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Abstract. We present work on a formal model for the composition of object-
oriented modules, orhyperslices, which represent different perspectives on the
system being built. With the model, we should be able to study existing ap-
proaches such as subject-oriented programming, as well as extend other object-
oriented languages, such as the UML, to accommodate the use of hyperslices.
We show here a sample of the specification language that accompanies the for-
mal model, and a small example of its use.

1 Introduction

The idea of dividing a system description into various perspectives, each of which por-
trays some aspect of the system, has been the topic of recent intensive research. Tech-
niques such as subject-oriented programming [9] and aspect-oriented programming [14]
explore the possibilities of having multiple representations of the same entity from the
problem domain. The need arises for a formal model that brings together what is com-
mon about the various multiple-perspective methods, particularly within the object-
oriented paradigm. Such a model would allow for strengthening of existing techniques
with the possibility for formal proofs and consistency checks, and serve as the basis
for extending popular design and implementation languages with multiple-perspective
capabilities. This work attempts to fill this gap.

In section 2 we discuss the need for multiple-perspective decomposition and present
its different categories. We then discuss issues related to multiple-perspective decom-
position restricted to the object-oriented paradigm in section 3. Section 4 shows the
proposed model, followed by a small example of its use in section 5.

2 Multiple-Perspective Decomposition

One of the most widely accepted tenets of software development is the fact that com-
plex problems must be divided into smaller parts that are easier to understand and work
with. Traditional approaches to modeling such as structured analysis and object orien-
tation take a top-down approach, where a system is decomposed into several parts, each
of which is again decomposed until each part is simple and cohesive. The parts are then
implemented independently and composed to form the desired software system. The
exact nature of the entities that form each part varies between approaches, but typically
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each unit of the decomposition is encapsulated in a procedure (functionaldecomposi-
tion), module, or class (objectdecomposition). It is common to think of each of these
units as pieces in a larger puzzle, all of which fit together to form the solution.

Recently, new approaches to problem decomposition have been the subject of re-
search. It is often useful to view the entire problem from a single perspective, discarding
all the problem elements that are not relevant to the perspective, and thereby reducing
problem complexity. The problem then becomes easier to understand and manage than
when viewed in its entirety. In contrast to the top-down approach for functional decom-
position mentioned in the previous paragraph, each perspective can be thought of as a
glass sheet with some aspect of a painting: one sheet may have a black outline of the
painting; another, its colors; others may have shadings, textures, and so on. Superim-
posing all glass sheets forms the complete painting.

What distinguishes this “multiple-perspective” decomposition from other forms of
divide-and-conquer is the fact that the decomposed parts are not disjoint. In other ap-
proaches to decomposition, any entity from the problem domain appears in only one of
the pieces after decomposition - no entity appears in more than one piece. By contrast,
an entity may appear in any number of perspectives, and its definition can be different
in each perspective.

We frame our concept of perspective in software engineering rather broadly using
the following two definitions.

– A description of a software system hasmultiple perspectivesif it is explicitly di-
vided into two or more partial descriptions, and there are entities from the problem
domain that appear in more than one partial description.

– A methoduses multiple perspectives if it enforces the description of software with
multiple perspectives and provides rules governing how perspectives are related to
one another.

These definitions allow a wide variety of methods to be thought of as using multi-
ple perspectives. We divide them into three categories according to the kind of partial
description used: architectural, domain-specific, and user-defined perspectives. Our re-
search focuses on methods that allow user-defined perspectives. In order to clarify the
relationships among the proposed models, we discuss the three categories of multiple-
perspective methods.

2.1 Architectural Perspectives

Structured analysis methods such as the one proposed by Gane and Sarson [8] use
two different diagrams to describe a system: a module hierarchy chart describing the
division of the system into modules, and a data flow diagram describing how data was
transferred between the modules. Each diagram represents a partial description of the
system, and contains representations of the same entities from the problem domain, and
therefore fit our definition of a perspective. Modern object-oriented analysis and design
methods such as the Object Modeling Technique (OMT) [18], Coad and Yourdon [5],
UML [3], and others, all use different perspectives to describe a software system.

