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Abstract— Symbolic approaches provide a mechanism to
construct discrete and possibly finite abstractions of continuous
control systems. Discrete abstractions are in turn amenable
to automata-theoretic techniques targeted to the construction
of controllers abiding by complex specifications, which would
otherwise be difficult to enforce over continuous models with
conventional control design methods. Although construction
of discrete abstractions has been extensively studied for de-
terministic continuous-time control systems, it has received
scant attention on stochastic continuous-time non-autonomous
models. In this paper, we propose an abstraction technique that
is applicable to any stochastic continuous-time control system,
as long as we are only interested in its behavior over a compact
set. The effectiveness of the proposed results is illustrated with
the synthesis of a controller for a jet engine model, which is
not stable, affected by noise, and subject to a schedulability
constraint expressed by a finite automaton.

I. INTRODUCTION

Symbolic models are abstract descriptions of physical
systems where each state represents a collection, or an ag-
gregate, of states of the continuous system. Symbolic models
are as well employed in the description of software and
hardware, which are often characterized by discrete, digital
components. The composition of continuous and discrete
models captures the behavior of physical systems interacting
with digital, computational devices, and results in the general
framework known as Cyber-Physical Systems (CPS) [22].
The problems of verification and of controller synthesis over
models as general as CPS can be algorithmically studied
using methodologies and tools developed in the computer
science, and particularly in formal methods.

The quest for symbolic abstractions has a rich recent
history with numerous results on deterministic continuous
control systems [7], [10], [11], [14], [18], [19], [20], [21],
[23], [25]. For stochastic systems the results are less abun-
dant, and deal with discrete-time autonomous systems [1],
[3], [6], with discrete-time control systems [2] equipped
with a finite number of control actions and investigated
over reachability analysis, and finally with continuous-time
control systems under some stability assumptions [24]. As
an extension of [24], this paper shows that a symbolic
model of a continuous-time stochastic control system exists
even in the absence of any stability assumptions. More
specifically, the main contribution of this work is to establish
the following claim: for every continuous-time stochastic
nonlinear control system, one can construct a symbolic
model that is alternatingly approximately simulated' by the
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stochastic control system and that approximately simulates®
the stochastic control system.

The mentioned relationships are weaker than that of ap-
proximate bisimulation relationships established in [24], but
they apply to any continuous-time stochastic control system
since they no longer require any sort of stability assumptions.
Moreover, the relationships established in this paper are still
sufficient to guarantee that any controller synthesized for
the symbolic model enforces the desired specifications on
the original stochastic control system. However, they can no
longer guarantee, as it was the case in [24], that the existence
of a controller for the original stochastic control system leads
to the existence of a controller for the symbolic model.

The technical results in this work are illustrated on a
Moore-Greitzer jet engine model, which is affected by noise
and dwells in a no-stall mode that does not satisfy the
stability assumptions required in [24]. The novel abstraction
approach presented in this paper can be used to synthesize a
controller stabilizing the jet engine, despite the schedulability
constraints imposed by executing the controller actions on a
microprocessor running other tasks.

II. STOCHASTIC CONTROL SYSTEMS
A. Notation

The identity map on a set A is denoted by 14. If A
is a subset of B we denote by 14 : A — B or simply by
1+ the natural inclusion map taking any point a € A to
1(a) = a € B. The symbols N, Z, R, R* and RJ denote the
set of natural, integer, real, positive real, and nonnegative
real numbers, respectively. The symbols I,,, 0,,, and O, x,
denote the identity matrix, the zero vector and zero matrix in
R™*" R™ and R™*™, respectively. Given a vector z € R",
we denote by z; the i~th element of x, and by ||z|| the infinity
norm of z, namely, ||z| = max{|z1|, |z2],..., |zn|}, where
|x;| denotes the absolute value of z;. Given a matrix M =
{m;;} € R™*™, we denote by ||M]|| the infinity norm of
M, namely, [|M|| = maxi<i<n ;- [mi;|, and by || M]|p
the Frobenius norm of M, namely, |M||r = /Tr(MMT)
where Tr denotes the trace.

The closed ball centered at z € R™ with radius ¢ is
defined by B-(z) = {y e R" |||z —y|| <e}. Aset BC R"
is called a box if B = [[;_,[ci, 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}. For
a box B and n < span(B), define the n-approximation
[B], = {beB|b;,=kinforsomek; €Z,i=1,...,n}.
Note that [B], # @ for any n < span(B). Geo-
metrically, for any n € R* with n < span(B) and
A > 7, the collection of sets {Bx(p)}peip), is a fi-
nite covering of B, ie., B C Upe[B],, Bx(p). By defin-
ing [R"], = {a €R" | a; = kin,k; € Z,i=1,--- ,n}, the
set Upern), Br(p) is a countable covering of R™ for
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any n € RT and A > 7. We extend the notions of
span and of approximation to finite unions of boxes as
follows. Let A = Uj_lA where each A; is a box.
Define span(A) = min {span(A4;)|j=1,..., M}, and for
any 1) < span(A), define [A], — U™, (A7),

Given a measurable function f : RS‘ — R", the (essen-
tial) supremum (sup norm) of f is denoted by ||f|oc; We
recall that || f||cc = (ess)sup {||f(¢)||,¢ > 0}. A continuous
function v: Rf — R, is said to belong to class K if it
is strictly increasing and ~(0) =0; ~ is said to belong
to class Koo if v €K and v(r) — oo as r — oo0. 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}.

