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Abstract

A pretty wide range of concurrent program-
ming languages have been developed over the
years. Coming from different programming
traditions, concurrent languages differ in many
respects, though all share the common as-
pect to expose parallelism to programmers.
In order to provide language level support
to programming with more than one process,
a few basic concurrency primitives are often
combined to provide the main language con-
structs, sometimes making different assump-
tions. In this paper, we analyze the most com-
mon primitives and related semantics for the
class of synchronous concurrent programming
languages, i.e., languages with a global mech-
anism of processes synchronization. Then, we
present a generic framework for approximat-
ing the semantics of the main constructs which
applies to both, declarative as well as imper-
ative concurrent programming languages. We
determine the conditions which ensure the cor-
rectness of the approximation, so that the re-
sulting abstract semantics safely supports pro-
gram analysis and verification. Finally, we as-
certain the conditions that make it possible
to implement the abstraction by a source to
source transformation of the language seman-
tics.
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1 Introduction

Concurrent programming languages are pro-
gramming languages that use language con-
structs for concurrency. Two main approaches
exist to concurrency: the synchronous and
the asynchronous models. Asynchronous mod-
els are based on the assumption that system
components running in parallel proceed at dif-
ferent rates. Synchronous models differ from
asynchronous ones since they assume that all
system components share the same clock and
are perfectly synchronized. Synchronous lan-
guages [2, 5] such as Esterel [3]|, StateCharts
[8], and Argos [9] are imperative, whereas
the relational languages Signal [7] and tccp
[11], and the functional language Lustre [4]
are declarative. Synchronous languages typ-
ically offer primitives to deal with negative
information, namely to instantaneously test
absence of signals. These languages are also
based on the strong synchronous hypothesis,
meaning that each reaction of the reactive sys-
tem is assumed to be instantaneous, and then
takes no time. This provides a determinis-
tic semantics of concurrency as well as a for-
mal straightforward interpretation of temporal
statements. While the synchronous hypothe-
sis is considered unrealistic when communica-
tion time cannot be neglected, it makes sense
when programming reactive systems, i.e., sys-
tems which continuously interact with the en-
vironment: operating systems, real-time con-



trol software, client/server applications, and
web services typically fall in this category. In
this context, to “take no time” is understood
in two ways: the environment remains invari-
ant during the reaction and all sub-processes
react instantaneously at the same time.

There are numerous advantages to the syn-
chronous approach. The main one is that
the temporal semantics is simplified, thanks
to the so-called logical time abstraction: All
the parallel processes evolve simultaneously,
along a common discrete time scale. This
leads to clear temporal constructs and eas-
ier time reasoning. On the contrary, asyn-
chronous programs are generally not tempo-
rally predictable. Another key advantage is
the reduction of state-space explosion, thanks
to the discrete logical time abstraction: The
system evolves in a sequence of discrete steps,
and nothing occurs between two successive
steps. A first consequence is that program de-
bugging, testing, and validating is made eas-
ier. In particular, formal verification of syn-
chronous programs is possible with techniques
like model checking.

Similarly to sequential languages, abstract
interpretation is commonly applied to analyz-
ing properties of concurrent languages stat-
ically.  Since abstraction usually involves
adding non-determinism, applying abstract in-
terpretation to synchronous languages raises
specific problems which are related to synchro-
nization. Due to the loss of information caused
by the abstraction, the suspension behavior of
processes can be disturbed: the suspension of
a process in the original model does not gen-
erally imply that the process abstractly sus-
pends; hence synchronization in the abstract
model might be damaged. Trying to achieve
a correct abstract semantics has, at the same
time, a payoff related to the precision of the
abstract model, since excessively abstracting
the original semantics may lead to generating
very imprecise abstract models containing ex-
ecution paths which do not correspond to any
real behavior.

In this paper, we analyze the most common
primitives and related semantics for the class
of synchronous concurrent programming lan-

guages. Then, we present a generic framework
for approximating the semantics of the main
constructs which applies to both, declarative
as well as imperative concurrent programming
languages. We determine the conditions which
ensure the correctness of the approximation,
so that the resulting abstract semantics safely
supports accurate program analysis and veri-
fication. Finally, we ascertain the conditions
that make it possible to implement the ab-
straction by a source to source transformation
of the language semantics. Source-to-source
transformations are particularly interesting in
the context of abstract model checking be-
cause they permit reusing model checkers.

