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Abstract A considerably large class of critical applications run in distributed and real-time environments,
and most of the correctness requirements of such applications must be expressed by time-critical properties.
To enable the specification and verification of these properties in both qualitative and quantitative manners,
we propose a new real-time temporal logic RTCTL*, by incorporating both the quantitative (bounded)
future and past temporal operators from the qualitative temporal logic CTL*. First, we propose a symbolic
method for constructing the temporal tester for arbitrary principally temporal formulas. A temporal tester is
constructed as a non-deterministic transducer with a fresh boolean output variable, such that at any position
the output variable is set to be true if and only if the corresponding formula holds starting from that position.
Then we propose a symbolic model checking method for RTCTL* over finite-state transition systems with
weak fairness constraints based on the compositionality of testers. The soundness and completeness of the
model checking method, the expressiveness of RTCTL*, and the complexity of the tester construction are
described and proven. We have already implemented an efficient model checking prototype for the real-time
linear temporal logic RTLTL, which is a quantifier-free version of RTCTL*, by building upon the NuSMV
model checker. The theoretical and the experimental results from the prototype both confirm that for
checking bounded temporal formulae of the form fUyg 319 or fS[g 9, our method performs exponentially
better than the translation-based method in NuSMV.
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1 Introduction

The formal verification of reactive systems constitutes one of the main technical challenges in computer
science. Model checking [1] turns out to be the most popular and powerful verification technique for
addressing this issue, where desired behavioral properties can be automatically verified with respect
to a given system. For specifying the expected properties of behaviors in a reactive system, temporal
logics [1,2] are widely employed as formal modeling languages. The majority of state-of-the-art model
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checkers for discrete systems are based on temporal logics such as LTL (linear temporal logic), branching-
time temporal logics such as CTL (computation tree logic) and CTL* (a superset of CTL and LTL), or
their fragments and extensions. For example, SPIN [3] is based on LTL, and NuSMV [4] and SMV [5]
are based on CTL and LTL. In addition, JTLV [6] and the model checker MCTK [7] developed by the
present authors embrace all three of these logics. These temporal logics can be seen as mathematical
formalisms of qualitative reasoning concerning the evolution of a system over time, and only deal with
“before and after” properties, without an explicit reference to time. For example, the LTL formula Ff
means that the subformula f will eventually hold, but LTL cannot formalize quantitative properties such
as “the exact time at which f will take place”.

For many critical applications running in distributed and real-time environments, such as network
communication protocols and embedded real-time control systems, it is very important to guarantee
the time-critical properties that relate the occurrences of events. For such applications (quantitative)
temporal logics are a critical requirement for expressing quantitative properties relating to time evolution
during the computations of a given system. The real-time temporal logics adopted in most state-of-the-
art model checkers for real-time systems (e.g., Uppaal [8], HyTech [9], Kronos [10], and FSMT-MC [11])
are based on CTL and interpreted over timed transition systems (automata). Uppaal supports a subset
of CTL, such that its expressive power is restricted to specify reachability, safety, and liveness. HyTech,
Kronos, and FSMT-MC utilize timed CTL [12], which is an extension of CTL that allows quantitative
temporal reasoning over dense times. Meanwhile, some other real-time temporal logics are based on LTL,
including MTL (metric temporal logic) [13] and TPTL (timed temporal logic) [14], which are defined over
integer-time semantics, and MITL (metric interval temporal logic) [15], which employs the nonnegative
real numbers as the time domain. However, the major drawback of existing real-time logics based on
timed automata is that the computational overhead for model checking is high in such cases [12,16].

In order to address this challenge, the work presented in this paper aims at striking a good balance
between the expressive power of real-time temporal logics and the computational complexity. More
specifically, we first propose a new real-time temporal logic RTCTL* (real-time computation tree logic)
by extending CTL* with bounded future and past temporal operators so that its expressive power is
stronger than those real-time logics that are based mainly on LTL or CTL. Then, we develop an efficient
model checking algorithm for RTCTL*. We restrict the computation models for RTCTL* to be discrete
transition systems, in which each transition is assumed to run for a single time unit, so that we can
measure the elapse of time between events by counting the number of transition steps between those
events. Discrete transition systems provide a reasonable method for specifying synchronous systems, such
as digital circuits, protocols [17]. Furthermore, the tight timing constraints and predictability required
by real-time systems can easily be satisfied using synchronous design techniques. Therefore, real-time
systems can often be verified by model checking techniques based on discrete time [1]. To demonstrate the
significance of RTCTL*, consider the scenario of a network communication protocol that should satisfy
the following property: whenever process P1 receives a request signal (denoted by req) from process P2,
it is possible for P1 to send acknowledgment signals (denoted by ack) back to P2 at least once every k
steps. This property can be specified through the following RTCTL* formula:

AG(req — E(Fo,ack A G(ack — Fy yack))), (1)

where there are two path quantifiers A (for all paths) and E (for some path), an unbounded temporal
operator G (always), and a bounded temporal operator Fi, ;) (eventually within the interval [a, b]). We say
that F, ) f is true for some path starting from state sg if f holds in some future state s on that path, and
the distance from sp to s is within [a, b]. Such properties are very useful for verifying periodic real-time
tasks, but they cannot be specified using any other real-time temporal logics based on the proper subsets
(CTL or LTL) of CTL*. The main contributions of this paper are summarized as follows:

(1) We propose a new real-time temporal logic RTCTL*, which is an extension of CTL* with future and
past time-bounded temporal operators, such that one can express and analyze the real-time behaviors of
a system both over the computation tree and single computation;
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(2) We construct the symbolic temporal testers for (bounded) future and past temporal operators, and
propose a symbolic model checking algorithm for RTCTL* based on testers;

(3) We prove that RTCTL* is exponentially more succinct than the equivalent CTL*. For each bounded
temporal formula of the form fUy g or fS[g g (where U denotes “Until” and S denotes “Since”), only a
linear number of fresh boolean variables are introduced when constructing the tester using our method.
Therefore, the state space of our tester can be made exponentially smaller than for the tester constructed
using the translation-based method in NuSMV;

(4) We implement an efficient symbolic model checking prototype for the real-time linear temporal logic
RTLTL, which is a quantifier-free version of RTCTL*, by building upon NuSMV 2.6.0. This prototype
enhances the real-time expressive power of the extended LTL in NuSMV, and the experimental results
show that our method performs significantly better than NuSMV for the verification of bounded temporal
formulae, especially for those of the form fUjg g or fSj0.49;

(5) Thanks to the compositionality of testers, an important advantage of our tester-based verification
method is that it can also easily be incorporated into any other existing temporal model checker as well as
NuSMV without requiring any modification, as long as the checker supports fairness constraints and the
synchronous parallel composition of modules, such as the temporal model checkers SMV, JTLV, SPIN,
and the model checkers MCTK and MCMAS for multi-agent systems [18].

This paper is structured as follows. First, we introduce the computational model in Section 2. The
syntax and semantics of RTCTL* are presented in Section 3. The symbolic model checking algorithm for
RTCTL* is then presented in Section 4. In Section 5, we implement a symbolic model checking prototype
for RTLTL, and present an experimental comparison between NuSMV and our method. In Section 6, we
discuss related work and compare this with our approach. Finally, we conclude the paper and describe
directions for future work in Section 7.

2 Computational model

We adopt a just discrete system (JDS) as our computational model, which is a finite-state transition
system with weak fairness constraints.

Definition 1 (Just discrete system). A just discrete system D = (V,0, R, J) consists of the following
components:

e V ={v1,...,v,} is a finite set of typed state variables over finite domains. We define a state s to
be a type-consistent interpretation of V', assigning to each variable v € V' a value s[v] in its domain. By
S, we denote the set of all states.

e O is the initial condition. This is an assertion (state formula over V') characterizing all of the initial
states of D. A state is called initial if it satisfies ©; that is, ©(s) holds.

e R is a transition relation. This is an assertion R(V,V’) relating a state s € S to its D-successor
s’ € S, by referring to both ¥V and V’. The transition relation R(V,V”’) identifies the state s’ as a D-
successor of the state s if R(s, s”) holds under the joint interpretation that interprets v € V as s[v] and
v € V' as s'[v']. Without loss of generality, we require that R(V, V') must be total; that is, for every
state s € S there exists a state s’ € S such that R(s, s") holds.

o J={J1,...,Ji} is a set of assertions expressing the justice (weak fairness) constraints. The justice
constraint J € J requires that every computation contains infinitely many J-states (states satisfying J).

Given a JDS D = (V,0,R,J), let r : sp, s1,... be a sequence of states in D, ¢ be an assertion, and
i > 0 be a natural number. We say that i is a ¢-position of r if s; is a p-state, i.e., s; satisfies . A run
of D is a sequence of states r : sg, s1, . .. satisfying the following two requirements: (1) Initiality. ©(s)
holds; that is, sq is the initial state. (2) Consecution. For each i > 0, R(s;, s;+1) holds; that is, s; 41 is a
D-successor of s;. By runs(D), we denote the set of runs of D. From the requirement that the transition
relation must be total, it is easy to infer that every run in runs(D) is infinitely long. An infinite run of
D is called fair if for each J € J, the run contains infinitely many J-states. Let r : sg,s1,... be a run
of D. To facilitate the definition of the semantics of the temporal logic over runs, we first denote each
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state s; by 7(¢). Then, the run r : sg,s1,... can be rewritten as r : 7(0),r(1),.... We denote the suffix
r(i),r(i+1),... by r'. We refer to a pair (r,4) consisting of a run r and position i as a point. We use the
terms path and fair path as synonymous to run and fair run, respectively. Let X be a set of variables.
We define | X| as the number of bits representing the variables X in binary. We use |D| to denote the size
of D, and define |D| = |S| + |R|, where |S] is the number of reachable states of D and |R| is the number
of transitions of D. Because |S| = O(2IV]) and R is over V UV’ we have that |D| = O(22IV]).

Given two JDSs Dy = (V4,01, R1,J1) and Dy = (Va,O2, R, J2), we define the synchronous parallel
composition of Dy and D, denoted by D; || D3, as a JDS D = (V,0,R,J), where V. = V; U V5,
O=61 N0, R=R; ARy, and J = J1 U J2. We can view a run of D as the synchronous combination
of two runs respectively in runs(D;) and runs(Dz). The synchronous parallel composition is mainly used
to combine a JDS to be checked with a tester T, for a given formula .

