
condition for ROAy = R" is that there exists a quadratic
Lyapunov function of form V (x) = x? Px where P > 0. Thus, in
this case, the problem of finding the maximal ROA of a linear
system is reduced to solving the Linear Matrix Inequality
(LMI) ATP+PA <0 for P> 0.

In the case of nonlinear systems a common approach for
finding Lyapunov functions has been to generalize the search
from quadratic functions, V(x) = xTPx, to Sum-of-Square
(SOS) polynomials functions, V (x) = Z;(x)" PZ,(x) where Z,
is the degree d € N monomial vector. Then, to find a Lyapunov
function we must solve an SOS optimization problem, rather
than solving an LMI (as was the case for linear systems). Over
the years, many SOS optimization problems have been pro-
posed for ROA estimation [6], [7], [8]. Recently in [10], SOS
was used to estimate the region of attraction of an uncrewed
aircraft; in [11] an SOS based algorithm was proposed to
construct a rational Lyapunov function that yields an estimate
of the ROA; in [12] a recursive procedure for constructing the
polynomial Lyapunov functions was proposed.

Despite the recent success of modern attempts to find
accurate approximations of the maximal ROA, to the best of
our knowledge, a numerical algorithm that can be proven to
provide an approximation of the maximal ROA arbitrarily well
with respect to any set metric has yet to be proposed. Many
of the current numerical methods for finding ROAs use SOS
programming to find polynomial Lyapunov functions. How-
ever, barring any assumptions on the existence of a sufficiently
smooth Lyapunov function, it is currently unknown how well



polynomial functions can approximate the maximal ROA of
a given nonlinear ODE. Concerningly, several counter exam-
ples [13], [14] show that there exist globally asymptotically
stable systems (ROA; = R") with polynomial vector fields,
but for which there does not exist any associated polynomial
Lyapunov function that can certify global asymptotic stability
(not even locally in the case of [14]). On the other hand,
for systems that are locally exponentially stable it has been
shown in [15] that there always exists a polynomial Lyapunov
function that can certify local exponential stability. This result
has been extended in [16] to show that there always exist
polynomial Lyapunov functions that can certify a system
is locally rationally stable (a weaker form of stability than
exponential stability) under the assumption that there exists
a smooth Lyapunov function (that need not be polynomial).
Furthermore, for systems with homogeneous vector fields it
has been shown in [17] that there always exists a rational
Lyapunov function that is the solution to some SOS problem.

For work that is concerned with using SOS to approximate
the maximal ROA of locally exponentially stable systems we
mention [18]. It was shown in [18] that under the assumption
that there exists a sufficiently smooth Lyapunov function, there
exists a polynomial Lyapunov function that yields a sublevel
set that approximates ROA; arbitrarily well with respect to
the Hausdorff metric. We note that the conservatism of the
assumption that there exists a sufficiently smooth Lyapunov
function is currently unknown. Moreover, the proposed algo-
rithm for approximating the maximal ROA found in [18] is
only conjectured to yield an arbitrarily close approximation
of the maximal ROA but has yet to be proven.

The goal of this paper is to design an algorithm that approxi-
mates the maximal ROA of a given locally exponentially stable
ODE arbitrarily well. In order to achieve this goal we propose
a new converse Lyapunov function (given in Eqn. (11)) whose
I-sublevel set is equal to ROA. Our proposed converse Lya-
punov function is shown to be sufficiently smooth - meaning
it can be approximated by a polynomial. After proposing
such a converse Lyapunov function, we are then able to
design a sequence of SOS Optimization Problems (43) and
prove that this sequence yields a sequence of polynomials
that converges to our proposed converse Lyapunov function
uniformly from above in the L' norm. Finally, we show that
since this sequence of polynomials converges to our proposed
converse Lyapunov function in the L' norm from above, their
associated sequence of I-sublevel sets must also converge
in the volume metric to the 1-sublevel set of our proposed
converse Lyapunov function (which is equal to the maximal
region of attraction of the ODE). Therefore, for a given locally
exponentially stable ODE, the goal of this paper is: 1) To
establish the existence of a globally Lipschitz continuous
converse Lyapunov function whose 1-sublevel set is equal to
ROAy. 2) To propose the first numerical algorithm that can
approximate the maximal ROA arbitrarily well with respect
to some set metric. Furthermore, our numerical algorithm
yields an inner approximation of ROA (that is solution maps
initialized inside our approximation of ROA; asymptotically
coverage to the origin); a useful property for the safety analysis
of dynamical systems.

The rest of this paper is organized as follows. In Section III
we define the maximal region of attraction of an ODE in terms
of the solution map of the ODE. In Section IV we formulate
the problem of approximating the region of attraction as an
optimization problem. In Section V we propose a globally
Lipschitz continuous Lyapunov function that characterizes the
maximal region of attraction. In Section VI we propose a
convex optimization problem for the approximation of our
proposed converse Lyapunov function in the L'-norm. In
Section VII we tighten this optimization problem to an SOS
programming problem. Finally, several numerical examples
are given in Section VIII and our conclusion is given in
Section IX.

II. NOTATION
A. Set Notation

We denote the power set of R”, the set of all subsets of
R", as P(R") = {X : X C R"}. For two sets A,B € R" we
denote A/B={x € A:x¢ B}. For x € R" we denote ||x||, =

( ?:lxl’v’)%. For 1 >0 and y € R"” we denote the set By (y) =
{x e R": |]x—y|]2 < n}. For a set X C R" we say x € X is
an interior point of X if there exists € > 0 such that {y € R":
[lx—y|| < €} C X. We denote the set of all interior points of
X by X°. The point x € X is a limit point of X if for all € >0
there exists y € {y € R"/{x} : ||[x—y|| < €} such that y € X;
we denote the set of all limit points of X, called the closure
of X, as (X )Cl . Moreover, we denote the boundary of X by
dX = (X)!/X°. For A C R" we denote the indicator function
lifxeA

0 otherwise.
For BC R", u(B) := [p. 1p(x)dx is the Lebesgue measure of
B. Let us denote bounded subsets of R” by % :={B CR":
U(B) < eo}. If M is a subspace of a vector space X we denote
equivalence relation ~y; for x,y € X by x~yyif x—y e M.
We denote quotient space by X (mod M) :={{y X :y~y
x} :x € X}. For an open set Q C R” and ¢ > 0 we denote
<Q>5={xe€Q:B(x,0) CQ}.
B. Continuity Notation

Let C(Q,0) be the set of continuous functions with
domain Q C R” and image ® C R™. We denote the set
of locally and uniformly Lipschitz continuous functions on
©; and @, Defn. 3, by LocLip(®1,0,) and Lip(©,0,)
respectively. For @ € N" we denote the partial derivative
D% f(x) =TI, gzi{: (x) where by convention if o = [0,..,0]”
we denote D“f ([x) = f(x). We denote the set of i’th
continuously differentiable functions by C/(Q,0) := {f €
C(Q,0):D%f€C(Q,0) forall @ €N" such that Y7, o <
i}. For V € C'(R" x R,R) we denote V,V := (%,...., g;;)T

and V,V = af—vl. We denote the essential supremum by
n

esssup,cy f(x) :==inf{la e R: u({x € X : f(x) > a}) =0}.
C. Sobolev Space Notation

by 14 :R"” — R that is defined as 14(x) =

For an open set Q@ C R" and p € [l,~) we denote
the set of p-integrable functions by LP(Q,R):={f:Q —
R measurable : [o|f|” < oo}, in the case p = we denote
L7(Q,R) :={f: Q— R measurable :esssup,.q |f(x)] <eo}.
For k€ N and 1 < p <o we denote the Sobolev space of
functions with weak derivatives (Defn. 4) by Wh?(Q R) :=



{u € LP(Q,R) : D% € LP(Q,R) for all |&t] < k}. For u €
WkP(Q R) we denote the Sobolev norm |ullweror) =

1

{(Za<k fQ(Dau(X))pdx) Palsp<e In the case k=0
Yjaj<kesssup,co{[D%u(x)[} if p = eco.

we have WO(Q,R) = L”(Q,R) and thus we use the notation

I llzr@r) == I [lwo.r(@.r)- The o-mollification of a function

V € L'(Q,R) is denoted by [V]s :< Q >5— R and defined in

Eqn. (57).

D. Polynomial Notation

We denote the space of polynomials p: Q — O by £(Q,0)
and polynomials with degree at most d € N by £,;(Q,0).
We say p € P(R",R) is Sum-of-Squares (SOS) if for
k € {1,..k} C N there exists p; € Z4;(R",R) such that
p(x) = Y5 (pi(x))?. We denote Y¢,s to be the set of SOS
polynomials of at most degree d € N and the set of all
SOS polynomials as Y¢os. We denote Zy : R” x R — R
as the vector of monomials of degree d € N or less, where
S (),

III. REGIONS OF ATTRACTION ARE DEFINED USING
SOLUTION MAPS OF NONLINEAR ODESs

Consider a nonlinear Ordinary Differential Equation (ODE)
of the form

xX(t) = f(x(r)),

where f:R" — R” is the vector field and xo € R” is the initial
condition. Note that, throughout this paper we will assume
f(0) =0 so the origin is an equilibrium point.
Given D C R", I C [0,), and an ODE (1) we say any

function ¢y : D x I — R" satisfying

dor(x,t

PO5T) _ (o) for (er) €D <1, @

¢7(x,0) =x for x € D,

Or(9r(x,1),5) = @p(x,t+5) forxe D t,se€l witht+sel,

x(0) =xp €R", 1€[0,), (1

is a solution map of the ODE (1) over D x I. For simplicity
throughout the paper we will assume there exists a unique
solution map to the ODE (1) over all (x,z) € R" x [0,)
(uniqueness and existence of a solution map sufficient for the
purposes of this paper, such as for initial conditions inside
some invariant set, like the Region of Attraction (4), and
for all + > 0, can be shown to hold under minor smoothness
assumption on f, see [19]).

