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Abstract
Maude is an executable rewriting logic language specially well suited for the specification of
object-oriented open and distributed systems. In this paper we explore the possibility of using
Maude as a formal notation for writing and reasoning about RM-ODP information specifications.
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Introduction

Distributed systems are inherently complex, and their complete specifications are so extensive that
fully comprehending all their aspects is a difficult task. To deal with this complexity, system specifications are usually decomposed through a process of separation of concerns to produce a set of
complementary specifications, each one dealing with a specific aspect of the system. Specification
decomposition is a well-known concept that can be found in many architectures for distributed
systems. In particular, the Reference Model of Open Distributed Processing (RM-ODP) framework [12] provides five generic and complementary viewpoints on the system and its environment:
enterprise, information, computational, engineering and technology viewpoints. They enable different participants to observe a system from a suitable perspective, and at a suitable level of
abstraction [14].
The viewpoints are sufficiently independent to simplify reasoning about the complete specification. The architecture defined by RM-ODP tries to ensure the mutual consistency among the
viewpoints, and the use of a common object model provides the glue that binds them all together.
The use of the object paradigm provides abstraction and encapsulation, two important properties
for the specification and design of complex systems.
Although the ODP reference model provides abstract languages for the relevant concepts, it
does not prescribe particular techniques to be used in the individual viewpoints. The viewpoint
languages defined in the reference model are abstract languages in the sense that they define what
concepts should be supported, not how they should be represented. In any case, certain need to
develop appropriate notations for ODP specifications has been identified by different authors [1,
4, 14, 18, 12] in order to increase the applicability of the ODP framework. For example, formal
description techniques (FDTs) such as LOTOS or SDL have been proposed for the computational
viewpoint [12], and Object-Z for the information and enterprise viewpoints [20].
The information viewpoint is concerned with information modeling. An information specification defines the semantics of information and the semantics of information processing in an ODP
system, without having to worry about other system considerations, such as particular details of
its implementation, or the technology used to implement the system. This viewpoint distinguishes
between instantaneous views of information (static schemas), statements of information which is
necessarily unchanged by the system (invariant schemas), and the description of information reflecting the behavior and evolution of the system (dynamic schemas).
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Z and Object-Z have been traditionally considered as highly appropriate notations for information modeling. Static, dynamic and invariant schemas can be directly mirrored into Z and Object-Z
specifications. Moreover, Object-Z provides a good basis for relating specifications in other viewpoints and languages [3]. On a different arena, UML or Fusion [6] are also well suited for ODP
information modeling. Although they are not really formal, they have been used because of their
appealing graphical syntax and because they are part of fully integrated development methodologies
(see, e.g., [19, 2, 13]).
In this paper we would like to explore another alternative for specifying the information viewpoint. We propose Maude, an executable rewriting logic language specially well suited for the
specification of object-oriented open and distributed systems [17]. Maude has also been used
for modeling the ODP enterprise viewpoint, and our main contribution in this paper is to show
how Maude, and in particular rewriting logic and its underlying membership equational logic [16],
provides the expressiveness required for modeling the information viewpoint in a clean and clear
manner.
The structure of this document is as follows. First, Sections 2 and 3 serve as a brief introduction
to the ODP information viewpoint and Maude, respectively. Then, Section 4 presents our proposal,
describing how to write information specifications in Maude. Section 5 is dedicated to a small case
study that illustrates our approach, which is compared to other similar proposals in Section 6.
Finally, Section 7 draws some conclusions and describes some future research activities.
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The Information Viewpoint

