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Abstract

Relationships between objects are almost as importantdigrie as the objects themselves. Most program-
ming languages do not support relationships well, so progrars must implement relationships in terms of more
primitive constructs. This paper presents a selectionatippatterns which describe how aspects can be used to
model relationships within programs. By using these pastgprograms and designs can be made smaller, more
flexible, and easier to understand and maintain.

I ntroduction

Early programming languages provided little support f@resenting either objects or the relationships between
them. FORTRAN, for example, began with integers, reals, amdys; COBOL and Algol offered a great ad-
vance by adding a range of string data types and recordsct&ted languages, such as Pascal, added pointers
and dynamic memory allocation (rudimentary objects) te¢heonstructs: programmers could model real-world
entities as dynamically allocated records linked togethitr pointers. While dynamic dispatch streamlined object-
oriented programs, the actual “object model” in languagamfSmalltalk to Java remains essentially the same as
in Pascal: dynamically allocated records linked togethyepdinters — with, eventually, garbage collection, and
a library offering sets, bags, and lists to supplement atr&gpect-oriented programming, at last, gives us a new
and exciting way to think about and implement relationsimgsrograms and this paper explores these ideas.

We present five proto-patterns for using aspects to desigimgplement relationships between objects — what
we callrelationship aspectf]. The patterns address the most basic kind of relatigassivhere one object needs
to be able to refer to another object at runtime. These oglshiips are often called associations or collabora-
tions, to distinguish them from the more complex conceptgafregation and inheritance. The first two patterns
(Relationship Aspect and Relationship Interface) describe the core concepts behind relationship aspédus; t
next three Relationship Pair, Static Relationship, Dynamic Relationship) describe the major kinds of aspects
(or classes) used by relationship aspects.

Aspect-oriented design and programming is an emerging falc result, the patterns presented here, unlike
most othersdo not attempt to record well-known design and programming teqieeé. Rather, in the spirit
of Documenting Frameworks Using Patterf3§, we are experimenting with using the pattern form to diesc
techniques in an emerging field of software design. This maldifficult to list three known uses of each pattern!
Still, we aim to describe techniques to new programmerslaradrate when particular techniques are appropriate.
Each pattern presentation includes example code basedthpdtelationship Aspect Library (RALYD]. This
library contains several implementations of the pattemesgnted here and is available for download under an
open source license fromtp://www.mcs.vuw.ac.nz/"djp/RAL/ . The general techniques have also
also been advocated by other aspect-oriented designe?$ [The example code is presented in Aspect/J (see
e.g. [4]) since this is the mostly widely adopted AOP languaghe patterns are mostly language independent
and should apply to any sufficiently dynamic object- or asjpeiented language, including Smalltalk and Python.
They will not, however, work in languages like Java with fixsthgular notions of a class definition. Figure 1
summarises the problems dealt with by this collection ofgras, and the solutions they provide.
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Pattern Problem Solution

Relationship How do you design a Make a Relationship Aspect
Aspect relationship between objects?| to represent the relationship.
Relationship How do you use a Access the relationship

Interface relationship aspect? via its Relationship Interface.

How can you store additional

Re_latlonsh|p information along with a rela- Make a relaypnshlp pair CIQSS
Pair tionship? to store additional information.
Static How do you model a Us_e a Static Relationship aspect

: . : . to implement a permanent rela-
Relationship permanent relationship? . .

tionship.

Oynanic | Howdoyoumonel | se 8 Dramic seatonen |
Relationship temporary relationship? porary

ship.

