Multiple Dispatch and Roles
in OO Languages:Fickleyr

Submitted By:

Asim Anand Sinha
aasO4@doc.ic.ac.uk

Supervised By:

Sophia Drossopoulou
scd@doc.ic.ac.uk

Department of Computing
IMPERIAL COLLEGE LONDON

MSc Project Report 2005

September 13, 2005



Abstract

Object-Oriented Programming methodology has been widely accepted because it allows easy modelling of
real world concepts. The aim of research in object-oriented languages has been to extend its features to bring
it as close as possible to the real world. In this project, we aim to add the conceptstiple dispatctand
first-classrelationshipsto a statically typed, class based langauges to make them more expressive. We use
Ficklejjas our base language and extend its featuréSiiitle g . Ficklejis a statically typed language

with support for objecteclassification it allows objects to change their class dynamically. We study the
impact of introducing multiple dispatch and roleshiickler . Novel idea ofrelationship reclassification

and moreflexible multiple dispatch algorithm are most interesting. We take a formal approach and give a
static type system and operational semantics for language constructs.
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Chapter 1

Introduction

| rejected multi-methods with regret because | liked the idea, but couldn’t find an acceptable
form under which to accept iBjarne Stroutstrup

In a typed object-oriented language, method selection is usually carried out at run-time due to polymor-
phism. Languages like Smalltalk, Java and C++ suppimgle dispatchingin which the method to be
executed is selected by the dynamic type of the receiver object and the static types of the method parame-
ters, completely ignoring the dynamic types of the parameters. For example, consider the Java program in
Figure[1.1, we have a 2-D point and a 3-D point, both of which hasenapare method Point3D class
overridescompare method in Point2D). Theompare method in class Point2D is more appropriate for
comparing two 2-D points and treompare method in class Point3D is more appropriate for comparing

two 3-D points. In lines 12 and 13, we create one instancBait3D classpl and one instance of
Point2D classp2. In line 14, invoking theecompare method fronpl unsurprisingly calls theompare

method in Point2D class by matching the static types of the actual and formal arguments. In line 15, we
assign an instance @foint3D class top2. Now, p2 has a static typ&oint2D and a dynamic type
Point3D . In line 16, pl.compare(p2)  still calls thecompare method fromPoint3D class even

though we are comparing tweoint3D class instances. As mentioned above, in single dispatch the appro-
priate method is selected by the dynamic type of the receiver object and the static types of the arguments,
therefore the dynamic type @2 plays no role in the method selection. We require a mechanism which
takes the dynamic types of the parameters in consideration too, while selecting the appropriate method.

This gives rise to the concept aifultiple dispatch or multi-methods Multi-methods are set of methods

that are selected on the basis of the dynamic types of all the parameters, not just the receiver and multiple-
dispatch is the mechanism of selecting the appropriate methods at run time. Multimethods offer higher
expressability to a statically typed object-oriented programming during run-time. A language with support
for multi-methods, for example, MultiJava or CLOS would call the appropriate method; in the case of figure
[1.1,compare method fromPoint3D class. Stroustrup, the designer of C++, regrets that he was unable to
consider providing multi-methods in his language, essentially because, as he admits, he was not able to find
out how to do it (see Section 13.8 0f [18]).
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1. class Point2D{
2 int  xy;
3. int compare(Point2D p){
4 if (px < this x & py < this y) return 1;
5 else return 2;
}

}
6. class Point3D extends Point2D{
7. int z; /linherits x,y
8. int  compare(Point3D p){
9. if (px < this X & py < this \y & p.z < this .z) return 1;
10. else return 2;

}

}
11. class Test{
12. Point3D pl = new Point3D(...);
13. Point2D p2 = new Point2D(...);
14. pl.compare(p2); /[calls compare from Point2D class
15. p2 = new Point3D(...);
16. pl.compare(p2); /[calls compare from Point2D class

Figure 1.1: Points Example in Java

Multiple dispatch has been implemented in some object-oriented languages such as MultiJava[6], Com-
mon Lisp Object System (CLOS)[9], Dylan and Cedcil[4]. Unfortunately these languages are either not
statically typed or have to compromise on several important features in a language, for example, modularity,
separate-compilation properties(like in Java and C++) and symmetric treatment of parameters.

The concept of roles(relationships) have been around for a long time. It comes from database modelling
languages like E-R diagrams and system modelling languages like UML. In roles based languages, objects
can be assigned roles (relationships) which makes it easy for system designers to model the real world.
For example, in Figur 1.2, a Teacher ‘teaches’ a Student, where an instafieaabfer is related to

an instance ofStudent by an instance of relationshipeaches . Currently, languages do not support

the concept of roles, hence the programmer is over-burdened with petty ways of implementing this feature,
for example, in Figur3, by creating a table of tufi#ject x Relationship x Object) and search-

ing through this table each time to retrieve the tuples. The relationships can be one-to-one, many-to-one,
many-to-many and one-to-many. In this example many teachers can teach many students, hence it is many-
to-many.

An object’s roles may change with time, for exampl®eatiredTeacher ~ may no more be related to
a Student by roleteaches . When adding roles idFickle), we have to consider what happens to an
object’s roles once it is reclassified: we could detele, add or simaghassifyroles. We may also have to
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Ohbjact Relafionship Objact

Teacher - Student William: Teacher | Teaches{course: progranmuing Alex: Stadent
i William: Teacher | Teaches{course: progranmming} John: Studerd

i William: Teacher | Teaches{course: type systems} Alex: Student

: Snuth: Teacher Teaches{ course: progranmmng} Alex: Stodent

Teaches ; :
Snuth: Teacher Teaches{ course: progranmmng John: Studert
course: String

Figure 1.2: Teacher-Student Relationship ~ Figure 1.3: Teacher-Student Table

update roles of other objects which were related to the object being reclassified. When deleting a role, we
have to make sure there are no aliases still pointing to the old role. In databases, this is achieved by updating
tuples with the help of foreign keys. It would be extremely useful if a database language supported reclassi-
fication and roles, where both: the object and its relationships could be reclassified dynamically. We study
the reclassification semantics fuckle; and apply it to the novel concept of relationship reclassification.
Another issue that we must think about is how to desigto-n relationships

In this project we implement multiple dispatch and rolesAtrkley g , an extension ofFickle. Most
interesting parts of the proejct are the more flexible multiple dispatch algorittfidkie ,; z than its coun-
terparts and the novel idea of relationship reclassification and reclassification directives.

Chaptef P gives a basic theory of objects, object-oriented jargon, and existing research in multiple-dispatch
and relationships. Chaptef 4 gives an introduction to various functions for type-system and operational

semantics which are used in the next chapters. Chppter 5 talks about our approach to multiple dispatch
including the type-rules, operational semantics and a novel multiple-dispatch algorithm. Chapter 6 talks

about relationships including extended RelJ and operational semantics for relationship reclassification.



Chapter 2

Background

This chapter gives the background researciirdtiple dispatchandrelationshipsover several years. Mul-

tiple dispatch and relationships are programming language features and are studied in Programming Lan-
guages research. This chapter begins by introducing some theory and jargon related with object-oriented
calculus. It then goes on to describe related work in multiple dispatch by colleagues with similar research
interests. We then talk about the related work in relationships by Wren et al and Ghelli et al. For each topic,
we also discuss the main challenges in their implementation at theoretical and prototypical level.

2.1 Theory of Objects

The popularity of Object-Oriented Programming languages shows its effectiveness and ease of use. Lan-
guages like C++ and Java have rapidly replaced procedural and functional languages like C. Concepts in
object-oriented languages get their motivation from the real world, thus making it easier and more fun to
model software system®bjects can be thought of as entities of the real world we wish to model. For
example, while modelling a solar system, we could tpgahets andstars as objects. Objects have

data fields ) like planetName and behaviourfiethods ) like rotate andrevolve . The interaction

and relationship between the various objects is modelled using object-oriented features like method calls,
inheritance, association etc.

Simula was the first object-oriented language to be developed, which was developed for simulations[7].
Its concepts were later refined by the developers of Smalltalk, C++ and Java. Since then, the object-oriented
methodology has been exploited in a wide range of applications, including development of user-interfaces,
databases, operating systems and many more. A large part of the success of obect-oriented languages is
because of its support fapftware reusg.e it allows reuse of software components.

The most important property of object-oriented language®igmorphismi.e. the property to take many
forms. As described in[1Ad hoc polymorphism  simply refers to function overloading whiseibtype
polymorphism allows asubtype to appear wherever lbbase-type is expected, also known as the
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principle of substitutability If a : A(a is an instance of clasd) and A <: B(B inherits from(extends)

A), thena : B(a is an instance of clasB) ; we call thissubsumption When subsumtion occurs i.e. a
subtype is converted to a base-type, the extra fields defined in base-type is only temporarily hidden (from
field access) but not removed, so if we were to type-cast it back to the subtype, we would retrieve the ex-
tra fields with the original values. This is semantically necessary as we shall see in the following paragraphs.

/+ ReCell <: Cell, Cell has a method ’'set’ which sets a field value to the

argument value. ReCell overrides ’'set’ and allows ’undo’

public class Cell{
int value;

void set( int n){

value = n;
}
public class ReCell extends Cell{
int  backup;

void set( int n){
backup = n;
}
}

public class Test{
public void g(Cell x{
x.set(3);
}
/...
/lexecuting this code in main method
ReCell myReCell= new ReCell(5);
g(myRecCell);

*/

Figure 2.1: Dynamic Dispatch Example

With the introduction of subsumption, we have to re-examine the meaning of method invocation. For ex-
ample, consider Figufe 2.1 taken from [1]. We have a class Cell, which $eis anethod to set the value

of value field. ReCell inherits from Cell and overridegt to allow undo; has abackup field and
copies thevalue to backup before setting the new value. The method géthyReCell)  will behave
differently in languages with static and dynamic dispatclsthtic dispatchthe method resolution is based

on the compile-time type information available for In programming languages which allow only static
dispatch, theset method from clas€ell would be executed. To provide flexibility to objects at run-time,

all object-oriented languages implemeaynamic dispatchin dynamic dispatch, the method resolution is
carried out at run-time, hence is based on the dynamic type of the objects. For example, in Jsef, the
method from clasfeCell would be executed. Dynamic dispatch is very important to an object-oriented
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language as this allows objects to behave autonomously.

Another important feature of multiple dispatch is that it can make use of the fields that become hidden
(from field access) as a result of subsumption. For example, if an application of subsumptidRei@eth

to Cell were to force aeCell to acell by cutting off its additional attributeso&ckup ), then a dy-
namically dispatched invocation sét would fail. Although the fieldackup cannot be accessed directly,

it is used by the methosket .

The collection ofset methods in Figurg 2|1 is called a generic function.géneric functioris a set of
methods with the same name and number of arguments which differ in the types of the receiver object and
the parameters; they define type-specific operations for those types. To take advantage of generic functions,
the method resolution in dynamic dispatch is carried out at run-time unlike static dispatch where the method
resolution is carried out at compile-time and is guaranteed not to caetted-not-found errors.

We briefly mention the concepts obvarianceand contravarianceas taken from([1]. The product type
of an operatioM x B is the type of pairs with left component of type A and right component of type B. We
say thatx is acovariantoperator:

A x B <: A’ x B’ provided thatd <: A’ andB <: B

The type A— B is the type of functions with argument type A and the result type B. We-eathe con-
travariant operator in its left argument because-AB varies in the opposite sense as A, the right argument
is instead covariant:

A — B <: A" — B’ provided thatd’ <: AandB <: B’

Finally, consider pairs whose components can be updated; we indicate their tyfyeBbyThe operatoit
does not enjoy any covariance or contravariance properties:

AtB <: A'tB’ provided thatA = A’ andB = B’

2.2 Single and Double Dispatch

In most object-oriented languages, a message is sent to a distinguished receiver object. The run-time or
dynamic type of the receiver determines the method that is invoked by the message. Other arguments of the
message are passed on to the invoked methoddutot participate in method lookup. Languages where
methods are invoked in this manner are calladdispatchor single-dispatch languagd®opular examples

of single-dispatching languages are C++ and Java.

Single-dispatching works well for messages in which only the dynamic type of the receiver object defines

the behaviour of the method invoked. Programmers of these languages do not realise the limitation of single-
dispatch until they write code for inter-dependent behaviour between two or more objects which may have
different static and dynamic types and which have different behaviour for each type. For example, consider
binary methodg. Binary methods can implemented by double-dispatching mechanism.
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package java.awt;

class Component {
/ldouble dispatch event to subComponent

void processEvent(AWTEvent e){

void
void
void
void
void
void

it (e

}else if

}else if
}else if
}else if

}

instanceof FocusEvent){

processEvent((FocusEvent)e);

(e instanceof MouseEvent){
switch (e.getID())}{

case MouseEvent.MOUSE_RELEASED:

case MouseEvent.MOUSE_EXITED:
processEvent((MouseEvent)e);
break ;

case MouseEvent.MOUSE_MOVED:

case MouseEvent. MOUSE_DRAGGED:
processMouseMotionEvent((MouseEvent)e);
break ;

(e instanceof KeyEvent){
processKeyEvent((KeyEvent)e);

(e instanceof ComponentEvent){
processComponentEvent((ComponentEvent)e);
(e instanceof InputMethodEvent){
processinputMethodEvent((InputMethodEvent)e);

/lother events ignored by Component

processFocusEvent(FocusEvent e){...}
processMouseEvent(MouseEvent e){...}
processMouseMotionEvent(MouseEvent e){...}
processKeyEvent(KeyEvent e){...}
processComponentEvent(ComponentEvent e){...}
processinputMethodEvent(InputMethodEvent e){...}

Figure 2.2: Double Dispatch in Java
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Double dispatctis mainly a user-defined mechanism which dispatches the appropriate method by check-
ing the dynamic type of the arguments and then type-casing to dispatch the appropriate method. There are
many examples of binary methods which use double-dispatch[14, 16]. The Java AWT exampl@]fiom [

a very convincing example to show the complexity of implementing binary methods in single-dispatching
languages.

Figure ?? gives the Java code for capturing various events relating to the component. An event in Java
controls the behaviour of its componelAWTEvent is the base class for all events in Java AWT. Spe-
cific events such aMouseEvent , FocusEvent , KeyEvent etc. are direct or indirect subclasses of
AWTEvent. A component performs specific action depending on the type of event received, by passing
the event as argument to tpeocessEvent  method. Due to the limitation of single dispatch languages,
processEvent must accept the event as AWTEvent. It then performs type-casing on the dynamic
type of the event and calls the appropriate method for that particular event. In Java, the dynamic type of an
object is checked by thiestanceof  keyword.

Double-dispatch suffers from a number of disadvantages as we can see in[Figure 2.2. First, type-casing
is tedious and error-prone. Second, it has the overhead of invoking a second method. Third, to extend the
program by adding a new event, it would require adding anatser if  statement.

2.3 Multiple Dispatch

Looking at the limitations of single-dispatch languages in Figiiave stress the need for multiple dispatch

in object-oriented languages. Figlire]2.3 gives the code equivalent to the one in[Figure 2.2, but in this one
we assume that JVM supports multiple dispatch. In this example, there is no need to check the dynamic
type of the argument explicitly because multiple dispatch automatically invokes the most specific method
for the dynamic types of the arguments. The code is much simpler and shorter. Extending this code to add
a new event can easily be done by adding a ppyeessEvent  method with the new event type.

Multiple dispatch is common in dynamically typed languages because the type-checking is performed at
run-time alone so method selection is based on the dynamic type of the arguments alone. On the other hand,
multiple dispatch in statically-typed languages is possible but poses some crucial restrictions and hence is
not popular in such languages.

2.3.1 Challenges in Implementation

From the Java AWT example in Figyre R.3 it is quite apparent that multiple-dispatch is a desirable feature.
As mentioned before, it is already quite common in dynamically-typed languages like CLOS, CECIL and
PERL because the all the type-checking is performed at run-time alone. As a result, the language run-time
system can optimally choose the right method to dispatch for a particular method call. This is the easiest
way to implement multiple-dispatch. However, we believe in static type-system which ensures that a type-
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package java.awt;

class Component {
/l[double dispatch event to subComponent
void processEvent(AWTEvent e){...}

void processEvent(MouseEvent e){
switch (e.getID()){
case MouseEvent. MOUSE_RELEASED:

case MouseEvent. MOUSE_EXITED:
processEvent((MouseEvent)e);
break ;

case MouseEvent. MOUSE_MOVED:

case MouseEvent. MOUSE_DRAGGED:
processMouseMotionEvent((MouseEvent)e);
break ;

void processEvent(FocusEvent e){...}

void processMouseEvent(MouseEvent e){...}

void processMouseMotionEvent(MouseEvent e){...}
void processEvent(KeyEvent e){...}

void processEvent(ComponentEvent e){...}

void processEvent(InputMethodEvent e){...}

Figure 2.3: Equivalent Code for Figre .2 in Multi-dispatch Java



CHAPTER 2. BACKGROUND 14

correct code will not produce unanticipated errors at run-time. This is essential for the integrity of a software
system. There are several issues that arise in type-checking multimethods.

Separate Compilation Problem

Languages like Java and C++ allow programs to be decomposed into selation unite.g. classes.

The property oseparate compilatiors that if the individual compilation units type-check correctly in iso-
lation, then the whole program is type-correct when all the separate compilation units are linked at run-time.
This is an important property as it allows incremental development of programs i.e. a new class can be
added to a program by compiling the new class alone, without having to re-compile the whole program.

With the introduction of multimethods (internal and external) type-checking must be performed on the

whole multimethod to detect errors described next. Since there are no restriction to place the whole multi-
method in the same compilation unit, the compiler has to check all the compilation units to type-check

multimethods. This would not allow separate compilation of classes. Chambers et al suggest performing
the type-check for ambiguities in multimethods at link time when all compilation units are available.

