STABILIZING RANDOMLY SWITCHED SYSTEMS*
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Abstract. This article is concerned with stability analysis and stabilization of randomly
switched systems under a class of switching signals. The switching signal is modeled as a jump
stochastic (not necessarily Markovian) process independent of the system state; it selects, at each
instant of time, the active subsystem from a family of systems. Sufficient conditions for stochastic
stability (almost sure, in the mean, and in probability) of the switched system are established when
the subsystems do not possess control inputs, and not every subsystem is required to be stable.
These conditions are employed to design stabilizing feedback controllers when the subsystems are
affine in control. The analysis is carried out with the aid of multiple Lyapunov-like functions, and
the analysis results together with universal formulae for feedback stabilization of nonlinear systems
constitute our primary tools for control design.
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1. Introduction. A randomly switched system has two ingredients, namely, a
family of subsystems and a random switching signal. In this article we are inter-
ested in finding conditions for stochastic stability of randomly switched systems. Our
approach consists of identifying key properties of the family of subsystems and the
switching signal, and finding conditions to connect them such that the switched sys-
tem has the desired characteristics. We concentrate on stability almost surely and in
expectation. Since each of these implies stability in probability [13, 17, 16], our re-
sults immediately provide sufficient conditions for weak stability in probability of the
systems under consideration; we also demonstrate that the conditions are sufficient
for strong stability in probability.

The basic structure of our main analysis results is as follows. The first step
involves extracting properties which quantitatively express stability characteristics
of the subsystems. This is carried out with the help of multiple Lyapunov functions.
The method of multiple Lyapunov functions was developed originally in the context of
deterministic switched systems, and is discussed in detail in, e.g., [19, Chapter 3]. This
method is effective in quantitatively capturing the degree of stability (or instability)
of the subsystems. The second step involves extracting key properties of the switching
signal. These properties are variously captured by the probability mass function of
its rate of switching, the probability distribution of its jump destinations, distribution
of holding times between switching instants, etc. Finally, the characteristics of the
switched system generated by the switching signal from the family of subsystems are
captured by inequalities which connect the above two sets of properties.

Research on randomly switched systems has concentrated mostly on the case of
Markovian switching signals—the discrete state evolves according to a continuous-
time Markov chain; see e.g., [9, 30] and the references cited therein. The central idea
behind arriving at stability conditions revolves around employing the generator of the
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Markov process and extracting certain nonnegative supermartingales that converge
to zero in expectation. This method in turn is based on the martingale problem [10,
Chapter 5] corresponding to the Markov process. In its simplest form, if (X;)¢>0 is
the underlying Markov process with generator £, (X consists of both the continuous
and the discrete states,) then for every measurable and bounded real-valued function
V' on the state space, the process (Y;):>o defined by Y; := V(X;) — f; LV (X,)ds is
a martingale. A pointwise inequality which bounds £V() on the state space may be
imposed, and with the help of this one can draw conclusions about stability properties
of the system by analyzing the martingale above; this analysis becomes particularly
simple if V' is a nonnegative Lyapunov-like function.

The martingale approach described above can be applied to switched systems
in which the switching signals are general point processes with intensity functions
satisfying certain standard measurability conditions; see e.g., [4] for further details
on the measurability conditions. These intensity functions appear in the expression
of LV in place of the usual Markov transition intensity matrix, and hereafter the
analysis follows that of the Markovian case. However, for non-Markovian switching
signals, it is not easy to employ this technique; for instance, if the holding times
between consecutive switching instants are independent and identical uniform random
variables, obtaining expressions of these intensity functions is difficult. Although a
generator can be defined on an extended state-space for semi-Markovian switching
signals, this is neither straightforward nor readily accessible in the literature. The
methods we propose here apply equally readily to Markovian and semi-Markovian
switching signals, do not depend on martingale analysis, and yield results directly by
employing what we think are less involved and more intuitively appealing techniques.
Existing work on stability of stochastic switched systems includes [23, 29, 27, 5, 3, 9,
11, 15, 14, 1]; see also [6, Chapter 1] for a survey of techniques employed in this area.

Analysis results obtained via our approach, including those reported in our earlier
article [7] where each subsystem was required to be stable, have conceptual analogs in
deterministic switched systems theory. The approach pursued in [7] and in the current
article is derived from the method of multiple Lyapunov functions developed in the
context of deterministic switched systems, see e.g., [19, Chapter 3] for an extensive
discussion. Stability of individual subsystems and a slow switching condition are the
important features of these deterministic results. In this article our results involving
unstable subsystems employ certain probabilistic characteristics of the switching sig-
nal in addition to slow switching; their conceptual analogs in deterministic switched
systems literature are comparatively less known, with the exception of [31].

With our analysis results in hand, we turn to control synthesis and derive explicit
controller formulas which ensure stability of the switched system in closed loop. In
this context, there naturally arise two distinct cases: one in which the controller
has full knowledge of the switching signal at each instant of time, and the other
in which the controller is totally unaware of the switching signal. We examine the
distinctive features of each of these two cases and propose control synthesis strategies
by employing universal formulae [26, 20, 21, 22] for nonlinear feedback stabilization.
The advantages of our approach are evident here, for one does not need to design a
controller from scratch for the switched system if there already exist control-Lyapunov
functions for each individual subsystem. In the latter case, off-the-shelf controllers
employing universal formulae are easily designed, and a modular organization of the
controller synthesis stage is facilitated.

The article unfolds as follows. §2 presents the system model with no inputs and
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the stability concepts under consideration. The main analysis results appear in §§3, 4,
and 5, and their proofs are given in §6. The controller synthesis results are presented
in §7, and §8 presents some examples illustrating our results. We conclude in §9 with
a brief discussion of possible channels of further investigation.

Some notation: Let R denote the nonnegative half-line [0, 00, N = {1,2,...},
Ny := NU {0}, and let ||-|| denote the Euclidean norm.

2. Preliminaries. We define the family of systems
T = fi(a:), 1€ P, (21)

where the state x € R™, P is a finite index set of N elements: P = {1,...,N}, the
vector fields f; : R™ — R™ are locally Lipschitz, and f;(0) =0, i € P.

Let (2, 5§, P) be a complete probability space. Let o := (0(¢))¢>0 be a cadlag (i.e.,
right-continuous and possessing limits from the left) stochastic process taking values
in P, with ¢(0) completely known. The process o is by definition measurable [25,
Chapter 1]. Let the discontinuity points of o be denoted by 7, ¢ € N, and let
7o := 0 by convention. The filtration (F:):>0 generated by o is right-continuous [4,
Theorem T26, p. 304], and we augment Fo with all P-null sets. As a consequence of
the hypotheses of our results, the sequence (7;);en, is almost surely divergent, i.e., o
is nonexplosive. The randomly switched system generated by this switching signal o
from the family (2.1) is

= fo(x), (2(0),0(0)) = (x9,00), t=0. (2.2)

We assume that there are no jumps in the state = at the points of discontinuity of the
switching signal; we shall henceforth refer to these points as the switching instants.
The above hypotheses on the system (2.2) and o ensure that standard conditions
for the existence and uniqueness of an absolutely continuous solution in the sense of
Carathéodory [12], over a nontrivial time interval containing 0, are fulfilled for almost
every sample path. Existence and uniqueness of a global solution will follow from
the hypotheses of our results. We let z(-) denote this solution. For xy = 0, the
solution to (2.2) is identically 0 for every o; we shall ignore this trivial case in the
sequel. Standard arguments (see e.g, [6, Chapter 1]) show that the solution process
x(-) of (2.2) is an (§+)¢>0-adapted process.

Recall [2] that for A > 0, an exponential-(\) random variable £ has the distribution
function P(f < s) =1—e % for s > 0, and 0 otherwise; for T > 0, a uniform-(7)
random variable £ has the distribution function P(f < s) =0ifs<0,s/Tif s €[0,7T],
and 1 otherwise. A continuous function a : Ry — Ryg is of class-KC (we write
a € K) if it vanishes at 0 and is monotone strictly increasing. A continuous function
B :RsoxRsg — Ry is of class-ICL (we write 8 € KL) if 5(r, -) is monotone strictly
decreasing for each fixed r, and (-, s) is of class-K for each fixed s; we write § € KL.

We focus on the following two properties of (2.2); see e.g., [13].