3 Real-time temporal logic RTCTL*

To facilitate the analysis of real-time temporal properties over both the computation tree or a linear
computation path of a system, we propose a new real-time temporal logic RTCTL*, which is an extension
of the computation tree logic CTL* with (bounded) future and past temporal operators. We assume a
finite set of variables V' over finite domains, and an underlying assertion language £ that is a first-order
language over the integers, and contains interpreted symbols for expressing the standard operations and
relations over integers. An assertion is a formula in £. For example, the formula x < y+ 5 is an assertion
that includes two variables z and y, one constant 5, the “4” operation, and the “<” relation over integers.

An RTCTL* formula is constructed of assertions, to which we apply boolean operators, basic (bounded)
future/past temporal operators, and path quantifiers. The (bounded) future temporal operators are X
(neXt), U (Until), and Uy, (bounded Until). The (bounded) past temporal operators are Y (previ-
ously), S (Since), and S, ) (bounded Since). The path quantifier is E (for some computation path). For
convenience, we add the dual path quantifier A (for all computation paths) to RTCTL*.

3.1 Syntax of RTCTL*

There are two types of formulae in RTCTL*: state formulae and path formulae. State formulae are
interpreted over states, and path formulae are interpreted over paths. Let ¢ be a state formula and v a
path formula. Then, the syntax of RTCTL* is defined inductively as follows:

o u=plo@|eANp|EY[AY and ¢ = @ | | YAY [ X | YUY [ YU | YO | YSY | S[e 59,

where p is an assertion in £, and a and b are nonnegative integers such that 0 < a < b. RTCTL*
comprises the set of state formulae generated by the above syntax. Let f and g be RTCTL* formulae.
We employ standard abbreviations from propositional logic, such as L for f A=f, T for =L, fV g for
~(~f A=g), f— g for =f Vg, and f < g for (f = g) A (g — f).

We write 1 € ¢ to denote that 1 is a subformula of ¢. A formula ¢ is called principally temporal
if its main operator is temporal. A subformula of the form Ef or Af in ¢ is called a maximal state
subformula of ¢ iff it is not a strict subformula of any strict subformula of the form Eg or Ag in ¢. To
facilitate the analysis of the model checking algorithm for RTCTL*, we first define vars(yp), also denoted
by ¢-variables, to be the set of variables on which the formula ¢ depends. We then consider the length
(or size) of a formula as the length of the string used to write the formula down in a sufficiently succinct
manner. We define the length of a formula using Definition 2.

Definition 2 (Length of a formula). The length of a formula ¢, denoted by |¢|, is calculated as follows:
e If ¢ is an assertion, then || is the sum of the number of atomic propositions that encode each
variable in vars(¢) and the number of arithmetic and relational operators;
e If v is of the form —f, Xf, Yf, Ef, or Af, then |p| = |f] + 1;
e If v is of the form f A g, fUg, or fSg, then |¢| = |f]| + |g] + 1;
o If o is of the form fUp, )9 or fS[q9, then [p| = | f|4]g|+ [logy a] + [logy b] + 1, where [log, 0] = 1;



Luo XY, et al. Sci China Inf Sci

May 2018 Vol. 61 052106:5

bounded Until:
fU[a,oo]g = fU[a,a] (ng)
JUla.619 = fUa,a) (fU0,-a)9)

(bounded) Finally:
Ff = Tuf

Floo)f = TUp f
Fla,c0f = TUfa,a)(FS)
(bounded) Once:

0f =Tsf

Oa.0)f = TSpap) f
Ofa,c0)f = 0[a,a)0f

not previous state not: Zf = Y- f
bounded Since:

IS(a,0019 = fSa,a1(fS9)

f81a.619 = S[a,a)(fS[0,6-a19)

(bounded) Globally:
Gf = -F~f

Gla,0)f = “Flapf
Gla,o0lf = TUpa,a)(GS)
(bounded) Historically:
Hf = —(TS—f)

Hig,0)f = ~(TSp,p~f)
Hia,00)f = Hpa oS

Figure 1 The (bounded) future and past temporal operators derived from RTCTL*.
e Otherwise, || = 0.

3.2 Semantics of RTCTL*

The semantics of RTCTL* is inductively defined with respect to a JDS D = (V,0, R, J). We define the
notion of an RTCTL* formula ¢ holding at a point (r,¢) of D, denoted by (D, r,4) | ¢, as follows:

(D,r, i) = p, iff  pis an assertion over V in £, and p holds at the state r(4).
(D,r,i) = —f, it (D,r,i) ¥ f.

(D,ri) E f Ny, ifft (D,ri) | f, and (D,r,i) = g.

(D,r,i) EEf, iff I’ €runs(D) and i’ > 0. (+'(i') = r(:) and (D,r',i) E f).
(D,r,i) = Af, ifft ¥ € runs(D) and Vi’ > 0. (+/(i') = (i) implies (D,r',i) E f).
(D,r,i) = Xf, it (D,ri+1)E=f.

(D,r,i) = fUg, it 3 >d (Dyr,d') | g and Vi’ € [i,7'). (D,r,i") E f).

(D,r,i) E fUlayg, iff 3 €fita,it+b]. (D,ri')Egand Vi’ € [i,i'). (D,r,i") | f).
(D,r,i) =EYS, ifft ¢>0,and (D,r,i—1) | f. This implies that (D,r,0) £ Yf.
(D,r,i) = fsg, it 3 <i.(D,r,d) =g, and Vi"’ € (',4]. (D,r,i") = f).

(D,r,i) E fSjayyg, iff 3 €fi—bi—al.((D,ri') kg, and Vi" € (7',i]. (D,r,i") = f).

Sometimes, we denote the notion of a state formula ¢ holding at a state (i) of D as (D,r(i)) E ¢,
where 7(7) is the state located at the position ¢ of the run r of D. From the semantics, it is easy to have
that Af = —=E—f. In fact, many other useful standard future/past temporal operators can be derived from
RTCTL* by rewriting rules. We list some equations in Figure 1, which can be viewed as the rewriting
rules that convert the additional formula on the left hand side of “=” into the formula on the right
hand side. Therefore, any formula can be converted into RTCTL* by applying the rewriting rules to
each additional subformula recursively. For conciseness, we do not list the semantics of these additional
operators. One can understand these through the equations and semantics of RTCTL*.

The subset of RTCTL* in which each (bounded) temporal operator is immediately preceded by a path
quantifier is called RTCTL. The subset of RTCTL without any bounded temporal operators is exactly
CTL. The subset of RTCTL* without any path quantifiers or bounded temporal operators is exactly
LTL. We denote the subset of RTCTL* without path quantifiers by RTLTL.

3.3 The model checking problem for RTCTL*

Consider a JDS D = (V,0, R, J) and an RTCTL* formula ¢. If ¢ is a state formula, then we say that
¢ holds over a state s of D, denoted by (D, s) |= ¢, if s satisfies ¢. If ¢ is a path formula, then we say
that ¢ holds over a path r, denoted by (D,r) [ ¢, if r satisfies the semantics of ¢. We say that ¢ holds
on the JDS D, denoted by D = ¢, if (D, s) | ¢ for every initial state s satisfying ©. Note that if ¢ is a
path formula, then the model checking problem of whether ¢ holds on D is equivalent to D = Ap. ¢ is
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called satisfiable if it holds on some JDS. ¢ is called valid if it holds on all JDSs. Our goal is to verify
whether or not all runs of D satisty ¢, i.e., D = .

4 Tester-based symbolic model checking for RTCTL*

For a composite RTCTL* formula, it is essential for the model checking methods for various operators to
be compositional to each other. This compositionality will also contribute to the further extension of the
logic language, because this is sufficient for constructing the testers for only newly introduced operators.
To achieve this compositionality, the core problem is to determine whether any suffix of a run starting
from any position satisfies the given formula. To solve this problem, given a JDS D and a principally
temporal formula ¢, we wish to construct another JDS T, called a temporal tester for ¢. This can be
viewed as a non-deterministic transducer that keeps observing a run r of D, and at each position ¢ > 0
sets a fresh boolean variable z, to be true iff (D,r,i) = ¢. x, is also called the output variable of T,
because the output value of z, can be viewed as representing the satisfiability of .

By taking advantage of the compositionality of testers, we are able to reduce the model checking
problem of a composite formula over a given JDS to that of a state formula over the synchronous parallel
composition of the given JDS and the testers for the principally temporal subformulae of the composite
formula, where the state formula is generated by replacing each principally temporal subformula with the
corresponding fresh output variable. Next, we define the so-called temporal tester T, for a principally
temporal RTCTL* formula ¢.

Definition 3 (Temporal tester). Let ¢ be a principally temporal RTCTL* formula. A temporal tester
T, for ¢ is a JDS with a fresh boolean output variable z, such that

e Soundness: For every fair run p of T, and each position i > 0, (T,,, p, i) = ¢ iff (T, p, 1) = .

e Completeness: Let D = (V,0, R, J) be a JDS. Then, for every fair run r in D, there is a corre-
sponding fair run p of T, such that for each i > 0, (T, p, i) =z, iff (D, 1) = ¢.

For convenience, a temporal tester will simply be referred to as a tester from this point on. A tester
is independent of any JDS, and accepts all possible runs of a JDS. For every suffix of these runs, T,
guarantees that the output variable x,, is true at the starting state of the suffix if and only if the suffix
satisfies ¢. Let D = (V,0,R,J) be a JDS and ¢ an RTCTL* formula. After constructing the tester
T, for ¢ and mapping ¢ to its corresponding state formula ¢’, the model checking problem D = ¢ is
reduced to the model checking problem D || T, = ¢, which is easy to tackle using the symbolic model
checking method. Occasionally, we will simply denote D || T}, as D.,.

