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Abstract—Symbolic approaches to the control design over
complex systems employ the construction of finite-state models
that are related to the original control systems, then use tech-
niques from finite-state synthesis to compute controllers satisfying
specifications given in a temporal logic, and finally translate
the synthesized schemes back as controllers for the concrete
complex systems. Such approaches have been successfully de-
veloped and implemented for the synthesis of controllers over
non-probabilistic control systems. In this paper, we extend the
technique to probabilistic control systems modelled by controlled
stochastic differential equations. We show that for every stochas-
tic control system satisfying a probabilistic variant of incremental
input-to-state stability, and for every given precision ¢ > 0,
a finite-state transition system can be constructed, which is e-
approximately bisimilar to the original stochastic control system.
Moreover, we provide results relating stochastic control systems
to their corresponding finite-state transition systems in terms of
probabilistic bisimulation relations known in the literature. We
demonstrate the effectiveness of the construction by synthesizing
controllers for stochastic control systems over rich specifications
expressed in linear temporal logic. The discussed technique
enables a new, automated, correct-by-construction controller
synthesis approach for stochastic control systems, which are
common mathematical models employed in many safety critical
systems subject to structured uncertainty and are thus relevant
for cyber-physical applications.

I. INTRODUCTION, LITERATURE BACKGROUND, AND
CONTRIBUTIONS

The design of controllers for complex control systems with
respect to general temporal specifications in a reliable, yet
cost-effective way, is a grand challenge in cyber-physical
systems research. One promising direction is the use of
symbolic models: symbolic models are discrete and finite
approximations of the continuous dynamics constructed in
a way that controllers designed for the approximations can
be refined to controllers for the original dynamics. When
finite symbolic models exist and can be constructed, one
can leverage the apparatus of finite-state reactive synthesis
[26] towards the problem of designing hybrid controllers.
The formal notion of approximation is captured using e-
approximate bisimulation relations [15], which guarantee that
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each trace of the continuous system can be matched by a trace
of the symbolic model up to a precision ¢, and vice versa.

The effective construction of finite symbolic models has
been studied extensively for non-probabilistic control systems.
Examples include work on piecewise-affine and multi-affine
systems with constant control distribution [7], [17], abstrac-
tions based on convexity of reachable sets for sufficiently
small sampling time [36], the use of incremental input-to-state
stability [9], [16], [25], [34], [35], non-uniform abstractions of
nonlinear systems over a finite-time horizon [40], and finally
sound abstractions for unstable nonlinear control systems
[45]. Together with automata-theoretic controller synthesis
algorithms [26], effective symbolic models form the basis of
controller synthesis tools such as Pessoa [27].

However, much less is known about continuous stochastic
control systems. Existing results for probabilistic systems
include the construction of finite abstractions for continuous-
time stochastic dynamical systems under contractivity as-
sumptions [1], for discrete-time stochastic hybrid dynamical
systems endowed with certain continuity and ergodicity prop-
erties [3], and for discrete-time stochastic dynamical systems
complying with a notion of bisimulation function [5]. While
providing finite bisimilar abstractions, all the cited techniques
are restricted to autonomous models (i.e., with no control
inputs). As such, they are of interest for verification purposes,
but fall short towards controller synthesis goals. On the
other hand, for non-autonomous models there exist techniques
to check if an infinite abstraction is formally related to a
concrete stochastic control system via a notion of stochastic
(bi)simulation function [19], however these results do not
extend to the construction of approximations nor they deal
with finite abstractions, and appear to be computationally
intractable in the non-autonomous case because one requires to
solve a game to compute stochastic (bi)simulation functions.
Further, for specific temporal properties such as (probabilistic)
invariance, there exist techniques to compute finite abstractions
of discrete-time stochastic control systems [2], however their
generalization to general properties in linear temporal logic is
not obvious, nor their applicability to continuous-time models.
The work in [38] provides algorithms for the verification
and control problems restricted to probabilistic rectangular
automata, in which random behaviors occur only over the
discrete components — this limits their application to models
with continuous probability laws. The work in [22] presents a
finite Markov decision process approximation of a continuous-
time linear stochastic control system for the verification of
given temporal properties, however the relationship between
abstract and concrete model is not quantitative. Along the same
lines, classical discretization results in the literature [21] offer
approximations of stochastic control systems that are related to
the concrete models only asymptotically, rather than according



to formal bisimulation or simulation notions that are in the
end required to ensure the correspondence of controllers for
temporal logic specifications over model trajectories.

In summary, to the best of our knowledge there is no
comprehensive work on the construction of finite bisimilar
abstractions for continuous-time continuous-space stochastic
control systems. These systems offer a natural modeling
framework for cyber-physical systems operating in an uncer-
tain or noisy environment, and automated controller synthesis
methodologies can enable more reliable system development
at lower costs and times.

In this paper, we show the existence of -approximate bisim-
ilar symbolic models (in the sense of moments) for continuous-
time stochastic control systems satisfying a probabilistic ver-
sion of the incremental input-to-state stability property [4],
for any given parameter ¢ > 0. The symbolic models are
finite if the continuous states lie within a bounded set. We also
provide a simple way to construct the symbolic abstractions
by quantizing the state and input sets. By guaranteeing the
existence of an e-approximate bisimulation relation among
concrete and abstract models, we show that there exists a
controller enforcing a desired specification on the symbolic
model if and only if there exists a controller enforcing an
e-related specification on the original stochastic control sys-
tem. The construction generalizes results for non-probabilistic
systems [16], [25], [34], and reduces to these ones in the
special case of dynamics with no noise. Moreover, it provides
a framework upon which the new abstraction techniques can
be developed for stochastic systems such as the recent results
on stochastic control systems without any stability assumption
[44]; on incrementally stable stochastic switched systems
[42]; on incrementally stable randomly switched systems [43],
and finally on incrementally stable stochastic control systems
which do not require discretization of the set of states but only
the set of inputs [47].

Furthermore, we provide quantitative results showing pre-
cisely how the proposed e-approximate bisimulation relations
among concrete stochastic control systems and abstract sym-
bolic models are related to known probabilistic bisimulation
notions recently developed in the literature. We also show
the description of the proposed incremental stability in terms
of a so-called incremental Lyapunov function. The derived
notions are extensions of similar ones developed for non-
probabilistic control systems [4], in the sense that the results
for non-probabilistic control systems can be recovered in the
framework of this paper by setting the diffusion term to zero.

We finally illustrate our results on two case studies, where
controllers are synthesized over (non-linear) stochastic control
systems with respect to rich linear temporal logic specifica-
tions of practical relevance.

II. STOCHASTIC CONTROL SYSTEMS
A. Notations

The identity map on a set A is denoted by 14. If A is a
subset of B we denote by 24 : A < B or simply by 2 the
natural inclusion map taking any a € A to «(a) = a € B. The
symbols N, Ny, Z, R, R*, and Rf{ denote the set of natural,
nonnegative integer, integer, real, positive, and nonnegative
real numbers, respectively. The symbols I, 0,, and 0, xm
denote the identity matrix, the zero vector, and zero matrix in
R™>" R™, and R™*™, respectively. Given a vector © € R",

we denote by x; the i—th element of z, and by ||z| the
infinity norm of z, namely ||z|| = max{|z1|, |z2|, ..., |zn|}
where |x;| denotes the absolute value of ;. Given a matrix
M ={m;;} € R™™™, we denote by ||M|| the infinity norm
of M, namely, || M| = maxi<;<n Y-, |mij|, and by || M|
the Frobenius norm of M, namely, ||M||p = /T (MMT),
where Tr(P) = Y.»'  pi for any P = {p;;} € R™*".
We denote by Apin(A) and Apax(A) the minimum and
maximum eigenvalues of matrix A, respectively. The diagonal
set A C R?" is defined as: A = {(z,2) | * € R"}. Given
aset W C R™ and ¢ € RH, we denote by W*€ the e-
inflation of W, namely, W¢ = {x € R" | ||z|lw < ¢}, where
lellw = infucw |1z — wl.

The closed ball centered at x € R™ with radius A is defined
by Ba(z) = {y € R" |||z —y|| < A}. A set B C R" is called
a box if B = []I_[c;,d;], where ¢;,d; € R with ¢; < d;
for each ¢ € {1,...,n}. The span of a box B is defined
as span(B) = min{|d; —¢;||i=1,...,n}. By defining
R"], = {a €R"|a; =kin,k; € Z,i=1,...,n}, the set
Uperny, BA(p) is a countable covering of R™ for any 7 € R*
and A\ > n/2. For a box B C R™ and n < span(B), define
the n-approximation [B],, = [R"],, N B. Note that [B], # @
for any < span(B). Geometrically, for any € R* with
n < span(B) and A > ), the collection of sets {Bx(p)},c(B,
is a finite covering of B, i.e., B C UpG[B]n B (p). We extend
the notions of span and of aﬁ?roximation to finite unions of
boxes as follows. Let A = szl A;, where each A; is a box.
Define span(A) = min{span(A4,)|j=1,..., M}, and for
any 1) < span(A), define [A], = U;Z, (4],

Given a measurable function f : Rg — R™, the (essen-
tial) supremum of f is denoted by || f|oc; we recall that
I/ lloo := (ess)sup{||f(¢)||,t > 0}. A function f is essentially
bounded if | f|loc < oo. For a given time s € RT, define
fs so that f,(t) = f(t), for any ¢t € [0,s), and fs(t) = 0
elsewhere; f is said to be locally essentially bounded if
for any s € R, f, is essentially bounded. A continuous
function v : Rf — Ry, is said to belong to class K if it is
strictly increasing and (0) = 0; ~ is said to belong to class
Koo if y€K and y(r) — oo as r — oo. A continuous
function 3 : Ry x R — RY is said to belong to class KL
if, for each fixed s, the map S(r,s) belongs to class K
with respect to r and, for each fixed nonzero r, the map
B(r,s) is decreasing with respect to s and S(r,s) — 0 as
s — 0o. We identify a relation R C A x B with the map
R:A— 2B defined by b € R(a) iff (a,b) € R. Given a
relation R C A x B, R~! denotes the inverse relation defined
by R~! = {(b,a) € B x A: (a,b) € R}. Given a twice con-
tinuously differentiable function V' : R™ x R® — Rg , We
denote by H(V)(x,2’) the value of Hessian matrix of V at
(z,7') € R* x R™.