DEFINITION 2.1. The system (2.2) is said to be globally asymptotically stable
almost surely (GAS a.s.) if the following two properties are simultaneously verified:

(AS1) P<V5 >0 38 > 0 such that ||zg]| < § = sup|jz(t)] < 5) —1;
20

(AS2) P<Vr,5’ >0 3T > 0 such that ||zo|| <r = sup||z(t)] < z—:’) =1
t>T
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Let us note that this property is well-defined because each of the sets appearing
inside the measure P is §-measurable due to continuity of z(-).

DEFINITION 2.2. The system (2.2) is said to be a-globally asymptotically stable
in the mean (a-GAs-M) for a function o € K if the following two properties are
simultaneously verified: B
(SM1) Ve >0 36 > 0 such that ||zo| <6 = supE[a(||lz(t)])] <e;

>0

(SM2) Vr,e’ >0 3T >0 such that ||lzo| < r = sup E[a(||lz(t)]))] < €.
t>T

Stability definitions in deterministic systems literature usually involve just the
norm of the state. The presence of the function « in Definition 2.2 allows some
measure of flexibility in the sense that one need not worry about bounds for just
the expectation of the norm of the state, i.e., Li-stability. Frequently one employs
Lyapunov functions which are polynomial functions of the states, and with the aid of
conditions such as (V1) in Assumption 2.3 below, stronger bounds in terms of the L,
(p > 1) norms of the state are obtained. For instance, quadratic Lyapunov functions
yield bounds for mean-square or Ly-stability, which is stronger than L-stability.

Our analysis results employ a family of Lyapunov functions, one for each sub-
system. The following assumption collects the properties we shall require from the
members of this family of Lyapunov functions.! For notational brevity, we let LV (x)
denote the Lie derivative of a differentiable function V' : R® — R along a vector field
fiR" — R" e, LiV(z) :=(V,V(z), f(2)).

ASSUMPTION 2.3. There exist a family of continuously differentiable real-valued
functions {V;}iep on R™, functions a1, as € Koo, numbers p>1 and \; € R, i € P,
such that for all x € R™ and i,j € P,

(V1) au(fl2l)) < Vi) < as(l2l);
(V3) Vi(x) < uVj(2).

REMARK 2.4. (V1) is a fairly standard hypothesis, ensuring each V; is positive
definite and radially unbounded. The condition in (V2) keeps track of the growth
of i-th Lyapunov function V; along the vector field f; of the i-th subsystem; the
parameter A; provides a quantitative estimate of this growth rate.The right-hand
side of the inequality in (V2) being a linear function of V; is no loss of generality, see
e.g., [18, Theorem 2.6.10] for details. (V3) certainly restricts the class of functions that
the family {V;};cp can belong to; however, this hypothesis is commonly employed in
the deterministic context [19, Chapter 3]. Quadratic Lyapunov functions universally
utilized in the case of linear subsystems always satisfy this hypothesis.

3. Main Results. In this section we present our main results providing suffi-
cient conditions for GAS a.s. and a1-GAS-M of randomly switched systems under two
different classes of switching signals. The switching signals described here are fairly
general and are quite natural to consider.

We let (S;)ien, Si:= 7; — Ti—1 be the sequence of holding times, where (7;);en is
the sequence of discontinuity points of o. Also, let (J(Tk));f_zlo be the finite sequence
of jump destinations of the process (o(t)):>o until the i-th switching instant.

DEFINITION 3.1. We say that the switching signal o belongs to
e class EH if:

IStrictly speaking we should call them “Lyapunov-like functions,” because their gradients do not
necessarily decrease along the corresponding system trajectories. For simplicity we shall adhere to
the term “Lyapunov functions” in the sequel.



STABILIZING RANDOMLY SWITCHED SYSTEMS 5

(EH1) the sequence (S;)ien of holding times is a collection of independent and
identically distributed (i.i.d) random wvariables, with S; an erponential-(\)
random variable, A > 0;

(BH2) 3q; € [0,1], i € P, such that Vj € N, P(o(r;) = i|(o(m)}iz}) = ais
(EH3) the sequences (S;)ien and (0(7;))ien, are mutually independent.

e class UH if:
(UH1) the sequence (S;)ien of holding times is a collection of i.i.d random variables,
with S; a uniform-(T) random variable, T > 0;

(UH2) 3¢; €10,1], i € P, such that Vj € N, P(U(Tj) = z‘(a(m))fc;é) = q;;
(UH3) the sequences (S;)ien and (o(7;))ien, are mutually independent.

The following are our main results; their proofs are provided in §6.

THEOREM 3.2. The system (2.2) is GAS a.s. if
) Assumption 2.8 holds;
) the switching signal o belongs to class EH as defined in Definition 3.1;
) AMi+A>0 VieP;
Hgi

E4) ;) (1+Ai/A> <1.
COROLLARY 3.3. The system (2.2) is «a1-GAS-M under the hypotheses of Theo-
rem 3.2.

THEOREM 3.4. The system (2.2) is GAS a.s. if
(Ul) Assumption 2.3 holds;
(U2) the switching signal o belongs to class UH as defined in Definition 3.1;

pg; (1—e N7T)
U3 _ 7 1.
w (M) <

COROLLARY 3.5. The system (2.2) is a1-GAS-M under the hypotheses of Theo-
rem 3.4.

1
E2
3

REMARK 3.6. Let us first note that switching signals of class EH and UH are
nonexplosive, i.e., there are finitely many jumps on finite-length intervals of time
almost surely. Indeed, it follows immediately from the Strong Law of Large Num-
bers [24, Theorem 7, p. 64] that since (S;);en is i.i.d and E[S;] € ]0, ool for switching
signals belonging to either class EH or UH, almost surely the v-th jump instant
T, = >, S — o0 as v — oco. It is also readily seen that switching cannot stop
after a finite time, for then S; = oo for some j, and the probability of the event
{S; = oo for some j} is 0.

REMARK 3.7. Let us examine the statement of Theorem 3.2 in some detail.
Firstly, note that by (E1) not all subsystems are required to be stable, i.e., for some
i € P, \; can be negative; then (V2) provides a measure of the rate of instability of
the corresponding subsystems. Secondly, note that condition (E3) is always satisfied
if each A; > 0. However, if A; < 0 for some ¢ € P, then (E3) furnishes a maximum
instability margin of the corresponding subsystems that can still lead to GAS a.s.
of (2.2). Intuitively, in the latter case, the process N, (t,0) must switch fast enough
(which corresponds to A > 0 being large enough,) so that the unstable subsystems
are not active for too long. Potentially this fast switching may have a destabilizing
effect. Indeed, it may so happen that for a given u, a fixed probability distribution
{¢i}ier, and a choice of functions {V;}icp, (E3) and (E4) may be impossible to
satisfy simultaneously, due to a very high degree of instability of even one subsystem
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for which the corresponding ¢; is also large. Then we need to search for a different
family of functions {V;};ep for which the hypotheses hold. Thirdly, (E4) connects the
properties of deterministic subsystem dynamics, furnished by the family of Lyapunov
functions satisfying Assumption 2.3, with the properties of the stochastic switching
signal. From (E4) it is clear that larger degrees of instability of a subsystem (small
A;) can be compensated by a smaller probability of the switching signal activating the
corresponding subsystem.

REMARK 3.8. Let us make some observations about the statement of Theo-
rem 3.4. Once again, just like Theorem 3.2, note that by (Ul) not all subsystems
are required to be stable, i.e., for some i € P, \; can be negative. (U3) connects the
properties of deterministic subsystem dynamics, furnished by the family of Lyapunov
functions satisfying Assumption 2.3, with the properties of the stochastic switching
signal. Also from (U3) it is clear that larger degrees of instability (larger A;) of a
subsystem can be compensated by a smaller probability (smaller ¢;) of the switching
signal activating the corresponding subsystem. Notice that a switching signal of class
UH is semi-Markov [2, Section 20.4]. There is a nontrivial dependence on past history
due to the uniform holding times—at an arbitrary instant of time ¢ we need to know
how long ago the last jump occurred in order to compute the probability distribution
of the next jump instant after ¢. Since the holding times are i.i.d, the associated
counting process (N¢);>o defined as Ny := “number of jumps on ]0,¢]” is a renewal
process.

REMARK 3.9. It may be observed that Theorem 3.2 requires a larger set of
hypotheses compared to Theorem 3.4; however, this is only natural. Indeed, the
switching signal in the latter case is constrained to switch at least once in 7" units of
time, whereas no such hard constraint is present on the switching signal in the former
case. We observed in Remark 3.7 that it is necessary for the switching signal to switch
fast enough if there are unstable subsystems in the family (2.1), which necessitated
the condition (E3). This fast switching is automatic if ¢ is of class UH, provided
T is related to the instability margin of the subsystems in a particular way. The
condition (U3) captures this relationship, for, observe that if \; is negative and large
in magnitude for some i € P, the ratio (1 —e~*7) /(A\,T) is smaller for smaller 7,
and a smaller ratio is better for GAS a.s. of (2.2). Also for a given T, large and positive
Ai’s (i-e., subsystems with high margins of stability) make the aforesaid ratio small.