We now use the solution map of the ODE (1) to define
notions of stability.

Definition 1. We say the set U C R" is an asymptotically
stable set of the ODE (1) if:

1) U contains a neighborhood of the origin.
2) For any x € U we have that ¢¢(x,t) € U for all t € [0,00)
and 1im . ¢7(x,1) = 0.
Furthermore, if there also exists 8,[t > 0 such that for any
x €U we have that

107 (x,0)||2 < e ||x||2 for all t >0, 3)

then we say U C R" is an exponentially stable set of the
ODE (1).

Definition 2. The (Maximal) Region of Attraction (ROA) of
the ODE (1) is defined as the following set:

ROAf := {xGRn:llLIgH(Pf(x,t)Hz:O}. 4)

The ROA of the ODE (1) can be thought of as the
“maximal” asymptotically stable set. That is if U C R”" is
an asymptotically stable set of the ODE (1) then U C ROAy.
Moreover, as we will show next, the ROA is an open set.

Lemma 1 (Lemma 8.1 [19] ). Consider an ODE of Form (1).
The set ROA¢ (Defined in Egn. (4)) is open.

Before proceeding we introduce some useful notation for the
n-ball set entry times of solution maps. For a given function
¢ :R*" xR —R", x € ROAy, and 11 > 0 we denote

Fy(x) :==inf{r > 0: ¢s(x,1) € By(0)}. 3)

We now state two important properties of solution maps used
in many of the proofs presented in this paper.

Lemma 2 (Exponential divergence of solution maps. Page 392

[20]). Suppose f € C*(R",R) and there exists 6,R > 0 such

that ||[D*f(x)||2 < 0 for all x € Br(0) and any ||al|; <2,

where o € N, Then the solution map satisfies the following

inequality

197(x,1) = ¢ (3 1)[[2 < ¥ [[x—||2 for t > 0 and x,y € ROAy.
(6)

Lemma 3 (Smoothness of the solution map. Page 149 [20]).
If f€CYR",R") then the solution map is such that ¢; €
C!'(R" x R,R).

IV. THE PROBLEM OF APPROXIMATING THE ROA
Consider f € C?(R",R"). The goal of this paper is to
compute an optimal (with respect to some set metric) inner
approximation of ROAy (given in Defn. 2). That is, we would
like to solve the following optimization problem:

in{D(ROA ¢, X 7
min{D(ROAs,X)} @)
such that X C ROAy,

where ¢ C P(R") is some constraint set (recalling from Sec. I
that P(R") is the power set of R") and D: {Y : Y CR"} x {Y:
Y C R"} — R is some set metric. Note, if the constraint set
contains all subsets of R”, that is ¥ = P(R"), then trivially
the optimization problem is solved by the region of attraction,
X =ROA;.

The optimization problem given in Eqn. (7) is fundamen-
tally “geometric in nature” since it is solved by finding
a subset of Euclidean space, X C R". In this paper we
reformulate the optimization problem given in Eqn. (7) as
an optimization problem that is “algebraic in nature”, being
solved by a function rather than a set. In order to formulate
such an “‘algebriac” optimization problem we first propose a
converse Lyapunov function (given later in Eqn. (11)), denoted
here as W, whose 1-sublevel set is equal to ROAy; that is
ROA; = {x € R": W(x) < 1}. Then rather than finding the set



“closest” to ROAy, we find the “closest” d-degree polynomial
to W with respect to the L' norm. Thus we consider the
following “algebriac” problem:
min J(x)—W(x)|dx 8
o W@ - w) ®)
such that W(x) < J(x) for all x € Q,

Py € arg

where ROA; C A C Q C R". Then, Cor. 4 (found in Ap-
pendix XI) can be used to show that {x € A: P;(x) < 1}
converges to {x € A:W(x) <1} =ROAy as d — oo with respect
to the volume metric (given in Eqn. (46)).

Solving the optimization problem given in Eqn. (8) has the
following challenges:

1) Does there exist a converse Lyapunov function W : R" —
R such that ROA; = {x e R": W(x) < 1}?

2) Can the constraint, W(x) < J(x) for all x € Q, be tight-
ened to a convex constraint without necessarily having an
analytical formula for W?

3) Does the solution, P, tend towards W with respect to the
L' norm as d — o0?

In the next section we tackle the first of these challenges. We
propose a converse Lyapunov function, W, whose 1-sublevel
set is equal to ROA;. Then, in Sec. VI we tackle the second
challenge; we propose a sufficient condition, in the form of
a linear partial differential inequality, that when satisfied by
a function J implies W (x) < J(x) for all x € Q. Finally, in
Appendix X, we tackle the third challenge of showing that
there exists a sequence of d-degree polynomials, feasible to
Opt. (8) for d € N, that converges to W with respect to the L'
norm. For implementation purposes Opt. (8) is then tightened
to an SOS optimization problem, given in Eqn. (43), that
can be efficiently numerically solved. The main result of the
paper is then given in Theorem 1, showing that our proposed
family of d-degree SOS Optimization Problems (43) yields a
sequence of sets that converge to the region of attraction of
a given locally exponentially stable ODE with respect to the
volume metric as d — oo.

V. A GLOBALLY LIPSCHITZ CONTINUOUS CONVERSE
LYAPUNOV FUNCTION THAT CHARACTERIZES THE ROA

In [21] a converse Lyapunov function, called the maximal
Lyapunov function, was proposed. It was shown that for
any given asymptotically stable ODE there exists a maximal
Lyapunov function whose co-sublevel set is equal to the
region of attraction of the ODE. However, since by definition
any maximal Lyapunov function is unbounded outside of
the region of attraction it cannot be approximated arbitrarily
well (with respect to any norm) by a polynomial over any
compact set that contains points outside of the region of
attraction (since polynomials are bounded over compact sets).
Thus, it is not possible to design an SOS based algorithm
that can approximate maximal Lyapunov functions arbitrarily
well. To overcome this challenge we propose a new converse
Lyapunov function (found in Eqn. (11)) whose 1-sublevel set is
equal to ROAy, is globally bounded, and is globally Lipschitz
continuous. Before introducing our new converse Lyapunov
function let us recall the definition of Lipschitz continuity.

Definition 3. Consider sets @1 C R" and @y C R™. We say
the function F : ®] — @, is locally Lipschitz continuous on
©; and ©,, denoted F € LocLip(©1,0,), if for every compact
set X C Oy there exists Kx > 0 such that for all x,y € X

1F(x) = F()ll2 < Kx[lx = ll2- ©)

If there exists K > 0 such that Eqn. (9) holds for all x,y €
®1 we say F is globally Lipschitz continuous, denoted F €
Lip(@l,@)z).

We consider two different types of converse Lyapunov
functions. The first converse Lyapunov function (given in
Eqn. (10)) is a special case of those first found in [22] that
have the form Vi (x) := [;°G(||¢f(x,1)||2)dt for some class K
function, G : [0,e0) — [0,00) (class K is the class of functions
which monotonically approach zero at zero). Later, in [21]
it was shown that for a locally stable ODE, the oo-sublevel
set of V| is equal to the region of attraction of the ODE;
this Lyapunov function was named the maximal Lyapunov
function. In this paper we only consider locally exponentially
stable systems and hence may restrict ourselves to the special
case when G(y) = y* for some 8 € N.

The second converse Lyapunov function we consider (found
in Eqn. (11)) can be thought of as a nonlinear transformation
of the first converse Lyapunov function. A function of a similar
structure was previously considered in [23] and took the
form V5 (x) :=exp (— [5” G(||¢7(x,1)||2)dt) — 1. Although [23]
used V, to certify the stability of a system, V, is not a
Lyapunov function in the classical sense since it is not positive
everywhere (unlike our proposed converse Lyapunov function
in Eqn. (11)). We note that [23] did establish the globally
continuity of V, but did not show the stronger result that V,
is Lipschitz continuous.

Now, consider f € LocLip(R",R"), A >0 and 8 € N. Let
us denote the functions Vg : ROAy — R and Wy g : R" = R
where

Vo) i= [ llos el

Wl,ﬁ (x) = {

(10)

1 —exp(—A [§° |65 (x,1)|[2Pdr) when x € ROA,
1 otherwise.

