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Abstract

This thesis describes the design and implementation of a new experimental programming
language with a focus on creating concurrent, interactive systems. As such, the language
makes concurrent programming the default case, providing fine-grained concurrency primi-
tives at the language level and a runtime system that is geared towards execution on multi-
processor hardware. The language semantics are first described operationally, in terms of
generalized Functional Petri Nets, and then refined to a model of asynchronously interact-
ing components. Code examples are shown that describe how advanced object-oriented
and functional programming concepts such as open generic functions/multimethods are
a natural specialization of the core language abstractions. Other programming examples
draw from areas such as dataflow-oriented graphical user interfaces, animation scripting
and server-side web applications. A reference compiler/interpreter for the new language is
also supplied, targeting the Java platform and showing good speedups on multi-processor

hardware.
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Chapter 1

Introduction

There is an increasing demand for concurrent and interactive software systems, but most
established programming languages do not provide adequate support for concurrent pro-
gramming. Mainstream languages that do support concurrency in most cases do so by
means of threads, which do not prove satisfactory for fine-grained application-level con-

currency.

In this thesis, we describe the design and implementation of a new experimental pro-
gramming language that embodies parallelism as a fundamental construct and not as an

add-on.

The new language has been inspired by the language Funnel developed by Odersky
et al. [1999] and builds on the same theoretical underpinnings, an amalgamation of con-
cepts from Petri Nets [Petri, 1962] and the Join Calculus [Fournet and Gonthier, 1996].
Like in Funnel, there is an m:n-relation between function symbols and function bodies,
with function symbols being first-class values. The fundamental rule remains, that a
function body can only be executed when all its associated function symbols have been

called.

In the new language, however, departing from the Join Calculus heritage, function

bodies need not be defined together with their related function symbols.

Furthermore, the appropriate function body for a given list of actual parameters is
selected dynamically by a best-match strategy respecting all the arguments. Combined
with subtyping, this leads to a multimethod approach to object-orientation like in Dy-
lan [Shalit, 1996] or Nice [Bonniot, 2003a|, where methods and classes can be defined

separately, making it easy to extend existing classes with new behavior.
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Distributed systems can be realized by sending proxies of function symbols to a distant
site. Calling a proxy symbol will send the arguments over the network and execute the
function body at its home site, while setting up a function body on proxy symbols (whose
originals reside on the same remote site—otherwise it is an error) will transfer the code

there.

This thesis presents the semantics of a small core language on top of which higher-
level language features are expressed. A reference implementation is supplied in form of a
high-level to core language compiler and a core language interpreter running on the Java

platform.

On multi-processor hardware, good speedups are achieved by employing optimistic
software transactions and a work-stealing scheduler, a combination that allows for an

essentially lock-free implementation.



1.1 Outline

1.1 Outline

In this introductory chapter, Section 1.3 describes the mainstream concurrent program-
ming methodologies and explains their shortcomings. Section 1.4 lays down the goals of

this thesis and the requirements for the new language.

Chapter 2 presents the proposed main language concepts, with Section 2.1 conveying
a high-level impression of the language syntax by means of a code example, showing a
solution to the Dining Philosophers problem. Section 2.2 explains how concepts from
object-oriented and functional programming are provided, while Section 2.3 describes the

type system used and Section 2.4 reviews related concurrent language research.

Chapter 3 defines the execution model and a small core language. Section 3.1 reviews
the historic background of Petri Nets and the Join Calculus, which are the underlying
theoretical abstractions. Section 3.2 describes an operational semantics in terms of a
generalization of Petri Nets, which is recast in Section 3.3 in a component-oriented model

that is easier to implement. Refinements of this model are discussed in Section 3.4.

Chapter 4 presents the high-level language. Section 4.1 describes how the execution
model is instantiated, and Section 4.2 shows how high-level syntax translates to the core
language. Section 4.3 describes the reference implementation and investigates its runtime

performance.

Chapter 5 describes several non-trivial programming examples. Section 5.1 illustrates
a method of data-flow oriented user-interface programming, Section 5.2 shows an example
of modular keyframe-animation scripting and Section 5.3 describes the implemenation of

a web-application server.

