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Abstract—In this paper, we examine sufficient and necessary
barrier-like conditions for the safety verification and reach-avoid
verification of stochastic discrete-time systems. Safety verification
aims to certify the satisfaction of the safety property, which stipu-
lates that the probability of the system, starting from a specified
initial state, remaining within a safe set is greater than or equal
to a specified lower bound. A sufficient and necessary barrier-like
condition is formulated for safety verification. In contrast, reach-
avoid verification extends beyond safety to include reachability,
seeking to certify the satisfaction of the reach-avoid property. It
requires that the probability of the system, starting from a specified
initial state, reaching a target set eventually while remaining within
a safe set until the first hit of the target, is greater than or equal
to a specified lower bound. Two sufficient and necessary barrier-
like conditions are formulated under certain assumptions. These
conditions are derived via relaxing Bellman equations.

[. INTRODUCTION

Temporal verification is crucial in modern systems analysis, partic-
ularly in complex systems where temporal behavior is of paramount
importance [14]. It involves rigorously examining a system’s ad-
herence to temporal properties, including safety and reach-avoid
guarantees, to ensure desired outcomes and avoid undesirable events.
Formal methods like model checking [5] and theorem proving [10]
are indispensable tools in this process, allowing for precise and
comprehensive analysis of temporal specifications.

Over the past two decades, barrier certificates have emerged as a
powerful tool for safety and reach-avoid verification of dynamical
systems. They provide a Lyapunov-like assurance regarding system
behavior, with the mere existence of a barrier certificate being
sufficient to establish the satisfiability of safety and reach-avoid
specifications, as demonstrated in [14]. This approach simplifies the
verification process and offers a formal mathematical framework for
ensuring safety and correctness of a system without the need to
explicitly evolve it over time. Especially, with the advancement in
polynomial optimization, particularly sum-of-squares polynomial op-
timization, the problem of finding barrier certificates can be addressed
through convex optimization, especially when the system of interest is
polynomial, further motivating the development of barrier certificate-
based methods. Barrier certificates were initially proposed for deter-
ministic systems as a popular formal approach to safety verification
in [11]. Subsequent efforts have focused on adapting and enhancing
barrier functions, as well as broadening their applications [2], [3],
[6], [7]. However, many real-world applications are susceptible to
stochastic disturbances and are thus modeled as stochastic systems.
In the continuous-time stochastic setting, safety verification over the
infinite time horizon via barrier certificates was introduced alongside
its deterministic counterpart in [12]. Based on Ville’s Inequality [19]
and a stopped process, [12] developed a non-negative barrier function
and established a sufficient condition for safety verification over the
infinite time horizon, i.e., to certify upper bounds of probabilities
of eventually entering an unsafe region from specific initial states,

while ensuring that the system remains within the interior of a state-
constrained set until the first encounter with the unsafe set. Subse-
quently, drawing inspiration from [8], [16] formulated a sufficient
barrier-like condition for upper-bounding the probability of entering
an unsafe region from certain initial states within finite time frames,
while maintaining the system’s presence within the interior of a
state-constrained set until the initial contact with the unsafe set. The
systems in [16] involve both continuous-time and discrete-time ones.
Especially, when the state-constrained set is a robust invariant set,
sufficient barrier-like conditions for safety verification of stochastic
discrete-time systems were studied in [4], [27]. Another commonly
studied safety property is related to set invariance. It is to justify
lower bounds of liveness probabilities over either the infinite time
horizon (i.e., the system stays within a specified safe set for all time)
or finite time horizons (i.e., the system stays within a given safe
set during a specified finite time period) [1]. In other words, it is
justifying upper bounds of exit probabilities that the system exits a
specified safe set either eventually or within a bounded time horizon.
Correspondingly, sufficient barrier-like conditions were formulated in
[18], [25] for such safety verification. It is emphasized that the present
work focuses on verifying lower bounds of liveness probabilities over
the infinite time horizon, although the proposed method can also
be applied to the safety verification scenario over the infinite time
horizon in [12]. Afterwards, control barrier functions for synthesizing
controllers to guarantee safety were explored in [17], [20]. As to the
reach-avoid verification, more recently, a new sufficient barrier-like
condition was proposed in [23] for reach-avoid analysis of stochastic
discrete-time dynamical systems over the infinite time horizon and
later, extended to stochastic continuous-time dynamical systems [24].
This condition was constructed by relaxing a set of equations whose
solution characterizes the exact reach-avoid probability of eventually
entering a desired target set from an initial state while adhering to
safety constraints. Another barrier-like function, termed reach-avoid
supermartingales, was proposed to guarantee reach-avoid specifica-
tions as well as facilitate controllers synthesis for stochastic discrete-
time systems in [28] under the assumption that the system is evolving
within a robust invariant set. These barrier-like conditions aim to
lower bound reach-avoid probabilities in [23], [24], [28]. On the
other hand, converse theorems for barrier certificates, which focus
on the existence of barrier certificates, have significantly contributed
to elucidating how safety and reach-avoid criteria can be represented
by barrier certificates. Consequently, these concepts have garnered
growing interest since the inception of barrier certificates, and have
been investigated in [9], [13]-[15], [21]. Nonetheless, there exists a
paucity of research exploring the existence of barrier certificates for
stochastic dynamical systems. This work aims to address this void.
In this paper, we explore the development of sufficient and neces-
sary barrier-like conditions for safety and reach-avoid verification of
stochastic discrete-time systems over the infinite time horizon. The
safety verification process involves assessing whether the liveness