REMARK 3.10. The classical approach to stability of Markov processes proceeds,
as mentioned in the Introduction, with the construction of a suitable nonnegative
supermartingale derived from the process. Suppose that (o(t)):>0 is a Markov process
with constant intensity matrix (7;;); jep. Then the process (o(t), z(t)):>0 is a Markov
process, where (z(t)):>o is the randomly switched system generated by o. If £ is the
generator corresponding to this process, then it is a standard result that for a function
V : P xR" — Ry, that is continuously differentiable in the second argument
for every fixed element in P, we have LV (i,z) = (2L (i,z), fi(2)) + vV (i,x) +
Z#JEP vi;V (j, ), where by definition ~;; = — Zﬁéi 7vi;- To verify stability the idea
is to find a function V : P x R™ — R3¢ such that V (i, -) is positive definite for each
fixed i, and the inequality LV (i,2) < 0 holds for all (i,z) € P x R™. In this case
note that the third term on the right-hand side of the expression of LV is nonnegative
away from zero and the second term is nonpositive away from zero. The sign of the
first term is in general indefinite since in this setting one does not look for a Lyapunov
function for the individual subsystems, for the goal is not to establish nonpositivity
of (2¥(i,z), fi(z)) per se. If the sign of (9 (4,z), f;(x)) is indefinite, the range of
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values of v;; that ensures global nonpositivity of LV (i, 2) depends in general on z. In
contrast, although switching signals of class EH are Markovian, there is no dependence
of the various constants \;, A, ¢;, etc, on the continuous state x in our results above.
Note also that it is not possible to globally verify the condition LV (i,2) < 0 from the
hypotheses of Theorem 3.2 alone. For switching signals in the class UH it is possible
to define a generator on an extended state space (by adjoining the time elapsed since
the last jump to the state of the switching signal), but this approach goes beyond
results commonly available in the literature, and is clearly more demanding than the
approach we present in the current article.

4. A Generalization. The results in §3 fall short of being completely satis-
factory. In particular, the assumption of the jump destinations process (o(7;))ien
being memoryless (assumptions (EH2) and (UH2)) is perhaps the most restrictive.
As we observed in Remark 3.8, switching signals of class UH fall in the class of semi-
Markov processes, in fact trivially so, due to the memoryless nature of the discrete
jump-destination process (o(7;))ien. However, it would be better if we could handle
the Markovian jump destination case by keeping the other two hypotheses intact. In
this section we do that, namely, include those switching signals for which the process
(o(74))ien is a discrete-time Markov chain. Although the results given in this section
are not the most general possible, they are intended to highlight the directions of
possible generalizations that can be made in our framework.

ASSUMPTION 4.1. There exist a family of continuously differentiable real-valued
functions {V;}iep on R™, functions ai,as € Ko, numbers n > 1 and \;; € R,
i,7 € P, such that for all z € R"™ and i,j € P,

(V1) (V1) of Assumption 2.3 holds;
(V2) Ly, Vilz) < Ao, Vi(a):
(V3') (V3) of Assumption 2.3 holds.

DEFINITION 4.2. We say that the switching signal o belongs to class GH if:

(GH1) the sequence (S;)ien of holding times is an i.i.d collection of random variables,
with E[Si] < 005

(GH2) the process (o(7;))ien, is a discrete-time Markov chain with initial probability
vector? 8y,,y and transition probability matriz P = [p; j]pp:

(GH3) (Si)ien is independent of (o(7;))ien,-

Switching signals belonging to class GH are semi-Markov [2, Section 20.4]. In
the most general case of a semi-Markov process, the sequence (S;);en in (GH1) may
be such that the distribution of S; depends on both o(r;_1) and o(7;), i € N. Our
objective here is to illustrate some new techniques, and hence we shall retain the
simpler condition (GH1) at the expense of lesser generality. The condition (GH2)
imposes a discrete-time Markovian structure on the process (o(7;))ien,, and the con-
dition (GH3), though not the most general, is a standard hypothesis for semi-Markov
processes.

THEOREM 4.3. The system (2.2) is GAS a.s. if
(G1) Assumption 4.1 holds;

(G2) the switching signal o belongs to class GH as defined in Definition 4.2;
(G3) 360 € [0,1] such that

w3 (npisfle ) <o
JEP

2Here d(;y denotes the Dirac measure concentrated on {j}.
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REMARK 4.4. Switching signals of class GH are nonexplosive, and switching
cannot stop in finite time, as can be seen by following the same line of reasoning as
in Remark 3.6.

REMARK 4.5. Note that Theorem 4.3 is conceptually quite different from the
results of §3. Indeed, the condition (G3) involves the growth rate of a Lyapunov
function along every subsystem, in contrast to the results in §3, where we only kept
track of the growth rate of each Lyapunov function along the trajectories of the
corresponding subsystem. This additional factor is due to the Markovian nature of the
jump destination process (o(7;))ien,, and quite naturally the transition probabilities
Pi,j:%,J € P appear in (G3). Also, the condition (V2') requires us to keep track of the
behavior of every Lyapunov function at once; in a way we quantify how each subsystem
relates to the others through the inequality in (V2'). This is a deviation from our
philosophy of decoupling the properties of the switching signal from the properties of
the individual subsystems at first and then connecting them. The Markovian nature
of the jump destination process in Theorem 4.3 does not seem to entirely allow this
separation.

5. An Excursion into Global Asymptotic Stability in Probability. Among
the several notions of stochastic stability in the literature, one particular notion that
encodes uniform behavior of system trajectories is strong global asymptotic stability
in probability (s-GAs-P). Recall [13] that

DEFINITION 5.1. The system (2.2) is strongly globally asymptotically stable in
probability if the following two properties are simultaneously verified:

(i) Yn €10,1] Ye > 039 > 0 such that ||zo|| < § = P(sup||ac(t)|| > E) <n;
20

(ii) Vo' €]0,1[ Vr,e’ > 03T > 0 such that ||zo]| < r = P(sup lz(t)] > 5') <7
t>T

Let us note that each of the sets inside the measure P in (i) and (ii) above is
F-measurable due to continuity of z(-); the notion is therefore well-defined. An equiv-
alent statement may be made up in terms of class-KCL functions: the system (2.2) satis-
fies the strong global asymptotic stability in probability property (s-GAs-p) if for every
n € ]0,1[ there exists a function 8 € KL such that P([|z(¢)]| < B(]|zol|,t) YVt =0) >
1—n. In the context of randomly switched systems this property can be derived from
GAS a.s. with the aid of the local Lipschitz property of the vector fields. We state this
in the following proposition, whose proof is provided in §6.3.

PROPOSITION 5.2. If (2.2) is GAS a.s., then it is s-GAS-P.

In particular, the hypotheses of Theorem 4.3, Theorem 3.2 and Theorem 3.4 each
imply s-GAs-P of (2.2).

6. Proofs of the Analysis Results. The proofs of the theorems and corollaries
of §3 and §4 are documented in this section. In order to simplify the presentation, a
number of technical lemmas are stated and proved first in §6.1, followed by the proofs
of the main results in §6.2. We carry out the proofs of Theorem 3.4 and Corollary 3.5,
both dealing with switching signals of class UH, in complete detail below. The proofs
of Theorem 3.2 and Corollary 3.3 dealing with switching signals of class EH are similar
and are sketched. We retain the notations and conventions of §2. Let us recall some
basic definitions and results.

Let I be a nonempty index set. A family of real-valued random variables {&;}icr
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is said to be uniformly integrable [24, Definition 3, p. 23] if
Jim sup E[[:] 1e,1>c)] = 0.

The following Hadamard-de la Vallée Poussin criterion [24, Theorem 5, p. 24| for
checking uniform integrability of a family of random variables will be employed later.

PROPOSITION 6.1 (Hadamard-de la Vallée Poussin). A family of real-valued
integrable random variables {&;}icr is uniformly integrable if and only if there exists
a convex function ¢ : R — Rxq with ¢(0) = 0 and lim,_,o, ¢(r)/r = oo, such that
sup;e; E[6(6)] < oc.