Chapter 6 concludes and proposes some directions for future research.

1.2 Contributions

To the author’s knowledge, the following aspects of this work are novel:

e combining Join Calculus concurrency with open generic functions (multimethods)

e using the model of asynchronously interacting components to describe programming

language semantics
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1.3 Motivation

In programming, concurrency is becoming an ever more important topic. One of the rea-
sons is that software use-cases and requirements increasingly demand distributed, mobile,
interactive and concurrent systems. In fact, it appears safe to say that most significant
software systems being developed today are inherently concurrent and interactive, in the

sense that their operation depends on a history of external stimuli.

Another reason is that future advances in hardware development are expected to occur
more likely in the domain of parallelism, increasing the number of processor cores per
chip or the number of chips per machine, than in an unceasing exponential growth in
clock speed. Sutter speaks of “a fundamental turn toward concurrency in software” and
concludes that “the free lunch is over”, i.e. applications will not continue to profit from

radical CPU throughput gains without adapting to concurrent hardware [Sutter, 2005].

Programming concurrent systems, on the other hand, has always been a major chal-
lenge. Some regard concurrency as “the next revolution in how we write software”, com-
parable to Object-Oriented Programming “both in the (expected) scale of the revolution
and in the complexity and learning curve of the technology” [Sutter, 2005].

One reason for this difficulty is the fact that concurrent programming is accounted
for only inadequately by most programming languages. This lack of language support is
widely recognized as an obstacle towards better software systems. Meyer for example,
writing about concurrent programming as “the next programming frontier”, indulges in

an especially colorful analysis of the situation [Meyer, 2005]:

“Like an entire province forgotten by history, one area of programming is
still living in the nineteen sixties, to the point that you can almost see the

flowers in the hairdo and hear the Beatles on the radio. |...]

What makes this situation ever less bearable is that programming is be-
coming increasingly concurrent. Multithreading, in particular, is everywhere,
handled through incredibly low-level techniques, usually through libraries re-
lying on semaphores and similar techniques and affixed to object-oriented lan-

guages like a wooden wing to a race car.

We all suffer from the results, because so many applications today need

multithreading or some other form of concurrency.”
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In Section 1.3.1 below, we discuss multithreading as today’s predominant concurrent
programming model. In Section 1.3.2, we contrast multithreading with the event-driven

approach to interactive systems.

1.3.1 Multithreading

The prevailing concurrent programming methodology is based on the notion of multiple
threads of execution. Threads are sequential in nature, but can execute concurrently,

possibly signaling, halting, delaying or otherwise starting/stopping each other.

Threads, as provided by most operating systems (OSs), are the method of choice to
utilize the parallelism of multi-core hardware, but they are not well suited for fine-grained

application-level concurrency.

Threads model independent sequential computations and do not by themselves support
synchronization or communications. Instead, threads rely on mutex-locks, semaphores
[Dijkstra, 1968] or monitors [Hoare, 1974] to provide synchronization and to protect shared
resources. These are very basic tools that require careful use by the programmer. Lee
shows that it can be difficult to make even simple programs “thread-safe” i.e. behave in
a predictable, deterministic way and concludes that “non-trivial multi-threaded programs

are incomprehensible to humans” [Lee, 2006].

Furthermore, creating and destroying OS threads is expensive, and there is a high
memory cost per thread because each thread needs to maintain an individual calling-
stack. This poses a scalability problem for highly interactive systems with many, short-
lived, concurrent tasks. Therefore, application programmers employ techniques like thread

pools to keep the number of OS threads low, which further complicates the programming.

All in all, many consider threads too low-level to qualify as a suitable programming

abstraction. Again quoting Lee [2006]:

“If we expect concurrent programming to be mainstream, and if we demand
reliability and predictability from programs, then we must discard threads as

a programming model.”