Figure 1: Summary of the Patterns

Forces

Each of the patterns resolves a number of different forced,seme conflicting patterns (such &sitic Rela-
tionship (4) andDynamic Relationship (5)) resolve similar problems in different ways. Many of thetpats
consider thecomplexityand easeof readingor writing of a particular solution. Generally, solutions which are
easy to write are more likely to be chosen by programmerssahdions which are easy to read are likely to be
easier to maintain. Several patterns also addressahesiorandcouplingof the resulting designs, since designs
with high cohesion within objects and low coupling betwesent are more flexible, understandable, and easier to
maintain. This is often related to whether a relationshigefgesenteéxplicitly by a single element of a design,
or whether it isdispersedacross several objects, attributes, and methods, and erreetthange of state in a rela-
tionship islocal, affecting only those objects participating in the relaship, orglobal, affecting other objects in
the program. Representing a relationship explicitly makeasier toidentify the relationship within the design,
to change the implementatiaf the relationship if necessary, to maintaionsistencyn two-way relationships,
and toreuseboth the relationship and other participating objectsveltere. The patterns are marginally concerned
with efficiency— thetimeandspacecost of a design, and thmumber of object# requires.

Comments

This paper builds upon our two earlier papeRelationship Aspec{8] andBasic Relationship Patterrig]. The
latter itself is an extension of still earlier work on patterand relationships (see [8, 5, 6]). All these papers have
a similar theme — how to model inter-object relationshippingrams. The contribution of the patterns in this
paper, we believe, lies in identifying the advantages asddliantages of using aspect-oriented programming to
achieve this aim.
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1 Relationship Aspect

How do you design a relationship between objects?

Imagine implementing a university enrollment system faoreling which courses a student is attending. In an
object-oriented programming language, you will most §kehd up with something similar to this:

class Student {

String name;

int number;
HashSet<Course> attends;

}

class Course {

String code;

String title;
HashSet<Student> attendees;

void enrol(Student s) {
attendees.add(s);
s.attends.add(this);

}

void withdraw(Student s) {
attendees.remove(s);
s.attends.remove(this);

}
}

Here, the participating classes (i.8tudent andCourse ) include all the data structures necessary for repre-
senting and manipulating th&ttends relationship. This corresponds to tRelationship As Attributgattern
previously presented by Noble [7]. The primary disadvaesagf this pattern are thennecessary couplingf
participants angioor cohesiorof the relationship implementation (since this is disttéduliacross participants).

An alternative formulation is thRelation As Objegbattern [7]. In this case, the relationship code is housed in
a separate class utilising, for examgtgshMaps to relate participant objects. This Hager couplingbetween
participants andetter cohesiorfas all relationship code is in the same class). The disadganhowever, is
an additional level of indirection (i.edashMap lookup) leading tadecreased performancé&urthermore, if the
relationship isdensdi.e. most, if not all, instances &tudent andCourse are actively participating) then this
approach consumesore storagghanRelationship As Attributésince theHashMaps consume additional space
proportional to the number of participating pairs). If thengerse is true (i.e. the relationshipsparse, then
it consumedess storagehanRelationship As Attributesince space is consumed by participating instanods
when they are actively participating

The difference between these two approaches foAttends relationship is really an implementation detalil
— a trade-off for performance over storage. And yet, switghbetween them is not trivial, since this requires
modifying bothStudent andCourse to either remove or add the necessary relationship code. typieal
object-oriented language, there is little we can do abdst With aspect-oriented languages, however, this is no
longer the case.

Therefore: Make a Relationship Aspect to represent the relationship.

Aspects are a natural fit for modelling relationships. Thkgwaus to centralise the relationship code and
interface, regardless of whether the implementation ¥edlRelationship As Attributer Relationship As Object
This is made possible in languages like Aspect/J throughrttes-type declarationsometimes known as the
introduction). This language feature permits fields to be added to claspesteritheir definition. In this way, the
Relationship As Attributpattern can be implemented with an aspect witn¢toducesthose attributes needed for
the relationship into the participants.
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Example

Rewriting our example code using a relationship aspectvallthe extraneous code to be removed from the
Student andCourse classes:

class Student {
String name;
int number;

}

class Course {
String code;
String title;

