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Abstract

In this paper, we develop tools to establish almost sure stability of stochastic switched systems whose
switching signal is constrained by an automaton. After having provided the necessary generalizations of
existing results in the setting of stochastic graphs, we provide a characterization of almost sure stability
in terms of multiple Lyapunov functions. We introduce the concept of lifts, providing formal expansions
of stochastic graphs, together with the guarantee of conserving the underlying probability framework. We
show how these techniques, firstly introduced in the deterministic setting, provide hierarchical methods
in order to compute tight upper bounds for the almost sure decay rate. The theoretical developments
are finally illustrated via a numerical example.

1 Introduction

Switched linear systems provide a fruitful mathematical model for a large class of physical systems and have
been the center of intense research in the last decades, for an overview, see [I]. In this framework, given M
linear subdynamics Ay, ..., Ay € R" ™ we consider the system

x(k+1)= Ag(k)x(k), keN, (1)

where o : N — {1,..., M}, the switching signal, selects, at each instant of time, which subsystems the
solution will follow. In some situations, we only have partial information on the reasonable/suitable signals
o: N = {1,...,M}, and thus the jumps among the subsystems are modeled as a stochastic process,
providing, at each instant of time, the probability of having followed a particular switching policy. In this
case, the arising stochastic system takes the name of discrete-time (Markov) jump linear system or stochastic
switched system, and the earliest works studying stability in this setting can be found in [2, 8L 4]. The case of
stochastic switching modeled by an i.i.d. (independent and identically distributed) sequence or by a Markov
chain process is studied in [5] [6] [7], 8] [9].

Since we consider stochasticity in system (), several stability notions can be defined and tackled. The
case of worst case stability is studied in [I0} [I1], providing a graph-constrained adaptation of the concept of
joint spectral radius (JSR), see [12] for a monograph. The case of second moment stability, (i.e. studying the
convergence of the mean of the squared norm of solutions), is tackled in [5 6 [13]. In these works, it is proven
that the second moment stability can be ensured, without conservatism, by semidefinite optimization, via a
quadratic Lyapunov functions approach. The case of g-moment stability is tackled in [5l 14} [15], providing
again a characterization in terms of a “spectral quantity” (q-radius) and/or in terms of Lyapunov functions.
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In some situations, worst case or g-moment stability notions are restrictive or not meaningful for the
considered systems; for that reason, recent research focused in studying almost sure stability: system () is
said to be almost surely stable if the solutions are converging to zero, for almost all switching sequences (with
respect to the underlying probability measure). This problem is studied for example in [16] [8, @, [7, 17 18],
and a common tool in this analysis is provided by the (mazimal) Lyapunov exponent, which provides a
characterization of almost sure stability: indeed, the Lyapunov exponent can be seen, roughly speaking, as
a probabilistic counterpart of the (logarithm of the) JSR. Unfortunately, it is well known that the problem
of computing the Lyapunov exponent is NP-hard or even undecidable, see [19].

In this manuscript, we provide novel techniques to estimate the Lyapunov exponent, proposing new
sufficient conditions for the almost sure stability of (). Our ideas rely on a language-theoretic interpretation
of Markov chains, and are inspired by techniques introduced in [I0] for the deterministic case. We consider
formal expansions of Markov chains, called lifts, which, while not modifying the behavior of the stochastic
system, simplify the task of providing upper bounds to the Lyapunov exponent. This requires to introduce
a flexible stochastic model, generalizing the Markov chains framework, and we thus consider the stochastic
graphs formalism, see [20]. Then, our approach makes use of the concept of multiple Lyapunov functions,
introduced in [21], [7] in the i.i.d. case, and adapted here in this general context. We prove that, increasing
the dimension (in terms of node/edges) of the lift of the Markov chain, the corresponding estimation of the
Lyapunov exponent is asymptotically exact.

The manuscript is organized as follows: in Section [2] we recall the necessary preliminaries of probability
theory, while in Section [3] we provide the extension of results involving almost sure stability, the probabilistic
spectral radius and multiple Lyapunov functions. In Section [l we define the main concepts of our work, the
lifts of stochastic graphs, and we provide our main results, which are then illustrated in Section [6] with the
help of a numerical example.

2 Preliminaries

In this section we introduce the necessary notation from probability theory and stochastic switched systems.

