
Rune Glerup
rgl@itu.dk

Supervisor: Peter Sestoft

Thesis for the Degree of
Master of Science in

Information Technology

IT University of Copenhagen
July 2008

!

"#$
! "#$ %"%!$&

%!'!()*'%#$)!%
%&'()*+





Abstract

The static aspect weaver Yiihaw uses a strategy of bytecode transformation
to implement aspect-oriented programming. This strategy h as been shown to
produce highly efÞcient woven code. The weaver performs ext ensive checks
at weave-time to ensure correctness, but the rules it employs are conservative
and precludes many meaningful programs.

This thesis project builds on Yiihaw by simplifying and exten ding its se-
mantics with a strong focus on the type checking performed as part of the
weaving algorithm. The strategy of the project is to apply for mal type the-
ory in a semi-formal manner to develop a consistent notion of correctness and
type safety of a static weaving. This foundation is then used to develop and
implement new type rules in the Yiihaw weaver. Lastly, the se mantics of Yi-
ihaw are further generalized to support parametrized aspec ts.

The contributions of this project are thus (1) the developmen t of a consis-
tent notion of correctness and type safety of a static weavin g, (2) a type system
for Yiihaw that allows for a more ßexible, yet type safe applic ation of aspects,
and (3) a generalized semantics and type system for weaving parametrized
aspects.

Each of the developments in the project is implemented in the Y iihaw pro-
totype along with a greatly revised pointcut language and an extensive test
suite.
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1 Introduction

The fundamental problem addressed by a type theory is to insu re
that programs have meaning. The fundamental problem caused
by a type theory is that meaningful programs may not have mean -
ings ascribed to them. The quest for richer type systems results
from this tension. (Mark Mannasse cited in [39])

The Yiihaw aspect weaver [28, 29] is an aspect-oriented programming system
for the Common Language Infrastructure [7]. It uses a fully sta tic weaving
algorithm that works directly on programs compiled to the Co mmon Inter-
mediate Language which enables it to support aspect-orient ed programming
with no performance overhead. As such, it is an instance of th e byte-code ma-
nipulation strategy of implementing aspect-oriented programming [18 ].

To ensure that the woven programs are correct, Yiihaw uses a strategy of
relying on the type judgements of the language compilers that produce the
assemblies it uses as input, and performing extensive checks of these types
during the weaving process. The type rules of the weaver are s imple and
conservative and have been shown to preclude weavings that w ould result in
meaningful programs [29].

In this project, I further develop Yiihaw by both simplifying a nd extending
its semantics with a strong focus on the type checking perfor med as part of the
weaving algorithm. The contributions of this thesis project are:

1. a consistent notion of the concept of correctness and type safety of a
static weaving

2. a type system for Yiihaw that allows for a more ßexible, yet t ype safe
application of aspects

3. a generalized semantics and type system for weaving parametrized as-
pects

Structure of this text

In this chapter I present a short conceptual interpretation o f aspect-oriented
programming followed by an exposition of the semantics of th e Yiihaw weaver
to explain how it implements aspect-oriented programming. The chapter is
concluded by a problem analysis that details why a more ßexibl e type system
is needed.

1



Chapter 2 explores the foundations for a new type theory for Y iihaw. It
develops a consistent notion of a correct and safe weaving building on well-
known foundational work on types and subtypes. It develops th e concept
of a type checking algorithm with side-effects, and with it t wo foundational
algorithms for type analysis in Yiihaw.

Chapter 3 presents the main analysis and development of both new type
and mapping rules in Yiihaw. It gives an overview of the implem entation of
this new type system into the Yiihaw weaver.

Chapter 4 presents a generalization of the semantics of Yiihaw to sup-
port parametrized aspects deÞned as generic types in aspectassemblies. This
presentation includes the development of a semantics for supporting such
parametrized aspects, as well as a discussion of the type analysis involved
in weaving parametrized aspects. Finally it gives an overvi ew of the imple-
mentation of this work into the Yiihaw weaver.

Chapter 5 concludes the thesis report and summarizes the results. It in-
cludes a discussion of issues that are subject for future work on Yiihaw and
the type analysis of static aspects. It also explores, brießy,a few related efforts.

Source code

This project builds on the Yiihaw prototype developed as part of the masterÕs
thesis of Johansen and Spangenberg [28]. Thus, a large part of the source code
was developed by the original authors and is not relevant to i nclude in this
report.

Therefore, I choose to supply selected source Þles speciÞc to the type check-
ing and parametrized aspects in appendices C through F to all ow study of
implementation details, while providing the full source co de online at:

http://itu.dk/people/rgl/thesis/

Terminology and notation

I extend the Yiihaw prototype in two major revisions in this pr oject. For the
purpose of discussion of type rules in the original Yiihaw we aver, and in the
revised Yiihaw weavers, I name each of the versions in Table 1.1.

Name Description

Y1 The original version of Yiihaw as presented in Section 1.2.
Y2 A version of Y 1 with a greatly revised type theory and an

extended semantics. The focus is on making a correct, co-
herent and more general type theory for Yiihaw. Devel-
oped in Chapter 3.

YG A version of Y 2 generalized with support for weaving
and type checking to parametrized aspects. Developed in
Chapter 4.

Table 1.1: The names used for different incarnations of the Yiihaw weaver i n this
project.
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A ::=
a Bopt | B

B ::=
b

Figure 1.1: Example of a grammar in the notation used in this text.

The Yiihaw weaver incorporates a pointcut language. The lan guage is ex-
tended in both Y 2 and YG . For the sake of readability, I provide the syntax
of this language in a compact, semi-formal BNF-like notatio n within the text,
while including formal grammars for the pointcut languages of Y2 and YG in
EBNF notation in appendices A and B. In the notation terminals are set in
a monospace font, while non-terminalsare set in italics. Alternatives are sep-
arated by a vertical bar: |. A non-terminal with the subscript opt indicates an
optional symbol. See Figure 1.1 for a sample grammar in this n otation.

The Common Language Infrastructure, CLI, is the name given to t he stan-
dardized part of the Microsoft .NET platform. In this text, I u se the terminol-
ogy of the ECMA-335 Standard [7] rather than the Microsoft pr oduct terminol-
ogy. The typed, stack based assembly language Common Intermediate Lan-
guage, is shortned to IL in this text. Programs compiled to the IL language are
called assemblies. In this text, IL is presented in its textual representation, t he
ILAsm language, an indepth understanding of this language is not paramount
to follow the text because most of the code is largely self-explanatory. For a
reference to ILAsm see the ECMA-335 Standard [7] or Lidin [33] .

Research strategy

The work in this project is an interplay between semi-formal a nalysis and ex-
perimentation.

Semi-formal analysis is used to develop the concepts of type safety and
correctness of static weavings. The analysis is semi-formal because it applies
formal type theory at a very high level rather than developin g a formalization
of Yiihaw and rigorously examining its syntactic forms, ope rational semantics,
type rules and proofs of progress and preservation.

An equally important part of the work is done through experim entation.
One kind of experimentation is to write programs using Yiiha w to come up
with counterexampleswhere the type rules of Yiihaw falls short. Another kind
of experimentation is to Òhand weaveÓ programs by implementing the ex-
pected result of a weaving in C#, compile and disassemble it t o explore how
the C# compiler represents the expected result of a weaving. These kinds of
experimentation then leads to more semi-formal analysis to explain the deÞ-
ciency of a type rule or to develop a correct semantics of a particular operation.

1.1 Aspect-oriented programming

Before exploring how Yiihaw implements aspect-oriented pr ogramming, I pre-
sent a short interpretation of its core concepts and termino logy.

3



Motivation

The motivation for introducing aspects into a language or pr ogramming sys-
tem is commonly described using the vaguely deÞned activity , or principle,
known as separation of concerns1 with respect to so-called crosscutting concerns.
Separation of concernsis a recurring trope in programming literature and points
to the potential of gaining conceptual clarity by breaking d own problems into
sub-problems to be considered separately. Various programming paradigms
offer different structures of separation and modularity th at aid in the activ-
ity of separating concerns, e.g. procedures, classes, transactions, services.
The concept of a crosscutting concern[31] is then a type of concern that does
not lend itself to modularization by functional, procedura l or object-oriented
means, but is instead scattered across several loosely related conceptual enti-
ties of a program.

Example: Logging

One typical example of a crosscutting concern is logging each entry to every
method or procedure in a program. In a usual object-oriented pr ogram, this
may be accomplished by having a global or static class representing the Log ,
but each class and each method is then required to know that th e Log exists
and invoke its AddEntry operation explicitly:

public Customer GetCustomer() {
Log.AddEntry("GetCustomer");
return this._customer;

}

This means that for each such concern we implement, we must make small ed-
its across, possibly, many Þles resulting in a huge potential increase in main-
tenance efforts and a loss of overview.

Conceptual interpretation of aspects

In the following, I explore how the concepts of aspect-orient ed programming
aims to provide a facility for abstracting crosscutting con cerns. The most
prominent aspect-oriented programming system is AspectJ, which has had
a leading role in developing the conceptual and technical su pport for aspect-
oriented programming models. Because of this, the widespre ad terminology
and concepts of aspect-oriented programming, and the follo wing interpreta-
tion, is heavily based on the literature [31, 32] and system d escriptions [1]
relating to the work on AspectJ and its programming model.

