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Abstract. In this paper we propose an approach to reason on UML
schemas with OCL constraints. We provide a set of theorems to deter-
mine that a schema does not have any infinite model and then provide
a decidable method that, given a schema of this kind, efficiently checks
whether it satisfies a set of desirable properties such as schema satisfia-
bility and class or association liveliness.
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1 Introduction

A conceptual schema consists of a taxonomy of classes together with their at-
tributes, a taxonomy of associations among classes, and a set of integrity con-
straints over the state of the domain, which define conditions that each instance
of the schema must satisfy. These constraints may have a graphical representa-
tion or can be defined by means of a particular general-purpose language.

The Unified Modeling Language (UML) has become a de facto standard in
conceptual modeling of information systems. In UML, a conceptual schema is
represented by means of a class diagram, with its graphical constraints, together
with a set of user-defined constraints, which are usually specified in OCL.

Due to the high expressiveness of the combination of both languages, checking
the correctness of a UML conceptual schema manually becomes a very difficult
task, specially when the set of textual constraints is large. For this reason, it is
desirable to support the designer in reasoning on a conceptual schema.

There are several reasoning tasks that can be performed to determine the
correctness of a schema, such as satisfiability of the schema, liveliness of a class
or association or reachability of certain states of the information base. Several
efforts have already been devoted to reasoning on conceptual schemas. There are
automatic procedures for the verification of some properties of schemas in De-
scription Logics [1,2] or to reason about different kinds of cardinality constraints
[3,4,5], but they do not deal with general integrity constraints.

Since the problem of reasoning with integrity constraints in its full generality
is undecidable, two different approaches can be followed, either based on de-
cidable procedures for certain restricted kinds of constraints [6,7], or based on
semidecidable procedures for highly expressive constraints [8].
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In this work we take a mixture of both directions. In particular, our approach
consists in translating a UML schema, with OCL constraints satisfying mild syn-
tactical restrictions, into a logic representation to reason on it. Then we provide
a set of conditions that guarantee that the schema does not have any infinite
model, so that the problem becomes decidable. In this way, any theorem prover
or reasoning method can be used knowing that any reasoning task performed on
the schema will terminate.

Additionally, once we have determined that all the models of a schema are
finite, and since the logic representation of our UML and OCL schemas follows
a specific syntactical structure, we provide a reasoning procedure that always
terminates and works more efficiently than in the general case.

2 Base Concepts

Throughout the paper, a, b, c, a1, b1,... are constants. The symbols X, Y, Z,
X1, Y1,... denote variables. Sets of constants are denoted by ā, b̄, c̄, ā1, b̄1,...
and X̄, Ȳ , Z̄, X̄1, Ȳ1,... denote sets of variables. Predicate symbols are p, q, r,
p1, q1,... A term is either a variable or a constant. If p is a n-ary predicate and
T1, ..., Tn are terms, then p(T1, ...,Tn) is an atom, which can also be written
as p ¯(T ) when n is known from the context. An atom is ground if every Ti is a
constant. An ordinary literal is defined as either an atom or a negated atom, i.e.
¬p(T̄ ). A built-in literal has the form of A1ωA2, where A1 and A2 are terms,
and the operator ω is either <, ≤, >, ≥, = or �=.

A normal clause has the form

A ← L1 ∧ ... ∧ Lm with m ≥ 0

where A is an atom and each Li is a literal, either ordinary or built-in. All the
variables occurring in A, as well as in each Li, are assumed to be universally
quantified over the whole formula. A is often called the head and L1 ∧ ... ∧ Lm

is the body of the clause. A set of normal clauses is called a normal program.
The definition of a predicate symbol p in a normal program P is the set of all
clauses in P that have p in their head. A normal program P is hierarchical if
there is a partition P = P1 ∪ ... ∪ Pn such that the following condition holds
for i = 1, 2, ..., n: if an atom r(T̄ ) occurs positively or negatively in the body of
a clause in Pi then the definition of r is contained within Pj with j < i.

Terms, literals and the syntactic structures made of them are expressions. If
E is an expression, then constants(E) and variables(E) are the sets containing
the constants and variables, respectively, occurring in E.

A substitution θ is a set of the form {X1/T1, ..., Xn/Tn}, where each variable
Xi is unique and each term Ti is different from Xi. The term Ti is called a binding
for Xi. θ is called a ground substitution if each Ti is a constant.