(11
A. Converse Lyapunov Functions that Characterize the ROA

The function, Vg, given in Eqn. (10) is a special case
of a class of Lyapunov functions called maximal Lyapunov
functions [21]. In the following lemma we will show that
Vg tends to infinity for sequences of points approaching the
boundary of the region of attraction and is finite inside the
region of attraction.

Lemma 4. Consider f € LocLip(R",R), B € N and Vg given
in Eqn. (10). Suppose there exists R,n > 0 such that ROAy C
Bg(0) and By(0) is an exponentially stable set (Defn. 1) of
the ODE (1). Then the following holds.
1) For any sequence {x;}ren C ROAf such that limy_,..x; €
JdROA¢ we have that

li = oo, 12
kgrolcV[; (xk) (12)



2) We have that

x € ROAy if and only if Vg(x) < oo. (13)

Proof. We first show Statement 1) in Lem. 4 by showing
Eqn. (12) holds. Suppose {xi}reny C ROAy is such that x* :=
limy 0 xx € JROA. Let 0 < 1y < 1 and consider Ty := Fy, (x¢)
(where Fy(x) is given in Eqn. (5)). Since x; € ROA; it follows
T < oo for all k € N. Moreover, it is clear that |[@ 7 (xx,7)|[> > M
for all 1 € [0,T%).

Now,

T; oo
Vo) = [ oy B + [ llogtu 0 ar 14
k

Te 2 2
> [T lortn|Par =0T

We will now show T — o as k — oo and thus Eqn. (14)
shows Eqn. (12). For contradiction suppose limg .., T; # O,
then there exists a bounded subsequence {7}, }neny C {Tk ren-
Now by Theorem 6 there exists a subsequence of the subse-
quence {7}, }en, wWe denote by {7;}cn, that converges to a fi-
nite limit 7% := lim;_,. 7; < eo. Let us denote the corresponding
subsequence of {x; }ren by {x;}ien. Since limg_ox; — x* and
every subsequence of a convergent sequence must converge to
the same limit we have lim;_,..x; = x™.

Since ¢ € C(R" x [0,00),R") (by Lemma 3) we have that

107( T2 = lim [[@7 (i, T[] < m <,
and since Bj(0) is an exponentially stable set we have that

1o/ T 4013 = l9p(@r (", TY0IF — (19)
< w29 (TR < winPe 2.

Therefore, Eqn. (15) implies that
Tim 97 (x",0)[l2 = lim [[9(c", 7" +1) | = lim prne =0,

thus showing x* € ROA;. Now ROA; is an open set (by
Lemma 1). Therefore if x* € ROA then x* ¢ dROA ¢, providing
a contradiction that x* € dROAs. Hence, Eqn. (12) holds.

We now Statement 2) in Lem. 4 by showing Eqn. (13)
holds. First suppose x € ROAy. We will now show Vj (x) < oo.
Since x € ROAy we have that lim;_,e ||@7(x,7)||2 = 0 and thus
it follows there exists 7' < oo such that ||¢7(x,1)|]>» <7 for all
t > T implying Fy(x) < T < oo. Moreover, by properties of
the set entry time we have that ||¢;(x,Fy(x))|]2 < 1 and since
By (0) is an exponentially stable set we have that,

107 (e,0)||2 = (|05 (97 (x, Fy (x)) £ — Fy (x))] |2 < ume 20— Fn )
for all t > Fy (x). (16)

Therefore, using the fact that ROA; C Br(0) together with
Eqn. (16) we get that,

Fy (x) oo
Vo= [ NortonlPas [ llosxniar

< Fy(0)R?P 1 2P /F ( )e—zaﬁaﬂ(x»d,
n X

2B 2B
— 2 HTOT

Now, on the other hand let us now suppose x € R" is such
that Vg(x) < eo. We will show x € ROAy. For contradiction
suppose x ¢ ROAy. Then limy_,.||¢/(x,7)|[> # 0. Therefore,
there exists £ > 0 such that ||¢¢(x,7)||2 > € for all # > 0. Thus

Vo) = [ llortenlpPar> [ ePar o

providing a contradiction that Vg(x) < . Hence, Eqn. (13)
holds. 0

As we will show next, the function, W), B> given in Eqn. (11),
can also characterize ROA as its 1-sublevel set.

Corollary 1. Consider f € LocLip(R",R), B €N, L >0 and
Wy p given in Egn. (11). Suppose there exists R,n > 0 such
that ROAy C Bg(0) and By(0) is an exponentially stable set
(Defn. 1) to the ODE (1). Then the following holds.

1) For any sequence {x;}ren C ROAf such that limy_,..x; €
JdROAf we have that

lim W, =1. 17
lim 2.8 (k) A7)
2) We have that

ROA; = {xeR": W, g(x) < 1}. (18)

Proof. We first show Statement 1) in Cor. 1 by showing
Eqn. (17) holds. For x € ROA; we have that W) g(x) =
1—e B0, Moreover, ¢* is a continuous function of x € R.
Therefore, by Lemma 4, for {x;}xeny C ROAy we have that

klgloloWA,ﬁ(xk) = 1—exp <_)’1}E>13°Vﬁ(xk)> =1.

We next show Statement 2) in Cor. 1 by showing Eqn. (18)
holds. If x € ROAy then by Lemma 4 we have that Vg (x) < o
and thus e *"8®) > 0 implying Wy plx) =1 —e M < 1.
Therefore, ROAy C {x € R": Wy 8 (x) < 1}. On the other hand
if ye {x e R": W, g(x) <1} then a:=1—W, g(y) > 0. Thus,
Vg(y) = —%ln(a) < co. Lemma 4 shows if Vg(y) < oo then
y € ROAy. Hence, {x € R": W, g(x) < 1} C ROA;. O

B. A Globally Lipschitz Continuous Lyapunov Function

The function Vg is only defined over the set ROAy and
is unbounded. Such properties make approximating Vg by
polynomials challenging. On the other hand W), g is defined
over the whole of R” and is bounded by 1. What is more, we
next show in Prop. 1 that Wy g is globally Lipschitz continu-
ous. One may intuit this continuity property by considering
the similarity in structure between W) g and the standard
mollifier given in Eqn. (56); a function known to be infinitely
differentiable.

Proposition 1. Consider f € C*(R",R) and Wy g as in
Egn. (11) where A > 0 and B € N. Suppose there exists
0,1M,R > 0 such that ||D*f(x)||2 < 6 for all x € Bg(0) and
|||t <2, By(0) is an exponentially stable set (Defn. 1) to
the ODE (1), and ROA; C Bg(0). Then if 2 > 6n~2P and
B> % + 1 we have that Wy, p € Lip(R",R). Moreover, the



Lipschitz constant of W g is less than or equal to K >0,

where
} . (19)

Proof. To prove W), g € Lip(R",R) we will now show

(W, g (x)

where K > 0 is given in Eqn. (19).

Case 1: x,y € ROA/. Since By (0) is an exponentially stable
set of the ODE (1) and by applying a similar argument in the
derivation of Eqn. (16), it follows that there exists 6,1 > 0
such that

_ 2BRPT 2B (un)*!
K.—ZAmax{ 8 Sp—1-0

~W; ()| < K|[|x—yl|2 for all x,y € R",  (20)

oy (x,1)| |2 < ume =) for all 1 > Fy(x),
1670 1)[]2 < une™®=F ) for all £ > Fy ().

21

Without loss of generality we will assume Fy(x) > Fy(y)
(otherwise we can relabel x and y).
Now,

W (1) — Wa ()] = | exp (x I |¢f<x,t>|§ﬁdr) @)

—ewp (4 [0 Far )
~Jexp (< [ Nyt Par)|

<[1=exe (<2 [ o0l = oyl P

<Jexo (<2 [ sl Par) \

<[4 [ lor G0l = 1o () 3)ar
:),exp( ),Vﬁ )‘Vﬁ V[;()i) 5

where the inequality in Eqn. (22) follows by the exponential
inequality given in Eqn. (90) in Lemma 8 and the function Vg
is as in Eqn. (10).

We first derive a bound for [Vg(x)

=V )l-

V() =V ()| = ] I ot = llosunlFPar| - 23

<
0

197 (e, 1) ]2 = [[@r (v, 1)]2

21 2B—1—i
<Y llerGnlbllor(oll; dt

i=0

(x,t)—

281 2B—1—i
< X llornllallor(.olly di

i=0
y/
Fy(x)

O (3 0)ll2

(1) =95 ()2

= 2B—1—i
< | Y o (e0)llalor (sl d.

i=0

We now derive a bound for the two terms that appear in the
right hand side of Eqn. (23). Using the fact ||¢¢(x,7)|[» <R
and [|@/(y,t)||2 <R since ROAy C Bg(0), and using Lemma 2,
we get,

F(x)

L st =gl
21 2B—1—
(2 1197Cet) 1o (o) |12 )
2B—1 n(x

< 2BR /0
Fp(x)

28—1). 1

< 2BR?|Ix sz/O

_ ZﬁRZﬁfl ( 0Fy (x) )Hx yll2.