Recall that a family of random variables (& ):>0 converges almost surely (a.s.) if
it converges pointwise outside a P-null set. The following Proposition is standard, it
can be readily derived from the Vitali convergence theorem [24, Theorem 4, p. 24].

PROPOSITION 6.2. If (&)i>0 is a cadlag (i.e., right-continuous and possessing
limits from the left) random process on the filtered probability space above, (& )i>o0 is
uniformly integrable, and (§;);>0 converges to 0 a.s., then (E[&])t>0 converges to 0.

We need Egorov’s theorem on almost uniform convergence of a sequence of mea-
surable functions (see e.g., [24, Theorem 4, p. 50] for a proof).

THEOREM 6.3 (Egorov). Let (gn)nen be a sequence of measurable functions on
(Q,5,P) and g, — g a.s. Then for every € > 0 there exists a measurable set A. with
P(Q\AE) < € such that (gnlAE)neN converges uniformly to gly4_ .

6.1. Auxiliary lemmas.
LEMMA 6.4. The system (2.2) has the following property: for every € > 0 there
exists L. > 0 such that

d =@l

t (o) UG < oo (6.1

In particular, 1o .((x(t)) [|z(t)]| < ||lzoll e*<t Vi > 0.
Proof. Since {f;}icp is a finite family of locally Lipschitz vector fields, there exists
some ¢” > 0 and L.~ > 0 such that

sup [ fi@)[| < Le ] -
i€P,
lell€lo.e”]

Let e := ¢’ Ae”. Note that Vo € R*~ {0} we have

U oo 2] < 2| &2
and
U)oy | 211
These two inequalities lead to ‘ dﬂf” < | %H. The inequality in (6.1) follows. Simi-
larly,
Al < Le ||z| Vz e {z eR"| |z| <e}~{0}. (6.2)

dt



10 D. CHATTERJEE aAnD D. LIBERZON

An application of a standard differential inequality [18, Theorem 1.2.1] indicates that
every solution z(-) of (2.2) satisfies

lz ()1 < flwoll ™"

so long as ||z(¢)|| < e. This proves the claim. O

The following Barbalat-type lemma was stated without a complete proof in [7].
It allows us to assert asymptotic convergence of ||z(+)|| from the finiteness of a certain
integral of ||z(-)]|.

(oo}

LEMMA 6.5. Ifa € K and/ a(llz(t)]]) dt < oo a.s., then tli>Holo lz@®)|l =0 a.s.,
where x(-) is the solution of (2.23).

Proof. 2 Suppose that the claim is false. Then there exists a measurable set D
of positive probability such that for every event in D there exists some & > 0 and
a monotone increasing divergent sequence (s;);en in Rx¢ such that a(||lz(s;)|) > €’
for all . By the finiteness condition on the integral in the hypothesis, almost surely
there exists T'(¢) > 0 such that

In2

T e at< L [ o Seer) as, (6.3)
T(e) 2 /o 2

where the right hand side is a strictly positive quantity since o € K. For every event
on a set of positive probability we have assumed that (s;);cn 1S & monotone increasing
divergent sequence with a(]|z(s;)||) > €, and therefore there exists i(e) € N such that
5i(ey > T'(e) with strictly positive probability. By continuity of ||-|| and xz(-), there
exists an instant " > s;.) such that ||z(t')|| = /2, also with positive probability,
since otherwise the integral in the hypothesis diverges. But since z(-) solves (2.2),
Lemma 6.4 holds, and by (6.1) we have ||(¢)|| € ]0,¢[ for all t €]¢/, t’—|—1£—5[. Therefore
since « is an increasing function,
In 2

t'+1p2 4 1p2 /
[ atemars [ (G0 a
t’ o

with positive probability, which is a contradiction in view of (6.3). The assertion
follows. O
LEMMA 6.6. Under the hypotheses of Theorem 3.4, for each j € N we have

B[V ()] < ad (ol (x),
T4k, (1 — a=A;(1+R)T
p g (1 — e )
h = .
where (k) jgep N AT , k>0
Proof. Pick i € Ny. For ¢ € [1;, 7i41[, from (V2) we have

Vo’(Ti+1)(x(t)) < Vo(n+1)(x(Ti))e_)\a(”)(t_ﬂ),
and by continuity of z(-) and each Lyapunov function, and (V3),

VU(Ti+1) (ﬂf(t)) < ,U:VU(TL) (x(Ti))ean(n)(tf'r,;)

31f the local Lipschitzness of the vector fields {f;}icp and the assumption that « is of class K
were relaxed to local boundedness of f;’s around 0 and « being just positive definite, respectively,
the result would remain true and could be established by a minor modification of the proof given
here. The stronger hypotheses we use make the proof simpler and are adequate for our purposes.
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pointwise on ). Fix j € N. For k > 0, iterating the above inequality and employing
the independence hypothesis (UH3) and (V1), we have

14k
B[V, (@(m))] < a3 (laol)E (Hue ““*S’“)
(6.4)

= g (|zoll) HMWE[ dotry (LH0)Sia|

But

E e—Au(m(HR)SHl] —E 'ngi [e—ka<7i>(1+n)5i+1] ]

F T
—E / —e Ao (1+R)s 46
L O T

[ _ e Aot UHR)T

Ao(r) (14 &)T

g (1— eij(1+n)T)
A1+ )T

=E

JjEP
Substituting the right hand side of (6.5) in (6.4) leads to

I+k,. (1 — e~ Ni(1+R)T J
1+ . 1+k K g (1 ¢ )
E[ViEn @) < a3t (lwol) (Z N+ AT |

ieP

and considering the definition of n(x) the assertion follows. O

o0
LEMMA 6.7. Under the hypotheses of Theorem 3.4 we have/ aq(Jlz(®)|) dt < oo
0

a.s.
Proof. For a fixed t € R>o we have

E[Vo(x(t)] =E Z Vo (@ l{te[fl,7—1+1[}]
o0
Z E[Von (@) Litelr rinly] - (6.6)
1=0

where we have employed the monotone convergence theorem [24, Theorem 1, §1.3] to
get the second equality. An application of (V1) and Tonelli’s theorem [24, Theorem 11,
§1.3] gives us

E[/Oooal(ﬂx ] U Vo ] /OOOE[VU(t)(x(t))] dt,  (6.7)

and in conjunction with (6.6) we obtain

E[ /0 ar(=®)]) dt} / Vi () Lt mnpy]
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A second application of monotone convergence theorem on the right hand side of the
above leads to

E[/o ar (| (t)]l) dt} Z/ Vot (#(t) Lselriripay] At

and a further application of Tonelli’s theorem on the right hand side gives

o0

Z / (D)L ftefrmeay] dt = ZE{ /0 Vo) (@)L relr iy dt} :

=0 =0
(6.8)

Each term in the series on the right hand side of (6.8) may be estimated as follows:

E |:/0 Vg(t) (l’(t))l{te[q—i,nﬂ[} dt:| <E |:/0 Va(ﬂ.) (x(Ti))e_AU(n‘)(t_”)1{,56[.,.1.’7.1.“[} dt:|

by (V2), and therefore

r Ti41
el [ Va(n)(ﬂf(Ti))eA"‘*”(t”)dt}

L i

E|:/) Va(t)(z(t))l{te[fn‘rul[} dt:| =

1 — e Ao Sit
= E| Vo (2(2)) <>\> }

L o(Ti)
[ 5. 1 — e Ao Sin
=E|E 1|:VU(T1.)($(T1‘)) (> :| :|
I Ao (r:)
i il —Ao(r) S
1 — EXife Pt Sinn
—E Vg(n)(az(n)) < )[\ . ]>]

—E "(“ 1— [ = —Aom)sds
17(7'Z
o’ T 1- U(T’>T
e (1 St )|
a'(‘rl U(Tz

g [ o(7i) ( )]ﬂ (69)

1—e— T
AT

of the finiteness of P. From (6.8) and (6.9) we get
E|:/0 a1 ([lz@®)]) dt:| |:/ Vo t) )L gtelririnld dt:|
< Maa([zol) Z E [V r) (2(72))]
i=0

< Mas(|lol)) Y n'(0)
=0

< 00,

where M := max;cp (/\i — ) is a well-defined positive real number because
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where 7 is as defined in Lemma 6.6, and 1n(0) € ]0,1[ by (U3). This establishes the
claim. O

LEMMA 6.8. Under the hypotheses of Theorem 3.4, the family of random variables
{Va(t)(l’(t))}t>0 is uniformly integrable.