The information viewpoint is concerned with information modeling. It focuses on the semantics of
information and information processing. By factoring an information model out of the individual
system components, it provides a common view which can be referred to by the specifications of
information sources and sinks and the information flows between them.
In general, the information language helps answer the questions “what kind of information is
managed by the system?” and “what constraints and criteria need to be applied to access the
information?”.
In the ODP Reference Model [12], prescription in the information viewpoint is restricted to a
small basic set of concepts and structuring rules. The three basic concepts are the following:
• Invariant schema: A set of predicates on one or more information objects which must
always be true. The predicates constrain the possible states and state changes of the objects
to which they apply.
• Static schema: A specification of the state of one or more information objects, at some
point in time, subject to the constraints of any invariant schemata.
• Dynamic schema: A specification of the allowable state changes of one or more information
objects, subject to the constraints of any invariant schemata.
An information specification defines the semantics of information and the semantics of information processing in an ODP system in terms of a configuration of information objects, the behavior
of those objects, and environment contracts for the objects in the system.
• An information object template references static, invariant and dynamic schemata. The relationships between information objects can be modeled as part of the state of those information
objects.
• Information objects are either atomic or are represented as a composition of component
information objects. When an information object is a composite object, the schemas are
composed as well.
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• Allowable state changes specified by a dynamic schema can include the creation of new information objects and the deletion of information objects involved in the dynamic schema.
Allowable state changes can be subject to ordering and temporal constraints.
• Finally, the configuration of information objects is independent from distribution, i.e., there
is no sense or focus on distribution is this viewpoint. Likewise, information object interfaces
cannot themselves be reference points; there is no commitment to the interfaces appearing in
an implementation.
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Rewriting Logic and Maude

Maude [17] is a high-level language and a high-performance interpreter and compiler that supports
equational and rewriting logic specification and programming of systems. Rewriting logic is parameterized by its underlying equational logic, which can be unsorted, many-sorted, order-sorted,
or membership equational logic. The underlying equational logic chosen for Maude is membership
equational logic [16]. Thus, Maude integrates an equational style of functional programming with
rewriting logic computation. Rewriting logic is a logic of change that can naturally deal with state
and with highly nondeterministic concurrent computations. In particular, it supports very well
concurrent object-oriented computation [17].
Rewriting logic [15] is a logic in which the state space of a distributed system is specified as
an algebraic data type in terms of an equational specification (Σ, E ), where Σ is a signature of
sorts (types) and operations, and E is a set of (conditional) equational axioms. The dynamics of
a system in rewriting logic is then specified by rewrite rules of the form t → t 0 , where t and t 0 are
Σ-terms. These rules describe the local, concurrent transitions possible in the system, i.e., when a
part of the system state fits the pattern t then it can change to a new local state fitting pattern t 0 .
The guards of conditional rules act as blocking pre-conditions, in the sense that a conditional rule
can only be fired if the condition is satisfied.
In Maude, object-oriented systems are specified by object-oriented modules in which classes
and subclasses are declared. Each class is declared with the syntax “class C | a1 : S1 , ..., an : Sn ”,
where C is the name of the class, ai are attribute identifiers, and Si are the corresponding sorts
of the attributes. Objects of a class C are then record-like structures of the form < O : C | a1 :
v1 , ..., an : vn >, where O is the name of the object, and the vi are the current values of its attributes.
Objects can interact in a number of different ways, including message passing.
In a concurrent object-oriented system the concurrent state, which is called a configuration, has
the structure of a multiset made up of objects and messages that evolves by concurrent rewriting using rules that describe the effects of the communication events between some objects and
messages. The general form of such rewrite rules is
crl [r ] : M1 . . . Mm
< O1 : C1 | atts1 > ... < On : Cn | attsn >
=> < Oi1 : Ci01 | attsi01 > ... < Oik : Ci0k | attsi0k >
< Q1 : C100 | atts100 > ... < Qp : Cp00 | attsp00 >
M10 . . . Mq0
if Cond .
where r is the rule label, M1 . . . Mm and M10 . . . Mq0 are messages, O1 . . . On and Q1 . . . Qp are
object identifiers, C1 . . . Cn , Ci01 . . . Ci0k and C100 . . . Cp00 are classes, i1 , . . . , ik is a subset of 1 . . . n,
and Cond is a boolean condition (the rule ‘guard’). The result of applying such a rule is that: (a)
messages M1 . . . Mm disappear, i.e., they are consumed; (b) the state, and possibly the classes of
objects Oi1 , . . . , Oik may change; (c) all the other objects Oj vanish; (d ) new objects Q1 , . . . , Qp
are created; and (e) new messages M10 . . . Mq0 are created, i.e., they are sent.
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When several objects or messages appear in the left-hand side of a rule, they need to synchronize
in order for such a rule to be fired. Thus, such rules are called synchronous, while rules involving
just one object and one message in their left-hand side are called asynchronous rules.
Class inheritance is directly supported by Maude’s order-sorted type structure. A subclass
declaration C < C’ is a particular case of a subsort declaration C < C’, by which all attributes,
messages, and rules of the superclasses, as well as the newly defined attributes, messages and rules
of the subclass characterize its structure and behavior. Multiple inheritance is supported [17].
On the other hand, membership equational logic is a Horn logic whose atomic sentences are
equalities t = t 0 and membership assertions of the form t : S , stating that a term t has sort S .
Such a logic extends order-sorted equational logic, and supports sorts, subsort relations, subsort
polymorphic overloading of operators, and definition of partial functions with equationally defined
domains. Conditional membership equations are written as “t:S if P ”, stating that a given term
t has a sort S if a certain boolean condition P holds.
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Writing Information Specifications in Maude

