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Abstract

The type systems of most object-oriented database sys-
tems (OODBSs) descend from traditional object-oriented
programming langnages. While these systems can cap-
ture many interesting relationships among entities, such
as classification and subtyping, they do not typically allow
an object to change type, and they only partially support
the modelling of objects that have many types. However,
such characteristics are particularly common among the
very entities {e.g., people) that these systems are intended
to model. We introduce aspects, a new mechanism de-
signed to meet these modelling requirements within the
framework of a strongly-typed OODBS. An aspect ex-
tends an existing object with new state and new behavior
while maintaining the same object identity. In addition
to the modelling of roles, aspects have other interesting
applications, such as encapsulating the result of a query.

1 Introduction

Objects have become an important influence in com-
puter science. Many database systems researchers believe
that object-orientation will help to overcome some of the
modelling limitations of relational systems [1, 6, 10, 12, 13,
15]. By combining state and behavior in a single abstrac-
tion, objects allow the schema designer to model concep-
tual entities more directly. Moreover, by supporting the
notion of subtypes, object-orientation captures behavioral
classification.

1.1 Object Identity and Changing Types

Most object-oriented database systems display serious
shortcomings, however, in their ability to model both the
dynamic nature and the many-faceted nature of common,
real-world entities. The most obvious example of this kind
of entity is a person. While existing OODBSs may capture
the notion that a student is a person, they do not support
the notion that a given person may become a student.
After graduation, that person ceases to be a student, and
becomes an alumnus. In the meantime, he or she may
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also be an employee, a customer, a club member, etc.
Throughout his or her life, a person gains and loses many
roles.

While researchers in knowledge representation systems
have been aware of this problem for some time [4, 11, 20],
it has only recently begun to receive attention from the
OODBS community [10, 17, 21]. In most OODBSs, the
intimate and permanent binding of an object’s identity
to a single type inhibits the tracking of real-world entities
over time. This represents more than an inconvenience; in
fact, it is a critical problem, since one is forced to model
entities that evolve dynamically with objects that can-
not. If one simulates such entities with a collection of
individual objects, then there is no longer a direct corre-
spondence between conceptual entities and objects.

It isimportant to note that many kinds of entities other
than persons have roles that change over time. For exam-
ple, an automobile may at one time be a privately owned
vehicle, later be registered as a commercial vehicle in a
taxi service, and finally become state’s evidence in a hit-
and-run trial. The Golden Gate Bridge was first real-
ized as a legal entity, then as a design, and finally as a
physical entity. A chip design may have realizations as a
specification, a logic diagram, and a silicon layout. A pro-
gramming environment may represent a single program as
a character string, a structured document, a parse tree,
and an executable module. In all of these examples, a sin-
gle conceptual entity has different perspectives that come
and go with time. In modelling such an entity, we would
like to add and delete interfaces (with supporting imple-
mentations) while maintaining a single object identity.

1.2 Multiple Inheritance and Multiple Types

The kinds of entities that we are discussing do not sim-
ply evolve from one type into another. At any given mo-
ment, an entity may have many different types that are
not necessarily related. Earlier, we mentioned persons
who may simultaneously be employees, customers, club
members, etc. In most OODBSs, one must use multi-
ple inheritance to model objects that have many types at
once. This approach can lead to a combinatorial explosion
of sparsely populated classes [16]. For example, to create
an object that is both a student and an employee, one
would first define a new class, StudentEmployee, that in-
herits from both Student and Employee. The sole purpose
of such an “intersection class” [17] is to allow an instance
to be of multiple types; it adds no new state or behavior.



Another problem with multiple inheritance is that it
provides only a single behavioral context for an object.
This restriction leads to name conflicts. For example,
both Student and Employee may define methods named
department which return, respectively, the student’s major
department and the department in which the employee
works. These two methods cause a name conflict when
one defines the StudentEmployee class. All systems that
support multiple inheritance define rules for resolving or
avoiding such conflicts. At best, this is a burden on the
programmer or schema designer who must understand the
rules, which can itself be a surprisingly difficult task. At
worst, it can lead to unexpected behavior when the object
is passed into superclass contexts. For example, some
systems, e.g. CLOS [7] and Orion [1], resolve method
name conflicts by imposing an order on superclasses; the
new class then inherits the method defined by the closest
superclass in the ordering. Suppose classes A and B both
implement method m, class C inherits from A and B, and A
precedes B in the ordering. Then if a C instance is passed
into a B context and m is invoked, A’s implementation of
m will be called.

1.3 Aspects

This paper presents aspects, a mechanism designed to
address the problems raised in this introduction. An as-
pect extends an existing object with additional state and
behavior while sharing the same object identity. An ob-
ject may have many aspects that come and go over time.
Rather than being an instance of some unique subclass
defined through multiple inheritance, an object simply s
an instance of many types by virtue of having many as-
pects. Every object reference is to a particular aspect,
and the behavior of the object depends on which aspect
is being referenced.