Let E be an expression and θ = {X1/T1, ..., Xn/Tn} a substitution. Then Eθ
is the expression obtained from E by simultaneously replacing each occurrence
of the variable Xi in E by the term Ti.

A fact is a normal clause of the form: p(ā) ← , where p(ā) is a ground atom.
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Fig. 1. Conceptual schema for an internet forum

A deductive rule is a normal clause of the form: p ¯(T ) ← L1 ∧ ... ∧ Lm with
m ≥ 1 where p is the derived predicate defined by the deductive rule.

A condition is a formula of the (denial) form: ← L1 ∧ ... ∧ Lm with m ≥ 1.
A database schema S is a tuple (DR, IC) where DR is a finite set of deduc-

tive rules and IC is a finite set of conditions. Literals occurring in the body of
deductive rules and conditions in S are either ordinary or built-in. The predicate
symbols in ordinary literals range over the extensional database (EDB) predi-
cates, which are the relations that will be stored directly in the database, and
the intensional database (IDB) predicates, which are the relations defined by
the deductive rules in DR. EDB predicates cannot be derived. Conditions in IC
define the integrity constraints of the schema S.

Deductive rules as well as conditions are required to be safe, that is, every
variable occurring in the head or in negated or built-in atoms of their body must
also occur in an ordinary positive literal of the same body.

Our logic representation of a schema has a specific structure, since it is ob-
tained from the translation of a UML conceptual schema, with its constraints
specified using a subset of the OCL. In particular, the only IDB predicates that
appear are those needed to make the conditions safe. Thus, the conditions of
the resulting schema are such that their literals correspond to either (positive
or negative) EDB predicate symbols or negative IDB predicate symbols. Pred-
icate symbols occurring in ordinary literals in the bodies of deductive rules are
positive EDB predicate symbols, i.e. derivation rules do not include derived pred-
icates. To satisfy this restriction, although OCL constraints can include the op-
erations includes, includesAll, notEmpty, exists and one, these specific
operations cannot be recursively combined in an OCL expression.

For a schema S = (DR, IC), a state, instance or model D is a tuple (E, S)
where E is an EDB, that is, a set of ground facts about EDB predicates. DR(E)
denotes the whole set of ground facts about EDB and IDB predicates that are
inferred from a database state D = (E, S). DR(E) corresponds to the fixpoint
model of DR ∪ E.

An instance D violates a condition ← L1 ∧ ... ∧ Ln if there exists a ground
substitution θ such that D |= (L1 ∧ ... ∧ Ln)θ. In other words, when
L1θ, ..., Lnθ ⊆ DR(E). D is consistent when it violates no condition in IC.

We present in this section a simple UML conceptual schema with a set of OCL
constraints. We will use this example to illustrate our approach to determine
the absence of infinite models. For the sake of simplicity we do not specify any
attributes in the classes.
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As can be seen in Fig. 1, each Forum is related to a User that moderates it,
and to a set of users that are its Participants, which can be invited by other
participants. The textual constraints impose that the moderator of a forum
cannot participate in it, and that each forum must have at least one invited
participant, which must be invited by some other participant in the same forum.

The translation of the schema into logic results in the following rules, which
specify the implicit, graphical and textual constraints that appear in the UML
schema. According to our previous work [8], classes are translated into unary
predicates, whereas n-ary predicates represent the associations (or association
classes). Conditions 1 to 6 correspond to the referential constraints of associ-
ations. In this case, since all associations are binary, two such constraints are
needed for each of them (one constraint for each association end). Condition 7
specifies that there cannot be two instances of Participant with the same Forum
and User, which is an implicit constraint of association classes. Conditions 8 to
11 are the cardinality constraints of associations (the upper and lower bounds
of moderator in Moderates, the lower bound of User in the association class
Participant, and the upper bound of inviter in HasInvited). Finally, conditions
12 to 14 are the textual constraints of the schema.
1. ← Moderates(F,U) ∧ ¬Forum(F)
2. ← Moderates(F,U) ∧ ¬User(U)
3. ← Participant(P,F,U) ∧ ¬Forum(F)
4. ← Participant(P,F,U) ∧ ¬User(U)
5. ← HasInvited(P,I) ∧ ¬IsParticipant(P)

IsParticipant(P) ← Participant(P,F,U)
6. ← HasInvited(P,I) ∧ ¬IsParticipant(I)
7. ← Participant(P,F,U) ∧ Participant(P2,F,U) ∧ P�=P2
8. ← Forum(F) ∧ ¬OneModerator(F)

