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/I File: Transaction.java

import java.util.Set;

public abstract class Transaction {
/*@ spec_public @*/ protected Set<Account> accounts;
//@ public invariant accounts.size() > 0;

/I the rest of definition

}

/I File: CheckPostingTransaction.java
public class CheckPostingTransaction extends Transaction {
[*@ public invariant accounts.size() == 1 &&
@ (\forall a: Account; accounts.contains(a);
@ ainstanceof CheckingAccount); @*/

/*@ public invariant (\forall a: Account; accounts.contains(a);
@ a.getBalance() >= amount); @*/

1/ the rest of definitions

}

Figure 3. Java implementation with JML annotations

What is wrong with the above translation and resulting
assertions? Although at first it looks fine for this particular
example, there are several potential problems with such a
translation using program variables (i.e., the accounts
field) in assertions and adding annotations directly to
source code. The main problem is that it may not be always
possible to find an appropriate, direct mapping between
OCL models and Java representations; e.g., what if the
accounts aggregation is implemented as an array? There
may be no corresponding Java vocabulary for the OCL
terms used in the constraints. In general, OCL constraints
have to be recast into the vocabulary defined by a particular
choice of representations, e.g., sets, lists, or arrays. The
translation is not only hard but also results in assertions
with structures different from those of the OCL constraints.
Such assertions tend to be lengthy, hard to read and
understand, and difficult to be traced back to the original
OCL constraints. The translation itself is less amenable to
automation.

Worst of all, the translation doesn’t accommodate
evolution or maintenance of both OCL constraints and Java
programs. For example, what happens if the representation
becomes changed, e.g., from sets to arrays? The whole JIML
assertions might have to be rewritten in terms of the
vocabulary given by the new representation, i.e., arrays.
Similarly, it is also difficult to propagate changes of OCL
constraints to the corresponding JML assertions embedded
in the source code. Embedding JML assertions directly into
the source code also aggravates the problem because it
hinders automated tool support for change propagations in
both directions.

4 Our Approach

The key idea of our approach is to introduce a new JML
library that implements the standard OCL library such as
collection types and to store the translated assertions in
JML specification files, separately from Java source code

files (see Figure 4). The introduction of OCL-like library
classes to JML enables us to map OCL constraints to JML
assertions in a one-to-one fashion by preserving the original
structures and using almost the same vocabulary. The
specific technique is to write JML assertions not in terms of
Java program states, i.e., program variables, but in terms of
their abstractions using the library classes. In JML, this
abstraction is called a model variable [5]. A model variable
is different from a Java program variable in two aspects.
First, it is a specification-only variable meaning that it can
be referred to only in assertions, but not in program code.
Second, its value is not directly manipulated using
assignment statements but is given implicitly as a mapping
from a program state, called an abstraction function (see
Section 4.1 below for an example). In summary, for a
UML modeling element such as an aggregation, we
introduce a JML model variable of an appropriate type and
translate OCL constraints written in terms of the UML
element into JML assertions written in terms of the
corresponding model variable. In the following subsection,
we will illustrate our approach in detail by using our
running example.
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Figure 4. Approach to translating OCL into JML*

4.1 Illustration

Let us apply our approach to the transaction classes that we
have been playing with. Remember that the abstract class
Transaction has an aggregation named accounts,
representing the set of accounts involved in a transaction
(see Figure 1), and both of the OCL constraints are written
in terms of this aggregation. As shown in Figure 5 below,
we introduce a JML model variable for this aggregation.
The model variable has the same name as that of the
aggregation and is of type OclSet. The OclSet class is from
our new JML library and implements OCL’s set. The rest
of the specifications are identical to the previous one except
for renaming of the method to follow the OCL’s naming
convention.

! We expect that a significant portion of the translation can be automated,
and we have a plan for developing such an automated translation tool.



/I File: Transaction.jml

model import ocljml.OclSet;

public abstract class Transaction {
spec_public protected int amount;
public model OclSet<Account> accounts;
public invariant accounts.size() > 0;

}

/I File: CheckPostingTransaction.jml
public class CheckPostingTransaction extends Transaction {
public invariant accounts.size() == 1
(\forall a: Account; accounts.includes(a);
a instanceof CheckingAccount);
public invariant (\forall a: Account; accounts.includes(a);
a.getBalance() >= amount);

Figure 5. JML specifications from OCL constraints

How is the value of a model variable such as accounts
defined? In other words, how can the assertions written in
terms of a model variable can be checked at runtime? For a
model variable to be executable, it should be provided with
a so-called abstraction function that specifies its value as a
mapping from a program state, i.e., program variables [5].
For example, the abstraction function for the model
variable accounts can be specified in the source code of
class Transaction as follows.

/I File: Transaction.java
//@ refines “Transaction.jml™;
public abstract class Transaction {
protected int amount;
private Account[] accountsRep; /@ in accounts;
//@ private represents accounts <- OclSet.convertFrom(accountsRep);

}

The refines statement states that this file refines the given
JML specification file, thus inheriting all its assertions such
as class invariants and method specifications. The abstract
function is specified using the represents clause. It maps
the array representation (accountsRep) to a set abstraction
(accounts). The static method convertFrom creates an
OclSet object from an array. The in clause specifies a so-
called data group [10] and states that any method that can
modify the model variable accounts can also modify the
program variable accountsRep. In addition to the
abstraction function, additional implementation invariants
(e.g., no duplicates) can also be specified in terms of the
representation variables.

