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Algorithms to compute the largest invariant set
contained 1n an algebraic set for continuous-time
and discrete-time nonlinear systems

Laura Menini, Corrado Possieri and Antonio Tornambe

Abstract—In this paper, some computational tools are proposed
to determine the largest invariant set, with respect to either a
continuous-time or a discrete-time system, that is contained in
an algebraic set. In particular, it is shown that if the vector
field governing the dynamics of the system is polynomial and
the considered analytic set is a variety, then algorithms from
algebraic geometry can be used to solve the considered problem.
Examples of applications of the method (spanning from the
characterization of the stability to the computation of the zero
dynamics) are given all throughout the paper.

Index Terms—Nonlinear systems, invariance, asymptotic sta-
bility.

I. INTRODUCTION

The “second method” of Lyapunov, which makes use of a
function that is monotonically decreasing along the solution
of a systems, is one of the most widespread and literature
pervasive tools to characterize the stability of nonlinear system
[11, [2], [3], [4], [5], [6], [7]. In [8], [9], such a method has
been generalized in order to possibly deal with monotonically
non-increasing functions, by exploiting the concept of invari-
ant set. Since these seminal works, the notion of invariant
set has been extensively used in order to characterize the
properties of nonlinear dynamical systems. For example, in
[10], invariant sets are used to characterize the disturbances
that let the output of a discrete-time, linear system vanish
identically, in [11], controlled invariant sets are used to solve
the disturbance decoupling problem, in [12], invariant sets
are used to characterize some observability properties, and, in
[13], (controlled) invariant sets are used to extend the notion
of zero to nonlinear dynamical systems (see also [14] for a
comprehensive review of the literature about the output zeroing
problem and the zero dynamics of a system).

Due to the importance of invariant sets in both theoretical
research and engineering practice (especially when dealing
with stability of nonlinear dynamical system), a lot of research
effort has been carried out to characterize such sets [15], [4],
[16], [17], [18], [19], [20].

The main objective of this paper is to provide computational
tools to determine the largest invariant set, with respect to
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either a continuous-time or a discrete-time nonlinear system,
that is contained in an algebraic set. Such a problem is crucial
in several control applications, as shown by the subsequent
Theorems 1 and 6, that require the solution to such a problem
to guarantee asymptotic stability of a given set. The goal
of computing such an invariant set is pursued by showing
that this set can be determined by solving a set of analytic
equations. Furthermore, it is shown that, if the vector field
governing the dynamics of the system is polynomial and the
algebraic set is an affine variety, the largest invariant set
with respect to the system that is contained in the affine
variety can be determined through computationally efficient
algorithms, which use tools borrowed from algebraic geometry
that have already been used to solve control problems, such as
observer design [21], [22], generation of algebraic certificates
of (possibly, asymptotic) stability [23], solving the equations
that arise in the harmonic balancing method [24], multi-
objective optimal design of controllers for linear plants [25],
checking the controllability of polynomial systems [26], and
motion planning of mobile robots [27], [28]. Examples are
given all throughout the paper to illustrate and corroborate the
theoretical results. Applications of the proposed methods to
several control problems are reported as, e.g., stability anal-
ysis of nonlinear systems, test of the zero-state observability
property, solution to the output zeroing problem, computation
of the zero dynamics of a nonlinear plant.

The results given in this paper are related to the ones con-
cerning the output zeroing of nonlinear autonomous systems
[29], [30], [31]. The main difference between the results given
in this paper and the ones available in the literature is that
herein algorithmic procedures (ready to be implemented in
CAS software, such as Macaulay?2 [32]) are proposed to
determine the largest invariant set that is contained in an
algebraic set with respect to either a continuous-time or a
discrete-time analytic (possibly, polynomial) system.

Organization of the paper: the notation used in this paper
is introduced in Section II, together with some preliminary
results. The problem of determining the largest invariant set,
which is contained in an analytic set, with respect to either
a continuous-time or a discrete-time system is addressed in
Sections III and IV, respectively. Examples of application of
the given methods are reported in Section V. Conclusions are
given in Section VI.



II. NOTATION AND PRELIMINARIES

Given a multi-index o = | o an |7, a; € Zo,
i=1,...,n, let o] := > "  «; and let a! := ay! - a,l.
Letting © = [ =1 2, | be a vector of variables and

o € Z’;O be a multi-index, define the multivariate partial
derivative 50 gon 5o

dze T dzer gron
Let R[zx] be the ring of the polynomials in z. Given
P1,--.,pe € Rlz], the set
¢
7pg> = {p: Zaipi, a; € R[{I}], 1=1,...

i=1

L}

<p1,...

is the ideal in R[z| generated by p1, ..., ps, Whereas
V(p1,...,pe) i={z € R" :pi(x) =0,i=1,...,¢} (1)

is the variety generated by p1, . . ., pg. Similarly, given an ideal
Z in R[z], the variety of the ideal T is the set

V(IZ):={z eR":p(x) =0, Vp €T}
Given ideals Z,, J, in R[z], let
VT, :={p € Rlz] : AN € Zsg, N > 1,such that p~ € Z,},
be the radical of Z,, whereas the sum of Z, and [Jy is
Lo+ Ty ={p € Rlz]: Ips € Lo, pp € Tp S:t. p = pa + Db}

A monomial order > is a total well ordering relation among
the monomials ® € R[z]. Once a monomial order > is fixed
(such as the LEX order defined in [33]), any polynomial p €
R[z] can be rewritten as p = c; 2% + coz® 4 -+ + ¢ 2P,
where ¢; € R\ {0}, 4 =1,...,m, and 21 = 2/2 = ... =
xPm _ Thus, the leading term and the leading coefficient of p
are LT(p) = c12”* and LC(p) = ¢, respectively. Once a
monomial order > is fixed, the set Gz = {g1,...,9s}, with
(91,---,9s) = I, is a Grébner basis of an ideal Z in R[z] if

<LT(gl)a s 7LT(gs)> = <LT(I)>7

where LT(Z) := {cx® : 3p € T such that LT (p) = cz®}.

A function ¢ : U4 C R™ — R™ is smooth in its domain of
definition &/ C R™ (assumed to be open) if ¢ is C* at each
r e U. If xg € U, a power series can be associated with the
smooth function ¢ locally about x( as follows:

+oo .
Q)= Y H(Zq)|,_, @-w)* @
|a|=0
A smooth function q is locally analytic in x if there exists
an open neighborhood B C U of x( such that the series in (2)
converges and ¢(z) = Q(x), for each x € B; ¢ is analytic in
U if it is locally analytic in each zo € U.

Given i € Z3( and smooth functions h : R® — R™ and
f:R™ — R"™, define the i-th directional derivative of h along
fas LYh(z) = h(x) and Lih(z) = (%L}_lh(x))f(x), and
the i-th directional successor of h along f as Ag)ch(a:) = h(x)
and A%h(z) = Af ho f(x), i € Zxo.

Given analytic functions ¢; : U/ C R" = R, j =1,2,...,
define the analytic set

V(gi,q2...)={z el :q;j(zx)=0,i=1,2,...}.