OneModerator(F) ← Moderates(F,U)
9. ← Moderates(F,U) ∧ Moderates(F,U2) ∧ U�=U2
10. ← Forum(F) ∧ ¬OneParticipant(F)

OneParticipant(F) ← Participant(P,F,U)
11. ← HasInvited(P,I) ∧ HasInvited(P2,I) ∧ P�=P2
12. ← Moderates(F,U) ∧ Participates(P,F,U)
13. ← HasInvited(P,P)
14. ← Forum(F) ∧ ¬OneInvited(F)

OneInvited(F) ← Participant(P,F,U) ∧ HasInvited(P,I)
∧ Participant(I,F,U2)

3 Determining the Decidability of Reasoning on a
Schema

In this section we present our method to identify whether a schema is such that
any reasoning task performed on it will terminate, which happens when all its
models are finite.

To determine the absence of infinite models, we obtain a graph from the set of
constraints of the schema that shows the existing dependencies between them.
We formalize the construction of the dependency graph for a given schema in
section 3.1, and in section 3.2. we explain how to analyze the graph in order to
determine whether all the models of a schema are finite.
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3.1 The Dependency Graph

As seen in section 2, a condition consists of a set of positive literals, a set of
negative literals and a set of built-in literals. Positive literals are the ones that
may violate the constraint, whereas negative literals repair the constraint in
case it is violated or, in other words, avoid violation in case that all the positive
literals hold in the EDB.

Definition 1. A literal p ¯(X) is a potential violation of a condition ic if it
appears positively in its body. We denote by V(ic) the set of potential violations
of condition ic.

For example, V(ic1) = {Moderates(F,U)} since the existence of a fact Moder-
ates(a,b) in the EDB causes the violation of ic1 if the EDB does not contain the
fact Forum(a).

Definition 2. Given a condition ic, there is a repair Ri(ic) for each negative
literal ¬Li in the body of ic. If Li is base then Ri(ic)= {Li}, otherwise Ri(ic)
= {p1

¯(X1),...,pn
¯(Xn)}, where each pj(X̄j) is a literal that appears positively in

the body of the derivation rule that defines Li.

Each repair of a condition gives an alternative way to avoid its violation. In
our example, all conditions have a single repair. For instance, the repair of con-
dition 1 is R(ic1) = {Forum(F)}, and the repair of condition 14 is R(ic14)
= {Participant(P,F,U), HasInvited(P,I), Participant(I,F,U2)}. There are some
constraints, such as ic7, that cannot be repaired once they are violated, unless
their potential violations are removed from the EDB.

In the proposed approach, the set IC of constraints of a schema is associated
with a directed graph G, that we call dependency graph. This graph shows, for
each condition ici of the schema, which conditions may be violated as a result
of each possible repair of ici.

Definition 3. A dependency graph G is a graph such that each vertex corre-
sponds to a condition ici of the schema. There is an arc from ici to icj, labeled
Rk(ici), if there exists a predicate p such that p ¯(X) ∈ Rk(ici) and p ¯(Y ) ∈ V(icj).

Note that G is sometimes a multigraph, since two different repairs of a condition
ici may lead to the violation of a same other condition icj.

Figure 2 depicts the dependency graph built from the conditions of our ex-
ample. For the sake of clarity, conditions 5 and 6 have been collapsed in a single
vertex, since the predicates belonging to their sets of potential violations and
repairs coincide. For instance, it can be seen that the repair of conditions ic5
and ic6 can violate ic4, ic7, ic3 and ic12, since the predicate Participant, which
is a repair for conditions ic5 and ic6, belongs to their sets of potential violations.

However, not all the arcs that appear in the graph represent the violation of
the condition in the terminal vertex when repairing the initial one. Sometimes,
the existence of an arc means the opposite: that the repair of the condition in
the initial vertex guarantees the non-violation of the condition in the terminal
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Fig. 2. Dependency graph. Superfluous arcs are dashed, and cycles are highlighted.

vertex. We say this kind of arcs are superfluous. Examples of superfluous arcs,
which are depicted with dashed lines in Fig. 2, are the ones between conditions
ic1 and ic8. When ic1 is violated due to the insertion of a fact Moderates(a,b) in
the EDB, the insertion of the corresponding repair Forum(a) guarantees that ic8
is fulfilled. Similarly, when the first to be violated is ic8 because of the presence
of a fact Forum(a), the violation is repaired by the insertion of Moderates(a,b),
which guarantees the satisfaction of condition ic1.