As we noted earlier, we are not the first to observe
the problems discussed in this section. The main contri-
bution of this work is to demonstrate that a clean, in-
tegrated solution is possible in a strongly typed environ-
ment. Furthermore, we show that combining aspects with
a type system based on conformity [2] leads to a partic-
ularly powerful combination having applications beyond
the modelling of multiple changing roles. For example,
aspects can be used to encapsulate the results of queries
in an OODBS or to help evolve software components.

The remainder of this paper is organized as follows.
Section 2 describes the basic model of types and objects
and provides a framework for the rest of the paper. Sec-
tion 3 describes our mechanism and shows how it ad-
dresses the problems raised in this introduction. Section 4
discusses some open problems in our design. Section 5 re-
views other work related to the issues of multiple roles
and context-dependent behavior, and Section 6 concludes
the paper.

2 The Object Model

Our model of types and objects was ingpired by the
Emerald language [2]. Like Emerald, we make a sharp
distinction between abstract data types and implementa-
fions. An abstract type is a set of method signatures that
specifies an interface. An object is defined by an imple-
mentation, which specifies a representation for the object
and code for its methods. A particular object implements

an abstract type if it provides at least the interface spec-
ified by that type.

Figure 1 shows the definition of the abstract type
Person and an implementation named personlmpl.! The

/* an abstract type specification for Person */
type Person

String name();
int age();
String phone();

/* an implementation of Person %/
implementation personimpl

/* representation */
String myName;
int myAge,
String myPhone;
public:
/* operations */
String name() { return myName; };
int age() { return myAge; };
String phone() { return myPhone; };

/* constructor */
personlmpl( String n, int a, String p )
{ myName = n; myAge = a; myPhone = p; },

}:

/* Example usage. Declare an identifier. x/
Person joeP; /* initially nil +/

/* Create an object representing Joe. */
JoeP = personlmpl(“Joe", 72, "555-1234");

/* Print “Joe" */
stdout.putstring( joeP.name() ),

Figure 1: A Type and Implementation for Person

abstract interface defined by Person includes methods to
return the person’s name, age, and home phone number.
The implementation, personlmpl, defines a representation
in which the name and phone number are strings and age
is an integer. The public interface to an instance of per-
sonlmplincludes methods for returning the person’s name,
age, and phone. The implementation also provides a con-
structor for creating and initializing personlmpl instances.

The code following the body of the implementation
shows an example of creating an instance and invoking
a method. We declare the identifier joeP with the ab-
stract type Person. Next we create Joe by invoking the
personlmpl constructor, supplying it with initializing pa-
rameters. The assignment of the object returned by the
constructor to the identifier joeP is legal because the ob-
ject exports an interface that satisfies the definition of
Person. Finally, we print Joe’s name.

It is important to understand that personlmpl is an im-
plementation of Person not because of any declared rela-

IThe examples in this paper use a syntax in the style of
C++[22]. We emphasize, however, that this is for illustrative
purposes only; we have not yet defined a language syntax.

299



tionship, but because it exports an interface that satisfies
Person This is a crucial distinction because it implies
that a given type may have many implementations and,
conversely, a given object may be an implementation for
many types [2]. For example, we can define an alternate
implementation of Person that stores the person’s date of
birth, dob, and then implements the age function by com-
puting the difference between today’s date and the dob.
Both implementations can coexist in the same system.

While the distinction between abstract types and im-
plementations provides great flexibility to the program-
mer, our syntax requires extra {and somewhat redundant)
coding in order to define a type and an implementation to-
gether. As a convenience, we introduce a shorthand form
that names an abstract type along with an implementa-
tion. In an implementation header, the optional clause
with type name causes the creation of an abstract type
name whose interface is the interface exported by the im-
plementation (excepting the constructor). Thus, Figure 1
cold be rewritten by removing the definition of Person
and changing the implementation header to:

implementation personimpl with type Person { . };

Note that this construct is merely a shorthand for the
purposes of this paper, and does not imply any special
binding of the implementation to the type.

We now define more precisely the rules for type com-
patibility. Abstract types are related to each other and
to specific unplementations by conformaty [2, 3]. In the
case of an implementation, we refer to the abstract type
implicitly defined by its exported methods as the induced
abstract type of the implementation. Conformity defines
an implicit relationship between interfaces. Informally,
an abstract type B conforms to an abstract type A if B
provides all of the method signatures specified by A (and
possibly more) and if the corresponding signatures con-
form in the proper way. Specifically:

1. For each method signature specified in the definition
of A, B specifies a signature with the same naie, the
same number of arguments, and the same number of
return values.

2. For each such signature of B, the abstract type of
each return value must conform to the abstract type
of the corresponding return value of the correspond-
ing sighature of A.

For each signature of A, the abstract type of each
argument must conform to the abstract type of the
corresponding argument of the corresponding signa-
ture of B.

These rules are very similar to the subtyping rules of Trel-
lis/Owl [18]. A formal definition of conformity and an
algorithm for testing the conformity of two interfaces are
given in [3].