B. Digital stochastic control systems

Let (Q,F,P) be a probability space endowed with a
filtration I = (F;)s>0 satisfying usual conditions of com-
pleteness and right continuity [12, p. 48]. Let (W;)s>0 be a
g-dimensional IF-Brownian motion. -

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

« R™ is the state space;
e U C R™ is the input set, which is assumed to be a finite

union of boxes; )
e U, contains piecewise constant curves of duration 7:

U, = {v TRE U o) = v((l - 1)7),

tel— i, le N};

o f R™ x U — R™ is a continuous function
of its arguments satisfying the following Lipschitz
assumption: for all z,2’ € R® and all u,u €U,
there exist constants L,,L, € R*T such that:
1£(e,u) — f@' )| < Lol — o] + Luflu— o]

e o : R®™ — R"™Y js a function satisfying the
following Lipschitz assumption: for all x,2’ € R™,
there exists a constant Z € R* such that:
lo(z) —o(2")|| < Z||z — 27|

Note that the results and definitions in Section II and III

are still valid even if U, allows for any measurable and
locally essentially bounded curve of time. Furthermore, the
results in Section IV can still be shown even if /. contains
curves that are Lipschitz continuous in each interval of
duration 7. However, from the point of view of abstractions
and refinements dealt with in this work, it is natural to
directly handle piecewise constant curves.

A stochastic process ¢ : € x [0, 00[— R”™ is said to be a

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

d§ = f(&v)dt +o(§)dW,

P-almost surely (PP-a.s.). We also write £, (t) to denote
the value of the solution process at time ¢ € RJ under
the input v and from the initial condition &,,(0) = a P-
a.s., in which a is a random variable that is measurable
in Fy. Note that Fy, in general, is not a trivial sigma-
algebra, and stochastic control system > may start from a
random initial condition. Let us emphasize that this solution
process is uniquely determined, up to indistinguishability,
since the assumptions on f and o ensure the existence and
the uniqueness of solutions [16, Theorem 5.2.1, p. 68].

(IL1)

C. Stochastic incremental forward completeness

The results presented in this paper require a certain prop-
erty on X that we introduce in this section.

Definition 2.2: A stochastic control system
Y =(R",U,U;, f,0) is stochastically incrementally
forward complete (§-SFC) if there exist continuos functions
B:Rf xR = R and ~v:RJ x Rf — RS such that
for every s € R™, the functions §(-,s) and (-, s) belong
to class K, and for any R"-valued random variables a
and a’, which are measurable in Fy, any ¢t € RT, and any
v,v’ € U,, the following condition is satisfied:

E [[|€av(t) = &aror (II] < B (Ella —a[l],

The result in Theorem 2.4 will show that any stochastic
control system X is indeed §-SFC. The notion of §-SFC can
be characterized in terms of Lyapunov-like functions. It will
be shown later that the proposed Lyapunov-like functions
can be chosen appropriately by solving a matrix inequality
to get a tighter upper bound in (I.2). We start by introducing
the following definition, which is inspired by the notion of
incrementally forward complete (§-FC) Lyapunov function
presented in [25] for deterministic models.

Definition 2.3: Consider a stochastic control system
Y =(R"U,U;,f,0) and a continuous function
V:R™ x R — R{ that is smooth on {R" x R"}\AJ3
Function V is called a stochastic incrementally forward
complete (6-SFC) Lyapunov function for ¥ if there exist
Koo functions a, @, p, and a constant x € R such that

(i) « (resp. @) is a convex (resp. concave) function;
(il) Vx,2’ € R" a(llz —2'|) < V(z,2") <a(||lz —2'|]);
(iii) for any z,z’ € R" : z # 2/, and for any u,u € U,

L9V (2,2!) = [0:V 0,0V] {f( )}

f@
1 1 [0, DparV
+ 2Tr<|:a((aa:c)):| [ z)] [ Oy V Oyt I/V})
< KV (2,2") + p([lu — ),
where £*% is the infinitesimal generator associated to the

stochastic control system (I.1) [16, Section 7.3], which in
this case depends on two separate controls u, u'.

Note that the condition (i) is not required in the context
of deterministic control systems in [25]. Roughly speaking,
condition (77) implies that the growth rate of functions o and
@ are linear, as a concave function is supposed to dominate
a convex one. These conditions are not restrictive, provided
we are interested in the dynamics of > on a compact subset
D C R"”, which is often the case in practice.

Theorem 2.4: A stochastic control system
¥ =(R™U,U,, f,0) is 6-SFC if and only if it admits a
0-SFC Lyapunov function.

Proof: We first prove the sufficient part of the proof.
The proof is a consequence of applications of Gronwall’s
inequalit g and Ito’s lemma [16, p. éj(%) and 123]. Assume there
exists a 0-SFC Lyapunov functlon in the sense of Definition

2.3. For any t € R, any v,v’ € U,, and any R"-valued

3A = {X ER" X R" | x = [a:T,a:T]T,a: € R"} is a diagonal set.

t+y(llv =o', ,
(I1.2)

).



random variables a and a’, measurable in F;, we obtain
E [V(fav (t)7 ga’v’ (t))] =
t
E {V(a,a’)+ / ﬁ”(s%v’(s)V(sw(s),£a/u/(s))ds} <
0
t
B [V(@d) + [ (6 (€ (6),ar (40 + pllo(e) = o/ (9)) ds|

t
< H/O E [V (8av(s), €aror ()] ds + B[V (a,a')] + p([[lv — '[|o0)t,
where, by virtue of Gronwall’s inequality, it leads to

E [V (£au (1), €arvr (1)] < B[V (a,a")]e"™ + te" p(|lv — v'[|oo).
(I1.3)

Hence, using property (ii) in Definition 2.3, we have

Bl () ~ s O] < Ba(l€eul?)
E [V (6w (1), Earor (1))