Formally, an arc ri from the constraint ici to icj is superfluous when V (icj) =
riθ and there is some repair Rk(icj) such that Rk(icj) = V (ici)θ, where θ is a
unifier of the sets V (ici)∪ri and V (icj)∪Rk(icj) that assigns a different term to
each distinct variable. This guarantees that icj is never violated after the repair
of ici, since although the facts added by ri potentially violate icj , this condition
is always satisfied because its repair also belongs to the EDB. Thus, once these
superfluous arcs are identified, they can be left aside since they indicate the
ending of any sequence of repairs.

Let C = (ic1 r1 ... icn rn icn+1 = ic1) be an alternating sequence of vertices
and arcs that define a cycle in a dependency graph G. The existence of C implies
that the repair ri of a condition ici may violate other conditions whose repairs
could violate ici again.

As can be seen in Fig. 2, there are two cycles in our dependency graph, defined
by the conditions (ic3 ic14 ) and (ic3 ic14 ic5/6 ). Since each constraint has a
single repair, an enumeration of vertices suffices to identify each cycle. Note that
the existence of superfluous arcs significantly reduces the number of cycles in
the dependency graph.

3.2 Decidability of Reasoning on a Schema

Our approach to reasoning is aimed at constructing a database state which shows
that a certain property holds. That is, a sample EDB where both the particular
condition that defines the reasoning task and all the integrity constraints in
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the schema are satisfied. Therefore, our approach requires to perform integrity
maintenance when trying to build such a sample EDB.

It can be seen that the constraints that form a cycle in a dependency graph
are the only reason for the existence of infinite models. Clearly, a condition that
does not belong to a cycle will not cause an infinite sequence of repairs, since
it will not be violated again when it has been maintained once for a certain set
of facts. On the contrary, constraints that belong to cycles can be violated a
potentially infinite number of times, since once they have been maintained, the
same facts inserted by the repairs may cause new violations and new repairs,
which can result in an infinite model. Then, if we can identify which are the
cycles that do not cause an infinite sequence of violations, we can determine
whether a schema is suitable to perform any reasoning task in finite time.

In this section we study the cycles of the dependency graph to ensure that the
process of integrity maintenance does not loop forever. To do this, we provide
a set of theorems that allow to discard the presence of infinite models in the
constraints that define each cycle. When all the models of a cycle of constraints
are finite we call it a finite cycle.

A first condition that guarantees that a cycle is finite is that it includes a
constraint whose violation requires facts that are not inserted in the EDB by
some repair in the same cycle. This implies that the cycle will not lead to an
infinite sequence of repairs, since there is necessarily a condition in the cycle
that will not be violated at some time. This is formalized in theorem 4.

Theorem 4. A cycle C = (ic1 r1 ... icn rn icn+1 = ic1) is a finite cycle if

n⋃

i=1

⎛

⎝
⋃

p(X̄)∈ri

p

⎞

⎠ ⊂
n⋃

i=1

⎛

⎝
⋃

q(Ȳ )∈V (ici)

q

⎞

⎠

Intuitively, since the union of repairs of the conditions in the cycle is a proper
subset of the union of potential violations, at least one potential violation of
a constraint icj in the cycle is an EDB predicate which is not updated during
maintenance of the rest of the constraints. Therefore, since the set of facts in the
sample EDB at the beginning of the process is finite, icj may always be violated
only a finite number of times.

An example is the following set of constraints, which define a cycle since the
repair of the first one is a potential violation of the second, and viceversa:

← p(X) ∧ q(X) ∧ ¬r(X)
← r(X) ∧ ¬aux(X)
aux(X) ← p(Y) ∧ Y �= X

In this example, the potential violation q(X) in the first condition is not added
by the repair of the second one. Thus, even when the first constraint is violated
because p(X) ∧ q(X) holds in the EDB for some X, the repairs of the second
condition may only lead to new violations of the first one a finite number of
times (one for each fact q(a) contained in the initial EDB when the process of
maintaining the previous constraints started).
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A cycle may be finite although it does not satisfy the previous condition.
Examples can be found such that all the facts that are potential violations are
created inside the cycle and, however, the cycle is not potentially infinite. An
example is the cycle (ic3 ic14 ), which does not satisfy the previous condition
but is finitely satisfiable. For instance, when a Participant(a,b,c) is added to the
EDB, ic3 requires the insertion of Forum(b) which, in turn, violates ic14. In
order to repair this violation, the facts Participant(a2,b,c2), HasInvited(a2,a3)
and Participant(a3,b,c3) may be inserted, but they will never violate ic3 again.

