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Abstract As the complexity of software systems increases, automatic
verification tools which are able to guarantee the correct behavior of such
systems are dramatically lacking. Model checking is a formal verification
technique which allows one to automatically check whether a specific
property is satisfied by a model of the system; otherwise it provides a
counterexample which helps the programmer to debug the wrong code.
In this paper we develop a symbolic model checking technique for the
Timed Concurrent Constraint Language (tccp), a declarative language
within the concurrent constraint paradigm which allows one to program
reactive systems in a very natural way. Two of the most important fea-
tures of the language are the use of constraints and a notion of time which
is within the operational model. By taking advantage of these two fea-
tures and using an extension of Difference Decision Diagrams (DDDs),
we formulate a symbolic model checking algorithm for tccp which mit-
igates the state explosion problem that is common to model checking
approaches. The symbolic approach to model checking tccp leads to an
important improvement w.r.t. previous approaches based on the classical
Linear Time Logic (LTL) model checking algorithm.
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1 Introduction

In the last decades, formal verification of industrial applications has be-
come a hot topic of research. Verification is usually carried out by using
model checking algorithms which are able to demonstrate the satisfiability
of certain properties formalized as logical formulas which are automati-
cally checked on a model of the system.

Recent advances in model checking deal with huge state-spaces by us-
ing symbolic manipulation algorithms inside model checkers [6,11]. Other
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techniques such as abstract interpretation, partial evaluation, and on-
the-fly methods have also been proposed in the literature as a mean to
(partially) solve the “state-space explosion” problem [5].

The concurrent constraint paradigm (cc) was first introduced in [15]
to model concurrent systems. A global store consisting of constraints con-
tains the information accumulated during the computation. Constraints
are dynamically added to the store, and it is also possible to consult the
store. In order to deal with reactive systems, that is, systems which contin-
uously interact with their environment without producing a final result
and execute infinitely along the time, the programming model was ex-
tended in [2] over a discrete notion of time. Concurrent systems are more
difficult to be manually debugged, simulated or verified than sequential
systems. This difficulty makes yet more interesting the availability of au-
tomatic formal verification tools and techniques for these systems.

In this paper, we formulate a symbolic model checking algorithm to
verify reactive systems which are specified in a timed concurrent con-
straint language. This is a significant improvement w.r.t. previous works
[8,9,18], where the classical LTL model checking algorithm was adapted
to the concurrent constraint paradigm. The symbolic approach adopted
in this paper allows us to verify more complex reactive systems.

In Section 2, we introduce the specification language for reactive sys-
tems which we consider in this work. In Section 3, we recall and extend
the notion of DDD in order to be able to deal with lists which we use to
model the value of system variables along the time. Section 4 introduces
the symbolic model checking technique for DDDs with lists, together with
an illustrative example. Finally, in Section 5 we show our conclusions and
future work.

2 The tccp language

The Timed Concurrent Constraint Language (tccp) was developed in [2]
by F. de Boer et al. as a framework for modeling reactive and real-time
systems. It was defined by extending the concurrent computational model
of the cc paradigm [15,17] with a notion of discrete time.

Basically, a cc program describes a system of agents that can add in-
formation into a store as well as check whether a constraint is entailed
by such global store. The basic agents defined in tccp are those inher-
ited from cc plus a new conditional agent described below. Moreover, a
discrete global clock is provided. It is assumed that ask and tell actions
take one time unit, and the parallel operator is interpreted in terms of



maximal parallelism. Computation evolves in steps of one time unit by
adding or asking (entailment test) some information to the store. More-
over, it is assumed that constraint entailment tests take a constant time
independently of the size of the store?.

Let us first informally recall the notion of cylindric constraint system
as it is used in the cc paradigm. A simple constraint system can be defined
as a set of tokens (or primitive constraints) together with an entailment
relation satisfying some standard set-based properties. Examples of such
constraint systems are the Herbrand constraint system, the FD constraint
system [10] and the Gentzen constraint system [16].