Proof. To establish uniform integrability of the family {Va(t)(:zr(t))} >0 We appeal

to the Hadamard-de la Vallée Poussin criterion in Proposition 6.1. Since the function

u1+rqj (1 _ e*)\]‘(l“r’")T)

R
N+ <

|]-1,0[27r+—
jeP

pit 5q‘(1ie—/\j(1+6)T
is continuous, by (U3) there exists 6 > 0 such that Z]EP ]/\j(1+5)T < 1.
The function ¢(r) := 1+ clearly is convex on Rsg, and lim,_, ¢(r)/r = co. Let us
prove that sup;- E [(Va(t) (x(t)))Hé} < 00

First let us note that for each i € Ny the function Vl(*t')‘s( ()1 relr, it 15
integrable for arbitrary ¢t € R>. Indeed,

E|V @) et mn | = E[E VAR @) et ] |
< E[EET [Vol(té)( (Tz'))e*%m)(“f‘”(t*“)1{te[mﬂ+1[}] }

_ —7i) g8
= B[V (a(r))e o OB (e ] ]

and since S;41 is uniform-7" and independent of §,,, we have

E " [Lretrmnn] = Lierroon P  (Sipr >t —71)

“((=57) )

Therefore,
[Vgl(t)a( (t))l{tG[Ti,Tz‘Jrl [}}

<o

t—m;
T 1) VO) l{te[n,oo[}:| . (6.10)

o(1i)

M := exp(minjep A; - (14 0)T). Lemma 6.6 with x = & shows that

By definition of d, the right hand side of (6.10) is at most ME[VH(S (x (TZ))i|, where

B[Vt (@(m)] < ad* (lwo (o), (6.11)
where n(d) € ]0,1[ by construction. By (6.10) we know that the random variable

Vgl:{)é(x(t))l{te[nmﬂ[} is integrable for each ¢; we can therefore apply the monotone
convergence theorem to arrive at

1+6
E [(Vg(t) (z(t)) 1+5] (Z Vo’(t) 1{t6[n,n+1[}>
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1+6
Z Vo (& 1{te[n,n+1[}]

Z E [Val(?s Neelr, n+1[}] . (6.12)
=0

®)
i € Ny. Substitution in (6.12) leads to

We know from (6.11) that E[v1+5( (t ))1“6[%%[}} < Malte(|Jzo||)n*(8) for each

1+5 1+5
su E[VU t)) }—su g E{V Nlrieir }
9103 (Vo (2(1)) t>13 o(t) {telrimita [}

i (6.13)
< sup Moy (|lo]]) Zn ()

< 00.

This shows that the family {V, (z(t))} />0 is uniformly integrable. O
LEMMA 6.9. Under the hypotheses of Theorem 4.3, for every v € N we have

E [V (r) (@(1))] < 6" Vi (o).
Proof. Fix i € Ng. For t € |1y, 7,41] and j € P, from (V2') we have

V;(@(t)) < Vj(a(r;))e Moo (077,
In particular, for ¢ € [7;, Ti41],
Vatrio) (@) < Voo, ) (@(73) Jo Ao o 77
and by continuity of z(-) and each Lyapunov function, and (V3'),

Vo) (1) < 1V (i) Je Ao i o 70)

pointwise on 2. Therefore,
Egri[Vg(ﬂH)(x(TiH))] < uVa(n)(w(Ti))Eg” [e_)‘““wl%”(*ﬁs"'“} ) (6.14)

(GH3) shows that S;41 and o(7;41) are conditionally independent given §.,, and
therefore,

Sril ~Aotrsi1)iom)S }: Srila=Njo(r)Si
E |: (Ti41),0(7m5) 7+1:| = E Z[e 3o (i) HJ} pU(Ti)vj‘
JjeEP

Since o(7;) is §r,-measurable,

3"7'1- =X o) =X eS
D BT e S  pory  Smax Yy E[em N py .
jEP jeP

By (G3) there exists a 6 €]0, 1] such that the quantity on the right hand side of the
above inequality is at most 6/u. Therefore, we get

,U/E%'TI {GAU(Ti+1)vU(7i)Si+1} < 9 < 17
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which in view of (6.14) shows that

E&—i [VU(Ti+1) (x(7i+1))] < HVU(‘H) (CL‘(TJ)

Fixing v € N, since (7;)ien is an increasing sequence of (§;);>o-optional times, it
follows from standard properties of conditional expectations?

E[Vo(r,) (@(r))] = E[E*[ - ET2 {Esm-l[va(n)(g;(n))} ]-]]

T ETV
gE{ES 1{ . 2[6‘/0(7_,} 1)( (Ty—l))]...i|:|
< QVVGO (xo)
This proves the assertion. O

LEMMA 6.10. Under the hypotheses of Theorem 4.3 we have / aq(Jlz(®)]) dt < oo
0

a.s.
Proof. Following the proof of Lemma 6.7 we have

o0
E[Vo( =Y E[Vowy (@) Litermnn] -
1=0

From (V1’), the monotone convergence theorem, and two applications of Tonelli’s
theorem, (as in the proof of Lemma 6.7,) we get

E{/OOO a1(||x(t))dt] < /OOOE[VG(t) ) dt] :iE[/nﬂ t (@ ())dt] (6.15)

Now by (V2') we get

Tit1 Tit1
E[/ Vot (z(t)) dt:| <E |:VU(TQ.)(J?(TZ‘))EST¢[/ e Ao ()0l (t=Ti) dt:| :|

3

il = Ay (rs Sy
1—E ‘[e ()0 (i) z+1}
Vo(n)(m(ﬁ)) .
Ao(r1).0(r:)

Note that the non-degeneracy of the matrix @ yields E[e_’\m’sl] < oo for all i € P.
This together with the fact that o(7;) is §,,-measurable, guarantees the existence of
a constant M > 0, such that

=E

E[ / Vi >>dt} ME[Vy o (2(r)]

Substituting in (6.15) we arrive at

e| [ anlleto) o] < ZME o (@(7))] < Ma(lzol) 0% < oc

=0

in view of Lemma 6.9 and (V3'). We immediately get P( [ a1(|jz(t)]|) dt < o0) =1,
as asserted. O

4The property being utilized is the following: If 7 and 7/ are (8¢)t>0-optional times, and 7 < 7/,
then §- is a sub-sigma-algebra of §,/. See e.g., [24, Chapter 6] for further details.
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6.2. Proofs of the Results in §3 and §4. As stated at the beginning of §6,
the proofs of Theorem 3.4 and Corollary 3.5 are carried out in detail below, following
which we provide sketches of the proofs of Theorem 3.2 and Corollary 3.3.

Proof of Theorem 3.4. To see the property (AS2) of (2.2) we note that by
Lemma 6.7, P( [ ax(||lz(t)]]) dt < oo) = 1. Lemma 6.5 now shows that ||z(¢)|| — 0
a.s. as t — oo since oy € K. Since xy was arbitrary, to establish (AS2) it only
remains to show that the solutions corresponding to all initial conditions xf, with
|26l < |lzoll are also asymptotically convergent. To this end, observe that for every
fixed w e Q, v € N, and ¢ € [1,(w), Tv+1(w)[, a straightforward computation with the
aid of (V1)-(V3) gives

v—1

Vot (@(t,w)) < ag(||zo])p” [] e Aoruererfint@em Ao m =l (6.16)
=0

Here x(-,w) corresponds to the solution of (2.2) initialized at zg. If 2/(-,w) denotes
the solution corresponding to the initial condition (), then from (6.16) we have

v—1

V() (@ (t,w)) < aa([lzo])u” [[ e roritreSierl@lem Aot li=m(@))
=0

whenever |||l < ||xof|, since the right-hand side of (6.16) depends on the initial
condition only through the function as, which is monotone increasing. This proves
(AS2).

Now we verify (AS1). Fix ¢ > 0. We know from the (AS2) property proved
above that almost surely there exists T'(1,€) > 0 such that ||zg]] < 1 implies that
Sup;s7(1e) l2(t)]| < €. Select §(e) = min {ee"LT(12) 1}, By Lemma 6.4, [|zo] <
d(e) implies

[l < [Jzoll elet < 6(5)6L5T(1’E) <e Vtel0,T(1,¢).

Further, the (AS2) property guarantees that with the above choice of § and xg, we
have sup;>p(1.) [|7(t)|| < € for events in a set of full measure. Thus, [lzo| < d(e)
implies that sup,s ||z7(t)[| < e a.s. Since ¢ is arbitrary, the (AS1) property of (2.2)
follows.