Definition 5. A variable x is free in a repair Ri(ic) if x ∈ variables(Ri(ic))
and x /∈ variables(V(ic)).

Theorem 6. A cycle C = (ic1 r1 ... icn rn icn+1 = ic1) is a finite cycle if
∀i, 1 ≤ i ≤ n, ∀p such that p(X1,...,Xm) ∈ ri and p(Y1,...,Ym) ∈ V (ici+1),
∀k, 1 ≤ k ≤ m, Xk is free in ri ⇒ Yk /∈ variables(ri+1).

Intuitively, free variables in a repair are the source of infinity since they propagate
the violations to new objects other than the ones that initially violated the
constraints in the cycle. The previous condition guarantees that the free variables
in the repair of the first constraint are not propagated by the repair of the
second constraint. Since such a condition is required for each two consecutive
constraints, it is guaranteed that the cycle will not loop forever since no new
objects will be infinitely introduced by the repairs.

Applying this condition to the cycle consisting of ic3 and ic14 we can conclude
that it is a finite cycle, since the objects added by ic14 (the free variables in its
repair) do not appear in the repair of ic3, which means that the new objects are
not propagated in the cycle.

There is another cycle in our example, defined by the constraints (ic14 ic5/ic6
ic3 ), that does not satisfy the previous condition. However, this cycle is not
infinite, since the free variables in ic14 are propagated by ic5/ic6 but not by
ic3, which means that the new objects do not cause a new violation of ic14.

We propose another theorem to identify this kind of cycles, which determines
whether all the constraints of a cycle are violated at most once.

Definition 7. Let C = (ic1 r1 ... icn rn icn+1=ic1) be a cycle in G, where each
ri corresponds to some repair Rj(ici). Let V(ici)={p1(X̄1),...,pm(X̄m)}. Then,
Facts(ic1) = (V (ic1) ∪ r1)θ1

Facts(ici) =
t⋃

k=1

riθk ∪ Facts(ici−1), i > 1

where θ1 is a substitution that bounds a distinct constant to each variable, each
θk = θj ∪ θ′j is one of the t possible substitutions such that Facts(ici−1) |=
(p1(X̄1)∧ ...∧pm(X̄m))θj and θ′j assigns a new constant to each variable X such
that X ∈ variables(ri) and X /∈ variables(V(ici)) if θj �= , otherwise θk = .

Theorem 8. C is a finite cycle if, for each possible starting ici, ∃k, 1 ≤ k ≤ n,
such that Facts(ick) = Facts(ick+1).
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Intuitively, for each i>1, the set Facts(ici) extends the set Facts(ici−1) by tak-
ing into account the repairs required to satisfy ici. Therefore, the condition
Facts(ick) = Facts(ick+1) guarantees that the constraint ick+1 is not violated
and, hence, the maintenance of the constraints in the cycle will not loop forever.

The previous results allow us to determine whether reasoning on a given con-
ceptual schema will always terminate. Note, however, that this set of theorems
is not complete due to the undecidability of this problem.

4 Reasoning on a Schema

Once we have determined that all the models of a conceptual schema are finite (as
it happens in our example), we can take advantage of the characterization of the
logic formulas obtained from our UML and OCL schemas to define a reasoning
procedure that works more efficiently than in the general case. Reasoning is
concerned with determining the correctness of a schema. Several reasoning tasks
have been considered in the literature, such as satisfiability (i.e. checking whether
the schema admits a non-empty state that satisfies all the constraints), liveliness
of a predicate (i.e. determining whether a certain class or association can have
at least one instance) or reachability of partially specified states (i.e. assessing
whether certain goals conceived by the designer may be satisfied). In general,
each reasoning task can be formulated in terms of a particular goal to attain.

A well-known approach to deal with this problem is to define methods whose
purpose is to construct a database state (i.e. an EDB) for which the tested
property holds. That is, a sample EDB where both the particular goal to attain
and all the integrity constraints in the schema are satisfied. In this way, these
methods can uniformly deal with all reasoning tasks.

In this section we propose a new reasoning procedure based on the previous
approach. We divide it in two different steps: goal satisfaction and integrity
maintenance. These steps are defined in sections 4.1 and 4.2, respectively.