2 The synchronous approach

Semantics for concurrent languages are usually
given in Plotkin’s structural operational se-
mantics (SOS) style [10], where process behav-
iors are described by labeled transitions sys-
tems, namely graphs with nodes (states) rep-
resenting process configurations and labeled
arcs representing atomic computation steps. A
tuple consisting of two nodes and an arc con-
necting them is called a transition. A trace is
a sequence of transition steps.

In this section, we define some basic no-
tions appearing in the semantics of all con-
current synchronous programming languages,
disregarding the differences linked to partic-
ular syntax or combinations of constructs in
a particular language, and concretely to the
declarative or imperative nature of the lan-
guage.

2.1 System states

Let us denote with State the set of sys-
tem states. We are general when speaking
about states, since we intend to consider both,
states as valuations of variables (imperative-
style), and states as conjunctions of con-
straints (constraint—based style). Thus, each
state s € State is either the set of program
variables bound to their actual value (when
dealing with imperative languages), or a set of
constraints (in a constraint—based language).



We assume that states may be composed by
means of @ : State x State — State. Oper-
ator @ models the change of state. The def-
inition of @ depends on the execution model
considered. For the declarative synchronous
model (dealing with constraints) where max-
imal parallelism is implemented, composition
of states (stores) s @ s’ is usually defined as
s U s’ where L is the lub operator in the un-
derlying lattice of constraints. Stores increase
monotonically during program execution, that
is, the information registered is never canceled.
Nevertheless, the operator @& might perform
some satisfiability check before adding new
constraints to the store; otherwise, inconsis-
tent states could be reached.

In the imperative framework, the @ opera-
tor is usually defined as a destructive update,
i.e., the value of a given variable at one time
instant is substituted by a new value at the
subsequent time instant. This implies that
the order in which updates are executed does
matter, since different choices for the ordering
might produce different results.

2.2 Basic actions

Basic actions are those actions atomically ex-
ecuted by the program. In most languages,
the set of basic actions mainly boils down to
a test (also called ask) action and an update
(also called tell) action. Let us denote Ask
and Tell the sets of test actions and update
actions of a language, respectively. Intuitively,
the elements of the set Tell represent the lan-
guage actions that may modify the program
states, whereas the actions in Ask represent
the checking of guards used to implement con-
trol instructions and synchronization. We as-
sume that the language supports the empty
test true: true € Ask.

Finally, we assume that semantic functions
effect : Tell x State — State and test : Ask X
State — {false, true} define the behavior of
the basic actions of the language. Intuitively,
effect represents the effect of a specific update
action when executed on a particular state,
whereas test checks if the condition specified
by a basic test action can be derived from a
specific state (i.e., the condition is fulfilled).

Note that effect depends on the specific im-
plementation of the operator &, which is the
operator that makes states evolve.

In order to correctly model control flow in-
structions, we assume that each test a € Ask
is complemented by another action —a € Ask
which represents that a does not hold, i.e.,
the test fails’. Although negation is not uni-
formly treated within the different program-
ming models, under the considered assump-
tions the following holds

test(a, S) & —test(—a, S)

Thus, the 3-uple (State, test, effect) (called
semantic contert) defines the semantics of the
basic actions of the language.

In the synchronous approach, the execution
of basic actions take time, and this is the way
time passes. Figure 1 shows the language syn-
tax we choose for the description.

Intuitively, a program is a set of declara-
tions together with an initial action Ag. A
declaration can be seen as a procedure defini-
tion proc(Z), where parameters can be passed
to the body, Action. In the body of a declara-
tion, we can specify the following actions: a!
updates the state, end finishes the execution
of a thread, A; B executes the action A and,
once finished, continues by executing the ac-
tion B; A[|B concurrently executes actions A
and B. The Global Choice checks whether the
current state satisfies any of the guards, and
chooses one among the associated actions to be
executed in the subsequent time instant. The
Instantaneous Choice differs from the Global
Chotce since the associated action starts at
the same time instant the guard is checked.
The Local Declaration defines local variables
to actions. The Conditional executes the ac-
tion associated to the them branch provided
the condition is satisfied; otherwise executes

! The —a action must not be confused with the ac-
tion which semantically can be interpreted as the op-
posite of a. For example, assume a constraint-based
system where variable X has the value X € [0, 10],
i.e., the value of variable X can be any of the val-
ues in the considered interval. X > 5 does not hold,
thus we could say that the test of —a as defined above
holds. Recall that an opposite test of X > 5is X < 5.
Note that =X > 5 does not imply that X < 5 holds.