2.1 Shift Space and Ergodicity

Given M € N, consider the finite set (M) := {1,..., M}, and the one-sided Bernoulli space defined by
Yy ={o=(00,01,02,...) | Yk €N, o1 € (M)}. We consider the left-shift operator £ : Xy — Xy defined
by (o) = (01,02,...). The Borel o-algebra of s, denoted by B(X)r), is generated by the cylinders of
the form [ig—_1,...,40] :== {0 € Xpr | 00 = 40, ... ,0k—1 = igp—1}, where k € N is the length of the cylinder.
There is an identification between cylinders of length k and elements of (M)* and thus we also denotes with
i = (ik—1,...,i0) € (M) a generic cylinder [i] of length k. A measure p on (X, B(Xpr)) is said to be
shift-invariant if p(¢=1(C)) = p(C) for all C € B(Xpr). A shift-invariant measure u is ergodic with respect
to £ if for all C' € B(X)s) such that £71(C) = C we have (u(C) = 0 or u(C) = 1). For an overview of this
topic see [22) Chapter 1].

2.2 Stochastic Graphs and Stochastic Switched Systems

In the following, given M € N, we introduce the structure used to define probability measures on (Xas, B(2a)).
Definition 1. Given M € N, a stochastic graph G = (S, E,p) on (M) is defined by

1. A finite set S, the set of nodes;

2. The set E C S x S x (M) of directed, labeled edges;

3. A function p : E — (0, 1], where, given e € E, p(e) is the probability associated with e € E.



We denote the generic edge by e = (a,b,i); i =: lab(e) € (M) is the label of e, a =: st(e) € S and
b =: end(e) € S are the starting and ending nodes of e, respectively. The probability p(e), when needed, is
also denoted by pgp;. We require that

Z Dapi =1, YaeS.
beS,ic (M)

When needed for notational simplicity, we set p,p; = 0 for every (a,b,i) ¢ E. For every K € N,
by Path™(G) we denote the set of paths in G of length K. Given § € Path’(G), 7 = (ej,,--- ,ejy), we
define p(q) := p(ej,) - plej ). We denote by st(q) € S the starting node of § € Path™(G), and we say
that & = (ir_1,...,70) € (M) is the label of § = (ej,,--- ,ej.) € Path’(G) and we write lab(q) = i if
lab(ejl) = io, ceey lab(ejK) = ’L'Kfl.

We define Zg the set of probability distributions on S, and we can identify =g = {£ € R‘f‘ | Z‘Ji‘l & =1}
Given any £ € Eg and any stochastic graph G on (M), we can define a probability measure on (X7, B(2r))
as clarified in what follows; for every k € N, we first consider a probability measure on S x (M)*, denoted
by Pg ¢ (without making k explicit, for simplicity) defined recursively as follows:

Pge(s,0) :=&(s), VseS,
Pge(s,4) =D 0es§(a)Paysir V (s,1) € S x (M), (2)
]P)gyg(s,i) = EaeS Pg,g(a,i*)pms@f, Vs € S, 1€ <M>k

where, given i = (ig_1,...,40) € (M)*, i~ := (ip_a,...,ip) € (M)*~! denotes the predecessor of i and
i :=ik—1 is the final label of i. Intuitively, Pg ¢(s,7) denotes the probability of “being” in the node s € S
after having followed a path labeled by the (multi-)index i € (M)*, given an initial probability measure €.

Finally, we introduce pg ¢ on (Xar, B(Sar)) by defining it on the set of cylinders of Xy, ie., Vi € (M)F,

Vk € N we set
po.e(i) =Y Pge(s,i). (3)
seS

Another possible definition of (3], is obtained setting

po.e(i) =Y &(s) > p(@), (4)
s€S ge Path®(G)
st(q)=s, lab(q)=1

for all i € (M)* and for all k € N. It is easy to see that (@) and (@) are equivalent and in the following
we may use both, depending on the convenience. With this definition, for any stochastic graph G and any
€ € Eg, we have that (X, B(Em), g,e) is a well-defined probability space.

Remark 1 (Choice of the model). For more details regarding the stochastic graph formalism, see [20, Defini-
tion 2.3.14] and references therein. The case of finite Markov chain is recovered by the setting in Definition [k
given a stochastic matrix P = (p;;) € R%XM , the state transition matrix associated to a time homogeneous
Markov chain, we can define the corresponding stochastic graph by S := (M), E = {(i,4,7) | (i,j) € (M)?}
and p; j ; = pij, for all (i, j) € (M)?2. For a graphical representation, see Figure[Ial It can be seen that every
stochastic graph can be rewritten, paying the price of “enlarging” the alphabet and/or the node set, as an
ordinary Markov chain, see [20]. We carry out the analysis in the setting of general stochastic graphs, since
it will be crucial, in the following sections, when considering “expanded” version of a given graph/Markov
chain.