0
Moreover, since 3 > % —|—% it also follows using Eqn. (21),

and Lemma 2, that

(24)

119 (x,1) = &5 (v, 1) [|2dt

e dr

[ lgsen) = ;00 @s)
F(x)
261 2B
(Z o (e 0) 131107 (1)1 15 >
<2B(un)*P~ PPV x—y|,
X/“’ 018021t g,
F (%)
2 2B—1
— ﬁ(“j’) — 9Fn Hx y||2
5(2-1)
Now, combining Eqns (23), (24) and (25) we get,
[V (x) = Vg (»)| (26)

2BRP 2B(un)P ! | oy
smax{ — 5ot g (<l

We next derive a bound for the exp(—AVg(x)) term in
Eqn. (22).

exp (~AVj (1)) — exp (x [ lostrolar)
< exp< A,/ ||¢f X, t ||2ﬁdt> —an<X)n2ﬁ.

Finally combining Eqns (22), (26), and (27), and using the

27)

fact A > 6128, we get

(Wi p(x) —=Wa5(y)|

28R 2B ()P
<
’lma"{ 6 '5(2B_1)_6
x " (P =01y,
K
S*HX_YHZ,

showing Eqn. (20) holds when x,y € ROA;.

Case 2: x € ROA; and y ¢ ROAy. Let us consider the
set {zp}pefo,1) C R" where for B € [0,1] we have that z5 :=
(1 —PB)x+ By. Now, since x € ROAy and ROA; is open (by
Lemma 1) it follows there exists € > 0 such that B (x) C ROAy.



Therefore, since ||zg —x|| = |B]||x —y||2, it follows zg € ROA
for all B € [0,€/|[x—y|[2). Thus o :=sup{pB :z3 € ROAs} >
g/[|x—y|]2 > 0. Moreover, 6 < 1 as z; =y ¢ ROA;.
Consider a, := o(l — 1/n) and denote the sequence
of points w, = z,,. It follows {w,},en C ROA; and
w* = lim,ew, € 8ROAf. By Lemma 4 we have that
lim,, ;e Vg (W) = oo. Therefore there exists N € N such that

K
exp(—AVg(wy)) < §||xfy|\2 foralln>N.  (28)

Moreover, since y ¢ ROAy we have that W g(y) = 1. Thus by
Eqn. (28) we have that

Wag(wWn) =Wy g ()| = [1 —exp(=AVg(wn)) — 1|
— exp(—AVj (wa)) < §|\x—y||2 for all n > .

(29)

Furthermore, for any n > N we have that w, € ROAy and
X € ROA and thus Case 1 shows that

K
Wap(6) = Wa g (wa)| < = [l = wall2. (30)

Thus, by Eqns (29) and (30) and selecting any n > N, it now
follows that

Wag(x) =Wag(y)|
= Wy g (x) = Wi g (wa) |+ [Wa g (wn) =W g ()]

K
< Sl =wall2 +exp(=AV (wn))

< B (1-2) e —sllat Sy
2ol1=2) k= 2lx—
<5 . N+ 1=yl
<K[x=yll2,

where the third inequality follows since o(1 —1) <1 for all
n € N. Therefore, Eqn. (20) holds when x € ROAy and y ¢
ROAy.

Case 3: y € ROA; and x ¢ ROA;. It follows by a similar
argument to Case 2 that

Wap(x) =Wag(3)| < Kllx—yl[2,

and thus Eqn. (20) holds when y € ROA; and x ¢ ROA;.
Case 4: x,y ¢ ROAy. We have that W) g(x) = W, g(y) = 1
for all x,y ¢ ROA; and thus,

(Wi p(x) = Wi g(»)| =0 < Kllx—ll2,
and thus Eqn. (20) holds when x,y ¢ ROA¢. O]

C. The Converse Lyapunov Function Satisfies a PDE

Proposition 1 shows W), g is a Lipschitz continuous function
when A >0 and € N are sufficiently large. Rademacher’s
Theorem (Theorem 4 found in Appendix XII) shows that
Lipschitz continuous functions are differentiable almost every-
where. Therefore, W;L‘ﬁ must satisfy some Partial Differential
Equation (PDE) almost everywhere. We next derive this PDE
by showing W), g satisfies Eqn. (31).

Proposition 2. Consider f € C>(R",R) and W as in Egn. (11).
Suppose there exists 0,1m,R > 0 such that ||D*f(x)||]2 < 0 for
all x € Br(x) and ||a||; <2, By(0) is an exponentially stable

set (Defn. 1) of the ODE (1), and ROAy C Bg(0). If A > on 2k
and B > %+% then

YW 5 (07 f(x) = =4[] 5P (1 - Wy 5 (x))

for almost every x € R".

3D

Proof. By Prop. 1 we have that W, g € Lip(R",R). Therefore
by Rademacher’s Theorem (stated in Theorem 4 and found
in Appendix XII) W, g is differentiable almost everywhere.
Moreover, ¢r is differentiable by Lemma 3. Since the com-
position of differentiable functions is itself differentiable it
follows by the chain rule that,

(32)

d d

—W ((P'(X,t)) :VWA (x)Ti(P'(xvt)

dr P =0 ‘ ! =0

=VW, 5 (x)T f(x) for almost every x € R".

On the other hand, if x € ROA; it follows ¢(x,t) € ROA for
all + > 0 and thus,

Wi p(0r(x,1)) = 1 —exp (x / °°||¢f<x,s>||§‘*ds> )

By the fundamental theorem of calculus and the fact ¢7(x,0) =
x for all x € R" we have that,

d
@)

= ~lloste B (2 [l as)

= AP (1 =Wy p(x)) for x € ROA;.

=0
(34)

If x ¢ ROA; then clearly ¢ (x,r) ¢ ROAy for all r > 0. Thus
W(¢s(x,1)) =1 for all x ¢ ROA; and ¢ > 0. Therefore,

d

d 2B
wplosen)| =) 0= =2lPa-1)

= —A|Ix|[3P (1= W;_p(x)) for x ¢ ROA.

(35)

Hence, Eqns (32), (34) and (35) prove that the PDE given in
Eqgn. (31) holds. O

VI. A CONVEX OPTIMIZATION PROBLEM FOR
APPROXIMATING THE CONVERSE LYAPUNOV FUNCTION

We have reduced the problem of approximating the region
of attraction to solving the optimization problem given in
Eqn. (8), where W =W, g is given in Eqn. (11). Unfortunately,
no analytical formula for W) g is known. Therefore, the
optimization problem given in Eqn. (8) cannot be solved in
its current form.

Fortunately, the unknown function W, g can be removed
from the objective function of Opt. (8). To see this note
that if J(x) > W) g(x) for all x € A C Q, then minimizing
Ja W (x) =Wy g(x)|dx is equivalent to minimizing [, J(x)dx.
Thus, Opt. (8) is equivalent to the following optimization
problem,
min

/ J(x)dx
JeP(RMR) JA

such that J(x) > W, g(x) for all x € Q.

P, € arg (36)



Unfortunately, the constraint of Opt. (36) still involves
the unknown function W, . In the absence of an analytical
formula for W) g we propose in Prop. 3 conditions, in the
form of the linear partial differential inequalities given in
Eqns (37), (38) and (39), that when satisfied by some func-
tion J € C'(R",R) implies that Wy, g(x) < J(x). Thus, any J
satisfying Eqns (37), (38) and (39) is feasible to Opt. (36).

A. Bounding The Converse Lyapunov Function From Above

Proposition 3. Consider f € C'(R",R), B € N and A > 0.
Suppose there exists J € C'(Q,R), A > 0 that satisfies

VJI(x)T flx) < —l||x||§ﬁ(1 —J(x)) forall x€ Q,  (37)
J(x) > 1 for all x € 0Q, (38)
J(0) >0, (39)

where Q C R" is a compact set. Then W), g(x) < J(x) for all
x € Q, where Wy, g is as in Eqn. (11).

Proof. Consider x € Q. Let us consider the time the solution
map exits the set Q C R”", denoted by T, := sup{t > 0:
¢r(x,1) € Q}. Furthermore, let us denote u(t) :=J(¢y(x,1)) — 1
and a(t) := M|¢f(x,t)|\§ﬁ. It follows from Eqn. (37) that

%u(t) < a(f)u(r) for all r € [0,T;].

Therefore by Lemma 9 it follows that

u(t) < u(0)exp ( /O t a(s)ds) for all £ € [0,T3],

and thus selecting t = 7, we have that

T (x,T)) 1< (J(x)—1 e 24
(970, Te) =1 < (U(x) = Dexp{ A | [l9r(x.5)[[37ds )
(40)
By rearranging Eqn. (40) we get that,

T.
X 2

0002 1= (1= stoyx T enp (A [ lortr)1 s ).

(41)
Case 1: T, < oo, In this case the solution map exits the
set Q in some finite time. Since ¢y € C(R" x [0,00),R")
(by Lemma 3) it is clear that ¢s(x,T;) € dQ. There-
fore by Eqn. (38) we have that J(¢s(x,7y)) > 1. Hence,

(1 =J(9(x T)))exp (=2 119y (x.9) 5 ds) < 0. Thus, by
Eqn. (41) we have that,

)2 1= (1= s(oy e T)enp (4 [ lor(rs)| s

>1>W) 5(x),

A.B

since Wy, g(x) < 1.