In Figure 1, the implementation personlmpl conforms to
the abstract type Person. Figure 2 shows the definition of
another abstract type, PhoneOwner. The implementation
personlmpl and the abstract type Person both conform to
abstract tvpe PhoneOwner. PhoneOwner does not con-
form to Person because it does not include a signature for
the age method. In program code, identifiers are declared
with abstract types. An expression having abstract type
B can be assigned to an identifier of abstract type A if

300

type PhoneOwner

String name();
String phone(),

1

/* example usage */
PhoneOwner custl;
Person someone;

/% OK: Person conforms to PhoneOwner */
custl = joeP; [/ the guy from Fig. 1 %/

/* Error: PhoneOwner doesn’t conform to Person */
someone = custl,

/* OK: value returned conforms to PhoneOwner */
custl = personlmpl( “Fred", 27, “555-1830"),

Figure 2: A Phone Owner Abstract Type

and only if B conforms to A. Because it is possible to de-
termine the abstract type of every expression at compile
time, the language is statically typed. In the code of Fig-
ure 2, the value of joeP can be assigned to custl because
Person conforins to PhoneOwner, but the value of custl
cannot be assigned to someone because PhoneOwner does
not conform to Person. In the third example. the induced
abstract type of personimpl conforms to PhoneOwner, and
thus the assignment is legal.

Like the more conventional approaches to subtyping
found in such languages as C++ [22] and Trellis/Owl [18]
and in such OODBSs as O, [13] and Orion [1], conformity
allows the programmer to define a general type and a set
of more specialized types that share the general behavior.?
Objects that conform to the specialized types may be sub-
stituted in any context where an object conforming to the
more general type is expected. The difference is that with
conventional subtyping, the relationships among types are
explicitly declared: type B is declared to be a subtype of
type A. With conformity, any type that supplies the re-
quired interface is implicitly a subtype, and may be nsed
as such. This capability is especially useful when a more
general type i1s defined after several more specific types
already exist. Conformity gives the programmer the free-
dom to introduce new supertypes into the type lattice
without having to modify the definitions of existing types.

3 Aspects

Abstract types, implementations, and conformity de-
fine our basic object model. We extend this model to
support aspects. The combination of type equivalence
through conformity and object extension through aspects
results in a particularly powerful mechanism that easily
supports the modelling of roles.

2Here, we are referring only to substitutability. In our
model, inheritance is orthogonal to substitutability. We do
not consider inheritance in this paper.



3.1 An Example

The language construct for defining an aspect is a vari-
ation of that used to define an implementation. Syntac-
tically, the definition of an aspect is an implementation
augmented with the abstract type of the base object that
1s to be extended. Tigure 3 shows the definition of an

/* an employee aspect definition */
implementation emplmpl

with type Employee

extends Person

/* added employee state x/
int myEid,
String myDept;
String myPhone,
public:
/* constructor x/
emplmpl( int e, String d, String p )
{ myEid = e, myDept = d, myPhone = p; };

/* operations x/

int eid() { return myEid, },
String dept() { return myDept, },
String phone()

if( myPhone != nil )
return myPhone;
else
return base.phone();

1

/* operations exported from Person */
Person.'name,
Person:.phone as homePhone;

Figure 3: An Employee Aspect of a Person

employee aspect. The extends clause in the implementa-
tion header indicates that any object conforming to the
abstract type Person may acquire an Employee aspect im-
plemented by emplmpl. Invocation of the emplmpi con-
structor creates this new aspect and returns a reference
to it.

As mentioned earlier, an aspect may add state, may
define new behavior, and may export selected parts of
the base object’s interface. Our example adds state vari-
ables to record the employee’s identification number, de-
partment name, and office phone number. Note that if a
Person implemented by personlmpl is supplied as a base
object, there is no conflict between myPhone defined in
personlmpl and myPhone defined in emplmpl. The rea-
son is that the employee aspect implementation only sees
the abstract interface of the base object; it has no special
privilege to access its representation.

The methods defined for the employee aspect include
those to access the employee’s representation as well as
two that are exported from the base object. The methods
eid and dept are straightforward and need no explanation.
The method phone illustrates the ability of methods in
an aspect to invoke methods on the base object. In this
case, invoking phone on an employee aspect will return
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the office phone number if there is one. Otherwise, it
will return the person’s home phone number. In general,
an aspect method may access the base object through
the implicitly defined reference base. This is in addition
to (and analogous to) the implicit reference this® that is
typical in object-oriented programming. In our model,
this refers to the particular aspect on which the method
is invoked.