We conclude that (2.2) is Gas a.s. O

Proof of Theorem 3.2 (Sketch). First we observe that under the hypotheses of
Theorem 3.2, for each j € N we have

o(75)

E[VH“ (.Z‘(TJ))} < ag ™ (||xo|)n? (k)  whenever (14 #)\; + A > 0 for all i € P,

1+kK .
where n(k) := Z H;Lj(l—i]li)/)\’ k > 0. This can be proved along the lines of

jeP
Lemma 6.6. In particular, at the step corresponding to (6.5) we employ the (E3)
condition (1 + k) min;ep A\; + A > 0 as

E|:e*)‘a(ri)(1+’€)si+1:| — E[ES” [e*Ag(ri)(lJrﬁ)SiH} ]

bl
0
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:Z#.
jep 1+(1+H)>\J/A

Second we observe that aq(]|z(t)]|) dt < oo a.s. The proof is similar to that of

Lemma 6.7; the only difference lies in the step corresponding to (6.9), where we
employ the condition (1 + k) min;ep A; + A > 0 to arrive at

1

[/ Vo (@ 1{t6[nm+1[}dt} E[Vo(r) (2(72))] i op A

The subsequent steps follow those of Lemma 6.7 and we get

e[ [T teon o] < sl o5 <

where 7 is as defined at the beginning of the current proof. With these ingredients, to
see the property (AS2) of (2.2) we note that in view of P( [ a1 (|jz(t)||) dt < 00) =1,
Lemma 6.5 gives ||z(t)|| — 0 a.s. as t — oo since a1 € K. This proves (AS2) because
the only dependence on the initial condition is through as(||xo||) and zg is arbitrary
(as argued in the Proof of Theorem 3.4 above). The proof of (AS1) is identical to
that in the proof of Theorem 3.4, and we omit the details. It follows that (2.2) is
GAS a.s. O

Proof of Corollary 3.5. Our first objective is to prove asymptotic convergence of
the net (E[oq (||lz(t)])] )t>0 to 0. We have proved global asymptotic convergence a.s. of
the process (z(t))¢>0 to 0 in Theorem 3.4, and via hypothesis (V1) this shows that the
process (V) (x(t)))t>0 also converges a.s. to 0 since ag € Koo. From Lemma 6.8 we
know that the family {V, (x(t))}t>0
it follows that lim;_, E [Va(t)(:r(t))] = 0. This implies global asymptotic convergence
of E[a1 (||lz(¢)|])] to 0 in the light of (V1), and verifies the (SM2) property with a = a.

It remains to prove (SM1). Following the notation of the proof of Lemma 6.8, we
note that 7(0) € ]0,1[ by (U3). To establish (SM1) we only need to note that with
d =0 in (6.13) we have

is uniformly integrable, and by Proposition 6.2

1
Sup E [V (2(1)] < Man(lzol) 37— z5-

For & > 0 preassigned, we choose 6 < ay ' (e(1+1n(0))/M) to see that

sup E[oq (||z(¢)[])] <& whenever ||z < 5.
>0

The (SM1) property with o = «; follows, thereby completing the proof. O

Proof of Corollary 3.3 (Sketch). We follow the proof of Corollary 3.5 above. Since
the proof of (SM1) is identical to that in the aforesaid proof, we give the details for
the proof of (SM2). This involves establishing asymptotic convergence of the net
(Efaa(lz(t) )] )t>0 to 0. Since global asymptotic convergence of the process (x(t)):>0
to 0 has been established in Theorem 3.2, in the light of (V1) and Proposition 6.2 it
suffices to show that the family {V,«)(z(t)) is uniformly integrable to conclude

that lim;_, E[Va(t) (ac(t))] =0.

}tZO
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To this end, we need to follow the steps of Lemma 6.8 above to establish uniform
integrability of {V, (:c(t))}@O. Since the function | —1,00[ 3 r +—— (14+7r)\;+A € R
is continuous for each ¢ € P and P is a finite set, by (E3) there exists 6’ > 0 such
that (1+d)A; + A > 0 for all i € P. Also, since the function

1+7r
_ Ky
] 100[97&}_)21—6-(14—7”)/\/)\ ER

is continuous, by (E4) there exists ¢ > 0 such that >, W < 1. Let 6 :=
§' A6". The function ¢(r) := r'*+? clearly is convex on Rsq, and lim,_, ¢(r)/r = co

If we prove that sup;-g E[(Vg(t) (x(t)))Hq < oo, then the Hadamard-de la Vallée
Poussin criterion in Proposition 6.1 may be applied to conclude uniform integrability

of {Va() (@(t)} 150
Calculations show that the inequality corresponding to (6.10) can be written as

E [V (@) et ]| < B[V (am))e oo (001 T

and that corresponding to (6.11) can be written as

E[V2E (e(m))] < b (el n()'

1+

where n(k) := ;} H—){i(l——zjn)/)\ The step corresponding to (6.12) is identical, and

the one corresponding to (6.13) is

1
su E[ Voo (x }—su E[V1+ Niieir }
Sup (Voo (2(1))) t>gz (1) {telrimiml)
supa2 *(llzoll) Z”
< o0.

This concludes the proof. O
Proof of Theorem 4.3. The proof mimics that of Theorem 3.4 above; the only
change required here is to replace the occurrence of Lemma 6.7 by Lemma 6.10. O

6.3. Proof of Proposition 5.2.

Proof of Proposition 5.2. Let us verify property (ii) of Definition 5.1 assum-
ing that (2.2) is GAs a.s. Fix n,r,e’ > 0 and zy € R™ with [Jzg]] < 7. Since
{fi}iep is a finite set of locally Lipschitz vector fields, there exists L., > 0 such

that sup;cp |z <o [[fi(@)|| < Les [|z]|. Let ¢ = 02 “and define the sequence of time
instants (s;);en, such that sq := 0 and s; — s;—1 = c for every j € N. By the

(AS2) property of (2.2) we have P(lim_o [|(t)|| = 0) = 1, which also implies that
P(lim; oo [|2(s;)|| = 0) = 1. By Egorov’s Theorem 6.3 there exists a measurable set
A, such that P(Q2\A4,) < n and (z(si)lAn)ieN uniformly converges to 0. The uni-
form convergence condition by definition implies that there exists i € N such that
sup;sq, (2(si)ll 1a,) < .. By construction of the sequence (s;);cy we must have

2
llz(t)]| 14, < €' for all t > s, in view of continuity of x(-). To see this, fix a time
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t' > s;,. The construction of the sequence (s;);en shows that there exists a j(t') € N
such that ¢ € [s;)—1,5;)[. The local Lipschitz condition on the set of vector fields
{fi}icp implies that
! !/
|z(t")] 14, < sup lz(s)||1a, < %eLs’ (s=s50n) < %GLEIC =g,
s€lsiy—1:550n]
where the last equality is true by definition of ¢. Since ¢’ was arbitrary, the assertion
follows. Since xo was arbitrary, to establish the property (ii) of Definition 5.1 it
only remains to show that the solutions restricted to A, corresponding to all initial
conditions xf, with ||zp]| < ||xo|| are also asymptotically convergent. To this end,
observe that for every fixed w € €2, and therefore for every fixed w € A,, v € N, and
t € [1,(w), 711 (w)[, a straightforward computation with the aid of (V1)-(V3) gives
v—1
Vot (2(t, w)) < az(||zol) p” H e Ao (i (@).0)Si+1(W) = Ao (ry, (w),0) (E=Tw (W) (6.17)
i=0
Here z(-,w) corresponds to the solution of (2.2) initialized at z¢. If ’(-,w) denotes
the solution corresponding to the initial condition z(), then from (6.17) we have
v—1
Vot (@' (t,0) < aa(|lzo ) [ [ o7 etritor S le et ()
i=0

whenever ||z(]] < |lzol|, since the right-hand side of (6.17) depends on the initial
condition only through the function as, which is monotone increasing. This proves
(ii). To establish (i), let us fix n € ]0,1[ and ¢ > 0. By (ii) there exists a T >
0 corresponding to 7’ = 1, r = 1 and ¢’ = 7 such that ||zg|| < 1 implies that
sup;>r [|z(t)|| 14, < e. The local Lipschitz condition on the set of vector fields { f; }ien
guarantees the existence of a positive ¢’ > 0 such that sup,c(o 1) [|z(t)|| < € whenever
llzol| < 6. Picking 6 = 1A ¢ we see that ||zo|| < ¢ implies that sup,~q [|(t)[| 14, < €.
The implication is now completely established. O

7. Control Synthesis. Our goal in this section is to synthesize feedback control
functions for stabilization (in a suitable stochastic sense) of randomly switched sys-
tems with control inputs. For brevity, we shall restrict ourselves to controllers which
render the closed-loop switched system GAS a.s. for a switching signal of class EH.
The results automatically give the a1-GAS-M property also in addition to GAS a.s., in
view of the close relationship between the sufficient conditions for GAS a.s. and GAS-M
in our analysis results of §3.