A cylindric constraint system consists of a simple constraint system
plus an existential quantification operator which is monotone, conserva-
tive under information loss and gives support to renaming. The existential
quantification allows one to model local variables in a given agent. The
formal definition of the notion of cylindric constraint system can be found
in [2].

We define the set AP of atomic propositions as the set of atomic
propositions of the cylindric constraint system underlying the tccp lan-
guage. In the rest of the paper, we identify the notion of (finite) constraint
with an atomic proposition.

Let us now recall the syntax of tccp, defined in [2] as follows:*

Definition 1 (tccp Language). Let C be a cylindric constraint system.
The syntax of agents of the language is given by the following grammar:

A z=stop | tell(c) | D27 ask(c;) = Aj | now ¢ then A else A |
AlA |32 A | ple)

where ¢, ¢; are finite constraints in C. A tccp process P is an object of
the form D.A, where D is a set of procedure declarations of the form
p(xz) : —A, and A is an agent.

The stop agent terminates the execution whereas the tell(c) agent adds
the constraint ¢ to the store. Nondeterminism is modeled by the choice
agent (written Y ! ,ask(¢;) — A;) that executes nondeterministically
one of the choices whose guard is satisfied by the store. The agent A || B
represents the concurrent component of the language, and 3z A is the

existential quantification, that makes the variable x local to the agent A.

% In practice some syntactic restrictions are imposed in order to ensure that these
hypotheses are reasonable (see [2] for details).
* The operational and denotational semantics of the language can be found in [2].



The agent for the procedure call is p(z). It is important to remark that
only the tell, the ask and the procedure call agents imply an increment of
one time-unit, whereas other primitives are interpreted as instantaneous.

Finally, the now c then A else B agent (called conditional agent) is
the new agent (w.r.t. cc) which allows us to describe notions such as
timeout or preemption. The notion of timeout is defined as the ability
to wait for a specific signal and, if a limit of time is reached and such
signal is not present, then an exception program is executed. The notion
of preemption is defined as the ability to abort a process when a specific
signal is detected. The conditional agent executes A if the store entails c,
otherwise it executes B.

Now we consider a specific constraint system which allows us to define
an interesting class of software systems. In particular, we need the tradi-
tional arithmetic for reals including addition, equality and order compar-
ison. This part of the constraint system handles the information coming
from the constrained nature of the system. On the other hand, we are
also interested to handle lists since streams are modeled in tccp as lists
of terms as in many other logic languages. In tccp, lists are used for mod-
eling streams which represent the value of a given system variable along
the time. Intuitively, in the current time instant, the head of the list rep-
resents the value of a variable, the tail of the list models the future, and
it is instantiated to a list variable. The entailment relation for lists is
specified by Clark’s Equality Theory. For example, [X|Z] = [a|Y] entails
X=aand Z =Y.

Roughly speaking, we define the set of tokens of our constraint system
as the set of terms of the form X - Y <¢, X -Y <¢, V=1,V = [X|W]
or V = [¢|W] where X and Y are real or integer variables, V and W are
list variables, and c is a real or integer value constant.

3 Extended Difference Decision Diagrams

Difference Decision Diagrams (DDDs) are an extension of the Binary De-
cision Diagrams (BDDs) defined in [3] to represent difference constraint
expressions symbolically. While BDDs can be seen as an efficient repre-
sentation of boolean formulas, DDDs data structures efficiently represent
difference constraint expressions, which are formulas of a logic extended
with difference constraints. Difference constraints are inequalities of the
form x — y < ¢ where z and y are integer or real-valued variables, and ¢
is a constant. These constraints naturally appear when we model timing
systems where different clocks need to be synchronized.