probability that a system, starting from an initial state, will stay
within a safe set for all time is greater than or equal to a specified
threshold. By relaxing a Bellman equation, one of whose solutions
characterizes the exact liveness probability, we construct a sufficient
and necessary barrier-like condition for safety verification. On the
other hand, the reach-avoid verification concerns verifying whether
the reach-avoid probability that the system, starting from an initial
state, will enter a target set eventually while avoiding unsafe sets
before hitting the target, is greater than or equal to a specified
threshold. We consider two cases for the reach-avoid verification.
In the first case, we assume that the system will either enter the
target set or leave the safe set in finite time almost surely. Under this
context, by relaxing a Bellman equation, which possesses a unique
bounded solution that characterizes the exact reach-avoid probability,
we construct a sufficient and necessary barrier-like condition for
the reach-avoid verification. In the second case, we assume that
the specified threshold is strictly smaller than the exact reach-avoid
probability. Under this context, by relaxing a Bellman equation
featuring a unique bounded solution that provides a lower bound
of the exact reach-avoid probability, we construct a sufficient and
necessary barrier-like condition for the reach-avoid verification.

This paper is structured as follows: In Section[[l] we formulate the
stochastic discrete-time systems of interest and the safety and reach-
avoid verification problems. Section [[TI] presents sufficient and neces-
sary barrier-like conditions for safety verification and their derivation.
Afterward, Section [[V] presents sufficient and necessary barrier-like
conditions for reach-avoid verification and their derivation. Finally,
we conclude this paper in Section [V]

II. PRELIMINARIES

We start the exposition by a formal introduction of stochastic
discrete-time systems and safety/reach-avoid verification problems of
interest. Before posing the problem studied, let me introduce some
basic notions used throughout this paper: R denotes the set of real
values; N denotes the set of nonnegative integers; N is the set of
non-negative integers being less than or equal to k; N> & is the set
of non-negative integers being larger than or equal to k; for sets Aq
and Ag, Ay \ Ay denotes the difference of sets A1 and A, which
is the set of all elements in A; that are not in Ag; 14(x) denotes
the indicator function in the set A, where, if & € A, then 1 4(x) =1
and if ¢ ¢ A, 14(x) =0.

A. Problem Statement

This paper considers stochastic discrete-time systems that are
modeled by stochastic difference equations of the following form:

z(l+1) = f(=(l),0()),Vl €N, (1)

where x(l) € R" is the state at time [ and 0(I) € © with © C R™
is the stochastic disturbance at time [. In addition, let 8(0),0(1),...
be i.i.d. (independent and identically distributed) random variables
on a probability space (0, F,Pg), and take values in © with the
following probability distribution: for any measurable set B C O,

Prob(8(l) € B) = Pg(B), Vi€ N.

The corresponding expectation is denoted as Eg[-].

Before defining the trajectory of system (I), we define a distur-
bance signal.

Definition 1: A disturbance signal 7 is a sample path of the
stochastic process {8(i) : © — ©,7 € N}, which is defined on
the canonical sample space ©°°, endowed with its product topology
B(©°°), with the probability measure P := Pg°. The expectation
associated with the probability measure Pr is denoted by Ex[-].

A disturbance signal 7 together with an initial state g € R"”
induces a unique discrete-time trajectory as follows.

Definition 2: Given a disturbance signal 7 and an initial state g €
R™, a trajectory of system () is denoted as ¢7°(-): N — R™ with

29(0) = =g, ie.,

SO+ 1) = £(p20(1),0(1)),VI € N.

The safety and reach-avoid verification for the system governed by
(m) over the infinite time horizon are defined below.

Definition 3 (Safety Verification): Given a safe set X C R", an
initial state g € X \ Xr, a target set X C X, and a lower bound
€1 € [0,1], the safety verification aims to certify that the liveness
probability Pr(Sz,), which denotes the probability that the system
(1), starting from the initial state @q, will stay within the safe set X
for all time, is greater than or equal to €, i.e.,

]P)Tr(swo) > €1.

where Sz, = {7 | Vi € N.¢7° (i) € X}.