4.1 Goal Satisfaction

Our method is aimed at building a sample EDB which proves that the schema
fulfills a specific property defined in terms of a certain goal G to attain. We
assume that G is a conjunction of (positive and negative) literals corresponding
to EDB predicates and built-in literals; which suffices to handle schema satisfi-
ability, predicate liveliness and reachability of partially specified states [8].

The first step of our method determines the EDB facts that are required
to satisfy G without taking into account whether they violate any integrity
constraint. Positive literals in G define facts that are necessarily required to
satisfy G while negative literals in G identify facts that the sample EDB under
construction must not contain. Built-in literals state conditions over the values
that the variables of positive and negative literals in G may take.

One of the most difficult tasks is the assignment of concrete values to the
variables appearing in G in order to construct the sample EDB. Each possible
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choice defines a different alternative that satisfies G, i.e. a different sample EDB.
We use Variable Instantiation Patterns (VIPs) [9] for this purpose. These VIPs
guarantee that the number of sample EDBs to be considered is kept finite, by
taking into account only those variable instantiations that are relevant for the
schema, without losing completeness. I.e. the VIPs guarantee that if a solution
is not found by instantiating the variables in the goal using only the constants
they provide, then no solution exists. VIPs are selected according to the syntactic
properties of the schema considered in each test:

1. The Simple VIP: for schemas without negation and integrity constraints.
2. The Negation VIP: for schemas with negation and/or integrity constraints.
3. The Dense Order VIP: for schemas with order comparisons over a dense

domain (e.g. real numbers).
4. The Discrete Order VIP: for schemas with order comparisons over a discrete

domain (e.g. integer numbers).

In our example, the appropriate VIP is the Negation VIP, since the schema has
negation and integrity constraints, but not order comparisons. With this VIP,
each variable of the fact to be included in the EDB is instantiated either with
a previously used constant or with a new one. For instance, assume that p(X)
must be instantiated and that the only constant used up this moment is 0. Then,
according to this VIP, the only relevant instantiations are p(0) and p(1).

Step 1: Goal Satisfaction. Formally, the set EDB of facts required to satisfy
G and the set UnwEDB of facts that EDB may never include to fulfill the tested
property are obtained as stated in definition 9. There is a different alternative
EDB for each possible substitution θ provided by the corresponding VIP.

Definition 9. Let G =← P1(X̄1) ∧...∧ Pn(X̄n) ∧¬Q1(Ȳ1) ∧...∧ ¬Qm(X̄m) ∧
B1 ∧ ... ∧ Bs, where Pi, Qj are base predicates and Bk are built-in literals.

Let θ be one of the possible ground substitutions obtained via an instantiation
of variables(G)and such that ∀i, 1 ≤ i ≤ s, Biθ evaluates to true. Then,

– The set of facts required to satisfy G is EDB ={P1θ,...,Pnθ}
– The set of facts unwanted to satisfy G is UnwEDB ={Q1θ,...,Qmθ}

As an example, assume that the designer wants to check the liveliness of the
association Moderates in the conceptual schema of Fig. 1. Moderates will be lively
if the goal G = ← Moderates(F,U) succeeds for some instantiation. Applying the
step 1 of our method we will obtain two different EDBs that satisfy G according
to the Negation VIP: EDB1 = Moderates(0,0) and EDB2 = Moderates(0,1).

4.2 Integrity Maintenance

Once we have determined the set of EDB facts that satisfies the goal G to attain,
the problem of reasoning on the schema may be reduced to that of integrity
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maintenance [10]. Note that, in fact, we already know that the property checked
will be satisfied if the EDB resulting from Step 1 does not violate any constraint
of the schema. If this is not the case, we must look for additional base facts (i.e.
repairs) that make the sample EDB being constructed fulfill all constraints.

Unfortunately, we may not rely on existing integrity maintenance methods
to perform this activity. On the one hand, some methods like [11,12] can only
handle restricted types of integrity constraints which do not cover the kind of
constraints we obtain as a result of the translation of the conceptual schema into
logic. On the other hand, most methods do not provide an appropriate treat-
ment to the existential variables that appear in the integrity constraint definition
[13,14,15,16]. The general approach of these methods when instantiating an exis-
tential variable is either asking for a value from the user at run-time or assigning
an arbitrarily chosen value of the corresponding data type. This is not suitable
when using integrity maintenance for reasoning since only a few of the possible
alternatives (just one in most cases) would be taken into account to repair a
violated constraint. Therefore, this approach does not guarantee the correctness
of the result since the impossibility to find a sample EDB would not necessarily
imply that the tested property does not hold.