}

aspect Attends {
HashSet<Course> Student.attends; /I inter-type declarat ion
HashSet<Student> Course.attendees; // inter-type declar ation

void enrol(Student s, Course c) {
c.attendees.add(s);
s.attends.add(c);

}

void withdraw(Student s, Course c) {
c.attendees.remove(s);
s.attends.remove(c);

}

}

This code implements thRelationship As Attributpattern using a simple Aspect/J aspect. This employs
inter-type declarations to insert fields directly into thertripating classes (i.eStudent andCourse ) and
yields something identical to the original implementati®he difference, however, is that the relationship code is
not distributed amongst the participating classes. Raithiercentralised within the aspect itself.

In the Relationship Aspect Library, we take this one stephierrby providing a set ofienericRelationship
Aspects. Thus, instead of hand-coding #itends aspect (as done above), we can simply extend one of our
generic aspects as follows:

aspect Attends extends SimpleStaticRel<Student,Course> {

Here, the participants are identified by the type parametietise generic aspect. The aspect modifies them ac-
cordingly, again resulting in something almost identicatte original implementation. Furthermore, changing the
relationship implementation to one basedHashMaps (i.e. Relationship As Objekis easy: we simply make
Attends extendSimpleHashRel<Student,Course> instead.

Consequences

The key advantages of Relationship Aspects lie in separatih the relationship concerns. Classes and relation-
ships can be reused independently without modification hedce, there ifower coupling The design is also
more flexiblesince relationship implementations can be interchangsiye
However:

The main disadvantage of a Relationship Aspect is simplyithia aspect-oriented: programmers are more
used to reading and writing the object-oriented implemtgoria

Related Patterns

A Relationship Interface (2) can provide a uniform interface for manipulating the relaship (navigating, adding
and removing participants) allowing relationship impleraions to be interchanged without affecting client code.
Static Relationship (4) and Dynamic Relationship (5) distinguish between long-term and short-term relation-
ships. ARelationship Pair (3) allows extra information to be stored within relationships
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2 Relationship Interface

How do you use a relationship aspect?

In object-oriented programs, relationship interfacegereerally somewhat ad-hoc (eeproll  /withdraw
in the original university system). This makes it difficudtwrite code which is polymorphic across different re-
lationships. Part of the issue here stems from the diffesiigte of interface dictated by particular relationship
implementations. For example, wiRelationship As Attributehe interface may be distributed across the partic-
ipants (since the implementation is); whilst, fRelationship As Objecthe interface will be centralised with the
relationship object. With Relationship Aspects, howeweralways have a central access point for the relationship
(i.e. the aspect); the value of a generic interface for maatmg relationships is, thus, increased.

Therefore: Provide a generic Relationship Interface.

A common interface ensures that all relationships, regasdbf underlying implementation, can be manipu-
lated in the same way. A key advantage is that this allows ugite code which igelationship polymorphie—
that can work with any implementation of a relationship — lepénding upon only the relationship interface.

Example

The Relationship Aspects in the Relationship Aspect Lipeae based around ttirelationship<FROM,TO>
interface. This provides methods to add and remove pains fn@ relationship, and to traverse it.

interface Relationship<FROM,TO> {
public boolean add(FROM f, TO t);
public boolean remove(FROM f, TO t);
public Set<FROM> to(TO t);

public Set<TO> from(FROM f);

}

The generic parameters capture those classes the rekiioaEROManNdTO (in fact, there is a third generic
parameter which we will discuss later). A relationship begwStudent s andCourse s, for example, would

implement the interfacRelationship<Student,Course> , and provide the corresponding methods, such
asadd(Student,Course) , remove(Student,Course) , etc.
From the above definition, it is reasonably clear th&elationship is bidirectional Given aFROM

instancef, we can get th& Oinstances it is associated with throuigbm(f) . Likewise, given arOinstance
t, we get itsFROMnstances vido(t) . Thus,from() enabledorward traversal, whileo() givesbackward
traversal. We can imagine other variations on this whichgf@ample, enable traversal in only one direction (as,
for many implementations, traversal in both directionsithex impossible or inefficient). The above interface
does not permit &tudent to be enrolled in the sanf@ourse more than once. This is apparent becaoge
andfrom() returnSet s, rather than e.gCollection  s. Lifting this restriction corresponds to thinking of the
relationship as anulti-graph rather than graph