Definition 4 (Reach-avoid Verification): Given a safe set X C
R", an initial state g € X \ X, a target set X C X, and a lower
bound ez € [0,1], the reach-avoid verification aims to certify that
the reach-avoid probability Pr (R Az, ), which denotes the probability
that system (IJ), starting from the initial state &, will reach the target
set X- eventually while staying within the safe set X, is greater than
or equal to €9, i.e.,

Pr (RAmO ) > €9.

where RAz, = {7 | 3k € N.¢7°(k) € Xr AVi € Ny 70 (i) €
X} -

In the sequel, we will formulate sufficient and necessary barrier-
like conditions for certifying €1 < Pr(Sz). It is worth noting here
that the proposed method can also be used to construct sufficient and
necessary conditions for the safety verification scenario in [12], which
involves certifying upper bounds of the probability that the system
eventually enters unsafe sets from an initial state while adhering to
state-constrained sets. Please refer to Remark [2] in Subsection [V-Al
In contrast, under certain assumptions, we will formulate sufficient
and necessary barrier-like conditions for certifying Pr(RAg,) > €2.

[1l. SAFETY VERIFICATION

This section will introduce sufficient and necessary barrier-like
conditions for certifying lower bounds in safety verification and
will detail their construction process. The construction involves
constructing and relaxing a Bellman equation, one of whose solutions
characterizes the exact liveness probability Pr (Sg) for & € R"™. The
Bellman equation is derived from a value function.

Let’s start with the value function V() : R™ — R, which is able
to characterize the exact liveness probability Pr(Sz) for € R”,

V() :=Ex[g(z)] )
where
i—1
g(@) = 1gm 2 (@7 (0) + > [ 1x(d7())1gn\ x (67 (D).
1€N>q j=0

Lemma 1: The value function V() in (@) is equal to one minus
the liveness probability P(Sz), i.e.,

V(z)=1—Pr(Sx)

for ¢ € R™.



Proof: Clearly, Ex[lgn\ x(¢7(0))] = 1gn\ x(z). In addition,
since

HlX ¢7r

_M Z1[%() € XA [$7() € R™\ X))

is the probability that the system (I) starting from @ will exit the safe
set X' at time ¢ = ¢ while stay within X’ before ¢, where i € N>q,
we have Pr(Sz) = 1 — 1R"\X( x) — ZzeN>1 PW( [d)ﬂ( ) €
XIN[PZ(GE) e R\ X)) =1—V(x). B ]

According to Lemma |1} V() falls within [0,1] for & € R™ and
thus it is bounded over R™. We next will show that the value function
(@) can be reduced to a bounded solution to a Bellman equation
(or, dynamic programming equation) via the dynamic programming
principle. A value function characterizes the exact liveness probability
over finite time horizons and its related dynamic programming
equations can be found in [1].

Proposition 1: The value function V(-) : R™ — R in (@) satisfies
the following Bellman equation

V() = Ign\ x(2) + 1y (2)Ee[V (f (2, 0))],Vz € R".  (3)
Proof: Since g(x) = 1]Rn\X( x) + 1X(a’)(1Rn\x(¢g(0)) +
2ieNs, TT5=0 1 (@L(3) 1rn\ x ($¥(i))), we have

V(z) =1gn\ x(z) + Ly (z)Ex|

Ngny x (07 (4))]

i1
lgma (@) + > ] 1 (L) 1rn 2 (1))
1€N>7 j=0
]
=lpm\x(z) + lx(z )Ee[
lgm\x(y) + Ex[ Y H1X &% (7)) 1rm\ x (2())]

i€N> j=0
]
=lpm\x () + Lx(z)Eq[V (y)]
=lgm\x(x) + 1x (z)E[V (f (2, 0))]
where y = ¢%(1) = f(x,0). [ |

It is observed that the Bellman equation (B) may have multiple
bounded solutions, since

V(@) + CEx[ [ ] 1x(#%(5))]

jEN

V(x) =

also satisfies the equation @), where C is a constant and
Ex([Tjen 1x (67 (5))] equals the liveness probability that the system
(I starting from @ will stay within the set X for all time. Specially,
when C =1, V/(x) = 1 for € R" satisfies the Bellman equation
@)

A sufficient and necessary barrier-like condition for certifying
lower bounds in the safety verification can be derived via relaxing
the Bellman equation (3).

Theorem 1: There exists a function v(x) : R — R satisfying the
following barrier-like condition:

U(a:o) <l-—-¢

v(x) > Eglv(f(x,0))] YVxecX @)
v(a) > 1 Vo €R™A\ X

v(x) >0 Ve € R"

if and only if Pr(Szy) > €1.
Proof: 1) We first prove the “only if” part.