III. INVARIANT SETS FOR CONTINUOUS-TIME SYSTEMS

Consider the continuous-time, time-invariant system
i(t) = f(z(t), t € R, 3)

where x = [ x1 2, |', and the vector field f : U —
R™ is analytic in U, with U being an open subset of R™.
Assume, without loss of generality, that the initial time is 0.
The response at time t of system (3) from the initial state
x(0) = xo € U is denoted z(t) = ¢y (t,z0); ¢y : RxU — R"
is the CT-flow associated with f and satisfies (see [34])

¢f(07x0) = xOv
Lot o) = f(ds(t,20)), Vt € Tay,

where T, is the maximal interval of existence of ¢¢(t,xo).

Intuitively, a subset S of U is f-invariant if the response of
system (3) from any zo € S remains in S for all ¢t € Ty, as
formalized in the following definition.

Definition 1. A set S C U is positively (respectively, neg-
atively) f-invariant if, for each o € S, ¢;(t,z0) € S,
vVt € Tz, NRxq (respectively, t € Ty, NRgp). A set S is
f-invariant if it is both positively and negatively f-invariant.

Hence, consider the following problem.

Problem 1. Let functions h; :Ud CR™ = R, j =1,...,m,
analytic in U, be given. Find the largest f-invariant set
contained in V(hy, ..., hpy).

The availability of tools to determine a solution to Problem 1
is crucial in several control applications and, in particular, for
the application of the next two theorems.

Theorem 1 (Lyapunov stability, [4]). Let 0 be an equilibrium
of system (3) and assume that Y = R". Let V : R™ — Ry be
a differentiable, radially unbounded, positive definite function
such that L;V (x) < 0, Yo € R™. If the largest f-invariant set
in V(L;V(x)) is {0}, then 0 is globally asymptotically stable.

Theorem 2 (Invariance principle, [35]). Let @ C U be a
compact, positively f-invariant set. Let V : Q0 — R be analytic
in Q and such that LV (z) < 0, Yz € Q. Let S C Q be the
largest f-invariant set in V(L;V (x)). Every response x(t) of
system (3) starting in Q) approaches S, i.e.,

Jim (Zlgg [l (t) — ZII) =0,

where || - || is any norm in R™.

In order to apply Theorem 1, one has to guarantee that
S = {0} is the solution to Problem 1 with h = LV ().
On the other hand, in order to apply Theorem 2 to prove
attractiveness of the set S, one has to guarantee that S is the
largest invariant set that is contained in V(LV (x)), i.e., that
S is the solution to Problem 1 with h = LV (x), and that
the set 2 is positively invariant. It is worth noticing that if,
in addition to the hypotheses of Theorem 2, the function V' is
positive definite and there is ¢ € R, ¢ > 0, such that {x € R™ :
V(z) < ¢} is a subset of U and is compact, then, by classical
Lyapunov results [4], the set Q := {z € R" : V(z) < ¢} is
positively invariant (and contractive).



Remark 1. The LaSalle invariance principle recalled in
Theorem 2 has already been used in the literature [36],
[37] to determine estimates of the region of attraction of
an equilibrium point via polynomial optimization techniques,
such as sum of squares tools. The main difference between
such techniques and the ones given in this paper is that the
former allow one to determine positively f-invariant sets that
constitute inner estimates of the region of attraction of an
asymptotically stable equilibrium point, whereas the latter
allow to determine algebraically the largest f-invariant set S
contained in a variety (such as, e.g., V(L;V(x))), i.e., under
the hypotheses of Theorem 2, they allow one to characterize
the set to which the trajectories of system (3) converge rather
than its region of attraction.

In the following Subsection III-A, a method to determine
the solution to Problem 1 in the analytic case is proposed. An
algorithm, which uses the algebraic geometry tools recalled
in Section II, is given in Subsection III-B to apply such a
technique in the polynomial case.

A. Solution to Problem 1 in the analytic case

The main objective of this subsection is to provide a solution
to Problem 1 when f and hq, ..., h,, are analytic functions,
but not necessarily polynomial. To this end, consider the
following remark.

Remark 2. Let o : T — R™ be analytic in some interval
T, possibly coincident with R. Let T be any open subinterval
of T. One has that «(t) is equal to c for all t € T, for some
constant ¢ € R™, if and only if a(t) is equal to ¢ for all t € T.
Therefore, for any tq in the interior of T, «(t) is equal to ¢
for all t € T if and only if a(ty) = c and dl};é” =0,
Yk € Z, k> 0. e

Following Remark 2, the next lemma provides necessary
and sufficient conditions ensuring that a function A vanishes
identically along the CT-flow ¢¢(t, xo).

Lemma 1. Let f : U — R" and h : U — R be analytic in U.
For each xy € U, one has h(¢s(t,x0)) =0, Vt € Ty, if and
only ifL}h(xo) =0, Vi € Zxy.

Proof. Since f and h are analytic in U, for any x¢ € U, one
has that h(¢(t, zo)) is an analytic function of ¢ in T,, Hence,
since 0 € Ty, h(¢¢(t,x0)) = 0 for all ¢t € T, if and only
if h(¢pyf(t,z0)) = 0 for all t € T,,, where T, C Ty, is a
sufficiently small neighborhood of 0. Since

too
h(gp(t,x)) =Y 5 Lih(z), VteT,,
=0

one has that h(¢¢(t,0)) vanishes identically if and only if
L}h(xo) = 0, Vi € Z)o. ]

The results given in Lemma 1 are used in the following
lemma to prove that the largest positively (respectively, neg-
atively) f-invariant subset of V(qi,qa,...) is the largest f-
invariant subset of V(q1,¢2,...).

Lemma 2. I[f S C U is the largest positively (respectively,
negatively) f-invariant set contained in V(q1,qs, . ..), then it
is the largest f-invariant set contained in V(q1,qz,...).

Proof. Let z¢ € S be fixed. Thus, let T, C R be the maximal
interval of existence of ¢;(¢,x¢). Since S is the largest
positively f-invariant set contained in V(q1,q2,...), there
exists T' € R such that g;(¢(t,20)) = 0 for all ¢t € [0, T,
j =1,2,.... By Lemma 1, if there exists a response x(t)
of system (3) such that ¢;(z(t)) = 0, V¢t € [0,T], for some
Jj € Zso, then gj(z(t)) = 0, ¥t € T,,. Therefore, since
xo can be chosen arbitrarily in & and there does not exist
T €V(q1,q2,-..) \ S such that L’;q;(z) = 0, for all i € Zx
and j € Zx( (otherwise £ would be in S), S is the largest
f-invariant set contained in V(q1, g2, .. .). O

By using Lemma 2, the following theorem shows how to
determine the solution to Problem 1 in the analytic case.

Theorem 3. Let f: U = R"and h; : U — R, j=1,...,m,
be analytic functions in U. The largest f-invariant set con-
tained in V(hy, ..., hy) is

S=V(h1,...,hm,Lghy,..., Lhy, L3Ry, . .).