Action x= | end

| 3z Action
| proc(v)

| a! where a € Tell
| Action ; Action
| Action || Action
| >cr(a:i? —Action;)
where Vi € I.a; € Ask
| if a? then Action else Action
where a € Ask

| >, (ai? —*Action;)
where Vi € I.a; € Ask

Decl x= proc(Z) {Action}
| Decl Decl
Program ::= Decl[Action]

— Update
- Sequence

- Concurrency
- Global Choice

— Conditional
— Local declaration

— Procedure call
— Instantaneous Choice

Figure 1: Syntax of the synchronous language

the action in the else branch. Finally, pro-
cedure call proc(v) passes values in ¥ to the
action in the body of the procedure declara-
tion.

As will be apparent later, the following
notion of labeling in instrumental to rea-
son about processes synchronization. Ac-
tions in program P = D[Ag] can be un-
equivocally labeled with elements of a set £
of labels. Assume that function nLab :—
L returns a new fresh label at each invoka-
tion. Then, given D = {proc,;(Z){A:}|1 <
¢ < n}, function lab defined below constructs
the set of labeled declarations lab(D) =
{lab(nLab(), proc,(Z){A:})|1 <i < n}.

),
lab(l,end) = (I)end
lab(l,a!) = ({)a!
lab(l,A; B) =

lab(l, A);lab(nLab(), B)
lab(l, A||B) =

lab(l, A)|[lab(nLab(), B)
lab(l, >, o (a:? — A;) =

(1) >;er(a:i? — lab(nLab(), A;))
lab(l,if a? then A else B) =

(D)if a? then lab(nLab(), A)

else lab(nLab(), B)

lab(l, 3zA) = 3zlab(l, A)
lab(l,ziel(aﬁ —* AZ) =

(1) >2;er(ai? —" lab(nLab(), 4;))

2.3 Operational Semantics

Figure 2 defines the operational semantics of
the language, given by a transition relation
between configurations, where each configura-
tion records both the current state and the set
of instructions pending to be executed. The
transition relation is parametric w.r.t. a se-
mantic context S = (State, test, effect). Dif-
ferent states, and/or different definitions for
test and effect determine different transition
relations —g.

Definition 1 (Configuration) Pair A =
(A, s) denotes a program configuration where
A is the program to be executed and s the cur-
rent state.

In Figure 2, we show the relation —s
representing the operational semantics of
the synchronous language, where a;(i =
1,...,n),a,b € Ask and ¢ € Tell. We assume
that the parallel and choice actions are com-
mutative, i.e., the order in which the different
actions are represented does not affect the fi-
nal result.

In the semantics, we assume that each ac-
tion is labeled with the label that points to the
program instruction to be subsequently exe-
cuted. In rule R-S1, agent end is supposed to
be labeled with the special tag lenqg € L. Given
a configuration (A,s), A being the parallel



R-S1 (c!, s) —s (end, effect(c, s))
(A s) —s (A, s) e a7
R-S2a (4 B,s) —s (A, B, ) if A" # end
(4,5) —s (end,s)
R-S2b T4B.5) —s (B,5)
(A, s) —s (A',s"y , (B,s) —s (B',s")
R-Ssa (AIIB, ) —s (ANIB',5 &5")
<A, S> —S <A/75/> ) <B,S> 7L>S
-S3b
R-S83 (AlIB, s} —s (A1B, )
R-S4 (D (a? — Ai),s) —s (A, 5) if test(a;, )
=1
(A, 5) —s (A',s") .
R-S5a G 7then Aelse B, s) —s (47,5 if test(a, )
(B,s) —s (B',s) -
-S5b £
R-S5b G then Aelse B, 5) —s (B, 5) if test(a, s)
R-S6 <A7 ElV'SG' ©® SL> —S <Al7 Ele/G 5% SIL>
(FFA,56) —s (TFA, s5)
R-S7  (p(v),s) —s (A[v/7],s) if proc(z){A}
R-S8a {4y, 5) —s (45,5) if test(ay, s)
O (ai? =" Ay),5) —>s (A}, 5)
iel
R-S8b (45,9) 7o if test(aj, s)
O (a:? =" Ay),s) —s (Ay,5)
el

Figure 2: Operational semantics of a synchronous language

composition of agents A1||---||An, we denote
with pLab(A) the ordered sequence l1]| - - ||ln
of labels of agents in A.