1.3.2 Event-Driven Programming

In order to circumvent the scalability and synchronization issues of multithreading, pro-
grammers often resort to variants of explicitly coded state machines, or event-driven pro-

gramming [Dabek et al., 2002], where an event, in this sense, is the occurrence of a state
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change. Event-driven programming is especially common in designing interactive systems,

where much of the programming logic is concerned with responding to external input.

In event-driven models, there are no blocking operations such as those commonly used
to read input data from I/O devices. Instead, the programmer defines event handlers,
which specify the actions to take when a particular event occurs (e.g. the arrival of input

data, or a mouse-click).

Detecting the occurrence of events and calling the appropriate event handlers is the
responsibility of a runtime environment, which may or may not be part of the program
itself (as an explicitly coded event-loop) or provided by some kind of library or framework.
Because of this call-back nature, event-driven programming is said to incur an “inversion
of control”, as it is not the program itself that proactively decides what to do when, but

the event-dispatching mechanism.

Event-driven programming, while being far less prone to synchronization-related prob-
lems, has other drawbacks [Haller and Odersky, 2006]. Most notably, conceptually related
programming logic is fragmented across multiple event handlers, violating the principles
of encapsulation and modularity. Another drawback is that control flow between event
handlers is defined only implicitly. As a result, event-driven code has a reputation of being

tedious to write and hard to maintain.

Furthermore, event-driven systems must be carefully crafted to take advantage of
multi-processor hardware. In those cases where event-driven systems are built in main-
stream languages, there is often only one global event-handling loop (or a small number

thereof), which obstructs an efficient parallelization of the system.

In the remainder of this section, we take a closer look on some important program-
ming use-cases where multithreading is frequently avoided and some form of more or less

elaborate event-driven style is relied upon.

1.3.3 Graphical User Interfaces

Graphical user interfaces (GUIs) are traditionally built around a single event loop. An
application retrieves one event at a time from a central event queue, and dispatches that
event to the appropriate Ul component. After the event is fully taken care of, the applica-
tion waits for the next event to occur. Modern UI toolkits allow application components
to register callback handlers, so the event loop is not visible anymore, but in most cases

the basic sequential structure remains.
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Some ten years ago, Fuchs has shown how user interfaces could benefit from a more
natural programming style [Fuchs, 1996]. The suggested approach was to associate callback
handlers with explicit continuations, thereby implementing a form of application-level
threading. More recent research [Quan et al., 2003, Graunke and Krishnamurthi, 2002]
also suggests to make use of continuation-passing paradigms in order to make modal dialog

boxes less disruptive to the user’s workflow and to “bookmark” user-interface state.

When thinking of user interfaces, what comes to most people’s minds are word pro-
cessing, spreadsheet—or in general: desktop—applications. But sophisticated and unob-
trusive user interfaces are at least as important in embedded systems like e.g. point of sale

platforms or medical equipment such as anaesthesia devices in operating rooms.

A recent trend is applications switching to web technologies on the Ul side. Examples
of this are Google Docs & Spreadsheets [Google, 2006] or the hospital information system
Siemens Soarian [Haux et al., 2003]. It has been only recently that developing rich web-
based Uls has become feasible with the advent of AJAX (Asynchronous JavaScript And
XML). Another approach is the one taken by Macromedia Flex [Adobe Systems, 2004]
and OpenLaszlo [Laszlo Systems, 2005]. With these toolkits, developers can create sophis-
ticated multi-window applications by declaratively specifying GUI elements along with an
associated data model. The provided features include sequential and parallel animation
effects, and the runtime system ensures that declared properties are kept satisfied by a

form of automatic constraint solving.

It is a speculation, but declarative Uls may turn out to be a unifying foundation
sufficiently general for all of the above use cases (desktop, embedded and web clients). As
a basis for implementing such versatile frameworks, languages which provide concurrent

programming in a modular way might be a valuable tool.

1.3.4 Game Engines

Computer games typically involve numerous actors—entities that behave on their own
and interact with each other. Most of the time, games are set up as one single loop that
calculates the current time, updates the actors’ positions, processes collisions and other
events, and finally draws the environment and all the actors to the screen. Sophisticated
game engines provide scripting languages that allow developers to express actor behavior
without touching engine code, but most languages are limited to a reactive programming

style. That is, the programmer may only define the direct reaction to a single event. To
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implement sophisticated actor behavior that spans multiple animation frames, a lot of

state has to be tracked.