B. Stochastic control systems

Let (£2,F,P) be a probability space endowed with a
filtration I = (Fs)s>0 satisfying the usual conditions of
completeness and right continuity [30]. Let (W;)s>0 be a p-
dimensional IF-Brownian motion.

Definition 2.1: A stochastic control system is a tuple ¥ =
(R™, U, U, f,o), where

« R” is the state space;

e« UCR™ is an input set;



e U is a subset of the set of all measurable, locally
essentially bounded functions of time from RS’ to U;

e f: R*" x U — R" satisfies the following Lipschitz
assumption: there exist constants L,, L, € R™ such that:
£ (e,w) — f@, )| < Lyl — 2’| + Lyfu— || for all
z,z' € R" and all u,u’ € U;

e 0 R™ — R™P gatisfies the following Lipschitz
assumption: there exists a constant Z € RS‘ such that:
lo(x) —o(2")|| < Z||Jz — || for all z,z" € R™.

A stochastic process & : Q) x Ry — R™ is said to be a

solution process of X if there exists v € U satisfying:

d§ = f(§v)dt +o(§)dWs,

P-almost surely (IP-a.s.), where f is known as the drift, o as
the diffusion, and again W, is Brownian motion. We also write
Eav(t) to denote the value of the solution process at time ¢ €
Ra' under the input signal v from initial condition &,,,(0) = a
IP-a.s., in which a is a random variable that is measurable in
Fo. Let us remark that Fj in general is not a trivial sigma-
algebra, and thus the stochastic control system X can start
from a random initial condition. Let us emphasize that the
solution process is uniquely determined, since the assumptions
on f and o ensure its existence and uniqueness [30, Theorem
5.2.1, p. 68].

(IL1)

III. A NOTION OF INCREMENTAL STABILITY

This section introduces a stability notion for stochastic
control systems, which generalizes the notion of incremental
input-to-state stability (9-ISS) [4] for non-probabilistic control
systems. The main results presented in this work rely on the
stability assumption discussed in this section.

A. Incremental stability and its description

Definition 3.1: A stochastic control system X is incremen-
tally input-to-state stable in the gth moment (6-1SS-M,), where
q > 1, if there exist a KL function S and a K, function ~y
such that for any ¢ € R{, any R™-valued random variables
a and o’ that are measurable in Fy, and any v, v’ € U, the
following condition is satisfied:

E [[[€a0 () = &aror (1] < B (B [lla = o[}, )+ (fJo =] ) -
1.1

It can be easily checked that a §-ISS-M,, stochastic control
system X is -ISS in the absence of any noise as in the
following:

Hfm)(t) - ga’v’ (t)” < ﬂ (”a - CL/H 7t) + (”U - U,”oo) )

(I11.2)
for a,a’ € R™, some 3 € KL, and some v € K. Moreover,
whenever f(0,,0,,) = 0, and 0(0,) = 0,x, (.e., the
drift and diffusion terms vanish at the origin), then §-1SS-M,
implies input-to-state stability in the gth moment (ISS-M,)
[37] and global asymptotic stability in the gth moment (GAS-
M) [10].

Similar to the use of §-ISS Lyapunov functions in the non-
probabilistic case [4], we now describe J-ISS-M, in terms of
the existence of incremental Lyapunov functions, as defined
next.

Definition 3.2: Consider a stochastic control system > and
a continuous function V' : R® x R — Rar that is twice
continuously differentiable on {R™ x R™}\A. The function
V' is called an incremental input-to-state stability in the gth

moment (3-ISS-M,) Lyapunov function for 3, where ¢ > 1,
if there exist Ko, functions o, @, p, and a constant x € RT,
such that

(i) a (resp. @) is a convex (resp. concave) function;
(ii) for any z,2’ € R™,

a([|z—a'|7) < V(z,2") <a([z—a'||7);

for any z,z’ € R"™, x # ', and for any u,u’ € U,

(iii)

L5V (@, 2) = [0,V 9y V] { ff(gj?:z?)}

oyt ([50] [ @ o] [y SmY])
< —kV(z,2") + p([lu — ),

where £ is the infinitesimal generator associated to the
stochastic control system (II.1) [30, Section 7.3], which in
this case depends on two separate controls u, u’. The symbols
0y and 0y ,+ denote first- and second-order partial derivatives
with respect to x and z’, respectively.

Roughly speaking, condition (7i) implies that the growth
rate of functions @ and « are linear, as a concave function is
supposed to dominate a convex one. However, these conditions
do not restrict the behavior of @ and « to only linear functions
on a compact subset of R™. Note that condition (¢) is not
required in the context of non-probabilistic control systems.
The following theorem clarifies why such a requirement is
instead necessary for a stochastic control system, and describes
0-ISS-M, in terms of the existence of §-ISS-M, Lyapunov
functions.

Theorem 3.3: A stochastic control system X is J-ISS-M, if
it admits a -ISS-M, Lyapunov function.

The proof of Theorem 3.3 is provided in the Appendix.

One can resort to available software tools, such as SOS-
TOOLS [31, Subsection 4.2], to search for appropriate, non-
trivial §-ISS-M, Lyapunov functions of the form of poly-
nomial. Satisfaction of conditions (i) and (ii) of Definition
3.2 globally on R™ may require o and & to be piecewise
polynomial functions. However, as long as one is interested in
the dynamics of X on a compact subset of R", those conditions
can be still satisfied by o and @ of the form of polynomial.

Now we look into special instances where function V' can be
easily computed based on the model dynamics. The first result
provides a sufficient condition for a particular function V' to be
a 0-ISS-M,, Lyapunov function for a stochastic control system
3., when ¢ = 1, 2 (that is, in the first or second moment).

Lemma 3.4: Consider a stochastic control system Y. Let
q € {1,2}, P € R™*"™ be a symmetric positive definite matrix,
and the function V : R” x R® — R{ be defined as follows:

V(z,z') = (‘7(.’1',:17/))% = <$ (z — x/)TP (z — :c')) ’ ,
(I11.3)

and satisfy

(2~ )T P(f(z,u) — f@' )+ |[VP (o) - o) |

< -k (V(az,x/)) ,

or, if f is differentiable with respect to x, satisfy

2
F
(IIL.4)

(@ — 2')T PO f (2, u)(x — x’)% VP (o) ~ o)

2
F

2
q

< -k (V(ax7 x')) ,



for all x,z',z € R™, for all v € U, and for some constant
K € R*. Then V is a §-1SS-M, Lyapunov function for X.

The proof of Lemma 3.4 is provided in the Appendix.

The next result provides a condition that is equivalent to
(IIL.4) or (IIL.5) for linear stochastic control systems X (that
is, for systems with linear drift and diffusion terms) in the
form of a linear matrix inequality (LMI), which can be easily
solved numerically.

Corollary 3.5: Consider a stochastic control system X,
where for all x € R”, and v € U, f(z,u) := Az +
Bu, for some A € R™"™ B € R™™, and o(z) :=
[o1x o9z - apa:g, for some o; € R™ ™, Then, function
V in (IIL.3) is a 0-ISS-M, Lyapunov function for ¥, when
q € {1,2}, if there exists a constant & € RT satisfying the
following LMI:

p
PA+A"P+) 0! Po; X —RP

=1

(I1L.6)

Proof: The corollary is a particular case of Lemma 3.4.
It suffices to show that for linear dynamics, the LMI in
(II1.6) yields the condition in (IIL.4) or (IIL.5). First it is
straightforward to observe that

H\/TD (o(x) — o(2")) Hi =Tr ((O’(.Z’) — U(x'))T P (o(z) — U(ac')))
Z ol Poi(x —a'),

i=1

= 2772?

and that

(x—2)\" PO, f(z,u)(z—a) = %(a:fx/)T (PA + ATP) (z—2x),
for any x,2’, 2 € R™ and any u € U. Now suppose there exists
% € R such that (IIL.6) holds. It can be readily verified that
the desired requirements in (II.4) and (IIL.5) are verified by
choosing k = q; [ |

Remark 3.6: By considering both K and P as decision
variables, inequality (IIL.6) is not an LMI anymore as the right
hand side is bilinear. However, one may resort to iterative
schemes (e.g. bisection algorithm on scaler variable K) to
optimize over the parameters k and P, separately. Note that
seeking appropriate matrix P and constant % can provide
tighter upper bounds in (IIL.1).

Remark 3.7: Consider a stochastic control system 3. As-
sume that f is differentiable with respect to = and that, for any
z € R", o(z) := [o12 022 ... opz], for some o; € R™*™.
Then, the function V' in (IIL.3) is a -ISS-M,; Lyapunov
function for X, when ¢ € {1,2}, if there exists a constant
% € RT satisfying the following matrix inequality:

P+i0iTPJ¢ <

i=1

PO, f(z,u) + (9p f(2,u)"

—kP, (IIL7)
for any z € R™ and any u € U. One can easily verify that
condition (III.7) corresponds to the contractivity conditions
(with respect to the states) in [46], obtained with contraction
metric P, and to the Demidovich’s condition in [32] for a
system X in the absence of any noise, i.e. 0; = 0, %, for all
1=1,...,p. O

B. Noisy and noise-free trajectories

In order to introduce a symbolic model in Section V for the
stochastic control system X, we need the following technical
results, which provide an upper bound on the distance (in

the gth moment) between the solution processes of X and
those of the corresponding non-probabilistic control system,
ie. ¥ = (R",U,U, f,0,x,), obtained by disregarding the
diffusion term (that is, ¢). From now on, we use the notation
€, to denote the trajectory of ¥ under the input signal v from
initial condition x.