Case 2a: T, = o and x € ROAy. In this case we have

limy e | |9 (x,7)||2 = ||@f(x, T})||2 = O since x € ROA . More-

over, since J(¢7(x,T;)) =J(0) > 0 (by Eqn. (39)) and exp(x) >
0 for all x € R it follows from Eqn. (41) that

02 1= (=5 O)exp (=2 [ lostr)| s
> 1-exp (< [yl Pas) = Wi g0

Case 2b: 7, =0 and x € Q/ROA;. If x € Q/ROA; we have
that W (x) = 1. Moreover, if Ty = oo then the solution map never
exits the set Q, that is ¢,(x,7) € Q for all > 0. Since J is
differentiable and Q is compact we have that J is bounded,
that is, there exists M > 0 such that |J(¢s(x,7))| <M for all
t > 0. Since x ¢ ROAy we have that ¢r(x,7) ¢ ROA; for all
t > 0. This there exists & > 0 such that ||¢;(x,1)|[2* > &2 for
all # > 0. Thus, since |J(@s(x,7))] <M for all > 0, we have
that

a=stoteens (<4 [ lortrs) Fas)
= gim | (1=stote ) ) exo (1 [ lostrs) s )
= gim |1ty 1) esp (1 [ oy BPas)

< lim {(M+ 1)exp (—T)Lszﬁ) } —0,

T

implying (1—J(67(x, 7)) exp (2 7% (19 (x.5) s ) =0.
It is now clear by Eqn. (41) that

)2 1= (1=stoy e T)enp (4 [ lor(r)| s
> 1=W, p(x).
O

Corollary 2. Consider f € C'(R",R), B € N and A > 0.
Suppose there exists J € C'(Q,R) that satisfies Eqns (37), (38)
and (39) for some compact set Q. Then J(x) > 0 for all x € Q.

Proof. By Prop. 3 we have that J(x) > W) g(x) > 0, where
W) p is as in Eqn. (11). O

B. Tightening The Problem of Approximating Our Proposed
Converse Lyapunov Function

Using Prop. 3 we now tighten the optimization problem
given in Eqn. (36). For given f € C'(R",R"), A >0, B €N,
R >0 and A C Q C R" consider the following optimization
problem,

min (42)

7 / J(x)dx
JeZ;(RVR) JA

such that J satisfies (37),(38), and (39).

FP; carg

Clearly the Opt. (42) is a tightening of the Opt. (8) since if
J is feasible to Opt. (42) then by Prop. 3 we have that J
is also feasible to Opt. (8). Moreover, Opt. (42) is a convex
optimization problem since it is linear in its decision variable,
J, in both the constraints and objective function. In the next
section we further tighten Opt. (42) to an SOS Optimization
Problem (43) that can be tractably solved. For implementation
purposes we select Q = Bg(0), where R >0, and A C as some
rectangular set (of form [a;,bi] % ... x [a;,by] CR").

VII. AN SOS OPTIMIZATION PROBLEM FOR ROA
APPROXIMATION

For a given ODE (1) we next propose a sequence of convex
Sum-of-Squares (SOS) optimization problems, indexed by d €



N. We show that the sequence of solutions, {P;}4en, yields a
sequence of sublevel sets which are contained inside the region
of attraction of the ODE and which converge to the region of
attraction of the ODE with respect to the volume metric as
d — oo

For given f € Z(R",R"), A >0, B €N, R> 0 and
integration region A C R" consider the following sequence of
SOS optimization problems indexed by d € N:

P;€arg  min cla 43)
‘/Eﬁ/"d(R",R)
J(x) = T Z4(x),
d
J,k1,ky,s € Z and p € yd(R",R)
508

J(0) >0,
k =_vJjT —A(1—=7 26 _ R _ 2

1(%) () f(x) = A1 =T Ix][3" = s(x) (R™ = [[x[]2),
ko (x) = (J(x) = 1) = p(x) (R* = [|x[[3),
where @; = [, Z; i(x)dx, recalling Z; : R" — R~ is the vector

of monomials of degree d € N and .4 = (d;r” .

We will show next, in Cor. 3, that the family of SOS
optimization problems given in Eqn. (43) yields an inner
approximation of ROAy for each d € N (an approximation

certifiably contained inside of ROAy).

Corollary 3. Consider f € Z(R"R), A >0, BeEN, R>0
and A C R". Suppose ROAy C Br(0) and there exists 1 >0
such that By(0) is an exponentially stable set. Then we have
that

{x € Bg(0) : P4(x) <1} CROAy for all d € N, (44)
where Py is any solution to the SOS Problem (43) for d € N.

Proof. Suppose P; is any solution to the SOS Problem (43)
for d € N. Then P; satisfies the constraints of the SOS
Problem (43) and thus satisfies Eqns (37), (38), and (39) for
Q = Bg(0). Therefore, W, g(x) < Py(x) for all x € Bg(0) by
Prop. 3. Hence, it is clear that

{x € Br(0) : Py(x) < 1} C{x € Br(0) : Wy g(x) < 1}. (45)

Moreover, Cor. 1 shows {x € Bg(0) : Wy g(x) < 1} = ROAy
and thus Eqn. (44) holds. O

Cor. 3 implies that solution maps initialized inside our ROA ¢
approximation asymptotically coverage to the origin. That is
for any d € N and for all y € {x € Bg(0) : Py(x) < 1} we have
that lim . ||@7(y,7)||> = 0, where P; is any solution to the
SOS Problem (43) for d € N (note this does not rule out the
possibility that {x € Bg(0) : Py(x) < 1} =0).

Further to Cor. 3, we will next show, in Theorem 1, that
for sufficiently large A > 0 and 8 € N the sequence of SOS
optimization problems given in Eqn. (43) yields a sequence of
sets that tend to ROAy with respect to the volume metric as
d — oo. We first define the volume metric. For sets A,B C R",
we denote the volume metric as Dy (A, B), where

Dy(A,B) := u((A/B)U(B/A)).

We note that Dy is a metric (Defn. 5), as shown in Lem. 6
(found in Appendix XI).

(46)

Theorem 1. Consider f € Z(R",R) and integration re-
gion A C R". Suppose there exists 0,1,R > 0 such that
[[D*f(x)||» < O for all x € Br(0) and ||a||; <2, By(0) is
an exponentially stable set (Defn. 1) of the ODE (1), and
ROA; C Bg(0). Then if ROA; C A C Bg(0), 2 > 00~ and
B> & +1 we have that

C}im Dy (ROAf,{xeA:Pd(x) < 1}) =0 47)
—3o0

where P; is any solution to Problem (43) for d € N.

Proof. By Cor. 1 we have that ROAy = {x € R" : W g(x) <
1}. Moreover, since P, satisfies the constraints of the SOS
Problem (43) it follows that P; satisfies Eqns (37), (38), and
(39) for Q = Bg(0). Therefore, W g(x) < Py(x) for all x €
Bg(0) by Prop. 3. Thus, by Cor. 4 (found in Appendix XI) it
follows that Eqn. (47) holds if limy e [|Py — Wy g|[11 () =0
To show limg-,e |[Ps — W) g|11(ar) =0 we must show for all
€ > 0 there exists D € N such that

/|Pd — W, g (x)|dx < € for all d > D.

Now, let € > 0. Then Theorem 3 shows there exists J €
Z(R" R) such that

(48)

5

o [ (x) =Wap(x)| < LA T (49)
VI £(x) < =A(1—J(x))|]x|2P for all x € Bg(0),
J(x) > 1 for all x € dBg(0) and J(0) > 0.

Since Bg(0) = {x € R": R — ||x||3 > 0} and dBg(0) = {x €

R": R? — ||x|]3 > 0,]|x]|3 — R* > 0} we have that by Putinar’s
Positivstellesatz (Theorem 5 given in Appendix XII) there
exists s; € Y.gpg for i € {1,...,5} such that

= VI()T () = 2 (1= ()|l 3= 1 (6) (R ]2l B) = s2(x),

for all x € R". (50)
J(x) = 1= (s3(x) —s4(x)) (R* = [|x][3) = s5(x),
for all x € R". (51

Let D := max{max;—i_s{deg(s;)},deg(J)}. Then from
Eqgns (50) and (51) and since J(0) > 0 it follows that J is
feasible to the SOS Problem (43) for any d > D. Since, Py is
the optimal solution to the SOS Problem (43) it follows that
the objective function of the SOS Problem (43) evaluated at
P, is less than or equal to the objective function evaluated at
the feasible solution J for d > D. That is by writing P; and
J with respect to the monomial vector, P;(x) = c}Z,(x) and
J(x) = b7 Zy0q(s)(x), we have that

/Pd (Wdx=cla<ply= / x)dx for all > D,
where o; = [, Z;(x)dx, and ¥ = fAZdeg i(x)dx.