Only recent developments improve on this design. Using microthreads provided by the
Stackless variant of the language Python, the game engine Sylphis3D is one such example.
The author of this toolkit also gives an in-depth account of the methodology used and
how a straightforward concurrent programming model can lead to a cleaner game design

[Kalogirou, 2005].

While not intended for entertainment purposes, a number of industrial simulation tools
also use game development methodologies. An example is the simulation toolkit Geist3D
[Stier et al., 2006] which combines Petri Net based simulations with Python scripting, thus

following an approach that is not unsimilar to the one taken in this thesis.

1.3.5 Web Applications

Web applications need to track user sessions across individual HT'TP requests, even more
so with the advent of AJAX. As a very simple example, web applications often require users
to authenticate on a separate login page, before they can access the application. When
accessing an internal page of the application via a bookmark, the user is first redirected to
the login page. After logging in, the application needs to present the originally requested

page to the user.

From a high-level point of view, presenting a login page before the requested one can be
seen as a form of subroutine call. Recently, some web development packages (e.g. Apache
Cocoon [The Apache Software Foundation, 2006] or the SmallTalk-based Seaside [Ducasse
et al., 2004]) have been progressing in this direction by allowing cross-request scripting,
again by the notion of continuations. Of course, the situation is complicated by the user
possibly hitting the browser’s “back”-button or opening a link in a new browser window

[Graunke et al., 2003].

Similar use cases appear in service oriented architectures (SOAs), where scripting
across Web Service invocations becomes necessary, and in a variety of other communication

protocols.

1.3.6 Industrial Real-Time Systems

Software systems in the industry are frequently concerned with the supervision and con-

trol of machinery or other tasks that impose explicit timing constraints on the application.
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Violation of these constraints may be hazardous, so special care must be taken in devel-

oping such systems.

While there exist a number of multi-threaded real-time operating systems like QNX
[Sastry and Demirci, 1995] or VxWorks [Beneden, 2002], real-time systems are frequently
implemented on bare hardware. Systems developed in this manner usually poll for input
data at fixed time intervals, utilizing more or less advanced priority schemes. As a simple
example, high-priority sensor A might be checked at every iteration, while low-priority
sensors B and C are only checked at even and odd iterations, respectively. The fixed time
intervals guarantee a maximum latency. But in order to keep up this property, computing

the system’s reaction to some sensor input must also be known to finish in time.

Even though the final implementation of a real-time system is often very close to the
hardware, developers use sophisticated tools like those based on Colored Petri Nets [Ratzer
et al., 2003] in the specification and prototyping phases to study a system’s behavior before
it is actually built.

Having a suitable concurrent programming language at hand might be of use to real-
time developers so they can combine the features of Petri Net or state-machine based
simulation tools with the expressiveness of a programming language and build even more
complete simulations. The ultimate but distant goal would be to design systems using a
high-level language and to be able to compile this prototype implementation directly to a

low-level executable with statically checked real-time behavior.
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1.4 Goals

From the remarks in Section 1.3, a number of conclusions can be drawn:

e Concurrency is everywhere.
e Programmers use threads, which is bad because few do it right.

e Programmers don’t use threads, which is also bad because code gets cluttered and

concurrent hardware is not put to use.

We argue that the problems concurrency poses are largely due to the fact that main-
stream languages do not offer adequate concurrency abstractions and that expressive lan-

guages with strong application-level concurrency might help alleviate these problems.

The goal of this thesis is to develop such a language. Rather than adding concurrency
to an existing language as an afterthought, we feel that the natural way should be to
make concurrent programming the general case and customary object-oriented and func-
tional programming paradigms a specialization. Figure 1.1 contains a summary of the

requirements we set forth for the new concurrent language to be developed.

e incorporate parallelism as a fundamental construct

e make parallelism appear syntactically sound and as unesoteric as possible
e design for implementation on parallel hardware

e support easy composition of functionality and behavior

e provide higher-order abstraction capabilities

Figure 1.1: Requirements for the new programming language.