Let us assume that semantic con-
texts S = (State, test, effect)  and
S’ = (State’, test’, effect’) give us two different
transition relations —s and —g/ for a given
program D[Ao], and let ~C State x State’ be
a binary relation between both states sets.
Then we reformulate the classic notion of
simulation as follows:

Definition 2 Transition relation — g/ 1is a ~-
simulation of —s iff for each S-tramsition
<A751> -s <B752>; if <A/78/1> is a config-

uration such that s1 ~ s| and pLab(A) =
pLab(A’) then there exists a S'-transition
(A1) —s (B',sh) with sa ~ s5, and
pLab(B) = pLab(B’).

Assume S = (State, test, effect). Given a
synchronous program P of the form D[Ay],
and an initial state sop € State, the trace based
semantics of P determined by the transition
relation —s, denoted by 7 (S)(D)({Ao, so)),
is the set of maximal traces of the form
(Ao, s0) —s (A1,81) —s -+ that can be con-
structed from initial configuration (Ao, so).

Consider § = (State, test, effect) and
8" = (State’,test’, effect’), such that —s



is a ~-simulation of —s. It is easy to
prove that 7(S")(D)({Ap,st)) is a correct
~-simulation of 7 (S)(D)({Ao,so)), that is,
for each trace (Ao,s0) —s (41,81) —s

in 7(S)(D)((Ao,s0)), there exists a
trace (Ap,s0) —s (A1, s1) —s - in
T(S8')(D)({Ap,s0)) such that Vi > 0.s; ~ si,
and pLab(A;) = pLab(A4}).

In order to discuss the relation among dif-
ferent semantics, we define a notion of observ-
able which is parametric to the specific se-
mantic context S = (State, test, effect). We
first define the projection on the second com-
ponent of a trace | such that ¢ |= e and
((As, 8:) —s s)|= s; - s|, where s is a trace.

Definition 3 (Observable) Given a seman-
tics contexrt defined by the S-uple & =
(State, test, effect), a program P of the form
DJ[Ao] and an initial configuration (Ao, so), we
define the set of observable traces Os(P) =
{51 |s € T(S)(P)({Ao, s0))}

Now we are ready to formalize the abstract
semantics.

3 Abstraction of Basic Actions

3.1 Abstracting states

As it is well known, abstract interpretation
may be equivalently defined by upper closure
operators (ucos) and Galois insertions. An
uco p : p(State) — p(State) is a monotonic
(ss1 C ss2 = p(ss1) C p(ss2)), idempotent
(p(p(ss)) = p(ss)) and extensive (ss C p(ss))
operator. Given s € State, and an uco p over
(p(State), C), p({s}) is the best p-abstraction
of s. Moreover, if p({s}) C ss, then ss is a
different less precise abstraction of state s.

In order to simulate abstract operator &,
we define @&° : State” x State” — State” as
581 D ss2 = p({s1 ® sz2|s1 € 51,52 € 882}).
Observe that this definition guarantees that
o({s1® 2}) C p({s1}) @ pl({s2}).

Assume that ¢ : p(p(State)) — State® is
an isomorphism for a given abstract domain
State™; then, (p(State), State™,1p,t™ ") is a
Galois insertion, tp and ¢~ ' being the abstrac-
tion and concretization functions, respectively.

In the sequel, we denote tp and ¢~ with o and
v, respectively.

Now operator @ may be defined as:

¢ @Y 88 = 11T H(sT) @ 1 TH(s9)).

3.2 Abstracting actions

Once the domain has been abstracted, we have
to abstract the basic actions of the language,
i.e., updates and tests. Assume that p is an
uco defining an abstraction over states as ex-
plained above. We define the abstract test
test” : Ask x p(State) — {false, true} and ef-
fect effect” : Tell x p(State) — p(State) func-
tions as follows:

test’(a, ss) = \/ test(a, s)

sEss

effect” (b, ss) = p({effect(b, s), s € ss})

Assuming that « and 7 are the abstraction
and concretization functions relating p(State)
and State® as described above, the preceding
definitions may be reformulated as the func-
tions test™ : Ask x State® — {false, true} and
effect™ : Tell x State® — State*:

\/ test(a, s)

SEY(s™)
effect® (b, s%) = a({effect(b, 5), s € 1(s™)})

Following the terminology used in Sec-
tion 2.2, we have given an abstract semantic
context S = (State®, test®, effect™) to the
basic actions of the language, which deter-
mines the abstract transition relation —sa.
Let us define the natural binary relation be-
tween concrete and abstract states as:

test®(a, s*) =

«@

§~a 8% = p({s}) S "s"

Now we can easily prove the following result:

Proposition 1 If s1 ~q s and sa ~o S5
then s1 @ s2 ~q ST B 5.