Since v(x) satisfies @), we have

v(x) > 1pn\ x(x) + 1x (x)Eg[v(f(x, 0))]
= Ign\ 2 (¢7(0)) + 1x (7 (0))Ex [v(¢7 (1))]
> 1gn\ x (67 (0)) + 12 (7 (0)Ex [1gn x (67 (1))

+1x(07 (1)Eg[v(f (67 (1),6))]]
= Er[lgn\ x (97 (0)) + Lx (¢7(0)) 1gny x (¢7(1))]
+ 1 (7 (0)Ex[1x (67 (1))0(67(2))]

)+ > H1X¢7r

ZEN21 Jj=0

> Er[lgn\ (67 (0 (7)) 1gm\ x (07 (9))]

> V(x)
for & € R™. Therefore, according to Lemma

Pﬂ—(swo) =1- V(wo) > €1.

2) We will prove the “if” part.

If Pr(Szo) > €1, we have V(xzg) < 1 — €1 according to
Lemma [I] where V() : R®™ — R is the value function in ().
Moreover, according to Proposition V(x) satisfies V(x) =
Eg[V(f(x,0))],YVx € X, V(x) = 1,V € R™ \ X. Moreover,
V(x) > 0,Vx € R™. Thus, V(x) satisfies @). ]

Remark 1: In this study, we consider the safety verification with
respect to a fixed initial state g € X. However, if we use an initial
set X, which is a set of initial states, the barrier-like condition @),
with v(z) < 1 — €1,V € Xy replacing v(xp) < 1 — €, is also a
sufficient and necessary one for justifying Pr(Sz) > €1,V € Ap,
since P (Sz) > €1,Ve € Xy is equivalent to V() < 1— €1,V €
Xo, where V(-) : R™ — R is the value function ().

In addition, the set R" in condition (@) can be substituted with a
set €2, which encompasses the reachable set of system () starting
from the safe set X' within a single step, i.e.,

QD {x1 |z = f(x,0),Ve € X,0 €cO}UX. %)

The resulting condition also serves as both a sufficient and necessary
criterion for certifying lower bounds of liveness probabilities. It is
the one (9) in Proposition 3 in [25], which was derived using an
auxiliary switched system and Ville’s Inequality [19]. In [25], only the
sufficiency of the condition for safety verification was demonstrated.
In addition, this condition is also a typical instance of condition (3)
with & = 1 and 8 = 0 in Theorem 1 in [22], which studied finite-time
safety verification. B

IV. REACH-AVOID VERIFICATION

This subsection presents sufficient and necessary barrier-like con-
ditions for the reach-avoid verification in Definition ] Two cases are
discussed in this section. The first case assumes that the system (I)
will either leave the safe set X' or enter the target set X in finite
time almost surely. The second case considers the assumption that
the specified lower bound €3 is strictly less than the exact reach-avoid
probability Pr(RAz), i.e., €2 < Pr(RAz,). These two cases are
detailed in Subsection [[V-A] and [[V-B] respectively.

A. Reach-avoid Verification |

The subsection will formulate a sufficient and necessary barrier-
like condition for the reach-avoid verification with the assumption
that the system (I) will either leave the safe set X' or enter the target
set X in finite time almost surely. Like the one in Section [II] this
condition is also constructed via relaxing a Bellman equation. The
Bellman equation is derived from a value function.



Let’s start with the value function V(-) : R™ — R, which
characterizes the exact reach-avoid probability Pr(RAg) for @ €
Rn

V(z) :=Er [g()] (6)

where

g( )_1X7‘ ¢7r

+ > H Ly\x, (o7 (5

i€N> j=0

)Lz, (7 (i)).

Lemma 2: The value function V (x
avoid probability Pr(RAz), i.e

in () is equal to the reach-

V(z) = Pr(RAg)

for x € R™.
Proof: Clearly, Ex (1, (¢%(0))] = 1y, (x). In addition, since

i—1

ET( H 1X\X,« ¢)7T( ))1Xr(¢7r( ))}

7=0
= Pr(NZ1[0%() € X\ X] A [02(0) € X))

is the probability that the system (I) starting from @ will enter the
target set X, at time { = ¢ while staying w1th1n X\ X before i.
Thus, Pr(RAz) = L, (@) + e, , Pr(AZ}[0F () € X\ XA
[62(i) € X)) = V(). ) =

We next will show that the value function (&) can be reduced to a
solution to a Bellman equation (or, dynamic programming equation)
via the dynamic programming principle.