E[V (a, a)]e"" + te*p(||v — v'[|oc)

E [@(]la - a'[[)] &% + te**p(l|v — V')

a(B[lla—a'[])e" + tep(l[v — ' [loc),

= &aror (DIN]

ININ I/\I

(1L4)

where the first and last inequalities follow from property (1)
and the Jensen meq' ality [16, p. 310]. Since a € K, the
inequality (II.4) yield

E[[l€av (t) = &aror (D] (IL5)
< 9_1 (@ (E [lla —all]) €™ + te"*p(lv — v'[|0))
Sa (E(E [||a*“H]) "' +@ (B [Ja—d'|]) ™)
+at (te"p(|[v = v'[lo) + e p([lv — v'loo))
<o '(2@ (B [Ila—a 1) ™) +a™" (2te"p(llv — v']l0)) -

Therefore, by introducing functions 3 and y as

B(E [lla—a'll] ) :

v (Ilv = v'llo, t) -

b (2@ (B [la—d[])e),

(2t p(llv = ' ]l0))

=a
=&

the condition (IL.2) is satisfied. Hence, the system X is d-
SFC.

Now, we prove the necessary part of the proof by show-
ing that any stochastic control system X admits a §-SFC

Lyapunov function as V(z,2’) = \/(x — )" (z — ') Tt is

not difficult to check that the function V' satisfies properties

(i) and (ii) of Definition 2.3 with functions a(y) := y and

a(y) := +/ny. It then suffices to verify property (iii). By the

geﬁnition of V, for any z,2’ € R™ such that x # z’, one
as

z—o\T
ot = oy =
8171‘/:61/@/‘/: =02tV
V2,2 )p — (z—2') (@ —2")T
N V3(z,a’) ’

Therefore, following the definition of £“’“l, for any
x,7 € R™ such that z # 2/, and any u,u’ € U, one obtains

w,u’ N o (x - x/)T . ro
L V(:v,z)—iv(x o (f(z,u) f(z,u))
1 / ZT,T —Uz,x
* 2“([ i ’))} [ @) o @] [ %5y az,;-VVD
=) )" xz,u) — f(z',u
- V(I, $/) (f( ) ) f( ) ))
+ %Tr ((0'(:1:) —o(2)) (aT(x) — O'T(x')) 895,1‘/)
—7(96796/)11 xz,u) — f(z',u
+ s (1@ =@ 3 V2o
_ H(x — )T (o(z) — 0’($’))Hi>
ll= — || / / lo(x) — o(a")|I
< Vi) (La|lz — '|| + Lullu —u'|]) + W
/ ’ min{n’ q}nZ2||r—x/H2
< Lalle = o/l + Lufu— /) + 2 A

; 2
< (Lz n %) Vo a') + Lu|u |,

where L,, L,, and Z are the Lipschitz constants,
as introduced in Definition 2.1. Therefore, V(x,2') =

\/(33 —a/)" (x — ') is a 0-SFC Lyapunov function for X.
|
The following result provides a sufficient condition on a
particular function V' to be a §-SFC Lyapunov function.
Lemma 2.5: Consider a stochastic control system
= (R",U,U,, f,0). Let P € R™ "™ be a symmetric
positive definite matrix, and the function V' : R" xR — RS‘
be defined as follows:

V(x, ') =

\/(:E —2\TP(x —a'), (11.6)

and satisfy

(:c—m')TP(f(x,u)— +% H\/F(O’(&))—O’(ml))Hi

<kV?(z,z'), IL7)
or, if f is differentiable, let V' satisfy
/ / 1 ! 2
(x — ) PO, f(z,u)(z — )—&-5 H\/ﬁ(a(m) —o(z ))HF
<kV?(z,z'), (IL.8)

for all z,2’, 2z in R™, for all © € U, and for some constant
t € R. Then V is a §-SFC Lyapunov function for 3.
Proof: 1Tt is not difficult to check that the function V'
in (I1.6) satisfies properties (i) and (ii) of Definition 2.3 with
functions a(y) := \/Amin(P)y and @(y) := \/NAmax(P)y,
where A\pin(P) and Ay ax(P) are minimum and maximum
eigenvalues of P, respectively. Property (iii) can be readily
verified similarly to the second part of the proof of Theorem
2.4 and using the mean value theorem [8] applied to the
differentiable function x — f(x,u), for a given input value
u € U and for point z within z and z’. [ ]
The next result provides an equivalent condition to (I1.7)
for linear stochastic control systems in the form of a linear
matrix inequality (LMI).
Corollary 2.6: Consider a stochastic control system
¥ =R",U,U,, f, o), where f(xz,u) := Ax 4+ Bu
for any z € R" and any w € U, and



o(x):=[o1x o2x -+ o0gx], where o; € R
Then, the function V in (II.6) is a §-SFC Lyapunov function
for ¥ if there exists a constant kK € R satisfying the
following LMI:

PA+ATP+ZU Po; < RP. (IL9)

Proof: The corollary is a partlcular case of Lemma 2.5.
It suffices to show that for linear dynamics the LMI (IL.9)
yields to the condition (II.7). First it is straightforward to
observe that

H\/F (o(z) — (")) HQF:Tr ((U(ac) - U(x/))T P (o(x) — O'(CC/)))
= x—ac Zalpalx—x)
and that
(z =) P(f(z,u) - f(2',u)
= %(x —a))T (PA + ATP) (x — ),

for any x,2’,2z € R™ and any u € U. Now suppose there
exists Kk € R such that (IL.9) holds. It can then be verified
that the assertion in (IL.7) holds by choosing xk =%/2. ®

Hence, one can find an appropriate matrix P by solving
the LMI (I1.9) to have a tighter upper bound in (IL.2).