Message-Ambiguous and Message-Not-Understood Errors

Two methodequals(A x,B y) andequals(B x, A vy) are ambiguous for a method catjuals(b,b)

whereB is subclass oA andb is an instance oB. It is ambiguous because both the methods are equally
specialized for the method call. This topic is discussed in detail in Séctipn 5.6. This error can occur at com-
pile time in single-dispatch languages like Java. In the case of multimethods, it is a bigger issue because
in a multimethod, there are many methods which may cause ambiguities between each other and we can
only type-check ambiguities if we make our system very restrictive. Chambers et al have suggested two
type-checking solutions to make sure that a type-checked code does not cause message-ambiguous-error at
run-time.

The first solution is to make sure that the multi-methoduity and unambiguoushimplemented. This

is a general strategy that can be applied to internal and external methods bdtily Bye mean that there

must be a method for all possible combinations of arguments. By doing this, there will always be a clear
match for a method call with any type of arguments. This is however very restrictive, as the programmers
may not want to define methods for all possible combination of argument types. In programs like Java
AWT, which contains long class hierarchies and methods with many arguments, it would become extremely
tedious and wasteful to define a multimettatly.

The second solution is specific to internal multi-methods. In this approach, a method is allowed to override
another method only if the arguments of the overridden method is a super-type of the arguments of the over-
riding method. This would forbid two internal methods of the tggials(A x,B y) andequals(B
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X, A y) because the arguments are not subtype of the arguments of the other method. This restriction is
less restrictive than the first solution.

2.4 Symmetric vs Asymmetric Multiple Dispatch

Multiple dispatch issymmetricif the rules for method lookup treat all dispatched arguments identically.
Asymmetrianultiple dispatch typically uses lexicographic ordering, where earlier arguments are more im-
portant; a variant of this approach selects methods partly on the textual ordering of their declarations. Sym-
metric multiple dispatch is used in MultiJava, Cecil, Dylan, Kea, ide-calculus, ML and Tuple. A

major obstacle to adding symmetric multimethods to an existing statically-typed programming language
has been their modularity problem: independently-developed modules, which typecheck in isolation, may
cause type errors when combined. Previous work on adding multimethods to an existing statically-typed
object-oriented language has either been done by forcing global typechecking[16] or by employing asym-
metric multiple dispatch in order to ensure safety of modular typechecking[2, 3]. Property of separate
compilation is necessary to provide flexibility, as in Java and symmetric multi-methods are important so that
we dont have to specify or order our arguments, so in this project, we will try to come up with an approach
that allows separate compilation and supports symmetric multi-methods.

Implementing multimethoding along with static typechecking poses a challenge. Static typechecking in
the absence of polymorphism requires that we ensure at compile time that every operation receives the
proper number of arguments and that these arguments are instances of the proper data types. To allow for
subtype polymorphism, this constraint is relaxed in the following way: We assume that it is admissible for

a variable of a formal argument of a function to be bound at run-time to a value that is an instance of its
static type or an instance of any subtype of its static type. However, because instances of subtypes may be
substituted for instances of super-types at run time, the method that is selected for execution at run time for a
given generic function invocation may be different from the method that would have been selected, were the
arguments of the same types as those of the static call. Therefore for each generic function invocation, we
need to be able to determine that there exists some method whose formal argument types are supertypes of
the types of the static argument types, that the run time type of each actual argument will be a subtype of the
type of the corresponding static formal argument, and that the run-time type of the result will be consistent
with the context in which it occurs.

2.4.1 Static Type-checking of Asymmetric Multimethods

In [2], the authors present a step-wise execution of a method invocation and provide some conditions for
the result to be consistent. Due to sub-type polymorphism, a generic method call may match one or more
methods. Multi-methods can be statically type checked as follows:

1. Insure that all method definitions are mutually consistent.

Two methodsm; (T}, T7, ..., T)") — R; andm;(T},T7,...,T}") — R; of a generic function\/

aremutually consistenif whenever they are both applicable for arguments of types .., 7" and
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m; is more specific tham, thenR; < R;. A generic function is consistent if all of its methods are
mutually consistent.

2. For each static generic function invocatien(7*,72,...,T™), apply the following procedure:

(a) Determine that there is atleast one method that is applicable for the invocation.
(b) Find the definition of the most specific applicable methgdfor the argument types?, ..., T™.

(c) Verify for the methodm,, (TF,T¥,...,T*) — Ry that if the result of the function incovation
m(T',T?,...,T") is assigned to a variabte: R « m(T',T?,...,T"), thenR; < R.

Step (1) is performed once at method definition time. Step (2) is performed at compile time for each generic
function invocation. Agrawal et. al give a graph based algorithm for computing and invoking the most
specific method whenever a generic function call is mademethod graphfor a confusable set is an
undirected graph such that

1. For every methodn; in the confusable set, there is a node labelled by that method.

2. There is an edge between the nodes labetedndm; if and only if m; andm; are confusable.
A method precedence grajpbr a confusable set is a directed graph such that

1. For every methodh; in the confusable set, there is a node by that method.

2. There is an arc from node; to m; if and only if m; andm; are confusable aneh; is more specific
thanm;.

Consider the case when A and B are types such thak A and confusable methods, (A, B) and

ma(B, A). In this case an invocatiom(b, b) cannot be resolved to eithet; (A, B) or mg(B, A) using

only argument subtype precedence. In this case an argument order is required (for example, left to right).
A method precedence graph induces a graph over the result types of the corresponding methedi. A
graphfor a confusable set is a directed graph such that

1. For every result typé; that is a result type of some methed in the confusable set, there is a node
labelled by that result type.

2. There is an arc from nodg; to R; if and only if there is an arc from node; to m; in the method
precedence graph.

Given a set of confusable methods, we require an ordering on their specificity to buéthed precedence
graph There are several design issues when ordering the applicable functions according to their specificity.
These design issues are very important to the run-time performance and flexibility of multimethods. These
can be classified as:

1. Arbitrary Global PrecedenceThe user orders confusable methods in any way the user pleases. This
however imposes extra burden on the user and is clearly not a good solution.
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2. Argument Subtype Precedenda a generic function, the subtype relationships between the corre-
sponding formal argument types of two confusable metheds’', 77, . .., T;") andm; (T}, T7,. .., T}")
are used to establish the precedence between those methods, 11K & < n, Tf =< Tf, and
3,1 < 1 < n, such thafl] < T}, we say thatn, precedesn;. This method is not sufficient for

multimethods and multiple inheritance.

3. Argument Order Precedenc@n argument order is a total order over the argument positions of
the methods of a generic function. It may correspond to the left-to-right ordering of arguments or it
may be any permutation of that order. This approach is knovasgasmmetrianultiple dispatch. This
is the easiest to implement but requires the user to order the actual/formal arguments in the appropriate
way.

Further to the graphs, Agrawal et. al give an algorithm for method resolution, and calculate the complexity
of the algorithm to bed(m(m + 1)/2) wherem is the number of methods of the generic function. The
approach here is that asymmetric multiple dispatch since the arguments are ordered in some ways.

Another approach to asymmetric multi-methods can be seérn in [3]. The solution Castagna et. al present
here is an extension to Java respecting the modularity and separate compilation properties of Java, but it
treats the arguments asymmetrically i.e. in some order. Theparssitic methodsvhich is a Java method

which additionally extend the functionalities of other methodskibstmethods) for certain argument cases.

If a host method is called with arguments that fit the parasitic method’s parameter types, the parasitic method
body is called instead of the host method body.

2.4.2 Global Type-checking Of Multimethods

Another approach to multimethods has been in form of forcing the entire program to be type-checked as a
whole. This however compromises on the flexibility that Java-like languages offepafate typechecking

of classesTupleis a class-based language that supports global type-checking.! In [16], the authors propose
a new way to add multimethods to a single dispatch languages like Java and C++. The idea here is to add
tuples as primitive expressions and to allow messages to be sent to tuples. Selecting a method based on
the dynamic classes of the elements of the tuple gives multiple dispatch. Tuple is a simple language, not
very elegant but demonstrates that is can be added to existing single dispatch languages without affecting
the semantics or typing of existing programs written in these languages. The authors implement SDCore, a
class-based single dispatching language which is extended to allow multiple dispatch.

SDCore is similar to a conventional OO language like Java and C++. To keep things simple, it imple-
ments single inheritance. Dynamic dispatching is used to determine which method to invoke. In particular,
the receiver’s class is first checked for a method implementation of the right name and number of arguments.
If no such method exists, then that class’s immediate superclass is checked and so on up the inheritance hier-
archy until a valid implementation is found otherwisemassage-not-understoedror occurs. To statically

check a message send expression of the fBygd (E4, ..., E,), we check that the static type & is a
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subtype of a class which contains methodf type (71, ...,7,) — T,+1, Where theE, ..., E, are sub-

types ofT1,. .., T, respectively. In Figurp 1|1 p1:Point3D  andp2:Point2D  to start with, and later

p2 is assigned a dynamic Point3D typgl.compare(p2)  will fail to call the compare method from
Point3D class. Multimethoding allows method selection to be based on the dynamic types of the method
arguments too, hence providing more flexibility and expressability.

tuple class (p1:Point, p2:Point){

method equal(): bool
{ p1.x()==p2.x() and pl.y()==p2.y()}
tuple class (cpl:ColorPoint, cp2:ColorPoint){
method equal(): bool
{cpl.x()==cp2.x() and cpl.y()==cp2.y() and cpl.color()==cp2.color()}

Figure 2.4: Point Class Structure in Tuple

In Tuple, the expressiof¥y, . . ., E,) creates a tuple of sizewith componentsy, .. ., v,, where eachy; is

the value corresponding 16;. In Figurg 2.4, instead of defining tieguals method within thePoint  and
ColorPoint  classes, two newuple classes are declared with a tuple of two receivers @dcp2,cpl

andcp2. These receivers can be used by all methods inside the tuple class. However, note that we used
pl.x() andnotpl.x to access the field since tuple classes are client code and have no priviliged access
to the fields of such components (Point and ColorPoint). This is important if we wish to resepect the en-
capsulation properties of languages like C++ and Java. There can be more than one tuple class for a given
tuple of classes. Since no changes are mad®oint andColorPoint  classes, their subtype relation is
unchanged.

The syntax for sending messages to a tuple is the same as that of an instance. For égarpp)esqual()

sends the messagqual() to the tuplg(pl,p2) , which will invoke one of the twequal method. Just

as method lookup in single dispatching relies on the dynamic type of the receiver, here it relies on the dy-
namic types of the tuple components. The semantics of message sends to an instances remain the same.
The use of dynamic classes distinguishes multiple dispatch from static overloading(as found in primitive
languages).

In order to type-check tuples, the authors gadduct typesf the form (73,...,T,,): these are types of

tuples containing elements of typ@s, ..., T,,. A product type(77,...,T),) is a subtype ofT1,...,T},)

if eachT is a subtype off;. Consider an invocation of tupl@oint, ColorPoint) , since no tuple
classes define such tuple of receivem)ethod-ambiguousrror will occur. This issue is solved by ensuring

two properties : monotonicity and ensure that two methods are not ambiguous. In order to ensure the above
mentioned properties, the entire program has to be type-checked as a whole.
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2.4.3 Best Solution: Ensuring Symmetry and Separate Type-checking

Java’s property of separate compilation provides us with flexibility and is too important to be compromised.
Symmetry, on the other hand is important too as we do not need to order out formal and actual arguments.
The best solution to multi-methods would be one that supports both: symmetry and separate type-checking.
These two properties have not been achieved in a class-based statically typed OO languade. In [17], the
authors suggest their ideas in the form of language Dubious. Dubious includes:

e a classless object model with explicitly declared objects and inheritance (but omits dynamically cre-
ated objects and state).

e first-class generic functions (but omits kexically nested closures).

e explicitly declared function types (but omits explicitly declared object types and subtyping indepen-
dent of objects and inheritance), and

e modules to support separate typechecking (but omits nested modules, parameterized modules, and
encapsulation mechanisms).

Since it is a classless language, tigect declaration creates a fresh object with a unique statically known
identity. The declaration also names the objects from which the new object directly inherits (it's parent).
Theisarelation plays the role of inheritance and instantiation. We will skip discussions on Dubious’ syntax
and dive straight into it's type checking mechanism.

Dubious’ static type system ensures that legal programs do notrhassage-not-understood er-

ror or message-ambiguous errors. Ruling oumessage-ambiguous errors involves two kinds of
checks: client-sideand implementation-side Client-side checks are local checks on the declarations and
expressions. The most important client-side check is that for each message send expr@ssion , E,,

in the programE conforms to an arrow typ€l1, ..., T,) — T and each¥; conforms tol;. The message

send is then given the tygE. Implementation-side checks ensure that each generic functommrectly
implements the arrow typ€l1,...,7,) — T to which it conforms. For every object tuples,...,o5)

such that each; conforms tdl; ando; is not abstract, there must exist a most specific applicable method in

o. Client-side checks on the declarations in a module require only type information from imported modules,
and they can therefore be performed on a module-by-module basis. Implementation-side checks assume
global knowledge of program’s objects and methods. Therefor implementation-side typechecking is de-
ferred until link-time, when all modules are present. This global typechecking algorithm is Sgkésin G

For semantics of System G please refer to Appendic B2 in [17].

2.5 Relationships

The idea ofrelationshipsis not new. Relationships are widely used in modelling database systems. The
idea of relationships in class based languages is however pretty new. Wren et al presented a paper on first
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class relationships in FOOL/ECOOP 2005][15]. In that paper they present the RelJ calculus which is a
subset of Java with first class relationships. The instances of relationships areealiedsjust like the
instances of classes are called objects. Since relations are first class they can be stored in variables and fields.

Having support for relationships in object-oriented programming languages would be a distinct advantage
to programmers. The programmers are forced to implement relationships between objects by resorting to
complicated ways. For example by creating a table of the (ghigect x Object — Relation). With the

help of relationships, they can concentrate on their system design in a high level way and not have to worry
about implementing relationships.

2.5.1 RelJ Calculus

We give a basic introduction to the RelJ calculus here. Relationships are declared in RelJ by a statement of
the form
relationshipr extends-’ from n; to ny {FieldDecl*}

wherer is the name of the relationship, is the super-relationship of n; andn, are classes or rela-
tionships which are related throughBy allowingn; andns to be class and relationship both, RelJ allows
relationships to participate in further relationships which is cadigdregationin E-R modelling. In RelJ
relationships have fields but they do not have methods.

The authors argue that inheritance in relationships is better explained by delegation. Delegation is another
way to implement inheritance. In delegation based inheritance, each relationship in the inheritance hierar-
chy has an instance of itself in the store which delegates to its super-relations. In [15] the authors give a
convincing example why delegation is more suited for relationship inheritance. They impose two invariants.
Invariant 1 says that if relationship extends”’, for every instance of betweem; andns there is an

instance of’ also betweem; andn,. This means that for every sub-relations betweeandns there is an

instance of its super-relations betweenandns. Invariant 2 says that for every relationshiand pair of
objectso; ando,, there is at most one instancerdbetweerv; ando,. This invariant makes sure that if two
sub-relationships extend the same super-relationship, then if we create instances of the two sub-relationships
betweerp; ando, then both of them will delegate to the same instance of super-relationship.

Relations cannot be created explicitly in RelJ ltkkew creates a new object in Java. Relations are cre-
ated implicitly when a new object or relation is placed into the relationship. For example by an expression
of the forme.r+ = ¢ which creates a newrelation between objects/relations resulting from expressions

e ande’, and returns this relation. A relation between two objects/relations is removed-by= ¢ which
returns the deleted relation. Removal of relations causes dangling pointers.
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2.5.2 Challenges in ExtendingFickle,;r with Relationships

Having first class relationships means they are run-time objects which can be stored in heap along with
classes. This means that everytime, a memory location on the heap is accessed, the system must check
to see if it is an object or relation. Because of this the operational semantics become complicated. While
typechecking method calls, the agruments to a method call may be objects or relations, so the system has to
check each argument to see if it is an object or relation.

Another challenging and most interesting part of this project is the idealationship reclassification
Fickle|allows objects to reclassify at run-time. What happens to the object’s relationships when it is re-
classified? It would be extremely wasteful of resources if we discard the object’s relations. We suggest
the novel idea of relationship reclassification. So if an object reclassifies, its relations will reclassify too (if
the relationship hierarchy permits this). It is possible to perform automatic reclassification of an object’s
relations, however it is quite restrictive as discussed in sectign 6.4. In SQL, changes between objects and its
relations are done by explicitly defining assoications between classes and their relationships. If the objects
of those classes are updated, a message is sent to the associated relations to update in the defined manner
We introduce the concept aéclassification directivesThe reclassification directives are user-defined piece

of code which defines set of actions to be performed when an object/relation reclassifies to another objec-
t/relation. This is discussed in more detail in secfion 6.4.

Relationship are just like classes with an additiomam andto attributes. It would make it easy for

us if there was a way to unify relationships and classes. At the moment, we do not think this is possible
because of two reasons. The first and less important reason being that relationships hdvenexaad

to attributes which classes do not have. The second and more important reason is that relationship inheri-
tance is done by delegation whereas class inheritance is not. As a result, the creation of new objects is very
different from the way new relations are created. This effects the way relationships are reclassified too. We
discuss this in greater detail in Relationships chapter.
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In class-based object-oriented languages, an object’s behaviour is determined by its class. Although an
object of a subclass is allowed to have a dynamic type which is a subtype of its static type, this often is
not enough to represent the change in a system as we shall see. Usually statically typed, class-based pro-
gramming languages do not provide supportrEsiassification Reclassification changes the class mem-
bership of an object at run-time while retaining its identity. For exangiledents paying reduced and
employees paying full conference fees are best described through distinct clagdesandEmpl with
differentfee() methods. In a language without reclassification, how would we model a casemwasre

who was sstudent , became aemployee . In database systems, this would typically be done by creating

a new Empl instance for mary and deleting the old student instance. This approach is crude and computa-
tionally extensive.Fickle| [11] is an imperative, statically typed, class-based object-oriented language. It
provides support for reclassification. This section provides a brief overvieidfle,r .

