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Abstract

This paper investigates both the precision and the model checking efficiency of ab-
stract models designed to preserve branching time logics w.r.t. a 3-valued semantics.
Current abstract models use ordinary transitions to over approximate the concrete
transitions, while they use hyper transitions to under approximate the concrete
transitions. In this work we refer to precision measured w.r.t. the choice of abstract
states, independently of the formalism used to describe abstract models. We show
that current abstract models do not allow maximal precision. We suggest a new
class of models and a construction of an abstract model which is most precise w.r.t.
any choice of abstract states. As before, the construction of such models might in-
volve an exponential blowup, which is inherent by the use of hyper transitions. We
therefore suggest an efficient algorithm in which the abstract model is constructed
during model checking, by need. Our algorithm achieves maximal precision w.r.t.
the given property while remaining quadratic in the number of abstract states. To
complete the picture, we incorporate it into an abstraction-refinement framework.

1 Introduction

Abstraction is one of the most successful techniques for fighting the state
explosion problem in model checking [2]. Abstractions hide some of the details
of the verified system, thus result in smaller models. Most commonly used are
state abstractions that collapse (possibly non disjoint) sets of concrete states
into abstract states. As such, an abstraction consists of a set of abstract states
Sa and a mapping (or concretization function) v that defines the relation
between abstract states and the concrete states that they represent. The rest
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of the components of the concrete model then also need to be lifted into the
abstract world, in order to result in an abstract model. This can be done in
various ways.

When using a 2-valued semantics, abstract models are usually designed to
be conservative for true, meaning that truth of a formula is preserved from
the abstract model to the concrete model. A greater advantage is obtained
if the formula is interpreted w.r.t. a 3-valued semantics [3]. This semantics
evaluates a formula to either true, false or indefinite. Abstract models can
then be designed to be conservative for both true and false. Only if the value
of a formula in the abstract model is indefinite, its value in the concrete model
is unknown. We follow this approach.

The logic specifications we consider in this paper are formulas of the modal -
calculus [4]. The modal u-calculus is a powerful formalism for expressing prop-
erties of transition systems using fixpoint operators. In particular, it combines
both existential and universal properties. As such, two transition relations
are needed in an abstract model for it to be conservative w.r.t. the full u-
calculus (be it over a 2-valued or a 3-valued semantics). Examples of such
abstract models are modal transition systems [5,6] or mized transition sys-
tems [7] that contain may transitions which over-approximate transitions of
the concrete model, and must transitions, which under-approximate the con-
crete transitions. To ensure logic preservation, truth of universal formulas is
then examined over may transitions, whereas truth of existential formulas is
examined over must transitions. Dually for falsity when a 3-valued semantics
is considered.

It was shown in [8-10] that must transitions are a source of incompleteness,
in the sense that when limited to the use of must transitions, it is not always
possible to construct a finite abstract model in which a property holds, even
if it holds on the concrete model. Must transitions were also shown to behave
badly in refinement in the sense of causing a loss of precision [11]. It was
therefore suggested to model the must transitions of an abstract model as hyper
transitions, which connect a single state to a set of state. Hyper transitions,
first introduced in [12], were shown in [11] to prevent the loss of precision
during refinement. They were also shown in [9,10] to result in a complete
abstraction framework for the fragment of the u-calculus defined with greatest
fixpoints only ([9] also introduces fairness and hence achieves completeness for
the full p-calculus). Following [11], we refer to such models, defined with may
transitions and must hyper transitions, as generalized kripke modal transition
systems (GTSs).

In this paper we investigate both the precision of abstract models, and the
efficiency of their model checking. We show that GTSs are not yet satisfactory
in terms of precision. We suggest how to overcome their imprecision by using



may hyper transitions. We then suggest an efficient abstract model checking
algorithm that achieves the newly obtained maximal precision while avoiding
the exponential blowup inherent by the use of hyper transitions.

Precision of an abstract model is measured by the extent to which it enables
to verify or falsify formulas. Specifically, given an abstraction (S4,7), it is
desirable to construct an abstract model over the states S in which as many
formulas as possible have a definite value (true or false). With this purpose
in mind, we address the allegedly non-problematic may transitions. We show
that while being good enough for completeness purposes [9,10], they are in
fact a source of imprecision. This might sound surprising, yet the explanation
is simple: when completeness is investigated, the choice of the abstraction
(S4,7) is left open. On the other hand, when precision is investigated, one is
interested in how precise the model is for a given abstraction.

In order to elaborate further on the imprecision problem we need a more
detailed description of abstract models. Typically, to ensure logic preservation,
may transitions in an abstract model have to be such that whenever there is a
concrete transition from a concrete state s. to a concrete state s.,, then every
abstract state that represents s, has to have a may transition to some abstract
state that represents s.. This is because the may transitions are used to over
approximate the concrete transitions. Now, consider the following example.

Example 1.1 Suppose that we are interested in verifying the formulas Op
(“all the successors satisfy p”) and Og (“all the successors satisfy ¢”) in a
concrete state s. that has exactly one successor s.. satisfying both p and g.
Suppose further that we are given an abstraction in which s, is represented by
Sq, and no other concrete state is represented by s,. Moreover suppose that s/,
is represented by two abstract states: si, that satisfies p but has an indefinite
value on ¢, and s, that satisfies ¢ but has an indefinite value on p. Fig. 1
illustrates this setting. Then at least one of the transitions (s,, $14) Or (Sq, $24)
has to be included as a may transition in the abstract model in order to over
approximate the concrete transition from s. to s... However, choosing the first
transition will enable verification of Op, but not Og, choosing the second will
enable the opposite, and including both transitions will prevent verification
of both properties. In other words, no choice of a may transition relation will
enable verification of both Op and Ogq. In particular, none of them will enable
to verify Op A Ogq.

Intuitively, in order to achieve the desired precision in the above example one
has to consider both may transitions, but each of them has to be considered
separately. We therefore suggest a new class of models, called hyper kripke
modal transition systems (HTSs), in which may transitions are also replaced by
hyper transitions, with the meaning that each outgoing may hyper transition
of an abstract state s, over approximates all the concrete transitions of the
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Fig. 1. lustration of Example 1.1

states represented by s,, but several different approximations (may hyper
transitions) can be used. Other possible solutions involve changing the abstract
state space, for example by some kind of completion that improves the states
precision (e.g. [13,14]). However, in this work we do not follow such solutions
since we wish to “make the most” of the given abstract states.

Using HTSs as abstract models solves the problem demonstrated by Exam-
ple 1.1, but one may wonder if there are other imprecision sources that HT'Ss
do not address. To answer this question and justify the use of HTSs as ab-
stract models we show how to construct, given any abstraction, an HTS which
is as precise as the abstraction allows. We formalize this by introducing a new
notion of precision which only depends on the abstraction (S4,7) itself and
not on the class of abstract models. This enables us to claim that the con-
structed HTS is as precise as possible, among all possible abstract models with
a standard 3-valued semantics.

HTSs therefore settle the issue of precision, as they allow maximal precision.
Yet, in terms of efficiency, their use only increases the problem which already
exists in GTSs due to the must hyper transitions: In general, the number of
hyper-transitions might be exponential in the number of states in the abstract
model. Thus, the need to handle hyper transitions makes both the construction
of an abstract model and its model checking computationally expensive.

This problem was already addressed in [11] with respect to must hyper transi-
tions. They suggested an automatic construction of abstract GTSs within an
abstraction-refinement framework for CTL. Their algorithm starts with some
initial model which consists of (mostly) ordinary transitions. Then, during
refinement, when the abstract states are split, instead of computing all must
hyper transitions, they “learn” must hyper transitions from must transitions
(and hyper transitions) that existed in the previous iteration. Thus, in many
cases they avoid the exponential blowup.

The approach of [11] suffers from several disadvantages. First, it only works as
part of an abstraction-refinement loop. More importantly, the produced must
hyper transitions are not necessarily the ones that are needed in practice for
a specific proof. Some of them might be redundant, as they are irrelevant
for proving the desired property, whereas others which are needed to verify
the desired property might not be produced, making the model not precise



enough.

We wish to obtain efficiency without compromising the precision that an HTS
enables to get. We achieve this goal for the alternation free fragment of the
p~calculus. The ability to do this results from the fact that the precise HTS is
precise w.r.t. every p-calculus formula, whereas we are only interested in one
particular (alternation-free) formula. This can be exploited to save unneces-
sary efforts.

Suppose, for example, that we wish to check the formula $p (“there is a succes-
sor that satisfies p”) in an abstract state s,, for which the number of outgoing
must hyper-transitions in the precise HTS is exponential in the number of
states. If we want the abstract model to be as precise as possible w.r.t every
p-calculus formula, we might need to consider all of the hyper transitions (or
at least the minimal ones). However, for the verification of {p in s, it suffices
to consider a single must hyper transition (under approximation), in which
all the target states satisfy p. In other words, w.r.t. the particular formula, a
HTS that contains only the relevant must hyper transition is as precise as the
precise HT'S. Similar reasoning applies to may hyper transitions. The question
is how to find these designated hyper transitions and avoid the computation
of the rest.

The key idea is to construct the HTS during the model checking, and thus
avoid the (exponential) construction of the precise HT'S. We use the model
checking to guide the computation of hyper transitions, by checking for the
existence of hyper transitions only when needed.

We obtain an automatic construction of an abstract model which is as precise
as the precise HT'S w.r.t. the property of interest, along with a model checking
algorithm with complexity O(|Sa|* % |¢|). This is comparable to the model
checking complexity of the alternation free p-calculus over models limited to
ordinary transitions (recall that the number of ordinary transitions over |S4|
states is O(]S4]?)), except that our algorithm also ensures maximal precision.

We emphasize that while may hyper transitions are not always necessary for
maximal precision, must hyper transitions are in fact mandatory for complete-
ness. This demonstrates the importance of such an algorithm, which handles
both may and must hyper transitions efficiently. Moreover, our approach can
be beneficial even in cases where ordinary transitions suffice for the construc-
tion of a precise abstract model for a formula. This is because such construc-
tions are usually expensive as they require finding best approximations of
the concrete transitions (e.g. [7]). In our approach, instead of computing best
approximations, the model checking algorithm wisely chooses candidates for
which we perform the simpler task of checking if the given candidate is a
correct approximation — not necessarily the best one.



To complete the discussion, we show how to use our abstract model checking
within an abstraction-refinement framework, and show that the refinement
has the desirable property of monotonicity, meaning that the precision of an
abstract model never decreases as a result of refinement.

To sum up, the main contributions of this paper are:

e New simple definition of precision of abstract models, which measures the
precision w.r.t. the abstraction (S4,7), independently of the class of models
used.

e New class of abstract models and a construction of an abstract model of
this class which is precise w.r.t. any given abstraction.

e New abstract model checking algorithm for the alternation free u-calculus
that achieves maximal precision for a given formula, while remaining quadratic
in the number of abstract states. This algorithm results in a more precise
abstraction-refinement framework.

Related Work Precision of modal (or mixed) transition systems, with ordi-
nary may and must transitions, is studied in [15,7,16]. They suggest construc-
tions of such abstract models which are most precise among all models from
this specific class. In [11] GTSs are considered. They suggest a construction of
an abstract GTS (with must hyper transitions) and show that it is most pre-
cise among all models produced by a specific construction method. In contrast
to the above, we define a general notion of precision, which is independent not
only of the construction method, but also of the class of abstract models.

A similar approach is taken in [17]. They refer to multi-valued concrete mod-
els and use an abstract semantics which is more general than the 3-valued
semantics. They also define precision w.r.t. the abstraction itself, but then use
(multi-valued) transition systems as abstract models, which causes a loss of
precision. Our work, on the other hand, suggests a class of models that achieves
maximal precision for the case of 2-valued concrete models. Moreover, [17]
defines precision within the framework of abstract interpretation [18] and as-
sumes that every set of concrete states has a unique most precise abstract
state that describes it. We do not impose any restrictions on the abstraction
and provide a simple, “stand alone”, definition of precision.