However, in all of the above, the perspectives are defined by the method and re-
flect different modeling or descriptive capabilities. For instance, a model may define
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structural relationships between entities, such as containment or association, while an-
other may define behavioral aspects of each entity. Each perspective is usually described
using a different language. This kind of description is often called anarchitecturalper-
spective since each represents a certain aspect of the system’s architecture. An impor-
tant characteristic of architectural perspective decomposition is that it is independent of
the problem domain. Dividing a problem into structural and behavioral views tells you
nothing about the problem itself [13].

2.2 Domain-Specific Perspectives

There are other methods that allow the use of predefined perspectives, but instead of
reflecting architectural aspects, the perspectives represent aspects of a specific problem
domain. An example of this kind of method is the ISO standard for Open Distributed
Processing (ODP) [11], which is geared towards the description of distributed systems.
In ODP, systems may be described from any of five viewpoints. The five were chosen
because they represent different and important perspectives relevant to the domain of
distributed systems. These aredomain-specificperspectives.

2.3 User-Defined Perspectives (Hyperslices)

Other methods allow for the decomposition of a problem intouser-definedperspectives.
These depend on the domain of concern, and therefore may be different from problem
to problem. Also, the number of perspectives is not limited or predefined by the method.
Methods supporting this type of decomposition were first developed for use in require-
ments elicitation, where it is common to have different stakeholders who have different
ideas about the problem at hand, all of which must be captured. All perspectives are
usually, but not always, described using the same language.

Various approaches have been proposed that allow user-defined perspectives. The
approaches work at various levels of abstraction, and give different names to the units
of decomposition. Table 1 lists some of these approaches.

Approach Unit name Level of abstraction
ViewPoints [7] viewpoint requirements analysis
Role models [15] role design
Contracts [10] contract design
Aspect-oriented programming [14]aspect implementation
Subject-oriented programming [9]subject implementation

Table 1. Approaches to decomposition with multiple user-defined perspectives

As can be seen from the table, the field is quite overloaded with different termi-
nology for similar concepts. In recent work, Tarr et al. have coined the termsMulti-
Dimensional Separation of Concerns (MDSC)to designate the discipline of multiple-
perspective decomposition, andhypersliceto designate a unit of decomposition that
follows this discipline, at any level of abstraction [20].
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The most appropriate definition of hyperslice for our purposes is Daniel Jackson’s
concept ofview:

“A view is a partial specification of the whole program, in contrast to a module,
which is a specification - often complete - of only part of the program” [12].

A hyperslice, like a “view”, specifies some aspect of the entire program.
The form of decomposition afforded by hyperslices is useful in many levels of soft-

ware design. During requirements elicitation, for instance, the engineer often has to
deal with many different people who are stakeholders in the system to be developed.
Each of these stakeholders may have different perceptions about the problem at hand
and of the desired behavior of the system. Hyperslices are a natural way of represent-
ing each stakeholder’s perspective on the system so that later a coherent picture can
be formed. The same advantages found at the requirements analysis phase carry over
into later phases. Having design and implementation modules that correspond to user
requirements provides easy requirements tracing. In the next section we discuss the use
of hyperslices with object-oriented systems.

While the ideas behind MDSC are useful, there are issues that must be tackled when
applying it, One of the most pressing of which is isconsistency. When we allow more
than one representation of an entity, we must somehow ensure that the representations
do not contradict each other. Being able to detect inconsistencies and deal with them is
one of the challenges of MDSC, and formal models that allow reasoning are an indis-
pensable aid towards achieving this goal. Easterbrook et al. have studied mechanisms
for dealing with inconsistencies when using requirements-level hyperslices [6].