We now show Eqn. (48). Using the fact W;L,ﬁ( x) < Py(x) for
all x € A together with Eqns (49) and (52) we get that,

/|Pd W/'Lﬁ |dx—/Pd dx /Wlﬁ
§/dex—/W,1_Bxdx
A A ’

< u(A)sup{|J(x) =Wy g(x)|} <& for all d > D.
XEA

(52)
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Figure 1. Graph showing an estimation of the region of attraction of the Van
der Pol oscillator (Example 1) found by solving the SOS Problem (43). The
black line is the 1-sublevel set of a solution to the SOS Problem (43). The
red line is the boundary of the region of attraction found by simulating a
reverse time trajectory using Matlab’s ODE45 function. The dotted blue line
is the integration region, A = [—2,2] x [-2.7,2.7]. The dotted green line is
the computation region, Bg(0) where R = 3.36.

Hence by Cor. 4 (found in Appendix XI) it follows that
Eqn. (47) holds. O

VIII. NUMERICAL EXAMPLES

We now present several numerical examples that demon-
strate that by solving the SOS problem, given in Eqn. (43),
we are able to approximate the region of attraction of a
nonlinear system. Note that for numerical implementation it
is best to choose A > 0 as small as possible. This is because
the Lipschitz constant (given in Eqn. (19)) of W) g (given in
Eqn. (10)) grows as A > 0 increases.

Example 1. Consider the Van der Pol oscillator defined by
the ODE:

X1 (l‘)

X (1)

—x2(1) (53)

x1(1) =2 (1) (1 =21 (1))

In Fig.1 we have plotted our estimation of the region of attrac-
tion of the ODE (53). Our estimation is given by the 1-sublevel
set of the solution to the SOS optimization problem given in
Eqn. (43) ford =12, A =0.05, f =2, R=+/22+2.72 = 3.36,
A=[-2,2]x[-2.7,2.7], and f = [—x2,x1 +x2(x})]".

Example 2. Consider the third order servomechanism with
multiplicative feedback control found in [24] given by the
following ODE:
d’y dy 2y dy
T2 + 2 4K (1 — K3y?) =
az Tar " 2 3 )dt
where T € R is a time constant and K1,K,,K; € R are gain
constants. We consider the case T =K, =1 and K| = Kz = 1.
The ODE (54) can be represented in the form x(t) = f(x(t))
with

F(x) = [x2,x3, (1/T)(—x3 — Ko (1 — K3x})xz — Kyx1)]”

+Kiy=0, (54)

(55)
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Figure 2. Graph showing an estimation of the region of attraction of
servomechanism with multiplicative feedback control (Example 2). The esti-
mation of the region of attraction is given by the transparent black sublevel set
that is the 1-sublevel set of a solution to the SOS Problem (43). The scattered
points are randomly generated initial conditions with associated trajectory
(found using Matlab’s ODE45 function) that tends towards the origin (blue
and green points) or away from the origin (red points).

Through numerical experiments using Matlab’s ODE45 func-
tion it was found that the ODE with vector field given in
Egn. (55) appeared to have unbounded region of attraction.
Therefore, for this system, Theorem 1 does not show that the
sequence of sublevel sets to the solution to the SOS problems
given in Eqn. (43) converges to the region of attraction as
d — oo. Nevertheless, in Fig. 2 we have plotted the 1-sublevel
set of the solution to the SOS optimization problem given in
Eqn. (43) ford =10, A =0.5, B=2, R=+/3, A=[-1,1]? and
f given in Eqn. (55). Fig. 2 indicates that even for systems with
unbounded regions of attraction, our proposed SOS algorithm
can provide arbitrarily good inner estimations of ROAy N A,
where A C R" is some compact set. Through Monte Carlo
simulation the volume of ROA N A was estimated to be 0.3372
whereas the volume of our ROA approximation was found to
be 0.2806, an error of 0.0566.

IX. CONCLUSION

For a given locally exponentially stable dynamical system,
described by an ODE, we have proposed a family SOS
optimization problems that yields a sequence of sublevel sets
that converge to the region of attraction of the ODE with
respect to the volume metric. In order to facilitate this result
we proposed a new converse Lyapunov function that was
shown to be globally Lipschitz continuous. We have provided
several numerical examples of practical interest showing how
our proposed family of SOS problems can provide arbitrarily
good approximations of regions of attraction. In future work
we aim extend this work to systems with weaker forms of
stability and investigate systems with unbounded regions of
attraction.
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X. APPENDIX A: APPROXIMATION OF LIPSCHITZ
CONVERSE LYAPUNOV FUNCTIONS IN SOBOLEV SPACE

In this section we introduce aspects of mollification and
polynomial approximation theory used in our proof of The-
orem 3; that there exists a polynomial arbitrarily “close” to
the converse Lyapunov function W, g (given in Eqn. (11))
and is also a feasible solution to some d € N instantiation of
the family of SOS optimization problems given in Eqn. (43).
Theorem 3 is a key ingredient in the proof of Theorem 1 (the
main result of the paper).

A. Approximating Lipschitz Functions by Infinitely Differen-
tiable Functions

For an overview of approximation by mollification we refer
to [25].
a) Mollifiers: The standard mollifier, n € C*(R",R) is
defined as
exp (m) when ||x||2 < 1,

0 when ||x|[2 > 1,

n(x) = (56)

where C > 0 is chosen such that [z, 1 (x)dx = 1.
For ¢ > 0 we denote the scaled standard mollifier by ns €

C=(R",R) such that 1
No(x) == —;
Note, clearly ne(x) =0 for all x ¢ Bs(0).

b) Mollification of a Function (Smooth Approximation):
Recall from Section II that for open sets Q C R” and ¢ > 0 we
denote < Q >5:={x € Q:Bs(x) C Q}. Now, for each ¢ >0
and function V € L' (Q,R) we denote the o-mollification of V
by [V]s :< Q >5— R, where

Y= [ Mol aV@dz= [ no(aV(r-2)de
’ (57)

To calculate the derivative of a mollification we next introduce
the concept of weak derivatives.

Deﬁnition 4. For QCR" and F € L'(Q,R) we say any H €
HQ,R) lS the weak i € {1,.. n}—partial derivative of F if

/F xX)dx = — /H x)dx, for o € C”(R",R).



Weak derivatives are “essentially unique”. That is if H; and
H, are both weak derivatives of a function F' then the set of
points where Hj(x) # H(x) has measure zero. If a function is
differentiable then its weak derivative is equal to its derivative
in the “classical” sense. We will use the same notation for the
derivative in the “classical” sense and in the weak sense.

In the next proposition we state some useful properties about
Sobolev spaces and mollifications taken from [25].

Proposition 4 ([25]). For 1 < p < e and k € N we consider
V e wkr (E,R), where E C R" is an open bounded set, and
its o-mollification [V]s. Recalling from Section II that for an
open set Q C R" and ¢ > 0 we denote < Q >5:={xeQ:
B(x,0) C Q}, the following holds:
1) For all 6 >0 we have [V]s € C*(< E >4,R).
2) For all 6 >0 we have V,[V]s(x) = [V,V]s(x) for x €
< E >4, where V.V is a weak derivatives.
3) If V € C(E,R) then for any compact set K C E we have
limg 0 8up ek |V (x) — [V]o(x)| = 0.

B. Weighted Polynomial Approximation in Sobolev Space

We next state a result that can be thought of as a gener-
alization of the Weierstrass approximation theorem. It proves
there exists a polynomial that can approximate a sufficiently
smooth function arbitrarily well with respect to the W' norm
weighted by a function of form w(x) =1/ \|x||§ﬁ . This result
was first presented in the case of =1 in [15] and then later
extended the to general case of B € N in [16].

Theorem 2 (Weighted Polynomial Approximation [16]). Let
E CR" be an open set, B €N and V € C?B+2(R" R). For any
compact set K CE and € > 0 there exists g € Z(R",R) such
that

WV (x) —g(x)| < &||x|[2P for all x€ K,
[|[VV (x) — Vg(x)|]2 < 8||x||§ﬁ forall xeK.

C. Approximation of Lyapunov Functions

In this section we show in Theorem 3 that there exists
a polynomial arbitrarily “close” to the converse Lyapunov
function W), g (given in Eqn. (11)) and also a feasible solution
to some d € N instantiation of the family of SOS optimization
problems given in Eqn. (43). We take the following steps:
(A) In Lemma 5 we take the mollification of W g to show
there exists an infinitely differentiable function that sat-
isfies Eqns (58), (59) and (60).
In Prop. 5 we use Lemma 5 together with partitions
of unity (Theorem 7) to show there exists an infinitely
differentiable function that satisfies Eqns (63), (64) and
(65).
In Theorem 3 we use Prop. 5 together with the polyno-
mial approximation results in Theorem 2 to show there
exists a polynomial function that satisfies Eqns (75), (76)
and (77).

Lemma 5. Consider f € C>(R",R) and W as in Eqn. (11).
Suppose there exists 0,1m,R > 0 such that ||D*f(x)||]2 < 0 for
all x € Br(x) and ||a||; <2, By(0) is an exponentially stable

(B)

©
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set (Defn. 1) of the ODE (1), and ROAy C Bg(0). If A > on 2k
and B > % +% then for any € >0 and Ry > R there exists
J € C*(Bg,(0),R) such that

sup |J(x) =W, p(x)| <e, (58)
)CEBRI (0)
vI(x) T f(x) < —A(1 —J(x))HxH%ﬁ +& for all x € Bg,(0),
(59)
J(x) =1 for all x € dBg(0) and J(0) > 0. (60)

Proof. Let € >0 and Ry > R; > R. Since W, g € Lip(R",R)
(by Prop. 1) we know that by Theorem 4 that W) g €
wh=(R",R).