Proof. By Lemma 2, the largest f-invariant set contained in
V(hi, ..., hy) is

S={zecld:hj(p;(t,z)=0,VteT,,j=1,...,m}.

By Lemma 1, hj(¢s(t,z)) = 0 for all t € T, if and only if
Llfhj(l‘) =0,Vi e Zgo. O]

The following example shows how Theorem 3 can be used
to determine the solution to Problem 1.
Example 1. Consider the following system
&1 = sin(za),

“4)

&9 = —sin(zy),
and let h(z) = sin(xq). It can be easily derived that

chh(x) _ {sin(xl)qi(x),

sin(z2)g; (x),

if 1 is even,
if 1 is odd,
where q;(x) is a globally analytic function for each i € Zx¢
(namely, qo(xz) = 1, qi(z) = cos(x1), q@ = sin®(zy) +
cos(x1) cos(xz), and so on). Therefore, since V(cos(z1)) N

V(sin(x1)) = 0, the largest invariant w.r.t. system (4) con-
tained in V(h) is

S:{$ER2Z£K1 :kl’ff, T = kom, ki, ko GZ},

which is the set of all the equilibria of system (4). Fig. 1
depicts the phase plot of system (4) and the largest invariant
set w.r.t. system (4) contained in V(h).

In order to apply Theorem 3, one has to compute the
intersection of infinitely many sets, i.e.

S = ﬂiezéomilV(L}hj(x)).

Hence, consider the following proposition, which show how
these computations can be simplified.

(&)
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Fig. 1. Phase plot of system (4) (blue), algebraic set V(h) (green) and
invariant set S (red).

Proposition 1. Assume that there exist a set {qi,...,q} of
analytic functions in U such that
¢
Lf(Zk = Z Ak, x>
x=1
for some oy, kK = 1,...,{, being analytic in U. Hence,

there exist functions B; ;. being analytic in U such that
Lécqj = Zf;:l Bi ikl § =1,...,4 i € Zxq. Furthermore, if
gi(xo) =0, i=1,...,¢ then q;(¢¢(t,x0)) =0,i=1,...,
forallt € T,,.

Proof. The proof is carried out by induction. By assumption,
there exist analytic functions «; j such that

¢
Lyq; = Zajqux
x=1

Thus, the statement holds for ¢ = 1. Assume now that, for
i € Z>o, there exist analytic functions 3; ; , such that chqj =
Zi:l Bi.jkqk, J =1,..., L. Therefore,
. [ ‘ ‘
Lt g = (LyBijr)ak + Y Bijk Y iyt
k=1 k=1 x=1

which is a linear combination of ¢i,...,qe, with analytic
coefficients in U. Thus, if g;(zo) = 0 for all j = 1,...,¢,
then Ljf“qj(xo) =0foralli € Z>o, j € {1,...,m}. Hence,
the proof follows by Lemma 1. O

By Proposition 1, if there exists N € Zxo such that
each L;V“hj, j € {1,...,m}, can be expressed as a linear
combination of L}hj, j=1...,m, i = 0,...,N, with
analytic coefficients, then

S = ﬂioﬂ;V(L;hj(x)). ©)

Therefore, if such an assumption holds, then the computations
to be carried out so to find a solution to Problem 1 involve just
a finite number of intersections, as shown in the next example.

Example 2. Consider the following system (p. 214 of [38]):

(7a)
(7b)

i1 = —sin(ay) (15 cos(z1) + cos(z2)),

i = sin(z2)(cos(z1) — 15 cos(w2)),

with U = R2. The objective of this example is to determine
the largest f-invariant set contained in V(h), where h(xz) =
sin(z1) sin(xs). One has

Lyh(z) = — 1 sin(z1) sin(zy)(cos? (1) + cos®(x2)).

Therefore, since there exists an analytic function « such that
Lsh(z) = a(z) h(zx), by Proposition 1, the largest f-invariant
set contained in V(h) is S = V(h). Fig. 2 depicts the phase
plot of system (7) and V(h) = S.
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Fig. 2. Phase plot of system (7) (blue curves), algebraic set V(h) (green)
and f-invariant set S (red).

In order to determine if chv *1h can be expressed as a
linear combination of hy,...,hm,,..., L}Vhl, . ,chvhm,
one has to solve a sort of ideal membership problem.
If both f and h are elementary functions, such a
problem can be addressed by recasting the functions
hiseeos By o LY B DY g, LYy, LY Ry
in polynomial form by using the methods given in [39], [21]
and by solving an ideal membership problem [33], [40], as
shown in the following example.

Example 3. Consider the system given in Ex. 8, Ch. 9 of [38]
®)

withU = R?, and let h(z) = x3. The objective is to determine
the set S that is the solution to Problem 1. By computing

1 = sin(zq) sin(xs), @2 = — cos(x1) cos(z2),

Lih(x) = —cos(z1) cos(xz),

it is immediate to see that it cannot be expressed as a(z) h(x),
for some o(x) analytic on the whole R?. Similarly, it is not
trivial to determine whether

Lfch(as) = cos(x2) sin? (1) sin(z2) —cos?(z1) cos(x2) sin(xs)

can be expressed as a linear combination of h and Lyh. How-
ever, algebraic geometry can be used to solve this problem,
as suggested in Chapter 6 of [33]. Introduce the auxiliary
single variables ¢y, co, $1, $2, and fix in R[cy, co, $1, S2, 2] the
LEX order =, with ¢1 = co = S1 = So = x9. Consider the
polynomial —cyco obtained by replacing cos(x1) and cos(xs)
in Lyh(z) with ¢ and ca, respectively; consider the ideal
J1 generated by x2,cico and by the s? + ¢ — 1, i = 1,2,
where the polynomial s? + c¢? — 1 arises from the equality
sin?(z;)+cos?(z;) = 1, with similar substitutions. In the same



way, consider the polynomial py = 025%52 — 6%0252, which
arises from L?h(m). By computing ps%J1 = c252 # 0, one
obtains that pa cannot be expressed as a polynomial sum of the
generators of J1, whence L?h cannot be expressed as a linear
combination of h and Lh. Thus, compute L‘;’ch(a:) and its as-
sociated polynomial p3 = —cac3s3—cieis3+5cac183s5+c3c3.
Hence, by letting

2 2 2, 2 2, 2
J2 = (xa, c100, 28182 — C1C282, 87 + ¢ — 1,85+ 5 — 1),

one obtains that p3%J> = 0, whence L3h can be expressed as
a linear combination of h, Lyh, Lfch. Thus, by Proposition 1,
the solution to Problem 1 is given by

S= V(h,th,L?h) = {z € R? : cos(z1) = 0,25 = 0}.
Fig. 3 shows the phase plot of system (8), V(h) and S.

E i V(h)

A
“r %\xl/‘\ /2

Fig. 3. Phase plot of system (8) (blue), algebraic set V(h) (green) and
invariant set S (red).

Note that, although for many analytic systems there is
N € Zyp such that L}V *1h; can be expressed as a linear
combination of L%hj, j = 1,...,m, i =0,..., N, this need
not always hold, as shown in the following counterexample,
which shows that the solution to Problem 1 need not be
computable as a finite intersection, as in (6).