SinceFickley g is a class-based object-oriented language, classes are types and subclasses are subtypes.
It achieves dynamic reclassification of objects by explicitly changing the class membership of objects. A
re-classification operation changes the class membership of an object while preserving its identity;

it maintains all fields common to the the class of the object being reclassified and the class to which it is
reclassifying.State classes are those classes which are allowed to reclassify. A Root class is the super-
class of state classes. Each state class has exactly one root class. Classes with the same same root class ar
allowed to reclassify to each other. Since state classes can reclassify an alias to an object before reclassi-
fication will become type incorrect after reclassification. For this reagaokle; does not allow instance
variables of state class type but it allows parameters of state class types in methods because the lifetime of
parameters are restricted to the methods they are declared in. [Fickle[10] did not allow both: parameters
and instance variables of state class type, which was later changé/ie. Drossopoulou et al prove

that Fickle type system is sound, so execution of a well-typeikle) program produces a value of the
expected type, or a null-pointer exception, but does not get stuck.

Smalltalk and CLOS support changing of class membership at run-time; however, these languages are not

22
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statically typed Fickle  [11] is an extension afickle. Fickle only allows the receiver to be of a state class
and to be reclassified, Whereﬁseckleu also allows parameters to be aftate class and to be reclassified.

3.1 FickleSyntax

The syntax ofFickle|| is given in Figur@l. AFickle program is a sequence of class definitions, con-
sisting offield andmethod definitions. Class definitions may be preceded by the keywsiate

or root indicating whether the class is a state class or root class. Reclassification can occur only with
state classes. Objects of a state classay be re-classified to class where ¢ must be a subclass of the
uniquely defined root superclassaf The type-system ensures that re-classification does not cause access
to fields and methods that do not belong to it. Any subclass of a state or a root class must be a state class.
Objects of mon-state  , non-root classc behave like regulalava objects, i.e. are never re-classified.

prog == class*

class = [root | state] class c extends c{field* meth*}
field == type f

meth = type m (par*) eff{e}

type = bool | ¢

par = type<x

eff = {(chd))

e n= if etheneelsee | var:=e | e;e | sVal |

this | var | newc | e.m(e*) | idlc

var = x | e.f
sVal == true | false | null
id n= this | z

Figure 3.1: Syntax of-ickle|,

The methods signatures have a set of effects which define the kind of reclassifications taking place in the
method. The syntax for effects has been taken ftbimkle) which changes the syntax of effects from
Fickle). In Fickle)the effects were a set of root classes whose state classes were being reclassified. In
Fickle the effects are a set of tuples of the typg ¢ which tell the compiler exactly what reclassifications

are occuring in the method.

Method declaration have the following shape:

tm(tiz){c1,...,cnte

wheret is the resulting typet; is the type of the formal parametgr ande the body. We require root
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classes to extend only non-root and non-state classes, and state classes to extend either root classes or stat
classes. The judgementP{;, (the inheritance hierarchy is well formed) asserts that program P satisfies
these conditions, as well as the requirements for acyclic inheritance and unique definitions.

For a more comprehensive introductionfockle| please see [10, 12].

3.2 An Example

abstract root class Player extends Object{
bool brave;

abstract bool wake (X };
abstract Weapon kissed () Player};

}

state class Frog extends Player{
Vocal pouch;

bool wake(){ } {pouch.blow(); bravé
Weapon kissed () Player}{this|Prince; sword :=new Weapor}

}

state class Prince extends Player{
Weapon sword;

bool wake(){ }{sword.swing(); bravé
Weapon kissed () Player}{sword}
Frog cursed (] Player}{this|Frog; pouch :=new Vocal; this}

}

class Princess extends Object{
bool walkl(Frog matej Player}{mate.wake (); mate.kissed (); mate.waké()
Weapon walk2 (Frog matg)Player}{mate|lPrince; mate.sword :rew Weapon

}

Figure 3.2: AFickle) program

The example in Figure 3.2 has been taken from [Frbg andPrince extendplayer . Player is de-

clared as root class while Frog and Prince are state classes and are allowed to mutate. However, state classes
cannot be used as types for fields. When woken up, a frog inflates its pouch while a prince swings his sword.
When kissed, a frog turns into a prince; when cursed, a prince turns into a frog. The root classes define the
fields and methods common to their state subclasses. The subclasses of root classes must be state classes. /
state clasg must have a (possibly indirect) root superclas®bjects of class ¢ may be reclassified to any
subclass of’. Annotations like and Player before method bodiessffiects they list the root classes of all

objects that may be reclassified by invocation of that method.
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In the kissed method of Frog clasghis |[Frog statement changes the object’s class membership to
that of Prince which has the fiellvord and can no longer access theuch field. The fieldbrave

retains it's value. This mechanism can be used to transmit some information about the object before the
reclassification to the object after the reclassification. Consider the following code:

1. Frog mate :=new Frog; /I creates an instance of Frog

2. mate.wake (); /1 Frog inflates pouch

3. mate. kissed (); /I Frog gets reclassified into Prince
4. mate.wake (); !/ Prince swings sword

If mate is bound to &rog object with fieldbrave containingtrue , then after performing reclassifica-

tion (mate.kissed() ) mate'sbrave field will still contain true . Reclassification removes from the
object all fields that are not defined in its root superclass and adds the remaining fields of the target class.
Reclassification is transparent to aliasing, For instance consider the following code:

Player pl,p2;

pl := new Prince;

p2 := pl;

pl.cursed();

p2.wake (); [/ l'inflates pouch

a s~ wWwN -

In the presence of aliasing we have to be sure that no reclassification on an object occurs while a method is
being executed from one of its aliases. Because the class membership of objects of state class is transient,
access to their members(e.g.stword from Prince ) is only legal in contexts where it is certain that the

object belongs to the particular class. This can be done to “local” entities, i.e. for parameters, the receiver
this and for local variables. But it cannot be done for fields, as their lifetime exceeds a method activation.
Therefore, state classes are not allowed to appear as types of fields. For example, the following is illegal:

class Witch{
Prince friend; /lillegal
Weapon search ()friend . sword ()}

If on the other hand, had it been legal to have state classes as types of fields, then in the following code, line
2 would cause &eldNotFoundError

Thus, state classes mustn't be allowed as types of fields, however they can appear aslypes pdrame-
ters and return types of methods.wialkl method ofPrincess class in Fig 3., state clagsog is the
parameter type ahate and the return type of methanirsed in Prince class. For detailed operational
semantics and typing rules please refer to [11].
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/ / w:Witch, p1:Prince, w.friend := p1,;
1. pl.curse(); //plis now a Frog
2. w.search (); /I error

3.3 Operational Semantics

This section describes the operational semantics for reclassification operatarkitz;. The operational
semantics rewrites pairs of expressions and stores into pairs of values, exceptions, or errors and stores in the
context of a program P. The signature of the rewriting relation

~: prog — e X store — (val U dev) x store
wherestore mapsthis to anaddress , variablex to a valueval andaddress to object . Values
in fick:lenaretrue , false , null andaddresses . Deviations may beullPtrException and
stuckError  but the type-system ensures that a well-tygedkle program does not cause stuckError at
run-time. Objects have their class identifier and contains field-value pairs.

store = ({this} — addr) U (x — val) U (addr — object)

val n= sVal U addr

dev = {nullPtrEzc, stuckErr}

object = {[[cfr:v,...,friv.]] | f1,-.., fr area; field identifiers,
Viy..., U € wal,cis class identifier}

3.4 Type System
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Syntax and Basic Judgements

In this chapter we define the basic semanticsAatklen, r , that will help us define theperational seman-
tics andtype-systenfor multiple-dispatch and relationships in the next chapters.

4.1 Syntax ofFickleyr

prog = class® | meth* | relationship*
class = [root | state] class c extends c{ field* meth* relDir*}
relationship := [root | state] relationship rel extends rel from [class | rel] to [class | rel]
{field* meth* relDir*}
field n= type f
meth = type m (par*) eff{e}
rel Dir = upon reclassification to [c | 7]{e}
type = bool | ¢ | rel | set<n>
par = typex | typeQtype x
ef f = {e)
e n= if etheneelsee | var:=e | e;e | sVal |
this | var | newc | em(e*) | m(e*) | idle
var n= x| ef
sVal = true | false | null | empty
id n= this | z

Figure 4.1: Syntax afFickleprg

Figure defines the syntax f@¥ickler r . The syntax presented here is an extensioffafkle) [11].
To allow multiple dispatching, we allow formal parameters to have types of theffigsa@type. To have
external methodsve allow methods to be declared outside classes. Cadlgtonal methodare of the form

27
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m(e*), without a receiver object. To differentiate between internal and external method calls, we require
internal method calls to have a distinguished receiver object. The next extension is to allow relationships.
Relationships havefaom andto attributes which range over classes and relationships. We alsoraiiow
classification directivewhich defines the user-defined action when reclassification occurs in both: relations
and objects. We use the set type from RelJ. The set type of the fomg $efq set containing number of

types. This will be introduced in chapigr 6.

4.2 Judgements

We begin our formalization by imposingumique definitiongudgement- P <,,, which guarantees that

all class, field, method and relationship hames are unigue in a proBraflease note that through the
uniqueness of method identifiers we eliminate method overloading which means a class can have only one
implementation of method with the same name. This helps us to keep our semantics simple.

Ve i (P=R class c extends ¢'{...} P», P = Ps class c extends ¢’{...} Py)
=P =P;,P=FP

Vr : P=R relationship r extends r’ from ni to no{...} P
P=R; relationship r extends v from nj tony{...} P,
Pi=P, P =P

Vf : P=R class cextends d{defsi t f defsa} Pa,

P=R class ¢ extends ¢'{defssz t f defss} Py
= defs) = defss,defss = defsy;

Vm : P=PR class c extends d{defsi t m(t1 z){e} defsa} Pa,
P=P class c extends ¢'{defsz t m(t, z){e} defss} Py
= defsy = defss,defsys = defsy;

Vm : P=R relr ...{defsi1t m(t1 z){e} defsa} P,

P=P rel 7 ...{defs3t m(t) z){e} defss} Py
= defsy = defss,defss = defsy;
F P,

Figure 4.2: Unique Judgement
We define the class-lookup and relationship-lookup function for a progtavth = P {, by :

C(P.c) = class c extends '{cBody} ifP = P’ class c extends ¢'{cBody} P"
’ N udf otherwise

relationship r extends v’ from ifP = P’ relationship r extends r’
R(P,r) = ny to na{rBody} from ny to na{rBody}P"
Uudf otherwise



CHAPTER 4. SYNTAX AND BASIC JUDGEMENTS 29

wherec, r are class and relationship identifiers respectively.

FP /
Ou , P-cCe
F POy, P=...class c extends{c..} ... SR
cCc
P Object = Object P-cCc e
/ P-cCe
P-cCec
FP /
Ou . . / P=rCgrr
F POy, P=...relationship rextends.r.. {...} ... I
r Crr
P+ RelationC g Relation P-rCgrr =R
/ P-rCgrr
P-rCgrr

Figure 4.3: Subclasses and Subrelations

Figure[4.3B, gives the rules for well-formedness of objects and relationships hierarchies. The Synaisol

the usual meaning of subclass, i€ ¢ means is a subclass of . The symbolC has the meaning of
sub-relation, i.ergRr' means- is a subrelation of . The above rules assert that each class is a subclass
of itself and any of its superclasses that it extends directly or indirectly. The same applies for relationships
as stated in the rule§. andC i are transitive.

’

Ve, c : P-cCcandPFc Ce=c=¢
C(P,c) = class ¢ extends{c..} = C(P,¢) = class ¢ ...
C(P,c) = root class ¢ extends{c..} = C(P,¢) = class ¢ ...
C(P,c) = state class ¢ extend$.c.} = ((C(P,c') = root class ¢ ...) or
(C(P,C) = state class ¢ ...))
Vr,r : PErCpr andP b r'Crr=r =1
R(P,r) = relationship r extends.r.. {...} = R(P,r ) = relationshipr’ ...
R(P,r) = root relationship r extends.t. {...} = R(P,r) = relationship r ...
R(P,r) = state relationship r extends r. {...} = ((R(P,r") = root relationship r ...) or
(R(P,r) = state relationshipr ...))
= Pon

Figure 4.4: Well-formed inheritance hierarchy

Figure[4.4 asserts that the class hierarchy in a prograswell-formed if it is acyclic, root classes extend

only non-root and non-state classes, and state classes extend either root or state classes. If the same applies
to relationships too, then we say thgbagram is well formedWe say that aenvironment is well formed

P+ T'$, if it mapsthis  to a class or relationship, angr to any type. We also need the judgements
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P ¢, asserting that is a classP  r<, asserting that is a relationship and + ¢<{; asserting thatis
atype. The well-formedness of environment is shown by the rules in Higyre 4.5.

FP O, POy P=T(z) Ot
C(Pc)=classc... R(Pr) =relationshipr... + P, P=T'(this) e
P=c e P17 O P bool &y P T(this) $r
P-c Oy P17 Ot rPro

Figure 4.5: Well-formed Environment

4.3 Lookup Functions

In this section we define various lookup functions for classes and relationships. In additioritdctilaed
method lookugunctions, we define the reclassification directive lookup function which will be discussed
later. For a progran® which satisfies the judgemerts P {>,, and P <;, for unique definitionandwell-
formed inheritance hierarchyand a class identifiewhereC (P, ¢) = [root|class] class ¢ extends ¢ {cBody},
field identifierf and method identifiem, we define the following field and method lookup functions in Fig-

ure[4.6:
t if cBody=...t f...
FD(P.c.f) { Udf otherwise
FP.of) { FD(P,c.f) if FD(P,c,f) # Udf

F(P,Object, f)
Fs(P,c)

MD(P,c,m)

M(P,c,m)

M(P, Object,m)
Ms(P, c)

F(P,c,f)  otherwise

udf

{fIF(P,c, f) # Udf}

{ t m(ty z1,...,ty x,) eff{e} if cBody = ...t m(t; z1,...,t, x,) eff{e}...
udf

{ MD(P,c,m) if MD(P,c,m) # Udf
M(P,c,m)  otherwise

Udf

{m|M(P,c,m) # Udf

Figure 4.6: Field and Method Lookup Functions for Classes

The FD(P, ¢, f) and MD(P, ¢, m) functions are used to fetch the fields and methods in dashile the
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F(P,c, f) and M(P, c,m) functions are used to fetch the fields and methods fecamn its superclasses.
The recursive lookup stops @bject in the case of classes aR&lation in the case of relationships.
These functions are the same as present@@ recause the structure of classes have not changed.

The field and method lookup functions for relationships in Figurg 4.7 are similar to the ones for the classes.
For a programP which satisfies the judgemernts P $,, and P $, and a relationship identifierwhere
R(P,r) = relationship r extends v from ny to ny{rBody}, field identifierf and method identifiem,

we define the following field and method lookup functions in Figuré 4.7:

t ifrBody=...tf...

Dgr(P =
FDr(Pr f) {Z/ldf otherwise

FalPor f) { FDR(P,r.f) if FDR(P.r. f) # Udf

Fr(P, r, f) otherwise
Fr(P, Relation, f) = Udf
FSR(Pvr) = {f|FR(P7r7f) %Udf}
MDp(P.rim) = tm(ty x1,...,thxn) 0 {e} if rBody = ...t m(t1 x1,...,tnxy) 0 {e}...

udf

MDgr(P,r,m) if MDg(P,r,m) # Udf

M(P, r, m) otherwise
MRg(P, Relation,m) = Udf

Mp(P,r,m)

Figure 4.7: Field and Method Lookup Functions for Relationships

The rules in Figuré 4]7 allow us to lookup fields and methods in a relationship. The structure of lookup
functions are same as the ones for classes but we require different functions because relationships have dif-
ferent structure from classes.

In Fickleyr , we allow external methods i.e methods to be declared outside classes as shown in Fig-
ure[4.1. The external method lookup assumes global knowledge of a prégaathlooks for the methoh
declared outside classes. There may be more than one nrefloo@xample in the case of a multimethod

as expressed in Figure 4.3 therefove.,, (P, m) returns a set of external methods.

We require another lookup function for reclassification directives. In Figuije 4.9, we define the function
DR(P,c,c") for a programP, class identifier: andc” whereC(P, ¢) = class ¢ extends ¢ {cBody}. The
functionDR (P, r,r" ) is the equivalent function for relationships for a progr&yrelationship indentifier
randr” whereR(P,r) = relationship r extends ' {rBody}. The functionDR(P,c,c") looks for the
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Mewi(P,m) = {Tm(70$07...,7'n$n)6ﬁ{6} | if P=Py7m(19z0,...,m7n xn){e} P

Figure 4.8: Method Lookup Function for External Methods

reclassification directive for reclassifying objects of clage ¢, in classc or its superclasses. The same
concept applies tR (P, r,r" ), it looks for reclassification directive for reclassifying relatioto " in
r Or its super-relations.

DRD(P,c,c
(Pre.c) (Z) otherwise

DRD(P,c, c ) if DRD(P,c,c") # Udf

DR(P, ¢ c otherwise

if cBody = ...upon reclassification to ¢ {e} ...
DR(P,c,c") =
0

DR(P, Object,c") =

DRDg(P,r, r”) _ if rBody = ...upon reclassification to r {e} ...
(Z) otherwise
" DRDg(P, ,f DRD(P,r,r"
DRp(P,r,r") _ RDg(P,r,1") if DRD(P,r,r") # Udf
DRr(P,v',r")  otherwise
DRg(P, Relation,r") = 0

Figure 4.9: Directive-Lookup Function

The final lookup function is for finding theot class or root relation. This function is used to ensure that
while reclassification, the class/relation being reclassified and the class/relation that they are being reclassi-
fied to have the same root class. This in turn ensures that the two entities are allowed to reclassify to each
other. For a progran® and class identifiet such thaC(P, ¢) = [state | root] class ¢ extends ¢ ..., and

for relationship identifier such thatC(P, c) = [state | root] rel r extends r ..., we defingRoot (P, c)

andRoot (P, r) functions in Figuré¢ 4.70.