In general, ODP systems are modeled in terms of objects. An object is a representation of an entity
in the real world; it contains information and offers services. A system is therefore composed of
interacting objects.
In the case of the information viewpoint we talk about information objects, which model the
entities defined in an information specification. Information objects are abstractions of entities
that occur in the real world, in the ODP system, or in other viewpoints [12]. Basic information
elements are represented by atomic information objects. More complex information is represented as
composite information objects expressing relationships over a set of constituent information objects.
An ODP system can be represented in terms of information objects and their relationships.
An information specification is composed of specifications of the elements previously defined in
Section 2. That is, it consists of the specification of
(a) a configuration of information objects,
(b) the behavior of those objects, and
(c) environment contracts for the objects in the system.
In RM-ODP, the environment of an object is the part of the model which is not part of that
object. The environment contract is an agreement between an object and its environment. It states
two-way expectations and constraints by one on the other. It may well include expectations of the
objects in the system from their environments, such as quality of service statements, availability of
resources, etc.
Once we have identified all those entities, we are ready to model the system. For that, we
propose Maude, using the following modeling approach.
Information objects are modeled by Maude objects. In Maude, each object belongs to a class,
which is defined by a set of attributes (of certain sorts), the specification of the signature of the
operations accepted by the object, and a set of rules that define the behavior and allowable state
changes of the object. Thus, roles that objects play in the information specification are modeled
by Maude classes, whose members are the objects exhibiting a behavior compatible with the ones
identified by each role. The name of the class modeling a role is the same as the role name, and
the class attributes describe the properties that characterize the objects fulfilling that role. A role
A that specializes other role B is modeled by class A inheriting from class B.
Each relationship among roles is modeled by a class with the name of the relationship as its
name, and whose attributes are the identifiers of the participants plus the relationship’s attributes.
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Communities are compositions of information objects, and therefore are naturally modeled
by Maude’s configurations, which are multisets of objects and messages.
Although there is no notation for invariant schemas in Maude, there are several ways of
modeling them. Basically, an invariant is a predicate that a specification always requires to be true,
and that may restrict the possible behaviors given in such a specification. One way of modeling
them is by using Maude’s membership equational logic [16]. Thus, if we want to express that
a given predicate P is an invariant over a configuration of information objects, we may specify
a subsort CorrectConfig of Configuration, such that only those configurations represented by
terms of sort Configuration satisfying P are in CorrectConfig.
op P : Configuration -> Bool .
subsort CorrectConfig < Configuration .
var C : Configuration .
cmb C : CorrectConfig if P(C) .

These declarations make the invariants always true: a term of sort Configuration is in
CorrectConfig if and only if it satisfies the invariant predicate. However, it does not constrain the
possible states and state changes of the objects to which rules apply. To get this, we need to make
sure that the configurations on which the rules apply satisfy the invariant, that is, that are of the
right type. For example,
crl [r] : C => C’ if C : CorrectConfig .

Note that this approach is completely systematic and therefore may be automated easily, although doing it by hand we have a much greater flexibility. For example, we may have a much
more complex sort structure, and different membership axioms or conditions on the rules.
Static schemas will be directly mirrored to Maude object specifications. A static schema
was defined as the “specification of the state of one or more information objects, at some point in
time, subject to the constraints of any invariant schemata” [12]. This specification of the state of
the objects is precisely the one provided by the Maude specifications of these objects, while the
guaranty that the invariant constraints are fulfilled is provided by the corresponding membership
axioms.
Environment contracts have usually been modeled by observer objects, responsible for observing and arbitrating the collective behavior of configurations of objects, notifying faulty objects
or violating behavior [10]. This is due to the fact that it is difficult to impose obligations on actions
that are due to external agents of the system (e.g., a video server which does not provide the agreed
quality or performance). In Maude, environment contracts admit a more homogeneous treatment,
modeling them as normal rules that monitor the conditions of the contract, and detect possible
violations of such conditions. Those ‘watchdog’ rules will react to these violations and determine
the appropriate corrective (penalty or incentive) actions.
Once the system specifications are written using this modeling approach, what we get is a
rewrite logic specification of the system, which can be executed in Maude, thus simulating its
behavior. This means that, in addition to being able to formally reason about such a system, we
will have a running prototype of it. Maude implements a default top-down rule-fair strategy for the
execution of rewrite systems, although it also provides the possibility of defining our own strategies
for controlling the execution, which will allow us to carry out simulations, model checking, and
other dynamic analysis of the system [17].

