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Abstract

Two of the most important issues in distributed systems are the synchronization of concurrent
threads and the application-level data transfers between execution spaces. At the design level, ad-
dressing these issues typically requires analyzing the components under a different perspective than
is required to anayze the functionality. Very often, it aso involves analyzing several components
a the same time, because of the way those two issues cross-cut the units of functionality. At the
implementation level, existing programming languages fail to provide adequate support for pro-
gramming in terms of these different and cross-cutting perspectives. The result is that the pro-
gramming of synchronization and remote data transfers ends up being tangled throughout the com-
ponents code in more or less arbitrary ways.

This thesis presents a language framework called D that untangles the implementation of syn-
chronization schemes and remote data transfers from the implementation of the components. In the
D framework there are three kinds of modules: (1) classes, which are used to implement functiona
components, and are clear of code dealing with the aspects; (2) coordinators, which concentrate the
code for dealing with the thread synchronization aspect; and (3) portals which concentrate the code
for dealing with the aspect of application-level data transfers over remote method invocations.

To support this separation, D provides two aspect-specific languages: COOL, for programming
the coordinators, and RIDL, for programming the portals. COOL and RIDL were designed to ad-
dress the specific needs of the two kinds of aspects. COOL and RIDL can be integrated with ex-
isting object-oriented languages like Java, with little or no modifications to that language. COOL’s
coordinators and RIDL’ s portals compose with the classes through the classes’ “aspect interfaces.”
Aspect interfaces are quite different than norma client interfaces but have some of the flavor of
specialization interfaces.

D leads to programs whose modules are more focused and where the separation of concernsis
more clear than it would be using traditiona object-oriented languages. Often, D programs are
smaller as well. D programs can be efficient % the performance penalty of the framework is very
low. In alphauser experiments, programmers reported not only that they understood the aspect
interfaces and the aspect languages well, but also that, having classes, coordinators and portals,
helped them to focus on different issues at different times, and that this was of great help in the
development of applications.
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Chapter 1

| ntroduction

“To my taste the main characteristic of intelligent thinking is that one is willing
and able to study in depth an aspect of one's subject matter in isolation, for the
sake of its own consistency, al the time knowing that one is occupying oneself
with only one of the aspects. The other aspects have to wait their turn, because our
heads are so small that we cannot deal with them simultaneously without getting
confused.”

Edsger Dijkstrain “A discipline of programming” [18]
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With the advances in hardware and communication technology, concurrency and distribution have
come naturally into alarge spectrum of applications, as they try to cope with a world where people
and information are geographically distributed and where severa things can happen simultane-
oudly. Concurrency and distribution introduce a set of problems that greatly increase the complex-
ity of the software.

First, and most importantly, concurrent and distributed systems are inherently more complex
than non-distributed systems. By “inherently” | mean that, independent of any particular software
realization, modeling situations involving several active, concurrent components that can commu-
nicate with each other is harder than modeling sequential, centralized systems.

Secondly, existing programming models and languages that are appropriate for sequential, cen-
tralized systems don’t necessarily provide the appropriate mechanisms for effectively expressing
concurrent and distributed scenarios. As a consequence, the inherent complexity of these systemsis
severely magnified in the program texts themselves.

When developing a distributed application, and on top of the functional concerns of the appli-
cations (i.e. the features that are made available), designers and programmers must deal with issues
of partitioning the components through the network, make them communicate appropriately, define
and synchronize concurrent activities, handle partia failures, and provide acceptable performance.
Being intrinsic to distributed systems, these other issues cannot be ignored; they must not only be
thought of in the design, but they must ultimately be dedlt with in the program that runs in the net-
work of computers. While very little can be done to decrease the natural complexity of distributed
applications, there is space to improve the quality and reliability of the development and mainte-
nance processes of the corresponding programs.

This thesis builds on the software engineering problems involved in merging the distribution is-
sues together with the functionality to obtain the desired distributed behavior. In particular, it fo-

cuses on the role of programming languages as tools for programming distribution issues.
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Figure 1 captures the problem of code tangling that is the base of this thesis. On the left, there is

the code for a class when it is used in a non-distributed environment. On the right, there is the

“same’ class with capabilities for handling concurrent and remote invocations. The first observa-

tion is that the code on the right is much bigger. That is not surprising, given that a distributed sce-

nario is inherently more complex than a non-distributed one. However, after a careful analysis of

the code on the right, we come to the conclusion that such code (1) lost the functional encapsula-

tion of the non-distributed version, (2) is a confusing intermingling of lines of code for different

purposes, and (3) is full of redundant information.