DDDs and BDDs share some common features. For example, both
BDDs and DDDs can be ordered and reduced, and the algorithms to
handle them are quite similar. A drawback of DDDs is the fact that
maintaining them as a canonical data structure is more expensive than for
BDDs. Nevertheless, a semi-canonical structure which can be handle more
efficiently, suffices in our setting for checking satisfiability and tautology.

We note that, to correctly represent constraints, we cannot simply use
a boolean structure as OBDDs. Constraints are able to encode some im-
plicit information which cannot be directly represented by boolean func-
tions. This is the main reason why a DDD-like structure is necessary.

This is also the reason why, if we reduce a DDD following the ideas of
OBDDs, then we do not obtain a canonical representation for the consid-
ered difference constraint expression, as opposed to the case of OBDDs.
However, it is still possible to obtain a semi-canonical® structure which
can be used to decide satisfiability, validity, falsifiability or unsatisfiability
of expressions. There is also an algorithm to obtain a canonical represen-
tation of DDDs which is quite expensive. We do not consider it in order
not to overly complicate the development.

3.1 Difference Decision Diagrams + Logical Streams

We intend to represent tccp programs (as defined in Section 2) by using
some symbolic data structure. Since the constraint system underlying the
language contains difference constraint expressions and list (or stream)
expressions, we can extend the DDD data structure defined in [12,13]
to handle logical lists or streams. Therefore, in this section we define
Difference Decision Diagram + Logical Streams (DDD++LS) structure as
an extension of DDDs.

Similarly to DDDs, a DDD+LS is a directed acyclic graph (V, F)
where V' is a set of vertices and E a set of arcs connecting pairs of vertices.
The set V' contains two terminal vertices with out-degree zero (called 0
and 1). In addition, V' contains a set of non-terminal vertices with out-
degree two. Each non-terminal vertex v has nine attributes. Intuitively,
the four first attributes (called pos(v), neg(v), op(v) and const(v)) rep-
resent a difference constraint of the form pos(v) — neg(v)op(v)const(v)
where op(v) € {LE,LEQ,LIST} indicate whether the node represents a
strict disequality, a disequality or a stream constraint, respectively. Then,
the left(v), head(v) and tail(v) attributes represent the stream constraint

5 A DDD is semi-canonical if (i) an expression ¢ is represented by 1 iff ¢ is valid, and
(ii) an expression ¢ is represented by 0 iff ¢ is unsatisfiable.



left(v) = [head(v)|tail (v)]. We note that there are two kinds of variables:
D-variables and list variables, where D ranges on R or Z. The remaining
two attributes (high(v) and low(v)) represent the two branches that can
be followed in the graph from the vertex v.

Some shorthands are defined to reference combinations of attributes.
For instance, the operator var(v) represents the pair (pos(v), neg(v))
whereas the operator bnd(v) corresponds to the pair (op(v), const(v)).
We let list(v) denote the pair (head(v), tail(v)) and listEzp(v) is the pair
(left(v), list(v)); by wvarl(v) we represent the pair (head(v), tail (v)). Fi-
nally, we denote by attr(v) the set of attributes of the node wv.

The set of edges FE is defined as the set of pairs of the form (v, low(v))
and (v, high(v)), where v € V and v is not a terminal vertex.

A node of a DDD+LS structure represents an expression which can
be either a difference constraint (as in DDDs) or a stream constraint. The
semantics of DDD+LS nodes is formalized in Definition 2. Exp stands
for difference constraint expressions and stream expressions.

Definition 2. Let v be a vertex of a DDD+LS structure. We define the
function S :' V — Exp:

S[o] o false

S[1] © true

Sl &
(pos(v) — neg(v) < const(v)) — V[high(v)], V[low(v)] if op(v) = LE
(pos(v) — neg(v) < const(v)) — V[high(v)], V[low(v)] if op(v) = LEQ,
(left(v) = [head (v)|tail(v)]) — V[high(v)], V[low(v)] if op(v) = LIS

=

The semantics of both, terminal vertices and vertices with op(v) = LE
or op(v) = LEQ, coincide with the semantics of nodes of DDDs ([12,13]).
Definition 2 just adds the semantics derived from the new attributes in-
troduced in DDD—+LS.