10



Chapter 2

Design Decisions

In this chapter, we present the main concepts of the language design we propose in pursuit
of the goals described in Section 1.4. The description is intentionally high-level, as a formal

treatment follows in Chapters 3 and 4.

Function Symbols and Function Bodies are defined separately.

Function Symbols are First-Class Values.

= higher-order composability

Function Bodies may link multiple Function Symbols.
= body executed only when all associated symbols called

= executing body consumes pending calls

Function Symbols may have multiple associated Function Bodies.

= calling function symbol will choose best match

= symmetric multiple dispatch

Figure 2.1: An overview of the main language concepts.

The basic rules are summarized in Figure 2.1. Striving for concurrency as a fundamen-
tal property of the language, we investigate the concurrency-related items first, by means
of a programming example (see Section 2.1). Section 2.2 takes up upon the basics and

describes how object-oriented and other programming characteristics fit into the model.

11
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The concurrency model of our choice is to a great extent inspired by the language
Funnel [Odersky et al., 1999] and the Join Calculus [Fournet and Gonthier, 1996] L. Sec-
tion 2.4 reviews the concurrency approaches of other programming languages and their
relations to our model, including a brief account of the differences between our language

and Funnel.

The Join Calculus as a theoretical foundation is reviewed in Section 3.1.4.

12



2.1 Philosophers’ Dinner Revisited

2.1 Philosophers’ Dinner Revisited

In order to get acquainted to the language, we examine an implementation of the Dining
Philosophers problem [Dijkstra, 1971] in some detail, explaining the main language con-
cepts as we go along. The setup of this problem, which is among the classics of resource

allocation problems, is as follows:

A certain number of philosophers sit around a dining table, each pair of
neighbors sharing a single fork. The philosophers spend their lives alternating
between thinking and eating but in order to begin eating, a philosopher needs
to pick up both forks next to him. When starting to think, the philosopher

puts down the forks again.

In Figure 2.2 on page 14, the unabridged code is shown while the remainder of this
section consists in a bottom-up description of the individual pieces. Regarding the code

in Figure 2.2, we can make several observations:

e the philosopher code is succinct and high-level
e several forks can be grabbed at once without risk of deadlock

e philosophers are highly encapsulated: they do not depend on aspects of the outer
world other than their forks (i.e. they are indifferent to their position at the table

and to the number of their tablemates)

Most solutions based on more rudimentary synchronization mechanisms sacrifice at
least one of these points. Another concern in concurrent programming is to prevent star-
vation, which means (taken literally in this example) making sure that every philosopher
gets a chance to eat from time to time. While not apparent from the code, the new lan-
guage can be implemented in such a way that execution is not prone to starvation-related

problems (see Section 3.3.1.2).

13
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{

}

new
new
new
new

new initPhilosopher: (Unit-->Void, Unit-->Void, String) --> Void;

def initPhilosopher(leftFork, rightFork, name):

new takeForks: Unit --> Unit;
new releaseForks: Unit --> Unit;

def leftFork() & rightFork() & takeForks(): return();
def releaseForks(): leftFork() & rightFork() & return();

new eat: Unit —--> Unit;
new think: Unit --> Unit;

def eat():

def think():

# implement eating and thinking here

new philosopher: Unit --> Void;

def philosopher():

{
takeForks();
eat();
releaseForks();
think();
philosopher () ;

}

philosopher();

forkA: Unit --> Void;

forkB: Unit --> Void;

forkC: Unit --> Void;

forkD: Unit --> Void;

forkA() & forkB() & forkC() &

initPhilosopher (forkA, forkB,
initPhilosopher (forkB, forkC,
initPhilosopher (forkC, forkD,
initPhilosopher (forkD, forkA,

forkD() &

"Descartes") &
"Sokrates") &
"Sartre") &
IIKant II) ;

Figure 2.2: A solution to the Dining Philosophers problem.