4.4 Typing Environment

In this section we describe the basic type-systemAarkley r - In later chapters, we extend the type-
system as we introduce more features to the language. The typing envirdnmequtsthis to a class or
relationship and a variabld to a typet. Environment lookup has the fori(id) and update has the form
I'[id — t]. Environment update is performedfickie when reclassification occurs.
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¢ if C(P,c) = root class c extends c ...
DRoot(P
2ot(Fe) Udf otherwise
Root(P,c) — DRoot (P ) c) if DRo.ot(P, c) # Udf
Root(P,c) otherwise
Root(P, Object) = Udf

r if R(P,c) = root rel r extends r ...
Udf otherwise

DRootr(P,r) if DRootr(P,r) # Udf
Rootg(P,r')  otherwise

Rootg(P, Relation) = Udf

DRootr(P,r) =

Rootr(P,r) =

Figure 4.10: Root Class and Relationship Lookup

t ifid==x
[(id) = ¢ ifid = this Llid — t](id ) = {
Udf otherwise

t if id =id
L(id) otherwise

Figure 4.11: Evironment Lookup and Update

Like in Fickle)|, typing an expressioa in the context of prograr® and environmenk' has the form:
PTFe:tI'|¢

¢ is the type returned after type-checking the expressidh is the updated environment resulting from

evaluatinge and¢ estimates the reclassification effects from evaluating

With tl_lpt' in Figure we denote tHeast upper bounaf ¢ andt” with respect to< in P. The least

upper bound of two types is their most immediate common super-type. The least upper bound of two en-
vironmentsl' andI” is an environment where the variables commof @ndI” are mapped to their least
upper bounds. The definition for least upper bound operation has been takeffcdin | [8].

The well-formedness of the environment is given in Figuré 4.5. All classes are direct or indirect sub-classes
of Object and all relationships are direct or indirect sub-relationships of Relation. A statement of the form
I' X is read as the environmehtjustifies X
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g tif i<t to<t VYt (t;<t and t,<t’) = t<t’
ez Udf otherwise

/

T, = { id : (1,t') | T(id) = t and T(id ) = ¢ }

ST iff Velcd eg:3dd ed
cgdandclgd/

g = let gg={cl (cU,(U{d |dld € ¢ anddCc}))|clc € ¢}
U{dd(du,(Upfc |clc €¢pandcCd}))|dlld €'}
in {co I (coUp(Up{dy | do | dy € po and (cyCdy or doCTey)})) | co I ¢y € do}

Figure 4.12: Least Upper Bound for Effects

Variables inFicklejcan be primitive, class and relationshifpool is the only primitive type to keep
the semantics simple. In addition to these, there are two new typethod-typeand argument-type. A
method-typeMT for a method declaratiof’ m(7; x1,...,T, x,) isdenoted byl x ... x T,, — T.
The argument-type AT for the same method’is x ... x T,. The judgement),;r and< 47 is given
in Figure[4.1B. The functionlrgs(MT) gives the argument-tupled(”) and functionRes(MT) gives the
result type ofMT.

I'+TO: T = wvoid Args(MT) = Ty x...x T,
FET;0: i€ {1,...,n},n>0 Res(MT) = T
Ty x ... x T, $ar whereMT =T x ... x T, — T

'Ty x ... x T, — TOur

Figure 4.13: Method and Argument Types

Figure[4.14 gives the subtyping rules. The first rule says that every type is a subtype of itself. The second
and third rules say thatull is a subtype oT iff T is a subtype oDbject or Relation . The nexttwo

rules say that relations are subtypedReflation  and objects oDbject . The next two rules say that a
typeT is a subtype of " if T'is a subclass or sub-relationdf. The last rule says that an an argument-type

Ty x ... x T, is a subtype of another argument typex ... x T,, if all T; is a subtype of} .

The ST (T') function in Figurd 4.15 gives the static typeBf If T' = 7,@r; then it returnsr; , which is
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P+ TS P+ T, P+ET O,
PrHT<T P T < Object P T < Relation

PHT CT PFTCRT PFT,<T,:VYie{l,...,n}
PHT<T P+HTZ<T PFTyx...xT, < Ty x...xT,
Figure 4.14: The Subtype Relation
. ST(AT) = 7 X...xXT,
T = 1@
ST(T) = {;1 ZJ;h ,Tl 2 where AT =T x ... x T,
otnerwise
and 7, =ST(T;) : Yie{l,...,n}
) DT(AT) = 711 X...XT1,
T = 1@
pr(T) = 4 7 WT=mon where AT =Ty x ... x T
T otherwise

and 7, = DT(T;) : Vie{l,...,n}
Figure 4.15: The Static type and Dynamic type Functions

the static part of an @-type, otherwise it retuingself. If ' = 7 Qry, thenD7 (T') returnsr, the dynamic
type of T', otherwise it returng itself. The last two rules perform the same on argument-types instead of
single argument types.

4.4.1 Typing Rules

In this section, we give the typing rules froffickle;|. Figure gives the typing rules for conditional
statements (COND), field assignment to objects (CLASSFIdAss) and relations (RELFIdAss), local variable
assignment (VarAss), expression sequence (ExpSeq), class and relationship field access (CLASSFIdAccess,
RELFIdAccess), local variable access (ID), new operator (NEW) and booleans (BOOL).

4.5 The Operational Semantics ofFickle g

Operational semantics describe the execution of expressions. We e&tefnid; by introducing a heag’,
for storing dynamically allocated objects. Ffickley i , execution takes place in the context of a given
program{), and rewrites the tuples of expressiony 6tacks §), and heapsX) into pairs of results (res)
and heaps. Therefore the signature of the rewriting relatias:

~P—exox X —resxX
The stackf) is a tuple which mapshis to an address and variableto a valueval. The heapt) maps
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(COND)
P,T e : bool||T" ¢
PT e :m [T [|¢

1" 1

PT" Fey:mT" |6

’

P,T Fif e then e; else ey : 71,7 [T UL [JpUpe Upg

(CLASSFIdAsSs)
PTFe:c]']o
PT ke :7r[I7]¢
F(P,¢'Qe, f) =1
PrHT< 7

(RELFIdAss)
PTFe:r[T']|¢
PT Fe :7[T")¢
Fr(P, ¢>’@/pr, fl=1
Prr<rt

PTFef:=c¢ : 7T [[¢Upe

(VARASS)
PTFe:7[T']o
F/(x) = 7',/

PHr<rT1
PTFaz:=e:7[I'[]¢

(CLASSFIdAccess)
PTFe:cl'o
F(Poc, f)=1
PTFef:7[T[|¢

(ID)
P-T¢
P,T+id: T(id)[T[{ }

(BOOL)
P,T F true : bool[|T'[[{ }
P,T+ false: bool[|T[){ }

PTFef:=¢ 1[I [JpUpe

(EXPSeq)
PTFey: Tl[]F/[](ﬁ
PT Fey: T ¢

PTFep;el Joug

(RELFIdAccess)
PTl'ke: ’I“HF/ (o
]:R(Pv T, f) =T

PTFe.f: T[]F”[]qb

(NEW)
PTF ¢

P T Fnewc: c[[T]{}

(NEW)
PTF ¢

PTFnewc: c[[T]{}

Figure 4.16: Typing Rules FoFickley g
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cBody = class c extends cl{mBodyl, ...,mBody,,reclDiry, ... ,reclDir,}
mBody; = 7;m;(T0, To,,s - -, Tn; Tn,){stmts;} Vie {1,...,r}

P,T', this : ¢ = mBody; : T, X ...Tp; — T

Vjie{0,...,n}: (r,=7@r")=3" :cC ¢

1 17

and M(P,c’,m;) =7 mi(ty xg,. .., Ty To){stmts" }
and ST (') < 7']/-/
reclDiry, = upon reclassifcation to cp{ex} Vk e {1,...,v}

Root(P,c) = Root(P, cy)

P, T cBody : c

P = cBody; ...cBody, rBody; ...rBody, methBody; ... methBodys
cBody; = class ¢;... Yie{l,...,q}
P,T'+ cBody; : ¢; foralli € {1,...,q}
rBody; = relationshiprj... Vje{l,...,r}
P,I'-rBody; :r; Yje{l,...,r}
methBodyy = 1, mg(To, Toys - - -, Tny, Tny,){stmtsy} Vk € {0,...,n}
P,I' = methBodyy, : 7o, X ... X Tp, — Tk
Vh € {0,...,n}: (m, =7 @Qr") = ImethBody, ue{l,...,s}
where mBody, = 1" mi(Ty Ty, ..., T xo){stmts" }
and ST (') < T]l-l

T+ P,

Figure 4.17: Typechecking Classes, Relationships and Well-formedness of Program in

37
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addresses to objects allocated via hiesvoperator. The resutesis a value {rue, falseor null), an address
or an exceptiomev.

stack = ({this} — addr) U (var — wval)
heap = addr — {object Urelation}
val = {true, false,null} U addr
object = A{l[c|fi s v, fr ot v ]]
fi,..., fr,c identifiers, vi,...,v, € val}
relation == [[r| from : addri,to : addre, fi : vi,...,fr : v ]]
= fi,-.., fr,c identifiers, vi,...,v, € val}
addr = {1 |iis anatural number}
dev = {nullPntrExc, stuckErr}
res n= dev U wal

Figure 4.18: Stack and Heap Structurefotkle r

We do not allow pointer to pointers (pointers are implicit), but this restriction can be relaxed by having heap
map addresses to addresses. The deviations (dev) are cause by abnormal termination of program which may
be the result of dereferencing a null-pointer or because of the evaluation of an expression being stuck. We
will later prove the soundness of our type system which ensures that well-typed expressions are never stuck,
although they may throw aull-pointerexception.

45.1 Updates

For objecto = [[c || f1 : vi,..., fi : vi,..., fr ¢ v]], heapX, valuewv, address, field identifier f, we
define:

olf) = v if f=fi forsomel € 1,....7
N Udf otherwise

olf —v] = el fizvi,.o s fiiv,.o forvl]iffi=f forsomel € 1,...,r
X[t o gives a new heap, say X = X[1— o], sothat X (1) = 0,and X (/') = X () if . # .
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(IFTrue)
e, 0, X~ ptrue, Xl
€1,0, X/ vaala X”

(IFFalse)
e, o, x~pfalse, X,
€2,0, Xl«»—)p’l)al, XN

7

if ethen ey else ea, 0, x~pval, X

(VARASS)
€, 0, prvalv Xl
olz — wval]

/
x = e,0, x~pval, x

(CLASSFIdAccess)
67 0-7 pr[ﬂ X/

X () (f) = val

e.f, o, x~pval, X/

(EXPSeq)
€1,0, prvallv Xl
€2,0, X,vaal”a X”

7

7
€15¢€2,0, XWP’UCLZ » X

(THIS)
o= (t,v1,...,0p)
this, o, x~pt, X

. 7
if ethen ey else ea, 0, x~pval,x

(CLASSFIdAsS)
67 g, prl’a X/
6/7 07 X/ vaalv X”

X ()(f) # Udf

"

X =Xt X" ([f — val]]

7 Trr
e.f :=e,0,x~pval, x

(VAR)
o(id) = val

id, o, x~pval, x

(VAL)

val, o, x~pval, x

(NEW)
L 1S new in x

fS(P,C) = {fl,...,fn}

v; initial value for F(P,c, f;) (Vi€ {1,...

X =xlb—lle] fizvnosfoiva]l]

7n}

!/
new c, o, x~pval, x

Figure 4.19: Operational Semantics Rules
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Chapter 5

Multiple Dispatch: Concept & Design

In a typed object-oriented language, method selection is usually carried out at run-time, due to polymor-
phism. Languages like Smalltalk, Java and C++ suppmgle dispatchingin which the method to be
executed is selected by the dynamic type ofrdaeiverobject and the static types of the parameters; com-
pletely ignoring the dynamic types of the method arguments. This restricts us from expressing ‘change’
in the real world. For example, in Figure [L.1, if we coerce a 2-D ppihtio a 3-D pointpl and wish

to compare it to another 3-D point, languages mentioned above still choose tleyiare method: it

still treats the dynamically typed 3-D poip2 on the basis of its static type. Multiple dispatch allows us

to be more flexible when modelling these types of changes in the real world. There are cumbersome ways
to implement multiple dispatch in a single dispatch language: but the length of code is considerably longer
and it imposes unnecessary burden on the programmer to carefully type-case all the argument types.

5.1 Points Example for Multimethods

The program in Figurg 5.1, is an extension of the previous Points example (in Java) by aBding4®

class and adapting the code to perform the desired operations. The hierarcy of clasBemtid3s |,

Point3D andPoint4D (with timeas fourth dimension). We assume that two points are equal if the co-
ordinates common to them have the same value. We deliberately extended the previous Points example with
Point4D class to demonstrate that each time we add a sub-class to the hierarchy, in order for that sub-class
to override theequals method, it will require one more implementationagfuals method with argument

of the immediate super-type. As we mentioned earlier, in single dispatch, the method selection is performed
on the dynamic type of the receiver object and the static type of the arguments. Fétaitad® there are

two classes whose instances may have a different static typeRmin&D dynamic type i.e Point2D
andPoint3D (its super-types). Clagxint4D therefore requires two implementationsegfuals meth-

ods withPoint2D andPoint3D types as arguments, and one implementation for the effieiguals

method orPoint4D type. In general ointND class would requirév — 1 implementations ogéquals

methods.

40
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public class Point2D{
public int X,Y;

public  Point2D( int x, int y)Y{ this .x=x; this .y=y;}
public boolean equals(Point2D p1){ return this X==plx && this .y==pl.y;}
}

public class Point3D extends Point2D{
public int z;

public  Point3D( int X, int vy, int Zz){ super (x,y); this .z=z;}
public boolean equals(Point2D p1){
if (pl instanceof Point3D) { return equals((Point3D)p1);}
else return super .equals(pl);

public boolean equals(Point3D p1) {
return this X==pl.x && this .y==ply && this .z==pl.z;

}

public class PointdD extends Point3D{
public int time;

public  PointdD( int x,int 'y, int z int time){ super (x\y,z); this .time=time;}
public boolean equals(Point2D p1){

if (pl instanceof Point4D){ return  equals((Point4D)pl);}

else return super .equals(pl);

public boolean equals(Point3D pl1){
if (p1 instanceof Point4dD){ return  equals((Point4D)p1l);}
else return super .equals(pl);

public boolean equals(Point4D p1){
return this X==plx && this .y==ply && this .z==pl.z && this .time==pl.time;

}

public class Test{
public static void main(String param[]¥{
Point4dD p4d= new Point4D(1,2,3,4);
Point3D p3d= new Point3D(1,2,3);
Point2D p2d= new Point2D(1,2);

System.out.printin(p4d.equals(p3d)); /Ishould print true
System.out.printin(p4d.equals(p2d)); //should print true

p2d=new Point4D(1,2,3,5);
System.out.printin(p4d.equals(p2d)); //should print false

p3d=new Point4D(1,2,3,4);
System.out.printin(p4d.equals(p3d)); /Ishould print true

Figure 5.1: A Java Code For Points Example: Simulating Multiple Dispatch using Single Dispatch
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public class Point2D{
public int XY,

public  Point2D( int x, int y) { this .x=x; this .y=y;}
public boolean equals(Point2D p1) { return this X==plx && this .y==pl.y;}
}

public class Point3D extends Point2D{
public int z;

public  Point3D( int x, int y,int z) { super (x,y); this .z=z;}

public boolean equals(Point2D@Point3D pl1){
return this X==plx && this .y==ply && this .z==pl.z;
}
}

public class Point4dD extends Point3D{
public int time;

public  PointdD( int x,int 'y, int z int time) { super (x,\y,2); this .time=time;}
public boolean equals(Point2D@Point4D p1){

return this X==plx && this .y==ply && this .z==pl.z && this .time==pl.time;
}

Figure 5.2: A MultiJava Code Equivalent to standard Java codefin 5.1

This would become extremely tedious and error-prone when modelling large-scale systems, especially when
we wish to perform multiple dispatch on more than one method argument. In some sense, the subclasses
filter the method each time a generic function invocation occurs. This could have serious effects on the
run-time efficiency of the program. To sum it all, single-dispatching limits expressiveness, it forces us to
write longer code, imposes the burden of carefully considering each argument type-specific behaviour on
the programmer and increases the run-time complexity of the program. We require a mechanism that offers
more expressiveness to model the ‘change’ in the real world. For example Mark is a student, so he does
not pay tax, where tax is calculated by the Tax Office. After graduating Mark becomes an Employee, but
the Tax Office still calculates his tax according to his student status (static-type). Multiple dispatch offers a
natural way to define operations in the real world where entities may change.

In Figure[5.2, we have a MultiJava code which is equivalent to the standard Java code irj Figure 5.1. Mul-
tiJava is an extension of Java, which supports multiple dispatcloped classd§]. In this program the

only deviation from standard Java is the ‘@’ keyword. An expression of the Romt2D@Point3D

pl in the method arguments performs multiple dispatch on the argupdenin this approach each Point
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need only define their specializedquals method. The dynamic dispatch is handled by the environment at
run-time. This example demonstrate how concise and intuitive the relevant code becomes. The programmer
need not worry about type-casing all possible combinations of arguments; every time a new Point is added
to the class hierarchy, it only needs to define its speciadzgmls method i.e. comparing its own types.
Multimethods offer ease of extending existing source code, thus also supporting the concept of open classes.