In the next developments, given a stochastic graph G, we consider the following crucial property.

Assumption 1. The considered stochastic graph G is strongly connected, i.e., for all a,b € S there exists a
path in G starting at a and arriving at b.



Given G = (S, E, p) a stochastic graph on (M), let us consider the stochastic matrix Py € R‘ZSO‘X 151 defined

by
Pa,b ‘= Z Pa,b,i- (5)

1€(M)

If G satisfies Assumption [I, by the Perron-Frobenius Theorem, we can consider &g € Eg as the unique
measure such that £ Pg = £J, which satisfies §g; > 0 for any j € {1,...,[S]}. This unique measure &g is
refereed to as the invariant measure of the stochastic graph G. We recall the following important properties
that we use in what follows.

Lemma 1. Consider a stochastic graph G on (M) satisfying Assumptiondl Then, the measure pge¢, on
(Xn, B(Ear)) is shift-invariant and ergodic and, for any § € Eg, the measure ug ¢ is absolutely continuoud]
with respect to g e -

The first part holds by ergodic theory, see for example [22] Chapter 1], while the absolute continuity of
ug,e for any £ € =g follows by the fact that {g > 0 (component-wise). Now that the stochastic setting is
well defined, we introduce the class of systems we study in what follows.

Definition 2 ((Stochastic) Switched Systems). Let us consider M, n € N, A:={Ay,..., Ay} CR™"™ and
a stochastic graph G on (M). We consider the discrete-time switched system S(A,G) defined by

x(k+1)= Ay, x(k), keN, (6)

where o € X, is also called the switching sequence. Given £ € Zg, we consider the probability space
(Enm, B(Eam), pg,e) and the asymptotic behavior of systems (6)) is then studied with respect to this measure.

Given 2o € R™ and o € X), we denote by x(k, xo, o) the solution of (@), starting at xo with respect to
the signal o, evaluated at time k& € N. Similarly, given A = {A;1,..., Ay} C R™*" for any k € N, given
i = (ik—1,---,%0) € (M)* we use the notation A(7) = A;,_, ---A;,, and given o € Xpr, A¥(0) = Ay, - Agy -

3 Almost Sure Stability and probabilistic spectral radius

We now introduce the considered stability notion and the corresponding spectral characterization.

Definition 3. Consider M,n € N, A = {A;,..., Ay} C R ™ and a stochastic graph G on (M). Given
® C =g the switched system (@) is said to be uniformly almost surely asymptotically stable with respect to @
if, for any x¢ € R™ and any £ € ® we have

In the case & = =g, the term “with respect to ®” is omitted.

It turns out that this stability notion, (as the “deterministic” one, introduced in [7]) can be characterized
by studying a corresponding probabilistic spectral radius.

Definition 4 (Probabilistic Spectral Radius). Consider M, n € N, A = {A;,..., Ay} C R"*™, a stochastic

graph G on (M) and & € Zg. Given any operator matrix norm || - ||, we define
3
po(A, G, €) := limsup H |AG)||Pee® | (8)
k—o0 se(M)k

The quantity po(A, G, &) is referred to as the probabilistic spectral radius of A induced by G and £ € Zg.

LGiven 2 measures p,v (on a generic measurable space), p is absolutely continuous with respect to v is v(C) = 0 implies
m(C) =0.



The subscript 0 in pg(A, G, &) is motivated by the fact that this radius can be seen as the limit, for ¢
going to 0, of the g-spectral radius, i.e. the quantity characterizing the stability of the g-moment of solutions,
see [23] B]. From now on we study stability with respect to the whole set Zg; under Assumption [ this is
not restrictive: using Lemma [I] it can be shown that, for any £ € Zg, we have

sup pO(Av gaé) = pO(Av g,gg), (9)

£€Es

see [, Lemma 2.3]. We have the following relation between almost sure stability and probabilistic spectral
radius.