Aspects

Aspect-oriented programming offers a new terminology and p rogramming
model to support the modularization of crosscutting concer ns. The most com-
mon way to support an aspect-oriented programming model is t o add new

1The phrase separation of concernsis attributed to Dijkstra [20]. In the original context it is
used to discuss the Òtechnical problem of ordering oneÕs thoughts effectivelyÓ. The more spe-
ciÞc application of the phrase in programming literature thus re presents a signiÞcantly different
usage.
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language features, as is the case with the AspectJ system [32]. Analogous, but
orthogonal, to the concept of a class, an aspect models a concern. Whereas a
class is usually is named by a noun indicating it is a model of s ome real or
abstract entity (Observer , Person , Account ), an aspect is usually named by a
verb in the present participle ( Logging , Printing , Locking ) indicating it is a
model of some activity that may involve several entities.

An aspect is not instantiated and used by itself, but rather appliedto an
existing program to make it implement some new activity.

Advice

Where a class has methods an aspect has advice. Advice are a kind of partial
methods that are not used by themselves, but applied to metho ds to either
replace them or, more frequently, compose a new method by ext ending the
logic of the target method.

The English word adviceis an uncountable noun which makes it incon-
venient to use for denoting pieces of advice. Therefore I use the term advice
methodwhich, as we shall see, Þts well with the programming model of Yi-
ihaw.

Join points and pointcuts

To facilitate the abstraction and speciÞcation of a crosscutting concern in one
place, advice methods are applied declaratively through th e concepts of join
points and pointcuts. Conceptually, a join point is loosely deÞned as a thing
that happens[3] in a program or a ÒhookÓ where enhancements may be added[21].
AspectJ implements a well-deÞned join point model, see Table 1.2, that is suf-
Þciently general to provide a convenient reference termino logy of join points.
In the AspectJ join point model, the execution of methodM is a join point; and
thus it may be misleading to think of join points as points since they are ac-
tually intervals in the program execution with a duration, rather than atomic
events.

Join point kind Points in the program execution at which . . .

call a method or constructor is called. Call join
points are in the calling object.

reception an object receives a method or constructor
call. Reception join points occur after a mes-
sage has been received by an object, but be-
fore method dispatch.

execution a particular method or constructor is invoked
and executed.

set/ get a Þeld of an object is written or read.
exception handler executionan exception handler is executed.
class initialization static initializers are run.
object initialization instance initializers are run.

Table 1.2: The AspectJ join point model. See Kiczales et al. [32], p. 332 for the full table.
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Three different modes of advice application exist in Aspect J and most other
aspect-oriented systems;before, afterand aroundadvice. AspectJ makes a fur-
ther distinction between after returning and after throwingadvice to indicate
whether a method should be advised only if it returns a value o r throws an ex-
ception respectively. An advice method E may be designated to executebefore
the execution of the methodM. The aroundmode of advice application is special,
because it provides the proceed operation that may be invoked at any time in
the advice code to transfer control to the advised method or, if several advice
methods apply, to the next advice method.

A pointcut is a declarative description of a set of join pointsby some crite-
rion. An example is call to methods with return typeP. In the AspectJ model
pointcuts may be composed using a Boolean pointcut logic wit h conjunction,
disjunction and negation. An example of such a composed point cut is call to
method with return typeP where sender is not of typeC.

Pointcuts and the join points they represent may be either sta tically de-
cidable or dynamically decidable. An example of a join point t hat cannot be
decided statically is upon entry of methodMfrom methodN, as there must be a
run-time check that determines whether Mwas called from N or from another
method. In the dynamic semantics of AspectJ all advice applic ation is dy-
namic, because the advice application, much like normal met hod overloading
rules, deÞne a partial order on the basis of speciÞcity: SpeciÞc advice before
less speciÞc.

Weaving

The process of applying an aspect is known as weaving. It consists of relating
a series of advice methods to concrete join points by declaring a pointcut that
matchesthe desired join points.

A static weaver that uses the weaving strategy of bytecode tr ansformation
[18] is a kind of compiler that takes as input a program repres ented as byte-
code and an aspect, and outputs a new version of the input prog ram called the
wovenprogram, where the advice code has been applied at the matching join
points. Other types of static weavers operate on a source code representation
of the input program and produce a woven source code.

Static weavers, such as Yiihaw, use a weaving algorithm that matches
pointcuts before the program is run. This limits the kinds of join points such
an algorithm may target to statically decidable join points.

Other aspect-oriented features

Aspect state Like a class, an aspect may have Þelds that represent the state
of the aspect. An example is a counting aspect that counts some speciÞc event
in a program. An aspect may be deÞned as a singletonaspect that has one
state common for the entire program, or a per-objectaspect where the state of
the aspect is local to each object that the aspect applies to.

Inter-type declarations Another set of features that is not directly in line
with the conceptual model of aspect-oriented programming i s inter-type dec-
larations [2], which represent a more direct approach of dec laring new mem-
bers in types in the target program ( introduction), or declaring that a type im-
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plements new interfaces or extends a new base type (type hierarchy modiÞca-
tion).

Example: Logging as an aspect

Consider the following aspect-oriented solution to the pro blem of implement-
ing logging across an application, in aspect pseudo-code:

singleton aspect Logging {
definition:

static class Log {
static void AddEntry(string s) { ... }

}
object LoggingAdvice() {

Log.AddEntry( targetMethod.GetName() );
}

pointcuts:
pAny = execution of any method;

application:
before pAny do LoggingAdvice;

}

Here we see the logging aspect implemented completely orthog onally to the
other parts of the program, which are not required to know tha t logging exists.

QuantiÞcation and obliviousness

An interesting reinterpretation of the expressiveness of a spect-oriented pro-
gramming by people in the artiÞcial intelligence community is the concepts
of quantiÞcationand obliviousness[22].

In short, obliviousnessis the principle that the target program of a weav-
ing should not do anything speciÞcally to be able to have an as pect applied
to it. It should be obliviousto any aspects that may be applied to it. On the
other hand, the concept of quantiÞcationcaptures that aspects are applied in a
declarative fashion through the speciÞcation of a pointcut , which may repre-
sent any number of join poins. An advice method may as such be ap plied to
any number of target methods fulÞlling some speciÞed condit ions.

Filman and Friedman [22] suggest the following intuition ab out what as-
pect oriented programming aims to express:

In program P, whenever condition C arises, perform action A.

As an example, consider that the logging aspect above is independent of the
concrete target and may therefore bequantiÞedover several programs oblivious
to logging.

1.2 How Yiihaw implements AOP

With the basic conceptual framework in place, I now give an ov erview of how
Yiihaw provides a facility for aspect-oriented programmin g.

Aspects are usually implemented as new language features. Yiihaw takes
a much more minimal approach; in its programming model, aspe cts are im-
plemented as standard classes and compiled to CLI assemblies by a normal
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language compiler, such as a C# compiler. The weaving relation is, in the Yi-
ihaw programming model, deÞned separately from the aspect i n a pointcut
speciÞcationthat contains the pointcut designators for the weaving as we ll as
the names of the advice methods that should be applied for each pointcut
designator. The Yiihaw aspect weaver thus takes, as input, a triplet of a tar-
get assembly, an aspect assembly, and a pointcut speciÞcation; it outputs a
woven assembly. For aspect-programmers this architecture offers the choice
of several languages for implementing aspects, while it tec hnically capitalizes
heavily on the type checking judgements, optimizations etc. provided by the
language compilers.

Dogmas of Yiihaw

There are some fundamental dogmas in Yiihaw that serve to mot ivate many
of the design decisions involved in further developing its t ype system and
semantics:

No dynamic join points Yiihaw achieves performance equivalent to hand-
woven assemblies by limiting itself to join points that can be decided
statically. As mentioned before, this precludes some join po ints.

No new language features Yiihaw works on assemblies (IL programs). This
strategy enables both targets and aspects to be written in any language
for which there exist a compiler for the CLI. As opposed to the e xam-
ple of AspectJ which is essentially a new language based on the Java
language, Yiihaw does not introduce language constructs to support its
programming model. Instead aspects are declared as assemblies and the
entire relation between an aspect and its target is deÞned in a separate
pointcut speciÞcation with a specialised syntax.

The intentions behind this design is to make Yiihaw a high-pe rformance, light-
weight, aspect-oriented programming system.

Semantics of Yiihaw

Being a strictly static aspect weaver, the semantics of advice application in
Yiihaw differs from that of AspectJ and other dynamic aspect -oriented pro-
gramming systems. It supports only executionjoin points and only pointcuts
that can be statically decided. This excludes get, setand call pointcuts that rely
either on modifying all clients of a type (possibly in other a ssemblies) or on
some run-time facility. It does not however exclude possible future support
for exception handler execution.

According to the authors of Yiihaw, the main motivation for t he distinction
between before, afterand aroundadvice is efÞciency in implementation [28, 29].
Yiihaw implements advice application without any run-time overhead at all,
and as such, it supports only aroundadvice as it generalizes beforeand after
advice2.

2One signiÞcant special case is noted by Kiczales et al.. Since a constructormust have, as its
Þrst operation, either an explicit or implicit call to the cons tructor of its base class, only afteradvice
may be applied to a constructor. We shall return to this issue in Yi ihaw in Section 3.1.
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Syntax of advice application

In the course of presenting the semantics of Yiihaw, I present the syntax of its
pointcut speciÞcation language as it is convenient for the r eader to know this
simple language for the purposes of the discussions in this t ext. For the sake
of readable notation, the grammar is slightly modiÞed from t he one imple-
mented in Y1, and it generates a superset of the pointcut speciÞcations that
the original parser accepts.