4.1 Mapping RTCTL* formulae to state ones

Given a JDS D and an RTCTL* formula ¢, the basic problem for model checking ¢ over D is checking
the subformula of the form Ef in ¢, where f is a path formula that may include its own maximal state
subformula(e), which are also of the form Eg. Therefore, we can design a top-down model checking
procedure to check ¢ on its syntax tree. Thanks to the symbolic model checking method, we can obtain
the symbolic representation (OBDDs-ordered binary decision diagrams [19]) of the set of states that
satisfies a state formula. For an RTCTL* formula Ef, assume that all maximal state subformulae of f
have already been symbolically model checked. Then, f can be converted into an RTLTL formula f’ by
accordingly replacing the maximal state subformulae in f with the resulting OBDDs. Thus, the RTCTL*
model checking problem of D |= Ef is reduced to the RTLTL model checking problem of D = Ef’.
Furthermore, for the RTLTL path formula f’ we can also design a top-down procedure on the syntax
tree of f’ to convert f’ into a state formula f”, by replacing each principally temporal subformula g in
f" with the fresh boolean variable of the tester for g. Finally, the model checking problem of an RTLTL
formula f” over D can be reduced to that of the state formula f” over the synchronous parallel composition
of D and the testers constructed for the principally temporal subformulae of f’. This problem can easily be
solved using the symbolic model checking method. To achieve this, in the following we design a function y
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to map an RTCTL* formula ¢ to the corresponding state formula x(¢), where ¢ is a subformula of .

P, 1 is an assertion, or ¥ = Ef;
~x(f), Y =-f;
x(f) A x(9), v=fAg;

x(¥) = § @y, Y =X[, fUg, fU,49,Yf, [Sg or [S(o,ng, where b> 0;
x(9); Y = fUj,019 or fS[0,019;
XHF ARG fU0,0-a191)}*); ¥ = fUjapg and 0 < a < b;
x{FAYGS10,0-a190)}), ¥ = fS[a,pg and 0 < a < b,

where x, is the fresh boolean (output) variable that represents the tester created for the principally
temporal subformula 1 of p. Note that for a maximal state subformula Ef of ¢, we preserve this in the
resulting formula such that it can be handled in a bottom-up approach.

To construct a tester for an RTCTL* formula ¢, not only must the fresh boolean variable for each
principally temporal subformula in ¢ be created, but also the integer variable for counting the transition
steps for each bounded principally temporal subformula in . Note that the temporal subformulae in any
maximal state subformula of ¢ are excluded. We define the set of the fresh variables created for the tester
T, as X, = Xglo U Xf,. One can better understand the set X, after consulting the tester construction
method described in Subsection 4.2.

X:J = {Iw
2y is the fresh boolean variable for 1), ¢, is the fresh integer variable in interval
X?P = Ty, ty [ [0,0— 1] for . 9 is of the form fUp g or fSp p)g, where b > 0. ¢ is a subformula

subformula of ¢ but not in any maximal state subformula of ¢.

2y is the fresh boolean variable for 1. ¢ is of the form Xf, fUg,Yf or fSg, which is a }

of ¢ but not in any maximal state subformula of ¢.

As an example, consider o = —(fU, 49 V EXh) A pU(q V Xr). Assume that x1, 2,23 are the fresh
boolean variables of the testers Ty, , g, Txr and Tpyquxr), respectively, and the fresh integer variable
t € [0,b—a—1] represents T'yy,, ,,4- Then, we have that x(p2) = —(z1 VEXh)Ax3, vars(x(p2)) = {z1, 73, h},
and X, = {x1, 22, x3,1}.

4.2 Construction of testers for principally temporal formulae

In this section, we present a symbolic method for constructing the tester Ty, for a principally temporal
RTCTL* formula ¢. Then, we will present a compositional method for constructing the tester for arbitrary
RTCTL* formulae. We first construct the testers for the basic future temporal operators X, U, and Uy, y)-

4.2.1 Tester for Xf

For ¢ = Xf, it follows from the semantics of Xf that the tester Txy = (V,,, Oy, Ry, J,) || T is defined
by the (2), where x,, is the fresh boolean variable for . Here, x'(f) is the prime version of x(f). That
is, xX’(f) is the formula resulting by replacing each occurrence of v € vars(x(f)) in x(f) with the prime
version v’ of v. We have that x(¢) = z, and X, = {z,} U Xj:

Vi : vars(x(f)) U {ze };

Txf :
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C C

| state s4 ’ state 53 |
A‘ () Tx(g) ~x, > x(8) x, r
ty > b-1
A e A
| state s1 . state s2 |
ty:= 0
1) ~x(g) ~x, M x(f) (@) x,
) 0<t,<b-1

U 0<t¢<b—IUﬂ¢:=t¢+l

Figure 2 The tester TfU[O T

Vi = vars(x(f)) Uvars(x(g)) U {zy};
Op: T;
) (3)
Ry xy > (x(9) V (X(f) Nxly));
jcp : {Iap — X(g)}'

Tng :

4.2.2  Tester for fUg

For ¢ = fUg, it follows from the expansion equation fUg = g V (f A X(fUg)) that the tester Tty, =
(Ve, Op, Ry, Tp) || Ty || Ty is defined by (3), where z,, is the fresh boolean variable for ¢ and 7, is
the prime version of x,. We have that x(¢) = z, and X, = {z,} U Xy U X,;. Note that without the
justice constraints 7, the transition relation R, cannot guarantee the correctness of the tester, because
it accepts infinite runs along which z, A x(f) A —x(g) holds forever, and in this case the runs do not
satisfy fUg. These runs can be ruled out by the justice constraint z, — x(g).

4.2.3  Tester for fUy, g

In this section, we want to construct the testers for bounded future temporal operators. However, from
Figure 1 we have that U and Uy, ;) are the two basic operators for expressing arbitrary bounded future
temporal operators. The tester for U is presented in the previous section, and so in this section it is
adequate to construct the tester for fUp, ;9. From the semantics of RTCTL", we first define 4, which
can be viewed as a rewriting rule such that we can convert fUp, ;g into a formula that only includes the
temporal operators X and Ujq p).

{FAXG® fUp-arg D} if

0 < b; @)
{fAxG® g O}, if 0 b

fU[a,b]g = {

where {f A X(}* denotes the string formed by repeatedly concatenating the word “f A X(” a times,
so {f AX(}° denotes an empty string. By applying (4), we can rewrite fUj, ;g with a < b as {f A
X(}*fUjo,5—a)9{) }*, the tester of which can be constructed using the two ways synchronous parallel com-
position of the two testers for fUjg a9 and {f AX(}*2{)}?, where z is the fresh boolean variable of the
tester for fUpgp—q)9-

Without loss of generality, we construct the tester Ty, , 4 as shown in Figure 2, where b > 1.

(Vp,Ou, Ry, Tp) || Ty || T, is defined as

0,b]

Formally, for a formula ¢ = fUjg g the tester Ty, , 4 =
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follows:
Vi vars(x(f)) Uvars(x(g)) U{zy, tp};
t

T'yy, (5)

MY Ry (0t b1 A0, <b—1)ARpug 0

To: 0,
where x,, is the fresh boolean variable, and t, is the fresh integer variable in the interval [0,b — 1].
We have that x(¢) = z, and X, = {z,,t,} U X; U X, We define s1 = (x(f) A =x(g) A —zy),
s2:= (x(f)A=x(g)Azy), 83 := (x(9)Axy), and s4 := (—x(f) A—x(9) Az, ), and define s1’, 52, s3/, and
54" as the prime versions of s1,52, 53, and s4, respectively. For example, s1' := (x'(f) A =x'(g) A =z,
According to Figure 2, the assertion Ry, , ¢ is defined as follows:

Ry g = (sTAs1)V (s1A 82" At =0) V (s1 A sd)
V(S2A0 <ty <b—1A82' ANt =t, + 1)V (s2At, 2b—1As3)
V(s3 A sl )V (s3As2)V (s3A83)V (s3Asd)
V(sd Asl')V (s4 A s2')V (s4 A s3')V (sd A sd').

In the following we start constructing the testers for (bounded) past temporal operators Y, S and S, 3.

4.2.4  Tester for Y f

It follows from the semantics of ¢ = Yf that the tester Ty = (V,,, 04, Ry, J,) || T is defined by (6),
where z, is the fresh boolean variable for ¢ and :cfp is the prime version of x,. Note that the initial
condition ©, = -z, corresponds to the semantics stating that for any subformula f, Yf must be false
over any initial state; that is, (D,r,0) = Yf. We have that x(¢) = z, and X, = {z,} U Xj.

Vi : vars(x(f)) U {ze};

Ty % e (6)
Ry @), < x(f);
Tp 0,

Ve o vars(x(f)) U vars(x(g)) U {zo };
)

O,y > x(9);
T . ¥ ® 7
B0 R, z, < (X'(9)V (X (f) A wp)); g
T, o 0.

4.2.5 Tester for fSg

For ¢ = fSg, it follows from the expansion equation fSg = g V (f A Y(fSg)) that the tester Ttsy =
(Ve, Op, Ry, Tp) || Ty || Ty is defined by (7), where z, is the fresh boolean variable for ¢ and a7, is the
prime version of z,. We have that x(¢) = z, and X, = {z,} U Xy U X,. Consider an initial state sg
satisfying —y(g). Owing to the fact that there is no predecessor for sg, it follows from the semantics we
have that there is no run to so satisfying fSg. Furthermore, if sy satisfies x(g), then we immediately
have that any run to s, i.e., sg itself, satisfies fSg. Therefore, we set the initial condition 6, to be
zy, <> X(g9). We set the justice constraints J, to be the empty set, because any run from the state under
consideration back to any initial state is finite, so that the initial condition @, and the transition relation
R, are adequate for implementing the semantics of fSg.

4.2.6 Tester for fS[a,b]g

In this section, we want to construct the testers for bounded past temporal operators. From Figure 1,
we have that S and S|,y are the two basic operators for expressing arbitrary bounded past temporal
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0<t,<b-1 ly=t,+ 1

state s1 state s4

2() ~x(g) x,
0<1,<b-1

() x(8) x,

state s5

X)) 2@ %,

state 53

state s2

() (g ~x, 2() (@) —x,

Figure 3 The tester Tfs[0 b9

operators. The tester for S was presented in the previous section, and so in this section it is adequate
to construct the tester for fS, ;9. From the semantics of RTCTL*, we first define (8), which can be
viewed as a rewriting rule such that we can convert fS, ;g into a formula that only includes the temporal
operators Y and (g y):

fSla9 = { LAY fSpop-aig D} if Z; .