The work of [10] also measures the precision of an abstract model by com-
parison to the precision of the abstraction. They define the precision of an
abstraction (S4,7) in terms of a game over the concrete model. Their defini-
tion considers abstract states as precise in less cases than our definition. In
particular, the abstract state s, from Example 1.1 is not considered precise
for Op by their definition (when translating it to logic terms), although as
demonstrated by Example 1.1, it does carry enough information to verify Op



in the (only) concrete state it represents. Using this stronger definition they
show that the construction of an abstract GTS, which is also suggested in [11],
results in a precise abstract model. This is in contrast to our result that shows
that GTSs do not allow maximal precision, since we measure the precision of a
model compared to a more general definition of precision of an abstraction. As
a consequence, when pursuing precision w.r.t. our definition, we get abstract
models which are strictly more precise. They thus allow to verify and falsify
more properties of the concrete model.

[19] refers to precision with a different motivation. They suggest how to define
the abstraction (Sa,7) after refinement in order to maintain precision of an
abstract model after refinement. Thus, they measure precision only w.r.t. the
precision before refinement and not independently.

A different approach to precision, pursued in [20,21], uses a more precise 3-
valued semantics, referred to as the thorough semantics. This semantics gives
more definite answers than the standard 3-valued semantics, at the expense
of increasing the complexity of model checking. Namely, the resulting model
checking problem has the same complexity as satisfiability. We are interested
in an effective framework, thus we use the standard 3-valued semantics, which
is less precise, but enjoys a better model checking complexity. We note that the
imprecision problem described in this paper still exists even if the thorough
semantics is used. Namely, the thorough semantics evaluates a formula in an
abstract model depending on its value in all possible (consistent) concretiza-
tions of the abstract model. This is in general more precise than the standard
(inductive) semantics which might implicitly consider inconsistent underlying
concrete models. However, the described problem results from the impreci-
sion of the abstract model itself, meaning that undesired concrete models are
included as part of its “real” concretizations. Thus, even the thorough seman-
tics, which considers only the real concretizations, does not help to overcome
the imprecision.

May hyper transitions resemble the de-focus operations of [9], just like must
hyper transitions resemble the focus operations. However, the focus and de-
focus operations of [9] are used in the evaluation of V and A-formulas. We use
the standard semantics for V and A, which does not depend on the underlying
model. Instead, we use may and must hyper transitions in the evaluation of
O and {-formulas, where the transitions of the underlying model need to be
considered. In addition, in [9] the authors are interested in completeness and
do not refer to the precision or model checking cost of the suggested class of
models.

In terms of model checking in the presence of hyper transitions, [10] shows that
the model checking problem for GTSs is reducible to concrete model checking
in linear time (and logarithmic space) in the size of the GTS. Yet, the GTS



itself might be of size exponential in the size of the abstract state space S4
(due to the existence of hyper transitions). Thus the overall complexity is
exponential.

Our approach in which we construct the abstract model during the model
checking has some resemblance to the work of [22]. They perform reachability
analysis, where they execute the concrete transitions, while storing abstract
versions of the concrete states that are visited. Their approach is limited to
falsification of safety properties, as they consider only an under approximation
of the concrete model. Our work, on the other hand, is suitable for any property
expressed in the alternation free p-calculus, and is based on a 3-valued setting
which enables both verification and falsification.

Organization of the paper The p-calculus and the 3-valued abstraction
framework are introduced in Section 2. In Section 3, precision of 3-valued
abstract models is defined and investigated. The class of hyper kripke modal
transition systems (HTSs) is introduced and a precise construction of a HT'S
is provided. Section 4 refers to the model checking efficiency of HTSs. An
efficient abstract model checking algorithm for the alternation-free u-calculus,
which avoids the exponential blowup inherent by the use of hyper transitions,
is suggested. This algorithm is incorporated into a monotonic abstraction-
refinement framework in Section 5. We conclude in Section 6.

In Appendix A, we consider concrete systems with multiple initial states, and
show that similar imprecision and efficiency questions arise, and are settled
by similar techniques.

2 Preliminaries

p-calculus [4] Let AP be a finite set of atomic propositions and V a set of
propositional variables. We define the set Lit of literals over AP to be the set
APU{—p:p e AP}. We identify ——p with p. The logic p-calculus in negation
normal form is defined as follows:

@ = true | false | 1| Z | pAp | oV | Op | Op | uZe | vZe

where [ € Lit and Z € V. p denotes a least fixpoint, whereas v denotes
greatest fixpoint. Let £, denote the set of closed formulas generated by the
above grammar, where the fixpoint quantifiers  and v are variable binders.
We will also write n for either p or v. Furthermore we assume that formulas
are well-named, i.e. no variable is bound more than once in any formula. Thus,



every variable Z identifies a unique subformula fp(Z) = nZ.4 of , where the
set Sub(p) of subformulas of ¢ is defined in the usual way.

We also consider the alternation-free fragment of the p-calculus, denoted £2,
where no nesting of fixpoints is allowed. Namely, ¢ € £2 if for every subformula
nZ.ap € Sub(p), no variable other than Z occurs freely in ).

For a formula nZ.1), we denote by ¢' the unwinding of the fixpoint formula 4
times. Formally,

false, if n=p
yo =

true, ifn=v

and Y = [Z = .

Concrete Semantics Concrete systems are typically modelled as Kripke
structures. A Kripke structure [2] is a tuple M = (S, R, L), where S is a
(possibly infinite) set of states, R C .S x S is a transition relation, which must
be total, and L : S — 2% is a labeling function, such that for every state s
and every p € AP, exactly one of p and —p is in L(s).

The concrete semantics [[gp]]M of p € £, wrt. a Kripke structure M =
(S, R, L) is an element of 2°. The semantics is defined inductively. To handle
subformulas which are not closed, an environment p : V — 29, which explains
the meaning of free variables, is introduced. [¢]"” is defined inductively, for
every p-calculus formula.

For g € 2° we denote with p[Z ~ g] the environment that maps Z to g
and agrees with p on all other arguments. In the following definition f =
Ag-[e] 779 is an element of 25 — 25 and gfp(f), Ufp(f) stand for the
greatest and least fixpoints of f. These fixpoints exist according to [23], since
the elements in 2° form a complete lattice under set inclusion ordering and
the functional f is monotone w.r.t. this ordering.



[true]™” = S

[false]™” = 0

[ = {slic L)

[Oe]™? = {s|Vs, if sRs' then s’ € [¢]"""}
[p] = {s| 3¢ s.t. sRs' and ¢ € [¢]"""}
[pr A = [ N ] ™

[or V™ = [ U L]

[2]"" = pn(2)

[z = g [l

[vZ.o]"" = afpg [l

Intuitively, in this context O stands for “all successors”, whereas <) stands for
“exists a successor”.

Note that for a closed formula o, [p]""* = [¢]*"* ' for any environments p, o'
Thus, when closed formulas are considered, we drop the environment from the
semantic brackets, and simply refer to [¢]"

[e]" C S can also be viewed as a mapping S — {tt,ff}. As such, for a
closed formula ¢ € £, we sometimes write []™ (s) = tt instead of s € [¢]".
Similarly we write [¢]" (s) = ff instead of s & [o]". [¢]" (s) = tt (= ff)
means that the formula ¢ is true (false) in the state s of the Kripke structure
M.

2.1 Abstraction Framework

Let Mo be a concrete Kripke structure with a set of concrete states Sc. An
abstraction (Sa,7) for Sc consists of a finite set of abstract states S4 and a to-
tal concretization function vy : S4 — 25¢ that maps each abstract state to the
(nonempty) set of concrete states it represents. Every s. € S¢ is represented
by some s, € Sy.

The abstract states provide descriptions of the concrete states. The other
components of the model My then also need to be lifted into the abstract
world. Several classes of abstract models have been suggested for this purpose.

A class of models consists of some form of a transition system. It is accom-
panied with a semantics for the logic of interest, in our case the p-calculus,
over models from the class, and some preservation relation =< between states



that ensures preservation of the logic. An abstract model for M¢ is then a
model M, from the class, over S,, in which (M¢,s.) =< (Ma,s,) whenever

Se € Y(5q).

We are particularly interested in classes of abstract models that use a 3-
valued semantics. The 3-valued semantics [3] of a formula in a model M en-
ables preservation of both satisfaction (tt) and refutation (ff) from an abstract
model to the concrete one. In addition, a new truth value, L, is introduced,
meaning that the truth value over the concrete model is unknown and can be
either tt or ff. Such a 3-valued semantics was suggested for various classes of
abstract models (e.g. [24,25,11]). We define a generic 3-valued semantics that
generalizes these definitions. We refer to classes of models defined with such
a 3-valued semantics, where the preservation relation ensures preservation of
both tt and ff, as 3-valued classes.

A 3-valued class defines, for each model M from the class, sets [M € 29, for
every | € Lit, and operators OM M . 25 — 29 These definitions are given
in terms of the components of M (e.g. abstract transitions and labeling), with
the requirements that (M and (—)M are disjoint and the operators O™ and
OM - are monotone w.r.t. set inclusion. The 3-valued semantics for the class
is then defined based on Kleene’s 3-valued logic for A and V, and with the
standard definition for fixpoints. Only the definition for formulas of the form
[ € Lit, Oy, and {1 depends on the particular class of M.

Definition 2.1 (Generic 3-Valued Semantics) Let M be a model from a
3-valued class. The tt-set [[go]]i\f’p C S of a p-calculus formula ¢ over M and
an environment p : V — 2% is defined inductively similarly to the concrete
semantics, except that the definition for formulas of the form | € Lit, O, or
QY depends on the particular class of M. The fi-set [[(,0]]?5"0 C S over M and
an environment p is defined dually. Specifically,



[true]? = S [true]y"” = 0

[false]r” = 0 [false]y” = S

i _ e = (v

[Dp] = OM([¢]") [D¢]s" = OM([g]y™")
[Oeli* = OM([¢]i) [Oela™” = OM([¢]F"")

[or A@alit® = Jealir” N [alin” [o1 A2l = [ealg ™ U ol
[o1 Vel = [eali? U lealy” [o1 vV oalg™ = [ealg™ N ]
(2] " = p(2) [Z]5" = p(Z)

Wzl = UpAg. Lol [uZely” = etpOrg. [l
[zl = g [el ) [zl = Up(hg [l

If ¢ is a closed formula, then []X* = [@]X*', and [p]X" = [L]¥", for any

environments p, p'. Thus, when closed formulas are considered, we drop the
environment from the semantic brackets.

If for every ¢ € L, [[@ﬂff N ey = 0, then M is consistent. The 3-valued

semantics of ¢ € L, over M, denoted [[go]]éw, is then defined to be a mapping
S — {tt, ff, L}:

tt, if s € @]
[el5'(s) = f, if s € [o]Y

L, otherwise

Note that if M is an abstract model, preservation of both tt and ff of the L,
from M to the concrete model guarantees that M is consistent.

An example of a 3-valued class of models is the class of Generalized Kripke
Modal Transition Systems described below with generalized mixed simulation
as a relation that ensures logic preservation.

Generalized Kripke Modal Transition Systems

Definition 2.2 Given a set of states S, a hyper-transition is a pair (s, A)
where s € S and A C S is a nonempty set.

Definition 2.3 [11] A Generalized Kripke Modal Transition System (GTS)
is a tuple M = (S,R*, R, L), where S is defined as before, R~, R™ are may
and must transition relations s.t. R~ C S x S is total and RT C S x 2°.



L: S — 28 45 q labeling function s.t. for every state s and p € AP, at most
one of p and —p is in L(s).

3-Valued Semantics for GTSs For a GTS M = (S,R*, R™, L), we define
M OM M as follows. For every | € Lit, IM = {s | | € L(s)}. For every
UCS:oMU)={s|VtesS, if sRtthent e U}, and GM(U) ={s | JAC
S s.t. sRTA and A C U}. When integrated into Definition 2.1 this results in
a 3-valued semantics. In particular, for a consistent GTS the definition for
closed formulas of the form [ € Lit, O or {1 results in

I3 (s) = tt if I € L(s),ff if -l € L(s), and L otherwise.

tt, if ¥t € S, if sR™t then []} (1) = tt
ff, if 3A C S s.t. sRTA and
Vie A [y (t) = ft

L, otherwise

[[<>¢]]§”(s) is defined dually when exchanging tt with ff.