5

A Case Study

In order to illustrate our proposal we will specify in Maude a simple example, an extended version of
one used by different authors to illustrate the use of Object-Z [20] and Maude [7] for the specification
of the enterprise viewpoint.
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The example is based on a library, the Templeman Library at the University of Kent at Canterbury, but in this occasion we will concentrate on its information specification. For space reasons
we do not include all the details required in a real library, just some of them: all academic staff,
and postgraduate and undergraduate students of the university have borrowing rights; there are
prescribed periods of loan and limits on the number of items allowed on loan to a borrower at any
given time—for example, undergraduates may borrow 8 books, for four weeks, and may not borrow
periodicals; borrowers who fail to return an item when it is due will become liable to a charge at
the rates prescribed until the book or periodical is returned to the library; failure to pay charges
may result in suspension by the librarian of borrowing facilities.

5.1

Informal Specification

We will start by an informal specification, and then illustrate how it can be formalized in Maude.
From the text above we can identify four main roles, namely borrowers, library items, calendars and librarians. There are three special kinds of borrowers (academic staff, undergrats,
and postgrats), and two kinds of items (books and periodicals). A library community can be seen
as composed by a calendar, one or more librarians, items, and borrowers. Borrowers may loan
items, which may be represented as a Loan class. Figure 1 shows a UML class diagram with the
structure of the information specification of the library, in terms of the roles that the information
objects may play in the community. Note that, in this case, each information object fulfills only
one role, although we might consider, for example, academics or students acting as librarians just
by introducing some additional inheritance relations. The use of the UML class diagrams for the
description of the structure of the communities has been proposed by different authors, e.g. [13, 20].
<<Community>>
Library

<<role>>

+Address
+Institution
+loanPeriods
+maxLoans
+suspendedUsers

1

Calendar

Librarian

+date

<<role>>

1

Academic
+dept
+faculty

<<role>>
Postgrat
+dept
+tutor

<<relation>>

<<role>>

1

Loan

+address
+borrowedItems
+fines
+name
+status

<<role>>

+borrow( it : Item )
+payCharges( amount )
+return( it : Item )

*

*

Borrower

<<role>>

1..*

Item

+dueDate
+initialDate

+location
+status
+title

<<role>>
Undergrat

<<role>>

<<role>>

Book

Periodical

+author
+ISBN
+year

+tutor
+faculty

+date
+ISSN
+number

Figure 1: Structure of the library community.
The attributes and operations of each class define the information to be captured by this
information specification. Apart from the obvious attributes (title, author, and ISBN of books;
or name and address of borrowers), other attributes need some explanation:
• The prescribed loan periods and limits on the number of items allowed on loan to a borrower
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at one given time are given, respectively, by attributes maxLoans and loanPeriods of the
class Library.
• Borrowers who fail to return an item when it is due may be fined until the book or periodical
is returned to the library. The amount of their current fines, together with the number of
borrowed items, is kept, respectively, in the attributes fines and borrowedItems of class
Borrower.
• Borrowers may be suspended by the librarian if they do not pay their fines. This information
is stored by attributes status of class Borrower and suspendedUsers of class Library. Of
course, the values of these attributes should be kept consistent in the system. This constraint
will be considered as an invariant in Section 5.3.
• The attribute status of class Item defines the status of an item, with possible values “on
loan”, “free”, or “disposed”, if the book has been destroyed or thrown away. Attribute
location of class Item describes the location of the corresponding item when it is in the
library.
• Finally, we have defined operations borrow, return and payCharges in the Library objects
to illustrate how operations are modeled in our approach.
The way the library works (from the perspective of the information viewpoint) needs to be
defined in terms of how the information is processed. Invariant, static and dynamic schemas are
the mechanisms defined for that purpose.
Again, for space reasons we are not concerned in this paper about providing the complete set
of schemas that define the behavior of the library, but on selecting a representative collection of
schemas that illustrate the use of Maude to model them.