Proposition 2: The value function V(-) : R™ — R in (@) satisfies
the following Bellman equation

V(z) =1y, (z) + Lx\x, ()Ee[V(f(z,0))], Yz € R".  (7)
Proof:  Since g(x) = lx,(z) + L\, (@)(lx, (y) +
Yieny, [i=0 1 (@% () 1x, (#¥(i))). we have

V(z) =1x,(x) + 1X\Xr( )Eﬂ[

)+ > Hbc\x,« D4

i€N> j=0

N, (67(i)

1x,.(y

J
=lx,(x) + 1\, ()Eq[
1—1
Lo, () + Ex[ > ] Lava, (@20)1x, (6%(0))]
1€N>q j=0
]
=lx,(z) + lx\x, (®)Eg[V (f (. 0))]

where y = ¢% (1) = f(x,0). ]

Remark 2: Like the condition (@) in Theorem [I] we can also con-
struct a sufficient and necessary condition for the safety verification
scenario in [12], which is certifying upper bounds of the probability
that the system eventually enters unsafe sets from an initial state while
adhering to state-constrained sets, via relaxing the Bellman equation
(. It is shown in Proposition ] In this proposition, X is a set of
unsafe states and X is a state-constrained set. This condition is also a
typical instance of condition (9) with « = 1 and 5 = 0 in Theorem 3
in [22], which provides upper bounds of the reach-avoid probability
in the finite-time reach-avoid verification.

Proposition 3: There exists a function v(z) : R™ — R satisfying
the following barrier-like condition:

v(zo) < €
o(2) > oS 0)] Ve e\ "
’U( ) Ve € Xy
(@) > Vo € R\ X

if and only if Pﬂ(s’mo) < €], where Sp,
N.¢70 (k) € Xr AVi € Ney.p2° (i) € X'}
Proof: The proof is shown in Appendix. |

Like noted in Remark [T} an initial set Xj, which is a set of
initial states, can replace the fixed initial state o in (8). The
resulting condition is also a sufficient and necessary one for justifying
Pr(Sk) < €),Vx € Xp, since Pr(Sk) < €|,Vx € Xp is
equivalent to V(z) < €],Ve € Xy according to Lemma [2| where
V() : R™ = R is the value function (6).

However, it is generally not feasible to formulate sufficient and
necessary conditions for certifying lower bounds in the reach-avoid
verification by relaxing the Bellman equation (7). The underlying
reason is that the Bellman equation (7) typically does not possess a
unique bounded solution. Nevertheless, under specific assumptions,
we can guarantee that the Bellman equation possess a unique
bounded solution, and thus construct such conditions.

Assumption 1: When the system (TJ), starting from any state = €
X\ X, will leave the set X' \ X, in finite time almost surely, i.e.,

Pr(Vk € N.¢Z(k) € X\ Xy) = 0,V € X \ X,

Proposition 4: Under Assumption [I] the Bellman equation (7) has
a unique bounded solution, which is the value function @

Proof: As shown in Proposition[2] the value function (6} satisfies
the Bellman equation (7).

In the following, we just show that if a bounded function v(x) :
R"™ — R satisfies the Bellman equation (7), v(z) = V(x) holds for
z e R™

Since v(x) satisfies the Bellman equation (7), we have
v(x) = 1, (@) + 1x\ x, (®)Eg[v(f (z, 0))]

= 1x,(¢7(0)) + Ly\ x, (7 (0))Ex [v(¢7 (1))]
= 1x,(67(0) + La\ x, (67 (0))Ex[1x, (97 (1))

+ 1a\x, (67 (1) Eg[v(£ (97 (1), 0))]]

= Enx[lx, (7(0)) + La\ x, (7 (0)) Ly, (67 (1))]

+ 1\ x, (07 (0)Ex [Lx\ x,. (97 (1))

= RAz, = {n | 3k €

1

(¢7(2))]

E [1XT ¢7r

)+ Y. Hlx\x,« 7

i€N> j=0

Nz, (7 (i))]

+lx\x, (x) lim hi(z)
=V(z) + Ly\x,(z) lim hi(x)
71— 00
&)

for © € R", where

3
hi(@) = Ex[] ] Ly, (&7 (1) w(97 (i + 1))].
j=1

Since P (Vk € N.pZ(k) € X\ X)) = 0 for x € X \ X and
v(-) : R™ — R is bounded over R", we have lim; ,oo hi(x) = 0
for & € R™ and consequently, v(x) = V(x) over R™. |

Under Assumption [] we can construct sufficient and necessary
conditions for certifying lower bounds in the reach-avoid verification
via relaxing the Bellman equation (7).