To our knowledge, the most appropriate method to perform the kind of in-
tegrity maintenance we require is the CQC-Method [9]. However, and in addition
to the decidability drawbacks stated in section 1, the CQC-Method has impor-
tant efficiency limitations that make questionable its use in practical situations.

Thus, we need to build a new reasoning procedure, which can take advantage
both of the dependency graph and the characterization of the logic formulas
obtained from our schemas to work efficiently. Since the graph shows the in-
teractions between the constraints, it provides the order in which they should
be maintained. In principle, all constraints in the graph must be considered for
maintenance since all of them may be violated by the EDB obtained as a result
of Step 1. Vertices with no incoming arcs or whose incoming arcs have already
been maintained are selected with priority so that a constraint is not considered
until all the constraints that may violate it have already been maintained.

An integrity constraint ic must be repaired if its potential violations hold
in the sample EDB. Maintenance of ic results in the inclusion of its repairs in
the sample EDB being constructed. Note that ic may be violated by several
different instantiations of its potential violations. Each of them gives raise to
different repairs to be added in the EDB. If a constraint with an empty set of
repairs is violated, the sample EDB being constructed must be discarded since
it is impossible to make it satisfy such a constraint.

The process of integrity maintenance is formalized as follows. Note that we
also use the VIPs to assign concrete values to the existential variables that appear
in the repairs of a constraint. Backtracking must be performed each time that
the sample EDB under construction reaches a situation where the selected ic
can not be repaired. Such backtracking involves considering a different repair of
one of the constraints that has been maintained before ic.
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Fig. 3. A sample EDB that proves that Moderates is lively

Step 2: Integrity Maintenance. Let ic =← P1(X̄1) ∧ ... ∧ Pn(X̄n) ∧
¬Q1(Ȳ1) ∧ ... ∧ ¬Qm(X̄m) ∧ B1 ∧ ... ∧ Bs be the condition selected for
maintenance from the dependency graph, where Pi, Qj are base predicates and
Bk are built-in literals. Let EDBi be the set of required facts at that moment.
Let EvalV(ic) and EvalR(Ri(ic)) be the set of built-in literals that appear in the
body of ic and in the body of the rule from which Ri(ic) is obtained, respectively.
Then EDBi+1 is computed as follows:

if Ri(ic) =  and EDBi |= (P1(X̄1) ∧ ... ∧ Pn(X̄n) ∧ B1 ∧ ... ∧ Bs)θj

then error(ic cannot be repaired)

else EDBi+1 =
t⋃

k=1

Ri(ic)θk ∪ EDBi

if ∃Qi ∈ UnwEDB such that Qi ∈ EDBi+1
then error(ic cannot be repaired)

where each θk = θj ∪ θ′j is a substitution such that EDBi |= (V (ic) ∧
EvalV (ic))θj and θ′j is one of the possible substitutions obtained from an in-
stantiation of all the variables in variables(Ri(ic)) \ variables(V (ic)) such that
EvalR(Ri(ic))θ′j evaluates to true, if θj �= , otherwise θk = .

Figure 3 shows an execution of the integrity maintenance step of our method
for one of the EDBs obtained in Step 1. Each row in the figure shows the in-
tegrity constraint being maintained (as selected through the order defined by
the dependency graph) and the additions to the EDB required to repair the con-
straint, if any. A row contains several constraints when none of them is violated



Decidable Reasoning in UML Schemas with Constraints 293

by the EDB under construction. As a result of the execution, our method obtains
a sample EDB which confirms that the association Moderates is lively.

The constraint ic1 is selected first since it is the only vertex with no incoming
arcs in the graph. It is violated since V(ic1 )=Moderates(F,U) holds in the EDB
with substitution θj ={F/0, U/0}. Then, since R(ic1 )=Forum(F), the repair
Forum(0) is added to the sample EDB to ensure that it does not violate ic1.

The next constraint to be selected is ic10 since all its predecessors have al-
ready been maintained. Similarly, it is violated since V(ic10 )=Forum(F) holds
in the EDB with substitution θj ={F/0}. Since R(ic10) = Participant(P,F,U),
Participant(0,0,1) is added to the sample EDB since we assume that the substi-
tution obtained is θ′j ={P/0, U/1}.