5.2 Type-checking Method Calls in Single-Dispatch Languages

Before proceeding onto the formal semantics for muliple dispatdfiitkic,, , it is worth describing how
method calls are typed in single dispatching class-based languages. For the sake of simplicity we ignore
overloadingin classes.

PT e :c
M(P,c,m) = 7 m(m @1,...,Tn xp)eff{e}
PT F e : TZ-/
PT 7 < nVie{l,...,n}

? th-call 51
P,T' + eg.m(er,...,en) = T metreals (5.1)

The compile-time type checking ensures that there is one method applicable for the methpd«all, . . . , ¢,,).
To do so, the static type of the expressigris consulted with the environmehtwhich would be a class

The methodn is then searched for in clas®r its super-classes with the constraint that the actual parame-
ters being a pointwise super-type of its formal parameters, as specified in the fule 5.1

Dynamic-dispatch refers to specialization of a method’s behaviour in the subclasses. Overriding a method
requires the static types of the method arguments to be the same. During run-time, the method lookup
function then starts upward lookup from thgnamicclass of the receiver. There may be more than one
applicable methodor a method call but the most specific method is selected. Drossopoulou et. al give a
type-checking rule for dynamic dispatch in Javal [12]. To enable dynamic dispatcargin@ent tupleof

the most-specific method from compile time is annotated with its corresponding method call, as described
by the translation fromJavas to Javas.. This information is later used by the operational semantics to
perform dynamic dispatch.

5.3 The @-Type in Multimethods

The @-operator for multiple dispatch was introduced by Chambers etlal in [5]. As expressed irj Figure 4.1
and as used in Figufe 5.2, formal parameters can have types of thesferm The type preceding the @
symbol is the static type of the argument while the type following the @ symbol is the dynamic type of the
argument, also known axplicit specializeof the formal. Giving separate types to a method argument is
the key to multiple dispatch.
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In a @-type of the formr@ry, 71 is the type that the compiler sees i.e the static type. Multimethods
are declared by having the same static type in the method arguments. For example, if Fjgure 5.2, all the
equals method in the multimethod has the same static type i.e. Point2D. The static type of an @-type can
be retrieved byS7 function described in Figufe 4.]15.

79 is the dynamic type and thus does not play any role in method selection until run-time. During run-
time, o becomes the type of the method argument. The dynamic type of an @-type can be retrié@d by
function described in Figufe 4.]15.

We would like multiple-dispatch idFicklesr to unify all types of method lookup including dynamic dis-

patch and multiple dispatch. As discussed briefly in the previous section, dynamic dispatch works if the
static types of the overriding methods are the same or pointwise supertypes of the overridden methods. We
approach a solution to multiple dispatch along the lines of dynamic dispatch so that we do not effect the
semantics of dynamic dispatch. The @-operator lets us do exactly that.

5.4 Modular Multimethods in Fickleyr

Object-Oriented programming allows development of programs in increments by code reuse facilities such
as inheritance. Multimethods would be very limited if we had to modify the source code of existing classes
in order to add new inter-class behaviours. Additionally, a method describing some behaviour between two
or more classes may not necessarily belong to either class. For example, consider a multdreethod

with the methodg draw(Rectangle,Canvas),draw(Circle,ColoredCanvas) to.draw an arbitrary shape on

a medium such as canvas, panel etc. Introducing a new type of canvas (GridCanvas) would require changing
the source code of classes suctRastangleand Circle to add new methodraw(Rectangle,GridCanvas)

and draw(Circle,GridCanvagkespectively. This reinforces the idea of being able to add multi-methods in a
modular way, i.e allowing multi/methods to be declared outside classes, giving way to the conoegh of
classef6]. We differentiate between the external and internal methods calls by using the netati@ri)

to refer to an internal method amd(e*) for an external method call (see Fig{ire|4.1).

5.4.1 Defining External Multimethods

In Ficklepyrr , we allow multimethods to be declared outside classes. The complete syntax is given in Fig-
ure[4.1. We refer to any methods declared outside classed@maland the ones declared inside classes
asinternal. As a principle, any set of methods which define some inter-class behaviours should always
be declared as external multimethods. This gives the freedom of adding new classes to the existing class
hierarchy and declaring the inter-class behaviours in a modular wayedimds multimethod in Figure

[5.7 can also be added to the program in the way given in Figufe 5.3.

The set ofequalsmethods above form the equals multimethod. The method whose arguments is a point-
wise supertype of all other methods is called tiyg-levelmethod. To evaluate message senaof the form
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boolean equals(Point2D p1,Point2D p2){ return  plx==p2.x && ply==p2y; }

boolean equals(Point2D@Point3D p1,Point2D@Point3D){
return  plx==p2.x && ply==p2y && pl.z==p2.z;
}
boolean equals(Point2D@Point4D pl1, Point2D@Point4D p2){
return  plx==p2.x && ply==p2y && pl.z==p2.z && pl.time==p2.time;
}

Figure 5.3: External multimethod declaration

m(eq,...,e,), We evaluate each expressiento a typet; and then invoke thenost-specific applicable

method We say a method iapplicablefor a message send, if it has the same name, number of arguments
and the formal parameters are pointwise super-types of the actual parameters in the message send. There
may be many applicable methods for a particular message send so we pick the unique applicable method
whose specializers pointwise inherit from the specializers of every applicable method.

We define a functiomM ., (P, m) for external method lookup in Figu@.& The difference between in-
ternal and external methods is that since external methods do not belong to any class in particular they do
not have ahis pointer or a reciever object. External methods also effect the propesgpafrate compila-

tion which is apparent from the external method lookup function. While looking for an external method,
the whole program has to be checked. This violates the propesgpafrate compilatiowhich says that if
individual compilation-units (classes in Java,C++) are well-typed then at link-time, the whole program will
be well-typed. This allows individual compilation units to be compiled seperately. As a result a programmer
can add new compilation units to an existing program without having to recompile the whole program.

5.5 Type-checking Multimethods

It is quite obvious that multimethods is an extremely important feature in a statically-typed object-oriented
language. It however comes with a price: static type-checking of multimethods is a challenge. EXxisting
solutions of symmetric multiple dispatch by Chambers et al forces global typechecking of multimethods
and perforrmost-specific methodokup at run-time([1/7,15, 16]. As a resultnaessage-ambiguous-error

can occur at run-time. They also impose a greater restriction on method overriding. Various approaches
to type-checking multimethods have been considered over the years but all of them compromise on some
important feature of language design. The lack of an optimal solution may be the reason why C++ and Java
do not offer inbuilt support for multimethods. Our aim is to have type-checking rules that statically ensure
that nomessage-not-understood andmessage-ambiguous errors occur at run-time. Ruling out

these errors at compile time, ensures that our code is safe to be executed without errors.
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We develop upon the two phase type-checking strategy by Chambers, Leavens and RRlIsEbim type-
checking is divided into two phaseSlient-sideandImplementation-sideAlthough we take this approach,
we deviate from their type-checking rules to allow for a more flexible multimethod declaration.

5.5.1 Client-Side Typechecking

Client-side checks are local checks on message send expressions. This is a typical check that is performed in
conventional languages like Java and C++. Client-side checks ensures that the static types of the arguments
and the receiver (if any) in a message-send expression corresponds to a method declaration. There may
be more than one applicable method for each message send, for example in the case of a multimethod. In
that case, thenost specific methad selected. InFickle,r we do not worry about importing modules or
compilation units as we consider them to be globally available (this helps us keep the semantics simple).
The syntax for internal message send is different from the syntax for external message send. For this reason
we have separate type-checking rules for these two kinds of message-send expressions.

Typechecking for Internal Methods

Internal methods i.e. methods declared inside classes, are invoked by message-send expressions of the form
e.m(ep, ..., en) Wheree corresponds to theeceivertype. We impose the restriction that all method calls to
internal methods must have an explicit receiver object. This restriction helps us distinguish between internal
and external method calls. We develop our type-system from that given by Drossopoulol_€t[_al[12, 13]
which gives the semantics in presence of method overloading. They annotate the method calls with the
most-specific-method from compile-time. The run-time system simply peforms dynamic dispatch on the
most-specific-method from compile-time. In our approach we do not allow method overloading through
the unique judgement rulen Figure[4.2. Figuré 5|4 gives the client-side type-rule which selects the most-
specific method for the message-send ey, . .., e,).

P,F Fe: C[]Fo[](;50

Pk e :7i[[liga[J¢ipa Vi€ {0,...,n}
MostSpec(Tpy1,c,m, 7o X ... x ) = {(c¢’, MT)}
P,TFem(eg,...,en): Res(MT)[|Tri1[[{oU...Udni1}

Figure 5.4: Client-side Type-check for Internal Method Calls

TheApplMethsfunction in Figur¢ 5.b takes inputs environméntlass of receiver objeef name of method

m, argument-type of the method calll’ and returns a set of tuples, of class of the method and method
signatures which arapplicable  for the method call. A method is applicable for a method call if it has

the same name, number of arguments and if the argument-types of the message-call are subtypes of the
argument-types of the method itself. Please note that we use the fusdida get the static type of the
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formal paramets of methods. As mentioned in Sedtioh 5.3, for an @-type, the compiler only sees its static
type. There may be more than oapplicablemethods, for example, in a call to a multimethod. Possible
errors are discussed in next section. The binary relatign. is used to giveotal  order to the set of
applicablemethods. A tuple of class and method-tyfee M7T") is less specific thaiic, MT) if ¢ is a
subtype of: andM T is a subtype of\/T". TheMostSpedunction uses the ordering,,.. to find themost
specific(c, M T) tuple if any for the corresponding method call. Sircg,. is reflexive, a tupléc, MT)) is

always more-specific than itself. The auxillary functionsNwstSpedunction is given in Figurg 5]6.

ApplMeths(T,c,m, AT) = {(¢,MT')|(c,MT) € Ms(P,c,m) and AT < ST (Args(MT))}
(¢, MTH< spec(c; MT) if  ¢< ¢ and ST (Args(MT)) < ST (Args(MT'))

MostSpec(T',c,m, AT) = {(c/ MT')| (¢ ,MT') € ApplMeths(T,c,m, AT) and
(€, MT" )< gpee(c , MT') ¥(c¢',MT") € ApplMeths(T, ¢, m, AT)}

Figure 5.5:MostSped-unction for Internal Method-Calls

Ms(P, ¢, m) _ { (¢, MethType(MD(P, ¢, m))) if MD(P,c,m) # ¢ }

10) otherwise

U Ms(P, ¢, m) where P = Py class c extends ¢ {...} P
Ms(P,Object, m) = ¢
MethType(T m(10 Xoy -+, Tn Tn)) = ToX oo X Tp — T

Figure 5.6: Auxillary functions foMostSpedunction

Typechecking for External Methods

External methods i.e methods declared outside classes, are invoked by message-send expressions of the form
m(eq,...,en,). An external method does not have a receiver object, hence does not tiase gointer.

The client-side type-checking rule for external method is given in Figufe 5.7. This rule is the same as the
corresponding rule for internal methods, except that it does not have a receiver object.
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P, Pi [ €; Ti[]ri_;,_l[](ﬁi Vi e {0, . ,n}
MostSpec .y (Tps1,m, 10 X ... X 1) = {MT}
P,ToFm(eg,...,en): Res(MT)[|Tps1[[{doU...Udn}

Figure 5.7: Client-side Type-check for External Method Calls

In Figure[5.8, theMostSpe@ndApplMethshave been modified a little. Since external method don't belong

to a class, the tuplé:, M'T') needed modificationd pplMeths,,, returns the set ahethod-types  from

those external methods which are eligible for the method call. In this function can use the normal subtype
relation< to give ordering to the set of method-types returned byApglMeths,,,, Since the comparison is
between argument-types, unlike class and method-type typle in the equivalent function for internal methods.
The MostSpec,,, then finds the most-specific method from the ones returned by gh&\/eths .., function.

We sayAT < AT’ if all the n types inAT are pointwise sub-types of all thetypes inAT" as shown in
Figure[4.14. The functioM s..; (P, m) in Figure5.9 is a slight modification of the external method lookup
function Mt (P, m). Mscy(P, m) returns the set of external methods as method-types which allows us
to write shorter semantics.

ApplMeths ., (T,m,AT) = {MT | MT € Mseu(P,m) andAT < ST (Args(MT'))}

MostSpec,,;(T,m, AT) = {MT | MT € ApplMeths,,,(T,m,AT) and
VYMT" € ApplMeths .,y (T, m, AT) : ST (Args(MT')) < ST (Args(MT"))}

Figure 5.8:MostSped-unction for External Method-Calls

Msegt(Pom) = { MethType(T m(1o xo, ..., Tn Tn)) ‘ P =P 7 m(1y xo, ..., zpn)eff{e} Po }

Figure 5.9: Generic function lookup for External Methods

For external method lookup function to work, we must have a judgeménd ... r.tns Which says that no

two external methods can have the same signature. This is because otherwise it would become undecidable
which of those two method to dispatch. The judgement is given in Figuré 5.10. Unlike the uniqueness
judgement’>,, for methods where each method name is unique in a class, the judgent&ft,.;preins
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looks at the uniqueness of the whole signature of the method.

Vm : (P=P tm(tyz,...,t, z,){mBody} P") =
P # Pl tm(ty zy, ..., tyz,){mBody} P, A
P+ P tm(ty x),... t,z,){mBody} P,
Y Oetheths

Figure 5.10: Unique Judgement for External Methods

5.5.2 Implementation-Side Typechecking

The implementation-side checks deal with method declarations i.e. method signatures and method bod-
ies. They guarantee that each multimethod in the progrdailysandunambiguouslymplemented. These
checks ensure that moessage-ambiguous-erroccurs at run-time, but they make multimethod declaration
quite rigid.

For our implementation-side check, we check method declarations to ensure that any argur@igfseof

is well typed. We also check the method bodies and their return type. The first check is performed on each
method declaratio®/ in isolation. For each explicit specializ8rof a methodM, its associated static type

must be a proper supertype 8fexpSplz rule).

PFn <n
P+ 1Qry var : mQr

Figure 5.11: Implementation-side Explicit Specializer Check

In Figure[5.12, the second implementation-side check type-checks the method bodies. The result of type-
checkingstmts is the type of return expression, which we assume to be the last statement in a method body.
The type of the return expression must be a sub-type of the return type in the method signature.

mBody = 7 m(1g xg, ..., Tn Tn){stmis}
P,y xo,...,Th xn F stmis : T
P <7t

PFEmBody :m9 X ... XTp — T

Figure 5.12: Implementation-side Method Body Type-check

The next rule is required to make sure that theretispa method for each multimethod. A top method is
one whose arguments are the supertypes of the arguments in all other methods belonging to a multimethod.
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Although this implementation-side check is not mentioned in any of the papers, we believe this is essential
inorder to eliminate possibility ofnessage-not-understo@dror. This error arises if a method call does

not correspond to any method declaration. For example, consider the pfogram 5.13, At compile time, the
compiler performs method lookup for message-send exprebsiompare(a) . The compiler finds the
compare(A@B arg) {... } method in clas8 which is applicable for this method call because the static
typearg is A, so no type-error occurs. At run-time the dynamic typeigf becomed so this method is

no longer applicable for the same message-send. This causessage-not-understoedror at run-time.

class A { }
class B extends A{ ... boolean compare(A@B arg)Y{ ... } ... }

class Test{
A a = new A();
B b = new B();
b.compare(a); /Imessage-notunderstood-error at run-time

Figure 5.13: Message-Not-Understood-Error in Multimethods

This error can be prevented by ensuring that classs a method declaratiddoolean compare(A

arg) { ... } which becomes thiop method of thecompare multimethod. This is expressed for-
mally by the rule in Figuré 5.14. This check is used while typechecking class definitions given in Figure
4.17.

!’

3¢ P = ... cassc{...T m(ryxo,...,7, xx){...}...}
andcgcl
and 7y = ST (10), ..., 7, = ST (1

P T'Fclasscq{...tm(79,...,7Tn) ...} : ¢c

Figure 5.14: Implementation-side Top Method Check

The final implementation-side check is on all the methods declarations in a multimethod. It ensures that a
multimethod is fully implemented. This check however forces global type-checking i.e. typechecking of all
compilation units. As discussed in Sectjon 2.3.1, this compromises the much desired progegsrate
compilation In Fickle |, we assume global knowledge of programs and thus do not have an import state-
ment. For this reason we do not worry about separate compilation but talk about in Chapter 8 as further work.

There are two ways to ensure that multimethods declarations are unambiguouirsiTéelution is to
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ensure that a multimethod fslly implemented. Byully, we mean that there is a method for each combi-
nation of the dynamic types of arguments. For example, consider the multijava code in[Figure 5.2. Let us
assume that thequals was declared as external multimethod. The metquals takes twaPoint2D
arguments. SincPoint2D has two subclassd2int3D andPoint4D , either of these three types can
occur at both of the two argument positions. As a result there mugt keguals methods with all the
combinations of argument typesquals(Point,Point) ,...£quals(Point3D,Point3D)

The secondsolution is to force any overriding method to have argument types which are pointwise sub-
types of the argument types of the overridden methods. This check is enough on its own to ensure the
abscence afnethod-ambiguous-errat run-time.