An example of some relationship polymorphic code is theofelhg print method, which accepts any relation
betweerStudent s andCourse s:

void print(Student s, Relationship<Student,Course> r) {
for(Course c : r.from(s)) {
System.out.printin(s + " attends " + c);

1

This code will work regardless of what kind of relationstgpiassed to it.

Consequences

The ability to use different relationship implementatipoéymorphically is an important advantage of relationship
aspects.
However:

Because programmers are unused to relationship interfecgs written using these interfaces may be harder
to understand. Part of the problem is that a general interdaes not provide intuitive insight into its meaning in
the real world. For example, with the original implemerdgatof Course from Relationship Aspect (1), there
was arenroll() method. In ouRelationship interface, this has been supplanted with the generic asd les
intuitive add() method.
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Related Patterns

A relationship interface may express its APIs both in terimR@ationship Pairs (3) and in terms of the partici-
pants; supporting Relationship Pairs is generally morelm@rsome but also more flexible.

3 Relationship Pair

How can you store additional information along with a retatship?

Many relationships need to store additional informatioongl with the two participating objects. Consider
implementing aoad networksystem, where cities are connected together by roads efeliff length. The length
of a road cannot be stored as an attributeCdf , since each city may have several incoming/outgoing roads.
Givenv cities, we may need to store(v?) road lengths if every city is connected with every other asisg at
most one road between any two cities). In other words, we adedgth for everyair of cities. In the UML, this
could be modelled with aassociation classThis is not supported by the relationship interfaces patlias part
of Relationship Aspect (1) andRelationship Interface (2). The reason being that they managed the concept of a
pair internally, rather than exposing it to the user.

Therefore: Make a relationship pair class to store additional infornaet.

Some relationship aspects include a third type paraméddbsviab the user to specify the internal representation
of pairs. By making this concept explicit, the user can idelwhatever attributes and other functionality are
appropriate for a pair of objects in a particular relatidpgbuch as road length).

Example

In the Relationship Aspect Library, thelationship interface actually accepts three type parameters:

interface Relationship<FROM,TO,P extends Pair<FROM,TO> >{
public void add(P);

public void remove(P);

public Set<P> toPairs(TO t);

public Set<P> fromPairs(FROM f);

public Set<FROM> to(TO t);

public Set<TO> to(FROM 1t);

}...

The third type parametdP, determines the actual type of individual pair objectsexidnside the relationship. All
must implemenPair<FROM,TO> :

interface Pair<FROM,TO> {
public FROM from();
public TO to();

}

The user can provide their own pair classes by implemeaig as they wish. Since we expect that, in many
cases, this will not be necessary, the library provid&snapleRelationship class which uses a default pair
implementationFixedPair ):

interface SimpleRelationship<FROM, TO>

extends Relationship<FROM, TO, FixedPair<FROM,TO>> {
public void add(FROM f, TO t);

public void remove(FROM f, TO 1t);

}

This interface corresponds more closely, in fact, with tkenepleRelationship interface presented iRela-
tionship Interface (2).
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Consequences

Pairs allow extra information to be stored easily into ielaghips. This is essential for a proper decomposition of
some problems (e.g. the road network example above).
However:

Pairscomplicatethe relationship interface and, in many cases, will not hessary.

Related Patterns

The inclusion of @air concept in the relationship interface clearly affects thirface. Hence, this patterniis is
related toRelationship Interface (2). ExposingPair does not affect the meaning of operations for manipulating
a relationship. Thus, this pattern compliments, ratham ttenflicts with,Relationship Interface (2).