III. SYMBOLIC MODELS AND APPROXIMATE
EQUIVALENCE NOTIONS

A. Systems

We use systems to describe both stochastic control systems
as well as their symbolic models.

Definition 3.1: [22] A system S is a
S =(X,Xy,U,—,Y, H) consisting of

e A set of states X;

e A set of initial states Xg C X;

o A set of inputs U;

e A transition relation —C X x U x X

« An output set Y;

o An output function H : X — Y.
A system S is said to be

o metric, if the output set Y is equipped with a metric
d:Y xY = R;
o finite, if X is a finite set.

tuple

A transition (x,u,z’) €—> is also denoted by & —— .

For a transition 7 ——» 2/ , state 2’ is called a u-successor,
or simply a successor, of state x. We denote by Post, (z)
the set of u-successors of a state = and by U(z) the set of
inputs u € U for which Post, (z) is nonempty. A system
is deterministic if for any state x € X and any input w,
there exists at most one wu-successor (there may be none).
A system is called nondeterministic if it is not deterministic.
Hence, for a nondeterministic system it is possible for a state
to have two (or possibly more) distinct u-successors.

B. Relations among systems

First, we recall the notion of approximate simulation
relation, introduced in [9], which is useful when analyzing
or synthesizing controllers for deterministic systems.

Definition 3.2: Let S, = (Xa, Xa0, Ua, — Yo, Hy)

and S, = (X, Xpo, U, — , Yy, Hy,) be metric systems

with the same output sets Y, = Y, and metric d, and
consider a precision ¢ € Rt. 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) Vzao € Xao, Izp0 € Xpo With (740, 700) € R;

(i) V(zq,zp) € R we have d(Hy(z,), Hp(zp)) < &

(i) Y(zq,xp) € R, x4 %» x! in S, implies the existence
) € R.

System S, is e-approximately simulated by S, or Sj e-
approximately simulates S, denoted by S, <5 Sy, if there
exists an e-approximate simulation relation from S, to Ss.

Note that when € = 0, condition (ii) in the above definition
is changed to: (z4,75) € R & Hu(x,) = Hp(xp); and R
becomes an exact simulation relation as in [15].

For nondeterministic systems we need to consider relation-
ships that explicitly capture the adversarial nature of nonde-
terminism. The notion of alternating approximate simulation
relation is shown in [20] to be appropriate for this.

Definition 3.3: Let S, = (X4, Xa0, Ua, — Yo, Hy)

and S, = (X, Xpo, U, —* , Yy, Hy,) be metric systems

with the same output sets Y, = Y, and metric d, and

consider a precision ¢ € RT. A relation R C X, x X, is

said to be an alternating e-approximate simulation relation
from S, to S, if conditions (i), (ii) in Definition 3.2, and
additionally the following condition, are satisfied:

(iii) for every (x4, ) € R and for every Ua, € U,(z,) there
exists uy, € Up(xyp) such that for every z; € Postub(acb)
there exists =/, € Post,,, (z,) satisfying (z},z),) € R.

System S, is alternatingly e-approximately simulated by Sj,

or S, alternatingly e-approximately simulates S,, denoted

by Sq <55 S, if there exists an alternating e-approximate
simulation relation from S, to Sj.

Note that when ¢ = 0, condition (ii) in the above
definition is changed to: (x4, xp) € R < Hy(z,) = Hp(zp);
and R becomes an exact alternating simulation relation, as
introduced in [4]. It is readily seen from the above definitions
that the notions of approximate simulation and of alternating
approximate simulation coincide when the systems involved
are deterministic.

up ;. . . ;o
of xp —— xj, in S satisfying (), z},

IV. SYMBOLIC MODELS FOR STOCHASTIC CONTROL
SYSTEMS

This section contains the main contribution of the paper.
We show that any stochastic control system X admits a finite
symbolic model whenever we are interested in the dynamics
of X on a compact subset of R™. The results in this section
rely on the additional assumptions f(0,,0,,) = 0,, and
0(05,) = Oy xq. used in Lemma 4.1.

Given a stochastic control system ¥ = (R, U, U, f,0),
consider the system

ST(Z) = (XT)XT07UT7 47_’ 7YT7HT)7

consisting of:

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

e X,o is the set of random variable measurable with
respect to trivial sigma-algebra Fy, i.e., the system starts
from a deterministic initial condition;

° U = u—,—,

UVr
o x; — z! if x,; and x/ are measurable, respectively,

in .FkT and Fj41), for some k € NU {0}, and there
exists a solution process ¢ : RT — R™ of X satisfying
E(kT) =, and &, (7) = 2L P-as.;



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

° H T = 1XT.

We assume that the output set Y is equipped with the metric
d(y,y) =E[[ly —y'll], for any y,y" € Y7.

Before introducing the symbolic model for the stochastic
control system, we proceed with the following preliminary
lemma.

Lemma 4.1: Consider a stochastic control system
¥ = (R™,U,U,, f,0). Suppose that a function V in (I1.6)
satisfies (IL.7) or (I.8) for . For any x € R"™ and any
v € U, we have

E[||§Iv(t) - Eu}(t)H] < h(t? a)eﬂta

where & is the same constant introduced in (IL.7) or (IL.8),
4y 1s the solution of the ordinary differential equation

(ODE) &,,(t) = f (&, (t),v(t)) starting from the initial
condition x, and the nonnegative valued function A tends to
zero as t — 0 or as sup,, {||o(x)]|} = 0.