5.6 Message-Ambiguous-Error

A message-ambiguous-errds reported if two or more methods are equally specialized for a particu-
lar method call. In order to make programming deterministic, instead of choosing one randomly, the
compiler/run-time environment throws an error. For example, in Figurg 5.15, we meathoysare(A,B)
andcompare(B,A)where B is a subclass of A and a method invokation of the foompare(b1,b2yvith

b1, b2 instances of class B.

class A { .. boolean compare(B b){ ... } ... }
/lequivalent external method: compare(A a,B b)

class B extends A{ ... boolean compare(A a)}{ ... } ... }
/lequivalent external method: compare(B b,A a)

class Test{
B b1, b2;
bl.compare(b2); /lcompare(b1,b2) -> message-ambiguous-error

Figure 5.15: Message-Ambiguous-Error in Multimethods

In Figure[5.15, the compare message-send in the Test class cannot be resolved to either of the two methods
in the compare multimethod because both of them are equally specialized for the argument types of the
message-send. In such cases the compiler thrawessage-ambiguous-erroif no applicablemethod is

found, then anessage-not-understood-ertigrthrown.

Formally, we can say that message-not-understood-erroccurs if the functionApplMethsreturns an
empty set ananessage-ambiguous-erroccurs if ApplMethsfunction returns a non-empty set bJost-
Speaeturns a an empty set as shown in figure 5.16.
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P,T' F e : c[[To[]¢o
Pl F et mifllipa1[lgitr Vi€ {0,...,n}
ApplMeths(Tpi1,¢,m, 70 X ... X 1) =

I - em(e,...,en) : message — not — understood — error

PT; e : Ti[]ri—l—lﬂflsi Vi € {0,...,n}
ApplMeths .y (Tpi1, m, 10 X ... X 1) = 0

Iy F m(eg,...,en) : message — not — understood — error

P,F Foe: CHFQH(Z)Q

PI;, F e : Ti[]ri+1ﬂ¢i+1 Vi € {O,...,n}
ApplMeths(Tpq1,¢,m, 7o X ... X 7) # 0
MostSpec(Tpi1,¢,m, 79 X ... X 7)) = ()

I' - em(eo,...,en) 1 message — ambiguous — error

P,T; b e ni[[Tivi[]os Vi€ {0,...,n}
ApplMeths .y (Tpi1,m, 70 X ... X 1) # 0
MostSpec .y (T, m, 70 X ... X 1) = 0

Iy F m(eg,...,en) : message — ambiguous — error

Figure 5.16: Message Ambiguous and Message-Not-Understood Error
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One approach of dealing witmessage-ambiguous-errgg to haveasymmetrianultiple dispatch like[[2].

Because the arguments are ordered in some way, the method call is always resolved to some method (under
the typing constraints). For example, in Figure 5.15, if the method dispatch worked with lexicographic order-
ing, then it would dispatch theompare method from clas8. There would never be ambiguity. However,

we strongly believe in symmetric multiple dispatch and hence we choose to throw a compiledsaage-
ambiguous-errorguaranteeing that this error does not occur during the executiotFéfide ), g program.

5.6.1 Error Introduced by || Operator

The main feature ofFickle is that it allows objects of a particular class to reclassify to another class with
certain constraints. We have observed that the reclassification opgratan causenessage-ambiguous-
error. For example, consider ti¥€ickle;rprogram in Figure 5.17. We decldPéayer to be the root class

for the class hierarchy. This implies that any two subclassé¥ayfer can reclassify to each other. The
methodstrengthen  makes the players stronger by giving them weapons (sword and gun), i.e. reclassifies
aWeakPrince toStrongPrince by giving it a sword SwordedPrince )andSwordedPrince toa
GunnerPrince by giving ita gun. The methafight is a binary multimethod which takes tviRdayer

objects and returnsi@goolean .

The methodtestl has no reclassification operation. At compile-time the list of applicable methods

for pl.fight(p2) is {Player.fight(Player), WeakPlayer.fight(Player@WeakPlayefhe most-specific

method is WeakPlayer.fight(Player@WeakPlayer) at compile-time and run-time. On the other hand, in the
methodtest2 , pl is reclassified from WeakPrince to SwordedPrince. The applicable methods now are
{Player.fight(Player), StrongPrince.fight(Player@ SwordedPrince), SwordedPrince.fight(Player@ StrorjgPrince
The most specific method at compile-time is SwordedPrince.fight(Player@ StrongPrince) but at run-time
there will be a method-ambiguous-error because StrongPrince.fight(Player@ SwordedPrince) and Sworded-
Prince.fight(Player@StrongPrince) are equally specialized for the method call (looking at the dynamic type

of the method arguments).

The implementation-side typechecking strategies discussed in Sectign 5.5.2 are capable of eliminating am-
biguities at run-time, hence any well-typ&dckle,r program is free of this error.

5.7 Operational Semantics for Multiple Dispatch

Operational semantics define the run-time evaluation of expressions. In this section we define the operational
semantics and the algorithm for multiple-dispatciFifckle,rr . To perform multiple-dispatch, we need to

select the most specialized method based on the dynamic type of the actual parameters. This requires atleast
some type-checking at run-time. Although this incurs some run-time complexity, multiple-dispatch gives
substantial flexibility to a language and is certainly worth the extra overhead. Through our type-system, we
aim to minimize errors and the run-time overheads.



CHAPTER 5. MULTIPLE DISPATCH: CONCEPT & DESIGN 54

abstract root class Player extends Object{
bool brave;

bool fight(Player pXfalse };
void strengthen ({};

}

state class WeakPrince extends Player{

bool fight(Player@WeakPrince gd)true}
void strengthen (J(WeakPlaye SwordedPrince){this|SwordedPrincé

}

state class StrongPrince extends Player{

bool fight(Player@SwordedPrincg}{ false} //fight(StrongPrince,SwordedPrince)
void strengthen({}{}

}

state class SwordedPrinceextends StrongPrincg

bool fight(Player@StrongPince{) }{true} //fight(SwordedPrince,StrongPrince)
void strengthen (J(SwordedPrincéGunnerPrince){thisyGunnerPrince

}

state class GunnerPrinceextends StrongPrincg

bool fight(Player@GunnerPinceg) }{false}
void strengthen({}{}

}

class Game extends Object{
void testl(WeakPrince)
Player plsmew WeakPrince ();
Player p2mew SwordedPrince ();
print(pl.fight(p2)); // false: from Player.fight(Player)
}

void test2 (X
Player plxew WeakPrince ();
Player p2mew SwordedPrince ();
plySwordedPrince;
print(pl.fight(p2)); // method ambiguous error

Figure 5.17: Method-Ambiguous Error iiickle)sr program, resulting frony operator
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(¢, mBody;)| mBody; =T m(to xg, ..., T xn){e}
MMapp(Pv c,m, DTUP) - DTUp = <CQ, e 7Cn>
c¢; < DT(t5) (Vje{0...n})

U MMap(P,¢',m, (o, - cn))
MM app(P, Object,m, DTup) = 0

mBody| mBody € Megzt(P,m)
where mBody = T m(7o xg, ..., Ty xn){e}
MM eat—app(P, m, DT =
eat—app(Fm up) DTup = (co,...,cn)

c; < DT(r5) (Vj€{0...n})

Figure 5.18: Applicable Methods Functions for Multiple Dispatch

The funtion MM g, (P, ¢, m, DTup) in Figure5.18 returns a set of classmethod-body tuple&,mBody)

which are applicable for the dynamic types of the arguments of a method call denoted by dynamic-type
tuple DTupand receiver object of clags A method is applicable for a method call if the dynamic types of

its formal parameters are pointwise supertypes of the dynamic types of the arguments of method call. We
define MM, (P, ¢, m, DTup) for C(P,¢) = class ¢ extends ¢ {mBodyy ... mBody,}. This function

is for internal method calls and thus has to check the super-classes of the receivertotags method
declarationmn. MM gi—app(P, m, DTup) function is for external method calls. It returns those external
methods which are applicable for the method call. Since external methods have no classes or class hierarchy,
there is no recursion.

The operational semantics rules for method-calls are given in Fjguré 5.19. The first rule is for internal
method calls. It first evaluates the expressigto determine the address of the receiver object. The expres-
sions may update the heap, therefore for each argument expression e, it evaluates these expressions

in the heap updated by their previous expression. To simplify the rule, all expressions evaluate to addresses
(i.e. does not consider bool type) and through those addresses the run-time system evaluates the dynamic
class of each argument expression. The program, class of the receiver object, method name and a tuple
of dynamic classes of the argument expressions is passed to fuMzibiBody The functionMethBody

in Figure[5.2D returns thmost-specific-methotb dispatch at run-time. The stack is updated to contain

new variables for the parameters of the selected method whose values are the addresses from evaluation of
e1,...,en. The variables in the body of the method are replaced with the new variables in stack. The first
variable in stack contains the address to the receiver object commonly knawisgointer. The method

body is executed in the new stack and heap which results in a value
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€i, 0, Xi~pli, Xi+1 (Vi € {0,...,n}

Xn+1(i) = all.-]] (Vi e€d{0,...,n}
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Figure 5.19: Operational semantic for Method CallFiitkley r

The second rule in Figufje 519 is for external method calls. Since external methods do not have a re-
ceiver object, they do not havethis pointer and since the method lookup for external methods is different

it uses a varianf\/ eth Body,,, function to get the most-specific method. The rest is same as the rule for
internal methods described above.

5.7.1 Multiple-dispatch Algorithm in Fickley g

There are two types of algorithms that can be implemented for multiple dispghmmetriandsymmet-

ric. In asymmetric multiple dispatch the right method to be invoked is determined by some type of ordering
on the arguments, as discussed?h Although this approach is quite simple to implement, it imposes

the burden of ordering the arguments of a method call, on the programmer. It is certainly unacceptable
to programmers and would become a drawback to the language’s popularity. We believe that the users of
Ficklepr g should not have to worry abotficklens r 's multiple-dispatch algorithm i.e. to order the argu-
ments of their method call in the way that our multiple-dispatch algorithm works. For example, consider a
method call of the typequals(p2D, p3D,p3D). Since the asymmetric algorithm treats some arguments
more importantly than others in invoking the right method, the programmer is required to have a deep un-
derstanding of the multiple dispatch algorithm.
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On the other handsymmetric multiple dispatchlgorithm treats all arguments in the same way i.e. all
arguments are equally important in choosing the right method to dispatch. For this reason we develop
a symmetric multiple dispatch algorith f0ficklep g . An interesting observation is that, @ynamic

dispatch , thereceiver  object is more important than the other arguments. This is asymmetric in
some sense, but we will refer to a multiple dispatch algorithm as symmetric when it considers ordering on
all but the receiver object. Dynamic dispatch is quite intuitive and appealing, hence we do not consider this
as a hindrance tGickle; g 's usability.

( m(TO Loy ---5Tn Q?n){@} ’
m(7o o, - - ., Tn Tn){e} € MMegt—app(P, m, DT'up) and
MethBodyeyt(P, m, DTup) = V(m(ry g, - .., 7 xn)ie'}) €

{MMe:ctfapp(Pa m, DTup)\m(To Zo,---5,Tn wn){e}} :
To X ... X Ty Sspec_dTé X ... ><7'7;

m(71o xo, ..., Tn Tn){e} |
(¢ ,m(10 20, - - -, Tn Tn){e}) € MMapp(P, ¢, m, DTup) and

MethBody(P,c,m, DTup) = V(" m(ryxg, ..., x,){e}) e

{./\//l./\/lapp(P, c,m, DTUP)\(C,,T,n(TO 20,3 Tn ,xn){e}} :

€ XToX oo X Ty Sgpec—d € X Top X .o X Ty

TLX ... X Ty §5pec_d7'{ X ... ><7'7/l = iff{l,....n}=1wJ

Viel <7, AT #T

|| > J

Figure 5.20: Run-Time Multiple-dispatch Algorithm

We develop a more flexible multiple-dispatch algorithm than the ones proposed by Castagna, Chambers and
Millstein [5],[17,[16] 6] and Agrawal et &l[2]. Agrawal et al give a graph based method resolution algorithm
(see Section 2.4.1) to find tmeost-specifienethod. This algorithm was the key inspiration but was asym-
metric in nature. On the other hand, the algorithm by Castagna, Chambers and Millstein defined a method
m(7o,...,7,) to be more specific tham(r, ...,7,) if Vi(i € {0,...,n}) : 7 < 7,. In our algorithm,

we relax this restriction by specifying a method’s specificity by the number of argument places it is most
specific in. The comparison is given in Section 5.8.

The multiple dispatch algorithm is given in Figyre 3.20. The definitiomofe-specific-thaf<,,..4)
has changed from the one at compile tirsg,(..). The purpose of having static type-checking is to en-
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sure that the program is safe to be executed. At compile-time, we wanted to detect andneport —
ambiguous — error thats why we describedompile-time-more-specific-thas being more-specifig()

in all argument positions. At run-time we want to make multiple-dispatch as flexible as possible, so we
describe theun-time-more-specific-thaas being more specific in theumber of argument places. The
binary relation<,,.._4 compares two argument-types and returag if the argument-type can be split

into two disjoint setd and.J such that the arguments of the first $etre more-specific) than the argu-
ments of set/. The cardinality ofl must be strictly greater than that df For exampleB x A x B is

more specific thaml x B x A because it is more-specific in 2 argument places wheteas3 x A is less
specific thanB x A x B in only 1 argument place, wheig C A.

The functionM eth Bodye..(P, m, DTup) for external methods takes a program, method-name and a tu-
ple of dynamic types of the arguments of the method call. It returns the most-specific method from the set
MM eeat—app(P, m, DT'up) by comparing the method against rest of the methods(iM ¢ pp (P, m, DTup).

The comparison is made using the run-time-more-specific-than binary refatjon ; as described above.

The functionM eth Body(P, ¢, m, DTup) for internal methods takes an extra argumenthich is the dy-

namic class of the receiver object in the method call. Its functionality is exactly the same, with the difference
that it compares the class of the methods along with the argument types. This unifies dynamic dispatch with
multiple dispatch. More on this topic in the next section.

5.8 Evaluation of Multiple Dispatch in Fickley r

In this section we evaluate multiple-dispatctfitckie ; gwith the symmetric multiple-dispatch in other lan-
guages like Tuple[16], Multi-Java? and Dubious??. These languages have been developed by Todd Mill-
stein, Craig Chambers and Gary T. Leavens and thus have similar type-system and algorithm for multiple-
dispatch.

Static Typechecking

The typechecking strategy iRickle g is almost the same. We developed our type-system from the two
phase type-checking strategy by Chambers et al, client-side and implementation-side. The only difference
is that we explicitly check for the top-method for a multimethod (see Figurg 5.14). For example, in Figure
[5.22, if method1 was not present the type-system would reporéssage-not-understood-erroffo see

why the top method is important, assume timathod1 and the above mentioned type-checking rule were
absent. Create three Point2D instances with same static-type Point2D as shown irf Figure 5.21 and call
compare(pl, p2,p3). This will type-check correctly at compile-time because static type of arguments of
method2 andmethod3 are Point2D. At run-time however the dynamic-type of these methods are not
applicable for this method call, hence there would Imeesgssage-not-understood-error

By explicitly checking for top-method, we prevanessage-not-understood-er@trrun-time. Although not
documented in the papers, we tried such an example in MultiJava to check if it takes the same approach as
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Point2D pl= new Point2D(1,2,3,2005);
Point2D p2= new Point2D(1,2,3,2006);
Point2D p3= new Point2D(1,2,3,2007);

compare(pl,p2,p3);

Figure 5.21: Comparing Multiple-Dispatch Algorithms

Fickleprr . Not surprisingly, MultiJava gave a compile error as we expected.

Multiple Dispatch Algorithm

The best way to compare our multiple-dispatch algorithm with that developed by Chambers et al is by an
example. We modify the Points example given before to have external multimedhgoare which takes

three Point arguments and checks if they are equal. We assume that while comparing two Points of different
dimensions, it is equal if their common dimensions are the same.edhals method simply performs
equality check on its three arguments. Point4D extends Point3D and Point3D extends Point2D as before.
In the Test method, three Point4D instances are created with static type Point2D. These points have the
same value fok,y andz dimension but a different value feime . Then we call the compare multimethod

twice: once assuming Chambers et al's multiple dispatch algorithm and once asstiwiien, rp multiple

dispatch algorithm.

In Chambers et al's approach, the run-time system callddpemethod (method 1) for the multi-
method compare because neithegthod2 or method3 is more specialized than each other. This is be-
cause theirun-time-more-specific-than relation is the same as ocompile-time-more-specific
relation<j,.. in which an argument-typd T’ is more specific thar 7" if all the individual types iMAT are
pointwise more-specific) than the types iMT" . In their system, if the run-time system cannot resolve
the most-specifienethod, then it calls the top-method i.e. method1. This is obviously not the most correct
method implementation because it checks only the x and y components of the Point4D objects. There are
better method implementations applicable for the method call. On the other Rétide,, r would select
method3 for the same method call because ofthg._; run-time-more-specific-than relation.

As described in previous sectiofi,,.._ 4 looks at thenumberof argument places an argument-type is more
specific than others. In this case it clearly is method3%&gkie,, r dispatches the method callitwethod3

and this returnéalse as pointgl andp3 differ in theirtime components.

We believe our multiple dispatch algorithm is more flexible and efficient than the ones in Tuple, Multi-

Java and Dubious. Having a flexible multiple dispatch algorithm gives more flexibilitfitéle g it
turn.