Definition 2.4 (Generalized Mixed Simulation) [11]Let My = (S}, R, Ry, L)
and My = (Sy, Ry, Ry, Lo) be two GTSs. We say that H C S; x Sy is a gen-
eralized mixed simulation from M; to My if (s1,s2) € H implies:

(1) LQ(SQ) Q Ll(Sl).

(2) if s1Ry sy, then there is some sy € Sy s.t. soRy sh and (sy,s5) € H.

(3) if saRy As, then there is some Ay C Sy s.t. syRT Ay and (Ay, Ay) € H™,
where (A1, Ay) € H? & Vsy € Ay Jsh € Ay : (s, s)) € H.

If there is a generalized mized simulation H such that (s1,s2) € H, we write
<M17 51) = (M27 82)'

In particular, Definition 2.4 can be applied to a (concrete) Kripke structure
M and an (abstract) GTS My, by viewing the Kripke structure as a GT'S
where R~ = R, R = {(s,{s'}) | (s,s’) € R}. For a Kripke structure the 3-
valued semantics agrees with the concrete semantics. Thus, preservation of £,
formulas is guaranteed by the following theorem, which is adapted from [11]
to L.

Theorem 2.5 For GTSs My and My with states s and sy resp., if (M, s1) <
(My, s3) then for every o € L,: 83 € [[cp]]i\t/[2 = 5, € [[(p]]i\fl, and sy € [[go]]ﬁfw2 =

S1 € [[90]]1]:\51-



Construction of an Abstract GTS Let M¢ = (S¢, R, L¢) be a (concrete)
Kripke structure and (S4,7) an abstraction for Sc. An abstract GTS My =
(Sa, RT, R, L4) can be constructed as follows [11].

The labeling of an abstract state is defined in accord with the labeling of all
the concrete states it represents. For [ € Lit, | € Ly(s,) only if Vs, if s, €
v(sq) then [ € Lo(se). It is thus possible that neither p nor —p are in La(s,).

The may transitions are computed by an [33] rule such that every concrete
transition is represented by them:

Js. € Y(sq) s, € v(8,) s.t. s.Rs., = s,R” s,

The must hyper transitions, on the other hand, represent concrete transitions
that are common to all the concrete states represented by the source abstract
state. They are computed by an [V33] rule:

Vse € ¥(s,) 38, € A, sl € y(s)) s.t. s.Rs., < s,RT A,

Exact GTS If the three implications above are replaced by “iff”, then the
labeling, may transitions and must hyper transitions are ezact, resulting in
the exact GTS .

Other constructions of abstract GTSs can also be suggested. For example, the
construction of a mixed transition system from [7] within the framework of
abstract interpretation can be extended to GTSs as well (see Section 3.2).

All the above constructions assure us that whenever s, € v(s,), then (Mg, s.) <
(My, sa). The generalized mixed simulation H C S¢ x S4 is induced by 7 as
follows: (s¢, s,) € H iff s. € v(s,). Therefore, Theorem 2.5 guarantees preser-
vation of £, from M, to Mc.

For example, the exact GTS for the (partial) Kripke structure from Exam-
ple 1.1 includes two may transitions: (s,, S14) and (84, S2,), computed by the
33 rule, and four must hyper transitions: (Sa, {S1a}), (Sa; {524 })s (Sa, {S1a;s 524 })
and (Sq, {S1a, S24, Sa }), computed by the ¥33 rule. Moreover, sy, is labeled p,
while s, is labeled ¢. This construction ensures the existence of a generalized
mixed simulation relation H C S¢ xS, such that {(s., s4), (%, S14), (8L, S24)} C
H. For example, for the pair (s, s,) € H, requirement 2 of the generalized
mixed simulation requires that s, has a may transition that corresponds to
the transition s.Rs.. Either one of the may transitions s,R™S14 Or s,R™ S2,
fulfills this requirement. Requirement 3 requires that each of the must hyper

I The term “exact” reflects the fact that the implications are exact. It should not
be confused with the notion of precision.



transitions of s, has a corresponding (hyper) transition in the concrete model.
The (only) transition of s. to s, satisfies this requirement, when we view it as
a hyper transition whose target set is the singleton consisting of ..

Remark 2.6 (Consistency) In the definition of the generic 3-valued seman-
tics (Definition 2.1), the need to first separately define the tt-sets and the ff-sets
of p-calculus formulas arises since in the general case, if the 3-valued model
at hand is inconsistent, the value of a formula in a state of the model can be
both tt and ff, resulting in a 4-valued semantics.

In some cases, consistency is ensured by some “syntactic” condition which is
added to the 3-valued class and prevents such a scenario. In such cases, the
3-valued semantics can immediately be defined as a mapping S — {tt, ff, L},
without the need to first define the tt-sets and the ff-sets separately.

For example, when talking about GT'Ss, a requirement that the must (hyper)
transitions are included in the may transitions is sometimes added. This means
that if sR*A, then for every s’ € A, sR™s holds too. Such a requirement
ensures consistency. More generally, this requirement ensures that if Uy, Uy C
S are disjoint sets, then OM (U;) N $M(Uy) = @, which ensures (by induction)

that for every ¢ € £, [l N [elf = 0.

One could think of requiring an equivalent requirement from any 3-valued class
in order to ensure consistency. However, such a requirement also restricts the
expressiveness of the models. For example, when extending the constructions
of [7] to GTSs, the resulting abstract models do not maintain this requirement,
even though they are consistent. These constructions only ensure that if U; and
U, represent disjoint sets of concrete states then OM (Uy) N GM(Usy) = (). This
is a sufficient condition for consistency. Yet, since it involves the underlying
concrete states, it cannot be used in the more general context.

Thus, we do not add such restrictions. This allows the consideration of more
expressive classes of models, at the price of complicating the semantics and
allowing the value of a formula in a state to be both tt and ff. However, as
explained above, when considering an abstract model, consistency is ensured,
and a 3-valued semantics is obtained.

3 Increasing Precision

Let M be a concrete Kripke structure. In this section we are interested in the
preciston of the abstract model constructed for Mo with a given abstraction

(Sa,7).



Specifically, in Section 2 we described GTSs as a class of abstract models,
along with constructions of abstract models from this class. We now ask the
following questions: (1) Do the constructions of GTSs from Section 2 produce
the most precise abstract model that we can hope for, given an abstraction?
and more fundamentally: (2) Does the use of GTSs enable to express the most
precise abstract model?

Of course, to answer these questions we first need to define what the most
precise abstract model that we can hope for is, given an abstraction. We
measure precision with respect to a 3-valued semantics. We therefore restrict
the discussion to abstract models from 3-valued classes.

3.1  Precision of Abstract Models

We wish to capture maximal precision within the boundaries of the inductive
3-valued semantics as defined in Definition 2.1. When using this semantics, the
verification or refutation of any Eu formula over an abstract model M4 boils
down to manipulations of (M4 OMa(Uy), and $MA(U,) for various | € Lit and
Ua C S4. We therefore view a set Uy C S4 as a new formula with the following
semantics. Let (Uya) stand for Uy, <7, 7(Sq)- Then in a concrete model M,
[UA]M¢ = {s. | sc € 7(U4)}. In an abstract model M (from a 3-valued class),
[UA]N = Ua. As such, OMa(U,) = [QUAJY", and GMa(Uy) = [GUA]MA. In
addition, recall that [M4 = [[l]]i\t“. This makes the tt-sets of formulas of the
form [, OUy, and $U4 over M, the building blocks of any model checking
problem over M 4. As such, the precision of M4 is determined by its precision
w.r.t. truth of such formulas.

In the spirit of [10] we first define the precision of an abstraction w.r.t. such
formulas. This is the precision that a precise abstract model will then be
expected to match.

Definition 3.1 (Precision of Abstractions) Given an abstraction (Sa,7)
for Mq and a state s, € Sa, we say that s, fulfills ¢ =1, QU or U4, for
l € Lit and Uy C Sy, if Vs. € y(sq) : [¢]V(s.) = tt (i.e., s. € [¢]"€).

Note that this definition is independent of the class of abstract models, as
it is meant to capture the precision of the abstraction itself, in terms of the
information carried within the abstract states. For example, for the abstraction
to reflect the fact that OU4 holds in an abstract state s, (meaning it holds
in all the concrete states it represents), it has to be the case that all the
concrete states in 7(s,) share the property that all of their outgoing (concrete)
transitions are to (U, ), which is the “description” of Uy in the concrete world.

Definition 3.2 Let M4 be an abstract model (from some 3-valued class) over



a set of abstract states Sy, and let Uy C S4. We say that Ua is definable by
L, in My if Uy = [[gp]]i\:[“ or Uy =[] for some ¢ € L,.

Definition 3.3 (Precision of Models) An abstract model M 4 for M (from
some 3-valued class) is precise w.r.t. (Sa,7y) if for all s, € Sa, | € Lit and
Ua C Sa which is definable by L, in Ma: whenever s, fulfills ¢ =1, QU4 or
OUa, then s, € [@]MA.

Thus whenever the information about [, OU4, or Uy exists in the abstract
states, a precise abstract model enables to see that. Note that we restrict the
requirements of precision to sets Uy which are definable by some p-calculus
formula, since these are the sets that arise in the verification or falsification
of £, formulas. To formalize the generality of Definition 3.3, we extend Def-
inition 3.1 to more complicated formulas and to falsification, following the
3-valued semantics. We then show that whenever an abstract model is precise
w.r.t. truth of [, OU4, {Uy, it is also precise w.r.t. any other formula.

Definition 3.4 Let A = (Sa,7) be an abstraction. We define an abstract
semantics [[(p]]f by using the generic 3-valued semantics (see Definition 2.1)
with the following definitions of I* € 294, and OA, A = 254 — 294 For | ¢
Lit: I* = {54 | 84 fulfills }. For Uy C Sa: ONUA) = {84 | sa fulfills OUA},
and SHNUy) = {34 | sa fulfills SUAY. We say that s, € S, enables verification
(falsification) of ¢ € L, if [[ap]]?(sa) = tt (ff).

Note that [4, O4 and {$* satisfy the requirements of Definition 2.1. Namely,
I* and (=I)* are disjoint and the operators 04 and {* are monotone w.r.t.
set inclusion. The latter holds due to the monotonicity of the concrete O and
¢ operators w.r.t. C and since for Uy C Uy, we have that v(Us) C v(U)}).
This ensures that if s, fulfills OU4 and Uy C Uy, then s, also fulfills OUY,,
and similarly for <.

Recall that by Definition 2.1, [¢]3 (sa) = tt if s, € []2:, and []5 (sa) = fF if
sa € [¢]f. The abstract semantics is well defined since whenever s, € [¢]
(resp. [¢]7), then Vs, € v(s4) : []"(sc) = tt (resp. ff). This ensures that
[l N [l = 0.

For example, by this definition s, enables verification of = O iff s, fulfills
OU, for some Uy C Sy such that every s, € Uy enables verification of .

Theorem 3.5 Let My be an abstract model for Mo (from some S-valued
class) which is precise w.r.t. (Sa,7). Then whenever s, € Sy enables veri-
fication (falsification) of p € L, then [e]a™ (s4) = tt (fF).

Note that [¢]3™* is well-defined since My is an abstract model for M, thus
1t 1s consistent.



Proof: We prove that if s, enables verification of ¢, i.e. [[np]]é(sa) = tt then
[¢]3™(s4) = tt. The proof for falsification is implied since the 3-valued se-
mantics ensures that [@]3" (s,) = ff iff [-¢]4"* (s,) = tt, and similarly for the
abstract semantics, where —¢ stands for the formula resulting by pushing the
negation to the literals, while exchanging true with false, A with Vv, O with
&, and p with v.