The proof of Lemma 4.1 is provided in Appendix.

Remark 4.2: In case of a linear stochastic control system
¥ = (R",U,U,, f,0), where f(z,u) := Az + Bu and
o(z) :=[o1xz ox --- oqx] with o; € R™*™, one may
deduce a tighter and in fact explicit bound in the previous
lemma as follows. Motivated by inequality (V.2) in the
Appendix, one can obtain

E[Tr (00" (€0u(5)) P~ 00" (€0u(s) — €,,(5) P)]
= E|:€fv(5) (i UiTPUi> £au(s)
— (gw(s) — Ezu(s))T (Xq: O'iTPUz‘) (‘SJLU(S) _Ezv(s)):|

av.1)

q
— EZU (s) (E O‘;-TPO'Z'> £..(5) <nX(o, P) ”Em (S)H2 , (IV.2)
i—1

where \(o, P) is the maximum eigenvalue of -7 | o Po;,

and ¢, satisfies the ODE &, (t) = AE,, () + Bv(t). It can
be rea&}ily verified that

]| + (/t |e*5| ds) ol @V3)
0

C
o GRS 1

AIlla‘)(
for some constants C7, Co € RT, and A ax iS the maximum
real part among all e\i/genvalues of A. The above approxima-
tion, together with (IV.2) and (V.2), leads to an explicit bound
in terms of the system parameters as follows:

e @] < ||

< Cre’mat ||| +

nA(o, P)
h(t,o0) = | ——=- Iv4
( 70—) )\min(P) ( )
t C 2
\/ [ (creremst il + 552 @ = 1) ol ) s
0 max

Note that when we are interested in the dynamics of X on
a compact subset D C R", one gets the following upper
bound:

o) = [0,

IV.5)

Cs

>\max

t
¢ [ (crereese sup gl +
0 zeD

(@Amaxs — 1)bup{|\u||}) ds.
ueU

We consider a stochastic control system
Y= (R"L,U,Z/IT,f,O'), and a tuple q = (7'77%#797]‘5)
of quantization parameters, where 7 € R™ is the sampling
time, 7 € R is the state space quantization, ;1 € R is the
input set quantization and # € RT and ¢ € N are design
parameters. Given X and g, consider the following system:

Sq(%) = (Xq, X0, Us, — =, Ya, Ha), (IV.6)

consisting of:
. Xq = [anl 5
o Xgo=[R ﬁ/n?
o Ug=[Ul:

U, .
o« Tq —> x:] 1f‘
q

gmquq (T) - xé]
h(r,0)e"™ + h(fr,0)e"™ + n, where Coqug(t) =
I (G 4(1)):

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

e Hy=1:Xq=Y,.
Here 3 and ~ are the functions appearing in (IL.2) and h
and k are the function and constant appearing in (IV.1).
Note that we have abused notation by identifying uq € [U],
with the constant input curve with domain [0, 7[ and value
uq. Notice that the proposed abstraction Sq(X) is indeed a
nondeterministic system governed by an ordinary differential
equation. However, in order to establish an (alternating)
approximate simulation relation, the output set Y; is defined
similarly to our original stochastic system .S (X). Therefore,
in the definition of Hj, the inclusion map 2 is meant, with
a slight abuse of notation, a mapping from a deterministic
grid point to a random variable with a Dirac probability
distribution centered at the grid point.

The transition relation of Sq(3) is well defined in the sense
that for every =4 € [R"],, and every uq € [U], there always

< B0, 1) {r’y(um) +

exists x € [R"], such that z, . . This can be seen

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

€aque (T) there always exists a state x4 € [R"], satisfying

q
[Eapua() = i < 1 < BOT) + A7) + bl 0)e +
h(lr,0)e™™ +n.

We can now present the main result of the paper showing
that any stochastic control system X admits a finite symbolic
model.

Theorem 4.3: Let ¥ = (R™,U,U,, f,0) be any digital
stochastic control system. For any ¢ € R, and any tuple
q = (1,7, i, ,¢) of quantization parameters satisfying p <
span(U) and h(fT,0)e"™ +n < e < 0, we have:

Sq(%) =as 5-(X) 25 Sq(%),

Iv.7)
within the time horizon 0,7, --- , /7.

Before providing the proof, it can be readily seen that
when we are interested in the dynamics of ¥ on a compact
subset D C R"™, assumed to be a finite union of boxes, and
for a given precision ¢, there always exists a small choice of
7 such that h(7,0)e"” < e. Then by choosing a sufficiently
small value of n < span(D), the condition of Theorem 4.3
is satisfied.

Proof: We start by proving S-(X) <5 Sq(X). Consider
the relation R C X, x Xq defined by (z,,z4) € R if and
only if E [|H, ()  Hq(2q)l] = E[|a; x|l < . Since



X0 C Upe[Rn B, (p), for every x,9 € X;o there always
exists xqo € X q0 such that

E[llzro — zqoll] = [[2r0 — zqoll < 0 < e

Hence, (-0, 2q0) € R and condition (i) in Definition 3.2 is
satisfied. Now consider any (z,,zq) € R. Condition (ii) in
Definition 3.2 is satisfied by the definition of R. Let us now
show that condition (iii) in Definition 3.2 holds. Consider
any v, € U,. Choose an input uq € Uq satisfying

— Ug||oc = [[vr(0) = uq (0[] < pi. (IV.8)

Note that the existence of such a wuq is guaranteed
by the special shape of U, described in Definition 2.1,
and by the inequality u < span(U), which guaran-
tees that U C (¢ U, B,.(p). Consider the transition