There are two distinct and obvious controller architectures: one in which the
the control function depends on the switching signal o, and the other in which the
control function does not depend on . In the first case, which is presented in §7.1, we
combine universal formulae for feedback stabilization of nonlinear systems with our
analysis results to design controllers which ensure GAS a.s. of the closed-loop switched
system. In the second case, which is presented in §7.2, we search for a controller which
stabilizes some subsystems while not destabilizing the others too much, and with the
aid of our analysis results, ensure that the closed-loop switched system is GAS a.s.

7.1. Mode-dependent Controllers. Consider the affine-in-control switched
system

T = fg(l') + Zga7j(‘r)uj’ (C(:(O), U(O)) = ($07 UO)v t=0, (7'1)
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where x € R" is the state, u;, ¢ = 1,...,m, are the (scalar) control inputs, f; and g; ;
are twice continuously differentiable vector fields on R”, with f;(0) = 0,¢;;(0) = 0,
for each i € P,j € {1,...,m}. Let U be the set where the control u := [u1, ..., um|"
takes its values. With a feedback control function k, (z) = [ky.1(2), ..., kom(z)]", the
closed-loop system stands as:

m

&= fo(x) + Zga,j(w)ko,j(w), (2(0),0(0)) = (z0,00), t=>0. (7.2)

We now describe the controller design methodology. A universal formula for
stabilization of control-affine nonlinear systems was first constructed in [26], for the
control taking values in &/ = R™. The articles [20], [21], and [22] provide universal
formulae for bounded controls, positive controls, and controls restricted to Minkowski
balls, respectively. In view of the analysis results of §3 and the universal formulae
provided in the aforementioned articles, it is possible to synthesize controllers k.,
for (7.1) such that the closed-loop system (7.2) is GAS a.s. In general, we obtain
one synthesis scheme for each type of . The following theorem provides a typical
illustration of such a result for the case Y = R™; a complete recipe to obtain such
results in other cases is provided in Remark 7.2.

THEOREM 7.1. Consider the system (7.1), with U = R™. Suppose that o is
of class EH, and there exists a family {Vi}iep of twice continuously differentiable
real-valued functions on R™, such that
(C1) (V1) of Assumption 2.3 holds;

(C2) (V3) of Assumption 2.3 holds;
(C3) F{Ai}tier C R such that Vz € R"~{0}, Vi€ P,

inf (LpVi(@)+A:Vi(o Zu] i, Vi < 0;

(C4) Ve > 036 > 0 such that if x(# 0) satisfies ||z|| < 8, then FJu € R™, ||ul| < ¢,
such that Vi € P,°

Ly Vit Y Ly, Vi < =\Vi;
j=1

(C5) (E3)-(E4) of Theorem 3.2 hold.
Then the feedback control function

ko (z) = ko1 (), ..o ko m(2)]",

where
ki () = —Ly, Vilw) o (Wi(), Wi(w) ) (7.32)
Wiz) = Lf Vi(z) + Vi), (7.3b)
Z i, Vi (7.3¢)

5This is known as the small-control property [26].
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and

a++vVa?+b? ,
p(a,b) == b ifo 70, (7.3d)
0 otherwise,

renders (7.2) GAS a.s.
Proof. The proof relies heavily on the construction of the universal formula in [26].
Fix t € Ry. If x # 0, applying the definition of ¢, we get

Lf, o Vory (@ +Zka(t) Wagoi.i Vo) (@)

= L Vi (#) ~ W0<t><x>w<wa(t><x>, (Fow®))

2 — 2
= —Xot)Vo (z) — \/(Lf(,mVo(t)(I) + Aoy Vo (@) + (Wa(t)(ﬂﬂ))
< _)\O-(t)va-(t) (.T)

Since t is arbitrary, we conclude that the above inequality holds for all ¢ € Rxg.
Note that by (C3), if = € (L, ker (L, ,Vi) for any i € P, we automatically have
Lty Vo) (@) + Aoty Vo(ry(¥) < 0. The above arguments, in conjunction with (C1)
and (C2) enable us to conclude that the family {V;};cp satisfies Assumption 2.3 for
the closed-loop system (7.2). (E1) and (E2) hold by hypotheses. The assertion now
follows from Theorem 3.2. O

REMARK 7.2. Theorem 7.1 can be modified to suit a different control set ¢/ and a
different type of o using the following simple recipe. First, recall from the discussion
preceding Theorem 7.1 that &/ may be any one among R"" the nonnegative orthant
of R™, the unit ball (with respect to the Euclidean norm) of R™, and a Minkowski
ball in R™. Now suppose that a U is given to us, and let o belong to class UH. Then:
(R1) (C1) and (C2) remain unchanged;
(R2) the given U replaces the &/ = R™ in Theorem 7.1;
(R3) (U3) replaces (E3)-(E4) in (C5);
(R4) the universal formula corresponding to the given U replaces the one given
in (7.3). <

7.2. Mode-independent Controllers. Consider the affine-in-control switched
system (7.1). Let k(z) = [k1(2),...,kn(z)]" be a feedback control function, with
which the closed-loop system stands as:

&= fo(x)+ Zga,j(fﬂ)ﬁj(w)» (2(0),0(0)) = (z0,00), t=>0.  (7.4)

PROPOSITION 7.3. Consider the system (7.1) with U = R™. Suppose that o be-
longs to class EH, and there exists a family {V; }iep of twice continuously differentiable
real-valued functions on R™ such that

(i) (V1) and (V3) of Assumption 2.3 holds;
(ii) there exists a control function k : R® — U, such that L

for every i € P, x € R™, for some {\;};ep C R;

(iil) (E3)-(E4) of Theorem 3.2 holds.

fi +91‘EV; (x) < 7/\1‘/1 (I)
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Then k renders (7.1) GAS a.s. in closed-loop.

Note that this result does not need a feedback controller k& that simultaneously
stabilizes the family (2.1), which in general is difficult to get; it proposes controllers
which may leave some subsystems unstable, but nonetheless achieve GAS a.s. of the
closed-loop switched system.

Proof of Proposition 7.3. The assertion follows immediately by first observing that
the closed-loop system is (7.4), and then applying Theorem 3.2 to (7.4). Indeed, note
that hypothesis (ii) holds for (7.4) by our assumption on o, (iii) implies (EH3)-(EH4)
hold, and (i)-(ii) ensure that (E1) holds. O

An identical result can be given for switching signals of class UH; we state it
without proof below.

PROPOSITION 7.4. Consider the system (7.1) with U = R™. Suppose that o
belongs to class UH, and there exists a family {V;}icp of twice continuously differen-
tiable real-valued functions on R™ such that

(i) (V1) and (V8) of Assumption 2.3 holds;
(ii) there exists a control function k : R® — U, such that L, 5Vilz) < —AVi(z)

for every i € P, x € R™, for some {\;}iep C R;

(iii) (U3) of Theorem 3.4 holds.
Then k renders (7.1) GAS a.s. in closed-loop.

8. Examples. We consider two examples illustrating our analysis and synthesis
results. First let us consider a simple example with a relaxed switching rate.

EXAMPLE 8.1. Let us consider a switching signal o of class EH taking values in
the index set P = {1, 2}, with ¢; = 0.6, g2 = 0.4, and A = 10, and the following two
vector fields

filz) = [(Il + gg_jiintaﬁ - 3952} ’

o) = [ 7]

We would like to know whether the switched system generated by o from the two
vector fields above is GAS a.s. To this end, we verify the hypotheses of Theorem 3.2.
Let us consider candidate Lyapunov-like functions Vi (z) = 2% /2423 = Va(2), so that
u = 1. Simple computations lead to

Ly Vi(z) = =327 — 423 + (1 + 2sin(z1))z1 20
< —321/2 - 523/2 < —5Va(2)/2

and
Ly, Va(z) = 1/2 + 23 + 2122 < 2Va(2),

which yield that Ay = 5/2 and Ao = —2. It follows immediately that (E3)-(E4) of
Theorem 3.2 hold, and that the switched system is GAS a.s.