Existing programming languages, in particular object-oriented languages, have relatively pow-

erful capabilities for capturing the functionality of the application’s components. However, existing

programming languages, including object-oriented languages, have relatively poor capabilities for

}

public class Shape {

protected double x_= 0.0, vy_= 0.0;
protected doubl e wi dth_=0.0, height_=0.0;
doubl e get _x() { return x_(); }
voi d set_x(int x) { x_ =x; }
doubl e get _y() { returny_(); }
voi d set_y(inty) { y_=vy; }
doubl e get_width(){ return width_(); }
voi d set_width(int w) { width_ = w }
doubl e get _height(){ return height_(); }
voi d set _height(int h) { height_ = h;}
voi d adj ust Location() {

X_ = longCal cul ationl();

y_ = longCal cul ati on2();
}
voi d adj ust Di mrensi ons() {

wi dth_ = longCal cul ation3();

hei ght _ = | ongCal cul ati on4();
}

Code for Shape objectsin a non-distributed
environment.

Code to handle distributed Shape objects.

public class Shape inpl enents Shapel
protected Adj ustabl eLocation | oc;
protected Adj ustabl eDi mensi on di m
public Shape() {
loc = new Adj ustabl eLocation(0, 0);
di m = new Adj ust abl eDi nensi on(0, 0);

}

doubl e get_x() throws RenoteException { return loc.x(); }

void set_x(int x) throws RenoteException { loc.set _x(); }

doubl e get _y() throws RenoteException { return loc.y(): }

void set_y(int y) throws RenoteException { |oc.set_y():

doubl e get _wi dth() throws RenoteException { return di mwidth(); }
void set_width(int w throws RenoteException { dimset w(); }
doubl e get _hei ght () throws RemteException { return dim height(): }

void set_height(int h) throws RenoteException { dimset_h(): }
void adjustLocation() throws RenoteException {
I oc. adj ust () ;
}
void  adj ustDi mensions() throws RenoteException {

di m adj ust () ;

})

class Adj ustabl eLocation {
protected double x_,

publ i c Adj ustabl eLocat i on(doubl e x, double y) {
X_=x y_ =y

synchroni zed doubl e get_x() { return x_; }
synchroni zed void  set_x(int x) {x_ = x}
synchroni zed doubl e get_y() { return y_;
synchroni zed void  set_y(int y) {y_ =y}
synchroni zed void adjust() {

x_ = | ongCal cul ationl();

y_ = longCal cul ation2();
}

}

cl ass Adj ust abl eDi nension {
protected doubl e width_=0.0, height_=0.0;
public Adj ust abl eDi nensi on(doubl e h, double w) {
height_ = h; width_ = w

}
synchroni zed doubl e get_width() { return width_; }
synchroni zed void ~ set_w(int w {width_ = w}
synchroni zed doubl e get_height() { return height_; }
synchroni zed void ~ set_h(int h) {height_ = h;}
synchroni zed voi d adjust() {

width_ = | ongCal cul ation3();

hei ght _ = | ongCal cul ati ond() ;
}

nterface Shapel extends Renpte {
doubl e get_x() throws RenoteException ;

void set_x(int x) throws RenoteException ;
doubl e get_y() throws RenoteException ;

void set_y(int y) throws RenoteException ;
doubl e get_width() throws RenoteException ;

void set_width(int w throws RenoteException ;
doubl e get _hei ght () throws RemoteException ;
void set_height(int h) throws RenteException ;

voi d
voi d

adj ust Locati on() throws RemoteException ;
adj ust Di nensi ons() throws Renot eException ;

{

Figure 1. Code tangling in distributed applications.
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capturing the behavior of components when they are distributed across a network and when the
modularity of their sequential behavior is cut by the concurrent execution of their services.
Programming concurrency and distribution affects the implementation of each of the compo-
nents in ways that tend to cross-cut the functionality of those components. It also potentialy affects
the implementation of groups of components. A simple component/interface division of the world

leads to programs that are a confusing tangling of lines of code for different purposes.

1.2. The Approach

The approach taken in this thesis is to partition the knot of requirements and constraints of distrib-
uted systems into a number of genera concerns, each of which has its own consistency and can be
thought of in isolation throughout the lifecycle of the applications. That separation is preserved on
the program texts themselves, resulting in programs that are untangled.

For that, a framework called D was designed. D is a language framework that supports new
kinds of modules for addressing some of the distribution issues that are hard to capture in classes.
These new kinds of modules compose with the classes in specia ways. D’s version of the example
in Figure 1 is shown in Figure 2: the classis clear of code for dealing with distribution issues, and
these are localized in special modules.