Example 4. Consider the system
T = —ux,

with U = R, and let

(1 —exp(z? — k?))*.

8

hiz) =x

2

By [41], the function h R — R is analytic in R,

Lih(£i) # 0 and Lyh(+(i + 7)) = 0, for i = 1,2,...,

and j = 1,2,3,... . Since it results that L}V‘Hh(N +1)#£0

and h(N +1)=0,... 7Lgh(N +1) =0, N € Zxo, there is

no N € Zsq such that LY ™ h can be expressed as a linear
combination of h, ..., L?’fh. Namely, for each N € Zxy,

Il
-

N ,
(M, V(Lih(x)) = {0, (N + 1), £(N +2),...},
whereas the largest f-invariant set contained in V(h) is

§ =[N, V(Ljh(x)) = {0},

i.e., the set S cannot be determined with a finite number of
intersections.

In the following subsection, it is shown that, if both f and h
are polynomial functions, then there always exists N € Zxq
such that L;V +1hj can be expressed as a weighted sum of
hi,oo s hm, ... ,L}Vhl, ceey Li}'hm, with polynomial weights,
thus allowing the design of an algorithm to solve Problem 1.

B. Solution to Problem 1 in the polynomial case

The main objective of this subsection is to show that the
computations required to determine the solution to Problem 1
are much simpler when the entries of f and hq,...,h,, are
in R[z], which implies that &/ = R™.

Consider the following lemma.

Lemma 3. Let a countable (possibly, infinite) sequence of
polynomials py,pa, ... in Rlx] be given. There exists a finite
number of polynomials p, . .., pe in R[z] such that:

mV(pi) = V(p1,...,De). ©)
i=1

PFOOf Let Z; = <p1> and Ii+1 =17+ <pi+1>7 1€ 2,1 > 1.
Since Z; C Iy C Z3 C ... is an ascending chain of ideals
in R[z], by Theorem 7 at p. 80 of [33], there is N € Zx,
N > 1 such that Zy = Iy, Vj € Zxg. By Theorem 4 at
p. 190 of [33], Vi € Z>¢, 7 > 1,

V(p1) NNV (pit1) = V(Z; + (piy1))-

Therefore, since Z; + (p;+1) = Iy, forall i € Z, i > N, and,
by the Hilbert Basis Theorem [33], Zy is finitely generated,
one has that (9) holds: one can take the polynomials p1, ..., s
as those constituting the reduced Grobner basis of Zp, with
respect to any monomial order. O

Lemma 3 suggests that, in order to determine a solution to
Problem 1 by using the expression given in (5), if both the
entries of f and hq,...,h,, are polynomials, then S can be
obtained by computing the intersection of a finite number of
varieties. In the remainder of this subsection, it is shown how
such computations can be carried out by using the algebraic
geometry tools recalled in Section II.

Let a monomial order > be fixed. Given an ideal Z in Rz],
let Gz = {p1,...,p¢} be the reduced Grobner basis of Z with
respect to ~. The directional derivative L;T of T along f is
the ideal defined as follows:

LfI = <pr1, ceey prg>.

Given a polynomial p in some ideal Z, the next lemma states
that the directional derivative along f of p belongs to the sum
of 7 and of its directional derivative L 7.

Lemma 4. If f € R"[x] and T is an ideal in R[x], thenp € T
implies that

Lsp e (IJrLfI).



Proof. If p € Z, then, letting (py,...,ps) =: Z, there exist
aq,...,qp € Rlz] such that p = Z§:1 a;p;. Thus, one has

¢ ¢
Lip =" (Lraj)p; + > a;(Lyp;)-
j=1 j=1
Since Z is an ideal in R[z], one has that ijl(Lfaj)pj el
and Z§:1 a;(Lsp;j) € L;Z. The statement follows by the
definition of Z + L;Z. O

The following statement extends the results of Lemma 4 to
the ¢-th directional derivative of a polynomial.

Lemma 5. If f € R"[x] and T is an ideal in R[z], define the
sequence of ideals Ty,Z1,Zs, ... iteratively as

T, =1,
I,;+1 =7+ LfIz', RS Z)O.

(10a)
(10b)

Hence, if p € T, then Lp € T;, Vi € L.

Proof. The lemma is proved by induction. The base of the
induction is proved by Lemma 4 by letting ¢ = 1. As for the
inductive step, assume that for some ¢ € Zx, if p € Zo, then
Liyp € T;. Since Li'p = Ly(Lyp), Lip € I; and Tip1 =
Z; + L;Z;, by Lemma 4, one has that L;’Hp = Ly(Lp) €
i+ LT =Zia. O

Consider the ideals Zy,Z1,Z5,... defined as in (10). The
following lemma states that there is an element Zy of such a
sequence such that Zy; = Iy for all j € Zxo.

Lemma 6. If [ € R"[z] and T is an ideal in R[z|, define
Zo,21,2, ... as in (10). Hence, there is N € Z>¢, such that
L;}hj €N forall i € Zxgp and all j € {1,...,m}.

Proof. Since 7y C I C Iy C ... is an ascending chain
of ideals in R[z], by Theorem 7 at p. 80 of [33], there exists
N € Zyosuchthat Ty ; = I forall j € Zxo. By Lemma 5,
L}hj €7, CIn,forallie Z)O. [

By combining the results given in Theorem 3 and Lemmas 3
and 6, the following lemma shows that if Zo = (hy,..., hm),
then V(Zy) is the solution to Problem 1.

Lemma 7. Let T = (hy, ..., hy,,) and define Ty, I;,Z, ... as
in Lemma 6. Hence, the solution to Problem 1 is V(ZIy).

The following example shows how to use the results given
in Lemma 7 to determine the solution to Problem 1.

Example 5. The objective of this example is to study the
stability of the origin of
—l’? ) :|

b= s = | T

1
Consider the candidate Lyapunov function
V(x) = 2§ + 323,

which is such that LV (z) = —62% < 0. Therefore, the origin
of the considered system is stable. By computing the ideals T;
as in Lemma 7, one obtains that Ig; = 1g for all j € Zyy.
Let h(z) = —62%. Fix the LEX order, with x| = xo. Letting

Ty = (h), the reduced Grébner basis of Ly is Gz, = {901},
with go1(z) = af. Compute Lgo1(z) = —8z1° — 8zlmxy;
letting Iy = Ty + (Lygon), the reduced Gribner basis of
Ty is G, = {911, q12}, with g11(x) = go1(z) = 2% and
g12(z) = x{xz. By repeating such computations as in (10),
one obtains that I, ; = 1Ig for all j € Zxq. The reduced
Grobner basis of Ig is Gz, = {gs,1,---,9s,9}, where

gs,3(x) = afa3,
gs.6(z) = 23,

gso(x) = x5,

98,2(1') = xICUz,
gs,5(x) = xix),

gs.s(z) = w173,

98,1(55) = x?a
gs.a(x) = 2373,
gs.7(x) = w38,

Thus, the largest f-invariant set contained in V(LV (x)) is
S = V(Zg) = {0} and, by Theorem 1, the origin is globally
asymptotically stable.