Proposition 1. Consider M,n € N, A ={A1,..., Ay} CR™ ™ and a stochastic graph G on (M) satisfying
Assumption[dl. Then, the system S(A,G) is uniformly almost surely asymptotically stable if and only if

pO(A7g,€Q) <L

Sketch of the Proof. The proof can be found in [5] for the case of Markov jump linear systems (i.e. for
stochastic graphs arising from strongly connected Markov chains), and the ideas can be adapted in this
context, mutatis mutandis. The peculiarity here is that we consider the probabilistic spectral radius as defined
in ([8). Instead, most of the literature concerning stability of stochastic switched systems (cfr. [5l [16], [17] 24]
and references therein) introduce the (mazimal) Lyapunov Exponent

1
M(A,G,§) = 1ikmsup 7ia. (log [|A*(a)I) (10)

to characterize almost sure stability. Since it holds that e?o(498) = po(A, G, &), we can apply the same
arguments in our case. O

The reason to consider the probabilistic spectral radius (instead of the Lyapunov exponent) is two-fold:
from one side, this allows to draw a parallel with the definition and estimation techniques for the JSR
(see [18]), and, on the other hand, it allows us to simplify the following notation and proofs.

3.1 Lyapunov Multi Functions for Almost-Sure Stability

To give a “computable” characterization of the probabilistic spectral radius, we define the space of candidate
Lyapunov functions.

Definition 5. We say that f is a candidate Lyapunov function (and we write f € F,) if f: R" — R is
continuous, positive definite, and positively homogeneous@.

Definition 6 (Lyapunov Multi-Functions). Consider A = {A41,..., Ay} C R™*" a stochastic graph G =
(S, E,p) and a scalar p > 0. A Lyapunov multi function (LMF) for S(A,G) w.r.t. pis a set of |S| functions
F:={f, € F, | a€ S} such that, V& € R",Va € S,

IT TI(sAi)Pers < pfa(a). (11)
i€(M) beS

Proposition 2. Consider A= {A;,...,An} CR™ " qa stochastic graph G, it holds that

Su_p pO(Aagvg) S
§€=s (12)
inf{p>0|3 F C F,, LMF for S(A,G) w.r.t. p}.

If G satisfies Assumption [l the equality holds, i.e.,

Po (A7 ga gg) =
inf {p > 0|3 F C Fy, LMF for S(A,G) w.r.t. p}.
2A function f :R™ — R is positively homogeneous if f(ax) = af(x), for any a € Ry and any = € R™.




Proof. First, consider a Lyapunov multi function for § = (A, G) w.r.t. p, denoted by F := {fs € F,,| s € S}.
We show that for every € € Zg, we have pg(A, G, §) < p. By finiteness of S and since fs € F,, are homogeneous
of degree 1, continuous and positive definite, there exist a, 5 € Ry such that

alz] < fo(x) < Blz| Yz eR™, VseS. (14)

Let us consider any & € Zg, we want to prove that, for every k € N|

H H fs(AQG)x)Foe( 7J)<pka )6V e R™ (15)

SES]E M)k seS

We prove it by induction, the case k = 0 is a trivial identity (posing, by definition (M)" := {(}}). We consider
any k € N and supposing that ([T is verified for k — 1 we prove that it is also true for k. Computing

R I | B

$€ES je(M SES je(M)F
Pg,¢(a,i)
:H H H[fs( Gz )pasyf Pge(a,j”) _ H H H H £l A A(R)z)Pesd
s€S je(M)*k aeS a€S ie(M)k-1 | s€S je(M)
<p[] Tl faA@2)7oc®) < pph ] £ol@)®® = pF I fola)t®.
a€Sie(M)k—1 seS seS
Now, using ([4) and (IE) we obtain
)z Pg,¢(s,9) |AG)z| Pg,e(s,)
A ugg — _ A
T e <1 T] mex [T 1T (oo p e
je(M)*k SES je(M)* SES je(M)* ac
]PQ,E( 7.7)
ﬁ H H < (A(])I)g(a)) < ﬁpk_
& €8 je My ””750 [Loes fa(@)8 a

1 1

Concluding we have, for any { € Zg po(A, G, &) = limsup,,_, |:Hj€<M>k [AG)|#o¢D) |7 < limg o (g) Y=
p, as to be proven.

The idea of the proof of (I3) can be found in [21] for the case of i.i.d. matrices; the construction applies

in the ergodic case (i.e. under Assumption [l and applying @), mutatis mutandis. O

In Proposition [2] we consider the infimum over all the possible candidate Lyapunov functions in (]_—n)\s |
Since, usually, it is practical to restrict the search to a particular subset (e.g. quadratic norms, SOS-
polynomials, etcetera), we provide the following definition.