5.2

Static Schemas: Modeling the System Structure with Maude

The strong correspondence between the UML model classes and the Maude classes allows an easy
translation between both models. This process is important, since it allows the stakeholders of
the system to use a more user-friendly graphical notation like UML’s class diagrams to express the
system’s structure first, and then translate it into Maude classes. Special care should be taken here,
since the semantics of UML is often weak and imprecise, as opposed to the semantics of Maude. An
automatic translation of UML class diagrams into Maude, inside a more ambitious project trying
to give semantics to UML, has been proposed in [21].
In our example, the borrower role is modeled by the Borrower class.
sort BorrowerStatus .
ops suspended released : -> BorrowerStatus .
class Borrower | address : String, borrowedItems : Nat, fines : Money,
status: BorrowerStatus, name : String .

Please note how we make use of Maude facilities for defining abstract data types, in this case
an enumerated type that represent the status of a borrower, which has two values: suspended and
released. The subclasses of Borrower are naturally defined by inheritance:
class Academic | dept : String, faculty : String .
class Postgrat | dept : String, tutor : String .
class Undergrat | tutor : String, faculty : String .
subclasses Academic Undergrat Postgrat < Borrower .

Class Item and its subclasses are defined in a similar way.
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sort ItemStatus .
ops on-loan free disposed : -> ItemStatus .
class Item | location : String, status: ItemStatus, title : String .

The subclasses of Item are naturally defined by inheritance:
class Book | author : String, ISBN : String, year : Nat .
class Periodical | date : Date, ISSN : String, number : Nat .
subclasses Book Periodical < Item .

A library role is modeled by a class containing the information concerning the institution to
which the library belongs, its address, and the deadlines and number of items that a borrower is
allowed to borrow simultaneously.
class Library | institution : String, address : String,
loanPeriod : PFun(Tuple(Cid, Cid), Nat),
maxLoans : PFun(Cid, Nat), suspendedUsers : Set(Oid) .

Partial functions are used for specifying the loanPeriod and maxLoans attributes. They associate
the appropriate values to each of the different actors involved, with an operator _[_] which takes
a partial function and a domain element and returns its image, or a default value if it has no
associated image1 . Thus, class Library has an attribute maxLoans, of sort PFun(Cid, Nat), that
returns the maximum number of items allowed to borrow for a given class name (e.g., 24 for an
academic, etc.). This function is not defined for a class name other than Academic, Undergrat,
and Postgrat. Similarly, there is a loanPeriod attribute such that, given the names of a borrower
class and an item class, it gives back the number of days that a borrower is allowed to hold an item
(e.g., 7 days for an academic to have a periodical, etc.). Library objects also have an attribute
suspendedUsers, which is a set with the identifiers of the borrower objects who are suspended.
Note that such a specification will allow us, for instance, to easily ‘compose’ communities
with different particular details (e.g., the borrowing limits may change from a library to another),
allowing them to easily co-exist. Also notice the use of the predefined sorts Oid and Cid for object
identifiers and class identifiers, respectively.
In the example, class Librarian does not have any attributes, but it offers three operations. In
our approach, Maude messages will be used for modeling method definitions, which produces the
following specification:
class Librarian .
msgs borrow return : Oid Oid Oid -> Msg .
msg payCharges : Oid Money Oid -> Msg .

Each message will be named after the operation it models, and the first and last arguments of
the message will be the identifiers of the called and caller objects, respectively. The rest of the
arguments correspond to the arguments declared for the operation. In the case of messages borrow
and return, the middle argument is the identifier of the item being referenced. In the case of
message payCharges, it is the amount to be paid.
Each object of class Loan will establish a loan relationship between a borrower and an item,
whose identifiers are kept in attributes borrower and item, respectively.
class Loan | initialDate: Date, dueDate : Date, borrower : Oid, item : Oid .
1

Maude supports user-definable mixfix syntax, with underscores ‘ ’ indicating the position of the different arguments.
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Sort Date specifies dates. The Calendar objects that provide the current dates may be defined
in many different ways. Given the use that we are going to make of it, we can assume, for example,
dates as given by integer numbers, and a calendar object that keeps the current date, which gets
increased by a rewrite rule.
class Calendar | date : Date .
rl [new-day] : < O : Calendar | date : D > => < O : Calendar | date : D + 1 > .