Unifying Dynamic Dispatch with Multiple Dispatch
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public class Point2D{ public int x,y; }
public class Point3D extends Point2D{ public int z; }

public class PointdD extends Point3D{ public int time; }
/Imethod 1
bool compare(Point2D p1,Point2D p2,Point2D p3){
return  equals(pl.x,p2.x,p3.x) && equals(pl.y,p2.y,p3.y);
}
/Imethod 2
bool compare(Point2D@Point3D pl, Point2D@Point4D p2, Point2D@Point3D p3){
return  equals(pl.x,p2.x,p3.x) && equals(pl.y,p2.y,p3.y) && equals(pl.z,p2.z,p3.2) ;

}
/Imethod 3
bool compare(Point2D@Point4D pl, Point2D@Point3D p2, Point2D@Point4D p3){
return  equals(pl.x,p2.x,p3.x) && equals(pl.y,p2.y,p3.y) && equals(pl.z,p2.z,p3.2)
&& equals(pl.time,p3.time);

public class Test{
public static void main(String param[]¥{
Point2D pl= new Point4D(1,2,3,2005);
Point2D p2= new Point4D(1,2,3,2006);
Point2D p3= new Point4D(1,2,3,2007);

/IChambers et al multiple dispatch
compare(pl,p2,p3); llreturns true

/[FickleMR multiple dispatch
compare(pl,p2,p3): lIreturns false

Figure 5.22: Comparing Multiple-Dispatch Algorithms



Chapter 6

Relationships

The inspiration for extendingickle s r with relationships comes from database modelling languages like
Entity Relationship model and system modelling languages like Unified Modelling Language (UML). In
these modelling languages, relationship refers to the context dependent behaviour of an object in relation
to other objects in the system. For exampl@eacher teaches manyStudents where the relation-
shipteaches binds the object§eacher andStudent in a one-to-manyelationship. Relationships

are also referred to asles, so the same example can be stated aeacher's roleis toteach many
Students . Please note that we refer to an instance of a relationship as a relation.

Relationships have the following jargon associated with them:

e Cardinality. Number of objects involved in the relationship. This can be of fome-to-ong1:1),
one-to-many(1:N), many-to-ongN:1), many-to-manyM:N), where M, N € {0,1,2,...}. With a
little complexity, we can enforce relationships of cardinality (1:5) or (3:2).

e Degree The number of entities/classes that are involved in the relationship. For example consider
a scenario where a supplier supplies parts for a project. We could model this situation by a rela-
tionship SUPP-PROJ-PARTthat binds the class&upplier , Project andPart . Most of the
relationships in databases halegree2 and are calletinary relationship.

¢ Participationmay be optional or mandatory.
e Relation An instance of a relationship.

For this project, | have taken a formal approach to describe the semantics of relationshijpian In

this chapter, we begin by arguing the need for relationships in object-oriented programming languages. We
discuss the advantages and complications of extenflingle ,r with relationships. We develop formal
semantics for relationships on the lines of RelJ calculus by G.Bierman and A.Wien [15].

61
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6.1 Need for First Class Relationships

Relationships allow easy modelling of a software system and would be an extremely useful feature in object-
oriented languages. In languages without relationships, programmers are forced to take various complicated
approaches for designing systems with relationships. This pollutes the software design, making implemen-
tation, debugging and reusability harder.

Since the aim of object-oriented languages is to make it easy for us to model the real world semantic
notion directly into code, we aim to extend the expressivenegs @fle,,r with roles. We stress the need

for languages to give first-class support to relationships. Wédisdiyclassfor language constructs that can

be stored in variables, pointers, passed as arguments, returned from function etc. In this sense, we allow
relationship instances to be stored in variables and the compiler type-checks all the statements in context
with the class and relationship types. As a result addresses in the heap can point to objects and relationships.

6.1.1 HowFickle Fits In With Relationships

We take the idea of reclassification beyond objects to relationships. We will see later that relations are much
like objects: they have fields and methods, so it is quite natural for them to reclassify, like objgétgin.

With the feature ofelationship reclassificationFickle ; rp becomes very interesting for modelling dynamic

real world scenarios where objects change regularly.

In database systems, we often come across scenarios where an object’'s properties changes and hence its
relationships with other objects have to be updated. For example, in Figlre Btudent s given a lec-

turer post, then he becomesemcher and nowteaches students. In database systems, this is typically
achieved by deleting thetudent record and creating a net@acher record. Along with the records,
theteaches relationship needs to be created with every student the teacher teaches. In an object-oriented
language likeFicklep g , the same could be achieved by reclassifying student to a teacher and by delet-
ing/adding relationships or simply reclassifying relationships.

Reclassifying objects and relations is a simple and elegant approach for users to express changes in a sys-
tem. In addition to the simplicity, it is less error-prone. For these reasons, we bé&lieké:,, is more
expressive than its counterparts. CleaBickle,rr would offer significant advantages when modelling
database design.

6.2 Extended Syntax and Definition

In [15], the authors introduce RelJ, a subset of Java, with support for relationships. RelJ provides means
to define relationships between objects and relationships. Relationships are defined by them as a class-like
structures containing attributes. Their syntax of relationship looks like:
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relationship r extends r’
from n to n’ {FieldDecl*}

This defines a new relationship with a number of type/field name pair, FieldDecl*. To simplify things, RelJ
does not allow relationships to have methods. The relationship is betwa®tn’ wheren, n’ range over
classes and relationships. This provides means for relationship instances to participate in further relation-
ships. This feature is known aggregationn E/R modelling.

In addition to features from RelJ, we allow relationships to have methdeg{Decl*) andreclassification
directivesRecl Dir*. Reclassification directive is a novel feature which allows user-described operations
on reclassification. It will be discussed in more details later. The relationship must optionally state if it is a
root orstate class, like classes im'ck:leH. This feature allows relationships to reclassify, like classes

in Fickle r (for more details omoot andstate classes, please refer to Chapler 3). Figives the
complete syntax of-icklenr -

[root|state] relationship r extends r’
from n to n’ {FieldDecl®™ MethDecl* ReclDir*}

Figurd 4.1, gives the full syntax of the language. The sgtgds in the language now includelationships
and aset of generics (seti¢,). The idea of having set of generics was introduced in RelJ to facilitate the
processing of relationships. For the Teacher-Student example in Figiire 1.2, a statement of the type

e teacher.Teaches Will return a set of all the instances &tudent that are related to teacher by
Teaches relationship

e teacher : Teaches will return a set of all Teaches relations (relationship instances), i.desetes

e teaches.from will return thefrom part of the relation, which in this case is of typeacher(assum-
ing teaches is an instance of eaches )

e teaches.to will return theto part of the relation

e teacher.Teaches+ = studentl will create a new instance dfeaches relation betweeteacher
andstudentl

e teacher.Teaches— = studentl willremoveteacher 'sinstance offeaches relation withstudentl

6.2.1 A Simple Example of Relationships irFickley g

In Figure[6.2, a simpléFickle ), r program is presented to show the basics of relationship declaration
and usage. The program hasamt classStaff and two state classeJ.eachingStaff and
ResearchStaff . This means thateachingStaff can reclassify tdResearchStaff  and
vice-versa. A UML diagram for this example is given in Figrg 6.1.
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Staff
stafflD

P e

Publishes
Fouality

Cotiras Teaching Staff ResearchStaff ResearchPaper
L narme i hoursCfTeaching [rating ikl
-passHale peomiotel ) Lpromotel)
+demote() +Hiemote()

Figure 6.1: UML Diagram for Staff Example in Figyre 5.2

We assume that theaching hours  ofaTeachingStaff  decreases each time they premoted .
Finally they becomd&researchStaff and are not required to teacliResearchStaffs have
rating which increases each time they aremoted and decreased each time theydeenoted .
When the rating becomes 0, tResearchStaff  becomeTeachingStaff . There are two more
classesCourse andResearchPaper . There are two relationship$eaches from TeachingStaff
toCourse , andPublishes from Staff toResearchPaper . We allow onlyTeachingStaff
toteach a course, but bofleachingStaff ~ andResearchStaff  topublish ResearchPaper

Line 40 declares @&eachingStaff mathew Line 42 creates a new course nanpedgramming

(the constructor is eliminated to keep the example short). ATeaches relation is created between
mathew andprog in line 43. Line 44 shows how to access member fields (and methods) from
relations, which is the same as accessing member fields (and methods) from objects. In line 45, a new
ResearchPaper fickle is created and placed Publishes  relation withmathew in line 46.

The last line reclassifiemathew from Teachingstaff to ResearchStaff . Itis interesting

to ask what happens tmathew’s relationships, aftemathew reclassifies. We defer this talk to
Section 6.4, as we would like to introduce formal semantics before we proceed onto relationship
reclassification.

6.3 Class Inheritance vs Relationship Inheritance

Figure 6.8 shows an examplesifident-course classes witlattends andreluctantlyAttends
relationships. There are four class&udent and its sub-claskazyStudent andCourse and

its sub-clas$HardCourse . Relationshipattends is a base-class faeluctantlyAttends

Wren and Biermar [15] noticed that the application of standard class-based inheritance to these ‘re-
lationship classes’ does not adequately capture the intuitive semantics of relationship inheritance.
In Reld, the authors implement relationship inheritance as a restricted form of delegation, as found
in Selff] andd[]. Consider an instance of Figure p.3: lice be an instance oftudent and
programming be an instance afourse .
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abstract root class Staff extends Object{
int staffld;
}
state class TeachingStaff extends Staff{
int hoursOfTeaching;
void promote () Staff }
{
hoursOfTeaching—;
if (hoursOfTeaching==0)this|ResearchStaff;rating=1%;
}
void demote (J }{hoursOfTeaching++;
}
state class ResearchStaffextends Staff{
int rating;
void promote (Y} {rating++;}
void demote ({ Staff}
{
rating——;
if (rating==0fthis|TeachingStaff;hoursOfTeaching¥1
}
}
class Course{String name}
class ResearchPap€grString title ;}
relationship Teaches
from TeachingStaffto Coursg
int passRate;
}
relationship Publishefs
from Staff to ResearchPapdr
int quality;
}
class Test{
Staff mathew :=new TeachingStaff ();
mathew . hoursOfTeaching=1;
Course prog :=new Course(”Programming”);
Teaches relprog := (mathew.Teaches += prog);
int rate= telprog.passRate;
ResearchPaper fickle :mew ResearchPaper("Fickle”);
Publishes relfickle := (mathew.Publishes += fickle);
mathew . promote () ;//what happens mathew’s relationships?
}

Figure 6.2: Implementation of Roles inféickleyr Program
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attends
mark : it
Student /fj Course
Student T Course LazyStudent / : HardCoursa
attends reductantly Attends
mark : int i sdlectures - int
{a) Association Class (1) Parallel Hierarchy

Figure 6.3: Relationship Inheritance example froni [15]

Whenalice andprogramming are placed in thAttends relationship, an instance éttends

is created between those objects. Subsequently, afien andprogramming are further placed

in ReluctantlyAttends , an instance oReluctantlyAttends is created betweealice
andprogramming , but contains only thenissedLectures field . Ifthe ReluctantlyAttends

instance receives a field look-up requestfark , it passesielegatepthe request to thattends (super)
instance that exists between those same objects. To ensure completeness between all instances, we
must ensure the following two cases:

— If alice andprogramming were placed in th®eluctantlyAttends relationship with-
out first having been placed in tihétends relationship, then aAttends instance would be
implicitly created between them.

— If alice andprogramming were later placed in th€ompulsorilyAttends relation-
ship, then its instance and that BeluctantlyAttends would share a common super-
instance: théttends instance betweealice andprogramming

This change in relationship inheritance model was necessary to reflect semantic correctness of rela-
tionships. For example, Alice reluctantly attends a course, even then she is attending and hence
will get a mark. Also, ifAlice is attending lecture, both reluctantly and compulsorily, she will get

the same marks. For each pair of related objects, there should be only one instance of each relationship
so that relationship properties are consistent.
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6.4 Relationship Reclassification

Relationship reclassification is a novel and very powerful idea to revolutionize the way database sys-
tems and dynamic object-oriented programs are writtenFdekle,;r we allow reclassification on

both: objects and relations as we believe both are equally important. The most interesting part of this
project is what to do with an object’s relationships when it is reclassified ? Should we simply discard
the object’s relationships ? In this section we give the various solutions we have discussed for the
above mentioned question. In the next sections we give the typing rules and operational semantics for
the strategy we use Ricklenr

Consider the class-relationship hierarchy presented in F[gufe 6.4Pdrsbn be the root class
for Author andPoet andPublication be the root class foBook andPoem This allows
author to reclassify tqpoet and vice-versa anldook to reclassify tgpoem(hypothetically!!!) and
vice-cersa. Publishesis the root-relation fowrites and composeshencewrites may reclassify to
composesand vice-versalPerson publishespublication , author writesbooks and poet
composepoems. We'll assume thajohn : Author,lotr : Book, john.Writes+ = lotr. Now we
reclassifyjohn to aPoet john | Poet.

Personf-... ___ {F‘ubllcatmn
R [ F’ubéhshes i -—,—;—

'ﬁ.ut;mr [ ‘ F't;':et Bal:k ‘ \ Pnllem |

[ Composes J

Figure 6.4: UML Diagram for Relationship Reclassification

First option is to reclassify objects as it is donedickle)and simply do nothing about the objects’
relationships i.e. they are deleted. A programmer would have to specify new relationships for all ob-
jects being reclassified. For the example being considered, this would mean tHat ey relation
betweenjohn andlotr is discarded. This ofcourse is not very elegant but is sometimes necessary in
some situations where the class to which an object is being reclassified is not related to the object on
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the other side of the relation in any way.

Secondption is to reclassify objects like ifiickleand automatically reclassify its relations. This is

an extremely elegant way to perform reclassification, but on the other hand its behaviour is very com-
plex to specify. Automatic reclassification can only be performed when there is a clear association
being the object’s classes and relations. The example being discussed i Figure 6.4 is perfect for au-
tomatic reclassification. Agohn reclassifies tdoet, the system looks at all gfohn’s relationships,

in this case it is only¥/ rites. It then looks at théo attribute ofi¥rites which islotr : Book. Then

it checks the clas&oet (to which john is reclassifying to) for all of it’s relationships, in this case it

is only Composes. Then it checks th& attribute ofComposes which is Poem. Once this depen-

dency check has been performed, the system then reclassitfiesBook to Poem(lotr || Poet) and

then reclassifies th@/ rites relation to aC'omposes relation.

Although automatic reclassification may seem elegant there are several issues with taking this ap-
proach. First issue is that automatic reclassification is limited to perfect class-relatonship hierarchy
like the one given in above example. For example, whabik could not be reclassified jgoem

(as in real world). Then the relatidirites cannot be reclassified Gomposes. Second issue with

it is that the programmer may not have intended to perform extra reclassifications that the system
performs, likelotr being changed fronBook to Poem. Third problem is with typechecking. Formal
system for automatic reclassification is very complex to specify and typecheck, as it is hard to say
when the class-relationship association is not perfect. Fourth and most interesting issinéingtef
reclassification chainThis is an issue for the third approach too, so we discuss it after defining our
third strategy for reclassification.

class Author extends Person{

}

upon reclassification ton {

}

this . Writes|Composes;

relationship Writesextends Publishesfrom Author to Book{

}

upon reclassification to Composes{

}

this .from{Poet;
this .to|/Poem;

Figure 6.5: Reclassification Directives for Example in Figuré 6.4

Third option is to haveeclassification directivesReclassification directives are user-defined piece
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of code which is executed whenever a class or relationship is reclassified. This is simple and elegant
approach to reclassification. The reclassification directive for a class is similar to the concept of a de-
structor in C++ and finalizer in Java which are called before an object is destroyed. The reclassification
directive for the example in Figufe 6.4 is given in Figure 6.5. Wheim : Author is reclassified to

Poet, the reclassification directive is called Byective lookup functio®R D (P, Author, Poet) (see
Figure[4.9) which takes a program the class which is reclassifyinguthor, and the class to which

it is reclassifying,Poet. The directive in this example would run the cades. W rites || Composes

which requests th&/ rite relation to reclassify t@omposes. This in turn call the equivalent lookup
function for relationship®©RDr (P, Writes, Composes).

Note the reclassification directive for reclassifyifigrites to Composes has code to reclassify
both: itsfrom component ando component. This is so because instead of reclassifying a class
we allow programmers to reclassify relationships directly. Now there is a problem because the code
this.from | Poet asks forjohn to be reclassified again. If we take the approach of destructors
and finalizers which are executbdfore the object is destroyed, then the execution of this program
will cause a cycle. If the directive is run before objects/relations are reclassified then while execut-
ing the codethis. from | Poet, the system will still segohn : Author so it will run the code
this.from | Poet which will again call the reclassification directive from classthor and this cy-

cle will continue infinitely. For this reason, we reclassify objects/relatimferecalling the required
reclassification directive. This way when the system reaches thetbadgrom | Poet, it would
seejohn : Poet and skips.

In Ficklepy r we take the third option as it is simple, user controlled and not very hard to specify
formally. The typing rules and the operational semantics for reclassification is given in the next sec-
tions.

It is quite intuitive to allow relationships to be reclassified directly in addition to classes. For ex-
ample, if a database administrator wished to change everyone’s rolelffeites to Composes,

he/she could simply reclassify alV rites instances t@omposes. Relationship reclassification is a

little different from classes as discussed before and as demonstrated in[Figure 6.5. While reclassifica-
tion, a relationship must consider what to do withfitem andto attributes both.

Reclassifying can induce a chain of other reclassifications. Until the execution of the whole chain
of reclassifications is complete, the heap is in a corrupt state i.e. the type system is broken. For
example, in the case above, between reclassifyitg: to Poet and executing the reclassification
directive, the behaviour ofohn.Composes is undefined until the reclassification directive has fin-
ished execution. For this reason reclassification must be an atomic execution. This does not effect
Fickleprr but would surely effect any multi-threaded languages.



CHAPTER 6. RELATIONSHIPS 70

6.5 Type System

We extend the type system (ickleprr with relationships. Wren et al give a formal system for
basic operations in relationships in the form of RelJ calculus [15]. We develop our type system with
relationships by extending RelJ with method calls (multiple dispatch) and reclassification operator.
Figure[6.6 gives the typing rules from RelJ &mt-types ,to andfrom attributes of relationships

and relationshigddition  anddeletion . The sub-relation and subtype rules are given in Figures
[4.3 and 4.14 respective\ BETSubType says that a set containing entities of typeis a sub-type

of a set containing entities of type, if n, is a sub-type ohsy. empty is a sub-type of set type.
RELAIlITo says that an expression of the foem returns a set-type comprising of ttee part of the
relationshipr . RELInst rule says that an expression of the formr returns a set-type comprising

of relations (relationship instances) of type The FROMule says that in an expression of the form
e.from, if e is a relation then the expression returns the type ofriti@ entity of the relationship.
Likewise, an expression of the forexo returns the type of tho entity.