The method proceeds then with ic14 which requires considering two addi-
tional repairs whose concrete values have also been obtained via the application
of a VIP. The rest of the constraints are either not violated or require repairs
which are obtained in the same way than the repairs of ic1.

At the end, the method succeeds and it obtains the sample EDB = {Fo-
rum(0), User(0), User(1), User(2), Participant(0,0,1), Participant(1,0,2), Has-
Invited(0,1), Moderates(0,0)}. Note that seven additional facts have been added
to the EDB to ensure that it does not violate any integrity constraint.

We do not show in this figure the unsuccessful repairs that may have hap-
pened during the execution. For instance, when determining repairs for ic10,
Participant(0,0,0) could have been considered. However, this alternative does
not lead to a valid solution since it violates ic12, which can not be repaired.

5 Related Work

In this section we review how reasoning on conceptual schemas has been ad-
dressed in the literature. As will be seen, the main contribution of our approach
is to deal with more expressive conceptual schemas than previous methods.

The problem of determining the satisfiability of a schema has been widely
studied in ER schemas, mostly regarding strong satisfiability of cardinality con-
straints. This notion was introduced in [5], where the problem was reduced to
solving a linear inequality system. In [17] the problem is solved by means of a
graph theoretic approach, which was extended in [3] to deal with a generaliza-
tion of the concept of cardinality. In [4], satisfiability is checked by building a
minimal sample database satisfying a set of global cardinality constraints.

More expressive schemas are considered in [6,7], where the finite satisfiability
of object-oriented database schemas is determined. The schemas can be anno-
tated only with specific textual constraints to restrict the value of an attribute
by comparing it to another value.

The Alloy language and analyzer [18] provide interesting reasoning capabilities
for more expressive schemas by searching for examples of the tested properties.
However, since the search space must be limited by the user, failure to find an
example does not necessarily mean that one does not exist.

The problem of checking satisfiability has also been addressed for UML concep-
tual schemas. Restricted UML schemas are analyzed in [19], detecting conflicts



294 A. Queralt and E. Teniente

regarding disjointness and covering constraints in hierarchies, and inconsistencies
in the redefinition of inherited cardinality constraints.

A different approach to reason on UML schemas is to translate them into
Description Logics (DL) and perform several reasoning tasks using a DL-based
system. This allows not only checking the satisfiability of the complete schema
but also determining other properties such as class consistency, class equivalence
or class subsumption [1], or checking whether a class is forced to have either
zero or infinite objects [2]. However, OCL constraints, as well as other UML
constructs such as association classes or n-ary associations, are disallowed in
order to guarantee decidability.

An alternative approach is not to restrict the expressiveness of the schema
and consider general constraints, but then reasoning becomes semidecidable.
This direction has been followed in [8], where several reasoning tasks on a UML
schema with textual OCL constraints are performed using the CQC-Method as
a reasoning engine. In addition to the decidability drawback of this approach,
and as far as efficiency is concerned, the reasoning procedure proposed in this
paper represents an important improvement regarding the number of integrity
constraints that are considered for maintenance.

6 Conclusions

We have proposed an approach to reason on UML schemas with OCL con-
straints. Our approach can deal with almost all the operators that can be used
to define an OCL expression (all the boolean operators defined in the OCL stan-
dard, as well as select and size, that return a collection and an integer). Ex-
ceptions are those expressions resulting from recursively combining includes,
includesAll, notEmpty, exists and one. Then, given a conceptual schema
of this kind, our method allows determining whether it satisfies certain desir-
able properties such as schema satisfiability, predicate liveliness or reachability
of partially specified states.

Our approach consists of two different tasks, which are the main contributions
of our work. First, we analyze whether the schema is such that any reasoning task
performed on it will terminate. This is achieved by means of the construction
of the dependency graph of constraints and the definition of a set of conditions
over this graph that ensure that the schema does not have any infinite model,
which are the reason for undecidability.

Second, we define a procedure that allows to efficiently check whether a certain
property holds by constructing a sample EDB in which the property is satisfied.
Moreover, the impossibility of finding any solution implies that the property does
not hold. This procedure is decomposed in two different steps: satisfying the goal
that defines the tested property and maintaining all the integrity constraints of
the schema to ensure that the sample EDB built is consistent.

As further work, we plan to implement the approach defined in this paper
and apply it to practical situations. We would also like to extend our results to
minimize the restrictions on the OCL expressions we can deal with.
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