{r Ay g O, if

where {f AY(}* denotes the string formed by repeatedly concatenating the word “f A Y(” a times. By
recursively applying (8), we can rewrite fSy, 59 (a < b) as {f AY(}*fSj0,p—ajg{)}*, Which is a formula
that only includes the temporal operators Y and S ;. Furthermore, its tester can be constructed using
the two ways synchronous parallel composition of the two testers for fSi ;)9 and { f AX(}*2{)}*, where
x is the fresh boolean variable of the tester for fSip;_qg9. Without loss of generality, we construct the
tester T'ss, , ¢ as shown in Figure 3, where b > 1. A bidirectional edge denotes two transitions with
reverse dlrectlons. An edge without a starting node indicates that the node the edge points to is one of
the initial states, so that {sl, s2,s3,s5} is the set of initial states.
For ¢ = fS(0,1)9, the tester Ts, 19 = (Vio, Op, Ry, Tp) || Ty || Ty is formally defined as follows:

Ve VarS(x( ) Uvars(x(g)) U{z,, te};
() Ax(g) Az A0St SD—1) A (24 ¢ X(9));
ch F(0<t, S b—1)AN0<t, <b—1)ARpsyg 9
T, 0 0,
where x,, is the fresh boolean variable, and ¢,, is the fresh nonnegative integer variable (¢, € [0..b—1]) for
© = fS[0,5)9- We have that x(p) = 2, and X, = {z,, 1, }UX;UX,. We define s1 := (=x(f) Ax(9) Azy),

s2 = (=x(f) A =x(g) A —zg), s3 := (X(F) A —x(g) A —myp), s4 = (X(f) A —x(g) A zy), and sb :=
(xX(f) A x(g) AN xy), and define s1’,52',s3', s4’, and s5" as the prime versions of s1, 52, 53,54, and s5,
respectively. According to Figure 3, the assertion Rys, , ¢ is defined as follows:

Tfs[o,b]g (9)

Ris g = (SLASU)V (s1A82') V (s1 Asd At =0) V (s1 A sH)

V(s2 A1)V (s2A82")V (82 A s3') V (52 A s5')

V(s3A 1)V (s3A82")V (s3A83)V (s3As5)

V(s4Ns1 )V (s4Ns2)V (s4 Aty 2b—1A83)V(s4N0<t, <b—1As4 Nt =t,+1)
V(sd N s5") V (s5 A1)V (s5As2)V (s5Asd At =0)V (s5As5).
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4.3 Correctness of the tester construction for principally temporal formulae

Lemma 1 (Soundness of the tester for a principally temporal formula). Let ¢ be of the form Xf, Yf,
fUg, f8g, fUjo.)9, or [S[o,p9, and let x, be the fresh boolean output variable for ¢. Then, for each fair
run 7 of T, and every position i, (Ty,,r,1) |= ¢ iff (T, r, 1) = 4.
Lemma 2 (Completeness of the tester for a principally temporal formula). Let D = (V,0,R,J) be a
JDS, where ¢ is of the form Xf, Yf, fUg, fSg, fUjo,;)9, or fS[o,9, and z, is the fresh boolean output
variable for ¢. Then, for every fair run 7 in D, there is a corresponding fair run p of T, such that for
each i > 0, (Ty, p,i) =z, iff (D,r,i) = .

The soundness and completeness of the tester for a principally temporal formula can be proven by
induction on the structure of the formula. These proofs are tedious and long, and so we omit them here
due to limited space.

4.4 Basic symbolic model checking for CTL with OBDDs

Given a JDS D = (V,0,R,J), a state s in D, and an RTCTL* formula ¢ = Ef, the model checking
problem of (D, s) = Ef is reduced to that of (D || T¢, s’) = Ex(f), where s’ is the state s augmented with
some assignment to the fresh boolean variables in vars(x(f)), where x(f) is a state formula corresponding
to f, which may include some maximal state subformulae in the same form of Eg. Such maximal state
subformulae can be recursively treated in the same manner presented here.

For the method presented in this paper, the construction of testers for bounded temporal formulae
and the computation of fair states are based on the basic symbolic model checking method for CTL
with OBDDs. OBDDs represent a canonical representation form for boolean formulae. The following
CTL model checking algorithms are called symbolic because both the representations of JDSs and the
algorithms themselves can be implemented by OBDDs. Given a JDS D = (V,0, R, J) and CTL formulae
fyg over V, we first define the preimage of f in D as EX(f, D) = IV'.(R(V,V’) A f(V")). This follows
straightforwardly from the semantics of EXf, which is true in a state if that state has a D-successor in
which f is true. From the equation AXf = —EX—f, we define AX(f,D) =VV'.(R(V,V’') — f(V')), which
is true in a state if f is true in all D-successors of that state. The set of states in D satisfying E(fUg)
can be calculated through the following least fixpoint computation uZ.7(Z) of the monotonic predicate
transformer 7(Z) = g V (f ANEXZ) on a set Z of states: EU(f,g,D) = uZ.(g vV (f NEX(Z,D))).

We say a run of D = (V,0, R, J) is fair if each justice constraint in J holds infinitely often along the
run. A state of D is called fair if it is a state of a fair run. The set of fair states in D can be calculated
through the following greatest fixpoint computation vZ.7(Z): Fair(D) = vZ.(\;c , EX(EU(T,Z A J, D),
D)). From the calculation of fair states, it is easy to see that any state that can reach a fair state within
finite steps is also fair. Note that the calculations above for EX, AX, and EU are unfair, owing to the lack of
a justice constraint. To make these fair under the justice constraints 7, we can simply execute them as
EX(f AFair(D), D), AX(f AFair(D), D), and EU(f, g AFair(D), D). If J = (), we simply let Fair(D) = T.
From now on, we write [, D] to denote the set of fair states in a JDS D satisfying ¢, where ¢ is an
RTCTL* formula over the set of state variables of D.

4.5 Symbolic model checking for arbitrary RTCTL* formulae

4.5.1  Symbolic model checking for Ey

We say that an RTCTL* formula ¢ holds on a JDS D = (V,0,R,J) if (D,s) | ¢ for every state s
satisfying the initial condition ©. To implement the symbolic model checking by using OBDDs, we first
symbolically calculate and store the set of fair states in the JDS D satisfying ¢, denoted by [¢, D], as an
OBDD. Then, © C [¢, D] implies that ¢ holds on D, i.e., D = .

From the definition of the function x(¢), each state subformula Et) of ¢ will be model checked, and then
replaced by the resulting OBDD. Given an RTCTL* formula Et, the set of fair states in D satisfying Ey
can be calculated by existentially quantifying the fresh variables in X, from the set of fair states satisfying
X(¢) in the augmented JDS D || Ty,. That is, [Ey, D] = 3Xy.(x(¢) A Fair(D || Ty)). Because E¢ is a
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state formula, we construct Ty as a “valid” tester (0, T, T, (), which is just used for the synchronous
parallel composition of testers for other subformulae. The correctness of the computation for [Ev, D] is
demonstrated by Lemma 3.

Lemma 3. Givena JDSD = (V,0, R, J) and an RTCTL* formula Ev, for each state s of D, (D, s) = E¢
iff (D, ) = 3%, ((¢) A Faix(D | T.)).

4.5.2  Correctness of the tester construction for arbitrary RTCTL* formulae

Theorem 1 shows that the tester T, for an arbitrary RTCTL* formula ¢ is sound and complete.

Theorem 1. The tester for any RTCTL* formula is sound and complete.
Proof.  Let ¢ be an RTCTL* formula. We prove this theorem by induction on the structure of ¢:

(1) If ¢ = = f, then T, = Ty. We adopt the induction hypothesis that T’ is sound and complete, which
means that T, is also sound and complete.

(2) If ¢ = fAg, then T, = Ty || T;. By the induction hypothesis that Ty and T, are sound and
complete and the definition of synchronous parallel composition, we have that T, is sound and complete.

(3) If ¢ is a state formula, i.e., an assertion over V or in the form of Ef, then x(¢) = ¢, X, =0, and
T, = (0,T,T,0). The proof for this is trivial.

(4) If o = Xf,Yf, fUg, fSg, fUjo,59 Or fS[o,59, then we conclude that T, is sound and complete directly
by applying Lemmas 1 and 2, and the induction hypothesis that T and T, are sound and complete.

(5) If ¢ = fUp,4)9, then the tester T, is exactly constructed for {f A X(}* fUjgp—q9 {)}*. By the
induction hypothesis that the testers for each of f and g are sound and complete, and by considering the
other cases, we conclude that the tester for {f AX(}* fUpgp—q)9 {)}* is also sound and complete.

(6) If @ = fS[4,9, then the tester T, is exactly constructed for {f A Y(}* fSjp—q9 {)}*. By the
induction hypothesis that the testers for each of f and g are sound and complete, and by considering the
other cases, we conclude that the tester for {f A Y(}* fSig5—q)9 {)}* is also sound and complete.

Corollary 1 provides the method for constructing the set of states in D satisfying an RTCTL* formula ¢.

Corollary 1. Let D = (V,0,R,J) be a JDS and ¢ an arbitrary RTCTL* formula. Then, [y, D], the
set of fair states of D satisfying ¢, is characterized by 3X.(x(¢) A Fair(D || T,)).
Proof. By Theorem 1, the model checking problem of the RTCTL* formula ¢ over runs of D is reduced
to that of the corresponding state formula x(¢) over states of the combined JDS D || T,,. We know that
[x(¥),D || T,], the set of fair states of D || T,, satisfying x(¢), is characterized by x(¢) A Fair(D || T,,).
From the fact that D || T, constitutes the synchronous parallel composition of D and T,,, we have that
each state of D || T, is a state of D augmented with an interpretation of the fresh variables in X,.
Therefore, by existentially quantifying out X, from x(¢) A Fair(D || T,), we obtain the set of fair states
of D satistying ¢, i.e., [¢, D].

If we add the path quantifier A to RTCTL*, then [At¢), D] must be calculated directly. For this, we
employ the following corollary and [Av), D] = VX,.(Fair(D || Ty) — x(¢)).
Corollary 2. Given a JDS D = (V,0,R,J) and an RTCTL* formula A, for each state s of D,
(D,5) b AW iff (D, ) k= VX, (Fair(D || Ty) = x(1)).
Proof. By the equation Ay = -E—) and Lemma 3, we have that [Ay, D] = -[E-%, D] = -3 Xy.(x(—¢)A
Fair(D || T-y)) = VXy.(Fair(D || T-y) — —x(—¢)), which is equivalent to VX .(Fair(D || Ty) — x(¥))
by the fact that x(—) = —x(¢) and T- = Ty.