As shown by Example 5, in order to apply the method
proposed in Lemma 7 to solve Problem 1, one has to compute
a large number of reduced Grobner bases. In the following,
it will be shown that such computations can be reduced by
exploiting the concept of the radical of an ideal. In fact, letting
To,71,Zs, ... be defined as in (10), let K; = v/Z;, i € Z>o.
By Lemma 6, there is N e {0,..., N} such that ’CN—i-j =Kx»
J € Zyg. Thus, consider the next lemma, whose proof follows
by Lem. 5 at p. 182 of [33].

Lemma 8. Assume that f € R"[x] and hq,..., hy € Rlz].
LetT = (hy,..., hy), define Ty, 71, Zs, ... as in (10), and let
Ki =T i € Zso. There is N € Zq such that L;}hj € Jx
forall i € Zzp and j € {1,...,m}.

The following lemma shows how to determine an ideal K g
containing L%h; for i € Zzo and j € {1,...,m}.

Lemma 9. Assume that f € R"[z] and h € R™[x]. Thus,
define the sequence of ideals Ky, K1,Ko,... as

IC(): <h1,...,hm>, (1121)
ICiJrl = \/’Ci + Lf’Ci, 1€ Z}(). (llb)

Hence, there is N € Zsq such that L;hj € Kg, for all
i€Zsoandall je{l,...,m}.

Proof. By induction, it is proved that sz}hj € K,;, for all
i € Zso and all j € {1,...,m}. Let i = 0. Clearly,
hj € (h1,...,hy), whence by Lemma 5 at p. 182 of [33],
hj € \/(hi1,...,hm) = Ko. Now, for any i € Zx(, assume
that Ljphj € K;. By Lemma 4, since L?hj € IC;, one has that
L hy = LyL%hy € (Ki + LgK;), whence

L’j‘Jrlhj €K+ LfK:,L = K:Z‘Jrh
by Lemma 5 at p. 182 of [33]. Since Ko C K1 C Ko C ...
is an ascending chain of ideals in R[z], by Theorem 7 at p. 80
Qf [33], there exists IV € Z>q such that ’CNH = K for all
J € Zyy. O
In the following theorem, whose proof follows directly from
Theorem 3 and Lemma 9, a method is proposed to determine

a solution to Problem 1 in the polynomial case.

Theorem 4. Assume that [ € R™[x] and hq, ..

. hm € Rz,
and define Ko, KC1, Ko, ... as in (11). Letting N be such that



) 0
no

Ky « Ky * L;Kx

Fig. 4. Tllustration of Algorithm 1.

ICNH = Kg for all j € Zxo, the largest f-invariant set
contained in V(hy, ..., hy,) is

S=V(Kg).

The following Algorithm 1 summarizes the computations
that have to be carried out to solve Problem 1 in the polyno-
mial case by using Theorem 4.

Algorithm 1 Solution to Problem 1
Input: f € R"[z] and hq,..., h, € Rlz]
Output: the largest f-invariant set
V(hi,..., hm)

Ko + \/<h1,...,hm>, N« 0, K1 + \/ICQ“FLJ"’CO

while ]C]\7+1 75 ’CN do

N<—N+1,K:N+1<—\//CN+LfK:N

return V()

contained in

El >

Note that in order to apply Algorithm 1, just the knowledge
of the polynomial f and hq,...,h,, is required. Once a
monomial order is fixed, Step 2 of Algorithm 1 can be carried
out by comparing the reduced Grobner bases Q’;CN+1 and
Q,CN of the respective ideals K 41 and Kg. As a matter of
fact, by Theorem 5 at p. 120 of [33], for a given monomial
order, each ideal has a unique reduced Grobner basis, whence
Kgi1 = Kg if and only if g =~ = Gg,. Note that,
by Lemma 9, such an algorithm entails a finite number of
iterations. The following Fig. 4 illustrates Algorithm 1.

The following example is an application of Algorithm 1.

Example 6. Consider again the system and the Lyapunov
function V' given in Example 5. By using Algorithm 1 with
input f and LV, one obtains that ICo = (x1), K1 = (x1, T2)
and Ko = (x1,x2). Thus, since G, = Gx,, the algorithm
terminates by returning S = V(K1) = {0}. Note that, in
order to obtain the same result by using Lemma 6, one has to
compute the reduced Grobner bases of 9 ideals, whereas, by
using Algorithm 1, just 3 reduced Grobner bases have to be
computed.

The following remark details how to compute the restriction
of the dynamics (3) to an f-invariant set S.

Remark 3. By [42], if the set S is f-invariant and T € S is
not a critical point, then f is tangent to S in T, thus allowing
to easily determine the restriction of the dynamics of system (3)
to the set S. As a matter of fact, define

da(p) := 5 (@) @1 = Z1) £+ 5 = (2) (@0 = Tn),

and the tangent space of S in T as
T3(S) = V({dzp : p € I(S5))).

if § = (p1,...,pe), then Ti(S) =
V(dzp1,---,dzpe), which is a translation of a linear
subspace of R™, i.e., there exist by,...,bs € R™ (dependent
on T) such that Tz(S) = Z + Span(by, . .., bs). Therefore, for
each non-critical T € S, one has f(z) € Tz(S), i.e., there
exist c1,...,cs € R (dependent on ) such that

By [33],

f@) =2+ cib;.
j=1

This parametrization constitutes the restriction of the dynam-

ics (3) to S.

IV. INVARIANT SETS FOR DISCRETE-TIME SYSTEMS

Consider the discrete-time, time-invariant system
z(t+1) = f(z(t)), t € Z,

where © = [ 23 z, |7, and f : U — U is analytic
in U, with U being an open subset of R". Assume, without
loss of generality, that the initial time is 0. The response of
system (12) from the initial state 2:(0) = 2o € U is denoted
x(t) = ¥f(t, o), where ¢y : Z x U — R is the DT-flow
associated with f, which satisfies [34]

’l/)f(o,l’o) = To,
¢f(t + 17'730) = f(wf(tvxo))v Vi € Tq,,
where T,, C Z is the maximal interval of existence of
1¢(t, zo). The notion of invariance for discrete-time systems

differs from the one for continuous-time systems, as formal-
ized in the following definition.

12)

Definition 2. The set S C R" is
o positively f-invariant if f(S) C S;
o negatively f-invariant if f(S) D S;
o f-invariant if f(S) = S.

The main goal of this section, formalized in the following
problem, is to determine the largest positively f-invariant set
contained in an analytic set.

Problem 2. Let functions h; :Ud CR™ = R, j =1,...,m,
be analytic in U. Find the largest positively f-invariant set
contained in V(hy, ..., hpy).

Note that, for discrete-time systems, the attention can be
focused just on positively f-invariant sets, when considering
the following two theorems.