More specifically, we prove that if s, € [¢]i, then s, € [¢]X4. We refer
to (closed) fixpoint-free formulas. This is justified by the property that the
abstract set of states S, is finite: A variation of the Knaster-Tarski theo-
rem [23] implies that when the set of states is finite, then for a formula
nZ.ap and an environment p, there exists j € N such that for every ¢ > j:
[nZ.]M4* = []2* where ¢ denotes the unwinding of the fixpoint for-
mula ¢ times. Similarly, for the abstract semantics, it holds that there exists
j" € N such that for every i > j" [[nZ.w]]é’p = [[wi]]f:’p. j and 7’ might be
different, but both are bounded by |S4|. Applying this argument recursively
with a sufficiently large number of unwindings (e.g. i = [S4]) for each fix-
point subformula implies that any formula ¢ € £, is equivalent to a (closed)
fixpoint-free formula ¢’ w.r.t. both M4 and the abstract semantics, in the sense
that [p]* =[], and in addition [o]d = [[gp’]]é. Therefore, it suffices to

tt o tt
refer to fixpoint-free formulas in the proof.

The proof is by induction on the structure of fixpoint-free p-calculus formulas.
The interesting cases are when ¢ = [ € Lit, O, or {$1p. The remaining cases
are immediate as both [[gp]]f:’p and [[go]]é\f 4P are defined according to the generic

3-valued semantics.

o If o =1 € Lit and s, € [I]7}, then since [I]7} = I* and by the definition of

tt? tt
I we conclude that s, fulfills I. Thus by the definition of a precise model

sq € [1)M.

e Suppose s, € [O¢];;. This means that s, € OA([Y]}). Let Ux = [¢¥]5
and Uy = [[1/1]]?:[ 4. By the induction hypothesis for v, for every such s/, €
Us = [[w]]ft‘, we have that s/, € []X* = U,. Thus Uy C U/,. Recall that
54 € DA([[M];‘:) = O04(U4). By the monotonicity of 04 w.r.t. set inclusion,
we conclude that s, € O4(U’). This means that s, fulfills OU’,. Moreover,
by its definition, U}, is definable by £, in My (since Uj = [¥]X4). Thus,
by the definition of a precise model s, € [OU,]Y*, meaning that s, €
OMa([U,]3) = OMa(UY) = OMa([]*). Thus, by the 3-valued semantics

50 € [OY]N* as well. The case of o = i is similar.

O

The following theorem ensures that an abstract model which is precise w.r.t.
the abstraction is also most precise when compared to other abstract models,



provided that their class has the following property.

Definition 3.6 A 3-valued class of models is structural if its definitions of
oM M 254 — 254 ensure that for every Uy C Sa, whenever s, € OM(Uy),
then for every s. € v(s,) all the concrete successors of s. are in y(Uy). Simi-
larly, whenever s, € GM(Uy), then every s. € v(sq) has a successor in v(Uy).

Note that for every Uy C S, which is equal to [[gp]]i\t/[ for some ¢ € L,
the conditions of Definition 3.6 are guaranteed to hold, since in this case
OM(U,) = [[Dgp]]i‘f, and similarly $GM(Uy) = [[Ogo]]i\f. Thus the conditions
are implied by the preservation guarantee of the class. However, for a class
to be structural, we require that these conditions hold for every Us C Sjy.
Intuitively, for O™ and $M to maintain such consistency with the concrete
world, they have to be based on some (structural) abstract description of
the concrete transitions in the abstract model. For example, GTSs and their
variants are such classes.

Theorem 3.7 Let M, M/, be two abstract models for M (from possibly dif-
ferent 3-valued classes) based on an abstraction (Sa, ). If M4 is precise w.r.t.
(Sa,7) and the class of My is structural, then for every s, € Sa and every

0 €L, [e]3 (s2) L = [e]2(50) = [el5 ™ (sa).

Proof: Let M/, be some abstract model as described in the theorem, and M4 a

precise model w.r.t. (S4,y). We prove that for every s, € Sy, if [[go]]é%(sa) = tt,
then [¢]™(s,) = tt. The proof for falsification is implied since the 3-valued
semantics ensures that [[(p]]yf“ (sq) = fFiff [[—mp]]gdf“ (sa) = tt and similarly for
M4, where —p stands for the formula resulting by pushing the negation to

the literals as in the proof of Theorem 3.5. More specifically, we prove that

if s, € [[(p]]i\:[‘/“, then s, € [[gp]]i\ff‘. As in the proof of Theorem 3.5, we refer
to (closed) fixpoint-free formulas. This is justified by the property that the
abstract set of states S4 of both models is finite (see the proof of Theorem 3.5
for further details). The proof is by induction on the structure of fixpoint-
free p-calculus formulas. As before, we present the interesting cases where
¢ =1 € Lit, Oy, or {1p. The remaining cases are immediate as both [[go]]i\fi"p

and [] 4 are defined with the generic 3-valued semantics.

e For p =1 € Lit, if s, € [[l]]é\f ;‘, then by the preservation guarantee of MY,
we conclude that Vs, € v(sq), se € [[]M¢ (i.e. [I]"¢(s.) = tt), thus s, fulfills
. Since M, is precise w.r.t. (Sa,7), we conclude that s, € [[[*.

e Suppose ¢ = Oy, and s, € [[D@D]]i\f;‘. Let Uy = [[1/}]]?{“‘. To show that
5o € [BY]2*, we need to show that s, € OM4(U,). Since s, € [[Dw]]é\:[‘/“, then
by the 3-valued semantics, s, € DM%([[;D]]?:[ ‘/“). By the induction hypothesis,

[[@b]]ﬁ‘f?* C [[1/)]]??‘ = Uy. Thus, by monotonicity of OM4 w.r.t. C, we conclude



that DMA([[w]]i\f;‘) C OMa(U,), thus s, € OMa(Uy,). Since M, belongs to a
structural class, this ensures us that for every s. € 7(3(1) all the concrete
successors of s. are in y(Uy), and thus belong to [Ua] Me  Thus Vs, €
Y(sa) : Se € [BUAMC (ie., [BUA]M (s.) = tt). Thus by deﬁmtlon s, fulfills
OU,4. Since M, is precise w.r.t. (S4,7) and Uy = []'* is definable by L,
in My, this ensures that s, € [OU A]]i‘t/[ 4. Thus by the 3-valued semantics
5, € OMA(U,) = DMA([[w]]i\fA), and s, € [[Dw]]i\f“‘. The proof for ¢ = {9 is
similar.

3.2 Precision of GTSs

Equipped with formal definitions of precision, we go back to our questions
about the precision of GTSs. We first observe that if the abstraction partitions
the concrete states, then the answer to both questions is “yes”:

Theorem 3.8 If the abstraction (Sa,
each sq, 8, € Sa : v(ss) Ny(s,) =0,
precise w.r.t. (Sa,7).

) partitions the concrete states, i.e. for
then the exact GTS from section 2 is

Proof: Let M4 denote the exact GTS from section 2.

e Suppose that s, € S, fulfills [ € Lit. This means that Vs, € v(s,) :
[[1M¢(se) = tt (ie. s. € [I]Y), and by the concrete semantics this im-
plies that Vs, € v(s,) : | € Lo(se). Therefore by the construction of the
exact GTS, | € La(s,) and hence s, € {s |1 € La(s)} = [Ma = 1],

e Suppose that s, € Sy fulfills ¢ = OU,4 (for some Uy which is definable by
L, in Ma). Thus, Vs. € y(sa) : [DUA]Y (s.) = tt (i.e. s, € [BUA]YC). This
means that Vs, € (sq) Vs., if s.Rs. then s, € [U4]"°. In other words,
Vs, € Y(sq) Vs, if s.Rs., then s, € v(Ua) (1). Now, consider an outgoing
may transition of s, to some s/ in My. It was computed based on the 33
condition, meaning that 3s. € v(s,) 3s. € y(s),) s.t. s.Rs.. By (1), this also
ensures that s, € v(U,). Thus there exists s € U, such that s, € ~(s?).
Since we have a partition, it implies that s, = s/ (since also s. € (s))).
Thus s/, € Uy and as such s, € [U4]*. As this is true for every outgoing
may transition of s,, we conclude that s, € OMa([U4]5*) = [DUA]MA.

e Suppose that s, € 4 fulfills ¢ = $U, (for some Uy which is definable by
L, in My). Thus, Vs. € 7(s4) [OUA]Y (se) = tt (ie., s, € [OUA]Y).
This means that Vs, € ~(s,) 3s. such that s.Rs. and s, € [Ua]"°, ie.
s, € v(Uya). In other words, Vs, € v(s,) 3s. € ~(Uy) such that s.Rs..

Thus, by the construction there exists a must hyper transition in M4 from

54 to Uy, where all the states belong to [Us]M* (by definition). Thus s, €



OMa(U,) = OMa([Ualf*) = [OUal -
O

However, in many cases it might be desirable to gather the concrete states
into non-disjoint sets, as this can reduce the size of the abstract state space
that enables verification or falsification of the desired property. In this case, the
exact GTS is not necessarily precise (e.g. Example 1.1). Still, if the abstraction
satisfies the existence of a best approzimation assumption [13], then a precise
abstract model in the form of a GTS can be constructed by an optimized
version of the exact HTS. This is the case, for example, when the abstraction
(Sa,7) is a part of a Galois connection.

In our terminology, an abstraction (Sa,7) satisfies the existence of a best
approximation assumption if for every s. € S¢ there exists s, € S4 such that
Sc € Y(s4) and for every s/, € Sy, if s. € y(s,) then y(s,) C v(s)). s, is called
the best approximation of s.. For such an abstraction, the construction of the
may transitions of the exact GTS can be optimized, following [7], resulting in
the optimal G'TS. The may transitions of the optimal GTS are computed by
the following optimized [33] rule:

sqR™sl, <= ds. € (s,) 5. € y(s,) s.t. s.Rs.

and s/, is the best approximation of s/,

Namely, may transitions whose target state is not the best approximation of
the target of any corresponding concrete transition are removed. Note that
the optimized rule is only well defined if the existence of a best approximation
assumption holds. This optimization maintains the property that if s, € v(s,),
then (Mc,s.) = (Ma,s,). As before, the generalized mixed simulation H C
Sc % Sy is induced by v as follows: (s.,s,) € H iff s. € 7(s,).

Theorem 3.9 If the abstraction (Sa,7) satisfies the existence of a best ap-
proximation assumption, then the optimal GTS defined above is precise w.r.t.

(Sa,7).

Proof: Let M4 denote the optimal GTS defined above. We first note that the
optimal GTS has the property that if y(s,) C v(s},) then whenever s/, € [[@b]]i\g A
(resp. s, € [¥]4™) for some 3 € L, then s, € [V]X4 (vesp. sq € [W]5) as
well. This follows by induction on the structure of p-calculus formulas, based
on the construction of the optimal GTS, and on the definitions of (M4, OMa
and $M4 in a GTS. The main point in the proof is that for such s, and s/, in
the optimal GTS, (1) if s/, is labeled [ € Lit, so is s,, meaning that if s/, € (M4,
then s, € [M4 as well, (2) the set of outgoing may transitions of s/, is a superset
of the set of outgoing may transitions of s,, meaning that if s/ € OMa(Uy,),
then s, € OMa(Uy) as well, and (3) the set of outgoing must hyper transitions



of s/ is a subset of the set of outgoing must hyper transitions of s,, meaning
that if s/, € GMA(Uy), then s, € OMa(Uy) as well.

We now return to the proof of the theorem. The cases where s, € S, fulfills
[ € Lit or $U, are exactly as in the proof of theorem 3.8 (note that the proof
of these cases did not rely on the fact that we had a partition of the concrete
states). We refer to the remaining case, which is different.

e Suppose that s, € S, fulfills ¢ = OU,4 for some Uy which is definable
by £, in Ma. Thus, Vs, € ¥(s4) : [BUA]YC (s0) = tt (ie. s. € [BUA]M).
This means that Vs, € y(s,) Vs., if s.Rs., then s, € [U4]"°. In other words,
Vs. € v(s,) V5., if s.Rs., then s, € v(Ua) (1). Now, consider an outgoing may
transition of s, to some s/, in M 4. It was computed based on the optimized
33 condition, meaning that ds. € y(s,) 3s. € 7(s}) s.t. s.Rs,, and s/, is
the best approximation of s.. By (1), this also ensures that s, € v(Uj).
Thus there exists s € Uy such that s/ € y(s?). Recall that s, is the best
approximation of s/, which ensures that v(s}) C v(s”). Moreover, recall that
Ua is definable by £, in My, ie., Us = [W]4 or Uy = [Y]F* for some
¢ € L,,. Thus, by the previous property of the optimal GTS, we have that
s, € Uy as well. As such, s, € [Us]M*. As this is true for every outgoing
may transition of s,, we conclude that s, € OMa([UA]2*) = [DUA]MA.