4.5.3  Symbolic model checking algorithm for RTCTL*

In Algorithm 1, given a JDS D = (V,0, R, J) and an RTCTL* formula ¢, we propose the algorithm
Tester(p, D, b,, T,) to construct the tester T, for ¢ and the OBDD b,, characterizing x(¢). Then, [¢, D],
the set of fair states of D satisfying ¢, is characterized by 3X,.(b, A Fair(D || Ty)).

To improve the efficiency of Algorithm 1, in lines 1-11 we apply the RTCTL model checking algorithm
once it is applicable. That is, when ¢ is of the form QT f, Q(fTg), Q-T f, or Q—(fTg), where Q is
a path quantifier and 7 is a (bounded) future temporal operator. Here, ¢[f/bf,g/bg] is the formula
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resulting for ¢ by replacing f with by and g with b,. We use checkRTCTL(¢p, D) to denote the symbolic
model checking algorithm for RTCTL that outputs the set of fair states of D satisfying the RTCTL
formula ¢. After generating by (the OBDD of x(f)) and b, (the OBDD of x(g)), the problem of checking
the RTCTL* formula ¢ on D can be reduced to that of checking the RTCTL formula ¢[f /by, g/by] on
D || Ty || Ty- Thus, the set of fair states in D satisfying ¢ can be characterized by existentially quantifying
Xy and X, from checkRTCTL(p[f /by, g/bgl,D || Ts || Ty), such that the resulting OBDD is only over
the set of state variables in D.

Algorithm 1: Tester(p, D, by, Ty,)
input : (1) ¢: an RTCTL" formula; (2) D: a JDS and D = (V,0, R, J).
output: (3) b,: the OBDD characterizing x(p); (4) Ty: the tester for .

1 if ¢ = QXf and Q € {4, E} then

2 | Tester(f,D,by,Ty); Ty := (0, T, T,0); by := IXs.checkRTCTL(p[f /by, D || Ty); destroy T¥;

3 else if ¢ = Q-Xf and Q € {4, E} then

4 Tester(f,D,bs, Ty); Ty := (0, T,T,0); if Q = Athen Q' :=E; else Q' := A;

5 by := 3Xs.checkRTCTL(=Q'Xf[f/bf], D || T¢); destroy Ty;

6 else if ¢ = Q(fTg) and Q € {4,E} and T € {U, U, )} then

7 Tester(f,D,by, Ty); Tester(g,D, by, Ty); Ty := (0, T, T,0);

8 b, = 3X;.3X4.checkRTCTL(p[f/bs,g/bg),D || Ty || Ty); destroy Ty and Ty;

9 else if o = Q—(fTg) and Q € {4,E} and T € {U, U, } then
10 Tester(f,D,bs, Ty); Tester(g,D, by, Ty); Tp := (0, T, T,0); if Q = 4then Q' :=E; else Q" := 4;
11 by = 3X;.3X,.checkRTCTL(=Q'(fTg)[f/bs,9/bg), D || Ty || Ty); destroy Ty and Ty;
12 else if ¢ = Ef then Tester(f,D,bs,T); by := 3Xs.(Fair(D || Tf) ANbg); Ty := (0, T, T,0); destroy T¥;
13 else if p = Af then Tester(f,D,bs,T¢); by :=VXs.(Fair(D || Tf) — by); Ty := (0, T, T,0); destroy T¥;
14 else if ¢ is an assertion over V then b, := OBDD of ¢; T, := (0, T, T,0); // T, is set as a valid tester
15 else if ¢ = —f then Tester(f,D,bs,T); by := —by; T, := T;

16 else if ¢ = f A g then

17 Tester(f,D,bs,Ty); Tester(g,D, by, Ty); by := by Nbg; T, := Ty || Ty; destroy Ty and Ty;

18 else if ¢ = Xf or Yf then

19 | Tester(f,D,by,Ty); @' := @[f/bs]; Tor := (Vir, Opr, Rr, T ) | Ty // by (2), (6)
20 b, := x; destroy Ty; // @, is the fresh boolean output variable of T,
21 else if ¢ = fUg, fUo9, fSg or fSjo,sg then
22 TeSter(vav by, Tf); TeSter(gyDv by, Tg); ‘70, = So[f/bfv g/b9]§
23 | Ty = (Vir,Opr, Ry, To) | Ty || T3 // by (3), (5), (7), (9)
24 by = x,; destroy Ty and Ty; // z, is the fresh boolean output variable of T,
25 else if ¢ = fUj, g and 0 < a < b then ¢ = {f AX(}* fUjo,p—a19{)}*; Tester(¢’, D, by, T,); //by (4)
26 else if ¢ = fSj, g and 0 < a < bthen ¢ = {f AY(}*fSj0,p—a19{)}*; Tester(¢’,D,b,,T,); //by (8)

Before model checking a given RTCTL* formula ¢, it needs to be simplified by distributing negations
over logical connectives, path quantifiers, and the temporal operator X so that they are only applied
to temporal operators or assertions. For this, we define a function simp(y) that repeatedly applies the
rewriting rules in Figure 1 and the equations f = ——f, fV g = ~(—f A —g), =Xf = X~f, Af = —E~f,
and VV.f = =3V.=f to ¢, until it is simplified completely such that the output formula does not contain
redundant “=” signs and only includes six basic temporal operators X,Y,U,S, Uy}, and Sjgy. Thus,
x(simp(p)) is a state formula in which negations are only applied to assertions and the fresh boolean
variables for each principally temporal subformula.

Given a JDS D = (V,0, R, J) and an RTCTL* formula ¢, the main procedure Check(p, D) in Algo-
rithm 2 determines the satisfiability of ¢ over D, i.e., D |= . Note that if ¢ is not a state formula, then
D E ¢ iff ¢ holds over any run starting from any initial state, so that line 1 will add a path quantifier A
preceding ¢ when ¢ is not a state formula. Then, the negation of ¢ or Ay is simplified to 1. Clearly, v is
a state formula such that X, = 0 and D || Ty = D. Line 2 obtains the OBDD by, over V characterizing
x(), i.e., 1. The condition (© A by, AFair(D)) = L of line 3 means that there is not any initial fair state
of D satisfying ¥. In other words, every fair run starting from every initial state of D satisfies ¢, i.e.,
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Figure 4 Composition of transducers to form the tester for subformula 8 = (TUg xjack) A =(TU(ack AX=(TU[g 5 _1jack))).

D | ¢. Otherwise, D [~ ¢, and the output is “No”.

Algorithm 2: Check(p, D)
input : (1) ¢: an RTCTL* formula; (2) D: a JDS and D = (V,0, R, J).
output: If D |= ¢ then outputs “Yes”, or else outputs “No”.

1 if ¢ is not a state formula then ¢ := simp(—Ap); else ¢ := simp(—p);
2 Tester(y, D, by, Ty);
3 if (O A by A Fair(D)) = L then output “Yes”; else output “No” ;

4.5.4  FEzample to demonstrate the algorithm

We take the RTCTL* formula (1) from Section 1, i.e., ¢ = AG(req — E(F[o,rjack A G(ack — Fp; pjack))),
as an example formula to demonstrate the model checking process. In the main algorithm Check(p, D),
because ¢ is a state formula we first simplify —¢ as ¢ = simp(—y) = EF(req A —=E(Fo rjack A G(ack —
F1 pack))) = E(TU(req A —Ef)), where 8 = (TUjg rjack) A =(TU(ack A X=(TUjg x—1jack))). Then, the
algorithm Tester(i, D, by, Ty) is invoked to construct the OBDD by, for x(¢) and the tester T,,. We
explain the algorithm in a bottom-up manner over the syntax tree of ©. [ is a path subformula without
any path quantifier. Tester(8, D, bg,T3) is invoked to construct the OBDD bg of x(53) and the tester Tjs.
The construction process is illustrated in Figure 4. A tester (transducer) is denoted by a triangle. A
triangle with one input (on the left side) denotes the tester for Xf, and the input is f. A triangle with
two inputs denotes the tester for fUg, and the inputs from top to bottom are f and g, respectively. A
triangle with three inputs denotes the tester for fUj s g, and the inputs from top to bottom are b, f,
and g, respectively. Each tester Ti has only one output (on the right side), which is represented by the
fresh boolean output variable (denoted by Ti.x) of the tester. Therefore, the four testers T1~T4 are
constructed in bottom-up manner over the syntax tree of 8: T1 for TUjg yack, T2 for TUp ;_qjack, T3
for X—T2.z, and T4 for TU(ack A T3.z). Thus, we take T1 || T2 || T3 || T4 as the tester T3 and take the
final output Tl.z A =T4.z as x(8). Each input/output is a formula that contains arithmetic or boolean
operations, which can be efficiently encoded as an OBDD.

The OBDD of the set of states in D satisfying ES, i.e., [ES, D], is further encoded as 3Xg.(Fair(D ||
Ts) Ax(8)) = FH{T1l.x, T1.t, T2.x, T2.t, T3.x, T4d.x}.(Fair(D || T1 || T2 || T3 || T4) A (T1l.x A =T4.x)). For
1 = E(TU(req A —=Ef3)), the principal path quantifier E is immediately followed by the temporal operator
U, so we invoke the CTL algorithm EU(T,req A —[ES, D], D) to efficiently calculate the OBDD of [, DJ.
That is, by returned from the initially invoked Tester(vy), D, by, Ty). Recall the original formula ¢ = —.
If there does not exist any fair initial state satisfying by (verified by (© A by A Fair(D)) = L), then we
have that D = . Otherwise, D £ .

4.6 Expressiveness and complexity of RTCTL*

Theorem 2 (Expressiveness of RTCTL*). Each RTCTL* formula can be translated into an equivalent
CTL" formula, and vice versa.

Proof.  The direction from CTL* to RTCTL* is trivial, because any CTL* formula is in RTCTL*. For
the opposite direction, owing to the fact that RTCTL* is an extension of CTL"* with two basic bounded
temporal operators Uy, ;) and Si, 3}, we present the following two expansion equations:



Luo X Y, et al. Sci China Inf Sci  May 2018 Vol. 61 052106:15

FAX(fUla—14-119), fora>0,b> a;
fUap1g =4 gV (f AX(fUjg,5-19)), for a =0,b>0; (10)
g, for a =0,b=0,

FAY(fSla—14-119), fora>0,b> a;
fSlapg =19 9V (f AY(fSj0p-119)), for a=0,b>0; (11)
g, fora =0,b=0.