Proof By definition of @”, we have that
p({s1 @ 52}) € pl{s1}) @ p({s2}). Since, by
hypothesis, p({s1}) C ¢~*(s5) and p({s2}) C
1" (s%), we may deduce that p({si}) ®”



p({s2}) C 7 (s¥)®" 17 (s%). Since, by defini-
tion of &%, we have that + (s$) ®° 1 1(s3) =
17 (sT @™ %), we obtain that p({s1 ® s2}) C
(S @™ 59), as desired. M

Although the function test™ above aimed
at preserving the concrete behavior, we have
that, in general, —s is not a ~,-simulation of
—sa as shown in the following example.

Example 1 Consider the set of states
State = {X = n|n € N}, where X
is a wvariable ranging over the natural
numbers.  Let o : State — State® be
the wusual even/odd abstraction, where
State® = {X mod 2 = 0,X mod 2 # 0}.

Clearly, given S = (State,test, effect),
where function test is the ordinary test for
variable values, we have that

(if (X = 4)? then P else Q||A, X = 2) —s
(QUA X =2)

However, considering the abstract semantic
contert S = (State®, test™, effect®), where
test® is defined as specified above, we have
that action (if (X = 4)? then P else Q||A) can-
not evolve by means of —so to any configu-
ration of the form (Q /| A, s). In fact, the only
possible transition is

(if (X = 4)? then P else Q||A, X = 2) —ga

(PIAX =2)
and, clearly, pLab(Q /| A) # pLab(P || A). The
problem s that function test® is an over—
approrimation of test and may return true
even if the concrete version returns false. This
is critical in synchronous languages, since it
may lead to losing the synchronization between
the parallel agents (as illustrated in the exam-
ple), and the concrete and abstract semantics
produce completely different traces. Thus, the
abstraction is not correct since the abstracted
program cannot produce a trace that simulates
the concrete one.

4 Correct Abstraction of Actions

Let P = D[Ao] be a program. Consider
a semantic context S = (State, test, effect)
together with an abstraction function «

State — State®, which determines an abstract
semantic context S = (State®, test®, effect™).

In this section, we show how to construct
an abstract program P® = «(D)[a(Ao)]
such that, for each initial state so € State,
T(S)(a(D))((a(Ao),a(s))) is a correct ~q
—simulation of 7 (S)(D)((Aq,s0)). The key
point of this transformation is to guarantee
that the new abstract program a(D)[a(Ao)]
may be executed under the same semantic con-
text S as the original program D[Ao]. Recall
that our main interest is to define a source-
to-source transformation, which allows us to
exploit the maturity, generality and sophisti-
cation of other eventually existing processing
techniques and tools for the source language.
In order to effectively define a source-to-
source transformation from concrete programs
into abstract ones, we need that each abstract
element in State® be in fact an element in
State, that is, State® must be a proper subset
of State. In this way, each abstract execution
consists of a sequence of elements in State.

4.1 Implementing the abstract basic ac-
tions

The first step to implement abstraction by
source-to-source transformation consists in
constructing abstract versions of the basic ac-
tions by reusing the concrete test and effect
functions given by the original semantics of
the language. For this purpose, we have to
combine standard actions so that they behave
like the abstract ones, provided that the corre-
sponding correctness conditions are satisfied.

Let o : Ask — Ask be the abstraction func-
tion” for tests. For each a € Ask, we need to
find an action a(a) € Ask such that, for all
s € State:

test®(a,s”) < test(a(a),s™)

Recall that it is possible to apply the func-
tion test to abstract states because State® C
State.

Similarly, let o : Tell — Tell be the abstrac-
tion function for tell actions. For each b € Tell,

2By abusing notation, we use the same name for
the abstract function applied to the different elements
of the language: states, actions, etc.



we need to find a tell action «a(b) € Tell such
that, for all s* € State:

effect®(b, s*) = effect(a(b), s)

This means that the abstract action has the
same effect than abstracting the result of the
concrete action.