In addition to defining new behavior, an aspect defini-
tion also controls how much of the base object’s interface
“shines through” in the new aspect. A given method of
the base object may be exported in turn by the aspect; it
may also be renamed or hidden altogether. Our employee
example exports two methods from the Person interface,
name and phone. Note that name is exported directly,
while phone is renamed to homePhone to avoid a clash
with the locally defined method. The syntax for export-
ing and renaming methods of the base object is really only
a shorthand for explicitly defining a method that invokes
the appropriate method on the bhase. For example, home-
Phone can be equivalently defined as:

String homePhone(){ return base.phone(); }

Figure 4 shows how the aspect implementation of Fig-
ure 3 may be used to extend a person with a new employee
aspect. First, we create a person named “Joe”, referenced

/+ example usage. Create a Person, Joe. */
Person joeP = personlmpl( “Joe", 72, "555-1234"),

/* extend Joe with Employee information */
Employee joeE =
emplmpl(10139, “Toy", “555-5678" ) extends joeP;

/* joeE and joeP are same oid, but not identical refs. */
Bool bl = ( joeE ©@= joeP ), /* TRUE %/
Boo! b2 = ( joeE == joeP ); /+* FALSE +/

/* Employee does not conform to Person */
Person p = joeE; /x ERROR #/

/* Person and Employee both conform to PhoneOwner */
PhoneOwner pol = joeP; /+ OK %/
PhoneOwner po2 = joeE; /x OK x/

/* Employee exports Person::name method */
stdout putstring( joeP name() ); /* “Joe” %/
stdout.putstring( joeE.name() ), /x “Joe" */

/* Employee and Person have different phone methods */
stdout.putstring( joeP phone() ); /* "555-1234" x/
stdout putstring( joeE phone() ); /* "555-5678" x/
stdout putstring( joeE homePhone() ); /+ “555-1234" +/

Figure 4: Creating and Using an Employee Aspect

by the variable joeP. We then give Joe an employee as-
pect, assigning him to the toy department. The extends
clause in the invocation of the aspect constructor empimpi
supplies the reference to the base object that is being ex-
tended. The invocation can be statically typed because

3 This reference is called self or me in other languages.



the abstract type of JoeP, the induced abstract type of
emplmpl, and the abstract type of JoeE are all known at
compile time. The new aspect becomes an extension of
Joe, sharing the same identity. One may interpret the
variables joeP and joeE as being references to “Joe as a
person” and “Joe as an employee,” respectively.

Because of the distinction between different aspects and
different identities, we need two operators for comparing
references [21]. The === operator means “are identical
references” and holds only for references to the same as-
pect of the same object. The @= operator means “are
references to same object” and is true for references to
any two aspects of the same object. In our example, joeP
and joeE are @= but not ==.

The next few lines of Figure 4 illustrate an important
point about the relationship between aspects and confor-
mity. Because of the possibility of renaming or hiding, an
aspect may not be substitutable for the base object. In
our example, Person exports an age method that is hidden
by the employee aspect. Thus the abstract type Employee
does not conform to Person, and the assignment of joeE to
the Person variable p is flagged as a type error. The fol-
lowing two assignments are legal, however, since Joe can
act as a phone owner in both his person and employee
roles.

The remainder of Figure 4 shows various invocations
of methods on the two aspects of Joe. Because the name
method of Person shines through the Employee interface,
this method can be invoked through either reference to
Joe. However, joeE.phone() and joeP phone() invoke dif-
ferent methods since the employee aspect defines its own
phone method. This example illustrates an important dif-
ference between extending an object with an aspect and
creating an instance of a subtype in a traditional object-
oriented svstem. The addition of an aspect to a base ob-
ject does not override methods defined in the base object.
This is especially important because aspects are dynam-
ically cieated for long-lived objects, and there may be
outstanding references to the base object. In our exam-
ple, the fact that Joe becomes an employee should not
suddenly cause all of his phone calls to be routed to the
office.

Aspects also avoid the problems encountered in us-
ing multiple inheritance to define intersection classes.
Figure 5 shows the outline of a student aspect that defines
dept, a method that returns the student’s major depart-
ment. The example shows Joe the Person (who also has
an employee aspect) being extended with a student as-
pect. We did not have to create an intersection class, as
we would with multiple inheritance. Joe is both a Student
and an Employee. Although Employee and Student both
export a dept method, there is no name clash since these
are independent aspects. We may invoke dept on Joe in
his Student role to obtain his major department, and in his
Employee role to obtain the department where he works.
Finally, note that the three variables, joeP, joeE, and joeS,
are all references to the same object, and thus they are all
pairwise @=. However, they are all references to different
aspects of Joe, so no two are ==.

In general, an object with all of its aspects forms a
trec, i.e., an aspect may serve as a base object for further
extensions. This is because an aspect, like any implemen-
tation, is simply one realization of an abstract interface.
For example, the abstract type Manager could be imple-
mented by an aspect that requires an object conforming
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/* implementation of student aspect */
implementation studentimpl

with type Student

extends Person

String majorDept;

public".
String dept() { return majorDept, };

}

/* make joe a Student */
Student joeS = studentlmpl( “Biology”, .. ) extends joeP,

/* print joe's departments */
stdout putstring( joeS.dept() ); /+ “Biology” */
stdout putstring( joeE.dept() ), /x “Toy” */

Figure 5: Adding a Student Aspect

to Employee as a base. The base object could be imple-
mented by an emplmpl or by any other object conforming
to Employee. A given base object may also have multiple
aspects of the same “type,” i.e., created by the same as-
pect constructor. Thus, a person could be an employee
of more than one company, a student at more than one
school, etc. One could also use multiple aspects to repre-
sent multiple versions of an object [17].