4 Static Relationship

How do you model a permanent relationship?

Many relationships exist for the duration of a program. la tiversity enroliment example, students are
alwaysattending courses; courséwayshave prerequisites; and, coursde/ayshave teachers. Because these
relationships are long-lived, and generally affect evestance of the participant classes, it is important they are
as efficient as possible; that they do not require extra madit objects or memory allocation; and that they can be
accessed and traversed quickly and easily.

Therefore: Use a Static Relationship aspect to implement a permankatiaaship.

A static relationship allows the programmer to indicate tblationship will persist for the duration of the
program. The idea is that this information can be exploitgdg.g. the compiler, runtime system etc.) to obtain a
more efficient implementation.

Example

The Relationship Aspect Library provides a range of stafi@tionship aspects, suchstaticRel<FROM,TO,P>
andSimpleStaticRel<FROM,TO> . In our implementation, these always corresponBédationship As At-
tribute (although, in other languages, different strategies msy laé appropriate). As discussed previously, these
aspects use Aspect/diger-type declarationo insert fields directly into the participants. The advaetaf this is
that it gives constant-time access to the relationshiginéion (e.g. for traversal).

Consequences

Explicitly declaring that a relationship is static can eleajyeater performancet also conveys information about
the program’s structure, makingdasier to understand
However:

In some situations, optimisations performed on behalf daticsrelationship may lead tworse performance
In the Relationship Aspect Library, this can happen wheraticstelationship isparse(i.e. most participants are
not actively involved). This occurs because fields addedasisgh Relationship As Attributare rarely used and
consume valuable storage (especially in the machine'ssjach

Related Patterns

A Dynamic Relationship (5) is an alternative to this pattern for short-lived relatioips.

5 Dynamic Relationship

How do you model a temporary relationship?

Some relationships do not exist for the entire life of a pamgr Consider a prerequisites relationship for the univer-
sity enrollment system. This describes a graph structu@oafse s. As such, itis applicable to a large number of
graph algorithms, including depth-first search and trares@ilosure. Suppose we transitively close the prereguisit
graph to determine the complete set of dependencies foraanke. Perhaps this is done occasionally to ensure
a given degree can be completed in three years and, once efehpl discarded. Using a static relationship to
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implement this is not appropriate. In the Relationship Aspébrary, for example, this would mean adding extra
fields toCourse containing its transitive closureyen though these were only used occasionally

Therefore: Use a Dynamic Relationship aspect to model a temporaryicgighip.

A dynamic relationship allows the programmer to indicate telationship will only exist temporarily. The
idea is that this information can be exploited (by e.g. theagiter, runtime system etc.) to obtain better resource
utilisation and, hence, a more efficient implementatiorrae

Example

The Relationship Aspect Library provides a range of dynaglationship aspects, suchtdashRel<FROM,TO,P>
andSimpleHashRel<FROM,TO> . In our implementation, these always corresponBétationship As Object
(although, in other languages, different strategies may bk appropriate). The advantage of this is that fields
are not added to the participant classes. Rather the neshiilpis contained entirely within a separate object and,
hence, destroying that object eliminates all resourceswoed by the relationship.

Consegquences

Explicitly declaring that a relationship is dynamic can leledetter resource utilisatiorwhich can lead tdetter
overall performancgit also conveys information about the program’s structaraking iteasier to understand
However:

Accessing information in the relationship may be slower essalt of the indirection (e.gdashMap lookup)
needed to fully separate a relationship from its participEbjects. In some situations, this may leadntorse
performance overallln the Relationship Aspect Library, this can happen whegreathic relationship is used as
part of a computationally hard algorithm (transitive clesmay be an example here). If the time-complexity of
the algorithm is high, small changes in performance can Heamatic consequences.

Related Patterns
A Static Relationship (4) is an alternative to this pattern for long-lived relatioipsh
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