In order to obtain an effective approxima-
tion of the semantics based on abstract in-
terpretation, some sensible decisions would be
made at this level which depend on the specific
language and are not considered here: how to
abstract the domain and the basic actions. In
the following section we discuss how the rest
of actions can be generally abstracted. The
accuracy of these abstractions directly deter-
mine the amount of non real traces added to
the abstract model.

4.2 Abstracting operators

When abstracting a synchronous language, the
main problem for the correctness of the ab-
stract model is the preservation of the sus-
pension behavior of the program; in the asyn-
chronous model this problem does not show
up.

In the following we focus in the abstrac-
tion of those actions that are more critical in
the sense that their execution can suspend.
This includes the global choice action. As we
are going to see, also the conditional agent
must be handled with particular care. Ac-
tually, the conditional agent cannot be ab-
stracted preserving the notion of time within
the same source language if the language being
abstracted does not provide an instantaneous
choice agent. Below we clarify this point.

Now we are ready to define the abstract ver-
sions of the different actions of the language
given in Figure 2 in terms of actions of the
own language, i.e., without introducing any
new operator that didn’t exist in the original
language. Observe that the abstraction func-
tion « takes into account the labels of the pro-
gram to be transformed. This is necessary to
ensure the correctness of the transformation.

end The abstraction of the end operator is

straightforward:
a((l)end) = (I)end

c! The abstraction of the ¢! operator is
straightforward:

a((D)e) = (Da(e)!

sequence The abstraction of the sequential-
ization is defined as follows:

a((la)A; (Ip) B) = (la)(A); (lp)(B)

parallel The abstraction of the parallel oper-
ation is given by:

a((la)All(ls) B) = (la)(A)][(l)a(B)

global choice We abstract the behavior of
this agent by using the conditional agent.

p=a(()Bim1a:? — (l)Ai) =
(1)if a(—a1)? then

if.('x(—un)? then

H(Eiala)? = (L)a(A)) || p
else (1)(Z1ya(a:)? — (l)a(Ad)))
else (I)(Zizia(a:)? — (li)a(As)))

Let us justify the structure of the ab-
straction of the global choice agent in or-
der to ensure correctness w.r.t. the sus-
pension behavior. Note that, in order to
achieve correctness, we must ensure that
whenever the concrete execution of the
program suspends, there exists at least
one abstract execution that also suspends;
otherwise, the abstract program wouldn’t
include the set of possible executions of
the concrete program. Note that, when-
ever the condition a(—a1) is not satisfied,
we know that there exist no concretiza-
tion which satisfies —ai. In the concrete
model, this means that the condition is
satisfied thus the choice agent won’t sus-
pend. However, we cannot ensure any-
thing whenever the above condition is sat-
isfied. Therefore, for the case when the
second condition a(—az) is satisfied, we
must consider both possibilities: suspen-
sion and evolution, and thus proceed.



Instantaneous choice The abstraction of
this agent is similar to that of global
choice.

p=a((l)Sicia:? =7 (Li)A:) =
1)if a(—a1)? then

if a(—an)? then
(O(Ziiala:)? = (L)a(A)) ||
else () (Xiya(ai)? =7 (L) Ai))

else (I)(Ziz1a(a:)? =" (L)a(Ai)))

conditional For the abstraction of the condi-
tional agent, and in order to preserve the
execution time of the program, we need
that the language has an operation that
models the instantaneous guarded choice,
i.e., a global choice agent performing the
test of guards instantaneously (see the op-
erational semantics of this agent in Fig-
ure 2). For a language which would not
have such an operator, we could try to
use the non-instantaneous version of the
global choice; unfortunately, in order to
achieve a source-to-source transformation
we would need to apply a kind of time
ezpansion similar to the one in [1] which
will cause that the execution of the ab-
stract program to take more time than
the intended one.

The abstraction of the conditional agent
is given by

a((1)if a? then (I,)A else (I,)B) =
(D)if a(—a)? then
a(a)? =" (la)a(A)
+true? —* (Ip)a(B)
else (la)a(A)

The intuition behind this encoding is as
follows. If we are sure that the condition
a is satisfied by the current state, i.e., no
concretization of —a is true, then we can
simply execute A, which corresponds to
the else branch of the original action. If
there exists the possibility that a was not
satisfied in the concrete model, then we
model two traces by means of a choice

agent. The first one can only be executed
provided there exists at least the possibil-
ity that a was true in the concrete model.
If this possibility does not exist, then only
the second branch can be followed, ex-
ecuting then the B action which corre-
sponds to the then branch of the original
action.