Theorem 2: Under Assumption [1| there exists a function v(x) :
R"™ — R, which is bounded in X and satisfies the following
condition:

v(xg) > €2

v(@) < Bglo(f(x,0)] Vo e X\ X, w0
v(z) <1 Ve € X

v(z) <0 Ve e R\ X

if and only if Pr(RAz,) > €2.
Proof: 1) We first prove the “only if” part.
Since v(z) satisfies (T0), we can obtain, following the induction
of (@) by replacing “=" with “<”, that

o(@) < V(@) + Ly, (@) lim hi(z)

for x € R", where V(-) : R™ — R is the value function defined in
(8. Since v(% (i + 1)) < 0 when ¢Z (i + 1) € R™ \ X, we have

hi(@) = Bx[[ ] La\x, (07 (1)v(7 (i + 1))]
j=1
<Ex[[] 1o\ x, (67 (1) wis1 ()]
j=1
where
wiy1(®) = 1x(d7 (i + 1))v(P7 (i + 1)).

Also, since v(-) : R™ — R is bounded over X and Pr(Vk €
N.¢Z(k) € X\ X)) =0 for & € X\ X, we conclude

lim h;(x) =0
1— 00

for & € R™. Consequently, v(x) < V(zx) for € R".

Thus, Pr(RAzy) = V(o) > v(xzg) > e€2.

2) We will prove the “if” part.

If Pr(RAzq) > €2, we have V(zg) > ez according to Lemma
where V(-) : R"™ — R is the value function in (6). Moreover, accord-
ing to Proposition 2} V () satisfies V (x) = Eg[V (f(x,0))], Ve €
X\ X, V() = 1,Ve € X, and V(z) = 0,V € R" \ X.
Consequently, V () satisfies (T0). [ |

Without Assumption m we cannot use condition (T0) to justify
lower bounds in the reach-avoid verification, since we cannot guar-
antee

lim hi(x) =0
71— 00
forx € X\ X

Remark 3: In Theorem[2] we consider the reach-avoid verification
with respect to a fixed initial state xg € X\ X;-. However, if we use an
initial set Xp, which is a set of initial states, the barrier-like condition
(10, with v(xz) > €2, V& € Xy replacing v(zg) > €2, is also a
sufficient and necessary one for justifying Pr(RAz) > €2,V € Ap,
since Pr(RAgz) > €2,V € Ay is equivalent to V(x) > €2,V €
Xo, where V(-) : R™ — R is the value function (6). W

B. Reach-avoid Verification Il

The subsection will formulate a sufficient and necessary barrier-
like condition for the reach-avoid verification without Assumption
[[] Instead, another assumption that e is strictly smaller than the
exact reach-avoid probability Pr(RAz,) is imposed. Like the one in
Subsection this condition is constructed via relaxing a Bellman
equation, which is derived from a discounted value function.

Let’s start with the discounted value function V5 (-) : R" — R,

Vy(x) := Er[jy(2)], (11)

where

i—1
grv(@) =12, (6% (0) + > 7' [] Lvva, (6501, (6%(0))
0

K3
iENZl Jj=

and v € [0, 1] is a user-defined value.

The value Vy () in (TT) is a lower bound of the exact reach-avoid
probability Pr(RAz) for & € R™. Moreover, when -y approaches 1,
V5 (x) will approach Pr(RAg) for € R™.

Lemma 3: For « € R",

Vy(z) < Pr(RAz)

and

lim Vy(z) = Pr(RAg),
y—1—

where V(-) : R" — R is the value function in (TT).
Proof: The conclusion Vi (x) < Pr(RAz) can be justified
according to v € [0,1] and Lemma

In the following, we just show lim Vy(x) = Pr(RAZ).

1) We first show Vy(a) is uniformly convergent over ~ € [0, 1].
According to Lemma 2] Pr(RAz) = V(z), where V(1) : R” — R
is the value function in (6). Thus, for every € > 0, there exists N € N
such that

y—1—

M k—1
Z Ew[H L\ x, (67 (1)1, (67 (k)] < €, VM >m > N.

k=m+1 j=0
Since
M k—1
Yo Eal* T Lo, (6% ()1, (85 (K))]
k=m-+1 j=0
M k—1
< > Eel]] 1t (9701, (97 (F))]
k=m+1 7=0

holds for v € [0,1], we have V5 (a) is uniformly convergent over
v € [0,1].

In addiion,  Exly' [[j=p La\a, (6% ()L, (% (0))]
is continuous over 7y € f07 1], where ¢ € N>j.
Therefore, according to Term-by-term Continuity Theorem,
we  obtain  lim - V() = Er[ly, (¢%(0) +
Siene, imo - 7 TT5Z0 Lo, (65 () L, (63 ()] =
V(z) =Pr(RAz). ]

Proposition 5: When € [0,1), the value function (TT) V5 (-) :
R"™ — R in (T) satisfies the following Bellman equation:

Va(m) = Ly, (x) + Yla\ x, ()Eo [V~ (f(z,0))], Vo € R". (12)

Moreover, the Bellman equation (T2) possess a unique bounded
solution.