There are also conflicts that do not manifest themselves as logical inconsistencies,
but as a form of interference between hyperslices; the goals of the viewpoints may be
mutually interdependent and actions taken by one may cause undesired behavior in the
other. This is analogous to the problem of feature interaction in telephone systems [4].
A formal model should aid in the detection of such interactions.

There is yet no formal model to allow a comparative study of the properties of the
various existing approaches to hyperslices; our work intends to fill that gap. However,
mention should be made ofKu [19], a formal object-oriented language for hyperslices
currently under development at Imperial College. Once our model and Ku are both
complete, it will be interesting to compare analytical results derived from the two inde-
pendent studies.

3 Object-Oriented Hyperslices

While the concepts behind MDSC (Multi-Dimensional Separation of Concerns) are
widely applicable, much of the work in the field involves its use together with the
object-oriented paradigm. Many of the shortcomings of object-orientation are addressed
by MDSC. Among these are rigid classification hierarchies, scattering of requirements
across classes, and tangling of aspects related to various requirements in a single class
or module. For a detailed treatment and motivation for the use of multiple perspectives
in object-orientation, we refer the reader to Tarr et al. [20].
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We are interested in the subset of MDSC that deals with object-oriented systems.
We consider a hyperslice to be a module that conforms to some accepted model of
object-orientation, made up of classes and class relationships such as containment and
inheritance. For an object-oriented system to fit into the category of MDSC, however,
there must be entities from the problem domain that appear in more than one module.
That is, there must be classes in different modules that represent separate aspects of the
same entity. Since a hyperslice is meant to be a complete encapsulation of some relevant
aspect of the system, the classes in a hyperslice should not have any links to classes of
other hyperslices. Each hyperslice should be a well formed unit that can be understood
in isolation.

As an example, one of the hyperslices in a system may be concerned with display-
ing information about the various objects that concern the system. The classes in this
hyperslice should have methods to output information, and whatever attributes that are
relevant to these methods. Other attributes or methods, such as those concerned with
synchronization, or with some form of computation over the data, should not appear in
this hyperslice. However, the hyperslice should contain all classes that have an output
aspect to them.

Splitting an object-oriented description into various hyperslices gives a level of
separation of concerns that offers significant advantages over traditional approaches.
Among these advantages are the following:

Requirements-based modularizationsince entities are allowed to appear in more
than one unit of decomposition, and to be only partially specified in any one unit,
it is possible to have units that encapsulate a single requirement from the problem
domain. For instance, if some of the data is to be stored and retrieved from a net-
work server, a hyperslice would be defined containing all classes that have data
belonging in the server. Each class would have only enough detail defined to allow
the relevant storage operations to be performed. The same classes might appear in
other hyperslices, but no mention of server storage would be found in them.

Decentralized developmentsince classes can be represented differently in different
hyperslices, classes need no longer be owned by developers who are responsible
for all details regarding that class, but each developer can be responsible for a part
of the shared class.

Unanticipated composition designs for separate programs can be thought of as hy-
perslices of an integrated application; a hyperslice-enabled method would allow
the developer to describe how the programs are to be joined together.

Software evolution along the same lines, features can be added to existing systems
as separate hyperslices; this would allow changes to be made without requiring
modifications to existing designs. An example of hyperslices applied to evolution
can be found in [2].

3.1 Composing Hyperslices

Since each hyperslice is a plain object-oriented module, it can in theory be described
using any object-oriented language, at any level of abstraction. Having defined the hy-
perslices, they must now be composed to form a complete system. This is where the
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MDSC paradigm differs from other approaches to decomposition. Some approaches,
such as that advocated by module interconnection languages, define interfaces for mod-
ules, with provided and required functionality, and match provided functions with re-
quired ones across modules. Others, such as frameworks, use inheritance as the basic
composition mechanism. In MDSC, each hyperslice is well formed and independent,
and does not require other hyperslices. There are classes, however, that exist in various
hyperslices. In order to form the desired system, we must establish thecorrespondence
between these classes.