O

In the next subsection, however, we show that in the most general setting,
when no restriction is imposed on the abstraction, the answer to both questions
is “no”.

3.8  May Transitions as a Source of Imprecision

As demonstrated by Example 1.1, when the given abstract states do not rep-
resent disjoint sets of concrete states, and do not satisfy the existence of a
best approximation assumption (in this example, the state s, does not have
a best approximation since it is abstracted by both sy, and sy, which are in-
comparable), the may transitions can become a source of imprecision. In this
example, there is no abstract GTS for M¢ over S, that will enable verification
of both Op and Ogq in s,. This is while the abstraction does enable verification
of both Op and Ogq in s, (see Definition 3.4). Thus, none of the possible GT'Ss
is precise w.r.t. the given abstraction.

Theorem 3.10 GTSs do not always suffice for the construction of a precise
abstract model w.r.t. a given abstraction.



We emphasize that this imprecision is not limited to a certain construction.
Indeed, the construction of the exact GTS from Section 2 is simplistic, as it
might introduce redundancy in the may transitions (for example, in Exam-
ple 1.1 both may transitions would be included). Yet, Theorem 3.10 holds even
for optimized constructions that avoid redundant may transitions (e.g. in the
style of [7]).

It can be shown that the imprecision results from the may transitions and
not from the other components of the GTS. This is because whenever the ab-
straction enables verification of [ € Lit or {Uy4, so does the exact GTS, which
implies that the labeling and the must hyper transitions (used for verification
of such formulas) are precise enough.

More than that, analyzing Example 1.1 shows that the imprecision arises when
there is no “best” choice of may transitions. Basically, in order to obtain a
generalized mixed simulation relation between s. and s,, the abstract model
has to over approximate each concrete transition s.Rs. by at least one may
transition leaving s,. When the abstraction forms a partition of the concrete
states, there is exactly one possibility to over approximate each such transition
since s, is abstracted by exactly one abstract state s/. Therefore, the exact
GTS is precise in this case (see Theorem 3.8). When the abstraction does
not form a partition, we might have several candidates to over approximate
each concrete transition. Still, if the abstraction satisfies the existence of a
best approximation assumption, then for each concrete transition there is a
best overapproximation (may transition), namely, the one where the target
state is the best approximation of s.. This results in the optimal GTS, which
is precise in this case (see Theorem 3.9). However, when the existence of
a best approximation assumption is eliminated as well, there might not be
a best choice of may transitions (see also [13]), in which case one needs to
consider all of their (incomparable) possibilities to achieve maximal precision.
Unfortunately, a GTS does not enable to do that.

We therefore suggest to model the may transitions as hyper transitions as well,
with the meaning that each may hyper transition (s,, A,) € Sa x 254 provides
some over approximation of all the outgoing transitions of the concrete states
represented by s,.

3.4 Hyper Kripke Modal Transition Systems

This brings us to the new class of abstract models that we suggest to be used
in order to obtain maximal precision.

Definition 3.11 A Hyper Kripke Modal Transition System (HTS ) is a tuple
M = (S,R*,R™, L), where S, L, R* are defined as before, and R~ C S x 2°



(not necessarily total).

3-Valued Semantics for HT'Ss To adapt the 3-valued semantics of £, for
HTSs we redefine O™ . The definitions of [ and M are the same as for GTSs.
For every U C S: OM(U) = {s | JAC S st. sR-Aand Vt € A : t € U}. This
changes the definition for O in a consistent HTS to:
tt, if 44 C S s.t. sR™ A and

vie A [@]3(t) = tt
[Ov]3(s) = ff, if JA C S s.t. sR*A and
Vie A: [0y (t) = ft

L, otherwise

and dually for [{4]3 (s) when exchanging tt with ff.

Thus, in order to evaluate a O formula to tt, instead of requiring that all
the may transitions of s are to states that satisfy ¢/, we now require that there
exists a may hyper transition of s such that all the states within the target
set satisfy 1. This is justified by the fact that in an abstract HTS, each may
hyper transition of s (as opposed to all the may transitions of s together in
an abstract GTS) will over approximate all the concrete transitions leaving
the concrete states represented by s.

Note that an HTS might be inconsistent. For example, a state s of an HTS
M might have both a may hyper-transition to [I]y = {s' | I € L(s')} and
a must hyper-transition to [[Jf = {s' | =l € L(s")}. This means that s €
[ N [Ol]y". Yet, we are interested in abstract HTSs, which are always

consistent.

A GTS, and thus also a Kripke structure, can be viewed as a HT'S, where every
state has exactly one outgoing may hyper transition, whose target set consists
of the target states of all of its (ordinary) may transitions. This encoding
preserves the logical semantics of the models. Preservation of £, between
HTSs (and in particular between an HTS and a Kripke structure) is then
guaranteed by the following relation.

Definition 3.12 (Hyper Mixed Simulation) Let M; = (S, R, Ry, L)
and My = (Sy, Ry, Ry, Lo) be two HTSs. H C Sy x Sy is a hyper mixed simu-
lation from My to My if (s1, s2) € H implies the requirements of Definition 2.4,
except that requirement 2 is replaced by:

2. if saRy Ay, then there is some Ay C Sy s.t. siRy Ay and (Ay, Ay) € H,



where as before: (A1, Ay) € H & Vs € A; 3sh € Ay : (s),s5) € H.

If there is a hyper mized simulation H such that (si,sy) € H, we write
(My,51) =2 (Ma, s3).

Instead of requiring that for each may transition of M, there exists a corre-
sponding may transition in M; such that the target states satisfy (s), s,) € H,
i.e. s, over approximates s}, we now require that for each may hyper transition
of M there exists a corresponding may hyper transition in M; (note that the
indices are swapped), such that the target sets satisfy (A;, Ay) € H, i.e. Ay
over approximates A;.

Intuitively, there can be less may hyper transitions in M, but each one has
to over approximate some hyper transition in M;. Thus, if some may hyper
transition was used to verify O in Ms, then the may hyper transition that
it over approximates can be used to verify it in M;. Note that a may hyper
transition of M; that has no representation in M5 can only cause formulas
with a definite value in M; to be indefinite in My and not vice versa.

Theorem 3.13 For HTSs My and My with states s and sy resp., if (M, s1) =
(My, s5) then for every ¢ € L, s3 € [[go]]i\fz = 5 € [[go]]i\fl, and sy € [[gp]]M2 =

s1 € ﬂ@]]Ml

Proof: The proof is obtained by induction on the structure of pu-calculus
formulas, similarly to the proof of Theorem 2.5. The only changes occur in
cases where the semantics was changed, i.e. where may hyper transitions are
used instead of (ordinary) may transitions.

e Suppose s, € [OY],, M2p Then by the definition of the semantics there exists
a may hyper transition from s, to A, such that for each s, € Ay: s}, €
[¥]X2*. Moreover, since (s1,s,) € H, we know that there exists A; such
that s; has a may hyper transition to A; and (A;, As) € H"2, meaning that
Vs € Ay 3sh, € Ay 1 (s, s5) € H. Let s} be such a state in A; and s} the
corresponding state from Aj. Since s} € Ay, we know that s, € [/]>*. By
the induction hypothesis, this implies that s, € [¢/]; . That is, Vs, € A;:
sy € [¥]MP. Thus s; € [O9]"*. The treatment of the case where s, €
[Ov]527 is dual.

Construction of an Abstract HTS Let Ms = (S¢, R, L¢) be a (concrete)
Kripke structure. Given an abstraction (Sa,7) for it, an abstract model in
the form of a HTS My = (Sa, Rt,R™,La), can be constructed as a GTS
(see Section 2) with the exception that R~ now consists of hyper transitions,



constructed as follows. A may hyper transition s, R~ A, exists only if an [VV3]
condition holds:

Vs, € ¥(s4) Vs | s.Rs., = s, € A, s.t. s, € y(s)) ]

That is, every outgoing may hyper transition of s, over approximates all the
concrete transitions of the states represented by s,. In other words, each of the
target sets of the outgoing may hyper transitions of s, over approximates all
the targets of the concrete transitions leaving the concrete states represented
by s,. An example of a “legal” may hyper transition that satisfies the Vv
condition is (s4, A,) for every s, € Sy and A, = {5, | Is. € v(s,) Is. €
v(s,) s.t. scRs.}. Note that the “only if” allows to include less hyper transi-
tions than allowed by the rule. The following theorem formalizes the correct-

ness of the construction.

Theorem 3.14 Let Mo be a concrete Kripke structure over Sc, and let My
be an HTS computed as described above based on an abstraction (Sa,~) for
Sc. Then whenever s. € y(sa) then (Mg, s.) = (Ma, Sq).

Proof: We show that H C S¢ x Sy defined by (s, s,) € H iff s. € v(s,)
is a hyper mixed simulation. Let s, € v(s,). Requirements 1 and 3 regarding
the labeling and the must hyper transitions are fulfilled as in a GTS. We now
refer to requirement 2. When viewing a Kripke structure as a HTS, every
state s, € S¢ has exactly one outgoing may hyper transition s.R~A. where
A, consists of all the destination states of the ordinary transitions of s, i.e.,
A, =15, : s.Rs.}. Now, let A, C S4 be such that s, R~ A,. Since s.R~ A is the
only may hyper transition of s, in M¢, we need to show that (4., A,) € H".
Since s, R~ A,, this means (by the construction) that Vs. € v(s,) Vs, [ s.Rs.. =
sl € A, s.t. sl € y(s)) ]. In particular, for our s., we have that Vs, [ s.Rs.. =
sl € A, s.t. s, € y(s)) ], and in particular, Vs, € A, 3s), € A, s.t. s, € v(s)).
This is because by the definition of A., every s. € A, is a successor of s, i.e.
scRs’ holds for it. s’ € y(s!) implies that (s.,s’,) € H. Thus, (A., A,) € H"".

O

For example, to verify Op and Og in Example 1.1, we include (s,, {s1,}) and
(Sa, {S24}) as may hyper transitions. Note that both of these hyper transitions
satisfy the VV3 condition, which ensures that each of them over approximates
all the concrete transitions of the concrete state represented by s, (in this case
there is only one such concrete transition). In addition, the labeling function
defines L4(s1a) = {p}, and La(s2,) = {q}. Now, the may hyper transition
(Sas {S1a}) enables to verify Op. Similarly, the may hyper transition (s,, {$24})
enables to verify Oq. Thus, Op A Ogq is verified.



Exact HTS If the “only if” in the definition of may hyper transitions is
replaced by “iff”, the may hyper transitions are exact. If all components are
exact, we get the exact HTS.

Theorem 3.15 Let Mc be a Kripke structure and M% the exact HTS com-
puted as described above based on an abstraction (S4,7). Then M¥ is precise
w.r.t. (Sa,7).

Proof: The cases where s, € Sy fulfills [ € Lit or Uy are exactly as in the
proof of theorem 3.8 (note that the proof of these cases did not rely on the
fact that we had a partition of the concrete states). We refer to the remaining
case, which is different.

e Suppose that s, € Sy fulfills ¢ = OU4 (for some Uy which is definable
by £, in My). This means that Vs. € v(s,) : [OUA]Y? (s.) = tt (ie. s, €
[BU4]Y). In other words, Vs. € v(s,) Vs,, if s.Rs., then s, € [U4]", or
equivalently Vs. € v(s,) Vs, if s.Rs., then s, € v(Uy4), meaning that, Vs, €
Y(sq) Vs, | seRsl, = 3s!, € U, s.t. sl € y(s,) ]. Thus, by the construction of
the exact HTS there exists a may hyper transition in M4 from s, to Uy. In
addition, all the (abstract) states in Uy belong to [Ua]* (by definition),
thus by the 3-valued semantics over HTS s, € OMa(U,) = OMa([U4] M) =
[OUA]

Optimization As suggested in [11,10] for must hyper transitions, a HTS
can be reduced without damaging its precision by discarding may and must
hyper-transitions (s,, A,) that are not minimal, meaning that there is another
hyper transition (s,, A’) of the same type where A/ C A,. In particular,
Theorem 3.15 still holds after this optimization is applied.