Definition 7. Consider A = {A1,..., Ay} C R™" and a stochastic graph G. Consider a subclass of
candidate Lyapunov functions ¥V C F,,, we define

pO,V(Av g) =

16
inf{p>0|3F CV LMF for S(4,G) w.r.t. p}. (16)

In Proposition 2] we have proven that po 7, (G, A) = supgcz, po(G, A, §), and thus, for any V C F,,
sup po(gu A7 6) < pO,V(g7 "4) (17)

£EEs
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Figure 1: A stochastic graph and its 2-Step Lift and Path Lift of degree 1.
4 Approximation of the probabilistic spectral radius: Graph-Based
Lifts

In the following, we define some “expansion techniques” of stochastic switched systems, providing related
results concerning the computation of the probabilistic spectral radius.

4.1 The Step Lift

We introduce a formal expansion of stochastic graph which, intuitively, induces the same stochastic frame-
work on X7, while focusing not on the transition among letters (i.e. ¢ € (M)), but among sub-words of the
form 2 = (ig—1, ..., ig) € (M)X of arbitrary length K € N.

Definition 8 (The Step Lift). Let us consider M € N, a stochastic graph G = (S, E,p) on (M) and a set of
matrices A = {Ay,..., Ay }. Given the system S(A,G) and any integer K > 1, the K-step lift of S(A,G)
denoted by LES(A,G) is a stochastic system defined by a stochastic graph on (M) GK = (SK EX pk)
and a set of matrices AX defined as follows:

1. Sk =g,
2. For any “candidate edge” for GX, (a,b,7) € S x S x {M)X we inductively define its probability weight by

K . Z K-1 )
Papi = pa,c,i* Deb,ig-
cesS

By convention, if p, ;,; = 0 then e = (a,b,i) ¢ EX.
3. AK = {A() | i € (M)E}, where, given i = (ix_1,...ip) we recall that A(?) = A;_, -+ A

10 *

It is clear that L' S(A,G) = S(A,G). In the following statement we collect the relations between the
probability measures induced by G and G¥, respectively.

Lemma 2. Consider a stochastic graph G on (M) and K € N; it holds that Pgrx = PgK, where Pg and Pgx
are defined as in ([B); this implies g = £grx . Moreover, for any k € N, K € N\ {0}, any £ € Eg and any
i€ (M)*E we have

1g.e (i) = ngr ¢ (2)- (18)
Proof. The first part follows from the definition in (&) and from Item [ of Definition 8 Equation [IJ) is a
consequence of Pgx = P, once recalled (@) and (). O

Ezample 1. Consider the stochastic graph H in Figure [[al It represents the case of a (strongly connected)

Markov chain, with transition matrix given by P = Py = “;Z g;i] and &y = [3/11, 8/11]T. The corre-

sponding step lift of degree 2, denoted by H? is depicted in Figure Bl Recalling the definition of Pg given

by (B is easy to see that P2 = {153//1488 ;g;g} = P}, as predicted by Lemma [2



Theorem 1 (Properties of Step Lift). Consider M € N, a stochastic graph G on (M) and A= {A1,...,Ap} C
R™*". For any K € N\ {0}, and any £ € Eg it holds that

po(-AK,gKaf) = [pO(Avgvg)]K' (19)

For any (non-empty) subclass of candidate functions V C F,, we have

sup pO(Av gaé) < Ky pO,V(AKa gK) < pO7V(A7 g)a (20)

ex

and moreover, if G satisfies Assumption 1, we have
po(A,G,&g) = lim  /pov(AK,GF). (21)
K—+o0o

Proof. The equivalence in ([9) follows by ([I8). Indeed, consider any K € N and any £ € Eg computing,

1 1 L
% | K

po(A.G,€) =timsup | JT JA@Io< | = fimsup | T JAG)|"e<? = po(A¥,GX, %,
k— o0 s (M)F k’/— o0 JE((MYE )R

For (20)), the left-inequality follows by (I9) and ([I). For the right inequality in (20), let us consider any
p > pov(A,G). We recall that, by definition, there exists F := {f; | s € S} € VI9I, such that

H 1 fo(Ai)reri < Gfa(x), Vo €R™, Va e S.
)y beES

Firstly, we prove by induction that, VK € N\ {0},

IT I]AA@z)Ps <55 fulz), Vo eR", VaeS. (22)

ie(M)K beS

The case K =1 is trivial, let us suppose the statement is true for K — 1, computing, for any a € A and any
z € R" we have