Lemma 3.8: Consider a stochastic control system X such
that f(0,,0,,) = 0, and o(0,) = 0,,xp. Suppose that ¢ > 2
and there exists a 0-ISS-M, Lyapunov function V' for ¥ such
that its Hessian is a positive semidefinite matrix in R2"*2"
and 9, ,V(z,2") < P, for any z,z’ € R™ and some positive
semidefinite matrix P € R™*"™. Then for any = in a compact
set D C R™ and any v € U, we have

E (¢t — €

where the nonnegative valued function / tends to zero as t —
0, t — 400, or as Z — 0, where Z is the Lipschitz constant,
introduced in Definition 2.1.

The proof of Lemma 3.8 is provided in the Appendix.

One can compute explicitly the function h using equation
(IX.7) in the Appendix. Although function h in (IX.7) is only
an explicit function of time ¢, with a slight abuse of notation,
we prefer to keep o as one of the arguments of / to show later
how the results in non-probabilistic cases in the literature can
be recovered by setting ¢ = 0 in function h.

Remark 3.9: In the previous lemma, if V' is a polynomial,
then the condition H(V)(z,z’) = 0ay,x2, for all z,2’ € R™
is equivalent to V' being a convex function [11]. Furthermore,
if we assume that for all x,2’ € R", H(V)(z,2') =
M (z,2" )T M (z,2"), where M(x,z") € R**?" is a polyno-
mial matrix for some s € N, then V is a sum of squares
which can be efficiently searched through convex linear matrix
inequalities optimizations [11], and using some available tools,
such as SOSTOOLS [31, Subsection 4.2]. ]

The following lemma provides an explicit result in line
with that of Lemma 3.8 for a model ¥ admitting a J-ISS-M,

Lyapunov function V' as in (IIL.3), where ¢ € {1, 2}.

Lemma 3.10: Consider a stochastic control system > such
that f(0,,0,,) = 0, and 0(0,) = 0y,x,. Suppose that the
function V' in (II.3) satisfies (II.4) or (IIL.5) for X. For
any x in a compact set D C R™ and any v € U, we have

E [[|&0(t) = Eoo (0)]|"] < h(o,1), where

QH\/7H n mln{n p}Z2%e ‘1t
in(P)R

H]<hgt (I1L8)

h(o,t)

2
=£t 2 H\/TDH L 2
Amax(P) (1= €72 ) sup {flal*} + 12— sup {Jlul} ¢ |,

Z is the Lipschitz constant, as introduced in Definition 2.1. It
can be readily verified that the nonnegative valued function h
tends to zero as t — 0, t — +o00, or as Z — 0.

The proof of Lemma 3.10 is provided in the Appendix.

For a linear stochastic control system 3., the following corol-
lary tailors the result in Lemma 3.10 obtaining possibly a less
conservative expression for function h, based on parameters
of drift and diffusion.

Corollary 3.11: Consider a stochastic control system X,
where for all z € R™ and u € R™, f(z) := Ax+ Bu, for some
A e R"™™ B € R"™™, and o(x) = [o12 09z - opz],
for some o; € R™*"™, Suppose that the function V in (IIL.3)
satisfies (II1.6) for 3. For any x in a compact set D and any



v €U, we have | [Hgm(t) @®)| } < h(o,t), where

i=1

Amin (P)
sup (el + ([ o5 ar) gégﬂun})zds.

[ (e

The proof of Corollary 3.11 is provided in the Appendix.

zeD

IV. SYMBOLIC MODELS
A. Systems

We employ the notion of system [39] to describe both
stochastic control systems as well as their symbolic models.

Definition 4.1: A system S is a tuple S = (X, Xo,U, —
,Y, H), where X is a set of states, Xo C X is a set of initial
states, U is a set of inputs, —C X x U x X is a transition
relation, Y is a set of outputs, and H : X — Y is an output
map.

A transition (z,u,2’) €— is also denoted by .

For a transition  ——» 2’ , state 2’ is called a wu-successor,
or simply a successor, of state x. For technical reasons, we
assume that for any x € X, there exists some u-successor of
z, for some v € U — let us remark that this is always the case
for the considered systems later in this paper.

System S is said to be

o metric, if the output set Y is equipped with a metric
d: Y xY > RS

o finite (or symbolic), if X and U are finite sets;

o deterministic, if for any state x € X and any input u,
there exists at most one u-successor.
(X, Xo,U,—,Y,H) and given

€ Xy, a finite state run gen-

a finite sequence of transitions:
Un —2 Un—1
—> Tp_1 —> T, such

For a system S =
any initial state x

erated from z¢ is

uo U1 u
Tg —> T3 —> To ——> -+

that x; BN x;41 for all 0 < ¢ < n. A finite state run can be
directly extended to an infinite state run as well.

B. System relations

We recall the notion of approximate (bi)simulation relation,
introduced in [15], which is useful when analyzing or synthe-
sizing controllers for deterministic systems.

Definition 4.2: Let S, = (X4, Xa0, Ua, — Yo, Hy)
and S, = (Xy, X0, Up, — , Yy, Hy) be metric systems

with the same output sets Y, = Y} and metric d. For € € R(J{,

a relation R C X, x X; is said to be an c-approximate

simulation relation from S, to S, if the following three

conditions are satisfied:

(i) for every z,0 € X,0, there exists x9 € Xpo with
(a0, 700) € R;

(ii) for every (zq,xp) € R, we have d(H,(z,), Hp(xp)) < &

(iii) for every (x4, ) € R, we have that z, L:» xl in S,
implies the existence of =z %» xy in Sy satisfying
(x),x}) € R.

A relation R C X, x X}, is said to be an e-approximate bisim-
ulation relation between S, and S if R is an e-approximate

simulation relation from S, to S, and R~!
simulation relation from Sy to S,.

System S, is e-approximately simulated by Sy, or S, &-
approximately simulates .S,, denoted by S, <% Sp, if there
exists an e-approximate simulation relation from S, to Sj.
System S, is e-approximate bisimilar to Sj, denoted by
Sq =5 Sy, if there exists an e-approximate bisimulation re-
lation between S, and .Sp.

Note that when € = 0, condition (ii) in the above definition
changes as (x4, xp) € R if and only if H,(z,) = Hp(zp), and
R becomes an exact simulation relation, as introduced in [29].
Similarly, whenever € = 0, R becomes an exact bisimulation
relation.

is an e-approximate

V. SYMBOLIC MODELS FOR STOCHASTIC CONTROL
SYSTEMS

This section contains the main contribution of the paper.
We show that for any stochastic control system ¥ admitting a
0-ISS-M, Lyapunov function, and for any precision level € €
R*, we can construct a finite system that is e-approximately
bisimilar to Y. In order to do so, we use the notion of system
as an abstract representation of a stochastic control system,
capturing all the information contained in it. More precisely,
given a stochastic control system X, we define an associated
metric system S(X) = (X, Xo,U, — ,Y, H), where:

e X is the set of all R™-valued random variables defined

on the probability space (2, F,P);

e Xy is the set of all R"-valued random variables that are
measurable over the trivial sigma-algebra Fy, i.e., the
system starts from a non-probabilistic initial condition,
which is equivalently a random variable with a Dirac
probability distribution;

« U =U,

e T —— 2/ if x and 2’ are measurable in F; and Fiirs
respectively, for some ¢t € Rg and 7 € R, and there
exists a solution process £ : QxR{ — R™ of ¥ satisfying
() =z and &, (1) = 2’ P-as.;

e Y is the set of all R™-valued random variables defined
on the probability space (2, F,P);

o« H=1x.

We assume that the output set Y is equipped with the metric

d(y,y) = (E [||yfy’Hq])5, for any y,y’ € Y and some
g > 1. Let us remark that the set of states of S(X) is
uncountable and that S(X) is a deterministic system in the
sense of Definition 4.1, since (cf. Subsection II-B) the solution
process of X is uniquely determined.

The results in this section rely on additional assumptions on
model ¥ that are described next (however such assumptions
are not required for the definitions and results in Sections II,
III, and IV). We restrict our attention to stochastic control
systems ¥ with f(0,,0,,) = 0,, 0(0,) = Opx,, and input
sets U that are assumed to be finite unions ofp boxes. We
further restrict our attention to sampled-data stochastic control
systems, where input signals belong to set ¢/, which contains
only signals that are constant over intervals of length 7 € R,
ie.

U, = {v cU | v(t) =v((k—1)7),t € [(k — V) kr|,k € N}.

Let us denote by S,(X) a sub-system of S(X) obtained by
selecting those transitions of S(X) corresponding to solution
processes of duration 7 and to control inputs in U,. This
can be seen as the time discretization or as the sampling of



a process. More precisely, given a stochastic control system
¥ = (R",U,U,, f,0), we define the associated metric system

ST(Z) = (Xr, X570, Ux, 47_’ ,Yr, Hy ), where X = X,
XTO == Xo, UT :UT, Y-r = Y, HT = H’ and

vr ;. , .
e v, — z. if . and z. are measurable, respectively,

-
in Fir and F(g41), for some k € Ny, and there exists

a solution process & : Q x Rf — R™ of ¥ satisfying
E(kT) =2, and &, o, (1) = 2/ P-as..

Notice that a finite state run
Uy v UN —

) . L Nl zn, of S-(X), where
T T T

v; € Uy and x; = &, _y0,_,(7) P-as. for i = 1,..., N,

captures the solution process of the stochastic control system
Y attimest =0, 7,..., N7, started from the non-probabilistic
initial condition xy and resulting from a control input v
obtained by the concatenation of the input signals v (i.e.
v(t) = v;—1(t) for any t € [(i — 1)T,iT[), fori=1,...,N.