In designing D it was necessary to identify concerns that are reasonably well dealt within the

public class Shape { coor di nat or Shape {
protected double x_= 0.0, y_= 0.0; sel f ex adj ustLocati on,
protected double w dt h_=0. 0, height_=0.0; adj ust Di nensi ons;

mut ex {adj ustLocation, get_x, set_x,

double get _x() { return x_(); } get _y, set_y};

void set_x(int x) { x_ = x; } mut ex {adj ustDi mensi ons, get_width,
double get_y() { return y_ () } get _height, set_width,

voi d set_y(int y) { y_=1vy; } set _hei ght};

doubl e get _width(){ return width_(); } }
voi d set_width(int w) { width_ = w }
doubl e get _height(){ return height_(); }
voi d set _height(int h) { height_ = h; }
void adjustLocation() {

X_ I ongCal cul ati onl();

y_ I ongCal cul ati on2();

portal Shape {
doubl e get _x() {} ;
voi d set_x(int x) {};
doubl e get _y() {};
voi d set_y(int y) {};
doubl e get _width() {};

voi d adj ust Di mensi ons() {

wi dth_ = longCal cul ation3(); nglu& . Sgi,\éweidt Et(l(;n{}N) {};
hei ght _ = I ongCal cul ati on4(); void get e ght (int h) O
} } void adjustLocation() {};

voi d adj ust Di mensions() {};

Figure 2. Programming in the D framework.
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existing programming language's definitional mechanisms, and concerns that are not. To refer to
the former we use the term components; to the latter, we have given the technical term of aspects
[37]. The aspects affect the distributed and concurrent behavior of the components, and therefore
they are closdly related to their implementation. Y et they have some important characteristics that
1) makes it desirable to think of them in separate; 2) makes it hard to locate their effects on any of
the components; and 3) makes it possible to achieve a reasonably effective separation from the
components.

Selecting a Representative Class of Distributed Systems

“Didtributed system” is aterm that applies to a wide range of systems that exist in the whole spec-
trum of Computer Science. The language framework proposed here focuses only on a subset of
applications that seem to be relatively important for the software industry, at least during the next
decade. Examples are: applications over the Internet, the Web, corporate-wide applications such as
calendar managers, network managers, document management systems (integrated scanning, stor-
ing, editing and printing), hospital management systems, front-end applications for database ac-
cess, interactive multi-user environments, and many others like these. Throughout this dissertation
the term “distributed application” or “distributed system” is used to denote this subset of applica-

tions.

1.3. The Thesis

This thesis demonstrates that the code for implementing certain distribution issues can be untangled
from functionality code by providing new abstraction and composition mechanisms specificaly
designed for programming those distribution issues. The new mechanisms can be smoothly inte-
grated with an object-oriented language with little modifications to that language and at a very low
cost in terms of performance. The new aspect interfaces are easy to understand. D leads to pro-
grams whose modules are more focused and where the separation of concerns is more clear than it
would be using traditional object-oriented languages.

In order to validate these claims, three different sets of results are used:

(1) case-studies, which serve as the basis for making a quantitative analysis of the framework

in terms of lines of code and metrics for measuring tangling;
(2) performance measures; and

(3) apreiminary user-study, in which an implementation of D was given to four a pha-users.
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Figure 3. Synopsis of the dissertation.

1.4. Synopsis of the Dissertation

Figure 3 is the road map to the dissertation. The arrows indicate the structure of the argumentation
in the thesis. Chapter 2 sets up the motivation for D by analyzing sources of complexity overhead
in distributed programs. Chapter 3 describes the design of the D framework, gives a detailed speci-
fication of the semantics of the two aspect languages and discusses the design decisions as well as
a number of design alternatives. Those specifications were concretized in a language called DJ,
which uses Java as the component language. DJ uses the syntax described in Appendix A. Anin-
troduction to DJ is given in Appendix B. DJ was implemented by a pre-processor, caled the As-
pect Weaver, that outputs specific patterns of Java code. Those implementation architectures of the
output Java code are the key for correctly implementing the specified semantics of D, and they are
described in Chapter 4. Such architectures determine, to some extent, the implementation of the
Aspect Weaver itself, presented in Appendix C. They aso establish the library support that is
needed in order to execute DJ programs; that library is given in Appendix D. Chapter 5 validates
the claims and analyses the proposed language framework. Part of the vaidation comes from the

feedback from apha-users, presented in Appendix E. Finally, Chapter 6 concludes the dissertation.
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