H Hfb :Daz”: H Hfb(A(i)ﬂi) ces P 1 Pebip

ie(M)YK beS e(M)YK beS
pE L
7 “e ~ -~ K7£ K
= II II|II I1s@aGhap=en) <i I I feAG)a) e <5 fula).
je(M)yK~-1ceS | he(M)beS je(M)yK-1ceS

We have thus obtained that for any 5 > po v (A, G) there exist a set F' = {f, | s € S} € V¥l such that ([22)
holds, and recalling Definition [ we have pg v (AX,G%) < p% and thus po (AKX, GE) < pov(A,G)E, as to
be proven. We now prove (2I]); we denote p := po(A4, G, &g). Let us consider any f € V C F,, by homogeneity
there exist 0 < a < 8 such that

alz| < f(z) < Blz|, VzeR™ (23)

For any a € S, we will denote by £, € =g the indicator measure of a € S, i.e. the probability measure
defined by &,(a) =1 and &,(s) =0 for all s € S, s # a. By [) and (@), for any £; > 0 there exists a K1 € N
such that

1
Ky

IT 1AG|pes® <p+e, Vaes.
ie(M)K1



Recalling (@), it is clear that ug¢, (2) = Zbespf}) ;» and we can thus write

1
K1

H [T 114G J|[Pede <p+e, VYaes.

ie(M)¥K1 besS

Developing

1
Ky

K1
11 H( o |x| |)W <p+e, Vaes,

ie(M)¥K1 besS
implies that, for all x € R", we have

1
K1

I1 I1AGarte| < (p+e)lal®i, Vaes.

ie(M)K1 besS

Now, identifying fs = f, for all s € S and using (23] we obtain that, for all x € R™,

H Hfb Pt S(P-FEl)Klfa(:v), Yae€S.

ie(M)¥1 besS

Recalling the definition in (I6) and by induction step in the proof of ([20]), we have thus proven that, for every
£ > 0, there exists a K; € N such that py (G, AX) < g(p—l—El)K, for every K > Ki. Now, given any ¢ > 0,
it suffices to choose €1 < € small enough and K € N, K > K; big enough such that g(p +e)E < (p+e)X
This implies that, Ve > 0 there exists K € N such that

p(G5,AF) < (p+e)F
and thus lim g0 py(GE, AK) = p& = po(G, A, &g) X, concluding the proof. O

We note here that in Lemma 2] and Theorem [Il Assumption [lis not required, except for the convergence
property in (2I)). In other words, since the K-step lift conserves the probabilistic structure for any G and
with respect to any initial probability £ € =g, the ergodicity is not required.

Remark 2. Theorem [l provides a technique to approximate the probabilistic spectral radius. Once a “prac-
tical” (in terms of optimization purposes) family of functions is fixed, choose a K € N, construct the K-step
lift of the considered system S(A,G). Then, solve (or approximate) the optimization problem in (I8) and
find (an upper bound for) poy(AX,GX). The K-root, pO,V(AK,gK)% by Theorem [ provides an upper
bound for the probabilistic spectral radius of S(A,G). Under Assumption [I] this upper bound also converges
to po(A,G,&g) no matter the chosen family V; of course, the “speed of convergence” will depend on V.

4.2 The Path Lift

In this subsection we propose another lift, defining an augmented graph which, intuitively, adds memory to
the framework, considering paths of given length as new states.

Definition 9 (The Path Lift). Consider M € N, a stochastic graph G = (S, E,p) on (M) and A =
{Ay,..., Ay} CR™ ™, Given any integer R > 1, the path lift of degree R of S(A,G) denoted by LrS(A,G)
is a stochastic system composed by a stochastic graph on (M), Ggr = (Sg, Er,pr) defined recursively as
follows:

1. For any path of length R, § = (e1,...,er) € Path®(G) in G, add a node sg € SR;



2. For each path T = (e1,ea,...eg,ep+1) of length R+ 1 in G, with ¢ € (M) the label of egy1, add in Eg
the edge (851786277;)7 where G = (617 s 7eR) and qy = (627 cey 6R+1);

3. For any path 7 = (e1,€2,...€eg,er+1) € Eg of length R+ 1, set pr(F) = p(er+1)-

Given any £ € =g, we consider the path lift measure of degree R £r € Eg,, defined as follows: for every
sg € Sp with @ = (e1,...,er) and ey = (a,b,i) € E, define:

§r(sg) == E&(a)p(er) -~ pler). (24)

From Definition [0 we have that, for any R € N, Gry+1 = (Gr)1 and, similarly, for any £ € Zg, £py1 = (€r)1
i.e. the path lift of degree R + 1 is the path lift (of degree 1) of the path lift of degree R. It can be
seen that, given any stochastic graph G and any £ € Zg¢ and any R € N, Gr and &r € Zg,, introduced
in Definition [0 are a well-defined stochastic graph and a probability measure, respectively. Moreover, if G
satisfies Assumption [l so does Gg.