For example, in the exact HTS constructed for Example 1.1, R~ (and also
R™) includes in addition to the hyper transitions (s,,{s1.}) and (Sa, {s2.}),
the hyper transition (sS4, {S1a,S24}), which is not minimal. The latter may
hyper transition indicates that the set {si4, S2.} Over approximates all the
targets of the concrete transitions leaving the concrete state represented by s,
(in this example the only concrete target is the state s.). However, the may
hyper transitions (s,, {s14}) and (s4, {$24}) represent tighter overapproxima-
tions of s.. Thus the same precision is achieved when the may hyper transi-
tion (84, {514, S24}) is omitted. In particular, the overapproximation provided
by the may hyper transition (s,,{S14, S24}) does not help in the verification
of Op, nor does it help in the verification of Og. This is because for a may
hyper transition to witness that O holds in an abstract state, all of the tar-
get states of the hyper transition must satisfy ¢, which is not the case for



S1q and sg, w.r.t. neither p nor ¢q. The same reasoning applies to other non-
minimal hyper transitions which are included in R~ and R, leaving us with

Rt=R = {(Sa, {Sla})7 (Saa {SZG})}'

Note that in a HTS, both the 3-valued semantics and the preservation rela-
tion (hyper mixed simulation) treat may and must hyper-transitions in the
same way, rather than dually. Still, may hyper-transitions and must hyper-
transitions have different roles in an abstract model: the first provides an
overapproximation of the concrete transitions, and the latter provides an un-
derapproximation for them. This difference is captured by the fact that when
viewing a Kripke structure as a HTS, the may and must hyper-transitions
are defined differently. Namely, each concrete transition is considered a must
hyper-transition, whereas all the concrete transitions together form a single
may hyper-transition. As such, the may and must hyper-transitions of an ab-
stract HT'S, which is related to the concrete Kripke structure by a hyper mixed
simulation, are each required to satisfy different rules w.r.t. the concrete tran-
sitions. This is demonstrated by the construction of an abstract HTS, where
the may and must hyper-transitions are defined differently.

3.5  Discussion: Precision versus Completeness

Our definition of precision should not be confused with the notion of com-
pleteness in abstract interpretation.

Completeness in abstract interpretation [26,27] means that no additional loss
of information is accumulated when computing the semantics in the abstract
model over the abstract states. The standard notion of completeness requires
that []M* = a([4]"¢), where o denotes an abstraction function (or relation)
that maps each set of concrete states to an abstract state that represents
it. This means that the result of computing the abstract semantics over the
abstract states coincides with the result of computing the concrete semantics
over the concrete states and then applying abstraction on the result?.

It is shown in [29] that completeness in abstract interpretation is equivalent to
a variant of strong preservation, called best preservation. Strong preservation
in model checking means that the same formulas can be verified on the con-
crete model and on the abstract model. The notion of strong preservation is
generalized in [30,31,29] to abstract interpretation-based models and related

2 [28] also defines a second form of completeness, called forward completeness, which
requires that v([¥]X4) = [¢]*¢. This notion of completeness differs from our no-
tion of precision as well by similar arguments (although the two notions of com-
pleteness do not coincide).



to completeness. Specifically, completeness is shown to be equivalent to best
preservation, which requires that s, € []M* iff v(s,) C []"'°. This means
that whenever all of the concrete states represented by an abstract state s,

satisfy ¢, then the abstract semantics enables to verify 1 in s,.

Although our definition of precision w.r.t. [ € Lit, U4 and Uy (see Defini-
tion 3.3) resembles the notion of completeness (or best preservation), the pre-
cision of a precise abstract model guaranteed by our definition is rather differ-
ent. In particular, our definition of precision does not ensure that s, € [[w]]i\f A
whenever all of the concrete states represented by s, satisfy ¢. Instead, only
if s, enables verification of ¢ do we ensure that s, € [[w]]i\f 4. Enabling verifi-
cation is a stronger property that takes into account the inductiveness of the
semantics.

For example, even when using the exact HTS, which is precise, we are unable
to verify O(pAq) using the given abstraction in Example 1.1, since s, does not
enable verification of O(p A ¢q) (see Definition 3.4), i.e., the abstraction itself
is not precise enough. Intuitively, this results from the fact that there is no
abstract state that represents the concrete states that satisfy both p and ¢ in
this example: In fact, there is only one such concrete state, s, in this example,
but every abstract state that represents it also represents additional concrete
states that do not satisfy either p or ¢. Thus, there is no abstract state that
enables verification of p A ¢. Once precision is lost w.r.t. p A g, the inductive
semantics is unable to recover this information and verify O(pA¢q). Note, how-
ever, that in order to obtain completeness, or equivalently best preservation,
s, should satisfy O(p A q), since the only concrete state represented by s,
satisfies O(p A q).

The fact that we do not obtain completeness (or strong preservation) by our
precision definition is not surprising. When using an inductive definition of
the semantics, as we do in this paper, completeness w.r.t. the semantics re-
quires pointwise completeness, which means completeness w.r.t. each of the
operators. As shown in [27,28], the ability to obtain pointwise completeness is
a property of the abstraction (i.e., the abstract states). Intuitively, it requires
that the abstraction enables to express not only the property we aim to verify,
but also the intermediate properties that lead to it (such as p A ¢ in the above
example), as captured by our definition of “enabling verification”. However,
our precision does not require anything of the abstraction. In particular, we
do not require that the abstraction enables to verify any property. We simply
refer to the precision of an abstract model w.r.t. the given abstraction (Sa, 7).
We wish to make the most of the given abstraction, in contrast to e.g. apply-
ing completion methods on the abstraction in order to make the abstraction
itself more precise (or complete).



4 Decreasing the Model Checking Cost

Using the exact HTS as an abstract model ensures maximal precision. Yet,
it involves an exponential blowup (even with the suggested optimization). In
this section we suggest an efficient model checking for the alternation-free p-
calculus, which remains quadratic in the number of abstract states, and yet
produces a result which is as precise as possible with respect to a specific

property.

From now on, we restrict the discussion to the alternation free fragment of
the p-calculus. Let Mo be a concrete Kripke structure and ¢ € E?L a formula
that we wish to check in some state s. of M. Moreover, suppose that we are
given a (finite) abstraction (S4,7). All the abstract states that represent s,
are candidates to enable verification or falsification of ¢ in s.. We therefore
refer to them as designated states. Our purpose is to evaluate ¢ in all these
designated abstract states in the exact HTS M¥.

Our algorithm is based on a generalization of the game-based model checking
suggested in [32] for CTL over abstract models with ordinary may and must
transitions. We omit the details of the game, but continue with the game-
graph, to which we refer as the product graph.

Product Graph The product graph presents all the information “relevant”
for the model checking: Every node in the graph is labeled by s, F 1, where
Sq 18 an abstract state and 1 is a subformula of ¢, indicating that the value
of ¥ in s, is relevant for determining the model checking result. The outgoing
edges of a node s, - 1 can be seen as defining “subgoals” for the goal of
checking ¢ in s,.

Formally, let ¢ € Eg be a formula, S4 a set of states, S; C Sy a set of

designated states in which we want to evaluate ¢, and R C S, x S, a total
transition relation. R is meant to provide a basic description of the possible
transitions between states (we will soon see how it is obtained). The product
graph Gsd7ﬁ7<ﬁ’ or in short G, is a graph (N, F) with a set of nodes N C
Sa x Sub(yp) and a set of edges E C N x N, defined as follows. The initial
nodes Ny C N consist of Sy x {¢}. The (rest of the) nodes and the edges are
defined by the rules of Fig. 2, with the meaning that whenever n € N is of
the form of the upper part of the rule, then the result in the lower part of the
rule is also a node n’ € N and (n,n’) € E.

The nodes of G are classified as A, V, O, & nodes, based on their subformuals.
Nodes whose subformula is a literal, true or false are terminal nodes (they
have no outgoing edges). Nodes whose subformulas are of the form Z or nZ.¢
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Fig. 2. Rules for product graph construction

are deterministic — they have exactly one son.

Each strongly connected component (SCC) in G which is non-trivial, i.e. has
at least one edge, contains exactly one free fixpoint variable Z € V), called a
witness. If fp(Z) = pZ.a), then Z is a p-witness. Otherwise it is a v-witness.

Coloring Algorithm To determine the model checking result, a coloring
algorithm is applied on the product graph with the purpose of labeling each
node n = s, F ¢ in it by T, F', 7 depending on the value of v in the state s,
in M¥ based on the 3-valued semantics.

The coloring algorithm of [32] processes the product graph bottom-up by
iterating two phases: In the sons-coloring phase, a node is colored based on
the colors of its sons by rules which reflect the 3-valued semantics of the logic.
In the witness-coloring phase a special procedure is applied to handle cycles
(non trivial SCCs) in the graph.

The witness-coloring phase analyzes nodes that remained uncolored after iter-
ating the rules of the sons-coloring phase. Such nodes are necessarily a part of
a non-trivial SCC which has a witness. Depending on the witness, one of the
definite colors (7" or F) is ruled out for the remaining uncolored nodes, yet
another phase is needed to decide between 7 and the remaining definite color.
For example, a p-witness rules out the T-color, as infinite paths cannot con-
tribute to satisfaction of a u (least fixpoint) formula. Thus, for an uncolored
node n in such an SCC it remains to be checked if the condition for coloring
n by F', which depends on n’s type, can still hold for it, and if not color it
?. This is done similarly to the sons-coloring phase, except that the rules are
now aimed at checking that n has no potential to be colored F'. The remaining
nodes are colored F.

As for our algorithm, for the sake of the explanation, suppose first that we
construct the product graph based on M¥ (of course, eventually the point
will be to avoid the construction of MF). R will then simply be the set
RP = {(s4,5.) | s, € Ay and (s,R™A, or s,R* A,)}, where R~ and R™ are
the transition relations of M¥. That is, R” contains all the (ordinary) tran-
sitions that participate in some hyper-transition in M¥%. In this case we also



define may and must hyper-sons in G: Ilf n = s+ Q¢ € N for © € {0, $} and
sR™A (sRTA), then B= A x {¢} C N is a may (must) hyper-son of n.

The coloring can be extended to handle hyper sons in the same way that the
3-valued semantics is extended to handle hyper transitions. For example, a
O-node will be colored by F' iff it has a must hyper-son whose nodes are all
colored by F. It will be colored by T iff it has a may hyper-son whose nodes
are all colored by T'. Otherwise it will be colored 7. Dually for a {-node. Thus,
the coloring algorithm can be seen, in a sense, as exhaustively trying to find
the justification for coloring each node. Yet, instead of considering all the
hyper sons and checking if any of them justifies coloring the node, we suggest
to use the information gathered so far in the bottom-up coloring to perform
this check wisely.

For example, to color a O-node n by F', it suffices to check, whenever some son
of n gets colored by F, if all of n’s currently F-colored sons comprise a must
hyper-son (i.e., their underlying states fulfill the Y33 rule). This is because
must hyper-sons whose nodes are not all colored F' will not justify coloring n
by F', and thus need not be checked. Moreover, if some subset of the F-colored
sons of n comprises a must hyper-son, then so does the full set. Similarly, to
conclude that n should not be colored F' (as is done in the witness-coloring
phase), it suffices to check that n’s currently F-colored sons along with the
uncolored sons (if exist) do not form a must hyper-son. If they do not, then
the same holds for any of their subsets, and clearly other sets of nodes cannot
form a must hyper-son whose nodes are all colored F'. This means that n
has no potential to have a must hyper-son whose nodes are all colored by F,
and it is safe to conclude that it cannot be colored F'. Thus, checking these
candidates is as informative as checking all of the possible must hyper sons.
Similar reasoning applies to may hyper sons.

This leads us to the following algorithm, where M¥ is not constructed in
advance.

4.1  Optimized Abstract Model Checking

Let M¢ be a concrete model, s, € S¢ a concrete state, ¢ € Eg a formula that
we wish to check in s., and (54, ) an abstraction. The algorithm is as follows.