For ¢ > 0 let us denote the o-mollification of W) g by
Jo(x) := [W), glo(x). We note that the domain of W, g is R".
However, for mollification purposes we consider Wy, g over the
restricted domain Bg, (0) C R".

Let o) := RZ;ZR‘. It is clear that Bg, (0) C< Bg,(0) >5

for all 0 < ¢ < oy. Therefore, by Prop. 4 we have that
Jo € C*(< Bg,(0) >5,R) C C*(Bg,(0),R) for all 0 < o < 0.

We will now show there exists ¢ > 0 such that Eqns (58),
(59) and (60) hold.

First we show Eqn. (58) holds. By Prop. 4 we know that
there exists o> > 0 such that for all 0 < ¢ < 6, we have that

sup  |Jo(x) =Wy g(x)| <e.
XGBRI (0)

We now show Eqn. (59) holds. Let us denote r(x) := ||| |§ﬁ .
It is clear using the triangle inequality and the fact that ||x —
z]| < 2R; for all x,z € Bg, (0) that

281 281k
r(x) = r(x—z) = (|lxll2 =[x —zll2) Y [l llx—2ll5
k=0

281
< <R12ﬁ1 Z ok

k=0

) ||z]|> for all x,z € Bg, (0). (61)

Let 03 .= where K (given in Eqn. (19))

€
KLp+a (R o)
is the Lipschitz constants of W) g and Ly is the Lipschitz
constants of f. For 0 < ¢ < 03, using Prop. 4 and the fact



W), p satisfies Eqn. (31), we have that

Vio(x)" (x) (62)

+7L[W;L7ﬁr]g(x) —Z[Wlﬁ
= [VW) g f+A(1 -

Bs(0)

+4 Mo (2)(1 =Wy g(x —2)) (r(x) —r(x—2))dz

Bs(0)
< esssup{ [V W (5]} / o (IIf () — f(x—2)|ladz

+4 Mo (2)[r(x) = r(x—2)|dz

Bs(0)
261
< (KLf+7LR12ﬂ1 y 2") .. @z
Bs
) o < ¢ for all x € Bg, (0).

261
< (KLfHLRFﬁ—l Y 2
k=0
Where the first inequality in Eqn. (62) follows by the Cauchy
Swartz inequality and the second inequality follows by the fact
esssup,epnt||VWy g(x)|[2} < K (By Rademacher’s theorem
stated in Theorem 4) and Eqn. (61).

We now show Eqn. (60) holds. Since ROA; C Bg(0) and
ROA; is an open set (by Lemma 1) it follows that for all
x € dBg(0) we have x ¢ ROA; and thus W) g(x) =1 for all
x € dBg(0). Now, there exists a sufficiently small o4 > 0 such
that B, (x) NROA y = 0 for all x € dBg(0). Thus for 0 < 6 < 04

Jox) = | o oW =)z = | me@dz=1,

Bs(0)
for all x € dBg(0).
Moreover, 1g(x) > 0 and W) g(x) > 0 for all 6 >0 and
x € R" so therefore J5(x) > 0 for all ¢ >0 and x € R". Thus
J5(0) >0 for all o > 0.
In conclusion for o < min{oy,0>,03,04} we have that Js
satisfies Eqns (58), (59) and (60). O]

Proposition 5. Consider f € CZ(]R”,R) and W as in Egn. (11).
Suppose there exists 0,1,R > 0 such that ||D*f(x)||]» < 0 for
all x € Br(x) and ||a||1 <2, By(0) is an exponentially stable
set (Defn. 1) of the ODE (1), and ROA; C Bg(0). If A > 6n 2P

and B > % —l—% then for any € >0 and R| > R there exists
J € C*(Bg,(0),R) such that
sup |J(x) =W p(x)| <e, (63)
XEBRI (O)

+e|[x|[3P for x € Bg, (0),
(64)

(65)

VI f(x) < ~A(1 I ()| x| B

J(x) =1 for all x € dBg(0) and J(0) =0.
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Proof. Consider the sets U, = Bg,(0)/(By/,,(0))" for m €
N. It is clear {Uy}uen form an open cover (Defn. 6) of
Bg,(0)/{0}, that is U,enU, = Bg,(0)/{0}. By Theorem 7
(found in Appendix X) there exists a partition of unity, we
denote by {¥u}tmen C C°(R",R), subordinate to the open
cover {Up }men-

Let € > 0. For each m € N it was shown in Lemma 5 that
there exists J,, € C*(Bg, (0),R) such that

sup  |Jm(x) =W g (x)] (66)
XEBRI (0)
< £
27 50y (V¥ ()7 S ()} + P
VIn(@) () < <A1 =T ()" + 555

for all x € Bg,(0), (67)
Ju(x) =1 for all x € dBg(0) and J,,(0) > 0. (68)

Note, sup,cy; {|V W (x)" f(x)|} < oo for each m € N since Uy,
is bounded and the function y;,(x)” f(x) is continuous in x.

We now consider the function J(x) := Y~ _ | Wy (x)J(x).
We first note that J € C*(Bg,(0),R). This is due to the fact
that J,, € C*(Bg,(0),R) and v, € C*(R",R) for all m € N.
Moreover, for any x € R"” Theorem 7 (found in Section XII)
shows that there is an open set S C R" containing x € R”
such that only finitely many y,’s are non-zero over S. Thus J
is a finite sum of C*(Bg,(0),R) functions over S and thus
differentiable at x. Since x € R" was arbitrarily chosen it
follows J € C*(Bg, (0),R).

We now show J satisfies Eqn. (63). Using the fact
Yor_i Wm(x) =1 for all x € Bg,(0)/{0} and ¥r_; ¥,(0) =0
together with Eqn. (66) we have that

69~ i Y

We now show J satisfies Eqn. (64). Before doing so we
note that Y-, y;,(x) = 1 for all x € Bg, (0)/{0}. Since only
finitely many ,,’s are non-zero for each x € Bg, (0)/{0}
it follows Yoo | W,(x) is a finite sum of infinitely differen-
tiable functions. Therefore, we can interchange the derivative
and the summation to show 0 = ‘9 -1 = 9y, (x) =

ox;
L1 75 W (x) for all x € Bg, (0)/{0} andic {1,...,n}. Thus it

Wy () W p(x)

X) [ (x) < € for x € Bg, (0).

follows Y0 Vi (x) =0, ...,0]7 € R” for all x € Bg, (0)/{0}.
Hence,
Wyp(x Z Vi (x =0 for all x € Bg, (0)/{0}. (69)

For x € Bg,(0)/{0} let us denote I, := {m € N:x € Uy}.
Note, {Uy, }men forms an open cover for Bg, (0)/{0} so I, # 0
for all x € Bg,(0)/{0}.

It is clear that for x € Bg, (0 )/{0} and m € I that x 6

Un = Bg, (0)/3%( ) and so ||x|]. > = 1mply1ng mZﬁ < ||x||
Therefore,
sup {5 b < o al ve By 0)/(0). 70
mely



Moreover, for x € B, (0)/{0} and m ¢ I we have that x ¢ U,,.
Thus, since {x € R" : y,,(x) # 0} C Uy, (by Theorem 7 found
in Appendix XII) we have that
Vin(x) =0 for all x € Bg,(0)/{0} and m ¢ I,. (71)
Now using Eqns (66), (67), (69), (70) and (71), and the fact

=1 2m =1 we have that,

V)T )+ A1) l]]3°
= X val) (wm<x>Tf<x> + 21— ()]

(72)
\xniﬁ)
mil IV )T f(x Z Vy(x
(x) (wm<x>Tf<x> + (1= (I3 )
+ X Unl®) = Wag () Vi (0 ()

WM;

mely
Wi 5+
m;])( m Z 2m+1m25
< esup { } Y (x) + =
mely m2ﬂ ( mezh " mglx 2"

1
< esup {ZB} < stHZB for all x € Bg,(0)/{0}.
mel, (M

Eqn. (72) shows J satisfies Eqn. (64) for x € Bg, (0)/{0}. We
still need to show J satisfies Eqn. (64) for x = 0. Let us denote
the function F(x) := VJ(x)T f(x) + A (1 —J(x ))||x||2ﬁ To show
J satisfies Eqn. (64) at x =0 we must show F(0) <0. We
first note that F € C*(Bg, (0),R) since J € C*(Bg, (0),R), f €
C*(R",R) and |\x||§ﬁ € C?(R",R). Thus F € LocLip(R",R).
Therefore,

F(0)
where Lp is the Lipschitz constant of F. Then, Eqn. (72)
together with Eqn. (73) implies that

—F(x)| < Lr||x||2 for all x € Bg, (0), (73)

F(0) < Le|lxl[a+ F(x) < Le| x| o+ €[22 (74)

for all x € Bg,(0)/{0}.