(SET SubType) (SETType)

P niy S n9y

PFE set<ni> < set<ng> PF empty : set<n>
(RELAllTo) (RELInst)

PTF e : nI'[¢ PTF e : nJl'[|¢

R(r) =rel r extds v fromn' ton” R(r) =rel r extds r fromn' ton”
PrFn< n Prn< n

PTF er : set<n >[I [|¢ PTHF e:r : set<r>[|T'[|o
(FROM) (TO)

PTFe:rI'[|¢ PTF e : r[I']¢

R(r) =rel r extds r frommnton’ R(r) =rel r extds v fromnton’
P,T F e.from:n[T [|¢ PTFeto:n [T ¢

(RELAdA) (RELSub)

PTFe @ n[T'[J¢ PTFe @ n[|T']¢

PT Fey : nofIL"[|o PT' Fey : no[T"[)¢

R(r) = rel r extds r' fromn) tony,  R(r)=relrextdsr from n ton,
PrFn; < n Prkny < n)

Pl—nggnl2 P}_TL?S”,Q

PTF ejr+=ey:r[0 [{oUo } PTher—=ey:r[[T [{opUg}

Figure 6.6: Type System for Relationships
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6.5.1 Typechecking Reclassification Expressions

Sectior{ 4.1} discussed the three different strategies for reclassification. The third option with reclas-
sification directives will be used iFickley i . Figure 6.7 gives the typing rules for reclassification
of objects and relations. The RELRecl rule is for relationship reclassification widiésea relation-

ship variable which is being reclassified to relationship The judgement’ + ', (see Figure

?7) says that”' is a reclassifiable typel'(id) returns the type ofd which isr. The root classes of
randr’ must be the same, which is checked by Bt function (see FigurO). As discussed
in sectio , the reclassification (environment update: Ifid — r’]) must occur before calling

the related directive. The directive is type-checked in the updated envirodimeftte last statement

I’ (id) = r' is important, because it ensures that the reclassification directive does notLipubdte
wherel'” (id) # r otherwise it would result in incorrect types and undefined behaviour at run-time.
The effects resulting from typechecking the reclassification directives is combined With and
returned as result of typechecking the mairi » expression. The reclassification for classes is same
as relationships. Rules RELReclSkip and OBJReclSkip skip a reclassification staténjentand

id |} cif variableid is of dynamic type andc respectively.

(RELRecl) (OBJRecl)

P+ T/<>rt P C/<>rt

I'(id) =r I'(id) = ¢

Rootg(P,r) = Rootr(P,r') Root(P, ¢) = Root(P,c)
I =T[id — 7] I = Tfid — ¢]
DRr(P,r,r')=¢ DR(P,c,¢)=¢

PT € :voidI"[|o P,T +é :voidI"[|o
I (id) =1 I (id) = ¢

PTridlr : 70 [{ou(rdr)} PTrFidlc : c[[0 [{oU(clc)}

(RELReclSkip) (OBJReclSkip)
L(id) = r wherer =1’ ['(id) = c where ¢ = ¢
PTridlr : r[JO0{} PTridlc : c[IT{}

Figure 6.7: Typing Rules for Reclassification
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6.6 Operational Semantics for Relationships

To give first class support to relationships, we allow addresses to point to relations. Like objects in
Fickleyr , relations are stored in the heap. The structure of stack and heap with relations is given
in Figure[4.18. The stack mapisis to an address and local variables to a value. The heap maps
adresses to objectnd relations. The values iffickley g aretrue |, false ,null and addresses.
Objects consist of field-value pairs. Relations are like objects with additimmal andto addresses.

Introducing relations has a deep impact on the operational semanti€scbfe). Now since ad-
dresses can point to objects and relations, the rules must take both into consideration. For each heap
access, we would need to determine if the address points to an object or relation. Most of the rules
for relationships are similar to the ones for objects and we gave some thought over unifying objects
and relations. This could not be achieved for two reasonsfifidt@ne being that relations have extra

from andto fields. Thesecondand more significant one is that relationships use delegation for
inheritance as discussed in Secfior] 6.3 which makes the relation reclassification very different from
object reclassification evident from the rules later on. We talk more about it in Chépter 8.

6.6.1 Object Reclassification

First, lets consider object reclassification. The rule for reclassifying objects has been given in Figure
. In the reclassification expressiery ¢, e is first evaluated to an addresshich must point to

an object of class. The functionRoot(P, ) in Figure[4.1D returns the root class of classThe

function Fs(P, Root(P, c)) is used to retreive the values of all fields in the root class and its super-
classes. When the new object of clasis created these fields values are simply copied to the object
while the rest of the fields are initialized with the initial values of the fields. After the reclassification,
the directive lookup function is called and the body of the reclassification directive is executed. The
second reclassification rule skips a reclassification statement if the reclassification source and target
classes are the same.

Just like type-checking reclassification expression, the directive is executed after reclassification. As
discussed in Sectign 6.4 this eliminates the possibility of having a cycle in the reclassification chain.
This however does not guarantee that the reclassification chain is finite. For example, consider the
UML diagram in Figuré 6)9. If we reclassify an object of class Al to A2, its reclassification directive
reclassifies relatio®_A1_B1 to R 422 which to which will reclassify class B1 to B2 and so on. As-
suming that no programs contain infinite number of classes and relationships, we can safely conclude
that reclassification operation is not non-terminating.
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€, 0, X~ply X

X (W =1el...1

Fs(P,Root(P,c)) ={f1,.---, [r}

v = X/(IL)(fl) Vie{l,...,r}

fS(P,C )\{fla ERR 7f7“} = {fr+17 .- 'afT-i-q}

vy initial for F(P, cl,fl) Vie{r+1,...,7r4+q}
X =x[e— 101, fraq  Vragll]
DR(P,¢,c)=¢

e/, o, X“ ~p001d, XW

7 777
e‘U’C 70—7XWPL7X

e, o, prL; X/
X (1) =[[¢]- -]

7
e‘U’c7gaxpr7X

Figure 6.8: Operational Semantics for Object Reclassification
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a1] a2 |B1] B2 c1 2l e e @
- __""\.‘ f?_"‘-\.\_ 7"“.- i 7 '_‘;'J
%, \\__\_1}:'_.-'"' e _}{.-: - - :f: 1 rr"
\“'\k _‘_zz \;_\ lr.lz = s ’_, "«._\_-\-ﬂ f
RA1B1| |RA2B2| |RBICH ‘ R B2 C2 ‘

Figure 6.9: Infinite Reclassification Chain
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6.6.2 Relationship Reclassification

Relationship reclassification is quite different to object reclassification because relationship uses del-
egation for inheritance. In object reclassification we copied the fields of the root class and its super-
classes onto an object of the target class of the reclassification. The rest of the fields are initialized
with their initial values.

X[Lr — <<7“||(Lrt,L1,L2, {fl t U1, .. ‘7f7‘ : UT})>>] Zf 7", = Trt
Vie{l,...,r}: Fr(P,r, f;) # Udf
Vie{l,...,r}:v;initial for f;

"

createRel(T, Ly, L1, L2, Trty bryyy X) = X o otherwise
ey X = createRel(r v, t1,t2, ety Lroyy X)

where i # ¢ and

X' =X o= ((r ]y, {1 on, e froo )]
Vie{l,...,r}: Fr(P,r, f;) # Udf
Vie{l,...,r}: v initial for f;

Figure 6.10: Functions for Relationship Reclassification

L Zf r=~R
RA(x, L, R) otherwise
where x (1) = ({r|(+', -, -, -)))

RA(x,t, R)

t if r = Relation
RA(x,t, Relation) = 0 otherwise
where x(v) = ((Relation|(', -, -, )))

Figure 6.11: Common Root-Address Function

In relationship reclassification we do not need to copy fields of root relation and its super-relations
onto the target relation as we do for objects. With delegation, we need to create the relationship hi-
erarchy from the target relation to the direct sub-relation of the root which is delegated to the root
relation. We do this by tail recursion where the super-relation is created and its address is returned,
the sub-relations are then created and delegated to the super-relations by the returned address. Func-
tion createRel does this in Figurg 6.10. In the functieneateRel(r, iy, t1, 12, Trt, tr,,, X), T 1S the
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target relationship, is the address at which to create the target relatipand., areto andfrom

attributes forr respectivelyy,; is the root relationship and,, is the address in heap where the root
relation is storedereateRel function assumeR(r) = relationship r extends r .. .. The function

is recusive which creates a super-relation before its sub-relation. The updated heap and address of its
super-relation are returned for sub-relations to delegate to them.

e, 0, X~ pl, X

X (1) = (10 eny 02, D))

Rootr(P, 1) = Troot

RA(XIa L, 7nroot) = lroot

X = createRel(r/, Ly L1, L2, Troot, broot xl)
DRR(r, 7“/) =e

e, o, XH ~pv0id, XW

7 1
€~U/’I“ y Ty X~ ply X

e,/a, prb,lxl
X () ={r]...))

7
e‘U’rao-aXWpLaX

Figure 6.12: Operational Semantics for Relationship Reclassification

The functionRA(x, ¢, 7r00t) Qiven in Figurl takes a hegp: address of the relation being re-
classified and the root relationship, and returnsatidress of the root relation. The operational
semantics for relationship reclassification is given in Fi§ure|6.12. The rule first finds the root relation-
shipr,; and its address.;. It calls thecreateRel funtion to create the target relatienand delegate

to the root relationr,.;. The reclassification directive is evaluated after the reclassification as usual.

6.6.3 Other Rules

Wren et al use a relationship table (RelName x Address x Address) — Address in their con-
figuration. p(r, ¢1, t2) returns the address in their store where the instance of relationshigtored
between; and.,. We do not use this in our configuration to keep the operational semantics simple.
We get the address of a relation by looking in the heap. The rules for operational semantics are given
in Figureg[6.18. The FROM rule says that an expression of the fofromn returns thérom  attribute

of the relation thae evaluates to. Likewise, an expression of the ferto returns theto attribute

of the relation that evaluates to. The ALLTo rule says that an expression of the tormeturns all

the objects/relations that are related to object/relation resulting from evaluation of expression
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(FROM)

€, 0, X~pls X /
x () =l (e 3) )

7
e.from, 0, X~pll, X

(ALLTo)

€,0, X pl1, X

S={ellx () = {(r |l (¢ enyeo, 1)) )

(TO)
67 Ua XWPLW X/

X () = (i (L',,Lhm, {-D)

6't07 O, X~ pl2, X

(ALLRellnst)
€,0, X~ pl1, X/

S={ X @)=l uem{-H)}

e.r,o,Xx M')p SvX

(ADD)
€,0, X~ pl1, X/

€,0, X,WpLQa X
(L/, XW) = addRel(r, 11, L2, XN)

I
er+=e,o,X vptl,X

1

7
e:TaU7XWp S?X

(DEL)
€,0, X~ pl1, X/
6,, ag, X,WpLZ’ X

" "

x =delRel(r,t1,t2,X )

"

17

7 X
er—=e,0,X ~p void,x

Figure 6.13: Other Operational Semantics Rules for Relationships

other words it returns objects/relations that appedras attribute of relationship. ALLRellnst
rule says that an expression of the form returns a set of relationship instances or relatiottsat
relates the object/relation resulting from evaluatiore &b other objects or relations. The ADD rule
says that an expression of the form+ = ¢’ creates a new relation between the objects/relations
resulting frome ande’. TheaddRel function is given in Figur4.

The DEL rule is for deleting a relation between two objects/relations resulting from evaluating

ande’. This rule is interesting because Wren et al return the address of the deleted relation after eval-
uatinge.r— = ¢". They update the relationship tablenentioned earlier for deleting the relationship
instance, but the heap still maintains the relationship instance between objects/relationarigim

As aresult a reference to the deleted relation could be kept and used to access the relation after dele-
tion. The garbage collector would not sweep the deleted relation from the heap because a reference to

itis maintained. This could causeemory leaks

in C++ andout-of-memaory-error in Java.

We take a different approach by deleting the actual relation from the heap. The expressiea e’

returns void.

Figure[6.14 defines theddRel and del Rel functions for ADD and DEL rules. TheddRel rule
given here is simpler for of that given by Wren et allin/[15]. The function is recursive and returns
a tuple of address and heap. This function creates a super-relation first, then returns its address for
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(,X) if r = Relation
X = x[t — ((Relation||(null, 11,12, { })))]
(t,x") otherwise
addRel(r,t1,t2,xX) = where R(r) = rel r extds r..

(l’,7 X,) = addRel(R,’ L1, L2, X)

XH = X/[L = <<7"||(L,,L1,L2, {fl UL, .- 'af?“ : UT})>> ]
Vie{l,...,r}: Fr(P,r, f;) # Udf and
Vie{l,...,r}:v;initial for f;

X[ti — null]
delRel(r,t1,t2,x) = Vi x(e) = (]| (1525 )
and r’ <r

Figure 6.14: Variant oaddRelanddelRelfunction from RelJ

sub-relations to delegate to it. All relations extdRelation  which has no fields. Théel Rel rule
simply deletes the relation between.; and s, from heap i.e frees the memory location It also
deletes any sub-relations othat relate object/relation af to object/relation ats.

6.7 Evaluation of Relationships inFickle g
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Unifying Roles, Multimethods and
Reclassification

Implementing roles, multimethods and reclassificatioftiakle; would be extremely advantageous

as it would allow easy modelling of a real world scenario into a software system. For example
consider the UML diagram in Figufe 7.JEmployees may beProgrammers or Managers .

They work onProjects , which may beTechnical projects oiManagement projects. Relation
WorksWellOn inherits from relationVorksOn. All Employeeswork on projects, but Program-
merswork well only on technical projects. The dashed lines show the relationship between ob-
jects.

i
i
i
i
i
i
i
i
:
F |
i
i
i
i
i
i
i
i
i

Figure 7.1: UML diagram for a Employee-Project Example

In a real world scenario, entities change and so does their roles. Programmers become Managers after
years of experience but their basic identity remains the same, for exampledheé We achieve

78
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this in Fickle) by reclassifying objects from one state class to another. Multiple dispatch allows
us to dispatch methods on the dynamic types of the entities (Employees). Roles allow us to model
relationships between objects and relantionships. In Fe 7.2, we witekde | code assuming
multiple dispatch (with MultiJava syntax) and roles (with RelJ syntax), to demonstrate how we would
code the scenario in Figure ¥.1.

In Figure[7.2, eaclProject  has adesirable  method which determines if @mployee is de-
sirable for that project. In a general project every employee is desirablélnagement project
programmers are desirable only if they have a PhD and Treehnical  project, managers are
desirable only if they have an MBA. Thaesirable = method inManagement class overrides
thedesirable  method inProject and performs multiple dispatch dfrogrammer dynamic
type. Likewise, thalesirable  method inTechnical performs multiple dispatch ollanager
dynamic type. When a programmer is promoted, he becomdareager . This is achieved by
reclassifyingProgrammer to Manager. The programmer'smployeeld remains the same,
but his salary increases. The instancef\afrksOn relation between Employee and Project is un-
touched by the reclassification, but instance¥/oirksWellOn relation betwee®rogrammer and
Technical projects are deleted.

Consider the following test case on the code described in Higure 7.2:
We create one instance off&chnical project and one instance ofManagement project. We
create two programmers: one with PhD and another one without PhD, and one manager without an

MBA. All three employees are desirable for proje@mega but only employee®l ande3 are
desirable for projeamnerger . So the output will look like:

7.1 Case Study A: The Ocean Ecosystem

7.2 Case Study B: DOC Database System
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abstract root class Employee extends Object{
int employeeld;
int salary;
abstract int promote (X};
}
state class Programmerextends Employeg
bool phd;
int promote (X Manageg
{
thislManager;
salary ++;
mba := false;
}
}
state class Manager extends Employeg
bool mba;
int promote ()} {salary++}
}
class Project extends Object{
String projectName;
int budget;
bool desirable (Employee €)
true ;
}
}
class Technical extends Project{
int numberOfPhds;
bool desirable (Employee@Manager manager)
if (manager.mbaftrue}
else {false}
}
}
class Managementextends Project{
int numberOfMBASs;
/1 only programmers who have a PhD can work on management projects
bool desirable (Employee@Programmer prdg)
if (prog.phd) {true}
else {false}
}
}
relation WorksOn
from Employee to Project{
int totalHours;
}
relation WorksWellOn extends WorksOn
from Programmerto Technicak
bool enjoyed;
}
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class Test{

Project cOmega :=new Technical ("c.omega”,10000);
Project merger :=new Management(”"merger”,15000);

Employee el
Employee e2
Employee e3

:=new Programmer(1,1000true);
:=new Programmer(2,500false);
:=new Manager(3,2000false);

/ 1 assign them an appropriate project

for

}

(Employee e: el to e3) //Employeee—eineN
if (cOmega.desirable (e])

}

e.WorksOn += cOmega;

if (merger.desirable (e))

}

/[ output result

e.WorksOn += merger;

for (Employee e: el to e3)
for (Project c: e.WorksOnf
print "Employee.” + e.employeelD + _WorksOn."+ c.projectName;
}
}
}
Employee 1 WorksOn ¢ Omega
Employee 2 WorksOn ¢ Omega
Employee 2 WorksOn merger
Employee 3 WorksOn ¢ Omega
Employee 3 WorksOn merger



Chapter 8

Conclusion and Further Work

In this project, we showed how multiple dispatch and relationships can be appli€d#ee). The
interesting property of-ickle) to allow objects to reclassify at run-time, can also be applied to rela-
tionships as shown in the project.
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