Theorem 5 (Invariance principle, [43], [S]). Let ) be a subset
of U and let V : Q0 — R be a continuous function such that
AiV(z) —V(z) < 0 forall x € Q. Let S be the largest
positively f-invariant set contained in V(A V (x)—V (z))N<,
where ) is the closure of Q. If ¥ (t,z0) € Q for all t € Zxq
and ¢ (t,xo) is bounded, then there exists ¢ € R such that
2(t) = SNV=1e) as t — <.

Theorem 6 (Lyapunov stability, [44]). Let U = R™ and
let V : R" — R be differentiable, radially unbounded, and
positive definite. If AV (x) — V(x) < 0 for all x € R", then
any response of system (12) tends to the largest positively f-
invariant set contained in V(A;V (z) — V(x)).

Note that, in order to apply both Theorems 5 and 6, one has
to determine the largest positively f-invariant set contained in
V(AfV(z) — V(x)).

In the following Subsection IV-A, a method to determine
the solution to Problem 2 in the analytic case is proposed. An
algorithm, which uses the algebraic geometry tools recalled
in Section II, is given in Subsection IV-B to apply such a
technique in the polynomial case.

A. Solution to Problem 2 in the analytic case

The main objective of this section is to provide a solution
to Problem 2 when both the entries of f and hq,...,h,, are
analytic in /. Consider the following lemma.

Lemma 10 (Existence of responses, [45]). The DT-flow
Yr(t, o) is well defined for each (t,x0) € Zxo X U.

Note that the statement of Lemma 10 holds just for ¢ € Zx.
On the other hand, uniqueness of the responses of system (12)
need not hold backward in time, since f need not be bijective.
Consider the following theorem, which shows how to deter-
mine the solution to Problem 2 in the analytic case.

Theorem 7. Let f:U = R"and h; : U - R, j=1,...,m,
be analytic functions in U. The largest f-invariant set con-
tained in V(hy, ..., hy) is

S=V(hy,...,hp, Aghy, ..., Aphp, AThy,...).  (13)

Proof. By the definition of the DT-flow t(-,-) and by
Lemma 10, for all j € Z>o and ¢t € Z3(, one has that

q5 (s (t,20)) = Afg;(x)|

Therefore, since the largest positively f-invariant set contained
in V(hy, ..., hs) is

S={zeR": h;j(¢s(t,x)) =0, Vk € Zxo},

r=x¢

this set equals the set given in (13). O

In order to apply the technique proposed in Theorem 7
to solve Problem 2, one has to compute the intersection of
infinitely many sets, i.e.,

S= ﬂiezgoﬂ:;lvm;hj (x)).

As for continuous-time systems, such computations can be
simplified, as shown in the following proposition, whose proof
is similar to the proof of Proposition 1.

(14)

Proposition 2. Assume that there exist a set {q1,...,q} of
analytic functions in U such that
¢
quk = Z Ak, x>
x=1
for some oy, k =1,..., ¢, being analytic in U. Hence, there
exist 3 j i being analytic in U such that, for j =1,...,¢,

¢
a5 = ZBi,j,ka-
k=1
Moreover, if qi1(xo) = - = qu(xo) = 0 then q1(x(k)) =
<= q(z(k)), for all k € Zxy.

By Proposition 2, if there is N € Zx( such that A}V 'th
can be expressed as a linear combination of A;hj, ] =
1,...,m,1=0,..., N, with analytic coefficients, then

N m .
S=N_ V&),

j=

(15)

i.e., as for continuous-time systems, just the intersection of a
finite number of sets needs to be determined.

Example 7. Consider the system [43]

x2 (t)

1+a3(t)’

x1 (t)
T

r(t+1) = za(t+1) = (16)

with U = R2. Consider the positive definite, radially un-
bounded, candidate Lyapunov function V. = %(a% + x3). It
can be easily seen that A¢V (z) — V(x) < 0 for all z € R
Thus, letting

hz) = ApV(x) = V(x),

by computing Ayh(z), A%h(z), and A}h(x) (whose explicit
expressions are omitted for space reasons) it can be shown
that A‘}h(x) can be expressed as a linear combination of h,
Ayrh(z), and A?h(x), with analytic coefficients. Therefore, by
Proposition 2, the largest positively f-invariant set contained

in V(h(z)), is
S =V(h,Ash, Ath) = V(z122).

By Theorem 6, trajectories of (16) tend to S. Fig. 5 depicts
some trajectories of system (16).

10F )

05F

-05F

Fig. 5. Set V(h) (green), positively invariant set S (red), and trajectories of
system (16).

In the following subsection, it is shown that, if both f and
h are polynomial functions, then there exists N € Zx( such



that A?] *1h; can be expressed as a linear combination of
Py by s ARy, AY By, thus allowing the design
of an algorithm to solve Problem 2.

B. Solution to Problem 2 in the polynomial case

The main objective of this subsection is to show that the
computations required to solve Problem 2 are simpler in case
of polynomial systems, for which &/ = R”. By Lemma 3,
if f € R*[z] and hq,...,hy, € R[z], then the set S given
in (14) can be determined by computing a finite number
of intersections. In the following, it is shown how such
computations can be carried out by using the tools recalled
in Section II.

Let a monomial order > be fixed. Given an ideal Z in Rz],
let Gz = {p1,...,p¢} be the reduced Grobner basis of Z. The
directional successor of I along f is

<y Afpg>.

Given a polynomial p in some ideal Z, the next lemma states
that the directional increment along f of p belongs to the sum
of Z and of its directional increment A ;7.

Lemma 11. If f € R"[z| and T is an ideal in R[z], then
p € L implies that

AfIZ: <Afp1,..

Asp e (I+AfI).

Proof. If p € Z, then, letting {p1,...,pe} be a basis of Z,
there exist avq, ..., ay € Rlz] such that p = Z§:1 a;pj. Thus,

¢
App(z) =375 Araj(x)Aspj(z). O
In view of Lemma 11, consider the following lemma.

Lemma 12. If f € R"[z] and hq, ..., h,, € Rz], then define

the sequence of ideals Ly, Z1,Zo,... as
IO = <h1,...,hm>, (1721)
Ii+1 =7+ AfIl', xS Z)O. (17b)

There exists N € Zxq such that
A%h € Iy, Vi€ Lxo, j € {1,...,m}. (18)
Furthermore, the solution to Problem 2 is V(I ).

Proof. Note that the sequence Zy,Z, ... is such that

Ivclicl,C....

Therefore, by Theorem 7 at p. 80 of [33], there is N € Z3
such that Zn; = Iy for all j € Zy(. Hence, by Lemma 11,
one has that (18) holds, and hence, by Theorem 7, the largest
f-invariant set contained in V(hy,...,h,,) is given by (13),
which coincides with V(Zy ). O

The following example shows how the tool given in
Lemma 12 can be used to solve Problem 2.

Example 8. Consider the following system

z1(t+1) = =223 (t)aa(t) + 229(2),
zo(t + 1) = z1(t)23(t) + L1 (2).