Then, if an RTCTL* formula ¢ is of the form fUj, g, then ¢ can be translated into a pure CTL"
formula ¢’ by the exhaustive application of (10): {f A X(}*{g V (f A X(}*~%g{)}?*~2. Similarly, if an
RTCTL* formula ¢ is of the form fS(, 419, then ¢ can be translated into a pure CTL" formula ¢’ by the
exhaustive application of (11): {f AY(}%{gV (f AY(}*~?g{)}?*~¢. Thus, we conclude that any RTCTL*
formula can be translated into CTL* by the exhaustive application of (10) and (11).

By Theorem 2, we conclude that RTCTL* has equal expressive power to CTL*. After translating an
RTCTL* formula ¢ into a CTL* forumula ¢’, the model checking problem of RTCTL* can be reduced
to that of CTL*. We call this model checking method “translation-based.”

Theorem 3 (Complexity of the translation from RTCTL* to CTL*). Any RTCTL* formula ¢ can be
translated into an equivalent CTL* formula of length 20D,

As shown in the proof of Theorem 2, any RTCTL* formula ¢ can be translated into a CTL* formula
¢©'. We prove the theorem by induction on the structure of .

(1) If ¢ is also a CTL" formula, then the theorem holds immediately.

(2) If ¢ = fUjapg, then we have that [¢| = |f| + |g| + [logya| + [logyb] + 1. By the induction
hypothesis, there are two CTL* formulae f’ and ¢’ that are equivalent to two RTCTL* formulae f and g,
respectively. Meanwhile, |f'| = 20U/D and |¢’| = 2€U9D. Then, from the equation fUlag = {fAX(} gV
(FAX(}P=29{)}2%, we have that /] = a(|f'|+2)+(b—a)(|f' |+]g'|+3)+g'| = ||+ (b—a+1)|g’|+3b—a =
b20USD 4 (b —a+1)2°909D 4-3b — a. In the case that a = 0, |p| = | f| + |g| + [logyb] +2, and |¢’| attains the
maximal value 62°U/D 4 (54-1)2009D 4-3b. Furthermore, we have that || < b2°U/D 4-(b4-1)2009D 1-3b <
(b+1)(2°007D 4-2009D 1-22) = (p+1)20US1+191+2) = 20(If[+lgl+logz (b+1)+2)  9O(IfI+]gl+log;b1+2) — 90(¢l),

(3) If ¢ = fS[4,4)9, then the proof is similar to that for the case with ¢ = fU, 9.

However, the translation-based model checking method is often infeasible, even for RTCTL* formulae
of small lengths. We know that the best currently known time complexity of a model checking algorithm
for the CTL* formula ¢ over a JDS D is |D| - 2°U¥D [1], which is exponential in the length of the CTL*
formula. Furthermore, in light of the fact that |¢| = 2002l from Theorem 3 we can conclude that
checking ¢’ using an existing CTL* model checking algorithm requires time |D| - 20(20(‘%‘))7 which is
doubly exponential in the length of the original RTCTL* formula ¢.

Theorem 4 (Complexity of the tester construction for RTCTL*). For an arbitrary RTCTL* formula ¢,
there exists a tester with 22(#D fresh boolean variables. If every bounded principally temporal subformula
in @ is of the form fUjg g or fSp4)g, then the number of fresh boolean variables is linear in the length
of .

Proof.  We collect the fresh boolean variables introduced in constructing the tester of ¢ as v,. Assuming
that all additional operators have been eliminated by rewriting rules, we have the following assertions:

(1) If ¢ = Ef, then we will construct the tester for f. Thus, in the worst case ¢ should not include the
path quantifier E. In the following proof, we exclude this case.

(2) If the temporal operators in ¢ are restricted to X, Y, U, or 8, then we have that |v,| = O(]¢l),
because one boolean variable is introduced for each principally temporal subformula, and there are only
a linear number of subformulae.

(3) If the temporal operators in ¢ are restricted to Ulo,5) OT S[0,], then each bounded temporal operator
includes 1 4+ log,0 + log,b = log,b + 2 characters. The tester construction for each principally temporal
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subformula introduces log,b+ 1 boolean variables to encode one boolean output variable and one integer
variable in the interval [0,b — 1]. We also have that |v,| = O(|¢]).

(4) If the temporal operators in ¢ are restricted to [, 5, where 2 denotes U or S and 0 < a < b, then
we have that |¢| = |f| + |g| + [logoa] + [logyb] 4 1. We first translate each subformula f€y, ;g into
B={fNAG® fQop—ag {)}*, where A denotes X or Y when €2 is U or S, respectively. When constructing
the tester for 3, [logy(b—a)|+1 fresh boolean variables are introduced for fQq_qg and a(|vf|+1) fresh
boolean variables are introduced for {f A A(}* ...{)}%. We prove that |v,| = 294D by induction on
the structure of the formula. By the induction hypothesis, we have that [v;| = 290D and |y,| = 20090,
Then, [vy] = alvy] + 1) + vs] + 5] + Moga(b — a)] + 1 = (a+ Dlug| + y| +a + [logy(b — a)] +1 =
(a + 1)20(\f|) 4+ 2009l 1 g + "10g2(b _ a)'| 4+ 1 = 200fI+loga(at1)) 4 90(9g) 1 o + "10g2(b _ a)'| +1<
20(lfI+lgl+logy(at+1)) 4 op < 20UfI+lgl+logyal+ log,b]+1) — 9O(lwl)

According to (10) and (11), we translate an RTCTL* bounded temporal formula fUy, 49/ fS[59 to
a formula with a X/Y unbounded operators and U ;_4)/S[0,—q) bounded operators. Furthermore, from
Theorems 3 and 4, we can conclude that the state space of our tester can be made exponentially smaller
than the tester constructed using fully translation-based methods.

5 Implementation and experimental results

There are two options for implementing model checking algorithms, either direct implementation or
reduction to existing tools. Developers often need to devote significant time and effort to a direct imple-
mentation. Furthermore, it is not easy to avoid introducing unexpected programming errors. Meanwhile,
in a reduction-based approach the proposed model checking method can be reduced to verification using
an existing model checker. This method is usually rapid, reliable, and extendable, because it constitutes
a mechanical translation process, and does not (or only does rarely) require modification to the original
checker. In this paper, we prefer to adopt a reduction-based approach.

To adopt this approach to the implementation of our method by building upon existing model checkers,
we should eliminate path quantifiers from RTCTL* and obtain the real-time linear temporal logic RTLTL.
As far as we know, this is still not fully supported by any existing model checker. The core problem of
symbolic model checking for RTCTL* is to compute the set of states in a JDS satisfying a formula of the
form Ef, where f is treated as an RTLTL subformula. The reason for this is that in checking an arbitrary
RTCTL* formula Ef, f is treated as an “RTLTL” formula by allowing not only its state subformulae to
be assertions, but also its maximal state subformulae of the form Eg, which have already been processed
in a bottom-up manner and replaced by their corresponding sets of states. Thus, the model checking
procedure for subformula of the form Ef may be invoked more than once, and the resulting set of states
must be integrated to obtain the final result. This process cannot be reduced to any existing model
checker. This is the reason for tailoring RTCTL* to RTLTL, such that the reduction-based method can
be adopted.

5.1 Implementation of symbolic model checking for RTLTL

We have already implemented a symbolic model checking prototype ) for pure RTLTL, based on the well-
known symbolic model checker NuSMV, with the latest version 2.6.0. Figure 5 shows the model checking
framework of the prototype. The prototype is an M4 2)-based preprocessor, which produces the tester
T, for an RTLTL specification ¢ and maps ¢ to a semantically-equivalent state formula x(¢). Thus, the
model checking problem of D |= ¢ is reduced to that of D || T, = x(¢), which can be treated using the
CTL or LTL model checking algorithm in NuSMV. Therefore, the biggest advantage of the framework is
that it constitutes a rapid, reliable, extendable, and fully automatic method of implementing the proposed

1) We refer the reader to https://github.com/hovertiger/RTLTL-model-checker to download the source code of the
prototype.
2) M4 is a general-purpose macro processor, available on most UNIX platforms.
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NuSMV model “
RTIIjI”ll“fISVIz:/Cﬁ'Il(c):gteilc)ns M¢ macro (] | Tester models NuSMV
. processor CTL/LTL specifications model checker False
Counterexamples

Figure 5 (Color online) Model checking framework for RTLTL.

Table 1 RTLTLSPEC syntax for principally temporal formulae )

RTLTL syntax RTLTL syntax RTLTL syntax RTLTL syntax
Xf NX(£) Yf NY () fUla,b)9 BU(a,b,f,g) fS[a,b)9 BS(a,b,f,g)
fug NU(f,g) fSg NS(f,g) Fla,nf BF(a,b,f) fOla,b)9 BO(a,b,f,g)
Ff NF (£) of NO(£) Gla,b)f BG(a,b,f) fHa,b)9 BH(a,b,f,g)
Gf NG (£) Hf NH(£) zZf NZ (£)

a) b < 0 denotes co

method, without any modification to the source code of NuSMV. The only manual intervention required
is the design of the NuSMV input program describing the JDS to be verified.

As shown in Figure 5, we design an extension of the NuSMV input language for RTLTL specifications.
The extension is an RTLTL specification defined as “RTLTL SPEC(£f)”, where f is an RTLTL formula. In
Table 1, we list the RTLTLSPEC syntax for principally temporal RTLTL formulae.