The following result ensures that the ab-
stract version of the program is correct w.r.t.
the concrete program. The proof can be seen
in Appendix A.

Theorem 1 Let P = Decl[Ag] be a syn-
chronous program and assume that S =
(State, test, effect) is a semantic contest.
Let State® be an abstract set of states,
o : State — State® being an abstrac-
tion function which transforms the origi-
nal states into abstract ones. Consider
now the abstract semantic contert S =
(State®, test®, effect™) defined as described in
Section 3.2. Then the trace-based semantic
T(S8%)(a(Decl))({(a(Ao), a(so0))) is a correct
~a-simulation of T (S)(Decl)({Ao, s50)).

5 Conditions to the
source transformation

source-to-

A popular approach to implement abstrac-
tion is by using source-to-source transforma-
tions. This approach is very convenient since
it makes it possible to reuse existing analysis
and verification tools and techniques for the
programming language at hand.

In the framework presented so far, we
are ready to analyze the conditions that en-
sure that the considered language can be ab-
stracted by employing source-to-source trans-
formations.

Actually, our claim mainly boils down to
say that, if the programming language does
not provide an instantaneous choice action,
then no source-to-source transformation can
be given which does preserve the timing of
programs. This was one of the main prob-
lems found in [1], where the execution of the
abstract program generally needs more time
than the concrete one. The framework in this



paper allows one to overcome this drawback.
Currently, we are working on the proof of this
result by defining a collecting, fully abstract
denotational semantics which disregards the
instantenous choice action, and then showing
that the abstract program does not mimick the
concrete one unless stuttering is introduced.

6 Concluding remarks

Abstract model checking is becoming one of
the most promising approaches to improve the
automatic verification of large systems. Ap-
plying abstract model checking involves the
abstraction of both the model to be analyzed
and the properties to be checked within the
model. When abstracting the model, both
primitives and language constructs change
their intended semantics with respect to the
original language. On the other hand, the
resulting approximation should satisfy some
correctness properties in order to safely sup-
port accurate program analysis and verifica-
tion. In this paper, we have defined a generic
framework for applying abstract model check-
ing techniques to concurrent languages with
maximum parallelism and a synchronous se-
mantics for communication.

Model checkers usually offer powerful tools
for automated analysis and verification of
properties. As a way to get the benefits pro-
vided by these tools when abstract interpre-
tation techniques are applied, a very interest-
ing issue is the possibility of implementing the
model abstraction as a source-to-source trans-
formation, which would allow us to reuse ex-
isting model checkers. We have also dealt
with this problem, and a translation scheme
has been proposed to interpret abstract ac-
tions into the original language. Moreover, a
characterization of the conditions allowing ab-
stractions by source-to-source transformations
was provided.

As particular cases of the proposed ap-
proach, we have already applied these kinds
of transformations both in an imperative and
a declarative context. In fact, in [6] we de-
fined a generalized semantics of PROMELA
for abstract model checking, whereas in [1] an

abstract semantics was defined for the timed
concurrent constraint programming language
tcep.

As future work we plan to extend the
achieved results to the asynchronous model of
concurrency.
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Proof of Theorem 1

Proof To prove the theorem, we must prove
that each transition step in the concrete se-
mantics is mimicked by a corresponding ab-
stract transition step. Note that the set of la-
bels in the abstract program is the same than
in the concrete one. We proceed by induction.
The base case is defined for the first execu-
tion step, i.e., we consider each possible kind
of action for Ap.

Ao =end. In both cases (concrete and ab-

stract programs) there is no rule defined
for end, thus there is no transition. The
two initial configurations are ((I)end, so)
which is simulated by (a((l)end), a(so)) =
((1)end, a(s0)) since sp ~a a(s0).

Ao =cl. {(Delys0) —s  ((lena)end, s1) and

Ao =

s1 = effect(c,s0). On the other hand,
(D), a(s0))  —se  ((lenaend, s1)
where s = effect(a(c), a(so)).
Note that «a((l)c!) = ()a(c)!. La-
bels clearly coincide and s1 ~o s}
since, by definition of a and S§¢

effect(c, so) ~a effect(a(c), a(so)).