(19a)
(19b)

Consider the candidate Lyapunov function V (z) = x? + 423
It can be easily seen that

ApV(2) = V(x) = da5ai (2] + 23 — 1),

which is negative semi-definite about the origin. Now, one
can compute the largest positively f-invariant set contained
in V(AsV(z) — V(z)) by using the sequence of ideals
defined in Lemma 12. Thus, let Ty = {(4x3x3 (22 + 2% — 1)),
Iy = Ty + A¢Ty and Iy = Iy + AyZi. By computing the
reduced Grobner bases Gz, and Gz, of T; and I, respectively,
one has Gz, = Gz,, whence Iy = 1. In particular, the
reduced Grobner basis of T1 is Gz, = {g11, 91,2}, where:

g1.1(x) = 2iwy + 1125 — 12,

g12(z) = 81‘11'2 + 4£C1(Eg + 2x1xg — xlxg’ — x1T2.
Thus, by Lemma 12, the largest positively f-invariant set
contained in V(AfV(xz) =V (x)) is S = V(Iy).

As for continuous-time systems, the concept of radical of
an ideal can be used to reduce the number of Grobner bases
to be computed, as shown in the following theorem.

Theorem 8. Assume that f € R™[z] and h € R™[z]. Define
the sequence of ideals Ko, K1,Ka,... as

’CO - <h1) MR h’7n>a (203)
Kiv1= VK + AfICi, 1 € Zxo. (20b)

There exists N € Z such that Ajchj €Ky, Vi€ lxo j €
{1,...,m}, and such that the largest positively f-invariant
set contained in V(hy, ..., hy,) is S =V(Ky).

Proof. First, it is proved, by induction, that

Abhj € Ki, Vi € Zzo, Vj € {1,...,m}. 21

Since, by Lemma 5 at p. 182 of [33], (Z) C V/Z, one has that
(21) holds for ¢ = 0. Assume now that (21) holds for some
1 € Zxo. Hence, by Lemma 11,

ARy € (Ki+ AfKs) € /K + AfKi = Kiya,

thus concluding the induction. ~
Secondly, it is proved that there exists N € Zx( such that
Ky =Ky, for all j € Z>o. By considering that

]C()CIC1C’C2C...

is an ascending chain of ideals in R[z], by Theorem 7 at p. 80
of [33], there exists N € Zsq such that Ky, = Ky for
all j € Zyo. The proof is concluded by the fact that, by
Theorem 7, the largest positively f-invariant set contained in
V(hi,...,hy) is given by V(hq,..., by, Arh, .. .). O

The following Algorithm 2 resumes the computations to be
carried out to solve Problem 2 in the polynomial case by using
the method outlined in Theorem 8.

Note that, as for Algorithm 1, in order to apply Algorithm 2,
just the knowledge of the polynomial f and hq,..., h,, is
required. The following Fig. 6 illustrates Algorithm 2.

The following remark details how to determine the restric-
tion of the dynamics (12) to S in a particular case.



Algorithm 2 Solution to Problem 2.

Imput: f € R"[z] and Ay, ..., h, € Rlz]

Output: the largest positively f-invariant set contained in
V(hi,-.hm)

Ko < /(h1y- - ham)s N 0, Ky < /Ko + AfKo

while IC]\7+1 75 ’CN do

N < N +1, ICNJrl — \/K:I\”[‘FAfK:N

return V(Ky)

Ll > ey

.
Ky < Ky +45Kx

Fig. 6. Illustration of Algorithm 2.

Remark 4. If the variety S is rational (i.e., there exist s € Z>q
and rational mappings w : S --» R, ¢ : R® --» S such
that Y ow(x) = x for all v € S and w o V(o) = o for
all o € R?®), then the restriction of the dynamics (12) to S
can be easily determined. Namely, letting s € Zxo be the
dimension of S, the dynamics of system (12) restricted to S
are o(t+1) =wo fodool(t).

V. EXAMPLES OF APPLICATION OF THE GIVEN METHODS

In this section, several examples are given in order to
illustrate the application of the proposed methods.

The following example shows how Algorithm 1 can be used
to determine the set of initial conditions that make the output
of a linear system be identically zero.

Example 9. Consider the linear system obtained either
Sfrom (3) or from (12) by letting f(x) = Az, with

o a1 0
[ o]

Consider the linear function h(x) = Cx, where
C = [ C1

Note that, if both f and h are linear, f(x) = Az, h(z) =
Cz, then Lih(x) = Aph(x) = CAzx, thus, in such a
case, the outputs of Algorithms 1 and 2 are identical. By
applying Algorithm 1 with inputs f and h, consider the
ring Rlay,aq,c1,co, w1, 2] and fix the lex order >, with
ay > ag > ¢ > cg > x1 > x9. Hence, compute Ko = +/(h),

C2 ]

K1 = Ko+ LaKo and Ko = K1 + LazK1. The reduced
Groebner basis of such ideals are:

Ok, = {c171 + caxa},
glC1 = {(a1 - a2)02$2701$1 + 02332},

Gk, = {(a1 — az)cowa, c11 + cawa}.

Therefore, since G, = Gk,, the algorithm terminates with
N = 1. One has the following cases:
(i) if (a1 —az)ea 0, 1 #£0, then S = {0},
(ii) if (a1 —az)ca =0, ¢1 # 0, then S = V(c121 + c222);
(iii) if (a1 —az)ca #0, ¢; =0, then S = V(x3);
(iv) if (a1 —az)ca =0, ¢; =0, one has three cases:
(iv.a) if ay = ag, ca # 0, then S = V(x2);
(iv.b) if a1 # as, cy =0, then S = R?;
(iv.c) if a1 = ag, c2 = 0, then S = R?.

~— — — —

The following example illustrates how the proposed meth-
ods can be used to study the stability of a mechanical system
by using its energy as Lyapunov function.

Example 10. Consider the mechanical system depicted in
Fig. 7, whose dynamics are given by © = Ax, where

o 1 0 0
2% _d k d

A= ¢ 0 T |
k4 _2% _d

x(t) € R* represents the positions and velocities of the two
bodies having mass m, k is the stiffness of the springs and d
is the damping coefficient of the damper.

Fig. 7. A mechanical system.

Consider the candidate Lyapunov function
V= %(%(mf — 2371 + 23) + m(x3 + x3)),

which is the total energy of the system. It can be easily derived
that LyV = —d(x2 — x4)* < 0. Therefore, the origin of the
considered system is stable (actually, the sub-level set {x €
R* : V(z) < ¢} is positively invariant for any ¢ € Rsq). By
using Algorithm I with input f(x) = Az and h(z) = L;V (x),
one obtains Ko = (o — x4), K1 = (x9 — 24,21 — x3), and
Ko = KC1. Thus, the largest invariant set contained in V(L V')
is S = V(xo—x4, 1 —23). Thus, by Theorem 2, every solution
of & = Ax approaches S as t — .

The methods given in this paper can be used even if in the
largest f-invariant set contained in V(hq,..., h;,) there is a
limit cycle, as shown in the next example.