Ordered DDD+LS. To formalize the notion of Ordered DDD+LS, we
need to define a total order on the vertices of the graph. First of all, we as-
sume to have an order between variables. We require that given a node n,
both var(v) and varl(v) are normalized. This means that pos(v) > neg(v)
and left(v) < tail(v).Then we assume that LIST < LE < LEQ. Finally, tu-
ples formed by the set of attributes in a specific vertex u, i.e., tuples of the
form (pos(v), neg(v), op(v), const(v), left(v), head (v), tail (v)), are ordered
lexicographically.



Definition 3 (ODDD+LS). An Ordered DDD+LS (ODDD+LS) is a

DDD+LS where each non-terminal vertex v satisfies:

1. neg(v) <pos(v) and left(v) < tail (v),

2. war(v) <war(high(v)) and list(v) < list(high(v)),
3. wvar(v) <war(low(v)) V (var(v)=wvar(low(v)) A bnd(v) < bnd (low(v))),
4. list(v) <list(low(v)) V (list(v) =list (low(v)) A head (v) < head (low(v))

Semi-canonical structure. In order to verify properties, we need a
semi-canonical structure. We propose some local and path reductions for
ODDD+LSs, which are inspired by the reductions defined for ODDDs.

Definition 4 (R;Reduced DDD). Let D be an ODDD+LS, and let
u and v be non-terminal vertices of D. Then D is Locally Reduced
DDD+LS (Ry,DDD+LS) if it satisfies:

1. if D = Z then, for all v, op(v) = LEQ or op(v) = LIST,

2. for all u and v, if attr(u) = attr(v), then u = v,

3. for all v, low(v) # high(v),

4. for all v, if var(v) = var(low(v)) then high(v) # high(low(v)),

5. for all v, if list(v) = list(low(v)) then high(v) # high(low(v))

Roughly speaking, the first point states that, if we are working with
integers, then we can represent the < operator in terms of < as occurs in
DDDs. The second and third points coincide with the requirements for
reduced BDDs. The fourth point states that, if the variables in the low
branch of node v coincide with var(v), then the high branches must differ.
Finally, we add a new restriction, similar to the fourth point, concerning
the reduction of nodes containing stream expressions.

The next step towards the semi-canonical representation of DDD+LSs
is the definition of the path reduction. We first need to define the seman-
tics of edges and paths. Note that we define the negation of lists as the
absence of information. That is, when we negate a stream expression we
mean that the current store does not entail it.

Definition 5. Let u,v be vertices of a DDD+LS structure. Let u and v
be adjacent vertices. The function £ : £ — Exp is defined as follows:

6[[(11, )] €

((pos(u) — neg(u) < const(u)) if v = high(u) and op(v) = LE,

(pos(u) — neg(u) < const(u)) if v = high(u) and op(v) = LEQ,

—(pos(u) — neg(u) < const(u)) if v = low(u) and op(v) = LE,

—(pos(u) — neg(u) < const(u)) if v = low(u) and op(v) = LEQ
left(v) = [head(v)|tail (v)] if v = high(u) and op(v) = LIST,

 ~(left(v) = [head(v)|tail(v)]) if v = low(u) and op(v) = LIST.




The notion of path in a DDD is defined as a finite sequence of edges
of the form ((vg,v1), (v1,v9),..., (vg_1,vE)). We say that such path has
length k. The semantics of a path is defined as the conjunction of all
difference constraints, negated difference constraints, stream constraints,
negated stream constraints in the path.

Now we are ready to define the notion of path reduction which pro-
vides us the semi-canonical representation. We denote with RpDDD+LS
the structure resulting from applying this reduction step to R, DDD+LSs.
A semi-canonical representation has exactly one DDD+LS for valid ex-
pressions and also a single DDD—+LS for unsatisfiable expressions.