Let us proceed introducing a fully symbolic system for the
concrete model Y. Consider a stochastic control system X =
(R™,U,U,, f,o) and a triple q = (7,m, ) of quantization
parameters, where 7 is the sampling time, 7 is the state space
quantization, and p is the input set quantization. Given X and

q, consider the following system:
SQ(Z):(anququa T’ 7Y:17Hq)7 (Vl)

consisting of (cf. Notation in Subsection II-A):

o Xq=[R"]:

o Xqo =[R"]y;

o Ug=[Ulu

o xq —— x, if there exists a x; € Xg such that

€ (T) — T4 J <

e Yj is the set of all R"”-valued random variables defined
on the probability space (2, F,P);

° Hq =1 Xq — qu

Note that we have abused notation by identifying uq € [U],
with the constant input signal with domain [0, 7[ and value uq.
Notice that the proposed abstraction Sq(X) is a deterministic
system in the sense of Definition 4.1. In order to establish an
approximate bisimulation relation, the output set Y, is defined
similarly to the stochastic system S, (X). Therefore, in the
definition of Hg, the inclusion map 2 is meant, with a slight
abuse of notation, as a mapping from a non-probabilistic grid
point to a random variable with a Dirac probability distribution
centered at that grid point. As argued in [39], there is no
loss of generality to alternatively assume that Y; = X and
Hy = 1x,. For later use, we denote by X; . : No = Xq a
state run of Sq(3) from initial condition X, .. (0) = x40 and
under input sequence u : Ng — [U],,.

The transition relation of Sy(3) is well defined in the sense
that for every zq € [R"], and every uq € [U], there always

/
q

since by definition of [R"],, for any Z € R™ there always
exists a state ¥’ € [R"], such that ||7 — 2’|| < 7. Hence,
for &, ,,,(7) there always exists a state zg € [R"], satisfying

‘7 <.

exists z;, € [R"™], such that z, L . This can be seen
q

€ rquq (T) — T

A. Main results

In order to show the first main result of this work, we
raise a supplementary assumption on the §-ISS-M, Lyapunov
function V as follows:

IV, y) = Vi, 2)| <7(lly - zl),

for any x,y,z € R", and some K., and concave function 7.
This assumption is not restrictive, provided V is restricted to a
compact subset of R™ x R™. Indeed, for all z,y, z € D, where
D C R" is compact, by applying the mean value theorem to
the function y — V' (z,y), one gets

V(z,y) = Vi(z,2)| <7 (ly = 2[),
where 7(r) = ( V(. y) D T

In particular, for the §-ISS-M; Lyapunov function V' defined

Ay
in (IIL.3), we obtain explicitly that (r) = \;:“‘%%r (39,

Proposition 10.5] satisfying (V.2) globally over R™ x R™. We
can now present the first main result of the paper, which
relates the existence of a §-ISS-M, Lyapunov function to the
construction of a symbolic model.

Theorem 5.1: Consider a stochastic control system X, ad-
mitting a §-ISS-M, Lyapunov function V, of the form of (III.3)
or the one explained in Lemma 3.8. For any ¢ € R* and
any triple g = (7,7, ) of quantization parameters satisfying
u < span(U) and

(V.2)

max
z,yeD\A

() < a (e,
e (") + —p() +7 ((h(o,7)7 +n) < (e,

we have that S4(2) =5 S-(%).

The proof of Theorem 5.1 is provided in the Appendix.

It can be readily seen that when we are interested in the
dynamics of ¥, initialized on a compact D C R™ of the form
of finite union of boxes and for a given precision e, there
always exists a sufficiently large value of 7 and small enough
values of 7 and p, such that 7 < span(D) and such that the
conditions in (V.3) and (V.4) are satisfied. On the other hand,
for a given fixed sampling time 7, one can find sufficiently
small values of 7 and p satisfying n < span(D), (V.3) and
(V.4), as long as the precision ¢ is lower bounded by:

o (o ()

One can easily verify that the lower bound on ¢ in (V.5) goes

to zero as 7 goes to infinity or as Z — 0, where Z is the
Lipschitz constant, introduced in Definition 2.1. Furthermore,
one can try to minimize the lower bound on ¢ in (V.5) by
appropriately choosing a §-ISS-M, Lyapunov function V' (cf.
Section III).

Note that different 0-ISS-M, Lyapunov functions V' result
in different quantization parameters q satisfying (V.3) and
(V.4). Hence, one can seek appropriate J-ISS-M, Lyapunov
functions to provide less conservative quantization parameters
q (cf. Remark 3.6). For example, one can leverage the existing
techniques in the literature such as [23] to construct polyhedral
incremental Lyapunov functions which are less conservative
compared to quadratic ones.

Note that the results in [16], as in the following corollary,
are fully recovered by the statement in Theorem 5.1 if the
stochastic control system X is not affected by any noise,

(V.5)



implying that h(o, 7) is identically zero and that the §-ISS-M,,
property reduces to the 6-ISS property.

Corollary 5.2: Let 3, the non-probabilistic version of 3, be
a J-ISS control system admitting a §-ISS Lyapunov function
V. For any € € RT, and any triple q = (7,7, ;1) of quantization
parameters satisfying p < span(U) and

& (n) < ale)
(€) + o) +7 (n) < a(e)

one obtains Sq () =5 S; ().

Note that since any non-probabilistic point can be regarded
as a random variable with a Dirac probability distribution
centered at that point, the output set of S, (i) which is
R™, can be embedded in the output set of Sq(X). Hence,
without loss of generality, one can assume that the output sets
of S; (X) and S () are equal. The same remark holds for
Corollary 5.4.

The next main theorem provides a result that is similar
to that in Theorem 5.1, which is however not obtained by
explicit use of the parameters of §-ISS-M, Lyapunov functions
(e.g. @, @, K, p, 7), but by using functions S and ~ as in
(IIL.1). Note that the symbolic models computed by using
the quantization parameters q provided in the next theorem,
whenever existing, is likely to have fewer states than the ones
computed by using the quantization parameters q provided in
Theorem 5.1 based on our experiences in different simulations
and the non-probabilistic version of this theorem as recalled
in Corollary 5.4. It also may provide a better lower bound on
¢ for a fixed sampling time 7. We refer the interested reader to
the case studies section for a comparison between the results
of Theorem 5.1 and of the next theorem on some practical
examples.

Theorem 5.3: Consider a 6-ISS-M, stochastic control sys-
tem X, satisfying (IIL.8). For any € € RT, and any triple q =
(1,m, ) of quantization parameters satisfying p < span(U)
and

(V.6)

e—KT

(V.7)

(o)

(B(%,7) + (1) + (h(o, 7)) 7 +1 <, (V8)

we have S4(X) =5 S-(%).

The proof of Theorem 5.3 is provided in the Appendix.

It can be readily seen that when we are interested in the
dynamics of 3, initialized on a compact D C R"™ of the form
of finite union of boxes and for a given precision ¢, there
always exists a sufficiently large value of 7 and small values
of 1 and p such that np < span(D) and the condition in (V.8)
are satisfied. However, unlike the result in Theorem 5.1, notice
that here for a given fixed sampling time 7, one may not find
any Valueslof n and p satisfying (V.8) because the quantity
(B(g%,7))7 may be larger than . As long as there exists a
triple q, satisfying (V.8), the lower bound of precision € can
be computed by solvilng the followinlg inequality with respect
to e: ¢ — (B(e?7))7 > (h(o,7))7. In this case, one can
easily verify that the lower bound on ¢ goes to zero as 7 goes
to infinity, as 7 goes to zero (only if (8(e?,0))7 < ¢), or
as Z — 0, where Z is the Lipschitz constant introduced in
Definition 2.1.

Note that the results in [34], as in the following corollary,
are fully recovered by the results in Theorem 5.3 if the
stochastic control system X is not affected by any noise,
implying that h(c, 7) is identically zero and that the 0-ISS-M,

property becomes the §-ISS property.

Corollary 5.4: Let X, the corresponding non-probabilistic
version of 33, be a §-ISS control system (i.e. satisfying (II1.2)).
For any ¢ € R™, and any triple q = (7,7, ) of quantization
parameters satisfying p < span(U) and

Ble,7) +(p) +n <e,

we have Sq (¥) =5 S5, (3).

Based upon the proposed symbolic models in Theorems 5.1
and 5.3, one can leverage the automata-theoretic controller
synthesis algorithms [26] to synthesize hybrid controllers
enforcing complex logic specifications (e.g. LTL) on the
original stochastic control systems. Particularly, we refer the
interested readers to Proposition 11.10 in [39] elucidating how
a controller synthesized to solve a simulation game over a
symbolic model can be refined to a controller for the original
system; for detailed definitions of syntax and semantics of
LTL, see also [6, Chapter 5].

Although S.(X) inherits a classical trace-based semantics
[39], the outputs of S (X) being random variables makes it
less trivial especially in terms of satisfaction of temporal logic
specifications, e.g. LTL. Let us focus on the following exam-
ple. Assume W C R"™ to be the safe set of our interest, i.e.
the LTL formula OW. Suppose we are able to find a control
strategy over the abstraction Sq(X) enforcing an output run of
Sq(X) to satisfy OW. Since the output run consists of points
y € Yy =Y, such thaty € W C R", y is a degenerate random
variable. On the other hand, assume that S;(X) =% S,(%).
By interpreting the result OWW obtained over the abstrac-
tion, one can guarantee that the corresponding output run of
S-(X) satisfies OW,, where W, = {y € Y, | d(y, W) < e},
d(y,W) =inf,ew d (y,w), and d is the gth moment metric.
Note that although the original set W is a subset of R", its &-
inflation in the gth moment metric, i.e. W,, is not a subset of
R™ anymore and contains non-degenerate random variables.
As a result, although satisfying OW, does not necessarily
mean that a trajectory of ¥ always stays within some non-
probabilistic set, it means that the associated random variables
always belong to W. and hence are e-close to the non-
probabilistic set W with respect to the gth moment metric.

Remark 5.5: Although we assume that the set U is infinite,
Theorems 5.1 (resp. Corollary 5.2) and 5.3 (resp. Corollary
5.4) still hold when the set U is finite, with the following
modifications. First, the system X (resp. X)) is required to
satisfy the property (III.1) (resp. (II1.2)) for v = v'. Second,
take U; = U in the definition of Sq(X). Finally, in the
conditions (V.4) (resp. (V.7)) and (V.8) (resp. (V.9)) set u = 0.
a

If the stochastic control system X is not J-ISS-M,, one can
use the results in [44], providing symbolic models that are
only sufficient in the sense that the refinement of any controller
synthesized for the symbolic model enforces the same desired
specifications on the original stochastic control system (in the
sense of moments). However, they can no longer guarantee, as
it was the case in this paper, that the existence of a controller
for the original stochastic control system leads to the existence
of a controller for the symbolic model. |

Remark 5.6: A detailed computational complexity analysis
of symbolic controller synthesis using the proposed abstrac-
tions is provided in Section V in [33]. In particular, both Al-
gorithms 1 and 2 in [33] can be applied to synthesize symbolic

V.9)



controllers based upon the proposed symbolic abstractions in
this paper.