3.2 Aspects and Conformity

Aspects and conformity allow the modelling of roles
that can be played by different types of entities having
some common behavior. For example, in modelling a tele-
phone company database, the role of a customer can be
played by a person or a business. Persons, businesses,
and other phone owners have a limited set of attributes in
common, e.g. a name and a telephone number. For each
customer, regardless of kind, the database should main-
tain some additional information (e.g. a record of calls),
and support some operations appropriate to customers,
such as bill or disconnect.

Figure 6 shows how one could model this example by
using aspects. The PhoneOwner abstract type from Fig-
ure 2 describes objects that have the minimal set of meth-
ods required to act in the role of a customer: name and
phone. The Person abstract type of Figure 1 represents
one kind of potential phone owner; Figure 6 shows type
Company (and an implementation, companylmpl) that de-
scribes another kind of potential phone owner. Both Per-
son and Company conform to PhoneOwner. We add an-
other abstract type, PhoneCustomer that defines the in-
terface for the customer aspect, exporting the underlying
PhoneOwner methods (since they are generally useful) as
well as bill, disconnect, etc. The corresponding aspect im-
plementation, phoneCustlmpl defines an aspect construc-
tor that accepts any object conforming to PhoneOwner
as the base object. It returns an aspect conforming to
PhoneCustomer; the aspect augments the representation
to include the call history and supplies code for the added
methods.

The combination of aspects and conformity also ad-



/* An implementation of a company. */
implementation companylmpl with type Company

{
publi;:'

giring name() { ... };
String phone() { ... };

i

/* An implementation of phone customer. */
implementation phoneCustimpl

with type PhoneCustomer

extends PhoneOwner

/* added customer state %/
List<Call> myCaliHistory;

public:
/* new operations x/
float bill() { ... };
void disconnect() { ... };

/* exported from PhoneOwner */
PhoneOwner. name;
PhoneOwner::phone;

h

/* Create a company. */
Company acme = companylmpl( ... );

/* Make the both Joe and acme phone customers. */
PhoneCust pcl = phoneCustlmpl( ... ) extends joeP;
PhoneCust pc2 = phoneCustlmpl( . ) extends acme;

Figure 6: Using Aspects to Model Roles

dresses another problem. In a large evolving system, one
can expect that multiple programmers will independently
develop types that describe similar abstractions. At some
point, it may be desirable to interchange instances of such
types, but for a number of reasons, they may not conform
to each other. The same conceptual method may have
inadvertently been given diffcrent names in the different
specifications, e.g. Display instead of Print. The ordering
of arguments for a common method may differ, or one
type’s definition may specify additional arguments that
were not required in the other definition. In any of these
cases, an aspect can be used to smooth over the differences
between the types. To each base object that conforms to
one of the types, one can add an aspect that conforms
to the other type’s specification. The aspect constructor
defines the required methods in terms of those defined by
the type of the base object. If necessary, the aspect can
also augment the object’s representation with additional
state to help implement the new interface. Using aspects
in this manner allows schemas to evolve in simple ways,
e.g., by adding stored or computed attributes, renaming
methods, or removing methods from the interface. An ad-
vantage of this approach is that existing programs which
rely on the old interface continue to work. A disadvantage
is that one must explicitly construct the new aspect for
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each existing instance.

3.3 Aspects and Queries

Aspects provide a convenient mechanism for encapsu-
lating the tuples resulting from a query. Assume, as in
ENCORE [19], the existence of a join operator that ac-
cepts two sets of objects and a join predicate and re-
turns a set of two-tuples. Each tuple references a pair of
Joined objects and provides methods to obtain them. For
example, suppose Employee objects contain information
about an employee’s skills, and Department objects con-
tain information about skills required by the department’s
projects. In considering potential employee transfers, one
might wish to create an object for each matchup of an
employee’s skills and a department’s skill requirements.
Each tuple produced by the join refers to an Employee
object and a Department object, and exports correspond-
ing methods, emp and dept, that return them. Because
the only methods for the tuples are the ones that return
the underlying objects, the structure of the tuples is ex-
posed. However, aspects can be used to encapsulate these
tuples. Each tuple can be extended with an aspect that
reveals selected methods of the underlying objects, and
perhaps defines some additional methods as well.

Figure 7 shows how this could be done for the example
described above. First, we define EmpDept, the abstract
type of the tuples created by joining an employee and a
department. Next, we define Transfer, an abstract type
representing a potential employee transfer, with methods
empName and newDeptName for obtaining the employee’s
name and potential new department, and doTransfer to
make the required updates if the transfer is to take place.
Thirdly, we define an implementation that extends an ob-
ject conforming to EmpDept with a Transfer aspect. The
final portion of the example shows how the constructor is
used in conjunction with two of ENCORE’s query algebra
operators, The Ojoin operator, which takes as arguments
two sets of objects and a join predicate, creates the set of
EmpDept tuples from the sets emp and dept. The Image
operator applies a function to every object in a set, re-
turning the set of output values. Here, it is used to apply
the transferlmpl aspect constructor to each tuple produced
by Ojoin, creating a set of objects conforming to Transfer.