How does our approach solve the problems associated
with translating OCL constraints into JML by referring to
program variables? Note that even if the accounts
aggregation is represented as an array, in JML assertions it
is still viewed and manipulated as a set as in OCL
constraints. Our approach thus clearly alleviates the
problems of readability, understandability, traceability, and
translation automation, as OCL constraints are one-to-one
mapped to JML assertions preserving the structures and
also using almost the same vocabulary. Let’s next consider

the problem of evolution and maintenance. Let’s first
consider a change to the implementation, say the
representation from an array to a tree. This change is
localized, as all we need to do is to rewrite the represents
clause to define a new abstraction function for the tree. The
rest of the specification, in particular, assertions translated
from OCL constraints remain the same, as they were
written in terms of the model variables. How about changes
to OCL constraints? They also have a minimal impact and
are localized in that we only need to rewrite the
corresponding assertions in the specification files or, with
automated translation, regenerate the whole specification
files; i.e., there is no or little need to change the source code
files.

4.2 JML Library for OCL Collection Types

We implemented in Java all collection types defined in
the OCL standard library. Our classes are organized into a
class hierarchy with an abstract class OclCollection at the
root; other collection classes include  OclSet,
OclOrderedSet, OclBag, and OclSequence. Since our
intention is to use them as JML model classes, all of them
immutable; i.e., there is no method that can change the
values of these classes. For each collection class, we
implemented all the operations defined by OCL except for
operations such as forAll (see below). In addition, we
defined a set of conversion methods such as convertFrom
to convert Java arrays and collections to our
implementation of OCL collection types.

In OCL, there are a number of collection operations
called iterators that take OCL expressions as parameters
and work on all elements of a collection. Operations such
as select, reject, collect, forAll, and exists fall in this
category. Because Java doesn’t support this kind of
(higher-order) methods, no such methods are defined in our
implementation. Instead, they are translated indirectly into
JML expressions; e.g., operations such as forAll and exists
are translated into JML quantifiers as done in our example.

5 Evaluation

Our implementation of OCL library classes as described
in Section 4.2 has several limitations and notable features.
First, as the current version of JML doesn’t support
generics introduced in Java 1.5 [2] (refer to the JML
website at http://www.jmlspecs.org), all the collection
classes are implemented as so-called raw types. This works
well for all the classes and methods except for the sum
method of the Collection type. The sum method returns
the sum of all the elements contained in the collection. The
OCL standard states that each element of the collection
must be of a type supporting the binary addition (+)
operation and the return type must be the element type
given as a type parameter [13]. This causes a trouble in our
raw type implementation, OclCollection, as no type
parameter is available denoting the element type. We can’t
specify the exact return type and we can’t make any



assumptions about the elements. Our solution is to specify
the most general type, i.e., Object, as the return type and
check each element’s runtime type for the addition
compatibility. Depending on the types of elements, the sum
is returned as either a Long or Double object; if at least
one element is not addition-compatible, then an
IllegalStateException is thrown.

Second, as mentioned in Section 4.2, OCL defines a set
of iterator operations such as select, reject, collect, forAll,
and exists that take an OCL expression as a parameter.
Because Java doesn’t yet support this kind of (higher-order)
methods, no such methods are defined in our
implementation. We believe that this problem can be solved
when Java 1.7 supports a form of closure called a code
block [6]. We also proposed to the JML developers to
introduce a limited form of OCL-like iterators such as
select, collect, and reject which, if adopted, will make the
translations of these iterators more direct and natural.

Third, some of OCL collection types such as Set and
Sequence define an equals method, and the method is
overloaded in that it takes an argument of the same type. In
our implementation, however, we followed the Java
convention and overloaded the equals method; i.e., its
argument type is the class Object, thus overriding the one
inherited from the Object class.

Last, in addition to the methods defined in OCL, our
implementation adds several new methods such as
convertFrom to enable conversion from Java arrays and
collections to OCL collections (see Section 4.1).

We noticed several deficiencies in OCL specifications of
some of collection operations. For example, operations
such as first and last of types Sequence and OrderedSet
are partial in that they are defined only when the sequence
or ordered set is not empty. However, a precondition
asserting this fact, e.g., self->nonEmpty(), is missing from
the standard [13]. The append, preprend, insertAt, and
subOrderedSet of type OrderedSet also have missing
preconditions, and the at method of types Sequence and
OrderedSet have missing postconditions.

We are currently evaluating our approach through case
studies. Our plan is to perform both quantitative and
qualitative measurements to evaluate the effectiveness and
efficiency of our approach. In particular, we are interested
in knowing the percentage of OCL constraints that we can
translate with our approach and the quality of the translated
JML assertions. We will also measure the runtime
efficiency of the translated assertions that use our new JML
library classes. The secondary goal of our evaluation is to
gain more insights on our approach, especially its support
for and limitations on automation, prior to a full-blown
development of an automated OCL-to-JML translation tool.

6 Conclusion

We proposed an approach to translating OCL constraints
to JML assertions so that violations of design constraints
can be detected at runtime. The key components of our

approach are (1) new JML library classes implementing
OCL collection types, (2) specification-only variables,
called model variables, and (3) separation of specifications
from source code. Although we are still evaluating our
approach, we believe that our library-based approach will
enhance the quality of the translated assertions,
accommodate constraint and implementation changes rather
than avoiding them, and support translation. Our approach
will assist in coping with the plaguing problem of design-
implementation inconsistencies, through runtime assurance.
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