&y — > &' =&, , (1) in S;(2). Since any stochastic con-
-

v

trol system Y is 0-SFC, we have:

E [[l2% = Cequg (MI] < B E [l = 24l],7) + v([lvr = uglloo, )
< Ble,T) +v(ps 7). av.9)
Since R"™ C (J,e(rny, Bn(p). there exists zy € Xq such that

E (|2} — z5)|] < h(tr,0)e™" +n. (IV.10)
Using the inequalities ¢ < 6, (IV.9), (IV.10), and triangle
inequality, we obtain:
Eagua(7) — T4 Eagug () — 4
< B [|[Ergug (1) = Eoana ][] + B [JlEngus (7)
+ B [[[€n 0. (7) — o]
< h(r,0)e"" + B(e,7) + (1, 7) + h(tr,0)e" T + 1
< B(0,7) + (1, 7) + h(r,0)"T + h(tr,0)e™ +n,
which, by the definition of S4(X), implies the existence of

g

= oo (7)]]]

Zq %» xq in Sq(2). Therefore, from inequality (IV.10) and

since h({7,0)e™™ +n < e, we conclude that (z €R
and condition (iii) in Deﬁn1t1on 3.2 holds.

Now we prove Sq(3) <%s S-(X). Consider the rela-
tion R C X, x X, Heﬁned In the first part of the proof.
For every z49 Eg(qo, by choosing xr9 = 240, We have
|zr0 — zqol| = 0 and (z,9,2q0) € R and condition (i) in
Definition 3.3 is satisfied. Now consider any (z,,zq) € R.
Condition (ii) in Definition 3.3 is satisfied by the def-
inition of R. Let us now show that condition (iii) in
Definition 3.3 holds. Consider any uq € Uq. Choose the
input vUr = uq and consider the unique SO(iU.thIl process

= &40, (7) € Post,_(x,) in S;(X). Since any stochastic
control system X is - SFC we have:

E [[l27 = &oqua (D] < B(E[llz7 — 2], 7) < Ble, 7). AV.ID
Since R™ C | B (D), there exists z € Xq such that

7 2q)
q

pE[R™],
E [||2) — 24]] < h(er,0)e™ +n. (IV.12)
Using the inequalities ¢ < 6, (IV.11), and (IV.12), and
triangle inequality, we obtain:
Eanua () — 74 Eagua (™) — 24 ]
B [|[€yug () = e ][] + B [[[€0qua(r)
+ B [[[oro. (7) = a4]]
< h(r,0)e" + B(e,7) + h(f1,0)e™ + 17
< B0, 7) + (1, 7) + h(7,0)€"" + h(tr,0)e™ +n,

:E[

= oo (7)]]]

which, by the definition of S4(X), implies the existence of
Zq %» T in Sq(X). Therefore, from inequality (IV.12) and

since h((T,0)e"*" 4+ n < e, we conclude that (z/.,z}) € R
and condition (iii) in Definition 3.3 holds.

The following remark readily extends the assertion of
Theorem 4.3 to be valid over an infinite time horizon, under
an assumption on the observation of the diffusion.

Remark 4.4: Suppose the symbolic model is allowed to
periodically observe the system S,(X) after each period
T := {¢7. Then, the assertion of Theorem 4.3 holds over
an infinite horizon, since one can update the initial state
of the symbolic model up to precision 1 with respect to
the realization of S-(X) at time ¢7, and replicate the same
strategy periodically. In particular, if the observation period
is the same as sampling time, then the lower bound of ¢
reduces to h(7,0)e"” + n by setting £ = 1.

Let us highlight that the observation assumption in Remark
4.4 implicitly requires to enlarge the class of admissible
inputs to stochastic ones. That is, the input signal synthesized
in symbolic model is deterministic within the time horizon
{7, but according to the diffusion observation may change
from one realization to another.

We note that the results in [25], explained in the following
theorem, are fully recovered by the results in Theorem 4.3 if
the stochastic control system X is not affected by any noise,
implying that h(t, o) is identically zero and J-SFC property
becomes §-FC property. Correspondingly, the definitions of
S7(X) and Sq(X) need slight modifications.

Theorem 4.5: [25] Let ¥ = (R™,U,U,, f,0,x4) be a
J-FC digital control system. For any ¢ € RT, and any
quadruple q = (7,m,1,0,¢) of quantization parameters
satisfying £ € N, u < span(U) and n < e < 6, we have:

Sq(X) 255 S-(2) <5 54(%). Iv.13)

Remark 4.6: Although we assume that the set U is infinite,

Theorem 4.3 still holds when the set U is finite, with the

following modifications: first, the system Y is required to

satisfy the property (IL.2) for v = v'; second, assume Uy = U
and set y(u, 7) = 0 in the definition of S, (X).

V. SYMBOLIC CONTROL DESIGN FOR A JET ENGINE

We illustrate the results of this paper over the Moore-
Greitzer jet engine model in no-stall mode, which is affected
by noise and unstable [13]. In this model, the unstable
equilibrium (in the absence of noise) is transferred to the
origin (¢ = 0 and ¥ = 0) using the following change of
coordinates: ¢ = ® — 1, ¢ = ¥ — U g — 2, where P is the
mass flow, U is the pressure rise and W,y is a constant. The

resulting model X is:

do | _[ -0 =36 —3¢° ] 4, [ 016d W}

A |5 LHie-v) 0.1y d WP |’

(V.1)

where w is a positive constant parameter set to be equal
to 1, v(t) = ®p(t) — 1 is the control input and P (t) is
the mass flow through the throttle. We work on the subset
D = [-2,2]x[—2, 2] of the state space of X. One can readily
verify that X satisfies the conditions in Definition 2.1 with
L,=13, L, =1, and Z = 0.1, when we are interested in
the behaviors of 3 in D.