The grammar rules for around statements are presented in Figure 1.2. The
basic signatureused to select members in the pointcut language of Yiihaw, in
all cases, consists of: accessibility, whether it is staticor an instance member,
and the (return) type of the member. These three conditions a re so widely
present in the pointcut language, that I choose to dub it simp ly the triplet(often
it is left unspeciÞed in the pointcut denoted by stars * * * ). The signature of
a method moreover consists of the name of the declaring type, the method
name, and the types of the method arguments.

The semantics of the pointcut language is that each non-starred term rep-
resents a constraint or condition on the join point. For insta nce, a non-starred
accessterm represents a condition that a method must have the speciÞed ac-
cessibility to match the pointcut 3, and a non-starred methodterm represents
a condition that a method must have that name etc. If the argument-list is
empty, the pointcut matches a method with zero arguments, if it is starred
it matches a method with zero or any arguments, and if it is a li st of type
names it matches any method whose argument list consists of that exact list of
types. Note that starred type or method names may be partiall y speciÞed to
allow for a limited form of pattern matching, for example the pointcut * * *
ns. * :get * ( * ) contains all method execution join points, for which it is tru e
that the method name starts with get and the declaring type of the method
is in the namespacens .

The semantics of the optional inherit clause is that only methods in types
that directly extendthe type speciÞed in the inherit clause matches the point-
cut. As such the keyword inherit may be slightly misleading.

Semantics of advice application

Through its bytecode manipulation implementation, aroundadvice in Yiihaw
has a replace bodysemantics. Whenever a method matches a pointcut, the IL
instructions that make up its method body are replaced by the instructions
in the advice method. Let us explore this through the logging example from
before, this time implemented using Yiihaw.

using YIIHAW.API;
public static class Log {

public static void AddEntry(string msg) { ... }
...

}
static class LoggingAspect {

static T LoggingAdvice<T>() {
Log.AddEntry(JoinPointContext.Name);

3Because Yiihaw only supports execution join points, I use the shor thand Òwhen a method
matches a pointcutÓ to implicitly mean Òwhen a method execution join point matches a pointcutÓ.
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around ::=
around triplet typestar : methodstar argument-list inheritopt do type
: method ;

triplet ::=
access member-type return-type

access ::=
public | private | protected | internal | *

member-type ::=
static | instance | *

return-type ::=
type-or-array | *

dotted-name ::=
identiÞer | dotted-name . identiÞer

dotted-namestar ::=
identiÞerstar | dotted-name . identiÞerstar

identiÞerstar ::=
identiÞer | * identiÞer | identiÞer * | *

type ::=
dotted-name

typestar ::=
dotted-namestar

type-or-array ::=
type | type []

method ::=
dotted-name

methodstar ::=
dotted-namestar

argument-liststar ::=
( argumentsstar )

argumentsstar ::=
argumentsopt | *

arguments ::=
type-or-array | arguments , type-or-array

inherit ::=
inherits type

Figure 1.2: The grammar of around statements in Y1. The grammar is reconstructed
from the parser implementation.
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return JoinPointContext.Proceed<T>();
}

}

Note that the advice method is parametrized. Yiihaw will rem ove the type pa-
rameter during weaving and replace it with the concrete retu rn type of the ad-
vised method. This allows for the same advice to be quantiÞed over a greater
number of methods.

We apply the aspect with the following pointcut speciÞcatio n:

insert type Log into TargetNamespace;
around * * * TargetNamespace. * : * ( * )

do LoggingAspect.LoggingAdvice;

The pointcut * * * TargetNamespace. * : * ( * ) matches the execution of ev-
ery method deÞned by types in the namespace TargetNamespace 4, so let us
consider such a method deÞned by:

static int Max(int i, int j) { return i > j ? i : j; }

This is compiled to the following IL representation:

.method private static int32 Max (int32 i, int32 j)
{

ldarg.0
ldarg.1
ble label1
ldarg.0
br label2

label1: ldarg.1
label2: ret
}

The advice method LoggingAdvice is compiled to the following IL represen-
tation:

.method private static !!T LoggingAdvice<T> ()
{

call string class [YIIHAW.API]JoinPointContext::get_Na me()
call void class Log::AddEntry(string)
call !!0 class [YIIHAW.API]JoinPointContext::Proceed<! !0> ()
ret

}

When these two methods are woven, Yiihaw will start by replaci ng the in-
structions of Max with the instructions of the advice method:

.method private static int32 Max (int32 i, int32 j)
{

call string class [YIIHAW.API]JoinPointContext::get_Na me()
call void class Log::AddEntry(string)
call !!0 class [YIIHAW.API]JoinPointContext::Proceed<! !0> ()
ret

}

4In its IL representation the namespace is simply a preÞx on the t ype name.
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During the insertion, the weaver places its API constructs. The Proceed op-
eration is implemented by inlining the instructions of the o riginal method at
that position in the program. Any return instructions in the original method
body are replaced by branching instructions that jump to the i nstruction after
the call to proceed:

.method private static int32 Max (int32 i, int32 j)
{

ldstr "Max" // was call to get_Name
call void class TargetNamespace.Log::AddEntry(string)
ldarg.0 // was call to Proceed
ldarg.1
ble label1
ldarg.0
br label2

label1: ldarg.1
label2: ret
}

Notice that Yiihaw replaced the call to get Namewith ldstr "Max" operation.
Every operation in the Yiihaw ÒAPIÓ is replaced like this at we ave-time. The
weaver also mapped the call to the Log class to the type that we inserted into
TargetNamespace . The resulting assembly does not depend on the aspect
assembly or the Yiihaw API.

Inter-type declarations

Aside from advice Yiihaw supports a range of inter-type decl arations. These
do, however, often have a different role than inter-type dec larations in, for
instance, AspectJ. In AspectJ, and most other aspect-oriented programming
systems, an aspect may have its own Þelds and thereby its own state. In Yi-
ihaw, the aspect programmer must take a pattern based approach where the
ÒstateÓ of the aspect is supported by explicitly inserting Þelds from the source
assembly into the target assembly.

The syntax of introductions, the insert statement in Yiihaw, is shown in
Figure 1.3. The semantics is very straight-forward; the construct subject for
introduction is simply copied from the source type to the tar get type. As
seen in the previous example, Yiihaw will maintain a mapping environmentthat
is responsible for remapping references to constructs in the aspect or source
assembly to the corresponding inserted constructs in the target assembly at
weave time. This mapping environment plays a central role in supporting
aspect-oriented programming.

Another kind of inter-type declaration, type hierarchy mod iÞcation, de-
clares that a type in the target assembly extends a new base type or that it
implements a new interface. It is implemented as the modify statement in Yi-
ihaw. The syntax of the modify statement is shown in Figure 1.4. An interface
describes a subset of the functionality of a type, but does not contain an imple-
mentation. By combining the two forms of inter-type declara tions supported
in Yiihaw, it is possible for a programmer to supply bothan interface and its
implementation. This technique is known as a mixin, and the insert and
modify statements in conjunction enables Yiihaw to support powerfu l mixin
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insert ::=
insert introduction ;

introduction ::=
type-introduction | method-introduction | member-introduction |
Þeld-introduction

type-construct ::=
type | class | interface | struct | enum | delegate

method-like-construct ::=
method | indexer

member-like-construct ::=
property | event

argument-list ::=
( argumentsopt )

type-introduction ::=
type-construct type into type

method-introduction ::=
method-like-construct triplet type : method argument-list into
type

member-introduction ::=
member-like-construct triplet type: method into type

Þeld-introduction ::=
field triplet type : identiÞer into type

Figure 1.3: The grammar of insert statements in Yiihaw.

modify ::=
modify type modiÞcation type ;

modiÞcation ::=
inherit | implement

Figure 1.4: The grammar of modify statements in Yiihaw.
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techniques for improving feature modularity. Such techniq ues in the context
of aspect-oriented programming are described in Cardone an d Lin [17].

Differences from other aspect-oriented systems

In this section I have summed up the central contributions of t he Yiihaw as-
pect weaver. It should be observed that Yiihaw supports many i nteresting
applications of aspect-oriented programming through a min imal and trans-
parent semantics.

It should be noted that the choice to limit Yiihaw to static asp ects has as
a consequence that its semantics is rather different from those of dynamic
aspect-oriented systems. For instance, the order in which advice is executed
is determined by the order of weaving, not by the speciÞcity o f the pointcut.
Aspects do not conceptually have an instance at runtime or a state of their
own, although this may be emulated by using a pattern-based a pproach with
explicit inter-type declarations of the Þelds and types rep resenting the aspect
state.

Note also that the pointcut speciÞcation language is rather minimal and no
composition of pointcuts are supported, which is also a sign iÞcant difference
from most other aspect-oriented systems. While such a pointcut logic is out of
scope for this project, it would certainly improve the suppor t of quantiÞcation
of aspects in Yiihaw.

1.3 Why a richer type system is needed

Yiihaw performs static analysis during the weaving process to ensure the cor-
rectness of woven assemblies. The errors that may be discovered in this anal-
ysis may be classiÞed into two categories:

Type errors Errors that occur when an advice method contains operations
that are illegal for the concrete target method and type to wh ich it is
applied. An example is an invocation of the Proceed operation with a
type argument double , where the advised method has the return type
bool .

Mapping errors Errors that occur, when an advice method or inserted method
contains references to members or types that cannot be mapped to any
corresponding construct in the target. An example is an advi ce method
that loads the value of a Þeld that is not inserted in the weavi ng.

The type and mapping rules are relatively straightforward, and I analyze them
indepth in Chapter 3. They are, however, more speciÞc and restrictive than
they need be, and below I recapitulate and expand on the argum ent from Jo-
hansen et al. [29] that certain weavings that ought to be admissibleare rejected
by Y1.