Correspondence is the specification of what elements match between hyperslices,
and the semantics of each match. There are many ways in which matching can affect
the overall behavior of the system. Matched classes may have complementing behavior,
or one’s behavior may override the other, or they may interact in more complex ways.

The granularity of correspondence is an issue. Using classes as the unit of corre-
spondence (also calledjoin point [14]) seems to be too coarse. There are many dif-
ferent ways in which we may wish to specify that entire classes are matched, and the
model would require a large variety of different correspondence operators. On the other
hand, using single program statements is too fine-grained. Specifying correspondence
would require understanding implementation details, and would be very complex. In
our model, we choose the middle road and use methods as the smallest elements that
can be matched. Ossher and Tarr argue in favor of this approach [16]. We define corre-
spondence operators that allow methods to be matched with various different semantics.
The semantics describe what method bodies are executed in response to a method call.

Another issue with regard to correspondence isobject binding. This is the specifi-
cation of how objects of classes with corresponding methods are bound to each other at
runtime. The description of correspondence is class-based, meaning that a method from
a class is said to correspond to a method in another class. However, the semantics of
correspondence are observed during method invocation on particular runtime objects.
If a method invocation results in the execution of a method in an object of a differ-
ent class, we must be able to determine exactly what the target object is. The binding
specification describes how to determine correspondence between runtime objects.

4 The Hyperslice Model

We are interested in studying object-oriented hyperslices with operation-level corre-
spondence. A language to allow hyperslice composition is under development. This is
a class-based language that uses methods as the smallest indivisible unit. It is not meant
to be an executable object-oriented language, but a means to specify formally compo-
sitions that can be done in any object-oriented design or implementation language. The
language has two parts, one for class definition and one for composition.

The model allows us to study properties of techniques that use operation-level cor-
respondence such as subject-oriented programming [9], and serves as a semantic basis
for the extension of other object-oriented languages with the required mechanism for
multi-dimensional separation of concerns. Since subject-oriented programming already
represents an embodiment of MDSC at the implementation level, one of our interests is
in extending design-level languages such as UML.
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4.1 Class Language

The class language defines the classes present in the system, as well as the call graph
between the methods of these classes. The semantics of correspondence are specified in
terms of transformations in the call graph structure.

Each class is defined as a set of methods. A method has a name and a list of other
methods that it calls. The internal state of a method is irrelevant. Each method call in
this list is decorated with the modal symbols2 (always) and3 (possibly). At this stage,
the language is untyped, and does not support parameters to methods, or return values.

Data attributes are not modeled. Instead, they may be represented as methods, the
data being the internal state of the method. In fact, any method that does not call any
other methods can be thought of as an attribute. This approach is related to the one used
by Abadi and Cardelli in their object calculus [1]. Figure 1 shows the syntax of the class
language, while figure 2 shows a sample class definition.

hyperslice ::= class{class}
class ::= class name “{” method{, method} “}”
method ::= name[ “(” { called-method} “)” ]
called-method::= 2name|3name
name::= an identifier containing letters, hyphens, or a period. The period separates class

names from method names.

Fig. 1.Class definition language syntax

class Tree {nodes, find( 2 nodes, 3 travel-left, 3 travel-right ),
travel-left ( 2 nodes), travel-right ( 2 nodes) }

Fig. 2.Sample class definition

Note that the names inside the parenthesis are not arguments, but the list of methods
that the method calls. In the example above, the class namedTreehas four methods. The
methodsfind, travel-left,andtravel-right will always call methodnodes. The method
findmay, in addition, call methodstravel-leftandtravel-right. The method call list may
contain methods from other classes, specified by stating the class and method names
separated by a period (as inTree.find ).