B. Relationship with notions of probabilistic bisimulation in
the literature

In the remainder of this section, we relate the (approximate)
equivalence relations introduced in this work with known
probabilistic concepts in the literature.

The approximate bisimulation notion in Definition 4.2 is
structurally different from the probabilistic version discussed
for finite state, discrete-time labeled Markov chains in [13],
which is also extended to continuous-space processes as in
[12] and hinges on the absolute difference between transition
probabilities over sets covering the state space. The notion
in this work can be instead related to the approximate prob-
abilistic bisimulation notion discussed in [19], which lower
bounds the probability that the Euclidean distance between
any trace of the abstract model and the corresponding one of
the concrete model and vice versa remains close: both notions
hinge on distances over trajectories, rather than over transition
probabilities as in [12], [13].

We make the above statement more precise with the follow-
ing results, which do not require the assumptions f(0,,,0,,) =
0,, and 0(0,) = 0,,xp anymore.

Proposition 5.7: Let ¥ be a stochastic control system.
Assume that there exists a stochastic bisimulation function
¢ : R" x R* — Ry, as defined in [19], between X and its
corresponding non-probabilistic control system Y, and assume
that ¥ is 0-ISS. For any ¢ € R, any triple q = (7,7, 1) of
quantization parameters, satisfying p < span(U) and (V.9) (or
(V.6) and (V.7)), and for any state run &,_,,, of S, (X), there
exists a state run X, ., of Sq(¥), and vice versa, such that
the following relation holds:

P { SUp [|€a, o0 (T) = Xagu(k)|| > € | xTo} (V.10)
keNg

d(xr0,270) + €
€

The proof of Proposition 5.7 is provided in the Appendix.

Theorem 3 in [19] provides a similar result as in Proposition
5.7, however it is limited to hold over two infinite systems
rather than a finite and an infinite one as in this work. As
explained in [19], in order to compute a stochastic bisimulation
function, one requires to solve a game, which is computa-
tionally difficult even for linear stochastic control systems.
On the other hand, if the set of input is a singleton (i.e.,
U = {0,}), which results in the verification of stochastic
dynamical systems, then a stochastic bisimulation function
¢ can be efficiently computed by solving some LMIs, as
explained in [19, equations (39) and (40)] for linear stochastic
control systems. Alternatively, the stochastic contractivity of
the model can be used for this goal [1].

Remark 5.8: Let us further comment on the relationship be-
tween 9-ISS-M, Lyapunov functions in this work and stochas-
tic bisimulation ones in [19]. Let ¥ = (R™,{0,,},U, f, o) be
a stochastic control system admitting a 6-ISS-M, Lyapunov
function V, and such that f(0,,,0,,) = 0,,, 0(0,,) = Oy, xp, and
Onxn = 0zzV(0,,7) for all T € R™. It can be readily verified
that the function ¢(x,7) = V(z,0,) + V(0,,7), for all
z, 7T € R", is a stochastic bisimulation function between > and

the corresponding non-probabilistic control system X, under
the following modification in condition (i) in [19, Definition
2]: (1) ¢(z,T) > a(]|z — x||), for some convex o € K, and
all x,7 € R™. Using this new condition on ¢, one can readily
revise the relation (V.10) correspondingly. O

The next theorem, which is computationally more tractable
for stochastic control systems and does not require the exis-
tence of stochastic bisimulation functions as in [19], provides
a similar result as in Proposition 5.7, but applies only over a
finite time horizon.

Proposition 5.9: Let X be a stochastic control system.
Suppose there exist a §-ISS-M, Lyapunov function V' for ¥
and « € R such that

Tr(0(2)" Oz.0V (2, y)o ()

([T @) o W] E @) <a
o (y)

for all z,y € R™. For any € € RT, any triple q = (7,7, ;1)

of quantization parameters, satisfying u < span(U) and (V.9)

(or (V.6), and (V.7)), and for any state run &, _,, of S;(X),

there exists a state run quuu of S (X), and vice versa, such

that the following relations hold:

IP{ sup ||€a, 00 (k) = Xagu(k)|| > e+ ¢ | xTo} (V.11)
0<k<N

aNT (67

<1—e %, if a(el) > —

<l-e s ifa(el) 2 o,

IP{ sup Hﬁz,gv(/ﬂ') _quou(k)H >e+te | xm} (V.12)
0<k<N

(eNT”—l)a o

——~— ifa(?) < —.

S g ()N | a(ef) < o

The proof of Proposition 5.9 is provided in the Appendix.

As an alternative to the two results above, we now intro-
duce a probabilistic approximate bisimulation relation between
S-(X) and Sq(X) point-wise in time: this relation is sufficient
to work with LTL specifications for which satisfiability can be
ascertained at single time instances, such as for next (O)) and
eventually ({>). Please look at the explanation after the proof
of Proposition 5.11 for more details.

Definition 5.10: Consider two systems S;(X) and S4(X),
and precisions e € R™ and € € [0, 1]. A relation R C X, x X
is said to be an (e, €)-approximate simulation relation from S
to Sy, if the following three conditions are satisfied:

(i) for every z,0 € X; o, there exists 240 € Xq0 with
(70, 2q0) € R;

(i) for every (x;,2q) € R,
P {||H, (z,) — Hylao)|| > ¢} <&

(iii) for every (x;,zq) € R, we have that x, LTT» xl in Sy

we have

implies the existence of x4 iq“» m{] in Sy satisfying
(z),24) € R.

A relation R C X, x X is said to be an (¢, €)-approximate
bisimulation relation between S; and Sy if R is an (¢, €)-
approximate simulation relation from S; to S, and R~ is an
(¢, €)-approximate simulation relation from Sy to S;.

System S is (e, &)-approximately simulated by Sg, or Sq
(¢, €)-approximately simulates S, denoted by S, jg’e) Sq,
if there exists an (¢, £)-approximate simulation relation from
Sy to Sq. System S; is (e,&)-approximate bisimilar to Sq,



denoted by S; %g’s) Sq» if there exists an (e, €)-approximate
bisimulation relation between S, and S.

We show next the existence of symbolic models with respect
to the notion of approximate bisimulation relation in Definition
5.10.

Proposition 5.11: Let X be a stochastic control system. For
any € € Rt and £ € [0,1], we have S,(X) =% 5,(2) if
S (X) =% 54(X) for € = €&

Proof: The proof is a simple consequence of Theorems
5.1 or 5.3 and Markov inequality [30], used as the following:

[ Hr(z+) — Hq(zq)]l]

€

P {||H. (27) — Hy(zg)|| > ¢} < 2L

. <E[||HT<mT>ZHq<xq>HQ]>% .

=z

oM

|

Let us clarify the use of the previous proposition in a simple

example. Given a stochastic control system 3, assume there

exists a symbolic model Sq(X) such that S-(X) =5 S4(2). If

there exists an output run X, ., of Sq(X) reaching a set W, i.e.

satisfying the LTL formula W, then for the corresponding
output run &, _,,, of S-(X), one has

P{{. oo EOW} :=P{3N € Nsit. & _,o(N7) € W}

> sup P {&,, 0 (Mr) € W} >1- 2, (V.13)
MEN €
where the last inequality results from Proposition 5.11. Hence,
one can leverage the result of Proposition 5.11 to provide
a lower bound on the probability of satisfaction of logic
specifications for which satisfiability can be obtained at sin-
gle time instances. Note that this is not the case for logic
specifications including the (bounded) quantifier “V” such as
always (O) or even until (/). By taking out the quantifier V
from the probability operator, the first inequality sign in (V.13)
reverses and hence we cannot provide the lower bound on the
probability of satisfaction anymore.

VI. CASE STUDIES

We now experimentally demonstrate the effectiveness of
the discussed results. In the examples below, the computation
of the abstract systems S4(X) have been implemented by
the software tool Pessoa [27] on a laptop with CPU 2GHz
Intel Core i7. We have assumed that the control inputs are
piecewise constant of duration 7 and that U/, is finite and
contains signals taking values in [U],,. Hence, as explained in
Remark 5.5, 4 = 0 is to be used in the conditions (V.4) and
(V.8). The controllers enforcing the specifications of interest
have been found by standard algorithms from game theory
[26], as implemented in Pessoa. In both examples, the terms
W, i = 1,2, denote the standard Brownian motion terms.
Although we used Pessoa to construct bisimilar symbolic
models for the examples below, one can use the constructed
symbolic models as an input for other existing synthesis
toolboxes such as SPIN [18] to synthesize symbolic controllers
enforcing larger classes of LTL specifications rather than the
limited ones supported by Pessoa.

A. Nonlinear model, 2nd moment, “sequential target track-
ing” property

Consider the nonlinear model of a pendulum on a cart
borrowed from [9], which is now affected by noise. The model

is described by:

oF d¢& =& dt+0.036 AW
T dé = (—4sin(&) — & + ) di+0.03% d WL
(VL.1)
where £; and &5 represent the angular position and the velocity
of the point mass on the pendulum, v is the torque applied
to the cart, ¢ = 9.8 is acceleration due to gravity, [ = 0.5 is
the length of the shaft, m = 0.6 is the mass, and k = 2 is
the friction coefficient. All the constants and the variables are
considered in SI units. We assume that U = [—1.5 1.5] and
that I/, contains signals taking values in [U]y.5. We work on
the subset D = [—1 1] x [—1 1] of the state space of X. Using
the Lyapunov function V (x,2') = (z — /)T P(x — '), for all
x,2' € R?, proposed in [9], where P = [1.5 0.3;0.3 1.5], it
can be readily verified that V' satisfies conditions (i) and (ii) in
Definition 3.2 with a(r) = 1.2 7, and @(r) = 3.6, for ¢ = 2.
Moreover, V' satisfies condition (iii) in Definition 3.2 with
k = 0.7691, and p(r) = 8.76 r, for all z,2’ € D, and again
q = 2. Therefore, X is §-ISS-Ms, equipped with the §-ISS-
M, Lyapunov function V/, as long as we are interested in its
dynamics, initialized on D. Using the results in Theorem 3.3,
one obtains that functions B(r, s) = 3e™"* and v(r) = 3.49r
satisfy property (III.1) for 3.