Examples of aspects that are not typeable in Y 1

Advice applicability

Advice methods may declare some or all of the arguments of the methods they
are to advise. This pattern allows the advice to read or modif y the arguments
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of the advised method. Consider the following advice method :

T ArgumentLoggingAdvice<T>(object o)
{

Log.AddEntry(o.ToString());
return JoinPointContext.Proceed<T>();

}

When used to advise a method, it invokes an operation ToString on the Þrst
argument of the advised method through the interface of the r oot type object ,
which is valid for all types 5. Therefore, it is reasonable to make the judgement
that the advice is applicable to all methods with at least one parameter. In
Yiihaw, however, the type of the ith parameter of the advice method must be
equalto that of the ith parameter of the advised method. Hence the above
advice method is, in Yiihaw, only applicable to all methods w ith at least one
parameter, where the Þrst parameter has type object . There is no uniform
way to express the aspect in Yiihaw so a copy of the advice method is needed
for each concrete type, the aspect-programmer wants to support.

This problem is addressed in Section 3.1.

Accessing the targeted instance

When advising an instance method in Yiihaw, the Yiihaw API off ers theGetTar-
get operation, which accesses the receiver of the advised method. Like the
Proceed operation, GetTarget is parametrized. Let us consider an advice
method for a library system, that implements a rule that a bor rower must not
have more than three overdue items to be able to check out new i tems:

T OverdueCheckingAdvice<T>()
{

IBorrower borrower = JoinPointContext.GetTarget<IBorro wer>();
int overdueItems = 0;

foreach (LibraryItem item in borrower.BorrowedItems)
if (item.IsOverdue)

overdueItems++;

if (overdueItems >= 3)
throw new TooManyOverdueItemsException(overdueItems);

return JoinPointContext.Proceed<T>();
}

The advice should be applicable to methods in target types th at implement
the IBorrower interface. But the type rule in Yiihaw is that the GetTarget
operation must be invoked with its type argument being eithe r the exact type
of the target, or the type object . This makes it impossible to express the
above aspect and quantify it over the types of borrowers in th e library system.
The aspect programmer must duplicate the method for each typ e of borrower
replacing only the invocation of GetTarget :

5This statement is not entirely accurate. I will discuss the subtl eties of reference types and
value types in the type system of CLI in Chapter 2.
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IBorrower brw = JPC.GetTarget<StudentBorrower>();
IBorrower brw = JPC.GetTarget<PublicBorrower>();
IBorrower brw = JPC.GetTarget<StaffBorrower>();

This problem is addressed in Section 3.2.

Examples of mixins that are not typable in Y 1

To explore how the support for mixin techniques in Yiihaw may be improved
by a more ßexible set of type and mapping rules, we consider the so-called
Expression Problem.

The expression problem

The Expression Problemis an exercise of the expressiveness of a programming
language: ÒThe goal is to deÞne a datatype by cases, where onecan add new
cases to the datatype and new functions over the datatype, wi thout recompil-
ing existing code, and while retaining static type safety (e .g., no casts)Ó [43].
Torgersen [42] gives the following concrete example, here presented in C#:

using System;
interface IExp {

void Print();
}
class Lit : IExp {

int value;
public Lit(int v) {value = v; }
public void Print() { Console.Write(value); }

}
class Add : IExp {

IExp left, right;
public Add(IExp l, IExp r) {left = l; right = r; }
public void Print() {

left.Print();
Console.Write(" + ");
right.Print();

}
}

It is easy to add new data variants by making new types that inhe rit Exp. The
challenge is to add a new operation Eval on the Exp interface and make sure
that each class implementing Exp has an implementation for Eval without re-
compiling the existing code. This cannot be done using norma l object-oriented
facilities.

Conversely, in a functionaldesign, which Torgersen calls operation-centered
(in his object-oriented example it is implemented using the V isitor design pat-
tern [25, p. 331]), the reverse is true: it is easy to add new operations by
implementing new visitors, but challenging to implement ne w data variants,
because the visitor interface needs to be extended with additional methods for
the new types.
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Solving the Expression Problem with an aspect

Torgersen notes that aspect-oriented programming may be used to solve the
expression problem. The following is aspect pseudo-code for such a solution:

aspect Evaluation {
definition:

abstract int Eval();
int Lit.Eval() { return value; }
int Add.Eval() {

return left.Eval() + right.Eval();
}

application:
add method Eval to Exp;
add method Lit.Eval to Lit;
add method Add.Eval to Add;

}

As demonstrated in Johansen et al. [29], such a mixin is not typable in Y1.
The method body of Add.Eval invokes the Eval operation on the Þelds

left and right , using the knowledge that the type ( Exp) of these values, will
have the Eval operation as a result of the weaving. Alas, the mapping facil ity
of Y1 does not recognize this and the weaving fails.

Another challenge is that both of the implementations of Eval refer to
Þelds of their target type. When the aspect is implemented usi ng the Yiihaw
programming model, it is implemented as a normal C# program a nd as such
the references to Þelds in advice code must be qualiÞed for the aspect to com-
pile. One solution, implemented in Yiihaw shortly before th e beginning of
this project, is to let the mapping environment of Yiihaw auto matically remap
a Þeld from the source assembly to the target assembly when the Þelds are
equal in type and name. This does not, however, enable Yiihaw to address
the Expression Problem and as we shall see later, it is still too restrictive to
support many interesting usages.

We address this problem in Section 3.6

Wrongly typed programs

As these few examples demonstrate, there exists a class of programs that have
admissible semantics in a static aspect weaver, but are untypeable under the
type and mapping rules of Y 1. Another class of type problems in Yiihaw are
the cases where the type rules are inadequate to ensure correct programs. In
Chapter 2, I examine well-known arguments of type safety for types and sub-
types and in Chapter 3, I use this foundation to examine and Þx those rules in
the Yiihaw type system that are inadequate or unsound.
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2 Foundations

This chapter explores how existing foundational work on typ es and subtypes
in programming languages may contribute to a consistent con cept of what it
means for a static weaving to be correct and safe.

2.1 What is type safety in Yiihaw?

To arrive at a good conceptual understanding of what type saf ety in Yiihaw
entails, I will make some high level arguments about the desi red properties of
the relationship between a program p and a woven version of that program,
a(p), obtained by applying an aspect a to the program p.

The Correctness Criterion Yiihaw works on CLI assemblies, which has its
own well-deÞned concept of types [7, p. 16] in the form of the C ommon Type
System, CTS. We shall explore the speciÞcs of this type modellater; for now it
sufÞces to require that when p and a are valid and veriÞable 1, and the weaving
of a into p succeeds, thena(p) must be valid and veriÞable. In other words, a
woven program a(p) must be internally correct with respect to the IL format.
Let us refer to this requirement as the Correctness Criterion.

The Substitution Criterion Another desirable property is that if a program
q links with and uses p, then it should be able to use a(p). In other words,
in every context where p is expected, a(p) may be safely substituted in. This
criterion, which we will refer to as the Substitution Criterion, expands to a re-
quirement that a(p) is externally correct with respect to the external interfac e
contract of p. In this project, I also explore a class of weavings with admiss ible
semantics that do not satisfy this property, and I give them t he somewhat dra-
matic appellation destructive weavingsbecause they, potentially, result in a(p)
not fulÞlling the interface contract of p.

2.2 Theories of subtypes

It seems reasonable to expand the Substitution Criterion to a statement about
the relationship between types in p and types in a(p). Intuitively, we can state
that a value of a type T a(p) in the woven program must be able to be used

1The ECMA-335 Standard distinguishes between two notions of co rrectness.Validation is the
requirement that the metadata, i.e. declared type signatures, of the program are well-formed and
internally consistent, while VeriÞability is the stronger requirement that the program is type safe
and does not perform bad memory access [7, p. 3].
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where a value of the type T p of the original program is expected. This is very
similar to the well-known Liskov substitution principle[36, 37]:

The intuitive idea of a subtype is one whose objects provide al l the
behavior of objects of another type (the supertype) plus something
extra. What is wanted here is something like the following sub sti-
tution property: If for each object o 1 of type S there is an object o2

of type T such that for all programs P deÞned in terms of T, the
behavior of P is unchanged when o1 is substituted for o 2, then S is
a subtype of T. [36]

Subtype Requirement:Let ! (x) be a property provable about objects
x of type T. Then ! (y) should be true for objects y of type S where
S is a subtype of T. [37]

The Liskov substitution principle seems to Þt well with the r equirement need-
ed for relating unwoven types to corresponding woven types i n application
of static aspects. This suggests that the relation between Tp and Ta(p) is a form
of subtype relation.

This is further indicated by the phrase Ò[the supertype] plu s something
extraÓ which is exactly what must be true of a woven type T a(p) ; it must be Tp

possibly with something extra. But since the weaving process is a transforma-
tion of program p into program a(p) the types Tp and Ta(p) do not exist in the
same program; therefore the subtype relation between a type and its woven
counterpart must be a different subtype relation than the on e entailed by the
inheritance hierarchy of CTS. To distinguish these differe nt kinds of subtype
relations in the subsequent discussion, I use the notations in Table 2.1.

In this project, I develop a conceptual notion of the subtype re lation be-
tween a type and its woven counterpart, where it draws from th e Liskov sub-
stitution principle. In future work, it will be useful to make a careful for-
malization of the relation. For now we can start from the foll owing general
statement:

The Yiihaw subtype principle For a program p and an aspect a and woven
program a(p) obtained by weaving a into p, it is the case that for each
type Tp in p there exists a type Ta(p) such that Ta(p) ! Tp.