4.2 Composition Language

A composition is specified usingcalling contexts. At the highest level is the program
calling context. By default, in any context, calling a method results in that method be-
ing executed. Method correspondence expressions can be used to change the effects of
method calls. An expression is formed by two method names connected by a corre-
spondence operator. Each expression can also introduce new calling contexts that have
scope limited to the execution of the method that precedes the context.
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Operator Call Execution
Unidirectional
a followed-byb a a; b

a preceded-byb a b; a

a replaced-byb a b

Bidirectional
a mergeb a a; b

= a followed-byb ∧ b followed-bya b b; a

a swapb a b
= a replaced-byb ∧ b replaced-bya b a

Table 2. Method correspondence operators

Table 2 shows the correspondence operators and their meaning in terms of method
calls and executions. The semicolon is used to denote sequence:a; b means that method
a will be executed and immediately followed by the execution of methodb.

The bidirectional operators merely combine unidirectional ones and exist to add
brevity to specifications. Many others are possible besides the two shown previously.
Figure 3 shows the syntax of the composition language.

context ::= “{” {expression} “}”
expression ::= name[context] | name[context] operator name[context]
operator ::= followed-by | preceded-by| replaced-by| merge| swap

Fig. 3.Composition language syntax

Composition expression examples:

a{b followed-by c} Calls toa will result in the execution ofa. During the execution of
a, calls tob will result in the execution ofb, followed by the execution ofc.

x{p followed-by q} preceded-byy{r swapq} A call to x will result in the execution
of y followed by the execution ofx. In the execution ofy, calls tor are replaced
with the execution ofq, and calls toq are replaced with the execution ofr. In the
execution ofx, calls top will result in the execution ofp followed by the execution
of q.

4.3 Object Binding

The composition operators are described at the class level. However, their effects are at
the object level. A correspondence operator defines what happens when a call is made
to a specific object. That call may result in the execution of methods in a different
object. We need a way to determine the object referred to in the execution. Once that is
determined, objects are bound to each other throughout their lifetime.

If there is a correspondence expression that matches a method call in a classa to
a method execution in a different classb, there must be a binding expression detailing
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how objects of classa are to be bound to objects of classb. A binding expression has
the forma operator b, wherea is the class that has the method called,b is the class that
has the method executed in response to the call, andoperator is a binding operator.
There can only be one binding expression involving any given pair of classes.

Currently, our language supports only three binding operators:binds-to-unique,
binds-to-any, andbinds-to-all. The expressiona binds-to-unique bmeans that an object
of classa is bound to any object of classb, as long asb has not yet been bound to any
other object of classa. If such an object does not exist, one must be created. Another
kind of binding isbinds-to-any. The expressiona binds-to-any bmeans that an object
of classa can be bound to any existing object of classb. Finally,binds-to-allmeans that
an object of classa will be bound to all existing objects of classb.

The effect ofbinds-to-uniqueis to create a one-to-one correspondence between ob-
jects. If a binds-to-unique b, then for each object of classa there will be an object
of classb. The effect ofbinds-to-anyis to create a many-to-one correspondence. Ifa
binds-to-any b, a single object of classb is sufficient; all objects of classa can bind to
that object. Finally,binds-to-allcreates a many-to-many correspondence. In this case,
when a method is called on an object of classa, the corresponding method of classb
will be executed for all objects of classb.

5 Example: Concurrent File System

In this example we will take two independent modules, a simple file system and a con-
currency control unit, and consider them as two hyperslices, or separate aspects, of an
integrated system. The system is to give support for concurrency to the file system.

Hyperslice 1: file systemA simple file system hyperslice contains two classes:File
andDirectory . Both allowreadandwrite operations.

Hyperslice 2: shared buffer The shared buffer hyperslice contains a single class,Mu-
tex, which encapsulates a shared buffer for use in a concurrent environment by
multiple threads. The shared buffer contains three methods:read, write, andcs.
Many readers can access the buffer at the same time, but writers require exclusive
access. Thecsmethod implements the critical section, which is where the buffer is
actually manipulated.