We show that 3 satisfies (IL.8) by finding a suitable matrix
P using SOS programming as described in [5]. The constant
k in (I.8) takes the value 1.5 and the resulting matrix is
P=1I.



Fig. 1.

Using results of Theorem 2.4, one obtains the following
0-SFC bound for the jet engine model:

E [[|€an(t) = €aror (D] < V26" 'E [[|a — o[[] +te"* -1/ | .

For a given sampling time 7 = 0.1 and choosing a §-SFC
Lyapunov function V(z,2’) = (x — 2’)T(z — 2’), one can
compute that ~(0.1,0) = 0.05.

We assume that u € [—2, 2] and that the control input can
take only three different values from the set {—2,0,2}. In
order to synthesize a controller under this constraint on the
input, we select = 2. The objective is to design a controller
forcin% the trajectories of the system to reach and stay (in
the 1! moment) within the target set W = [—0.25,0.25] x
[—0.25,0.25], which can be expressed in LTL as GOW.

Furthermore, we assume that the controller is implemented
on a microprocessor, executing other tasks in addition to the
control scheme. Let us consider a schedule with epochs of
nine time slots, in which at most one slot is allocated to
the control task and the rest of them to other tasks. A time
slot is an interval of the form [k7,(k + 1)7[, with k¥ € N
and where 7 is the sampling time. Therefore, some of the
possible microprocessor schedules are given by:

|auuuuuuuu]avuuuuuuu]avuuuuuuu|auuuuuuoul| - -
|uauuuuuuu|uauuuuuuujuavuuuuuu|uauuuuuuul| - -
|[uuuuuuuua|uuuuuuuuujavuuuuuuu|uuuuuuoo| -

where a denotes a slot available for the control task and
u denotes a slot allotted to other tasks. The schedulability
constraint on the microprocessor can be represented by
the finite system (labeled automaton) in Figure 1, where
the allowed initial states are distinguished as targets of a
sourceless arrow.

Note that we embedded the schedulability constraint by
composing the finite system in Figure 1 by the constructed
finite system Sq(X).

For a precision € = 0.07, we construct a symbolic model
Sq(X) by choosing 6 = 0.07, £ = 1, and nn = 0.01. The
computation of the abstraction Sq(X) is performed in the
tool Pessoa [17] on a laptop with CPU 2 GHz Intel Core
i7. The resulting number of states is 1447209. The consumed
CPU time for computing the abstraction and synthesizing the
controller have been 21554 and 542 seconds, respectively.
Here we have assumed that symbolic model can observe
the diffusion process at each sampling time, as discussed
in Remark 4.4.

Figure 2 displays several realizations of the closed-
loop trajectory stemming from the initial conditions in
(—0.75,—1.75) and (1.5, 0), where the finite system ini-
tialized from states go and gg, respectively. Figure 3 shows
the evolution of the input signals corresponding to the above
initial conditions.

Finite system describing the schedulability constraint over the controller. The lower part of the states are labeled with the outputs (a and u)
denoting the availability and unavailability of the microprocessor, respectively.

Fig. 2.

Several realizations of the closed-loop trajectory with initial
conditions (—0.75, —1.75) (upper panel) and (1.5, 0) (lower panel), where
the finite system initialized from states q2 and ge, respectively.

It is readily seen that the specifications are satisfied in the
sense that the first moment of the trajectories of 3 reach
and stay within W¢ = [-0.25 — ¢, 0.25 + ¢] x [-0.25 —
g, 0.25 + ¢], while respecting the schedulability constraint.
(The inflation in the set W expressed in the LTL specification
by means of the accuravcy parameter e is intuitive and
follows [9].)

REFERENCES

[1] A. Abate. A contractivity approach for probabilistic bisimulations
of diffusion processes. in Proceedings of 48th IEEE Conference on
Decision and Control, pages 2230-2235, December 2009.

[2] A. Abate, S. Amin, M. Prandini, J. Lygeros, and S. Sastry. Computa-
tional approaches to reachability analysis of stochastic hybrid systems.
In Hybrid Systems: Computation and Control, pages 4-17. Springer
Verlag, 2007.

[3] A. Abate, A. D’Innocenzo, and M.D. Di Benedetto. Approximate
abstractions of stochastic hybrid systems. IEEE Transaction on
Automatic Control, 56(11):2688-2694, November 2011.

[4] R. Alur, T. A. Henzinger, O. Kupferman, and M. Vardi. Alternating
refinemnet relations. in Proceedings of the 8th International Con-
ference on Concurrence Theory, Lecture Notes in Computer Science
1466, pages 163—178, Springer, Berlin, 1998.



Fig. 3.

[5]

[6]

[7]

[8]
[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]
(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

condition: (0,1.5)
—initial condition: (=0.75,-1.75)|

I
0 2 4 6 8 10 12 14 16 18 20

Evolution of the input signals for two different initial conditions.

E. M. Aylward, P. A. Parrilo, and J. J. Slotine. Stability and
robustness analysis of nonlinear systems via contraction metrics and
SOS programming. Automatica, 44(8):2163-2170, August 2008.

S. I. Azuma and G. J. Pappas. Discrete abstraction of stochastic
nonlinear systems: a bisimulation function approach. in Proceedings
of American Control Conference, pages 1035—1040, June 2010.

C. Belta and L.C.G.J.M. Habets. Controlling a class of nonlinear
systems on rectangles. [EEE Transactions on Automatic Control,
51(11):1749-1759, 2006.