Relation Description

! Yiihaw subtype relation between a type and
its woven counterpart.

! Direct extension (intransitive) in the CTS.
" Inherits (transitive) in the CTS.

Table 2.1: The different kinds of subtype relations on types used in this te xt. Note
that ! is a relation between corresponding types in an unwoven and a wo-
ven program, while ! and " are relations on types within the same lexical
scope.
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To deÞne! , the Yiihaw subtype relation for static weavings, more clea rly, we
shall examine an interesting taxonomy of subtype relations hips explored in
Liskov and Wing [37]:

The examples led us to classify subtype relationships into t wo broad
categories. In the Þrst category the subtype extends the supertype
by providing additional methods and possibly additional Òs tateÓ.
In the second the subtype is more constrained than the superty pe.
[37]

It seems there are two basic mechanism by which Ta(p) can be a subtype of
Tp. The Þrst is by providing additional Þelds and operations, a nd the second
is by providing stricter constraintsthan its supertype. We shall explore each of
the two mechanisms below exempliÞed by structural subtypingand constraint
subtyping.

Structural subtyping

In languages without inheritance, the intuition of a type S be ing a subtype
of a type T remains largely the same: Òany term of type S can safely be used
in a context where a term of type T is expectedÓ [39, p. 182]. However, in
languages without inheritance, the subtype relation may be deÞned in terms
of the structure of the types. An example of a rule in such a sys tem is the
rule for record subtypes [15, 13, 39]. Consider two record ty pes, T with the
signature { x: ! } and S with the signature { x: ! , y: " } . A value v of type T
supports the Þeld projection operation v.x , and while a value w of type S
offers an additional operation, it is safe to make the judgeme nt that all values
of type S may be used in contexts where a value of type T is expected. The
generalised version from Cardelli [15] of this rule is:

! # S1 $ T1 . . . ! # Sn $ Tn ! # Sn +1 : Type . . . ! # Sm : Type

! # { "1 : S1, . . . , "n : Sn , . . . , "m : Sm } $ { "1 : T1, . . . , "n : Tn }

Type systems that determine subtype relationship on the bas is of the structure
of types are called structural type systems, while CTS and other type systems
that determine subtype relationship on explicit declarati ons are callednominal
type systems.

The notion that a subtype may add additional operations Þts w ell with
the intuition about an aspect that may introduce members int o the types of a
program.

Constraint subtyping

The work on constrained subtypes is less hegemonic. Liskov and Wing [37]
contributes and references the work of America and van der Li nden [11],
Meyer [38] and Cusack [19] which are based on subtyping from t ype speci-
Þcations.

Within the framework of CTS, we need not argue very generally about
deÞning a subtype relation in terms of more speciÞc constraints, as the type
system provides limited expressiveness in this direction. We can, however,
choose to view the concept of an abstract method as a type of constraint [33,
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p. 118] contained in a type. Inheriting an abstract method doe s not provide a
new ressource the subtype can use, rather it provides a new obligation that the
subtype must fulÞl to be correct. This is of course much less general than what
is presented in Liskov and Wing [37], since subtypes cannot f urther restrict
inherited requirements.

However, even in this weaker form it presents a problem with re spect to
the Substitution Criterion for woven programs. Consider a p rogram q con-
taining a type S, and assume that q links with a program p containing the type
Tp, and that they are related by direct extension, such that S ! Tp. If we de-
Þne an aspecta and apply it to p to obtain the program a(p) such that Ta(p)

contains a new constraint in the form of an abstract method, w e cannot safely
substitute a(p) for p, since S may not fulÞl the new constraint.

As mentioned, this type of weaving is a destructive weaving, since it makes
a(p) break the external contract of p. Note, however, that supporting destruc-
tive weavings is a key ingredient in allowing Yiihaw so solve the expression
problem as presented in Section 1.3. We support it but let Yii haw issue a
friendly warning whenever a weaving is destructive.

Nominal subtyping

In the IL type system, CTS, the subtyping relation is deÞned thr ough type
derivation. This means that we can deÞne the nominal subtype relation " in
terms of the direct extension relation:

! # S! U1 ! # U1 ! U2 . . . ! # Un ! T
! # S" T

Let us try to analyze the interplay between the Yiihaw subtyp e relation ! and
the nominal subtype relation " .

Let it be the case that a program p contains types Tp and Sp such that
Sp " Tp. The relation Sp " Tp is a property provable about S p. Then it must
be the case for a programa(p) obtained by weaving an aspect a into p, that it
contains types Sa(p) and Ta(p) , such that Sa(p) " Ta(p) .

If a value of type Sa(p) cannot be used at type Ta(p) , then a property prov-
able about Sp does not hold for Sa(p) , which entails Sa(p) %!Sp. This obviously
breaks the Substitution Criterion, and likely breaks the Co rrectness Criterion
as we shall see in Section 3.5.

The Yiihaw subtype principle suggests that inheritance rel ationships must
be preserved in the weaving.

2.3 The CLI Common Type System

Having explored what it conceptually means for a woven progra m to be safe
with respect to the original program, I will provide a short o verview of CTS,
the type system in the CLI, to make clear what the Correctness Criterion en-
tails for woven programs. This knowledge is then used to deve lop two im-
portant foundational algorithms in Section 2.4.

CTS: Types in the IL format

The IL format consists of two levels:
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IL instructions On the lowest level, a program in the IL format consist of lists
of IL instructions for the CLI stack machine. Each such list co ntains the
instructions of how to execute a procedure or function. (But not the type
or name of the function.)

Metadata Metadata represent the high-level structure imposed on the proce-
dures or functions, such as names, signatures, calling conventions, type
names etc. They form Òa system of descriptors of all items that are de-
clared or referencedÓ [33, p. 73].

CTS facilitates the encoding of object-oriented programs by incorporating meta-
data constructions for describing several kinds of classes. It does however
serve as a type system for programming languages with other p aradigms as
well, and therefore it is actually a bit more expressive and g eneral than the
type rules for the individual languages such as C#. Yiihaw pr imarily targets
a subset of CTS known as the Common Language SpeciÞcation (CLS), which
excludes some of the concepts of CTS which are not part of languages such
as Visual Basic .NET or C#. For instance, Yiihaw cannot target a global pro-
cedure (a method deÞned outside of a type) or an unverÞable (unsafe in C#
terminology) method.

There are two kinds of types in CTS: value types and reference types. A
value of a value type is a data item, while a value of a referenc e type is a
reference to a data item [33, p. 117]. The motivation for this distinction is per-
formance; in the implementation of the virtual machine, val ues of reference
types are stored in dynamic heap, while values of value types are stored on
the evaluation stack, or in arrays or other composites.

One interesting feature about CTS is that is has a uniÞed concept of these
two kinds of types. In the Java type system [35], the distincti on between prim-
itive types and reference types means that int %"Object , although Object is
the root type in the Java type system. Thus, an operation M deÞned over
Object is not valid for values of type int in Java. In CTS, there exists a con-
version between the two kinds of types; boxingis the process of converting a
value type to a reference type by creating a boxaround it and storing the box
containing the value in the heap. The box serves to enable thereverse conver-
sion unboxingthat extracts the value from the box. While providing a mech-
anism for compilers to make the operation M over System.Object (the root

Class ValueType

Class Enum

Class Object

Class String Class Array Class Delegate

struct types
... ...

simple types

...

enum types

other classes
...

array types
... ...

delegate types

Figure 2.1: The top of the type hierarchy in CTS [41].
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.class private auto ansi beforefieldinit C
extends B implements J {

.field private int32 _value // a field

// default constructor
.method public hidebysig specialname rtspecialname

instance default void .ctor () cil managed
{

ldarg.0
call instance void class B::.ctor()
ret

}

// a method
.method public hidebysig

instance default int32 get_Value () cil managed
{

ldarg.0
ldfld int32 C::_value
ret

}
}

Figure 2.2: A sample class deÞnition in the IL assembly language, ILAsm.

type of CTS) valid even for value types, boxing does, as we shall explore later,
introduce complexity when ensuring the correctness of wove n programs.

Reference types

A class deÞnesa type2 of objects, and thus the type that a class produces is
called an object type. A class may beabstractwhich means that it cannot be
instantiated and may contain abstract methods or propertie s. CTS supports
single type inheritance; each class derives from exactly one class with the top
of the hierarchy being System.Object (which as the only exception does not
derive from any other class). A class inherits all (non-priv ate) members from
its immediate base class, including whatever the base classinherits. When a
classC inherits another class B through any number of steps, C is a subclass of
B, B is a superclass ofC, and the types that the classes deÞne are in a subtype
relation C " B.

When a non-abstract class inherits an abstract class, it mustprovide an
implementation for each abstract method that do not have an i mplementation
in one of its superclasses.

An interface is a kind of class that describes the signature, but not the im-
plementation, of a set of methods. A class may implement any n umber of
interfaces, which is an obligation that requires that class to provide an imple-

2As noted in Bruce [13] a class is different from the type it deÞne s. For our purposes a sharp
distinction does not warrant the extra notation required by suc h a perspective. Therefore symbols
such as! and ! are in a sense overloaded in this text.
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.class private auto ansi beforefieldinit C
extends B implements J {

// ...