For a given fixed sampling time 7 = 3, the precision ¢
is lower bounded by 0.0778 and 0.4848 using the results
in Theorems 5.3 and 5.1, respectively. Hence, the results
in Theorem 5.3 provide a symbolic model which is much
less conservative than the one provided by Theorem 5.1. By
selecting ¢ = 0.085, the parameter 7 for S,(X) based on the
results in Theorem 5.3 is obtained as 0.0033. The resulting
cardinality of the state and input sets for Sq(X) are 370881
and 7, respectively. The CPU time taken for computing the
abstraction Sq(X) has amounted to 17278 seconds.

Now, consider the objective to design a controller forc-
ing the trajectories of ¥, starting from the initial condition
2o = (0, 0), to first sequentially visit two regions of interest
W1 =[0.48 0.58] x [—1 1], and W5 = [—0.58 —0.48] x [—1 1];
then, once the system has visited the regions, to return to the
first region W, and remain there forever. The LTL formula'
encoding this goal is COW; A O (W7 A OWy). The CPU
time taken for synthesizing the controller has amounted to
3.02 seconds. Figure 1 displays a few realizations of the
closed-loop solution process &;,, stemming from the initial
condition zo = (0, 0), as well as the corresponding evolution
of the input signal. In Figure 2, we show the square root
of the average value (over 100 experiments) of the squared
distance in time of the solution process ;.. to the sets W;
and W5, namely, ||§,,U0v(t)||?,v1 and ||§x0v(t)||$,v2. Notice that
the square root of this empirical (averaged) squared distances
is significantly lower than the selected precision € = 0.085, as
expected since the conditions based on Lyapunov functions
can lead to conservative bounds. (We have discussed that
the bounds can be improved by seeking optimized Lyapunov
functions.)

Notice that using the chosen quantization parameters and
(V.9), we obtain a precision € = 0.005 to be used in (V.11) or
(V.12). As long as we are interested in dynamics of 3 on D,
we have an o = 0.0032 in Proposition 5.9. Using the result

'Note that the semantics of LTL are defined over the output behaviors of
Sq(%).



in Proposition 5.9, one can conclude that the refinement of a
control policy satisfying a bounded horizon LTL (BLTL) for-
mula® ¢ over a discrete time horizon spanning {0, 3,...,27}
seconds for Sq(X) (e.g. ¢ = SOW; A O (W A OWL)) to
the system S, (X) satisfies the “inflated formula™ ¢%3! (e.g.
V3t = oOWPs3t A O (V[/10'31 A <>W20'31)) with probability
at least 70%. To get the better lower bound for the aforemen-
tioned probability, one can reduce the time horizon, increase
the inflation factor, or do both of them simultaneously. For ex-
ample, by considering the discrete time horizon {0, 3,...,15}
rather than {0,3,...,27} and inflation factor 0.5 rather than
0.31, the lower bound of the previous probability will be 92%.
The same observation works for the next example as well.

Furthermore, employing the result in Proposition 5.11, one
can conclude that the refinement of a controller satisfying OGW
for S4(X) to system S, (X) satisfies OW with probability at
least 1 —¢/e. For example, refinement of a controller, satisfying
OW; for S4(X), to the system S, (X) satisfies OW -2 with
probability at least 70%. By changing the inflation factor from
0.28 to 0.6, the lower bound of the previous probability will
be 0.86%.
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Fig. 1. Example 1: A few realizations of the closed-loop solution process
&zoo With initial condition zg = (0, 0) (bottom panel) and the evolution of
the input signal v (top panel).
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Fig. 2. Example 1: Square root of the average values (over 100 experiments)
of the squared distance of the solution process {z,. to the sets Wi (left
panels) and Wa (right panels), in two different vertical scales (top vs bottom
panels).

2To compute the probability of satisfaction of logic specifications based
on the result of Proposition 5.9, we need to restrict ourselves to the bounded
horizon specifications (e.g. BLTL). We refer the readers to [8] for the detailed
definition of bounded LTL (BLTL).

3We refer the interested readers to [24, Definition 1] for a detailed definition
of the inflated version of a BLTL formula.

B. Linear model, 1st moment, “reach-and-stay, while staying”
property

Consider a linear DC motor borrowed from [28], now
affected by noise and described by:

¥ { d& = (—ifl + %fg) dt+0.15& thl,
dé = (—5& — 26 4+ +o) dt+ 0156 d W2,
(VL.2)
where &; is the angular velocity of the motor, &5 is the current
through an inductor, v is the voltage signal, b = 10~% is the
damping ratio of the mechanical system, J = 25 x 1077 is the
moment of inertia of the rotor, K = 5x 1072 is the electromo-
tive force constant, L = 3x 10~ % is the electric inductance, and
R = 0.5 is the electric resistance. All constants and variables
are considered in the SI units. It can be readily verified that the
system X satisfies condition (I11.6) with constant ¥ = 40 and
matrix P = [1.2201 0.2224;0.2224 1.2248]. Therefore, X is
0-ISS-M, and equipped with the §-ISS-M, Lyapunov function
V(z,2') in (II.3), where ¢ € {1,2}. In this example, we use
q=1.

We assume that U = [—0.5 0.5] and that ¢/, contains signals
taking values in [U]p.;. We work on the subset D = [—5 5] X
[—5 5] of the state space of X. For a given precision ¢ = 1
and fixed sampling time 7 = 0.01, the parameter 7 of Sq(X)
based on the results in Theorem 5.1 is equal to 0.01. Note that
for sampling times 7 < 0.026, and in particular for a choice
7 = 0.01, the resul}s in Theorem 5.3 cannot be applied here
because (3 (¢%,7))7 > ¢ and condition (V.8) in Theorem 5.3
is not fulfilled. The resulting cardinality of the state and input
sets for Sq(X) amounts to 1002001 and 11, respectively. The
CPU time used for computing the abstraction has amounted
to 148.092 seconds.

Now, consider the objective to design a controller forcing
the trajectories of X to reach and stay within W = [4.5 5] x
[-0.25 0.25], while ensuring that the current through the
inductor is restricted between —0.25 and 0.25. This corre-
sponds to the LTL specification COW A OZ, where Z =
[—5 5] x [—0.25 0.25]. The CPU time used for synthesizing
the controller has been of 3.88 seconds. Figure 3 displays
a few realizations of the closed-loop solution process &,
stemming from the initial condition zg = (—5, —0), as well
as the corresponding evolution of the input signal. In Figure
4, we show the average value (over 100 experiments) of the
distance in time of the solution process &;,,, to the sets W
and Z, namely [|&;,0(t)]|y, and [[€zq0(t)] . Notice that the
empirical average distances are as expected significantly lower
than the precision € = 1.

Note that using the selected quantization parameters in (V.6)
and (V.7), we obtain a value ¢ = 0.08 in (V.10), (V.11) or
(V.12). Further, using the result in Proposition 5.7, one obtains
that, as long as we are interested in dynamics of X, initialized
on D and U = {0,,}, there exists a state run X, .., of Sg(3)
satisfying an LTL formula ¢ if and only if there exists a state
run &, _,,, of S; () satisfying ¢! with probability at least 79%,
where ! is the 1-inflation of ¢.

Moreover, using the result in Proposition 5.9, one can
conclude that, as long as we are interested in dynamics of
Y on Z, implying that = 0.6917 in Proposition 5.9, the
refinement of a controller, satisfying a BLTL formula ¢ for
Sq(2) (e.g. ¢ = COW A OZ) to the system S, (X) satisfies
goq (e.g. ¢! = COW! A OZ') with probability at least 70%



over a discrete time horizon spanning {0,0.01,0.02,...,1}
seconds.
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Fig. 3. Example 2: A few realizations of the closed-loop solution process
&zoo With initial condition z9 = (—5, 0) in different scales (left and middle
panel), and the evolution of the input signal v (right panel).
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Fig. 4. Example 2: Average values (over 100 experiments) of the distance

of the solution process £z, to the sets W (left panels) and Z (right panels),
in two different vertical scales (top vs bottom panels).

VII. CONCLUSIONS

This work has shown that any stochastic sampled-data
control system, admitting a J-ISS-M, Lyapunov function,
and initializing within a compact set of states, admits a
finite approximately bisimilar symbolic model (in the sense
of moments or probability). The constructed symbolic model
can be used to synthesize controllers enforcing complex logic
specifications, expressed via linear temporal logic or as au-
tomata on infinite strings.