To the type system, the objects produced by this query
are indistinguishable from conforming objects produced
by other queries or methods. For example, one might
create other objects conforming to Transfer by matching
employees and departments based on some entirely differ-
ent criterion.

4 Open Problems

In addition to the obvious questions of implementation,
there are a number of other issues that we have not yet
addressed, both regarding the aspect mechanism and also
concerning the larger topics of the overall type system and
data model. We consider some of these issues briefly in
this section.

4.1 Aspect Discovery

Given that an object may have many independent as-
pects, each of which is intended to model a particular role,



/+ Type created by joining employee and department */
type EmpDept

Employee emp(),
Department dept();

}

/* An abstract type representing an employee transfer */
type Transfer

String empName(),
String newDeptName();
void doTransfer();

%

/+ An aspect constructor for a transfer %/
implementation transferlmp! extends EmpDept

public:

String empName() { .. },
String newDeptName() { .. };
void doTransfer(}), { .. },

1.

/# Join employees and departments */
set<EmpDept> skillMatchTuples =
Ojoin(emp, dept,
Aedd. Intersection(e.Skills, d.RequiredSkills) 1= {}
):

/* Encapsulate tuples by creating Transfer aspects x/
set< Transfer> skillMatches =
Image(skillMatchTuples, As. transferlmpl() extends s),

Figure 7: Encapsulating the Result of a Query

it is valuable to be able to determine what aspects an ob-
ject currently carries. For example, when a person checks
into a hospital, the receptionist will ask whether that per-
son is insured. In our aspect model, this is equivalent to
being handed a reference to a Person and asking if that
object carries the aspect Insured.

There are at least two ways in which a language might
provide this capability. The more general mechanism
would allow programs to ask the question “What aspects
does this object carry?” Since the possible answers are
not known at compile time, the program must receive
and interpret a runtime descriptor of the object and its
aspects. A simpler construct would allow a program to
ask if the given object carries a specific aspect. If the an-
swer 1s yes, then a reference to that aspect of the object
would be returned. Since the abstract type of the desired
aspect is stated explicitly in the code, the program can
receive a typed reference to the aspect, avoiding the need
to interpret runtime descriptors.

4.2 Dropping Aspects

The aspect mechanism permits an existing object to ac-
quire new context-dependent behavior. Support for evolv-
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ing abstractions also requires a mechanism by which as-
pects can be dropped. Whereas adding a new aspect has
no effect on existing programs, arbitrarily dropping an
aspect could potentially cause dangling references in ex-
isting programs or persistent data structures. This prob-
lem is not unique to aspects; it arises in any system in
which entities can be explicitly deleted. The most conser-
vative approach would be to forbid explicit aspect dele-
tion; an aspect could only be garbage-collected when no
outstanding reference to the aspect exists. Since an as-
pect discovery mechanism would make it possible to ac-
cess any aspect of an object given a reference to any other
aspect (or to the base object), one must decide whether
such implicit references should be considered for garbage
collection purposes.

At the opposite end of the spectrum, one could per-
mit aspects to be dropped arbitrarily, leaving behind a
“tombstone” that would cause an exception whenever a
program tried to refer to the deleted aspect. If one deletes
an aspect that has been extended with additional aspects,
the dependent aspects must also be deleted, because their
implementation may depend on the methods of the as-
pect that they are extending. These aspects may in turn
serve as bases for further extensions, which must also be
deleted. Similarly, when a base object is deleted, all of its
aspects must be deleted.

Because we believe that explicit deletion is needed in
large systems to allow resources to be reclaimed in a
timely manner, we favor the explicit deletion approach.
To reduce the impact of deletion on unsuspecting pro-
grams, however, we are considering a mechanism that
permits explicit deletion but allows programmers to spec-
ify when aspects can be dropped. Consider the following
example. When a parent wishes to obtain a babysitter
for an evening, he or she consults a list of babysitters
and begins to make telephone calls. If one of the poten-
tial babysitters informs the parent that he or she is no
longer interested in babysitting, the parent simply moves
on down the list. That is, the parent is able to handle
the “I'm no longer a babysitter” exception at that point.
On the other hand, once the parent has retained a par-
ticular babysitter for an evening, he or she would be very
displeased to return home and find that the babysitter
gave up on the profession sometime during the evening
{turning, pethaps, to witchcraft or politics instead). To
prevent this, the parent enters into a contract with the
babysitter for the duration of the evening.

We believe that this paradigm is applicable to many
kinds of programs. At certain times, the program is pre-
pared to respond to an exception indicating that an as-
pect no longer exists. Defining an appropriate exception
handler for each reference, however, would be cumber-
some and there might well be circumstances under which
the program would be unable to recover from the excep-
tion. Analogous to the babysitter example. we are ex-
ploring mechanisms by which a reference to an aspect can
be placed under a contract that prevents the referenced
aspect from being arbitrarily dropped. Just as there are
many ways in which real contracts can be terminated, one
can envision various ways in which a contract between an
aspect and a reference could be terminated, including ex-
plicit release by the holder of the reference, asynchronous
notification of the holder, timed expiration, etc. We in-
tend to explore various contract mechanisms as we con-
tinue to refine our type system.