.property int32 Value ()
{

.get instance default int32 C::get_Value ()
}

}

Figure 2.3: A sample property deÞnition in ILAsm.

mentation for each of the methods in each of the interfaces. If a classC im-
plements an interface J, then C " J. Abstract methods in abstract classes and
interfaces may, as indicated earlier, be considered constraints on classes, that
they must provide a given set of method implementations to be well-typed
[33, p. 118].

See Figure 2.2 for a sample class deÞnition.

Meta-members

In IL, as in other object-oriented systems, a member may be a Þeldor method.
IL, however, deÞnes two additional kinds of members, namely e vents and
properties. These kinds of members are deÞned exclusively through IL meta-
data; their actual implementation is provided in the form of regular meth-
ods. A meta-member may be viewed as a relation between certain methods
in a class. For instance a property is a relation between one accessor and/or
one modiÞer method. The semantics of a meta-member declaration in a class
is that the methods that the meta-member references must exist in the same
class deÞnition for the class to be well-typed. This means that an abstractmeta-
member declaration in a class B is simply a normal meta-member declaration
whose methods are abstract.

It is worth noting that IL allows for a property to have any numbe r of ar-
guments as well as an additional semantics (the three being set, getand other),
while in CLS a property either has no argument or a single inde xer argument
(an indexer is a special case of a property, where the accessor and modiÞer
method each has an additional argument representing an inde x value). More-
over, the CLS speciÞes a mandatory naming for the methods that implement
properties, events and indexers.

Meta-members are used in languages such as C#, but when the code is
compiled to IL it is the actual method implementations that ar e invoked; the
meta-members are only used by tools and compilers, not by the IL code. See
Figure 2.3 for a sample property deÞnition.

Semantics of method calls in IL

In IL, methods are by default non-virtual, which means that the y cannot be
overridden in subclasses. Consider a method Mdeclared in the classB.
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ldarg.1
call instance void class B::M()

These two instructions loads a reference to an object of type B onto the stack
and performs a call to the method M. The method call is statically resolved to
the implementation of Min the class B. So, even if the value at runtime is of
type D where D " B, it is the implementation in B that is used.

If Mis declared virtual , then subclasses ofB may provide an implemen-
tation that will override the implementation in B. In that case the instructions

ldarg.1
callvirt instance void class B::M()

will resolve the implementation of Mfurthest down the inheritance line. This
means that even though the instruction refers to the class B, a virtual imple-
mentation in D will be invoked at runtime. There is a small overhead con-
nected with performing a virtual method call in comparison t o a non-virtual
method call. A virtual method may be declared final to indicate that it can-
not be further overridden in subclasses.

Now consider the semantics of an abstract method. An abstract method M
in a class B is a virtual method where it is mandatory for classes that ext end
B to override M. For this reason abstract methods and their implementation s
are always virtual. This is true for interface methods as wel l. Consider a C#
program where a class Cprovides a non-virtual implementation of an interface
method M:

interface J { void M(); }
class C : J { public void M() { ... } }

To make a valid IL program, the C# compiler must make Mvirtual, but since
the programmer did not declare Mvirtual, the compiler makes sure that Mhas
virtual Þnal semantics in IL:

.method public final virtual hidebysig newslot
instance default void M () cil managed

A similar situation arises if the class C inherits a non-virtual implementation
of M:

interface J { void M(); }
abstract class B { public void M() { ... } }
class C : B, J { }

The C# compiler does not change the semantics of M in B. Such a strategy
would not work in cases where B is a class in another assembly. Rather, it
creates a hidden virtual method in C that explicitly calls the implementation
of Min B. I refer to such a method as avirtual front .

As indicated by the examples above, the instructions call and callvirt
represent a non-virtual and virtual method call, respectiv ely. Using call to
call a virtual method is unveriÞable in IL. There is, however, one notable ex-
ception from this conceptual dichotomy; a method that is dec lared virtual
final may be safely invoked with the call instruction [33, p. 282].
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How CTS semantics affects Yiihaw

Considering this short presentation of CTS and the semantics of a few IL in-
structions, it should be clear that the conceptually simple model of object-
orientation supported by CLI is somewhat complicated by var ious special
cases that allow for an efÞcient implementation of the runti me environment.
This raises several concerns that must be considered when implementing the
type system in Yiihaw.

As discussed in Section 2.2, imposing new constraints breaks the Substitu-
tion Criterion by making the woven program a(p) incompatible with certain
usages of the original program p. A new constraint must, however, also be
checked internally. If there exists a type T a(p) within the woven program with
an unfulÞlled constraint, the program is invalid with respe ct to CTS, and this
breaks the Correctness Criterion. New constraints, such as implementing a
new interface, may require more than static analysisas discussed above. Yi-
ihaw should employ a strategy of type checking with side-effects, that enables it
to ensure correct assemblies by using the techniques discussed above. Side-
effects in the Yiihaw type system include changing method se mantics from
non-virtual to Þnal virtual and generating virtual fronts.

Another concern is the meta-members. For instance, a property deÞnition
is a promise that the methods it references exist in the type. One strategy
for dealing with meta-members in Yiihaw is removing all meta data represent-
ing meta-members all together, and since these metadata areonly used by
tools and compilers this will certainly result in a correct a ssembly. The wo-
ven assembly would, however, have a very different interfac e in the tools and
programming languages such as C#, which would be inconvenie nt for the
programmer. Therefore, Yiihaw provides support for the ins ertion of events,
properties and indexers, and as such, it must check that the related metadata
are valid. Recall that the semantics of a meta-member is that there exist meth-
ods in the same class as the declaration.

2.4 Foundation algorithms

The recognition of these concerns lead to the development of two founda-
tional algorithms that will serve as a basis for implementin g the new type
rules, that I am developing for Yiihaw.

The IsAssignableFrom algorithm

The Þrst foundation algorithm, IsAssignableFrom , decides, for types T and
S, whether S" T. The somewhat confusing name is inherited from the meta-
type facilities of C# and Java. A backwards intuition is that when T is assigna-
ble from S, a slot expecting a value of type T may be assigned (from) a value
of type S. Hence,T IsAssignableFrom S , when S " T.

The algorithm, stated in Figure 2.4, performs a search for T upwards thro-
ugh the inheritance tree from S. Iff there exists a path, then i t is provable that S
" T. The algorithm relies on an auxiliary function hasInterface (P : Type, Q :
Type) that evaluates to true if Q is in the list of interfaces that P i mplements.

Note that IsAssignableFrom operates under a closed-world assumption.
In the implementation in Yiihaw, it will dynamically load ref erenced assem-
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blies as needed in the attempt to prove S " T, but may fail to do so if refer-
enced assemblies are not available at weave-time. The implementation of the
auxiliary function hasInterface relies partly on the type information avail-
able in the assemblies, and partly on the mapping facility of Yiihaw.

The Implements? algorithm

The second foundation algorithm, Implements? , is a bit more complex. It
is a type checking algorithm with side-effects, that for typ es C and B checks
that C implements every constraint in B. It employs the techni ques of modi-
fying method semantics from non-virtual to virtual Þnal and generating vir-
tual fronts where necessary, potentially modifying C in the process of type
checking. Because the semantics of thecall is unchanged when a method is
transformed into virtual Þnal semantics, it is a property of these two types of
transformations that they preserve the Yiihaw subtype rule . More precisely,
for a transformation t of a type S into the type t(S) it is the case that t(S) ! S.

The algorithm, stated in Figure 2.5, relies on two auxiliary functions. The
function f indConstraints (T : Type) performs a search for abstract methods of
a type T and all types that T inherits. The function f indImplementations (T :
Type) performs a search for implemented methods of a type T and all t ypes,
that T inherits.

For each constraint, the algorithm looks for a suitable meth od in C. If
it Þnds one, it checks whether the method is virtual, and if no t, it changes
the method semantics to virtual Þnal. If no suitable method is found in the
method list of C, the algorithm proceeds to look for a suitabl e inherited im-
plementation. If it Þnds one, it checks if the method is virtua l, and if not,
it generates a virtual front and adds the front to C. If some con straint is not
implemented an error is raised.

The actual implementation in Yiihaw is generalized for the m eta-member
kinds, events and properties. In the implementation the meth od name is
CheckImplementation .
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procedure ISA SSIGNABLEFROM(T : Type, S : Type)
while true do

if S= T or hasInterface (S, T) then
return true

end if
S& basetype(S)
if S= null then

return false
end if

end while
end procedure

Figure 2.4: The IsAssignableFrom algorithm for deciding the inherits relation " .

procedure IMPLEMENTS?(C : Type, B : Type)
constraints & f indConstraints (B)
inherited & f indImplementations (basetype(C))
for each constraint in constraints do

for each method in methods(C) do
if fulf ils (method, constraint ) then

if not isV irtual (method) then
makeV irtualF inal (method)

end if
goto next

end if
end for
for each method in inherited do

if fulf ils (method, constraint ) then
if not isV irtual (method) then

front & generateV irtualF ront (method)
addMethod(C, f ront )

end if
goto next

end if
end for
error! constraint not fulÞlled
next:

end for
end procedure

Figure 2.5: The Implements? algorithm.

29





3 A type system for Yiihaw

With the conceptual insight developed in Chapter 2, this cha pter explores,
indepth, the semantics and type rules of the original Yiihaw weaver, Y1. It
develops a new set of type rules that will be implemented in th e weaving
algorithm to yield a new incarnation of Yiihaw, Y 2.

Many of the changes and additions that Y 2 introduces to the semantics and
type rules of Y 1 are motivated from the conceptual foundation of aspect type
safety in this project. The foundation is signiÞcantly diffe rent from the notion
of type safety embodied in Y 1, and these changes do not as such represent a
correction of errors in the existing type system. The introd uction of the Substi-
tution Criterion (see Section 2.1) is an example of one such new premise that
is not a design goal of Y1.