The main limitation of the design methodology developed
in this paper lies in the cardinality of the set of states of the
computed symbolic model. The authors are currently investi-
gating several different techniques to address this limitation.
For example, the recent work in [47] by some of the authors,
based upon the results of this article, provides a new way of
constructing bisimilar symbolic abstractions which does not
require discretization of the set of states but only the set of
inputs. Hence, it can be potentially more tractable.
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IX. APPENDIX

Proof of Theorem 3.3: The proof is a consequence of the
application of Gronwall’s inequality and of Ito’s lemma [30, pp. 80
and 123]. Assume that there exists a -ISS-My Lyapunov function in
the sense of Definition 3.2. For any ¢ € R}, any v,v’ € U, and any
R"-valued random variables a and a’ that are measurable in Fo, we
obtain

E [V(ga’u (t)v ga’v’(t))]
— a a/ k U(s),v/(s) av(S),&arv (S S
E[w, )+ [ e V(€ (3). € ())d}

t
<E [vw,a') 4 [ RV (€60, () + pl1(6) = o 9) ds}

t
< —Fv/o E[V(£av(s),8arvr ()] ds + B[V (a,a')] + p([[v — v'[|o0)t,

which, by virtue of Gronwall’s inequality, leads to
E [V (£av(t), €aror ()] < B[V (a,a")]e ™" +te ™ p(||v = v'[|oc)
< BV (o, a)e ™ + —p(llo —'[lo). 0X.1)
Hence, using property (ii) in Definition 3.2, we have
a (E[[gav(t) = Laror (D) < B[ (10 () = Earor (D]1D)]
< E[V(Eav(t), €aror (1)) < B[V (a,a))]e™™" + ip(Hv = ]leo)

<E[@(la—ad||7)] e " + :

—p(lv = v']lo0)
ex

<& (E [fla—a/|7]) e +

—p (IX.2)
er

(lv = v lloo),
where the first and last inequalities follow from property (i) and

Jensen’s inequality [30, p. 310]. Since o € K, the inequality (IX.2)
yields

B (100 (8) — £qrv (0]
<ot (@E® fla= 1) e + ol - o))
<o~ @ (B [la—a'|7) e + 3 (B [la - 7)) e )
(o = v'll) )

<ol (@ (E[le- o) e ) +a ( Zallo - v

_ 1 1
ta! (—pu\v o) +
er er

Therefore, by introducing functions 8 and -y as
B(E[lla—a9],t) :=a " (2 (E [[la—a|?])e "),
2
1(lo=vle) = ( Zatlo = i)
er

condition (III.1) is satisfied. Hence, the system X is 0-ISS-M,.
Note that if « is linear, one can substitute the coefficients 2 in the
aforementioned expressions of 8 and « with 1 to get less conservative
upper bound in (IIL.1). |

Proof of Lemma 3.4: 1t is not difficult to check that the function
V in (IIL.3) satisfies properties q(i) and (ii) of Definition 3.2 with

q [
functions a(y) := (%Amin (P)) : yand a(y) := (%/\max (P)) ’ Y-
It then suffices to verify property (iii). We verify property (iii) for the
case that f is differentiable and using condition (IIL.5). The proof,
using condition (II1.4), follows similarly by removing the inequalities
in the proof including derivative of f. By the definition of V" in (IIL.3),

for any =, 2’ € R™ such that x # z’, and for ¢ € {1, 2}, one has

q
41

0V = =0,V =(x—-2)TP (\7(x7 :c’)) .
8x,xV = 8xz’x/V = —Bx’x/V

q
L

=P <\7(:L‘,x/)) i1 + %P(I —z')(z — x')TP (ﬁ(x,x'))

Therefore, following the definition of £, and for any
x,2',z € R" such that z # 2/, and any u, v’ € U, one obtains the
chain of (in)equalities in (IX.3). In (IX.3), z € R™ and the mean value
theorem [14] is applied to the differentiable function x — f(xz,u) at
points z, z’ for a given input value v € U and L, is the Lipschitz
constant, as introduced in Definition 2.1. Therefore, the function V' in
(IIL.3) satisfies property (iii) of Def}znition 3.2 with positive constant
e i e n

rRa—1

K= % and K function p(r) =

Proof of Lemma 3.8: In the proof, we use the notation oo’ (z)
instead of o(x)o” (x) and H(V)(x,2’) for the value of the Hessian
matrix of V at (z,z’) € R*". We drop the arguments of 0, .V, 9, V,
0,V , and H(V) for the sake of simplicity. In view of Ito’s formula,
Jensen’s inequality, and similar to the calculations in Lemma 3.4, we
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—l—/ [ Tr 0'0' T (Epu(s ))amvﬂ ds < h(o,t)e ",

where the function h can be computed as  h(o,t) =

) [% vz, Ve (gm(s))HQF] ds. Inequality (IX.5) is a straightfor-
ward consequence of V satisfying the condition (iii) in Definition 3.2,
and (IX.6) follows from Gronwall’s inequality. Using the Lipschitz
continuity assumption on the diffusion term o, we get:

[ &[4 Voo | s <

% H\/TJH2 nmin{n,p}z2 /Ot E [”&w (S)HZ] ds

Since V is a 6-ISS-M, Lyapunov function, ¢ > 2, f(0n,0m) = On,
0(0,) = Onxp, and using functions 3 and ~y in (III.1), one can verify
that:

9 g9
(Eleen@l?])® <® [(Hszv(tw) ] = Ellées ()11

< B(l2ll?.6) + ([vlloo) < B (;gg{nxm ,t) y (izg{nun}) ,

hence,

E[len®17] < (5 (sup Gl ) + (sup{uuu}))%

Therefore, we have

~ 1 2
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(8 (sup ety o)+ (sup 1)) ",
o (3P s

(e (i‘;‘s{”x”q}vs) +7 (3gg{|u}))5ds>,

Eau(t) — gm(t)H ] < h(o,t). Itis not hard to observe
that the proposed function h meets the conditions of the lemma. W

By defining:

h(o,t) = (IX.7)

we obtain E

Proof of Lemma 3.10: In the proof, we use the notation oo’ (z)

instead of o(z)a” () for the sake of simplicity. In view of Ito’s
formula and similar to the calculations in Lemma 3.8, we have

éAmin(P)E |:
LT

:/ E
0 L

+ %Tr (007 (au(s)) P)

t T
:/E
o L

1
,T<
+2 r|\oo

&0~ G0 '] < 28 [VF (600, 0)]
(€e0(9) = () P (£ (€avls), v(s)) = £ (Eou(s),0(5)))

ds

(€e0(8) ~Eru®) " P (f Eanls), v(s)) — 1
T (&) = €0u()) P)
fim (aaT (€D P = 00T (610(9) ~E10(9)) P) |as

< [ RE [V (6e) En(s))] a5

+ 7/ E Tr o‘O’T (Ezv(s)) P — oo’ (ng(s) - E“’(S)> P)] ds

(Eo(9),0(9)))

(IX.8)

/ —RE [V (€00(s).Eu0(s))] ds (IX.9)
1 T ~ — 2Rt
[ E[ (007 (€au(s) P)] ds < h(o, e 7,
where the function h can be computed as  h(o,t) =

LiE [H\/ﬁa (€xv(s)) H;J ds. Inequality (IX.8) is a straightforward

consequence of (II1.4), and (IX.9) follows from Gronwall’s inequality.
Using the Lipschitz continuity assumption on the diffusion term o,



we get:

L[ B[ VPoten)|] as
< VA itz [ o] a

Since V% is a 6-ISS-My Lyapunov function, f(On,0m) = O,
0(0n) = Onxp, and using functions g and v in (IIL.1), obtained

by the §-ISS-M, Lyapunov function V ¢, one can Verify that:

~2 )\mm( )

NAmax (P)
B [le0)IP] < 5000

Therefore, one obtains:

|| 1%-

—Ft
l[z[|"e ="

H\FH n? min{n, p}Z2

(o, 1)
(1) Amnin (P)R

2

5 i R
Amax(P) (1—e73 )igg{\\xll b e s ) e

By defining:
2’)f“ n? min{n, p}22 ==
h(o, t) = (PR (IX.10)
. v 2
Amax(P) (1= @727 ) sup {[la][*} + —— sup {[Jull*} ¢

we obtain I|E

Exo(t) — Ew(t)H? < h(o,t). Itis not hard to observe

that the proposed function h meets the conditions of the lemma. W

Proof of Corollary 3.11:
can obtain

E [Tr (607 (Eau(s) P = 007 (£au(s) — 4 (5)) P)]

59“, <Zo‘ Po‘z> Exo(8)
~ (&) ~ &) <_Z aiTPa,) (auls) - sm<s>)]

Motivated by inequality (IX.8), one

gzv 5) <Z UTPUZ) Ezv(s) < nAmax <ZO' PUz) EIU(S)H2'
=1
It can be readily verified that
Eo || < ]| =1 + (/Ot HeASBHds) V]l ax.11)

< HeAt

sup {||z} + (/0 |e*B| ds) sup {[lull}

zeb

The above approximation, together with (IX.8), leads to a more
explicit bound in terms of the system parameters as follows:

P ~
N Amax (Z oiTPgi) e—Rt
i=1

_ 2
E zo(t) — t < IX.12
(&0~ Eeut0] ] < Swre ax.12)
¢ s 2
/ (HeAs sup{||xn}+(/ HeATBHdr) sup{uuu}) ds
0 zeb 0 uel
where k = %. [ ]
Proof of Theorem 5.1: We start by proving that
S-(X) <% S4(X). Consider the relation R C X, x Xq defined
by (zr,zq) € R if and only if E[V (H;(z.), Hq(zq))] =

E[V (zr,2q)] < a(e?). Since X, C UpE[R"]n By (p), for every
zr0 € Xro there always exists £q0 € Xqo such that ||z-0—zqo| < 7.

Then,

E[V(zr0,2q0)] =V (lzro = zqol|*)

(") <a(e),

because of (V.3) and since @ is a Ko function. Hence,
(z+0,%q0) € R and condition (i) in Definition 4.2 is satisfied. Now
consider any (z-,zq) € R. Condition (ii) in Definition 4.2 is satisfied
because

(x7‘07 qu) <o
<a

(Eler — zq| 7 < (@' (E [V(Zmﬂfq)}))% <e. (IX.13)

We used the convexity assumption of a and the Jensen inequality
[30] to show the inequalities in (IX.13). Let us now show that
condition (iii) in Definition 4.2 holds. Consider any v, € U,. Choose
an input uq € Uq satisfying

lvr — uglloo = [Jr(0) — uqg(O)|| < .