According to Figure 1, we first design some M4 macros to rewrite a formula with an additional princi-
pally temporal operator NF,NG,NO,NH,NZ,BF,BG, B0, or BH into a formula including only NX,NU,NY,NS,BU,
and BS temporal operators. For example, BG(a,b,f) is written into !BU(a,b,TRUE, ! £). Based on (4)/(8),
we design two M4 macros to further reduce each subformula BU(a,b,f,g)/BS(a,b,f,g) with a>0 to a
formula with subformula BU(0,b-a,f,g) /BS(0,b-a,f,g), such that this subformula can be efficiently
tackled based on its tester. The M4 macro for reducing BU(a,b,f,g) proceeds as (12a)—(12g), in which
the code of lines (12c), (12d) and (12f) constitutes the recursive implementation of (4), and the code of
lines (12b) and (12e) enacts the recursive implementation of fUj, 019 = fU4,q)(fUg). Note that we allow
oo to be denoted by a negative integer, and so fUj, o9 is denoted by BU(a,-1,f,g). The M4 macro for
reducing BS(a,b,f,g) is similar, and is omitted here,

“[Syntax error: a<0]”, ifa <0; (12a)
NU(f,g), ifa=0andb<0; (12b)
g, ifa=0and b=0; (12¢)
BU(a,b,f,g) = { BU(0,b,f,g), ifa=0and b > 0; (12d)
f & NX(BU(a-1,b,f,g)), ifa>0andb<0; (12e)
f & NX(BU(a-1,b-1,f,g)), if a> 0 and a < b; (12f)
“[Syntax error: a>b]”, ifa>0anda>b. (12¢g)

Given an RTLTLSPEC formula ¢, we can now obtain a new RTLTLSPEC formula ¢’ that includes only
the six basic temporal operators NX,NY,NU,NS, BU, and BS, with a lower bound of 0. After reducing ¢ to
¢, we next construct the tester T,s and the formula x(¢’) via M4. For each of the six basic temporal
operators, we then design an M4 macro to (1) declare a new tester module instantiation as the tester T
for the matching principally temporal subformula v in ¢’ in the variable declaration part of the main
module, and (2) convert 1 into the output variable x of the tester instantiation, i.e., x(¢). Thus, the
resulting formula converted from ¢’ forms the state formula x(¢’), which can be checked as a CTL or
LTL specification using NuSMV. The list of newly declared tester module instantiations forms the tester
for ¢'. Finally, according to the tester construction method presented in Subsection 4.2, we design six
NuSMYV modules as the tester construction templates for the six basic temporal operators NX, NY, NU, NS,
BU, and BS with 0 lower bound, as illustrated in Figure 6. The six tester module templates are appended
to the end of the original NuSMV input program. This accomplishes the reduction from RTLTL to
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MODULE Tester_X(f) -- tester for X f TRANS -- transition relation of module Tester_BUO
VAR x : boolean; -- fresh output variable (s1 & next(s1))| (sl & next(t)=0 & next(s2))|(sl & next(s4))|
TRANS x <-> next(f); (s2 & t>=0 & t<(b-1) & next(s2) & next(t)=t+1)|
(s2 & t>=b-1 & next(s3))|(s3 & next(s1))|(s3 & next(s2))|
MODULE Tester_Y(f) -- tester for Y f (s3 & next(s3))|(s3 & next(s4))|(s4 & next(s1))|
VAR x : boolean; -- fresh output variable (s4 & next(s2))|(s4 & next(s3))|(s4 & next(sd));
INIT !x;
TRANS next(x) <-> f; MODULE Tester_BSO(b, f, g) -- tester for £ S [0,b] g
VAR x : boolean; -- fresh output variable
MODULE Tester_U(f, g) -- tester for f U g t :0..b-1; -- fresh integer variable
VAR x : boolean; -- fresh output variable DEFINE sl := (!f & g & x); -- sl-sb are states in the tester
TRANS x <-> (g | (f & next(x))); s2 := (If & !'g & 'x);
JUSTICE x -> g; s3 := (f & !'g & 'x);
s4 = (f & !'g & x);
MODULE Tester_S(f, g) -- tester for f S g sb := (f & g & x);
VAR x : boolean; -- fresh output variable INIT !(s4 & t>=0 & t<=b-1) & (x<->g);
INIT x <> g; TRANS
TRANS next(x) <-> (next(g) | (mext(f) & x)); (s1 & next(s1))|(s1 & next(s2))| (sl & next(s4) & next(t)=0)|
(s1 & next(s5))|(s2 & next(s1))|(s2 & next(s2))|
MODULE Tester_BUO(b, f, g) --tester for f U [0,b] g (s2 & next(s3))|(s2 & next(s5))|(s3 & next(s1))|
VAR x : boolean; --fresh output variable (s3 & next(s2))|(s3 & next(s3))|(s3 & next(s5))|
t : 0..b - 1; --fresh integer variable (s4 & next(s1))|(s4 & next(s2))|(s4 & t>=b-1 & next(s3))|
DEFINE s1 := (f & !g & !x); --sl-s4 are states in the tester (s4 & t>=0 & t<b-1 & next(s4) & next(t)=t+1)|(s4 & next(s5))|
s2 := (f & 'g & x); (sb & next(s1))|(sb & next(s2))|(sb & next(s4) & next(t)=0)|
s3 := (g & x); (s5 & next(sb));
s4 := (/f & 'g & 'x);

Figure 6 The NuSMV modules representing the testers for the basic temporal operators X, Y, U, S, Ulo,), and S[g p]-

CTL/LTL.

We consider the RTLTL formula ¢ = fUpgs0Xg as an example, where f and g are two boolean
variables. We add the line “RTLTLSPEC(BU(20,50,f,NX(g)))” to the original NuSMV input program.
This specification is first rewritten into the formula ¢’ = {f & NX(}*° BU(0,30,f,NX(g)) {)}*°, which
only includes basic temporal operators. On the syntax tree of ¢/, all temporal operators are dealt with
in a bottom-up manner, which declares the following tester module instantiations and adds them to the
variable declaration part of the main module:

T1 : Tester_X(g); -- tester for NX(g)

T2 : Tester_BUO(30, f, Tl1.x); -- tester for BU(0,30,f,T1.x)
T3 : Tester_X(T2.x); -- tester for NX(T2.x)

T4 : Tester_X(f & T3.x); -- tester for NX(f & T2.x)
T22 : Tester_X(f & T21.x); -- tester for NX(f & T21.x)

where T1 and T2 are the testers for NX(g) and BU(0,30,f,T1.x), respectively. T3-T22 are the testers
for the NX operators, from right to left respectively, in ¢’. Thus, ¢’ is further translated into x(¢’) =
f & T22.x by M4. After adding the NuSMV source code in Figure 6 to the end of the original NuSMV
input program, the line “RTLTLSPEC(BU(20,50,f,NX(g)))” is replaced with “LTLSPEC f & T22.x;”
(checked as LTL) or “SPEC f & T22.x;” (checked as CTL). The counterexample of fUjz0 50Xg can also
be generated by NuSMV when the specification is checked as false under the extended NuSMV input
program. One can understand this counterexample by replacing each output variable on the trace with
the corresponding principally temporal subformula.

5.2 Experimental results

Our model checking prototype is implemented based on the latest NuSMV version 2.6.0, and supports the
verification of full RTLTL formulae. NuSMV 2.6.0 supports BDD-based model checking for an extension
of LTL, which is a subset of RTLTL that includes the (bounded) future temporal operators X, U, G, Gla,b)>
F, and F[, 3], and the (bounded) past temporal operators Y, Z, S, H, H(q,p], 0, and Oy 3. Thus, it is natural
to perform experimental comparisons between NuSMV and our method.

We now compare the efficiency of NuSMV with that of our method. Through our analysis of the source
code of NuSMV, we find that before verification NuSMV translates each bounded principally temporal
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MODULE main -- program (1) MODULE main -- program (2)
DEFINE cb := 300; DEFINE cb := 2000;
mb := 270; mb := 1800;
VAR ¢ : 0..cb; VAR ¢ : 0..cb+l; -- T1 is the tester for BS(0, mb, TRUE, p)
p : boolean; -- T1is the tester for BU(O, mb, TRUE, !p) p : boolean; -- T2 is the tester for TRUE U !(c=cb->T1.x)
T1 : Tester_BUO(mb, TRUE, !p); T1 : Tester_BSO(TRUE, p, mb);
ASSIGN init(c) := 0; T2 : Tester_U(TRUE, !(c=cb -> T1.x));
next(c) := case ASSIGN init(c) := 0;
c<cb: ¢ + 1; next(c) := case
TRUE : c; c<cb+l: c + 1;
esac; TRUE : c;
init(p) := TRUE; esac;
next(p) := case init(p) := TRUE;
c<mb: TRUE; next(p) := case
TRUE : {TRUE,FALSE}; c<cb - mb: TRUE;
esac; TRUE : FALSE;
LTLSPEC G [0, mb] p; -- for testing NuSMV esac;
LTLSPEC !T1.x; -- for testing our method LTLSPEC G(c=cb -> (0 [0, mb ] p)); -- for testing NuSMV
LTLSPEC !T2.x; -- for testing our method

Figure 7 The NuSMV input programs for testing.

subformula into an equivalent LTL formula that includes only the operators X or Y, by applying rewriting
rules. We have that the tester construction methods in NuSMV and in our method for X, Y, U, S, fUj, 419,
and fS[,,q)g are similar. The experimental results also show that the efficiency of verification for these
operators is similar, and so we omit these results here. The main difference between NuSMV and our
method lies in the tester constructions for fUjg ;g and fSg 9. In the following, we present and compare
the experimental results for the verification of the formulae of the two forms by NuSMV and our method.

We design two simple NuSMV input programs, presented in Figure 7, so that we can perform an
experimental comparison between NuSMV and our method. Program (1) is designred to test formulae
of the form fUjg 4 g, and program (2) is for testing formulae of the form fSjg ;9. The two programs are
verified on a virtual machine (Parallels Desktop 12 for Mac), allocated with two virtual CPUs and 8 GB
memory. The virtual machine is installed on an Apple computer, equipped with a 3.3 GB Intel Core i5
CPU and 16 GB memory, which runs 64 bit Ubuntu Linux 16.04 LTS. The model checker employed by
our method is also NuSMV 2.6.0.

In Figure 7, program (1) models a system in which the variable p is true in the initial state and stays
true for the first mb steps. The constant cb is the upper bound for counting the number of steps. We
successfully verified the bounded temporal formula Gg ,,5p using both NuSMV and our method. For
testing NuSMV, the formula is verified as the LTL specification G [0,mb] p. For testing our method,
the formula is verified as the LTL specification !T1.x, where T1.x is the output variable of the tester
T1 for BU(O, mb, TRUE, !p). The two specifications are verified independently 10 times, with different
values for cb and mb, using the variable dynamic reordering function of the BDD package CUDD.

Program (2) models a system in which the variable p is true initially and stays true for the first cb-mb
steps. After that, p stays false forever. The constant cb is the upper bound for counting the number of
steps. We successfully verified the bounded temporal formula G((c = ¢b) — Ojg,;mp)p) using both NuSMV
and our method. For testing NuSMV, the formula is verified as the LTL specification G(c=cb -> (0 [0,
mb] p)). For testing our method, the formula is verified as the LTL specification !T2.x, where T2.x is
the output variable of the tester T2 for TRUE U ! (c=cb -> T1.x). T1 is the tester for BS(0, mb, TRUE,
p). The two specifications are verified independently 10 times with different values of cb and mb, using
the variable dynamic reordering function of the BDD package CUDD.