14



2.1 Philosophers’ Dinner Revisited

2.1.1 Function Symbols and Function Bodies

We start by defining the behavior of a single philosopher as a recursive function:

new philosopher: Unit --> Void;
def philosopher():
{

takeForks();

eat();

releaseForks();

think();
philosopher();

The first thing to mention here is the explicit division between function symbols and
function bodies. Executing the statement in the first line creates a new function symbol
and makes it accessible in the current scope under the identifier philosopher. Executing

the second statement attaches a function body to the previously created symbol.

2.1.2 Function Bodies may Link Multiple Function Symbols

In the code above, subroutines are used to take and release two forks simultaneously. This
is one of the nontrivial parts of traditional solutions where each fork is modeled by one
synchronization primitive that allows only individual access control, but not in coaction
with others. A naive implementation can lead to deadlock, e.g. when all philosophers hold

only their respective left fork and wait for the other to be released.

Here, the language allows to circumvent this issue by declaring a function body that

is only executed after multiple function symbols have been invoked:

new leftFork: Unit --> Void;
new rightFork: Unit --> Void;

new takeForks: Unit --> Unit;
new releaseForks: Unit --> Unit;

def leftFork() & rightFork() & takeForks(): return();
def releaseForks(): leftFork() & rightFork() & return();

As opposed to the function symbols labeled leftFork and rightFork, which are of
type Unit --> Void, the functions takeForks and releaseForks? are of type Unit -->
Unit. The type Void literally describes the empty type that does not contain any values.
A call to a function declared to return a Void result will never terminate. The type Unit,
however, contains the single value () and functions declared to return Unit (or any other

type) may return control to their caller.

2Although technically imprecise, the term function will be used in the following to denote an identifier

referring to a specific function symbol.
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The meaning of the function body definitions is as follows: If there are calls to
takeForks, leftFork and rightFork present at the same time, control will be returned
to the caller of takeForks, while the pending calls are consumed. Since this is the only
function body attached to the function takeForks, a call to takeForks will remain pend-
ing until both other functions are called, too. The same holds for calls to leftFork or
rightFork: only after all three functions are called is the function body executed, re-
turning control to takeForks’s caller. The order in which the functions are called is not
important and is in no way related to the order in which the functions appear in the def

statement.

The order of appearance in the def statement has a different effect, though: While it is
possible to specify explicitly which of the listed functions are supposed to return (e.g. with
returnto.takeForks()), the shorthand return() always refers to the rightmost function

in the list.

In fact, return is just an automatically generated function of type Unit --> Void
(because Unit is the return type of takeForks) that can be used like any other function,

and returnto is nothing but a record of such functions labeled with appropriate names.

A call to releaseForks returns in any case, but produces calls to leftFork and

rightFork in parallel to returning control.

2.1.3 Function Symbols are First-Class Values

So far, the code is concerned with only one philosopher. What remains to do is to differ-
entiate between those items that are specific to one philosopher and those that are shared

(i.e. the forks):

new initPhilosopher: (Unit --> Void, Unit --> Void, String) --> Void;

def initPhilosopher(leftFork, rightFork, name)

{
new takeForks: Unit --> Unit;
new releaseForks: Unit --> Unit;
def takeForks() & leftFork() & rightFork(): return();
def releaseForks(): leftFork() & rightFork() & return();
}

The language feature used here is that function symbols are first-class values: they
can be given arbitrary local identifiers, they can be passed as parameters to function
invocations and function bodies can return function symbols just like any string or integer.

Furthermore, function bodies need not be defined together with function symbols in the
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same syntactic block. Instead, new function bodies may also be attached to function

symbols that were passed as parameters or returned from a function invocation.

Now, leftFork and rightFork refer to arguments passed to initPhilosopher. This
way, the same forks can be passed to several philosophers, each of which in turn adds an
additional function body that synchronizes with that philosopher’s takeForks function.
In parallel, initial calls must be made to the individual forks so they can be picked up by

one of the philosphers:

new forkA: Unit --> Void;
new forkB: Unit --> Void;
new forkC: Unit --> Void;
new forkD: Unit --> Void;
forkA() & forkB() & forkC() & forkD() &

initPhilosopher (forkA, forkB, "Descartes") &
initPhilosopher (forkB, forkC, "Sokrates") &
initPhilosopher (forkC, forkD, "Sartre") &
initPhilosopher (forkD, forkA, "Kant");

The calls to forkX and initPhilosopher are delimited by the &-operator, which

causes these statements to be executed in parallel.