4.3 Aspects and Authorization

Another area for future work concerns the interaction
between aspects and authorization. Aspect creation, as-
pect discovery, and aspect deletion must all be subject to
authorization constraints. For example, in the real world,
becoming a student requires an agreement between the
person and the university; neither party can unilaterally
cause that event. Furthermore, the student information
belongs to the university, even though the role is an aspect
of the person. While the student has some rights to the
information, he or she is not allowed to perform certain
updates, say, to change a grade. Discovery of aspects must
also be controlled. Unconstrained discovery could reveal
information about an entity that should be protected, e.g.
that an Employee is also a Patient or a Defendant. As ar-
gued in the previous section, dropping an aspect must be
controlled so that clients of an aspect can operate with
some guarantee of continuity. Finally, authorization over
aspects is needed from a systems administration point of
view, since crealing an aspect consumes resources.

4.4 The Melampus Data Model

We believe that multiple, changing roles are typical of
long-lived entities and that primitives to model such be-
havior are crucial to a coming generation of “omniscient”
information systems. These geographically-distributed
multi-user systems will provide a universal repository for
both long- and short-lived data. All information in such
a system will be accessed and managed in a uniform way,
and the system will provide both navigational and asso-
ctative access to the objects it contains. Guided by this
vision, we have begun to design such a system, which we
call Melampus [5]. Aspects are only one part of the overall
data model for Mclampus. We have also been developing
a query algebra and designs for authorization and naming,.

While the type system will be based on conformity,
there are additional areas that must be addressed be-
fore its design is complete. As we have noted, conformity
makes substitutability implicit. We believe, however, that
programmers should also have a mechanism by which they
can explicitly indicate their intent that a type being de-
fined is to be substitutable for a previously-defined type.
When this mechanism is used, the compiler can assist the
programmer by verifying that the interface of the new
type conforms as intended.

Furthermore, although conformity provides a mecha-
nism for subtyping, it does not provide any support for
inheritance. That is, each implementation that conforms
to an abstract type is potentially independent. Any code
shated by more than one implementation must be re-
peated in each implementation. An inheritance mecha-
nism would allow the programmer to make the relation-
ship between implementations explicit, with shared code
specified only once.

It may also be useful, under some circumstances, to
make the relationship between a type and a particular
implementation explicit and exclusive. A mechanism that
allows a programmer to designate a specific set of imple-
mentations that can conform to an abstract type provides
users of that type with a stricter guarantee that all in-
stances will behave in a specified way.
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5 Related Work

As we noted in the introduction, the problems that mo-
tivated aspects have been observed by other researchers,
and several proposals have appeared in the literature. To
the authors’ knowledge, the earliest example was work by
Bobrow and Winograd on perspectives in KRL [4]. These
ideas also appeared later in PIE [11] and Loops [20]. Re-
cently, these issues have sparked a renewed interest among
researchers in OODBSs. In this section, we review some
of the more relevant work and compare it with our own.

5.1 Iris

Iris [10] was the first OODBS to be based on a data
model recognizing the importance of entities that can
change type, and it provided the original inspiration that
led to our aspect mechanism. In Iris, an object is funda-
mentally nothing more than an identity. An object may
gain or lose types over its lifetime, but it retains its iden-
tity throughout. An object x is considered to be of a type
T if the predicate T(x) evaluates to true. An explicit add-
type operation adds a new type to an object; thereafter,
any of the methods defined for that type can be invoked.

Since one can add arbitrary types to an object, Iris
clearly supports the modelling of multiple, changing roles.
However, Iris does not support context-dependent behav-
ior for an object, and this leads to some difficulty. As in
classical object-oriented models, a method defined by a
type may be redefined by any of its subtypes. Method in-
vocation normally chooses the implementation defined by
the object’s most specific type. However, since arbitrary
types may be added to an object, there may not be a
single most-specific type.! The semantics of such cases is
not defined in the model and requires user-specified rules
to resolve the ambiguity [10]. The problem is not that
an object may have multiple types, but that the entire
set of types that an object has is visible in every context.
By contrast, aspects partition an entity into independent
views, and each reference is in a particular context. Thus,
without conflict, two aspects may provide different meth-
ods having the same name.

5.2 Object Hierarchies

Recently, Sciore proposed object hierarchies [17] as
models for entities in the real world. Each object in the hi-
erarchy represents some information about the entity. An
object may contain some state variables and it may im-
plement some behavior. In addition, it inherits behavior
from its parent in the hierarchy. When a message is sent
to an object, it either responds to the message directly, or
it delegates [14] the message to its parent. Thus, the effec-
tive behavior observed by a client of an object depends on
the particular arrangement of the object’s hierarchy. In
other words, inheritance is determined on a per-object ba-
sis. Various predefined methods are provided for manip-
ulating object hierarchies, including methods for cloning
an existing hierarchy and for extending one object with
(part of) the bchavior of another. Template hierarchies
are introduced as a way to impart uniformity on the world

4This problem is essentially the name-clash problem of mul-
tiple mheritance.



of object hierarchies; each template plays the part of a
prototype hierarchy from which instances may be cloned.