Proof: The conclusion that the value function (TI) satisfies the
Bellman equation (I2) can be justified by following the proof of
Proposition 2]

In the following, we just show that if a bounded function v(x) :
R"™ — R satisfies the Bellman equation (T2), v(x) = V() holds
for x € R™.



Since v(x) satisfies the Bellman equation (T2), we have
v(x) = 1x, (%) + 71a\ &, () Eo[v(f (, 0))]
7(0)) +71x\ x, (07 (0))Eg[v(¢7 (1))]
7(0)) +71x\ x, (7 (0)Ex[lx, (97 (1))
+71x\ &, (@7 (1))Ee[v(f (o7 (1),
= Enx[lx, (87 (0)) + 71x\x, (67 (0)) 1, (#7 (1))]
+ 7712 x, (6% (0)Er [\ 1, (9% (1))0(9%(2))]

(
=1y, (
(

&%

:1Xr

6))]]

= En[lx, (¢7(0)) +

> 7

1€N>

H Ly x, (8% ()1, (@7 (0))]

=0
+ 1X\XT (z) lim hi(x)
71— 00

= Vy(®) + 1\, (z) lim h(z)
11— 00
13)

for © € R, where
3
hi(@) =7 ER (] ] 1, (85 (G)v(#5 (6 + 1))].
j=1

Since v(+) : R™ — R is bounded over R™, we have lim;_, o, h;(x) =
0 for € R™ and consequently, v(x) = V5 () over R". [ |

We can construct a sufficient and necessary barrier-like condition
for the reach-avoid verification in Definition [] via relaxing the
Bellman equation (I2), under the assumption that the reach-avoid
probability Pr(RAz,) is strictly larger than the threshold e3. This
condition is the stochastic version of the one in Corollary 1 in [26].

Assumption 2: The reach-avoid probability Pr(RAg,) is strictly
larger than the threshold eo, i.e., Pr(RAz,) > €.

Theorem 3: Under Assumption there exist a constant v € (0,1)
and a function v(z) : R™ — R, which is bounded over X and
satisfies the following condition:

( )>€2

v(x )<7Ee[ (f(z,0))] VreX\X (14)
v(z) < Vo € X
v(zx) < Vo € R\ X

if and only if Pr(RAz,) > €2.
Proof: 1) We first prove the “only if” part.
Since v(z) satisfies (T4), we can obtain, following the induction
of (T3) by replacing “=" with “<”, that

v(@) < Vy(@) + Ly x,. () lim hi(x)
71— 00
for & € R™, where V4 (-) : R™ — R is the value function defined in
(TI). Since v(¢p%F(z + 1)) < 0 when ¢ZF(z + 1) € R™ \ X, we have
i
YBR[ ] o, (87 ())0(67 (0 + 1))
j=1

Y ER] ] L, (95 ()i ()]

j=1

hi(x) =

where
wit1(x) = 1x(7 (i + 1))v($7 (i + 1)).
1

Also, since v(-) : R™ — R is bounded over X and lim;_, . v ™1 =
0, we conclude
lim h;(x) =0

1—00

for & € R™. Consequently, v(z) < Vy(z) for € R".

Thus, Pr(RAz,) > Vy(x
Gl
2) We will prove the “if” part.

According to Lemma [3]

0) > v(xp) > ez according to Lemma

hm Vo (o) =
y—1

Pr(RAz,)

holds. Since Pr(RAz,) > €2, there exists o such that Vi, (z0) >
62 according to Lemma El Moreover, according to Proposition
5L Vi () satisfies Vy, = ’YQ]EQ[V'YO( (x,0))],Ve € X\ X,
V«,O( ) = L,V € X, and Vvo( ) = 0,Ve € R"\ X.
Consequently, V70 ) satisfies (T4). |

Remark 4: 1If we con51der an initial set Xy C X \ X, which
includes infinite initial states, rather than a fixed initial state g €
X\ X, we cannot guarantee that there exist a constant y € (0, 1) and
a function v(z) : R™ — R, which is bounded over X’ and satisfies
the condition (I4) with v(x) > €2,V € Xp replacing v(zg) > €2,
such that Pr(RAz) > e2,Vx € Xy. This is because we cannot
guarantee that

lim Vy(x)
y—1—

= Pr(RA)

holds uniformly over Xj.