Lemma 3. Consider a stochastic graph G satisfying Assumption ], and consider g its invariant measure.
Then, for every R € N, we have that (§g)r = &g, i.e. the path lift measure of degree R of {g is the invariant
measure of Gg.

Proof. Consider any stochastic graph G = (S, F,p). Since, for any R € N we have that Gry1 = (Ggr)1 it
suffices to prove the claim for R = 1. We want to prove that ({g)1 = g, ; since &g is the invariant measure
of G, recalling (B]), we have that {g(r) = >_ c5&a(8) Xoie(ary Ps,ryis Vr € S. Consider any e = (a,b,4) € G,

we have that
(E)1(e) = &g (@p(e) = 3 a(s) 3 poainle)
i€(M)

ses
=3 > &(s)ps.aiple)
s€S ie(M)
= Y onhpe =S @) nl(fe),
fEE, feE

end(f)=st(e)

recalling that, by Item Bl of Definition @, we have p1((f,e)) = p(e). We have thus proven that (£g); is
Lyapunov for G, and by uniqueness of invariant measure, we conclude. O

Ezample 2. Consider again the stochastic graph H in Figure [al The corresponding path lift of degree 1,
H; is represented in Figure [Id It can be seen that (considering the lexicographic order on the nodes), we

have
1/3 2/3 0 0]

_ | o o 174 3/4
Py, = ll/S 2/3 0 0
0 0 1/4 3/4
and computing, we obtain &, = [1/11 2/11 2/11 6/11]", which is equal to (£3)1, as proven in Lemma [3]
Now we can prove the main result of this subsection, establishing relations between the probability
measure on (X7, B(Xy)) induced by a stochastic G and € € Zg and by Gg, its path lift of degree R, and
the corresponding ¢g.

Theorem 2 (Properties path lift of degree R). Consider any stochastic graph G, any distribution & € Zg
and any R € N. For all k € N, for all i € (M)*, we have

[ign.en (D) = pg.e(CR(]))

= 3 uge(d), Vie (MY: vkeN. (25)
jee= R ()
If G satisfies Assumption[d, we have
HGr.¢p, = HGEo» (26)
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and, for any A={A1..., Ay} CR"™™ and any V C Fp,
po(A, G, &g) =po(A,Gr.&gr) < po,v (A Gr) < po,v(A,G). (27)

Proof. Since, we recall, for any R € N, we have that Gr+1 = (Gr)1 and, similarly, for any £ € Zg, ry1 =
(€R)1, it suffices to prove the claims for R = 1. Let us prove (25); consider any k € N and any i € (M)*,
recalling (@) and Definition [0 we compute

po e ()= &Gle) > p@=>Y_&6s) Y. ple) Y. p@

e€l ge Path* (G) s€S ccl ge Path* ()
end(e)=st(q), st(e)=s end(e)=st(q),
lab(q)=i lab(q)=2

DDl Y ey D p@= Y D ks Y

JE(M) s€S5 ccl g€ Path*(g) JE(M) €S FePath*t1(g)
st(e)=s end(e)=5t(q), st()=s,
Fab(e)=J lab(q)=1 lab(F)=(3.1)

> 1) = nge(t (i),

jeL—1([a])

concluding the proof of ([2H). For (28]), it suffices to recall Lemma[3] and the fact that, by Lemmalll pg ¢, is
shift-invariant and ergodic, i.e. pg e, (i) = pg,e(¢~([i])), Vi € (M)*,Vk € N. For (27), the equality and the
first inequality are straightforward by (23] and (28]). Let us thus prove, given any family of function V C F,,,
that po,v (A, G1) < po,v(A,G). Consider any p > po,v (A, G), then recalling there exists W = {gs | s € S} C V,
a set of Lyapunov function for S(A, G) w.r.t. p, i.e., we recall, implies that