Our intention is to combine the two hyperslices to produce a file system that sup-
ports execution in a concurrent environment, i.e., that allows many simultaneous users
to read from a file or directory, but requires exclusive access to write in either of them.
Figure 4 shows the class definitions for the two hyperslices.

class File { read( ), write( ) }
class Directory { read( ), write( ) }
class Mutex { read( 2 cs ), write( 2 cs ), cs( ) }

Fig. 4.Class definitions
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TheMutexclass provides synchronization for the desired system. Our intent is for
users to still be able to use the File and Directory classes normally. However, before
the file system operations can be used, the synchronization process must happen. This
means that the appropriate Mutex method must be executed before the file system
method. We use a correspondence expression to make sure that this happens, and that
the appropriate file system method is executed when the Mutex object enters the critical
section. The four required correspondence expressions are shown in figure 5.

File.read replaced-by Mutex.read { cs replaced-by File.read }
File.write replaced-by Mutex.write { cs replaced-by File.write }
Directory.read replaced-by Mutex.read

{ cs replaced-by Directory.read }
Directory.write replaced-by Mutex.write

{ cs replaced-by Directory.write }

Fig. 5.Correspondence expressions

The four expressions have similar structures. Let’s examine the first line. When the
user calls the read method of a File object, the read method of a Mutex object will be
executed instead. The method will go through the read access protocol for the shared
buffer. When it becomes possible to read the shared buffer, the cs method will be called.
However, the context specified that File.read be executed instead. The file is then read.
When File.read returns, the rest of the Mutex.read method is executed, releasing any
locks that may be necessary. Figure 6 shows the flow of control between the hyperslices.

Fi le . rea d calle d
Mute x. rea d exec ute d

Mute x. cs  calle d

Fi le . rea d exec ute d

Fi le . rea d ter mi nates

Mute x. rea d ter mi nates

Syste m Fi le Mute x

Fig. 6. Flow of control after correspondence
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File binds-to-unique Mutex
Directory binds-to-unique Mutex

Fig. 7.Object binding expressions

The effect of the binding expressions, shown in figure 7 is to ensure that eachFile
or Directoryobject will have its ownMutexobject. This will allow each file to have its
own concurrency access; while a file is being read, a different file can be written. Had
we usedbinds-to-any, instead, we would have all files sharing a single Mutex object,
which would have the effect of only allowing the file system to write to a single file at
a time. This illustrates how the behavior of the system can be modified by changing the
binding expressions.

6 Work in Progress

Many issues still need to be tackled before the model can be used as a basis for the
extension of object-oriented approaches. The language is still untyped, and methods
support neither arguments nor return values. Dealing with these will require work on
the semantics of the correspondence operators, since the parameters or return types of a
called method may differ from those of the executed method. The language also needs
support for inheritance and more complex types of object binding.

We use transformations to achieve the desired semantics mandated by the corre-
spondence operations. Since conventional object-oriented languages offer no primitives
that are equivalent to these operators, the model becomes more useful if the systems de-
scribed can be converted into systems in the conventional object-oriented model. This
can be accomplished by a set of semantics-preserving transformations that would mod-
ify the existing classes to apply the functionality dictated by the correspondence opera-
tors.

The formal model underlying the language is under development using the PVS
language and theorem prover [17].

7 Conclusion

We are providing the formal infrastructure for reasoning about multiple-perspective
object-oriented systems. Our model is based on method-level correspondence, and is
simple yet capable of describing the complex relationships that are necessary for this
form of separation of concerns. We use call graphs to define the structure of individual
hyperslices. Correspondence operations are used to specify changes in the call graph
structure, and binding operators specify how runtime objects are matched. The example
shown in this work is small, but illustrates the potential for using the model languages
in hyperslice composition.

Once the model has been further expanded to include more object-oriented mech-
anisms such as inheritance, we intend to use it for formal reasoning about systems
defined in many of the existing approaches such as subject-oriented programming. In
particular, we are interested in consistency checking, a constant problem when using
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this form of decomposition. We also wish to use our semantic infrastructure as the basis
for extending other object-oriented languages with multiple-perspective capabilities.
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