Product Graph Construction Construct a partial HTS M, = (Sa, R, Ly),
where L, is defined as in the exact HTS, and R CS 4 X S, is defined
by R = {(54,5,) | 3s. € v(sa) 35, € 7(s,) s.t. s.Rs.}. This ensures that
R D RE. Construct the product graph GSd,ﬁ,w based on o, S, R as above,



and Sd = {Sa ’ Se € ’Y(Sa)}'

Partition G SuB is partitioned into Maximal Strongly Connected Compo-
nents (MSCCs), denoted @;’s, and a (total) order < is determined on them,
s.t. for every n € ; and n’ € @)}, (n,n') € E only if @; < @Q;. Such an order
exists because the MSCCs form a directed acyclic graph.

Coloring The following two phases are performed repeatedly until all nodes
are colored.

(1) Sons-coloring phase. Apply the following rules until none is applicable.

e A terminal node s, - true (s, b false) is colored T(F).
e A terminal node s, - 1 is colored T if | € La(s,), F'if =l € La(s,), and
? otherwise.
e An A-node (V-node) is colored by:
- T(F) if both its sons are colored T'(F).
- F(T) if it has a son that is colored F(T).
- 7if it has a son that is colored ? and the other is colored # F(T).
e A deterministic node is colored as its (only) son.
e A O-node ({-node) is colored by:
- T(F) if its currently T'(F')-colored sons form a may hyper son.
- F(T) if its currently F'(T')-colored sons form a must hyper son.
- 7 if all of its sons are colored, yet none of the above holds.

(2) Witness-coloring phase. If there are still uncolored nodes, let @; be the
smallest MSCC w.r.t. < that is not yet fully colored. (); is necessarily a
non-trivial MSCC that has exactly one witness. Its uncolored nodes are
colored according to the witness. For a pu-witness:

(a) Repeatedly color 7 each node in @); satisfying one of the following.
e An A-node (V-node) that both (at least one) of its sons are
colored # F.
e A deterministic node whose son is colored 7.
e A O-node ({-node) whose F-colored sons along with its remain-
ing uncolored sons do not form a must (may) hyper-son.
(b) Color the remaining nodes in @); by F.
The case where the witness is of type v is dual, when exchanging F' with
T, A with vV, and O with <.

In each phase of the coloring, the rules will initially be checked once for every
uncolored node, and later will only be checked when one of the sons of the
node gets colored by an appropriate color. Several optimizations can be used.
For example, during phase 1 it is possible to color a O-node ({-node) by ?
before all of its sons are colored by checking that all of its T'(F')-colored sons
along with its uncolored sons do not form a may hyper son, and in addition



all of its F'(T')-colored sons along with its uncolored sons do not form a must
hyper son. Note that if one of these conditions holds at one time then it will
remain valid, thus it need not be checked again.

Remark 4.1 Checking if a set B of nodes forms a may or must hyper son of
a O-node or a {-node n is performed by checking the VV3 or the V33 condition
(resp.) between the underlying states of the node n and the set of nodes B.

The following theorem formalizes the correctness of the algorithm, by relating
the colors of nodes in the product graph to truth values of the correspond-
ing formulas in the corresponding states. To refer to formulas in the product
graph which are not closed, we use the following notation. For a (possibly not
closed) alternation free formula ¢y, ¢} denotes the result of replacing every
free occurrence of Z € V in ¢y by fp(Z). ¢} is always a closed formula.

Theorem 4.2 Let M¥ denote the exact HTS for Mg w.r.t. (Sa,7v). Let G =
Gsd,§,<p be the product graph produced by the algorithm. Then for every n =
Sa F @1 € G the following holds:

(1) [[Wiﬂéwf(sa) =tt iff n=s,F ¢y is colored by T.
E

(2) [[‘Pﬂ]éwA (sq) = iff n=s,F 1 is colored by F.
E

(3) [[@ﬂ]éwA (sa) =L iff n=s,F 1 is colored by 7.

Proof: [sketch] The proof is by induction on the run of the coloring algorithm.
For any node which is colored within the sons-coloring phase the correctness
follows directly from the 3-valued semantics, combined with the fact that if
all the T-colored sons of a node n do not comprise a must (may) hyper-son,
then n does not have a must (may) hyper son whose nodes are all colored
T. Similarly for F. Thus it is sufficient to check if the selected candidates
comprise hyper sons, rather than considering all the possible subsets of sons,
as described before.

As for nodes which are colored in the witness coloring phase, the proof consists
of several steps. We demonstrate the idea of the proof for a ); with a witness
Z of type p (the proof for the case of a v-witness is similar).

In this case nodes are either colored by ? (in phase 2a) or F' (in phase 2b).
The first step is thus to show that the remaining uncolored nodes in @); at the
beginning of this phase should indeed not be colored T'. Let n = s, - ¢ be a

node in @Q);. We show that if ﬂgpﬂ]é\@(sa) = tt, i.e. n should be colored T', then
n must have already been colored 7' in the sons-coloring phase. Thus none of
the uncolored nodes should be colored 7.

Suppose that fp(Z) = uZ.4). Since the abstract state space is finite, there exists



7 such that [[[LZ@/J]]% £ [[@/J’]]é\g A , where )¢ denotes the unwinding of the fix-
E
point formula ¢ times (see Section 2). Let ¢; and s, be such that [[(p’{]]éw“ (sa) =
. ME ME
tt, i.e. s4 € [[gpl]]tt AE By the definition of gol, [[(,01]]tt = [p1[Z == uZY)]* =

[Tl =b ) _ s _ 7 1% Note that 12
' is fixpoint-free, and it does not contain any free variable. Thus, one can
follow the inductive definition of the 3-valued semantics for A, V, O and <
and construct a finite tree over pairs of states and formulas that explains why

€ [plZ = W]]]i\gf The root of the tree is (s,, p1[Z := ¥']). All the pairs
E

(s!,¢") in the proof tree will be such that s/, € [¢’ ]]ff 4. For example, for a pair
of the form (s/, ¢} A ¢h), both (s, ¢]) and (s, ¢5) will be included as sons in
the proof tree. For a pair (s, 0¢') some set A/ x {¢'} such that s, R~ A/ is a

A

may hyper-transition in M¥ and A/, C [¢' ]]ff will be included. The property

E
A

that all the pairs (s, ') in the tree are such that s/, € [[go’]]?f

1% will not be included in the tree, as [[7,00]]?:[ [[false]]tt MY _ = (). In addition,
since no free variables or fixpoints exist in the tree, the subformulas become
strictly shorter along paths of the tree. These two properties ensure that every
path in the tree eventually reaches a formula that does not contain v/ as a
subformula for any j > 0. These will be the leaves of the tree, which makes
the tree finite (this results from the fact that we have explicitly unwound the
fixpoint).

ensures that

We now map every formula in the proof tree back to the original formula that
produced it (by replacing v/ by Z), i.e. if ¢/ = ¢[Z := 17|, then we define
o(¢') = ¢. This defines a mapping & from the nodes of the proof tree to
the nodes of the product graph: (s, ¢’) = s, F o(¢’). Since the leaves of
the proof tree do not contain formulas of the form v’ for any j > 0, we are
guaranteed that all the leaves of the proof tree are mapped to nodes in the
product graph that do not contain Z, thus they belong to smaller @);’s. This
is the crucial observation as it means that these nodes were already colored
by the time the witness coloring phase is applied on (); and by the induction
hypothesis their coloring is correct, i.e. they are colored 7. This provides
the basis for an inductive argument (on the depth of the proof tree) that
shows that for every node (s),¢’) in the proof tree, the corresponding node
a(sl,¢") in the product graph could be colored T' in the sons-coloring phase.
The induction step follows by a case analysis on the type of subformulas,
and results from the relation between the 3-valued semantics and the rules
of the coloring in the sons-coloring phase. Since the sons-coloring phase is
iterated as long as some rule is applicable, the corresponding nodes must have
been indeed already colored T'. For example, consider some pair (s,,0¢’) in
the proof tree for which the tree contains as witness the pairs A), x {¢'} for

some may hyper transition s, R~ Aj such that Aj, C [¢' ]]?t/[ A Then first by the
definition of R, and since o(O¢') = Qo(y’), all of the nodes Al x {o(¢)}



to which A/ x {¢’} are mapped by & are sons of the node s/, - o(0O¢’) that
corresponds to (s,,0¢’) in the product graph. By the induction hypothesis,
all of these sons get colored T" in the sons-coloring phase. Thus, at latest when
the last of them gets colored T, then the algorithm finds out that the set of
currently T-colored sons of s/, = o(O¢’), which is a superset of A, x {o(¢')},
is a may hyper son of s, F o(O¢') = (s, F O¢'), and therefore colors it T’
during the sons-coloring phase. In particular, for the root of the proof tree,
(84, 01[Z := ']), we have that 7(sq, ¢1[Z = ¥']) = s, b 1, which ensures
that n = s, - ¢, already got colored T" in the sons-coloring phase.

Now, for nodes which are colored in phase 2a, a similar analysis as in the
sons-coloring phase, following the 3-valued semantics, combined with the fact
that if all the F-colored sons along with the uncolored sons of a node n do not
comprise a must (may) hyper-son then n does not have a must (may) hyper
son whose nodes are all colored F', shows that the nodes colored in phase 2a
should not be colored F'. Together with the previous argument saying that

they should not be colored T, this ensures the correctness of their coloring by
7.

To complete the proof it remains to show that the nodes s, F ¢; which
are colored in phase 2b should indeed be colored F'. Alternatively, it suf-
fices to show that every node s, F ¢; that should not be colored F i.e.
[¢i]5(sq) # ff, is indeed already colored by a different color (7' or 7) when
this phase is reached. Again, since the state space is finite, there exists ¢ such
that [uZ.y]y - [y i , where 9" denotes the unwinding of the fixpoint
formula ¢ times. In particular, [[gp*l‘]]?fg = [¢y1]Z = W]]]yf. The proof again
uses a construction of a proof tree, except that now this is a proof tree that
explains why s, & [¢1[Z = wi]]]é‘f %, Here again the crucial observation is that

E E
° cannot be part of the proof tree, since [(2°]¢ 4 = [false]y* = S, whereas

all the nodes (s, ¢') in the proof tree are such that s & [[go’]]f:\ff. Thus all the
leaves of the proof tree are mapped to nodes in smaller );’s, which are already
colored correctly (i.e. # F') before phase 2b and by induction on the depth
of the proof tree so are the rest of the nodes of the product graph which are
mapped to internal nodes of the proof tree. For example, for a pair (s, 0¢")
the proof tree contains as witness a set A/, x {¢'} such that A/ contains at least

one state s’ such that s’ ¢ [[go’]]fg\f A from every must hyper transition s, RTA*
in M¥. Thus, at latest in phase 2a, after the last of the nodes s* - (') for
st € Al gets colored # F' (this happens by the induction hypothesis), it holds
that the set B of F-colored sons of s/, F o(0¢') along with its uncolored sons
does not form a must hyper son, since for every must hyper transition of M¥
at least one target state comprises a node which belongs to A’ x {o(¢)}, and
is thus colored # F' at this point, and does not belong to B. Thus, s, F o(0O¢’)
gets colored ?. O



|51a|_p| |52a|_p| |51a|_Q| |52a|_Q|
1 2 3 4

Fig. 3. A colored product graph. Grey nodes are colored 7, while white nodes are
colored T'.

Thus, for all the nodes in the product graph, the coloring is as precise as model
checking with M ¥, even though M¥ is not constructed by the algorithm. Note
that if ¢ is closed then ¢} = ¢;. Thus, for a node n = s, = ¢; whose formula
is closed the theorem immediately implies that the color of n in G matches
the truth value of ¢, in the state s, of M¥. In particular, this is true for
Ny = Sa x {¢}, and by the choice of Sy, we are guaranteed that whenever
the abstraction is precise enough, at least one initial node will be colored by a
definite color T' or F, in which case by Theorems 4.2 and 3.13, [¢]"¢ (s.) = tt
or ff respectively. Note, that it is impossible that some initial node will be
colored T" and another will be colored F'. If all the initial nodes in the product
graph are colored 7, then the result is indefinite.