Note that the existence of such wuq is guaranteed by U being
a finite union of boxes and by the inequality u < span(U)
which guarantees that U C UpE[U]u B,.(p). Consider the transition

=&o,v, (T) P-as. in S7(X). Since V is a §-ISS-M,

Lyapunov function for ¥, in light of (IX.1) as well as (IX.14), we
have

(IX.14)

Ur /
Tr = > Ty

1
E [V(xQ'?gxquq (T))] <E [V(xﬁxq)] e " 4 ;P(HUT - uq”OO)
<al9) e + —p(u). (IX.15)

Since R" € U, ¢[n] , Bn (p), there exists a 2 € Xq such that

Ezquq (T) - m:]

which, by the definition of Sq(X), implies the existence of

(IX.16)

Zq L;» xq in Sq(X). Using Lemmas 3.8 or 3.10, the concavity

of 7, the Jensen inequality [30], the inequalities (V.2), (V.4), (IX.15),
(IX.16), and triangle inequality, we obtain

E [V(mT,xq)}

=E [V(27, faquq (1)) + V (27, 2q) — V(2] Eaquq (T))]
=E [V(xfrvfxquq (7'))] +E [V(CU:—’CC(;) - V(I;7€wquq (7'))}

< a () e 4 —plp) + B [7 ([[Erqu(r) — 75])]

IN

a(eh) e + —p(y)
+7 (B [ |60 () = Eaquig (7) + Eaqug () =
<a(e?)e ™" + ei;-;
+7 (B [||ota (7) = Eagug || + [Egua ™ — 24])

<a()e ™+ —plp) +7 (e, +7) Sa(e).

=)

p(p)

Therefore, we conclude that (2, z4) € R and that condition (iii) in
Definition 4.2 holds.

Now we prove Sq(¥) <% S-(¥) implying that R™! is a suitable
g-approximate simulation relation from Sy(X) to S, (X). Consider
the relation R C X, X Xg, defined in the first part of the proof. For
every xqo € Xq0, by choosing x-o = xq0, we have V (z-0,Zq0) = 0
and (z-0,2q0) € R and condition (i) in Definition 4.2 is satisfied.
Now consider any (z,,zq) € R. Condition (ii) in Definition 4.2 is
satisfied because

Eller —2q|)F < (@' E[V(@raq) 7 <o (X17)

We used the convexity assumption of « and the Jensen inequality
[30] to show the inequalities in (IX.17). Let us now show that
condition (iii) in Definition 4.2 holds. Consider any uq € Uq. Choose
the input v, = uq and consider . = &, .. (7) P-as. in S.(%).
Since V is a §-ISS-M, Lyapunov function for >, one obtains:

E [V (2}, Eoquq(T))] S e " "E[V (zr,2q)] < e "Ta(e?). (IX.18)



Using Lemmas 3.8 or 3.10, the definition of Sq(X), the concavity
of 7, the Jensen inequality [30], the inequalities (V.2), (V.4), (IX.18),
and the triangle inequality, we obtain

E[V (a7, zq)]

= E [V (x:—vgﬂcquq( )) + V ($T7$q) - ( ;vgl‘quq (T))]

=E [V("E;—»&Eq“q( ))] [ (x‘ﬂ wq) - (I;,fzquq (T))]

<e " Ta(e?) +E[F ([|€oque (1) — z5]])]

< &0 (1) 4 7 (2 [[€rqua (7) ~ Eugug (1) + Erg () — 4]
<e "Ta(e?) +7 (]E [ €rqua(T) — Eaquq T)H] Eaquq(T) ZEQH)

IN

e Ta () +7 ((ho,7) 7 +n) <a(e).

Therefore, we conclude that (27,z4) € R and condition (iii) in
Definition 4.2 holds. u

Proof of Theorem 5.3: We start by proving S;(X) =<5 Sq(X).
Consider the relation R C X, X Xq defined by (xf,xq) € R if
1 1
and only if (B [|| Hr (z+) — Hq(zq)["]) = (E[[Ja; —aq["])s <e.
Since X0 C pern], Bn p), for every z.0 € X,o there always
exists zq0 € Xqo such that ||z,0 — zqo]| < 1. Then,

1 1
(E[llzro — zqoll!]) @ = (llzro — zqo[|) 7 < m <&,

because of (V.8). Hence, (2,0, %q0) € R and condition (i) in Defini-
tion 4.2 is satisfied. Now consider any (z.,xq) € R. Condition (ii)
in Definition 4.2 is satisfied by the definition of R. Let us now show
that condition (iii) in Definition 4.2 holds. Consider any v, € U-.
Choose an input uq € Uy satisfying

lvr = uallee = [[vr(0) = uq(0)]| < - (IX.19)

Note that the existence of such uq is guaranteed by U being
a finite union of boxes and by the inequality u < span(U)
which guarantees that U C Upe[u B,.(p). Consider the transition
Zr —T> zh = & v, (1) P-as. in S7 (). It follows from the §-ISS-

M, assumption on X and (IX.19) that:

E [[|#7 = €aquq(M||?] < BE [llzr — z]1%],7) +v(llvr — ualloc)

< B T) + (1) (IX.20)
Since R" C U, ¢y, Bn(p). there exists zq € Xq such that
Eaqug(T) — Zg (IX.21)

which, by the definition of Sq(X), implies the existence of
Zq %» xq in Sq(X). Using Lemmas 3.8 or 3.10, (V.8), (IX.20),
(IX.21), and triangle inequality, we obtain

(B [[Jaf, — 2|7]) @

= (E [ zg, - {xquq (T) + 5%“q (T)

/

- Ezquq (T) + gzquq (7—) - mq

gk

< (B et~ Eorug I + (& [[egse ()~ Erua|])
+@[%%v )
< (B ) + ()T + (h(o,7))T +n<e.

Therefore, we conclude that (2, z4) € R and that condition (iii) in
Definition 4.2 holds.

Now we prove Sq(¥) <% S-(¥) implying that R™! is a suitable
g-approximate simulation relation from Sy(X) to S, (X). Consider
the relation R C X, x Xg, defined in the first part of the proof. For
every Tqo € Xqo, by choosing z-9 = zq0, we have ||z-0 — 2q0|? =
0 and (z,0,xq0) € R and condition (i) in Definition 4.2 is satisfied.
Now consider any (z.,zq) € R. Condition (ii) in Definition 4.2 is
satisfied by the definition of R. Let us now show that condition (iii)
in Definition 4.2 holds. Consider any uq € Us. Choose the input
vr = uq and consider z = &, o, (1) P-as. in S-(X). Since ¥ is
0-ISS-Mg, one obtains:

E [[|2% = quq (M) <

B (E[|zr — zq||%,7) < B (%, 7). (IX.22)

Using Lemmas 3.8 or 3.10, the definition of Sq(X), (V.8), (IX.22),
and the triangle inequality, we obtain

1

E [l - 24)’
(B[]~ Erqua(r) + Exara () — Erqug(7) + Eagug () — %
< [l ~ Eraua @)t + (5 [[raua () = Eurug()]])

(= )7 < e

gzquq (T) — Zq
Therefore, we conclude that (z,zq) € R and condition (iii) in
Definition 4.2 holds. ]

N+ (h(o,7))d 41 <e.

Proof of Proposition 5.7: Following the definition of stochastic
bisimulation function in [19], for any input signal v € U, there exists
an input signal T € U, such that ¢ (x40, &, ) is a nonnegative
supermartingale [30, Appendix C]. Furthermore, using the chosen

triple q = (7,7, 41) of quantization parameters, we have: S, (X) &5
Sq(X), implying that for a state run & of S; (), there exists a
state Tun Xg o Of Sq(X) such that:

Tr0U

sup
keNg

Eergm(hT) = Xogou(b)|| < ¢

The above statement follows by direct application of Definition
4.2. Since an increasing concave function of a supermartingale is
a supermartingale [41, Theorem 5.11], we have the following chain
of (in)equalities:

]P{ sup ||€xrou(kT) —

keNg

P< sup
keNg

Xeqou (k)| > €| x.ro} =

Eorou(kT) — Em,oi(kﬂ

+Ea:7-05(k7—) - quou(k)H > € ‘ (ETo} S
]P{ sup {
keNg
+ EzToi(kT) - X:cqou(k)H } >e€ ‘ xTo} <
%
IP{SUP {( IT()’U(,CT)H ) }+5>E|1‘7—0}S
keNg

P {:ggj)ﬂ {((b (ﬁxfov(kT)»EzToa(’W)» %} te>e 9670} <

¢ (zr0,270) + €

€

5:07011(]“7')

]

Ewrov (kT)

In a similar way, we can prove that for any state run Xz, of Sq(X),
there exists a state run &, of S-(X) such that the relation in (V.10)
holds. u

Proof of Proposition 5.9: As argued in the proof of Proposition
5.7, for any state run €, ., of S (X) (notice that here the non-
probabilistic model is excited with the same input v of ), there
exists a state run Xy ou Of Sq(2 ) such that:

sup
keNg

Eergu(hT) = Xegou(h)| < ¢



Hence, one obtains the following chain of (in)equalities:

]P{ sup HszOv(k‘r) *quou(k)” >e+te | :1?70} =
0<k<N

P sup
0<k<N

+E, (k) - xzqou(mH Setel xm} <

P sup { ‘
0<k<N

gﬂlcq—ov(kT) - quou(k)H } >etel xTO} <

P { sup o (’
0<k<N

P { sup qV (fmrov(kT),ngov(kT))} > a(e?) | x,—o} . (IX.23)
0<k<N

As showed for the §-ISS-My Lyapunov function V' in the proof of
Lemma 3.8, we have:

IORIOMN (ngov(t),EmTov(t)) < —kV (Ezfgu(t)fwov(t»
5 T (000 ()T 02V (Eargu (0). sy (D) (Earon (1))

e ([JE] 7 ) o ()]
H(V) (€00 (D), €2 g0 () )

51701) (k‘l‘) - E:c.,.ov (kT)

e rou(kT) = &g o (67)

+]

oo (kT) —va(kT)Hq)} > a(e?) | xTo} <

(07
=, (IX.24)

< —kV (€orv(®):Earon(®) + 5
for any v € U, and any z,o € R". Using inequalities (IX.23),
(IX.24), and Theorem 1 in [20, Chapter III], one obtains the relations
(V.11) and (V.12). In a similar way, we can prove that for any state
run Xz ou Of Sq(X), there exists a state run &, of S-(X) such
that the relations in (V.11) and (V.12) hold. |
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