5.3

Invariant Schemas in Maude

Once we have specified the static schemas that determine the structure of the system, let us
formally specify in this section some invariant schemas. For illustration purposes we will consider
the following ones:
I1. There should be unique Library and Calendar objects in the system.
I2. The number of Loan objects should be equal to the sum of the values of the borrowedItems
attributes of all Borrower objects in the system.
I3. The list suspendedUsers of the Library object should contain exactly the identifiers of all
Borrower objects whose status attribute is equal to suspended.
The invariant schema I1 limits the number of objects of a given class in the system (i.e.,
the number of objects that may simultaneously fulfill the given roles). The following predicate
thereIsOneAndOnlyOne decides whether there is a unique object of the given class in a given
configuration.
op thereIsOneAndOnlyOne : Cid Configuration -> Bool .
op numberOfOccurrences : Cid Configuration -> Nat .
var M : Message . var Ats : Attributes . var O : Oid . vars A A’ : Cid .
eq thereIsOneAndOnlyOne(A, C) = numberOfOccurrences(A, C) == 1 .
eq numberOfOccurrences(A, < O : A’ | > C) = if < O : A’ |> : A
then 1 + numberOfOccurrences(A, C)
else numberOfOccurrences(A, C) fi .
eq numberOfOccurrences(A, M C) = numberOfOccurrences(A, C) .
eq numberOfOccurrences(A, none) = 0 .

The specification of the predicate for the invariant I2, which states that the number of Loan
objects should be equal to the sum of the values of the borrowedItems attributes of all Borrower
objects in the system, assuming the declarations above, may be written as follows:
op consistentNumberOfLoans : Configuration -> Bool .
op borrowedItemsSum : Configuration -> Nat .
var N : Nat .
eq consistentNumberOfLoans(C) = numberOfOccurrences(Loan, C) == borrowedItemsSum(C) .
eq borrowedItemsSum(< O : Borrower | borrowedItems : N > C) = N + borrowedItemsSum(C) .
ceq borrowedItemsSum(< O : A | > C) = borrowedItemsSum(C) if not < O : A |> : Borrower .
eq borrowedItemsSum(M C) = borrowedItemsSum(C) .
eq borrowedItemsSum(none) = 0 .

Invariant I3, which states that the list suspendedUsers of the Library object should contain
exactly the identifiers of all Borrower objects with suspended status, may be specified in a similar
way, assuming by I1 that there is one and only one library object:
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op consistentSuspendedUsers : Configuration -> Bool .
eq consistentSuspendedUsers( < O : Library | suspendedUsers : O’ OS >
< O’ : Borrower | status : BS > C )
= (BS == suspended) and
consistentSuspendedUsers(< O : Library | suspendedUsers : OS > C) .
eq consistentSuspendedUsers( < O : Library | suspendedUsers : none >
< O’ : Borrower | status : BS > C )
= (BS =/= suspended) and consistentSuspendedUsers(< O : Library | > C) .
ceq consistentSuspendedUsers(< O : Library |> < O’ : A | > C)
= consistentSuspendedUsers(C) if not < O : A |> : Borrower .
eq consistentSuspendedUsers(M C) = consistentSuspendedUsers(C) .
eq consistentSuspendedUsers(< O : Library | suspendedUsers : OS >) = OS == none .

Although this is not necessarily the case for all invariants, there may be cases in which we need
to establish a condition on the whole system, and not only on an arbitrary part of it. This happens
for instance when requiring the uniqueness of the object identifiers in a system. To be able to
capture the whole configuration of objects and messages, we may define an operation “{_}”:
op {_} : Configuration -> WholeConfig .

as a constructor of sort WholeConfig. Thus, we may discriminate between the whole configuration
and any part of it, and apply rules and equations to just the whole, or to any of its parts, depending
on our needs. With this, the invariant may be specified by the following membership equation:
var C : Configuration .
subsort ValidLibrary < WholeConfig .
cmb {C} : ValidLibrary if thereIsOneAndOnlyOne(Calendar, C)
and thereIsOneAndOnlyOne(Library, C)
and consistentNumberOfLoans(C)
and consistentSuspendedUsers(C) .