In addition, condition (T4) is a typical instance of condition (13)
with « > 1 and 8 = 0 in Theorem 5 in [22], which offers lower
bounds of the reach-avoid probability in the context of finite-time
reach-avoid verification. W

Remark 5: 1t is worth noting here that we can also construct a
sufficient and necessary condition to certify upper bounds of the
liveness probability Pr(Vk € N.¢pz% (k) € X) such that the system
(I) starting from the initial state o will stay within the safe set X for
all time [25], under the assumption that P (Vk € N.¢x%(k) € X) <
1—e¢1. Under the assumption that P (Vk € N.g%° (k) € X) < 1—¢,
there exist a constant v € (0,1) and a function v(z) : R® — R,
which is bounded over X and satisfies the following condition:

(:1:0) > €1
v(z) <Eg[v(f(=,0))] Vo eX (15)
v(z) <1 Ve € R\ X
if and only if P (Vk € N.¢p7%(k) € X) < 1 — €1 (or equivalently,

Pr(3k € N.gp7° € R™ \ X) > €1). Condition (T3) is also a typical
instance of condition (6) with & > 1 and 8 = 0 in Theorem 2 in
[22], which offers upper bounds of the liveness probability in the
finite-time safety verification. ll

Based on the value function (I)), we are able to show the necessity
of another sufficient barrier-like condition in [23] for the reach-avoid
verification under Assumption [2} The condition is presented below:

’U(:Eo) Z €2
v(z) < Egv(f(x,0))] Ve € X\ Xr
v(z) <Bglw(f(z,0))] —w(®) VezeX\A4,  (16)
v(z) <1 Ve € Xy
v(z) <0 Ve e Q\ X
where  is a set in (3). If there exist a function v(-) : 2 — R and

a bounded function w(-) : @ — R satisfying (I6), Pr(RAz,) >
€2 holds. This conclusion can be justified by following the proof
of Corollary 2 in [23]. In the following, we just demonstrate its
necessity.

Corollary 1: If Pr(RAgz,) > €2, then there exist a function v(-) :
2 — R and a bounded function w(-) : @ — R satisfying (T6).



Proof:  According to Lemma [3] there exists 7o € (0,1) such
that V5, (zg) > €2 holds. From (I2), we can obtain

1> Vyy(x) >0 Ve € R"
f/'vo (w) = 'YOEq[vVO(f(m7 6))]

< EolVo (f(2,0))]  Vae X\ .
Vi (z) <1 Ve € X
Vio(z) =0 Ve e Q\ X

Let v; be a constant satisfying

Y1Vyo(x) for & € R™. Thus, jE=n

71Eg[Vyg (£ (#,8))] =71 Vag (2) = Vg (@)

120l F@OEN @0 @) _ gy (7 ((x, 0))] -
Voo (2) > v0Ee[Vay (f (2, 8))] — Voo (z) = 0. Thus, the functions
Vyo(z) and w(zx) := 1 V4, (x) satisfy (I6). Consequently, there
exist a function v(-) : @ — R and a bounded function w(-) : 2 — R

satisfying (16). [ |

sy = 70, and w(x) =
Eg [w(f(,0))]—w(x)—Vq, ()

V. CONCLUSION

In this paper, we demonstrated sufficient and necessary barrier-
like conditions for safety and reach-avoid verification of stochastic
discrete-time systems over the infinite time horizon. These conditions
were constructed via relaxing Bellman equations.

In the future, we will develop efficient numerical methods to
address the proposed barrier-like constraints for safety and reach-
avoid verification.
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VI. APPENDIX

The proof of Proposition Proof:
“only if” part.

Since v(x) satisfies (8), we have

1) We first prove the

v(z) > 1y, (@) + 1x\x, (2)Eg[v(f (2, 0))]
=1lx, (7(0)) + Ly x, (6% (0)Ex[v(¢7 (1))]
> 1a, (¢7(0)) + 1\ 1, (8% (0))Ex[Lx, (67 (1))
+ Ly\x, (07 (1) Eg[v(f(¢7(1),0))]]
= Ex[Lx, (67(0)) + 1x\ x, (67 (0)) Ly, (o7 (1))]
+ 1o\ x, (97 (0)Er [Ly v, (07 (1) v(97 (2))]
> ...

> Bl @O+ 3 [T v (6200 (620

zeNZl 7=0
> V(x)
for & € R™. Therefore, according to Lemma
Pr(Sy) = Viwo) < l.

2) We will prove the “if” part.

If Pr(Sg,) < €], we have V(xo) < €] according to Lemma'
where V(-) : R™ — R is the value function in (). Moreover, accord-
ing to Proposition 2] V() satisfies V (z) = Eo[V (f(x,))], Ve €
X\ X, V(e) = l,Vw E Xr, and V() = 0,V € R" \ X.
Consequently, V () satisfies (8). ]
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