H H fo(Aiz)Pori < pfo(z), VreR" Vaelb,
i€(M) beS

or, rewriting it in a more convenient form for our purposes,

H fend(e) (Alab(e)'r)p(e) < pfa($)7 Vz € anva €.
e€E, st(e)=a

We want to construct, from W, a set of Lyapunov function for G; w.r.t. p. Let thus define W; := {g. =
fend(e) | € € B}, consider any e = (c,a,i) € E, we have

H 9e(Apap @y )P® = H Fend@ (Aap@2)"'® < pfa(z) = pge(z), Yz € R,
ecE eckE
st(e)=a st(€)=a

proving that W is a set of Lyapunov function for S(A,G;) w.r.t. p, thus concluding the proof. O O

5 Numerical Example
In this section, we consider a positive stochastic switched system as in (), denoted by S(H,.A), with the

stochastic graph H on (2) in Figure [[a, already studied in Examples [Tl and [2 while the set of positive
matrices A = {4y, A2} C Réff is defined by

05 1 1 0
= '_[o 0.5}’ Az = [0.1 1]'

The same set of matrices was studied in [16, Example 3.2] (with a different underlying irreducible Markov
chain). We note that system S(#, A) is first moment unstable (or unstable in mean) i.e., there exists o € R™
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for which limy_,oc Egy ¢, (|2(k, 20, 0)]) > 0, i.e., the expected norm with respect to the measure 1 ¢,, does
not asymptotically converge to 0. Indeed, by positivity of A; and Ay and applying [14, Theorem 2.4],
S(H, A) is unstable in mean since the “averaged” matrix

B = &u(a)Ar + En(D)Az = A1 + 1142 = [149//5252 139//1212}

is Schur unstable, i.e. p(B) > 1. It can be also shown that the sufficient and necessary LMI conditions for
mean square stability illustrated in [6] are infeasible for S(#,.A). In what follows we show that S(H,.A) is
almost sure stable, using the ideas developed in Section [l

First, we consider, as set of candidate Lyapunov functions, the set Q C F2 of quadratic norms, defined
by Q@ :={fo : R, = R | Q > 0}, with fo(z) := \/z"Qz. To compute an upper bound of the minimal p
satisfying (1)) we use the techniques presented in [I6, Corollary 2.2.]. In this case, simply considering the
original Markov chain H, we are unable to provide a stability certificate, since we have obtained pg, o (A, H) <
1.002. Instead, considering the lifts #? and H; depicted in Figures 1, we obtain certificates of almost sure
stability, since we have that po,o(A, H?) < 1 and po o(A, H1) < 1. The obtained numeric values are reported
in Table I.

For the sake of completeness, we report that we have also considered the set of candidate Lyapunov
functions D C F» of dual copositive norms defined by D := {fr : RZ; — R | v € R%;}, where, given

v € R, we define f}(z) := max;eqq,2y { } Vaoe R>2 These functions are valid norms in this case,

since Ay and A, are positive, for further discussion regarding copositive norms, we refer to [25, Section 4].
This family of functions was chosen for optimization purposes: indeed, inequalities of the form (II]) can be

rewritten as follows
IT TI(f (Aim)yrers < pfy (x), Vo € RY,, iff
i€(M) beS

H H A Vg pa,b,i S 0,

i€(M) beS

simplifying the minimization of the parameter p (the upper bound for the probabilistic spectral radius),
see [25, Section 4] for the details. In Table I we collect the values of the obtained upper bounds on
Po (Aa H, gH)

Concluding, we underline how, as proven in Theorem [Il and Theorem [2] the 2-steps lift Hs and the
path lift of degree 1, H;, provide a better over appoximation of po(A, H, &) with respect to the original
graph-based conditions imposed on H, for these 2 different sets of candidate functions, @ and D.

6 Conclusion

In this work, we have generalized stochastic stability notions, and related algorithms, from arbitrarily switch-
ing systems to systems whose switching signal is ruled by a Markov Chain (aka MJLS). Inspired by techniques
developed for deterministic switched systems, we presented some numerical schemes to provide tight upper
bounds for the probabilistic spectral radius. These techniques rely on formal expansions of the underly-
ing stochastic graph, called lifts. Future research will investigate the numerical aspects related with our
approximation technique, and the application of the proposed scheme for more general stochastic systems
settings.

Table 1: Numerical upper bounds of the probabilistic spectral radius obtained with different lifts and different candidate

functions templates.

Lift G: H H? Ha
po0.0(A,G) | 1.002 | 0.896 | 0.998
po.p(A,G) | 1.169 | 1.045 | 1.036
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