A1; Aa. There are two possibilities: (1)
((l1)Ax; (I2)A2,50)  —s  ((Dend, s1)

where s; is the arrival state in
the  tramsition  ((l1)A1,s0) —s
((l)end, s1). In the abstract ver-
sion,  (a((l1)A1; (I2)A2), a(so)) =
(()a(Ar); (l2)a(Az)) —se ((I')end, sT)
is the result of the transition

(I)a(4), a(s0)) —se {(')end, s}).

By induction hypothesis, we know that
51 ~q 81, and [ = I’. The second possi-
bility (2) is when ((I1)A1; (I2) Az, s0) —s
((I3)As; (I2) A2, s1) where s is the arrival
state in the transition ((l1)A1,s0) —s
((I3)As, s1). In the abstract ver-
sion,  («a ((11)A17(12)A2) a(so)) =
((ll) (A )1(52) (Az2), a(s0)) —sa
((15)(a(A5)); (I2)x ( ) s1) where

(()a(Ar), als0)) —se ((I3)(a(A3)), s1)-

By induction hypothesis,

((l)e(Ar), afso)) —se ((13)a(As), s1)
and ((11)A1,s0) — ((I3)As,s1) and I35 =
14, 81 ~q s1 which proves the assertion.

Ao = A1||A2. We consider again two cases

separately: (1) If ((l1)A1,s0) —s
<(13)A3, 81a> and <(l2)A2, SO> —S
((la) A4, s15), then ((I1) A1]|(I2) A2, s0) —s
<(l3)A3H(l4)A4,51> with s1 = s14 D S1p.
In this case, (a((l1)A1]|(I2)Az2), a(s0)) =

(L) a(Ar)[|(Iz2)a(Az), a(s0)) —s0
((I3)o(A3)](13)ce(A%), 51) since
((a(Ar), also)) —se ((I3)(A3), s1a)
and {(l2)a(42), a(s0)) —se
((13)a(AL),s1,) and s1 = sia @ sy
By induction hypothems (i)
(L)a(Ar),a(s0) —se ((15)a(A5), 5h)

and <( )A1,So> —S <(l3)A3781a>
with s1, ~a 814, and pLab(As) =
pLab(A43); (i) ((l2)a(Az),(s0)) —se
((I))a(A}), s1) and  ((l2)Az,50) —s
((14) A4, s1), thus si1p ~ sp,.  Also,

pLab(A4) = pLab(A}). Therefore,
(()a(A)||(I2)a(A2), a(s0)) —se
((I3)a(A3)]|(13)ce(A%), s1)

and <(l1)A1||(l2)A2,SQ> —S

((I3)As|[(ls) A, 51).

On the other hand, for the sec-
OIld case (2) <(11)A1H(12)A2,50> —S
((13)Asl|(l2) Az, s1) since ((l1)A1, s0) —s



((I3)As,s1) and ((l2)A2,s0) +s. In then ((1)ifa?then (Io)Aelse(ly)B, so) —s
|

this case, (a((l1)A1]|(l2)A2),a(s0)) = ((Ic)Ac, s1) provided that ((la)A, s0) —s
((h)ex (Al)ll(b)a( 2); a(s0)) —sa ((le)Ac, 51).

((13)As][(I2)(A2), s > , ,sin?e In the abstract version, we have that
{(a(Ar), a(s0))  —se  ((Iz)a(A3), s1) (a(()if a? then (L) A else(ly) B), a(s0)) =
and ((lz)a(Az2), a(s0)) Fso. By induc- (()if a(—a)? then (a(a)? —*
tion hypothesis, these two simpler steps (la)a(A) + true? L
simulate their corresponding concrete () B ))else(l) (A), a(s0)) —ga
versions. This means that the sequence (1) A ) 1 provided
of labels associated to A5 and A3 coincide ((la)e(A), a(s0)) —se  {((IL)a(Ac),sh).
and that s; ~, s7. Therefore, we can say By induction hypothesis,
that ((h)a(A1)[|(l2)a(A2), afs0))  —se (2)a(A), als0))  —se (I0(AY, )
((I3)As||(l2)x(Az), 51) and and ((la)A,s0) —s {((lc)Ac,s1), thus
(1) A |(I2) Az, s0) s the sequence of labels associated to the
((5)As][(12) A2, 51)- programs are the same and the condition
In both cases, the correspondence be- holds. The other case is solved similarly.

tween the abstract and concrete states is
proved by using the relation between ~
and @ given in Section 3.2.

The proof of the remaining cases is analo-
gous.

Ao = ifa?then A, else A>. If test(a, so) holds,