Essentially, we can identify redundant edges regarding difference con-
straint expressions by checking how expressions divide the domain. Each
edge ¢; splits the domain into two disjoint subsets. If one of these subsets
is empty, then we know that the edge is redundant. This is the method
applied in [12]. Regarding nodes representing stream expressions, since we
have defined the negation as the absence of information, then the domain
is split into two possibly non disjoint subsets, and no path-reduction can
be done.

Theorem 1 allows us to check properties in the RpDDD+LS in a safe
way. We know that the expression ¢, represented by the node wu is valid
if and only if u = 1. If u = 0, then the expression is unsatisfiable. If u is a
non terminal vertex, then we know that the expression is both satisfiable
and falsifiable. The proof of this result can be found in [1].

Theorem 1 (RpPDDD+LSs are semi-canonical). In a ReDDD+LS,
the terminal vertex 1 is the only representation of valid expressions, and
the terminal vertex 0 is the only representation of unsatisfiable expres-
stons.

3.2 Construction of DDD+LSs

In this section, we show how a RpDDD++LS structure can be built from
a stream expression. Vertices and edges of the DDD+LS are stored in a
graph data structure called Graph. Let G be a Graph. Initially, G contains
only the two terminal vertices 0 and 1. The set of edges of G are implicitly
stored via the attributes of its vertices.

Let us introduce some functions which allow us to access the infor-
mation or modify the structure. First, insert(G, a) creates a new vertex v
in G with attribute a, and returns v. The function member(G, a) returns
true if there exists a vertex in G with attribute a. Finally, lookup(G,a)
returns the vertex in G with attribute a.



We also need some operations which obtain information about the
attributes of a graph. Since names and behavior of these operations are
very intuitive, we will use them directly in the algorithms. For a formal
definition, the reader can consult [1].

In the following, we extend the algorithms in [12] (defined to construct
DDDs), to construct the DDD+LS structure. We also develop the new
algorithms to deal with stream expressions.

vertex MKD(z: DVar, y: Dvar, o: op, ¢: Const, h: vertex, I: vertex)
ifD=ZANo=LEthenc=c—1
0 = LEQ

if member(G, (z,y,0,¢, X, R R h 1)) then

return lookup(G, (z,y,0,¢, X, X, R, h,1))
else if | = h then return |

else if (z,y) = var(l) A h = high(l) then return [
else return insert(G, (z,y,0, ¢, N, R, R h, 1))

Figure 1. MkD Algorithm that creates a vertex for a difference constraint expression

In Figure 1, the algorithm MKkD for difference constraints is given as
an extension of the algorithm presented in [12]. We have modified the
attributes of nodes to take into account that nodes in DDD+LSs have
three additional attributes. The preconditions for the algorithm are those
of DDDs plus an extra condition which applies when we are dealing with
difference constraints (namely, op(v) # LIST).

In Figure 2 the algorithm MKL is given which builds the vertex rep-
resenting the stream expression. The set of preconditions for the MKL
algorithm is similar to the preconditions for the MkD algorithm except
that we require that op(v) = LIST

vertex MKL(z: LVar, y: Var, z: LVar, h: vertex, I: vertex)
if member(G, (N, X, L1sT, R, z,y, 2, h,1)) then
return lookup(G, (X, N, LIST, N, z,y, 2, h, 1))
else if | = h then

return [
else if (z,z) = plist(l) A h = high(l) then
return [
else

return insert(G, (X, N, LIST, N, z, y, 2, h, 1))

Figure 2. Algorithm MKL that creates a vertex for a list expression
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In [12], some functions are given which normalize pairs of variables
before the construction of vertices. We can use similar procedures for the
difference expressions contained in our DDD+LS structures.