Other changes and additions are motivated by shortcomings o f the type
checking strategies of Y1. These shortcomings may be classiÞed in two cate-
gories:

Unsound rules Some type rules in Y1 are unsound and an aspect program-
mer may express weavings that will produce woven programs th at are
not valid CLI assemblies. A goal of a new type theory is to elim inate the
possibility of performing such weavings.

Incomplete rules Some type rules in Y1 are unnecessarily restrictive. This
means that many programs with admissible semantics are not w ell-ty-
ped, which precludes many interesting applications of aspe ct-oriented
programming. A goal of a new type theory is to aim for a greater expres-
siveness for Y1. The semantics and type rules developed in this chapter
are not complete in this sense, either; in some cases generality is sacri-
Þced to ensure simplicity.

Notation

To give a readable overview of the type rules developed in thi s chapter, I use
an informal notation to express the type rules. The conclusi on of a type rule is
a pointcut statement with an expanded join point, that has typ e OKto indicate
that the join point is applicable.

When important for the type rule in question, I may let the expa nded join
point include a method body in curly brackets. I write method bodies and in
a C#-style expression syntax rather than in the stack based ILsyntax.

P C:M(V1,...,V n) { ... Proceed<T>; ... }
Likewise, I may let a join point include the body of a type deÞni tion in barred
curly brackets:
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Metavariable Ranges over

B C D Classes.
F Function types.
J K Interfaces.
R Struct types.
T Type parameters.
G Fields.
M N Methods.
V Method parameter types.
P Method return types.

A Aspects (classes).
E Advice methods (methods).
U Advice method parameter types.
S Advice method return types.

Table 3.1: List of meta-variables used in this project.

J {| P1 M1 ... P n Mn |} .
Table 3.1 lists the metavariables used to indicate different kinds of constructs
in the type rules.

3.1 Advice application

The type problem of advice applicationis to determine if an advice method E
may safely be applied to a method M.

Type rule in Y 1

The type rule of advice application was brießy described in Se ction 1.3. Con-
sider the pointcut:

around * * P C:M( * ) do A:E;

The pointcut matches every implementation of a method Min the type C with
return type P.

To be applicable, an advice method E must exist in the type A in the aspect
assembly. In the Yiihaw programming model, the advice method E may access
the n Þrst arguments of M, where m is the number of parameters for M and
n ' m. For the i th parameter of E, it must be the case that the type Ui of the
parameter is equal to the type Vi of the i th parameter of M.

For the return type S of E, it must be the case that

¥ S is equal to the return type P of M, or

¥ S is a type parameter of E, where E may have zero or one type parameter.

So, for an expanded join point, the type rule for advice applic ation in Y 1 may
be stated as follows:

V1 = U1 ... V n = Un S = P
around P C:M(V1,...,V n,...,V m) do S A:E(U 1,...,U n) : OK
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Type rule in Y 2

As I showed in the discussion in Section 1.3 the rule is too speciÞc to allow
general advice with admissible semantics to be stated unifo rmly in Y 1.

The motivation of the Þrst premise of the type rule is that the advice method
may safely access the Þrstn of the m arguments of the advised method. What
is needed is to allow some change between the typesUi and Vi .

Likewise, the motivation of the second premise of the type ru le is that,
since the return value of the advice method E is left at the evaluation stack
when the advised version of Mis evaluated, a value of the return type S of E
must be safely used as a value of the return type P of M.

In search of a more general rule of advice application, we may Þ nd inspi-
ration from a function subtyping rule [13, 39]. A function ty pe is a subtype
of another function type when the return type changes covari antly and the
argument type(s) changes contravariantly:

! # S$ S! ! # T! $ T
! # S! ( T! $ S ( T

Allowing the type Ui of the i th parameter advice to change contravariantly
with respect to Vi is admissible, since it simply enables the advice to access
the i th argument of the advised method through a more general inte rface.

Likewise, allowing the return type S of the advice to change covariantly
with respect to the return type P of the advised method is admissible, since a
value of a subtype S of P is usable at type P.

V1 " U1 ... V n " Un S " P
around P C:M(V1,...,V n,...,V m) do S A:E(U 1,...,U n) : OK

Note however, that the replace bodysemantics of advice application implies
that the method signature of the targeted method is not chang ed in the weav-
ing process. The variance rule only affects the use of the argument values in
advice code. This is an important property, because a changed method signa-
ture will likely break the Substitution Criterion.

Boxing

The revised type rule is conceptually clean, but requires some extra care when
the type of a parameter of M is a value type. Consider the following imple-
mentation of the advice method E:

T E<T>(object o) {
Console.WriteLine(o);
return JoinPointContext.Proceed<T>();

}

Applying E to a method void M(int) will yield the following IL program:

.method public instance void M (int32 i)
{

ldarg.1
call void class [mscorlib]System.Console::WriteLine(ob ject)
...
ret

}
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The program is unveriÞable and fails because it performs a call to WriteLine
with a value of type int32 on the stack. As discussed brießy in Section 2.3
the uniÞcation of value types and reference types in CTS relies on the box
instruction.

To make the program correct, the weaver must insert appropri ate boxing
instructions. For each ldarg. i instruction in the advice code, the weaver
checks if the type Vi of the i th parameter of the targeted method is a value
type, and the type Ui of i th parameter of the advice method is not a value
type. If this is the case, abox instruction is emitted after the ldarg instruction.

Writing to a parameter variable

The contravariance rule for function subtyping is based on t he premise that
the argument to a function is immutable. This is not the case f or arguments
in IL, which is a source of error in the new type rule for advice a pplication.
Consider the following implementation of the advice method E:

T E<T>(object o) {
o = new object();
return JoinPointContext.Proceed<T>();

}

Applying E to a method void M(string) that prints its argument to the con-
sole, will yield the following IL program:

.method public instance void M (string s)
{

newobj instance void object::.ctor()
starg.s 1
ldarg.1
call void class [mscorlib]System.Console::WriteLine(st ring)
...
ret

}

This is obviously incorrect, since a value of type object is stored in a slot (the
argument s) expecting a value of type string . If the runtime environment
allows the program to run as far as the call to WriteLine , it will surely fail,
as a value of type object is on the stack, while a value of type string is
excepted.

The weaver must check that for each starg. i instruction, that the type
Vi of the i th parameter of the targeted method is equal to the type Ui of i th
parameter. So if the parameter type of the advice method changes with respect
to the targeted method, that parameter must not be written to .

This solution is safe and is similar to existing rules in Y 1, such as the rule
that if a generic advice method is applied to a method returni ng void, the
value of Proceed must not be loaded onto the stack in the advice.

It may, however, not be transparent to an aspect programmer th at a weav-
ing fails because of a combination of parameter variance and use of the ar-
guments in the advice code. In Chapter 4, a version of Yiihaw, Y G , includes
support for parametrized aspects, and we shall see that this enables YG to
support a more elegant pattern of enabling variance among ad vice parame-
ters and method parameters.
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Overload resolution

Both the original and revised rule have the problem of choosi ng between over-
loads, and under the new rule it is necessary to revise the algorithm for over-
load resolution in advice application. Consider this examp le:

around
public instance void TargetClass:TargetMethod(int, stri ng)
do Aspect:Advice;

The classAspect has four overloads for the method Advice :

¥ void Advice()

¥ T Advice<T>(int, string)

¥ void Advice(int, object)

¥ void Advice(int, string)

Each of the overloads are applicable under the new rule, but w hich one to
choose? The problem is similar to the corresponding problem of looking up an
appropriate method for a method invocation, and as inspirat ion we shall con-
sider a subset of the rules from the programming language C# w hen choosing
between methods MP and MQ [6, p. 162]:

¥ If one of M P and M Q is non-generic, but the other is generic,
then the non-generic is better. [...]

¥ Otherwise, if the number of parameters K in M P and L in M Q

are different, the the method with more parameters is better .
[...]

¥ Otherwise the number of parameters K in M P and L in M Q

are the same, and if one method hasmore speciÞc parameter
types, then that method is better. The given parameter types
{ R1, R2, ..., RK } are deÞned to be more speciÞc than the given
parameter types { S1, S2, ..., SL } if each given parameter RX

is not less speciÞc thanSX , and at least one parameter,RX is
more speciÞc thanSX . [...]

¥ Otherwise, neither method is better.

In CTS, the return type of a method is part of its signature, but this is not
the case in C#. The CLS languages arenot requiredto consume classes where
methods are overloaded solely on return type [7, p. 52f]. Because of this,
I choose not to impose an order on applicable advice on the basis of return
type.

The algorithm for choosing the appropriate advice method ov erload is for-
mulated as follows:

1. Choose a non-generic advice method over a generic advice method.

2. Choose a method with more parameters over a method with few er pa-
rameters.
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3. Choose a method with more speciÞc parameters over a method with
more general parameters.

Now using these rules we can order our three alternatives:

¥ void Advice(int, string) better (by rule 3) than

¥ void Advice(int, object) better (by rule 2) than

¥ void Advice() better (by rule 1) than

¥ T Advice<T>(int, string)

Variable number of arguments

Since the semantics of advice application in Yiihaw support s letting the advice
access the Þrstn arguments of the advised method, I feel that it is relevant to
let an aspect programmer select a target method by specifying the types of the
Þrst n parameters in the pointcut language. This extension is very simple and
the new syntax is shown in Figure 3.1.

argumentsstar ::=
argumentsopt | arguments , * | *

Figure 3.1: Extension to the pointcut language for supporting vararg pointcu ts.