Now, for contradiction suppose the negation of F(0) <0,
that is there exists a > 0 such that F (0) > a. Considering

= min{ 5, L ()8 BLy1, 1] € B, (0)/10)
R" and using Eqn. (74) we have that

2

3
providing a contradiction. Therefore, F(0) < 0 and so J
satisfies Eqn. (64) for all x € Bg, (0).

We now show J satisfies Eqn. (65). Let x € dBg(0). By
Eqn. (68) we have that J,,(x) =1 for all m € N. Therefore,
using the fact Y >, y,(x) =1 for all x € Bg,(0)/{0} and
dBg(0) C Bg,(0)/{0} since R; > R, we have that

_i‘l/m )ZEV’m(x
m=1 m=1

Moreover 0 ¢ Bg,(0)/{0} so lI/m( )=
J(0) = Yot Yin (%) (x) =

a<F((0)<

0 for all m € N. Hence
O
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Theorem 3. Consider f € C*(R",R) and W as in Eqn. (11).
Suppose there exists 0,1,R > 0 such that ||D* f(x)||]» < 0 for
all x € Br(x) and ||a||1 <2, By(0) is an exponentially stable
set (Defn. 1) of the ODE (1), and ROAy C Bg(0). If A > on 2k
and B > % +% then for any € > 0 there exists P € Z(R",R)
such that

sup |P(x) (75)

XEBR(0)
VP)T f(x) < =A(1—Px)||x|[3? for all x € Br(0), (76)
P(x) > 1 for all x € dBg(0) and P(0) > 0. 77

- W},,ﬂ (x)l <E§,

Proof. Let € >0 and R; > R. By Prop. 5 there exists J €
C*(Bg,(0),R) that satisfies

sup (78)

X€BR1 (0)

VI)T F() < =2 (1= ()| 13P

V00 = Wapo)l < -

+ {4l for x € By, (0)

(79)
J(x) =1 for all x € dBg(0) and J(0) =0, (80)
where
L SUPxeBR(0) [[£(X)]]2 2B l
a.max{3, R +R +7L+2 . (81)

Now, Theorem 2, found in Section X, shows there exists
P e Z(R",R) such that

17 (x) — P(x)| < I[P for all x € (Bg(0)),

IV (x) -

(82)

E

aR?B

) .
VA®x)|, < mnxnﬁﬁ for all x € (Bg(0)). (83)

Let P(x):=P(x) + “2e € Z(R",R
satisfies Eqns (75), (76) and (77).

We first show Eqn. (75) holds. Using the triangle inequality
along with Eqns (78) and (82) we have that

). We will now show P

|P(x) =Wy g (x)] < [P(x) — W) g(x) a—28

< |P(x) =T ()] + 7 (x) = Wy ()] + %8
€ €& a-2

St ——e=e

We now show Eqn. (76) holds. Using Eqns (79), (81), (82),



and (83) we have that
VP(x)" f(x) +A(1—P(x))]

Rk

< VAT £+ A1 - ) ] -2 g
— VI Fx) — AL - I () ] P +;||x||2
= (VP(x) = V()" £(x) + A (x) = P() 2] 3
2 (1= 22 )
< [IVP(0) = V@RI 1+ AR 3P
+ (=AM
- <SupxeBR(I;| flx )||2+AR2ﬁ+1—l(a—2))§|x|§ﬁ

<0.

We now show Eqn (77) holds. From Eqn. (82) we have
that P(x) > J(x) — —F Htzﬁ for all x € (Br(0))’. Moreover,
Eqn. (80) we have that J(x) =1 for all x € 8BR( ). Therefore
P(x) = P(x)+“2e > 1+“g—28—~aR25 ||)c||2 >1+43e> 1.
Also from Eqn. (82) we have that P(0) = J(0). From Eqn (80)
we have that J(0) = 0. Therefore P(0) = P(0) + “a;ze >0. O

XI.

This appendix is concerned with the volume metric (Dy in
Eqn. (46)). The sublevel approximation results presented in
this appendix are required in the proof of Theorem 1.

APPENDIX B: SUBLEVEL SET APPROXIMATION

Definition 5. D : X x X — R is a metric if the following is
satisfied for all x,y € X,
(),

. D(X,y) Z Ox
e D(x,y)=0 (x,5) +D(y,2).

e D(x,y

D
iff x=y, o D(x,z) <D

)
)

<

Lemma 6 ([26]). Consider the quotient space,
X:=%# (mod {XCR":X#0,u(X)=0}),

recalling 2= {B C R": u(B) < oo} is the set of all bounded
sets. Then Dy : X x X — R, defined in Egn. (46), is a metric.

Lemma 7 ([26]). If A,B € % and B C A then

Dy(A,B) = 1(A/B) = u(A) — u(B).
Proposition 6 ([27]). Consider a set A € B, a function V €
L'(A,R), and a family of functions {J; € L'(A,R): d € N}
that satisfies the following properties:

1) For any d € N we have J (x) <V(x) for all x € A.

2) limg e[|V = Ja|| 1 (A R) =0
Then for all ye R

L}LH;DV ({xE A:V(x)<yh{xeA:J;(x) < y}) =0. (84)

Corollary 4. Consider a set A € B, a function V € L (A,R),
and a family of functions {J; € L'(A,R) : d € N} that satisfies
the following properties:
1) For any d € N we have Jy(x) >
2) limg e[|V = Ja|p1(ar) =0

V(x) for all x € A.
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Then for all ye R

jig}eDV ({xe A:V(x) <yh{xeA:Ji(x) < 7}) =0. (85)

Proof. Let us denote V(x) = —V(x) and Jy(x) = —J;(x). It
follows that Jy(x) < V(x) for all x € A and limy o ||V —

Jallz1 (s r) = 0. Therefore, by Prop. 6 we have that
[}1m Dy ({xe A:V(x) <yh{xeA:Jyx) < y}) =0. (86)
—yo0

Now, A={xcA:V(x)<ylU{xeA:V(x) >y}={xe
A:V(x) <ytU{x€A:V(x) < y}. Therefore

{xeA:V(x) <y} =A/{xeA:V(x) <7},
and by a similar argument
{xeA:J(x) <yt =A/{xeA:Jy(x) <y}

Thus, by Lem. 7 and since {x € A : J;(x) <y} C A, we have
that

Dy ({xEA:V(x) <yh{xeA:J;(x) <7}> (87)

=Dy (A/{x eEN:V(x) <yhA/{xeA:Ju(x) < ﬂ‘)

_DV({xeA V() <7} fxe A Jd<><y}).

Now by Eqns (86) and (87) it follows that Eqn. (85) holds. [

XII.

In this appendix we present several miscellaneous results
required in various places throughout the paper and not
previously found in any of the other appendices.

APPENDIX C

Lemma 8 (Exponential inequalities). The following inequali-
ties hold

exp(—x) <1 for all x>0 (88)
xexp(—x) <1 for all x e R. (89)
exp(x) > 1+x for all x € R. (90)

Lemma 9 (Gronwall’s Inequality [20]). Consider scalars
a,b € R and functions u, € C'(I,R). Suppose

%u(,) < B(t)u(t) for all t € (a,b).

Then it follows that

u(t) <u(a)exp </atﬁ(s)ds> forallt € [a,b].

Theorem 4 (Rademacher’s Theorem [28] [25]). If Q C R"
is an open subset and V € Lip(Q,R), then V is differentiable
almost everywhere in Q with point-wise derivative correspond-
ing to the weak derivative almost everywhere; that is the set
of points in Q where V is not differentiable has Lebesgue
measure zero. Moreover,

d
Pt

esssup
x€Q

<Ly forall 1 <i<n,




where Ly > 0 is the Lipschitz constant of V and %V(x) is
the weak derivative of V.

Theorem 5 (Putinar’s Positivstellesatz [29]). Consider the
semialgebriac set X = {x € R" : gi(x) > 0 fori = 1,...,k}.
Further suppose {x € R" : g;(x) > 0} is compact for some
i € {1,..,k}. If the polynomial f:R" — R satisfies f(x) >0
for all x € X, then there exists SOS polynomials {s;}ic(1,.m} C
Y sos such that, . isigi c Z .
i=1 S0s

Theorem 6 (The Bolzano Weierstrass Theorem). Consider
a sequence {x,}neny C R". Then the {x,}nen is a bounded
sequence, that is there exists M > 0 such that x, <M for all
n € N, if and only if there exists a convergent subsequence
{yn}nEN - {xn}nEN~

Definition 6. Ler Q C R". We say {U;};, is an open cover for
Q if Uy CR" is an open set for each i € N and Q C {U;}7 .

Theorem 7 (Existence of Partitions of Unity [30]). Ler U CR"
and let {U;}7> | be an open cover of E. Then there exists a
collection of C*(R",R) functions, denoted by {y} ,, with
the following properties:

1) For all x e U and i € N we have 0 < y;(x) < 1.

2) For all x € U there exists an open set S C U containing

x such that all but finitely many y; are 0 on S.
3) For each x € U we have Y72, yi(x) = 1.
4) For each i € N we have {x € U : y;(x) #0} C U,.

16