The last step for the construction of the DDD+LS structure, is to
design the algorithms which combine difference and stream expressions
with boolean operators. The idea is to recursively apply a specific operator
to all the vertices in the DDD Structure. In [3], this procedure is called
APpPLY. The same idea can be used for our DDD+LS structure. The
APPLY algorithm returns a DDD which is locally reduced, hence it is still
necessary to path reduce the resulting DDD.

We have called APPLYLS the algorithm for DDD+LSs. We do not
include this algorithm in the paper since it follows closely the design of
APPLY with some little adjustment to include the handling of the stream
expressions. The reader can find the algorithm in [1].

4 Symbolic Model Checking

In [9,18], a model checking algorithm was proposed which allows one to
verify tccp programs. The idea was to automatically construct a com-
pact model which represents the tccp program; then, a logic dealing with
constraints was proposed as the basis to develop a classical LTL model
checking algorithm. The most important advantage of this approach is
that the use of constraints leads to a compact representation of the system
which we also exploit to directly check properties over the built model.
The problem with the exhaustive approach, which is based on a tableau
algorithm, is in the state-explosion problem (as occurs in the classical
approaches) which shows up when we try to combine the model with the
property that we want to verify.

By considering the constraint system defined in Section 2 for the tccp
language, the model which can be automatically obtained by following
[9,18] only contains difference and stream constraints. Thus, if we repre-
sent the tccp Structure by means of DDD+LSs, then we can use the effi-
cient algorithms for checking DDD+LSs in order to verify tccp programs.
In the following we formalize our verification strategy and illustrate it by
means of a detailed example.

4.1 Model construction

Following [8,9,18], given a tccp program, we can build a tccp Structure
which represents a model of the system.

10



A tcep Structure is a graph structure analogous to a Kripke Structure,
which is widely used in many different model checking approaches [5,4].
Actually, the main different point is the definition of state. A state in a
tccp Structure is defined as a (satisfiable) set of constraints which repre-
sent a set of possible values of variables. A state in a Kripke Structure is
defined as an assignment of values to variables. In other words, a state in
a tccp Structure is a set of states in a Kripke Structure. We refer to [8,18]
for the formal definition of tccp Structure.

Modelling Example: The Soldiers’ problem. The soldiers’ problem
is formulated as follows ([14]).

Four soldiers who are heavily injured, try to flee to their home land. The
enemy is chasing them and in the middle of the night they arrive at a bridge
that spans a river which is the border between the two countries at war.
The bridge has been damaged and can only carry two soldiers at a time.
Furthermore, several land-mines have been placed on the bridge and a torch
is needed to sidestep all the mines. The enemy is on their tails, so the soldiers
know that they have only 60 minutes to cross the bridge. The soldiers only
have a single torch and they are not equally injured. The crossing time (one-
way) for soldier Sy is 5 minutes, for soldier S; is 10 minutes, for soldier S, is
20 minutes, and finally the crossing time for soldier S3 is 25 minutes.

Does a schedule exists getting all four soldiers to the safe side within 60 min.?

We model the problem as a tccp program. Then, from the tccp pro-
gram we construct the corresponding tccp Structure. Note that the arith-
metic underlying the program can be expressed as difference expressions.

The tccp program corresponding to the main predicate is shown in
Figure 3. The program consists of some initial statements, a procedure call
to the RIVERCROSS predicate and another procedure call to the CHECK
predicate. All these three calls are run in parallel. We omit the code for
the CHECK predicates, which can be found in [1].