Example 11. Consider system (3) with f(z) =
[ —21(2? + 23 —1) —a2(z? +23 —1) |7, which has been
obtained by using [27, Alg. 1] and imposing V(z% + 23 — 1)
as limit cycle. Letting V. = (x2 + 23 — 1)%, note that
LV = —4(2? + 23 — 1)%(2? + 23) < 0, thus implying



that sub-level sets of V' are positively invariant. By using
Algorithm 1 with input f(x) and h(zx) = L;V(x), one
obtains Ko = ((x3 + 23 — 1)%(22 +22)) and K1 = Ko. Thus,
the largest f-invariant set contained in V(L;V') is

S = V((a + a3 — 1)*(af +23)) = V(2 + 23 — 1) U{0}.

The following example shows how the given tools can be
used to study the behavior of an averaging algorithm.

Example 12. Consider the equal-neighbor averaging model
[46] x(t + 1) = Ax(t), with

A:

O w0l
(Sl NI
= O

Consider the candidate Lyapunov function

V = (21 — 22)% + (21 — 23)%.
By using the “complete the squares” procedure [47], one
obtains that AyV —V can be written as

AV =V =3 (xy — Sag — %x3)2 — o (12 — r3)?,

thus guaranteeing that the sub-level sets of V are positively
invariant. By using Algorithm 2 with input f(x) = Ax and
hMz) = AfV(x) — V(z), one obtains Ko = (h) and K1 =
(x1 —x3, xo — x3) = Ko. Thus, the largest positively invariant
set with respect to x(k + 1) = Ax(k) contained in V(h) is
S = V(x1 —x2,x2—x3). Hence, by Theorem 5, each bounded
solution of the considered averaging algorithm tends to S.

The following example shows how Algorithm 1 can be used,
with minor modifications, to solve the output zeroing problem
and to determine the zero dynamics of a nonlinear controlled
system.

Example 13. Consider the system given in Example 6.1.6
of [42], & = f(x) + g(z)u, y = n(x), where

T2 1 0
Ty T3 T2
fa)= o |og= |0 0| @ =| 2.
xIs rs T2
I3 1 1
u(t) =[ wi(t) wu2(t) ]" € R?and y(t) € R? are the control

and output vectors, respectively. The objective of this example
is to determine the set of initial conditions and control inputs
that make the output of the system be identically zero. By the
same reasoning used to prove Lemma 1, one has that y(t) = 0
for all admissible t € R if and only if all of its time derivatives
vanish. Thus, by computing the time derivative of the output
up to the third order, one obtains a set of polynomials in the
state of the system and the time derivatives of the input, up to
the second order. By computing the reduced Grobner basis of
the corresponding ideal, one obtains

Gz = {ug,1,u1,1,U0,1, 5, T4, U2 + T3, 22,21},

where u;; = C‘li—;uj, it = 0,1,2, 5 = 1,2. Note that,
by equating the elements of G to zero, one obtains set of
Differential Algebraic Equations that can be solved by using

any Computer Algebra System (see, e.g., Algorithm 6 of [48]).
In particular, the solution to Gz = 0 is

=]

— 23
Thus, by letting f*(z) = f(z)+g(x)u*(x) and letting h(z) =
[ 21 22 x4 x5 |7, and by using Algorithm 1 with input
f* and h, one obtains that the set S = V(h) is the largest
invariant set with respect to @ = f*(x) contained in V(h).
Therefore, the control input w* and the set S solve the output
zeroing problem. Thus, the method given in Remark 3 can be
used to determine the zero dynamics of the system. In fact,
T:(S) = V(x1,xe, x4, x5) for each T € S and the restriction
of f*(z) 10 S is

ff@)=[0 0 —z3 0 0],

:|, Z1:x2:$4:1’520. (22)

whence the zero dynamics of the system are 3 = —x3. Note
that the same result has been obtained in [42], by using
different arguments.

It is worth noticing that the procedure outlined in Exam-
ple 13 does not require neither that the system is input affine
nor that the number of inputs is equal to the number of outputs,
as shown in the following example.

Example 14. Consider the plant & = f(x,u), y = n(x),

LEQ—UB z
Few)= | —u—m |, n(x)z[ ]
3 Z2
r1 — T3

By computing the time derivatives of the output, the reduced
Grobner basis of the corresponding ideal is

gI - {UO,Z‘Q, .Tl}.

Thus, by letting f*(z) = f(x,0) and h(x) = n(x), one
obtains that the largest invariant set with respect to the system
& = f*(x) contained in V(h) is S = V(h). Therefore,
w*(x) = 0 and S solve the output zeroing problem. The
method given in Remark 3 can be used to determine the
zero dynamics of the system. In fact, one has that T5(S) =
V(z1,x2) for each T € S and the restriction of the vector
field f*(z)to Sis [ 0 0 —x3 |T. Thus, the zero dynamics
of the system are i3 = —x3.

The following example shows how Algorithm 2 can be
used to characterize the observability of system (12) from the
output. Consider the discrete-time system

w(t+1) = f(x(t)), y(t) = h(z(t))-

System (23) is zero-state observable if y(t) = 0, t € L,
implies z(t) =0, k € Zx( [44].

(23)

Example 15. Consider system (23), with

Ty + 23
1 — 223
i) + I3
1+ I3

fz) =

By using Algorithm 2 with input f and h, one obtains that
Ko = (w1,22), K1 = (x1,22,24), Ko = (21,22, 23, 74),



and K3 = Ko. Thus, the algorithm returns as output S =
V(K3) = {0}, i.e., the largest positively f-invariant set such
that y(t) = 0 for all t € Zxq is {0}, whence the system is
zero-state observable.

VI. CONCLUSIONS

In this paper, some computational tools have been proposed
to determine the largest invariant set contained in an analytic
set, in the case of both continuous-time and discrete-time
nonlinear systems. In particular, it has been shown that, if the
vector field governing the dynamics of the system is analytic,
such a set can be computed by determining the set of all the
solutions of a system of (possibly, infinite) analytic equalities.
On the other hand, if the vector field is polynomial and the
algebraic set is a variety, then this set can be determined
with a finite number of steps. Several applications to control
problems have been reported. In fact, as shown in Section V,
the techniques proposed in this paper can be used to determine
the set of initial conditions that make the output of a linear
system be identically zero, to study the stability of dynamical
systems, to characterize the behavior of averaging algorithms,
to solve the output zeroing problem, to determine the zero
dynamics of a nonlinear controlled system, and to characterize
the zero-state observability of autonomous nonlinear systems.

Future developments of the techniques given in this paper
will deal with the extension of the proposed algorithms to the
hybrid case, i.e., to systems presenting both continuous-time
and discrete-time dynamics.

Note that Algorithms 1 and 2 are computationally tractable
in many cases of practical interest. In fact, although computing
Grobner bases is, in the worst case, an EXPSPACE—complete
problem [49], in the generic case, Grobner bases can be
computed efficiently by the most recent algorithms and hence
the algorithms given herein can be actually employed (see
[50], [51] for further details).

Therefore, although the main limitation of the proposed
approach is the computation of Grobner bases of the ideals
Ki,...,Kn, it may be used to solve problems of practical
interest. For instance, an implementation of Algorithm 1 in
Macaulay?2 has been used to solve Problem 1 with f and
h being polynomials in 10 variables of degree 6 within
reasonable computing time.
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