Although object hierarchies and aspects share similar
motivations, there remain important differences. One dis-
tinction concerns types in the language. Sciore’s model is
based heavily on prototype languages [14, 23]. There are
no types, and every object hierarchy is potentially unique
in structure and behavior. Moreover, the structure of a
given object hierarchy can change dynamically and arbi-
trarily. While the use of template hierarchies is an elegant
way of ensuring uniformity of newly cloned objects, they
do not completely address the problem. For example, the
use of templates is purely advisory; one may still clone
an aibitrary object. One may also arbitrarily change the
structure of an object after it has been cloned from a tem-
plate. For example, an object can change its parent to
some other object, perhaps in a different hierarchy. Fur-
thermore, there are no restrictions on which objects can
become the parent. While such flexibility may be useful
in some circumstances, it is not clear that a large com-
puter system shared by many users can cope with such
lack of structure. It would be very difficult to predict
with any confidence that a message sent to an object will
be understood.

By contrast, our model is strongly typed yet has signif-
icant flexibility. A given object may be extended only if it
satisfies the abstract interface specified by the aspect def-
inition. In terms of Sciore’s model, this restriction would
limit the parent of an object in a hierarchy to be one
that responds to a known set of messages. Furthermore,
each new aspect also exports a known abstract interface.
Thus, each view of an object supports a predictable set
of methods.

Another important difference between aspects and ob-
ject hierarchies concerns object identity. An object hier-
archy comprises many independent objects, each with its
own identity, that collectively model a real-world entity.
There is no one object identity that serves as the name
for the entity being modelled. By contrast, an aspect is
part of a single object that shares a single identity while
supporting multiple, independent views. We believe this
is an important distinction from a modelling standpoint,
since one of the primary advantages of object-orientation
is that it allows the structure of a program to reflect more
directly the entities being modelled. This distinction be-
tween the models also has practical conseguences. For
example, in Sciore’s model an object may detach itself
from omne hierarchy and reattach to another. Given that
a hierarchy is a model for an entity, such an operation
means that a role of one entity can become a role of a dif-
ferent entity. Such operations are disallowed for aspects,
since they are intended explicitly to be views of a single
object.

5.3 Clovers

Stein and Zdonik have proposed a mechanism called
clovers [21] that is similar to both object hierarchies and
aspects. This proposal is based on traditional notions
of subtyping and inheritance. An object is created with
a particular type T and mav be extended to any sub-
type of T, say, T° The resulting object can be visually
represented as a core of type T with an attached chunk
containing the instance vaiiables in (T’ - T), i.e. those
variables in the representation of T' that are not in T. An
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object having several such leaf-like extensions “looks” like
a clover, hence the mechanism’s name. The operator for
extending an object is called become, and initial values
for the instance variables in (T’ - T) must be supplied as
parameters.

Coercion operators are provided for moving among the
various views of an object that exist at a particular time.
The coerce- operator moves up the type hierarchy. For
example, given a reference to the T' part of our clover, we
can use coerce- to obtain a reference to the T part. The
inverse, coerce+, moves down the hierarchy. Since every
T is also a T, coerce- is a type safe operation. However,
coerce+ may produce a runtime error. As a way around
this problem, the anthors suggest a simple predicate, has,
to test whether an object has an extension of a particular
type before attempting the coercion.

Like object hierarchies and aspects, clovers were mo-
tivated by the need to model entities that have multi-
ple, independent views. Consequently, a clover shares the
basic semantic that different references to the same ob-
ject may observe different behavior, and that duplicate
method names in different “leaves” of a clover do not
clash. As with aspects, an entire clover has a single ob-
ject identity. And, like an object hierarchy, the behavior
of any particular view is defined automatically through
inheritance, although inheritance is at the object level in
an object hierarchy and at the type level in a clover. The
key difference between clovers and aspects is that each
“leaf” of a clover must be a subtype of the type of the
original object, whereas an aspect can be used to extend
an object with arbitrary new behavior.

5.4 Summary

All of the work discussed in this section started from the
same observation: existing object-oriented systems can-
not capture the dynamic nature of the real-world entities
that they seek to model. The Iris mechanism for chang-
ing types provided the original inspiration, although it
proved to be too unstructured for our purpose. Sciore’s
object hierarchies are close relatives of aspects, although
they lack identity semantics and strong typing. Stein and
Zdonik’s clovers mechanism casts many of these ideas into
a traditional object-oriented type system. While they in-
clude identity semantics, their mechanism can only extend
objects with subtypes. Aspects can extend objects with
arbitrary behavior.

6 Conclusions

Modern object-oriented data models can capture two
important properties of real-world entities: classification
and identity. However, these models are not able to cap-
ture a third property: the evolution of entities through
time. We have presented aspects, a mechanism that al-
lows instances to gain and lose behavior dynamically, and
we showed that this mechanism is consistent with both
strong typing and object identity. We also showed how
aspects, combined with a conformity model of types, is a
powerful construct having many applications beyond the
modelling of roles.
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