SOLDIERS() =

tell(C = 0) || tell(So = 0) || tell(S; = 0) || tell(Sy = 0) || tell(S3 = 0) ||
RIVERCROSS([C|C'], [S0]St], 151111, [S5[S51 [Ss] 53], [1117) |
ask(true) — CHrck([C|C"],[So|S4], [S1]S)], [S2|S4], [Ss|S4], [T]T"])

Figure 3. Example: tccp program for the Soldiers’ problem

The tccp predicate modelling the most important aspect of the pro-
gram is the RIVERCROSS predicate. It states that two soldiers can cross
the bridge to the safe land only if they can take the torch. Moreover, only
one soldier is allowed to come back to the unsafe zone to bring the torch
to the remaining soldiers. The code is (partially) shown in Figure 4.
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RiveErCross(C, S, S1,S2,S3,T) 1=
ask(C = [C1|C'] A C1 <60 A So =[0[Sg] A S1 = [0|ST]AT = [0]T"]A
Sy = [X2|Sy] A Sz = [X3|S;]) — tell(Sy = [1]59]) ||
tell(S7 = [1577) || tell (2" = [1|7") |
tell(Cq = Cq +10) || tell(C" = [Cq|C"']) ]
tell (S} = [Xa|57]) | tell(S} = [Xa|S4]) |
RiverCRrOSS(C', S|, S, 85,55, T") +

~ =

ask(C = [C1|C"] A C1 < 60 A Sy = [0]S4] A S5 = [0]S4] AT = [0]7"]A

So = [Xo|Sp] A S1 = [X1]57]) — tell(S} = [1]55]) |
tell (S5 = [1]S57) || tell (2" = [1|7") |
tell(Cy = C1 -+ 25) || tell(C" = [Ca|C"]) ||

tell(S) = [Xo|SYT) | tell(S] = [x1[S])
RIvErCROSS(C', S(), S1, 55,55, 1) +
ask(C = [C1|C']AC1 < 60A So =[1|SIAT =[1|T'] A Sy = [X1|S]]A
So = [X2[S4] A St = [X3]S]) — tell(Sy = [0[Sy]) || tell(T" = [0[1"']) |

tell(Cy = C1 +5) || tell(C" = [Ca|C"]) ||
tell(S] = [X1|S7]) | tell(S} = [Xa|Sg]) |
tell(S4 = [Xa|sy]) |

. RIVERCROSS(C", S}, S1, 85,55, 1") +

ask(C' = [C1|C"] A C1 <60 A Sz = [1|S5] AT = [1|T"] A So = [Xo|SHIA
S1 = [X1]S{] A S2 = [X2|S3]) — tell(S5 = [0[S5]) || tel(T" = [0]T"]) ||
tell(Cq = C1 + 25) || tell(C" = [Co|C"']) ||
tell(Sp = [Xo[Sp]) || tell(S] = [X1|SY]) ||
tell(S} = [X2]S4]) |
RIvErCRoOss(C', S{, S1, S5, 55, T")

Figure 4. Example: tccp program for the allowed soldiers movements

R1vERCROSS specifies the movements that can do the soldiers. Each
ask branch of the agent RiverCross describes a possible move. The idea is
that either one single soldier or two soldiers can cross the bridge from one
side to the other provided they can take the Torch (7). The time which is
necessary to cross corresponds to that required by the most injured of the
two soldiers. The total time (C') which has passed is increased accordingly.

In Figure 5, we (partially) show the tccp Structure we construct for
the predicate CROSSRIVER. There is an initial node at the top which
has ten children corresponding to the ten possible behaviors defined by
the procedure. For the sake of simplicity, in the figure we only show
the first two sons, the sixth, the seventh and the tenth ones. Since no
conditional nor choice agent is executed, the nodes in the second level
evolve deterministically.