Putting all these pieces together yields the code displayed in Figure 2.2. As already
mentioned at the beginning of this section, the solution developed here has some desirable

properties that are not as easily achieved using traditional synchronization primitives.
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2.2 Advanced Concepts

In the previous Section 2.1, we have introduced function symbols and function bodies, as
well as the fact that they need not be declared together. In the example, the focus has been
mostly on concurrency, while in this section, we show how some well-known programming

paradigms are expressed as special cases.

2.2.1 Object-Oriented Programming

Due to the fundamental distinction between function symbols and function bodies, calling

a function symbol may result in the execution of different method bodies.

Thinking of object-oriented languages, this is not a new idea: If some class overrides
a method declared in one of its superclasses, it effectively adds a new method body to
the existing method symbol. Methods may also be overloaded, i.e. reimplemented for a

different parameter list (see Figure 2.3 3).

class Object class PrintWriter

{ {
String toString() void println(Object x)
{ {
X 3
b
class Integer extends Object void println(Integer x)
{
String toString()
{ X
b
b
b

Figure 2.3: Overriding and overloading methods in Java: Multiple function bodies on

function symbols toString and println.

Therefore, it is self-suggesting for the new language to support object-oriented pro-
gramming in a similar manner. The approach we take differs from the one of languages like
Java in an important detail, though: While dynamic method dispatch, i.e. function body
selection at call-time, in traditional languages takes into account only the type of the first

argument (the this object), our language dispatches dynamically on all the arguments.

3Focusing on the two methods chosen, we neglect the fact that in Java, the extends Object relationship

is implicit and thus, PrintWriter would also be a subclass of Object

18



2.2 Advanced Concepts

The behavior of traditional object-oriented languages often gives rise to confusion. As-
signing an object of type Integer to a variable anObject declared as Object and then
invoking p.println(anObject) on a PrintWriter p will, in Java, execute the more gen-
eral method body (expecting an Object), even though the actual argument is of type
Integer. Therefore, the actual PrintWriter implementation calls toString on the argu-

ment object in order to ensure proper textual output.

Another example which requires this double indirection is traversing a hierarchical
data structure of heterogeneously typed objects in several functionally different passes,
also known as the Expression Problem [Wadler, 1998]. The common solution to this
problem is applying the Visitor Pattern [Gamma et al., 1995]: Data objects are requested
to “accept” a visitor object and then call back the visitor to “visit” the data object,
thus dispatching first on the target object’s type and then on the visitor’s. Like other
design patterns, the visitor pattern is criticized as not being an example of best practice
in software development but merely a workaround for shortcomings in the languages used

[Bonniot, 2003b].

Considering the function body selection process in our language, it is clear that, when
invoking a function symbol, the dispatch mechanism must take into account which other
function symbols have been called at any rate. Otherwise, it would not be possible to
determine which of the function bodies could be executed. Fortunately, it is only a small
step from this basic mechanism to the object-oriented one, which guarantees to select the

most specialized function body?, out of those that fit the given function arguments.

With this implementation of multiple dynamic dispatch (as opposed to single dispatch
in the traditional case), all arguments are equal from a method body selection perspective.
Consequently, there is no reason anymore why methods need to belong to classes. In fact,
methods, which are also referred to as multimethods in this case, can be declared as generic

functions outside of classes, even in unrelated places of a program.

In Figure 2.4, we show how the example from Figure 2.3 can be recast in the new

language.