J. J. Duistermaat and J. A. C. Kolk. Multidimensional Real Analysis
I: Differentiation, volume 1. Cambridge University Press, 2004.

A. Girard and G. J. Pappas. Approximation metrics for discrete
and continuous systems. [EEE Transactions on Automatic Control,
25(5):782-798, 2007.

A. Girard, G. Pola, and P. Tabuada. Approximately bisimilar symbolic
models for incrementally stable switched systems. IEEE Transactions
on Automatic Control, 55(1):116-126, January 2009.

L.C.G.J.M. Habets, P.J. Collins, and J.H. Van Schuppen. Reachability
and control synthesis for piecewise-affine hybrid systems on simplices.
IEEE Transactions on Automatic Control, 51(6):938-948, 2006.

I. Karatzas and S.E. Shreve. Brownian Motion and Stochastic
Calculus, volume 113 of Graduate Texts in Mathematics. Springer-
Verlag, New York, 2 edition, 1991.

M. Kistic and P. P. Kokotovic. Lean backstepping design for a jet
engine compressor model. Proceedings of the 4th IEEE Conference
on Control Applications, pages 1047-1052, September 1995.

R. Majumdar and M. Zamani. Approximately bisimilar symbolic
models for digital control systems. 24th Conference on Computer
Aided Verification (CAV), Lecture Notes in Computer Science 7358,
pages 362-377, July 2012.

R. Milner. Communication and Concurrency. Prentice-Hall, Inc.,
1989.
B. K. Oksendal. Stochastic differential equations: an introduction with

applications. Springer, 5th edition, November 2002.

Pessoa. Electronically available at:
http://www.cyphylab.ee.ucla.edu/pessoa. October 2009.

G. Pola, A. Girard, and P. Tabuada. Approximately bisimilar symbolic
models for nonlinear control systems. Automatica, 44(10):2508-2516,
2008.

G. Pola, P. Pepe, M.D. Di Benedetto, and P. Tabuada. Symbolic models
for nonlinear time-delay systems using approximate bisimulations.
Systems and Control Letters, 59:365-373, 2010.

G. Pola and P. Tabuada. Symbolic models for nonlinear control
systems: alternating approximate bisimulations. SIAM Journal on
Control and Optimization, 48(2):719-733, February 2009.

G. ReiBig. Computing abstractions of nonlinear systems. IEEE Trans-
action on Automatic Control, 56(11):2583-2598, November 2011.

P. Tabuada. Verification and Control of Hybrid Systems, A symbolic
approach. Springer, 1st edition, June 2009.

Y. Tazaki and J. Imura. Discrete-state abstractions of nonlinear systems
using multi-resolution quantizer. 12th International Conference on
Hybrid Systems: Computation and Control (HSCC), Lecture Notes in
Computer Science, 5469:351-365, April 2009.

M. Zamani, P. Mohajerin Esfahani, R. Majumdar, A. Abate, and
J. Lygeros. Bisimilar finite abstractions for stochastic control systems.
Manuscript submitted for publication, October 2012.

M. Zamani, G. Pola, M. Mazo Jr., and P. Tabuada. Symbolic models
for nonlinear control systems without stability assumptions. [EEE
Transaction on Automatic Control, 57(7):1804-1809, July 2012.

APPENDIX
Proof: [Proof of Lemma 4.1] In the proof, we use
the notation oo’ (x) instead of o(x)o” (x) for the sake of
simplicity. In view of Ito’s formula and similar to calculation
of Lemma 2.5, we have
— 2 —
Amin (P [[[60(®) = &0 0] < B[V (€0u (0,00 )]
E [V2(€e0(), & ()] =
t —
[ B[260 ) - E) TP (e (61, 006) = £Ean (o), 0(6)
+ Tr (O'O'T (ézv(9)) P) }ds

:/tE|:2(§aw( ) gzv(s)) ( (5”“
0
11 (007 (€0(5) — E4ul(s) P)
1 (007 (a0 )P — 00 (600 (4) - £ ) P) ]

,u(s)) — ( s),v(s)))

t p—
g/o 2KE[V2(Exv(5), E4uy (5))] ds (V.2)
' r (ool S — ool ,(s) — S S
+ [ B[ (00 (€n(9) P = 00 (€nuls) = Eun(s)) )|
t
g/o 2KE[VZ(Exv(5), €4y (5))] ds (V.3)
t
ool (€40 (s s <h ,o e2rt
+ [ B [0 (00" (eute)) P)| s < t.o)
where the function h can be computed as
~ t 2
h(t,o) ::/ E[H\/ﬁa(gm(s))M ds. (V.4)
0

Inequality (V.2) is a straightforward consequence of (I1.7)
where 2’ := 0, and (V.3) follows from Gronwall’s inequality.
Using Lipschitz continuity assumption on o, we get:

[ B[ [vPr(eno)]}] as
<[]l nmingn.a)22 /O B [lau (411 ds
= H\/ﬁHinmin{”v ¥ /Ot (Crllal?e™ + Callu)2, 5 ds
= H\/FHz nmin{n, g} 22
(T e = e + 5 [ret — e+ ol )

where the constants C, C3, and K depend on Lipschitz

constants L, L,, and Z in Definition 2.1. Note that when
we are interested in the dynamics of 3 on a compact subset
D C R"”, and by defining:

)

)\min (P)

Ca
(ot — 11 sup el + £ lrer — K0+ 11 up (ul} ).
|K| uel

we obtain:

E [||&20(t) — £, ()] < h(t,0)e"™. (V.5)

It can be easily verified that the proposed function h meets
the conditions of Lemma 4.1. [ ]