Remark 4.3 By considering the underlying hyper transitions of hyper sons
computed by the algorithm, the final product graph induces an abstract HTS
for Mq which is as precise as the exact HT'S w.r.t. ¢.

Complexity During all applications of the sons-coloring phase, the V43 and
the ¥V3 conditions are checked at most |S4| times for each node, as each node
has at most |S4| sons, and between checks the set of candidates to comprise
a hyper son is monotonically increasing. Similar analysis holds for phase 2a,
with the difference that the sets of candidates to comprise a hyper son are
monotonically decreasing. As the number of nodes in the product graph is
O(]Sal| X |¢|), the total number of checks of the V33 and the ¥V3 conditions is
O(|Sa|*x|¢]|). This is the dominant part which determines the model checking
complexity.

Example 4.4 Consider Example 1.1, where the purpose is to verify Op A Ogq
in the concrete state s., abstracted by s, (see Figure 1). This makes s, the
designated state. In this case R = {(Sa,51a), (54, S24) }. Thus, we obtain the
product graph depicted in Figure 3, where s, = Op A Oq is the initial node.
Each node in the product graph comprises a (trivial) MSCC. Figure 3 also
determines an order on the MSCCs, as indicated by the numbering of the
nodes. The nodes s1, F p, Soq F p, s14 F ¢ and s9, F ¢ are colored as terminal
nodes in the sons-coloring phase (in some arbitrary order). Their coloring is
depicted in Figure 3. For example, s, = p is colored T since p € L(s14), but



Soa | p is colored ? since both p & La(se,) and —p € La(S24). Once s1, F p
is colored T, it is checked if the set {s1, I p}, which consists of the currently
T-colored sons of the node s, F Op, forms a may hyper son of s, = Op. This is
checked by checking if the VV3-condition holds for s, and the set {sj,}. Since
the condition holds, s, F Op is colored T'. Similarly, once so, = ¢ is colored
T, it is checked if the set {sq, I ¢} forms a may hyper son of s, - Og (by
checking the VV3-condition). Since the condition holds, s, - Og is colored T.
Thereafter, s, = OpAOgq is colored T', and we conclude that the value of OpAQOqg
in s, is tt, thus s, satisfies Op A Oq. In fact, the abstract model checking has
“discovered” the two may hyper transitions (s,, {s14}) and (Sa, {S2.}), which
are the ones needed for the verification of the formula in this example.

5 Abstraction-Refinement

Our abstract model checking ensures maximal precision w.r.t. the given ab-
straction. Still, its result might be indefinite if the abstraction is not precise
enough. In this case, refinement can be applied by splitting the abstract states,
similarly to the refinement of [32] for models with ordinary transitions (with
various optimizations that exploit the use of hyper transitions).

Definition 5.1 (Split) Let Sc be a set of concrete states, let Sy and S’y be
two sets of abstract states and let v : Sy — 2%, 4"+ Sy — 25¢ be the cor-
responding concretization functions. We say that (S',7') is a split of (Sa,7)
iff there exists a (total) function p : S’y — Sa such that for every s, € Sa:

(Up(s&):sa 7’(3&)) = v(sa). If p(s,) = s, then s, is a substate of s,.

When refinement is introduced, monotonicity in the precision of the abstract
models before and after the refinement is desirable, meaning that formulas
that had a definite value before the refinement will not become indefinite
after refinement [11]. This is guaranteed by the following theorem.

Theorem 5.2 (Monotonicity of HTSs) Let M) and My be exact HTSs
defined based on abstractions (S'y,7') and (Sa,~y) resp., where (Sy,~') is a split
of (Sa,7). Then whenever s, € S’y is a substate of s, € Sa then (M), s) <
(MA, Sa).

Proof: Suppose that s, € S’ is a substate of s, € S4. We show that
(M, sl) = (Ma,s,). For this purpose we show that H C Sy x S, defined
by (s,,s.) € H iff p(s)) = s, (i.e. s, is a substate of s,) is a hyper mixed
simulation. Let (s, s,) € H. We show that the three requirements hold.

(1) Suppose I € La(s,). Then by the construction scheme, Vs. € y(s,) : | €
L¢(se). Since s, is a substate of s,, then 7/(s)) C v(s,), thus in particular



Vs. € v/(sl) : I € Le(s.) and by the construction scheme [ € Ly/(s).
Thus La(s,) C La(s)).

(2) Suppose s,R4A,. Then by the construction, Vs. € y(s,) Vs, [ scRs. =
dsq1 € Ay s.t. sl € Y(sa1) |, 1e. Vse € v(sq) Vs, [ scRsl, = sl € v(Aa) |.
Since s, is a substate of s,, then 7/(s)) C v(s,), thus in particular Vs, €
v (s)) Vs, [ scRs., = sl € v(A,) |. Let A, C S’ be the set consisting of all
the substates of states in A,. By definition of a split, (Up(s;):sa 7’(33)) =
7(8a), meaning that 7'(A!) = v(A,). Therefore the following holds: Vs, €
v (sh) Vsl [ seRsl. = sl € v'(A]) ]. This implies that s, R, A’ . Moreover,
(A, A,) € H since for every s, € Al at least one of its superstates

Sq1 1s in A, (otherwise s/; would not be included in A)), and as such
(sh1,8a1) € H. Thus Vs),; € Al 3s,1 € Ay i (sh,8a1) € H.

(3) Suppose s, R} A,. Then by the construction, Vs, € v(s,) 3541 € A, s, €
Y(Sa1) 8.t. SRS, i.e. Vs, € v(s,) 3s. € v(A,) s.t. s.Rs.. Since s, is a
substate of s,, then 7/(s) C ~v(s,), thus in particular Vs, € +/(s!) 3s.. €
v(Ay) s.t. scRs.. Again, let A, C S’ be the set consisting of all the
substates of states in A,. As before v'(Al) = 7(A,). Thus the following
holds: Vs, € 7/(s,) 3s. € 7/(A)) s.t. s.Rs.. This implies that s, R}, A’.
Moreover, as before (Al A,) € H".

O

Monotonicity implies that refinement of an exact HTS will never take us fur-
ther from the (definite) result. In particular, we will not “miss” the opportu-
nity to get a definite result only due to excess refinement. Thus, our approach,
which is as precise as using the exact HTS w.r.t. the desired property, will en-
sure the same. Recall that the same is not guaranteed when using ordinary
must transitions [11].

If the concrete model is finite, an iterative abstraction-refinement is guaranteed
to terminate with a definite answer.

6 Conclusion

We have investigated the precision and model checking complexity of 3-valued
abstract models that preserve the full p-calculus.

In order to evaluate precision of models, we have suggested a new definition of
precision of 3-valued abstract models, which measures the precision of a model
compared to the information retained in the abstract states and abstraction
mapping. Namely, the abstract states define the “resolution” through which
one can look at the concrete states at every point during the inductive evalua-
tion of a property. An abstract model is precise if it enables to verify or falsify



every property that the resolution of the abstract states enables to verify or
falsify, resp.

Examining previously suggested abstract models using our new definition re-
vealed that may transitions do not enable to achieve maximal precision. We
have therefore suggested a new class of models that use may hyper transitions
to over approximate the concrete transitions. We proposed a construction of
a precise abstract model of this class.

Hyper transitions make the size of the model exponential in the number of
abstract states. To avoid this exponential blowup, which already existed in pre-
viously suggested models that use must hyper transitions, we have suggested
a new abstract model checking algorithm for the alternation free p-calculus,
in which the hyper transitions are computed by need. As a result, the model
checking complexity reduces to O(|Sa|? X |¢|), without compromising its preci-
sion. We believe that similar techniques can be used to develop precise abstract
model checking algorithms for the full p-calculus, with complexity comparable
to model checking of ordinary transition systems. Finally, we have incorpo-
rated our abstract model checking into an abstraction-refinement algorithm,
where the refinement is monotonic in terms of the precision of the models
before and after refinement.
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A Handling Multiple Initial States

So far we considered the verification problem of a formula in a specific concrete
state. We now extend the discussion to the case where the concrete Kripke
structure Mq has a set of initial states, denoted Sp-, with the usual mean-
ing, that Mc satisfies ¢, denoted M¢ = o, if Vso € Soc = [¢]"¢(s0) = tt.
Otherwise, M falsifies ¢, denoted M¢ = .

Typically, when the concrete model has a set of initial states, so does the
abstract model. For example, in a GTS [11] the set of abstract initial states
Soa has to be some set such that

V3(1) : Vsoe € Soc IS0a € Soa 8:t. Soe € Y(S0a), and
V3(2) : VS(]a S SOA ElSoc S SOC s.t. Sgc € '}/(80(1).

V3(1) is needed to preserve truth, as it ensures that the initial states of the
abstract model represent all the concrete initial states. On the other hand,
V3(2) is needed to preserve falsity, as it ensures that each abstract initial state
represents at least one concrete initial state. For example, in [11], Sy 4 is built
such that sg, € Sp4 iff Iso. € Soc s-t. Soe € Y(S0a)-

This construction is precise if the abstract states represent disjoint sets of
concrete states. Yet, similarly to the imprecision introduced by the may tran-
sitions when the abstract states are not necessarily disjoint, the same problem
occurs with respect to the initial states of an abstract model.

In particular, suppose that some concrete initial state sq. is represented by two
abstract states: s, in which ¢ is true, but ¢, is indefinite, and s/, in which ¢
is true, but ¢ is indefinite. Then considering s, as the only initial state will
enable verification of ¢; but not ¢9, and vice versa for s,. Yet, no choice of a
set of initial states will enable verification of both formulas, even if sg,. is the
only initial state: including s, in Sy, will prevent verifying ¢- and including
s! will prevent verifying ¢s.

This example demonstrates that sometimes different sets of initial abstract
states need to be considered for different properties. Therefore, to get a precise
abstract model, one needs to allow multiple sets of initial states, with the
meaning that any one of them suffices to verify or falsify a property.

Thus, rather than a set of initial states, the class of HTSs is extended by a
set of sets of initial states Sy C 24, with the meaning that each of the sets
in Sy is a “legal” set of initial states, i.e., it satisfies the [V3(1)] and [V3(2)]
conditions. In the exact HTS M¥%, S, will consist of all the sets that satisfy
these conditions.



An extended HTS satisfies ¢, denoted M, =3 ¢, if there exists Sy, € So
where all the states satisfy ¢. It falsifies o, denoted M, 3 ¢, if there exists
Soa € So where at least one state falsifies ¢. Otherwise the value of ¢ in My
is indefinite, denoted M4 }:?390. Provided that the sets in &y fulfill conditions
V3(1) and ¥3(2), this ensures preservation of both truth and falsity.

Here again, instead of checking for each possible set of abstract states if it
should be included in Sy (which requires two V3 checks), and then checking if
it enables verification or falsification of ¢, one may use a similar technique as
was used for the hyper transitions and choose the candidates more carefully.

The idea is to apply the previous model checking algorithm by setting Sy
to {sq | Is0c € Soc s.t. Soc € Y(S0a)}. This is the maximal set that fulfills
condition V3(2). Thus, the sets in Sy in the exact HTS are exactly all the
subsets of S, that fulfill V3(1) (including Sy itself). When the coloring is over,
do the following.

(1) If at least one initial node n is colored F', then M¢ [~ . This is because
n = s, F ¢ for some s, € Sy. Since Sy € S this implies that ME¥ £ .

(2) Otherwise, let So” = {s, € Sy | n = s, I ¢ is colored T} be the set of
underlying states of the initial nodes that are colored T'. If Sy” fulfills the
V3(1) condition, then it is a “legal” set of initial states, in which all of
the states satisfy ¢, meaning that M¥ =2 o, and thus M¢ |= .

(3) If none of the above holds, then M¥ ):?34,0, which means that the abstrac-
tion is not precise enough. The correctness of this conclusion results from
the fact that if there existed a possible set of initial states in Sy that
falsifies ¢, then it would have included a state from Sy that falsifies ¢,
in which case the first item would have applied. Similarly, if there ex-
isted a possible set of initial states that enables verification of ¢, then
it would have clearly been a subset of Sy”, thus the second item would
have applied.