5.4

Dynamic Schemas: Description of the System’s Behavior

The dynamic schemas describe the allowed state changes. In our particular case we have defined
the following:
D1. On invocation of a borrow operation, a new Loan object is created, that relates both the item
and the borrower issuing the operation. The borrower and item attributes borrowedItems and
status are updated to reflect this change. The values of the loan attributes are calculated
according to the date shown in the Calendar object, and the library policies on period
limitations. Borrowers can only borrow items according to the limitations on the number
of items and loan periods imposed by the library; suspended borrowers cannot borrow more
books, and only “free” items can be borrowed.
D2. On invocation of a return operation, the corresponding Loan object is removed. The borrower
and item attributes borrowedItems and status are updated to reflect this change. Only “onloan” items can be returned.
D3. Fines are calculated when returning an item, adding an amount F for every overdue day.
For instance, the behavior of the borrow operation for books as described in D1 can be modeled
in Maude as follows:
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crl [borrow-books] :
borrow(O, I, B)
< B : Borrower | borrowedItems : N >
< I : Book | status : free >
*** (a)
< L : Library | maxLoans : ML, loanPeriod : LP, suspendedUsers : OS >
< O : Librarian | >
< C : Calendar | date : Today >
=> < B : Borrower | borrowedItems : N + 1 >
< I : Book | status : onloan >
< L : Library | >
< O : Librarian | >
< C : Calendar | >
< A : Loan | dueDate : Today + LP[(class(< B : Borrower | >), Book)],
initialDate: Today, borrower : B, item : I >
if not B in OS and N < ML[class(< B : Borrower | >)] .
*** (b) and (c)

In the synchronous rule above there are several objects involved, namely, a borrower borrowing a
book, the book, a librarian, the library, and a calendar object supplying the current date. Borrowing
a book needs such a book not to be on loan (a), the borrower object not to be suspended (b), and
the number of its borrowed items be smaller than its allowance (c).
Note that in Maude, those attributes of an object that are not relevant for an axiom do not
need to be mentioned. Attributes not appearing in the right-hand side of an equation or rule will
maintain their previous values unmodified. Note as well the use of attributes borrower and item in
loan objects, which make explicit that the loan relationship is between the borrower and the item
specified by these attributes. Finally, the due date is obtained by adding to the current date the
value assigned to the pair borrower-item in the partial function LP in the attribute loanPeriod.
In addition to the conditions required for the borrowing of a book, the borrowing of a periodical
is only allowed if the borrower is not an undergrat. This may be specified by a similar rule.
The return of an item may be specified by the rule below. We can see how the loan object
disappears in the right-hand side of the rule, and how fines are calculated according to D3.
rl [return] :
return(O, I, B)
< B : Borrower | borrowedItems : N, fines : M >
< I : Item | >
< A : Loan | borrower : B, item : I, dueDate : D >
< O : Librarian | >
< L : Library | >
< C : Calendar | date : Today >
=> < B : Borrower | borrowedItems : N - 1, fines :
< I : Item | status : free >
< O : Librarian | >
< L : Library | >
< C : Calendar | > .

M + F * MAX(0, Today - D) >

Further rules for specifying suspension, release and payments of debts can be defined and
specified in a similar way. They have been omitted in this paper for brevity, but the interested
reader can find the specification of such rules together with additional details in a separate technical
report [8].