The subsequent evolution of nodes at the second level depend on the

position of the torch. Consequently, the six nodes in the left side of the
figure are connected to the four nodes at the right, and vice-versa. This

12



C T so0
S1 s2 s3
I,

choice

lal la2 ... la9 la0

A\

/ c=[c1c)

C1560 S3=[1/S'3)
T=[1[T] S0=[X0|S'0]
S1=[X1/S'1]
S2=[X2[S'2)

c=[c1c)
C1560 S0=[0|S'0]
s1=[0$'1] T=[0[T]
S2=[X2|S'2]
$3=[x3(s'3]

c=[c1iC)
C1560 S0=[0S'0]
s2=[0/S'2] T=[0[T]
S1=[X1]S'1]
$3=[x3/S'3]

S0=[X0[S'0]
S1=(X1/s'1]

lu1 a2 lus laa lpt ‘ "m Iz 123 lioa Ip2 lto1 o2 1103 o4 Ipo

s0=[1S"0]
Ca=C1+10
S1=[1]S"1] T'=[1[T"]

S0=[1/S"0]
Ca=C1+20
S2=[1/8"2] T=[1|T")

s2=[115"2]
Ca=C1+25
S3=[1/S"3] T'=[1|T

s3=[0|S'3]
c'=[CalC”]
Ca=C1+25T'=[0[T"]

C'=[CalC"] C'=[Ca|C"] C'=[CalC”] S0"=[X0]S"0]
s2=[X2|S"2] SI'=[x1]S"1] SO=[X0]S"0] | S1=[X1[S"1]
S3=[X3S"3] S3=[x3[S"3] S1=[x1/s"1] // s2'=[x2|S"2]

lag lag -

lag laz - lag lao

Figure 5. tccp Structure for the soldiers’ program

fact is automatically detected in the construction of the model since the
accumulated store determines the possible behaviours.®

In order to improve clarity, we draw in a separate box the labels of
each node of the tccp Structure. This differentiates the store in a specific
node from the labels corresponding to the agents that must be executed
at that execution point.

4.2 Representation using DDD+LSs

As we have said before, the main idea of this work is to define a method
to represent a tccp Structure by using DDD+LSs. This allows us to miti-
gate the state explosion problem by following a symbolic approach which
significantly reduce the search space. In [12,13], efficient algorithms which
check validity or tautology of such structures w.r.t. some property were
defined. The idea here is to take advantage of such algorithms in order to
improve the verification of tccp code.

A tccp Structure can be translated to a formula of the logic underlying
our constraint system. In particular, we can represent the relation R of

the structure as a disjunction of conjunctions in a way similar to the
method used for BDDs.

® We note that two nodes are considered equivalent if the two corresponding stores of
a node are equal modulo variable renaming.
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If we are able to represent the system in the logic of DDD-+LSs, then
we can construct the symbolic structure corresponding to the formula,
which represents an encoding of the system.

Let us explain the procedure by using the example in Figure 5. Each
arc in this figure corresponds to an element in the relation R. Thus, we
can code each transition in a similar way as in the classical approach. For
example, the following formula models the leftmost arc of the figure:

50 = [0|S0'] A S1 = [0]S1'] A S2 = [X2|S2'] A S3 = [X3]53']

AT =[0|]T']AC =[C1|C'] A C1 < 60

ASO' = [1]S0"] A S1" = [1|S1"] A §2' = [X2|S2"] A S3' = [X3|53"]
AT = [1|T"]ACa=C1+10AC" =[Ca|C"]

Following this idea, we can obtain the formula which represents the
whole tcep Structure. Such formula corresponds to the kind of expressions
that we are able to handle by using DDD+LSs. Thus, we can construct
the DDD+LS structure corresponding to the system by applying the al-
gorithms introduced in this paper.

Once we have obtained the DDD+LS structure, we can check whether
a given property is satisfied by the system in the way explained in Sec-
tion 3.2.

5 Conclusions

We have generalized DDDs to a new structure which allows us to repre-
sent tccp programs symbolically. We have formalized the corresponding
notions and algorithms which allow us to check properties on these mod-
els. This novel symbolic methodology improves the automatic verification
of reactive systems.

In [7], a different data structure called CST is presented which allows
one to represent integer linear constraints symbolically and is used to
define a parameterized verification method for (infinite state) Petri nets.

As future work, we plan to extend the language to comsider more
general constraint expressions. We are also implementing the method in
order to evaluate how our approach works in practice.
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