2.2.2 Functional Programming

Just like in functional programming languages, variable assignments are non-destructive
in our language. That is, the meaning of the statement a = 7 is not to alter a memory

location, overwriting whatever previous value with the value 7, but to replace the name a

4In practice, there may be several ones that fit equally well.
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type Object;
type Integer is Object;

new toString: Object --> String;

def toString(Object x):
{

3

def toString(Integer x):
{

3

type PrintWriter;
new println: (PrintWriter, Object) --> Unit;

def println(PrintWriter w, Object x):

}

def println(PrintWriter w, Integer x):
{

Figure 2.4: Generic functions in the new language.

with the value 7 in all following statements in the current code block. The language, how-
ever, is not generally free from side-effects. Clearly, function symbols represent mutable
state, as invocations may remain pending until they are consumed by the execution of a
function body. As a consequence, there is a priori no referential transparency as in pure

functional languages.

Nonetheless, we can implement common functional programming idioms easily. Anony-
mous functions (A-abstractions) e.g. can be written as fn arg:body. In Figure 2.5, we
show some simple non-anonymous recursive functions with pattern matching. Algebraic
datatypes, as another example, can be constructed by creating a type hierarchy with a
common supertype. Functions can then dispatch on the argument types, using pattern

matching like in a traditional functional language.

Moreover, there are additional benefits from the combination of object-oriented and
functional features, especially with regard to algebraic data types. By introducing new
subclasses, we can add new alternatives, and by implementing new methods, we can

add new behavior. Simpler object oriented languages only allow subclassing (but no
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new fac: Int --> Int;

def fac(0): return(l);

def fac(n): return(n * fac(n-1));
new even: Int --> Bool;

new odd: Int --> Bool;

def even(0): return(true);
def even(n): return(odd(n-1));

def 0dd(0): return(false);
def odd(n): return(even(n-1));

Figure 2.5: Implementing simple recursive functions with pattern matching.

adding of methods to classes) and traditional functional languages only allow adding new
functions, but not adding alternatives to option types (which would require adding new
cases to existing functions). But from a modularity and composability point of view, both

approaches supplement each other.

As a matter of fact, we use a well-known concept from functional programming to pro-
vide a more appealing syntax for object-oriented programs. Since methods are nothing but
generic functions, without special syntax, we would have to write toString(anObject)
instead of anObject.toString(). Since the .-operator is already reserved for record-field
access, we define => to be the apply-partial operator, which we can even do in the language

itself (see Figure 2.6).

new ‘->°¢;

def ‘—>¢ (a, m):

new app;
def app(): return m(a);

def app(x): return m(a, x);

def app(x, y): return m(a, x, y);

def app(x, y, 2z): return m(a, x, y, 2);
def app(x, y, z, w): return m(a, x, y, 2z, w);

return app;

Figure 2.6: Methods as value-dispatching functions in the new language.
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This way, we can write anObject->toString, denoting the anonymous function that
will call toString(anObject ...) with ... replaced by its own actual parameters. Now,
anObject->toString(), which is exactly the C++ notation, will work just as expected.
But what is more, the partially applied function anObject->toString is itself a first-class

value.

2.2.3 Mutable State

As mentioned above, there are no mutable variables in our language. By making use of the
state-fullness of function symbols, however, we can easily implement them in the language

itself.

new initMutableVar;
def initMutableVar(x):

new cell.get: Unit --> Object;
new cell.set: Object --> Unit;

new state: Object --> Void;
def state(x) & cell.set(y): state(y) & return();
def state(x) & cell.get(): state(x) & return(x);

return(cell) & state(x);

Figure 2.7: A mutable memory cell.

The program snippet in Figure 2.7 implements a simple mutable memory cell, by
combining a never-returning function state with a getter and a setter function. Note
that the value returned by the function initMutableCell is not an object of any user-
defined type but a record with two function-value fields get and set. Wrapping up mutable

variables in a class hierarchy would not be a big undertaking, though.

The memory cell presented in Figure 2.7 is of course a very simple model that would
suffer from all problems commonly associated with mutable state. By extending the
interface a little bit, however, we can build more advanced models. As one example,
we can design a software-transaction model, where mutable cells keep a version number
that is incremented on every change. Variables must then be entered into a transaction,
saving their current version number and yielding a copy that is 