Figures 8 and 9 list the experimental results for the two programs, where the total verification time is
the elapsed time for the model construction and verification. The memory in use and the peak number
of BDD nodes show the space consumed by CUDD. In fact, to test the performance limit we also
verified program (1) using NuSMV and our method for cb = 50000 and mb = 45000. NuSMYV collapsed
immediately, due to a memory segmentation fault. For our method, the total verification time was only
9 min 43.833 s, the memory in use by CUDD was 46 MB, the peak number of BDD nodes was 1103760,
and the number of BDD variables was 69. Clearly, these experimental results demonstrate that in terms
of the memory usage and particularly the time consumption, our method performs significantly better
than NuSMV.
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Figure 8 (Color online) Experimental comparison for checking Gjg, p)p in program (1) using NuSMV and our method.
(a) Total verification time; (b) memory in use; (¢) number of BDD variables; (d) peak number of nodes.
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Figure 9 (Color online) Experimental comparison for checking G(c = c¢b — 0[g,mpp) in program (2) using NuSMV and
our method. (a) Total verification time; (b) memory in use; (c) number of BDD variables; (d) peak number of nodes.

5.3 Discussion of experimental results

Regarding temporal succinctness, the extended LTL in NuSMV cannot directly express the RTLTL
formulae fUp, 9 and fS[, g, which are two basic bounded temporal operators in RTLTL supported
by our method. To verify an RTLTL formula of either of these forms using NuSMV, the formula must
be translated into an equivalent LTL formula. Theorem 3 shows that the length of the translated LTL
formula is exponential in the length of the RTLTL formula. Therefore, we can conclude that the temporal
expressiveness of RTLTL is exponentially more succinct than that of the equivalent LTL in NuSMV.
Regarding the efficiency of NuSMV and our method, we first analyze the source code of NuSMV, and
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learn that NuSMV adopts a fully translation-based method, which translates each bounded temporal
formula into an LTL formula including only X and Y. From Theorem 3, we have that the length of
the translated formula is exponential in the length of the original formula. We can further conclude
that for a bounded temporal formula, the translated-based model checking method in NuSMV is doubly
exponential in the length of the original formula. This means that for verifying a bounded temporal
formula, NuSMYV is infeasible even for a system of small scale. Meanwhile, our method can be viewed
as an important optimization on the tester construction for most bounded temporal formulae, because
their testers are constructed based on the tester for fUj g or fSp 9. In Theorem 4, we prove that
the number of variables in our tester for either formula fUy ;g or fSjg g is linear in the length of the
formula, so that the state space of the tester of our method is exponential in the length of the original
formula. Therefore, for a bounded temporal formula the state space of our tester is exponentially smaller
than that of NuSMV. This assertion is also justified by the experimental results presented in Figures 8
and 9. Thus, we can strongly recommend NuSMYV developers to adopt our method.

6 Related work

Emerson et al. [20] were the first to propose the use of time bounded modalities in the branching time
framework. They introduced a real-time computation tree logic RTCTL, which is an extension of CTL
with real-time modalities, and developed an RTCTL model checking algorithm for discrete systems. Let
Q be a path quantifier A or E. Then, the basic real-time (time bounded) formulae of RTCTL include
Q(fUs*g), Q(fu=Fg), and Q(fU>*g), whose semantics are equivalent to the RTCTL* formulae Q(fYj0,19)s
Q(fUpr,x19), and Q(fUjx,o0)9), respectively. It is easy to see that the generic real-time formula Q(fuletlg)
can be expressed by Q(fU=*Q(fUS?~%g)). However, in RTCTL any (time bounded) temporal operator
must be restricted directly by a path quantifier, while the RTCTL* in this paper does not entail such a
restriction. Therefore, the expressive power of RTCTL* is stronger than that of RTCTL.

In [21], Fruth proposed runtime verification methods for real-time systems. The system properties are
expressed through an extension of future LTL with real-time temporal operators X, and U, j, where the
semantics of U, p is equal to that of U, ;) in this paper. X, denotes a successive applications of X. Thus,
the extended LTL is a fragment of RTLTL that only supports future temporal operators, and not past
temporal operators. The author proposed a tableau construction method to translate an extended LTL
formula into a nondeterministic finite automaton (NFA) that accepts precisely the traces satisfying the
formula. Then, the truth checking problem of whether a finite trace satisfies a formula can be solved by
forward depth-first search algorithms. Unlike testers, NFAs do not possess compositionality, so that for a
compound formula an NFA cannot be constructed by composing the NFAs of its subformulae. However,
owing to compositionality the testers introduced in this paper are more functionally complex than NFAs,
so that we can easily extend existing logics to support more valuable operators just by constructing the
testers for these new operators.

Pnueli and Zaks [22] proposed the construction of temporal testers for formulae specified in LTL, PSL,
and MITL, and also presented a general overview of the tester methodology. We list some comparisons
between [22] and our method.

(1) The efficiency of our method is significantly better than that of [22]. We know that the state space
of a JDS/tester is exponential in the number of variables. So for constructing a tester, the fewer number
of fresh variables are created, the better efficiency will be obtained. In [22], the authors construct the
tester of fUp, 419 as that of O4[Bg,q1f A (fUp,p—a)9)], Where O, is a “shift by a” operator that is equal to
TU4,q], and Bjg 4 f is a past analog of Uy o f that is satisfied iff f has been continuously true for the last
a time units. The tester of fU, g is constructed as the synchronous parallel composition of the testers
of Hig,a) /5 fUj0,p—q)9, and O (xE[o,a]f /\ZfU[O,b—a]g)' Via our analysis, one boolean variable and one integer
variable in [0, a] should be created for the tester of By 4 f, and one boolean variable and one integer
variable in [0, b — a] should be created for the tester of fUjg ;4 9. The tester of O, f is constructed as the
synchronous parallel composition of the testers U, P, ON[0], OFF[0], ..., ON[k — 1] and OFF[k — 1], where
one boolean variable and 2k + 1 integer variables in [0, a] should be produced. The authors assume that
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f undergos no more than k changes for each period of length a, but do not tell us how to determine the
value of k. However, we know that the value of k is at most a — 1. Therefore, to construct the tester of
JUla,p)9, that method requires the creation of three boolean variables, one integer variable in [0,0— al,
and 2a + 2 integer variables in [0,a]. Meanwhile, for ¢ = fUp, 419 (a < b) our tester Ty only needs to
create a + 1 fresh boolean variables and one integer variable in [0,b — a — 1].

(2) For fUjgyg, our tester is different from that in [22], because we use the standard semantics of
JUjo,5)9, which does not restrict f to hold on the state where g holds. In [22], this restriction is added to
the semantics.

(3) Besides the (bounded) future temporal formulae, we construct the testers for Y, fSg, and fSy g,
so that our method also fully supports (bounded) past temporal formulae. Meanwhile, Ref. [22] only
presents the tester for Bjy o) f (historically), which is not adequate to express full past temporal formulae.
Moreover, the tester for Hg o f is only a special case of our tester for fSjg g, because the former can be
constructed as our tester for =(TS ) ~f).

As far as we know, to date there does not exist any state-of-the-art temporal model checker supporting
complete RTLTL, let alone RTCTL*. The latest version 2.6.0 of NuSMV supports two real-time temporal
logics, RTCTL and an extension of LTL, both of which are subsets of RTCTL*. We optimize our method
for RTCTL* by applying the RTCTL model checking method, instead of constructing the tester, when
checking a principally temporal subformula that is immediately preceded by a path quantifier. Therefore,
our method can achieve the same performance as NuSMV when checking RTCTL formulae. The extension
of LTL in NuSMV cannot directly support the operators Uy, and S, ;, and the state space of the
translation-based method used by NuSMV will be exponentially larger than that of our tester-based
method for these operators with a = 0. This result is justified by the experimental results presented in
Section 5.

On the other hand, as shown in Section 1, the existing real-time temporal logics adopted by most
model checkers for real-time systems (including HyTech, Uppaal, Kronos, and FSMT-MC) are based
on CTL or LTL, and thus will be semantically weaker than RTCTL* for modeling complex scenarios.
Recently, substantial research effort has been dedicated to advancing the frontiers of traditional temporal
logics [23-26]. Meanwhile, the verification of hybrid systems with discrete and continuous transitions has
also been intensively studied, such as in [27,28]. This paper combines these two strands of research, and
has addressed this issue by providing a new modeling language that features flexibility and algorithmic
manageability.

7 Conclusion

In this paper, we presented a new real-time temporal logic RTCTL*, as an extension of CTL" with
(bounded) future and past temporal operators. By constructing the testers for all temporal operators, we
proposed a tester-based symbolic model checking method for RTCTL*. We have already implemented
an efficient model checking prototype for real-time linear temporal logic RTLTL, which is a subset of
RTCTL* without path quantifiers, by building upon NuSMV. The soundness and completeness of the
proposed method, the expressiveness of RTCTL*, and the complexity of the tester construction have
been described and proven. Theoretical and experimental results for the prototype both show that for
checking bounded temporal formulae of the form fUjg g or fS(g g, our method performs exponentially
better than the fully translation-based one.

For future work, we plan to apply the proposed reduction-based method for RTLTL to other existing
model checkers, such as SPIN, MCMAS, and MCTK. To support full RTCTL* model checking, we also
plan to directly implement the proposed method for RTCTL* based on MCTK, which is an efficient
symbolic model checker for multi-agent systems that we have developed. Furthermore, generating coun-
terexamples is another important issue that siginificantly aids users in debugging verified systems. We
will provide a symbolic algorithm to generate tree-like counterexamples/witnesses for RTCTL*, and in-
tegrate this into MCTK. Another important application of testers is deductive verification. Based on the
compositionality of the proposed testers, it is possible to establish a deductive proof system for RTCTL*,
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such that the proof of an RTCTL* formula ¢ with respect to a JDS D can be reduced to the proof of
X () with respect to D || T,. Such a deductive proof system for RTCTL* would be valuable for verifying
more expressive real-time temporal properties over infinite-state real-time systems.
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