6

Related Work

Formal description techniques are being extensively employed in ODP and have proved valuable
in supporting the precise definition of reference model concepts [4]. Among all the works, we will
focus here on those that try to formalize the information viewpoint, using different notations.
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In the first place, in [1] Bernardeschi et al. use a class-oriented language for modeling the
information viewpoint, which is used for defining a semantically consistent transformation between
the information and the computational model—specified using the actors model.
In the same year, Dustzadeh and Najm [9] showed how OMT and Fusion support ODP information modeling, and provide a formal semantics for the object diagrams of these graphical application
development methodologies. Along the same lines, many authors consider UML a well suited notation for ODP information modeling because of its appealing graphical syntax and because it is
part of a fully integrated development methodology [19, 2, 13]. Moreover, it is widely known and
accepted by all kinds of users. However, the loose semantics of UML is a major drawback if precise
and unambiguous specifications are required.
Probably the most widely accepted notations for formalizing the information viewpoint are Z
and Object-Z. Initially, Z was chosen because the schemas defined in the information viewpoint
could be directly mirrored into Z schemas. However, Z is not object-oriented, does not allow
modularity, and has some limitations for expressing invariants stating temporal logic properties of
the system. Object-Z solves most of the Z drawbacks since it is object oriented, allows modularity,
and incorporates a subset of temporal logic for expressing class invariants. Therefore, it became the
best candidate language for formalizing the information viewpoint. However, the use of Object-Z
for specifying the information viewpoint may also present some shortcomings:
• First, operations in dynamic schemas are assigned to just one object, and included as operations in the object’s definition class. How to deal with operations in which there is more than
a principal object (e.g., in the case of synchronous actions)? In our approach operations are
modeled by messages and rules, and therefore are first-class citizens.
• The treatment of invariant and contract violations is not homogeneous with the rest of the
specifications. Violations are not (and cannot be) specified within the Object-Z framework,
but at the meta-level [20], which is not easily accessible from the Object-Z specifications.
• Another disadvantage of the use of Object-Z appears when modeling the roles that information
objects play in an information specification. Roles are modeled by Object-Z classes, which is
the natural way of doing it. This has the initial advantages that information about each role
can be encapsulated, and that roles can be composed. However, it has the disadvantage that
roles are thereby associated with fixed classes of objects, so that an object cannot change
its role during its lifetime. In some applications, models which assume fixed roles may be
adequate; but in others, there may be a need to represent objects which play different roles
at different times, as it happens for instance in dynamically configurable networks. Again,
this is not an issue in Maude, since the class of an object can be changed.
• Other notations (such as Z, LOTOS, or CSP) are used in other viewpoints, because Object-Z
does not deal with all aspects. A common way of dealing with consistency between specifications written in different notations is by translating them into one single notation. For
instance, in [3] the authors propose the translation of LOTOS into Object-Z. However, many
important aspects of the specification are usually lost in these translations, since the underlying logic of Object-Z is not expressive enough. We think that Maude can greatly help in
this point, and is something that we want to explore further.
On the other hand, Object-Z provides notation for the specification of invariants defined by
both first-order and temporal logic predicates. Here we have described a possible way for modeling
invariants in Maude, focusing on the specification of invariants defined by first-order logic predicates.
However, other kinds of invariants—such as temporal logic invariants—may be required in some
situations. Although we have not considered such a possibility in this paper, Fiadeiro et al. have
shown [11] that it is possible to infer and to reason about modal and temporal logic properties of
a system specified in rewriting logic.
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7

Concluding Remarks

Maude is an executable rewriting logic language specially well suited for the specification of objectoriented open and distributed systems. In this paper, we have explored the possibility of using
Maude for specifying the information viewpoint, and we are now in a position to formally reason
about the specifications produced.
Once we make sure that the specifications of a particular viewpoint satisfy certain properties,
we need to address two additional issues, namely, the composition and the consistency checking
of specifications of different viewpoints, so that we get a specification of the complete system. By
establishing the consistency of different viewpoints we simply mean that the specifications of the
different viewpoints do not impose contradictory requirements.
It has been shown that rewriting logic has very good properties as a logical framework, in
which representing many different languages and logics, and as a semantic framework, in which
giving semantics to them [17]. Formalisms such as CCS, LOTOS, SDL, and many others can be
represented in rewriting logic, thus allowing the possibility of bringing very different models under
a common semantic framework. Such a framework makes much easier to achieve the integration
and interoperation of different models and languages in a rigorous way. Thus, Maude seems to be
a promising option as a unifying framework for the specification of RM-ODP viewpoints in which
consistency checks can be rigorously studied.
Another interesting topic of research is the use of the reflective capabilities of rewriting logic and
Maude for specifying and reasoning about different system properties, such as QoS (as in Najm’s
works) or reliability, or about the dynamic reconfiguration of systems.
Finally, another alternative for specifying invariants in Maude is through the use of its reflective
capabilities, and in particular through the use of strategies for controlling the execution. This may
be probably the most general and powerful way of specifying invariants. By using strategies we
can both check that invariants are satisfied and restrict the transitions in the system. Wirsing and
Knapp also propose the use of strategies for restricting the behavior of object-oriented systems
with process expressions [22]. The use of strategies for expressing invariant schemas is the next
step in our research, as well as the development of support tools for the construction of Maude
specifications of the different viewpoints.
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