Observe that given the structure of fo, it is tempting to employ Va(z) = (22 +
23)/2 as a candidate Lyapunov-like function, but then the constant p becomes 2,
and it becomes impossible to satisfy (E4) with the given values of ¢; and g2. This
observation applies in the general situation as well; it is often beneficial to take as
small a value of the constant ;o as possible unless the probabilities ¢; differ greatly.

We provide an example illustrating our controller synthesis methodology.
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ExAMPLE 8.2. Let P = {1,2} and consider the family of planar control systems

S R AR I R

Let o be a switching signal satisfying (U2) of Theorem 3.4 with 7= 0.5 and ¢; = 0.8
and g2 = 0.25, and let us assume that we do not have information about o at any
instant of time t. Let us further suppose that the only state available for feedback is
x1, and our objective is to find a control function k(z) = kz, where k is a constant,
such that the closed-loop switched system is GAS a.s.

We observe that the first subsystem has multiple equilibrium points for zero in-
put, but by choosing an appropriate k it is possible to render the origin the unique
equilibrium point of the closed-loop subsystem. Note also that the first system is
zero-input unstable at the origin, and no matter what k is, the second subsystem is
always unstable. (The latter fact follows immediately from the fact that if we choose
a Lyapunov-like function V(z) = 0.5(21 + #3), then Ly iV (@) = kx? + x3, from
which we see that the conditions of Chetaev’s theorem [28, Chapter 5, Theorem 99]
are fulfilled for every k € R; this implies instability of the origin.) Therefore, without
a control input the switched system is unstable at the origin.

Let us choose Vi (z) = Va(x) = 0.52% + 23, which gives us p = 1. We immediately
see that

Lf1+91EV1 (x) < _Vl (.’t),
Lf2+g2EV2(x) < QVQ({E),

which means A\; =1 and A2 = —2. We see that hypotheses (i)-(ii) of Proposition 7.4
are satisfied. It is also easy to see that

q1(1 — e*T) qg(l — ezT) 1
T T <1F w

which implies that hypothesis (iii) of Proposition 7.4 holds. We conclude that with k& =
—3 the switched control system under consideration is GAS a.s. by Proposition 7.4.

9. Conclusion and further work. We have established sufficient conditions for
global asymptotic stability almost surely, in the mean, and in probability, of randomly
switched systems and a methodology for almost sure global asymptotic stabilization
and global asymptotic stabilization in the mean of randomly switched systems with
control inputs. The switching signals were assumed to be semi-Markovian.

An interesting research direction is to extend the above results to systems with
disturbance inputs. The analysis becomes more involved, and for synthesis tools
universal formulae for 1Ss disturbance attenuation in nonlinear control literature are
needed. Some preliminary results have been reported in [8] and [6]. In the particular
case of Markovian switching signals, one can prove stochastic analogs of input to state
stability (1ss) [6, Chapter 3].

Acknowledgments. The authors are grateful to Sean P. Meyn and P. R. Kumar
for motivating the results of §4, and V. S. Borkar for helpful discussions. They also
thank the anonymous reviewers for their helpful suggestions.

REFERENCES



24

(1]

(28]
[29]

30]

(31]

D. CHATTERJEE aAnD D. LIBERZON

S. BATTILOTTI AND A. D. SANTIS, Dwell time controllers for stochastic systems with switching
Markov chain, Automatica, 41 (2005), pp. 923-934.

A. A. BOrROVKOV, Probability Theory, Gordon & Breach Publishing Group, Amsterdam, 1999.

E.-K. BoOuUKaAS, Stochastic Switching Systems, Analysis and Design, Control Engineering,
Birkhauser, Boston, 2006.

P. BREMAUD, Point Processes and Queues, Martingale Dynamics, Springer Series in Statistics,
Springer-Verlag, New York - Berlin, 1981.

M. L. BUJORIANU AND J. LYGEROS, Reachability questions in piecewise deterministic Markov
processes, vol. 2623 of Lecture Notes in Computer Science, Springer-Verlag, 2003, pp. 126—
140.

D. CHATTERJEE, Studies on Stability and Stabilization of Randomly Switched Systems,
PhD thesis, University of Illinois at Urbana-Champaign, 2007. downloadable from
http://decision.csl.uiuc.edu/~liberzon/research/chatterjee-thesis.pdf.

D. CHATTERJEE AND D. LIBERZON, On stability of randomly switched nonlinear systems, IEEE
Transactions on Automatic Control, 52 (2007), pp. 2390-2394.

, Towards ISS disturbance attenuation of randomly switched systems, in Proceedings of
the 46th IEEE Conference on Decision & Control, 2007, pp. 5612-5617.

M. H. A. Davis, Markov Models and Optimization, Chapman & Hall, London, 1993.

S. N. Etaier AND T. G. KURTz, Markov Processes: Characterization and Convergence, Wiley
Series in Probability and Mathematical Statistics, John Wiley & Sons, Ltd., New York,
1986.

X. FENG, K. A. LoPARO, Y. Ji, AND H. J. CHIZECK, Stochastic stability properties of jump
linear systems, IEEE Transactions on Automatic Control, 37 (1992), pp. 38-53.

A. F. Fiuippov, Differential Equations with Discontinuous Righthand Sides, vol. 18 of Mathe-

R

matics and Its Applications, Kluwer Academic Publishers, Dordrecht, 1988.
. Z. HASMINSKII, Stochastic Stability of Differential Equations, Sijthoff & Noordhoff, Alphen
aan den Rijn - Germantown, 1980.

J. P. HESPANHA, Stochastic hybrid systems: application to communication networks, vol. 2993
of Lecture Notes in Computer Science, Springer-Verlag, 2004, pp. 387-401.

Y. Ji AND H. J. CHIZECK, Controllability, stabilizability, and continuous-time Markovian jump
linear quadratic control, IEEE Transactions on Automatic Control, 35 (1990), pp. 777-788.

F. KozIN, A survey of stability of stochastic systems, Automatica, 5 (1969), pp. 95-112.

H. J. KUSHNER, Stochastic Stability and Control, Academic Press, New York - London, 1967.

V. LAKSHMIKANTHAM AND S. LEELA, Differential and Integral Inequalities: Theory and Appli-
cation, vol. 1, Academic Press, New York - London, 1969.

D. LIBERZON, Switching in Systems and Control, Systems & Control: Foundations & Applica-
tions, Birkhauser, Boston, 2003.

Y. LN AND E. D. SONTAG, A universal formula for stabilization with bounded controls, Systems
& Control Letters, 16 (1991), pp. 393-397.

———, Control-Lyapunov universal formulae for restricted inputs, Control: Theory & Ad-
vanced Technology, 10 (1995), pp. 1981-2004.

M. MALISOFF AND E. D. SoONTAG, Universal formulas for CLF’s with respect to Minkowski
balls, in Proceedings of the 1999 American Control Conference, 1999, pp. 3033-3037.

X. Mao AND C. YUAN, Stochastic differential equations with Markovian switching, Imperial
College Press, London, 2006.

M. M. Rao AND R. J. SWIFT, Probability Theory with Applications, vol. 582 of Mathematics
and Its Applications, Springer-Verlag, 2 ed., 2006.

D. ReEvuz AND M. YOR, Continuous Martingales and Brownian Motion, vol. 293 of
Grundlehren der Mathematischen Wissenschaften, Springer-Verlag, Berlin, 3 ed., 1999.

E. D. SONTAG, A uniwersal construction of Artstein’s theorem on nonlinear stabilization, Sys-
tems & Control Letters, 13 (1989), pp. 117-123.

V. A. UGRINOVSKII, Randomized algorithms for robust stability and guaranteed cost control of
stochastic jump parameter systems with uncertain switching policies, Journal of Optimiza-
tion Theory and Applications, 124 (2005), pp. 227-245.

M. VIDYASAGAR, Nonlinear Systems Analysis, vol. 42, STAM Classics in Applied Mathematics,
Philadelphia, 2002.

C. YuaN AND J. LYGEROS, Stabilization of a class of stochastic differential equations with
Markovian switching, Systems & Control Letters, 54 (2005), pp. 819-833.

C. YuaN AND X. MAo, Asymptotic stability in distribution of stochastic differential equa-
tions with Markovian switching, Stochastic Processes and their Applications, 103 (2003),
pp. 277-291.

G. ZHA1, B. Hu, K. YASUDA, AND A. N. MICHEL, Stability analysis of switched systems with



STABILIZING RANDOMLY SWITCHED SYSTEMS 25

stable and unstable subsystems: An average dwell time approach, International Journal of
Systems Science, 32 (2001), pp. 1055-1061.