Advising a constructor

As noted in Kiczales et al. [32], only after advice can be supported for con-
structors. This is because in execution of a constructor of a classC there must
be a call to a constructor in the base class ofC before accessing any inherited
instance data [7, p. 39f]. The language compiler usually calls the base class
constructor as the Þrst two instructions:

ldarg.0
call instance void object::.ctor()

No special rule for constructors exist in Y 1 and so an aspect programmer may
deÞne an advice method that accesses uninitialized instance data before the
base class constructor is called. This will result in a runti me error, which
breaks the Correctness Criterion.

Y2 must check that when advising constructors, a call to Proceed is the
very Þrst instruction in the advice method.

3.2 The GetTarget operation

In an advice method, the keyword this points to a value of the class rep-
resenting the aspect, not the target; and it will be type checked by the lan-
guage compiler under that assumption. This prevents the asp ect programmer
from accessing members and operations on thethis object. Therefore the Yi-
ihaw programming model offers the method GetTarget<T>() , where T is the
declaring type of the advised method.
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Type rule in Y 1

C = T
around P C:M(...)

do S A:E(...) { ... GetTarget<T>(); ... } : OK

The type rule in Y 1 is that T must be the exact type C; the declaring type of
the advised method. The motivation behind this is completel y sound, but it
somewhat violates the principle of quantiÞcation. By forci ng the advice to
know about the concrete type of the target, we lose the advant age of being
able to quantify that advice over several types and we end up d uplicating
code over several similar advice deÞnitions as exempliÞed in Section 1.3.

Type rule in Y 2

It seems reasonable to allow T to be a supertype of C, to allow the use of the
value of GetTarget through some interface or basetype of C.

C " T

around P C:M(...)
do S A:E(...) { ... GetTarget<T>(); ... } : OK

Boxing

Advising a method in a value type is a potential source of erro rs. Consider
the value type R that implements an interface J:

public interface J { void N(); }
public struct R : J {

int j;
public void N() { Console.WriteLine(j++); }
public void M() { }

}

We may use a value of R through the interface J as in the following advice
method E:

T E<T>() {
J j = JoinPointContext.GetTarget<J>();
j.N();
return JoinPointContext.Proceed<T>();

}

We advise the method R:M with the following pointcut:

around * * * R:M() do A:E;

The weaver must determine that the concrete target type R is a value type and
insert a box operation before the invocation of GetTarget .

This may, however, not have the result the aspect programmer expects.
Boxing converts the value of type R to a boxed value, effectively copying the
value. The aspect programmer then invokes the method N not on the value of
type R, but on a copy of that value. Considering the following progr am:
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R r = new R(); r.M(); r.M(); r.M();

The method N is invoked three times through the advised M, but because of
boxing, the call to N runs on a copy of the value r . The program outputs:

0 0 0

Let us try to Þx it by making a more speciÞc advice method:

T E<T>() {
JoinPointContext.GetTarget<R>().N();
return JoinPointContext.Proceed<T>();

}

The output of the program from before is still:

0 0 0

What went wrong? The problem stems from how the C# compiler han dles
generics. The compiler does not work under the assumption th at the call to
GetTarget will be substituted at weave-time. Therefore it makes the jud ge-
ment that it is safe to store the return value of GetTarget in a local variable.
Thus the corresponding woven code is equivalent to:

public void M() {
R r = this;
r.N();

}

Thus, GetTarget invariably results in copying in advice application to a val ue
type. In Section 3.6 I introduce the proxy construct that offers a solution to
this problem. To help the aspect programmer, Y 2 shall issue a warning when
GetTarget is invoked in an advice application to a value type.

3.3 The Proceed operation

As described in Section 1.2, the operation Proceed<T>() in the Yiihaw API
offers a way to ÒcallÓ the target method. The semantics is a type of function
inlining, where the call to Proceed is replaced by the instructions of the tar-
geted method at weave time. The type parameter T is part of a scheme to
support wide quantiÞcation through generic advice methods in the form:

T E<T>()
{

T ret = JoinPointContext.Proceed<T>();
System.Console.WriteLine("Advised method called.");
return ret;

}

Notice that T is a type parameter of the advice method itself. The weaver
will automatically substitute the concrete return type in a t weave-time. This
scheme provides the ability to quantify the advice method ov er all types.
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Type rule in Y 1

The type rule of Proceed in Y1 is that Proceed may be instantiated with any
type.

T : Type

around P C:M(...)
do S A:E(...) { ... Proceed<T>(); ... } : OK

This rule is not sufÞcient to ensure type safety. A simple cou nterexample is
the following advice method:

string E()
{

int i = JoinPointContext.Proceed<int>();
object o = i; // boxing
return o.ToString();

}

Here, the types of the advice method and the advised method dis agree. Ac-
cording to the advice application rule, we may only apply thi s advice to a
method Mwith return type string . Y1 changes the type of the local variable
i to be type string , but this strategy invalidates the type judgements made
by the C# language compiler. The compiler determines that si nce i contains a
value of type int , the box instruction is valid for that value. This judgement
does not hold for a value of type string , which makes the code fail.

Type rule in Y 2

Another strategy is to require that the return type P of the advised method be
equal to the type argument T of the Proceed operation. While this solves the
problem illustrated in the example above, the rule may be too strict. Consider
a case where we want to restrict the quantiÞcation to types th at implement
a speciÞc method N which we intend to call on the return value of Proceed .
Alas, Yiihaw does not support giving the advice a constraint such asT E<T>()
where T : J that would allow the advice to use methods from an interface J.
In such cases, we must instantiateT with a concrete type, which will result in
the need to duplicate similar advice for each implementing t ype.

A more permissive alternative is to require that the return t ype P of the
advised method inherits from T. SinceT is replaced with P at weave time, we
are simply using a subset of the operations available for P.

P " T

around P C:M(...)
do S A:E(...) { ... Proceed<T>(); ... } : OK

Notice how the type rule of Proceed interacts with the type rule of advice
application. The return type S of the advice method must be a subtype of the
return type P of the advised method. The return type T of Proceed cannot be
more speciÞc thanP. So if the advice application rule is fulÞlled ( S " P) and
the return value of the advice method is the return value of Proceed , then S is
equal to P. Conversely, if S is not equal to P, then the return value of the advice
method cannot be the return value of Proceed .
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Boxing

The concerns aboutProceed and boxing mirrors those related to the GetTarget
operation. Consider the following advice method where R is assumed to be a
value type, that implements the interface J:

R E() {
J j = JoinPointContext.Proceed<J>();
j.N();
return (R)j;

}

Since the return value of Proceed is of a value type, and J is a reference type,
Y2 must insert a box instruction after the inlined code replacing Proceed . The
C# language compiler ensures that the aspect programmer must explicitly un-
box the value (or get a new value of type R).

3.4 Introductions

Introductions or inter-type member declarations is a mechan ism for declaring
a member in a target type. In Yiihaw, this is supported by copyi ng types and
members from source assemblies to target assemblies. The weaver checks that
no existing types and members conßict with the introductions . Introductions
trivially satisfy the Yiihaw subtype principle. Consider i nserting a member
M into a type C, yielding a new type CM, then CM ! C. This is an instance of
structural subtyping, using the intuition from Liskov: ÒTh e intuitive idea of
a subtype is one whose objects provide all the behavior of objects of another
type (the supertype) plus something extra.Ó [36]

Destructive introductions

There exists one non-trivial case of member introduction. In troducing an ab-
stract member constraint into a type C constitutes a destructive weaving as
discussed in Section 2.1. The action is not allowed in Y1 and in Y 2 it will result
in a warning that the Substitution Criterion does not hold fo r this weaving.
To ensure that the Correctness Criterion still holds, Y 2 must check that the
assembly is internally correct using the method of propagated implementation
checkingdescribed below.

Propagated implementation checking

For introduction of an abstract method constraint into a typ e B, Y2 will check
for each subtype Cx ! B, that the constraint is fulÞlled using the function
Implements?(C x ,B) . If there exist a type Ci for which the constraint is not
satisÞed, there are two possibilities:

1. If Ci is not abstract, the weaving fails, because the CorrectnessCriterion
is violated.

2. If Ci is abstract, the weaver checks for each subtypeDx ! Ci that the
constraint is satisÞed using Implements?(D x ,C i ) . The implementation
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check is thus propagated down to ensure that each non-abstract leaf type
implements the constraint.

3.5 Type hierarchy modiÞcation

There are two kinds of type hierarchy modiÞcations supporte d by Yiihaw.
Implementationallows an aspect programmer to declare that a type in the targ et
assembly D implements a new interface J. A basetype changeallows an aspect
programmer to declare that the base type of a type D is a type C.

These two kinds of inter-type declarations are not triviall y correct. Recall
the proof from Section 2.1 that the Yiihaw subtype principle implies that in-
heritance relationships between types must be preserved in weaving. This
concept of type safety is different from the one embodied in t he rules of type
hierarchy modiÞcations in Y 1 and we shall examine both kinds of type hierar-
chy modiÞcations to determine how they must be changed in Y 2.

Base type change

Type rule in Y 1

The type rule of base type change in Y1 is straight-forward. When declaring
that a type D extends a type C, it must be the case that D ! object , or D ! B
where for each method or Þeld Mi in B, there must be a method or Þeld Ni in C
with the same name and type.

D ! B B {| M1 ... M n |}
M1 : F 1 N1 : F 1 ... M n : F n Nn : F n

modify D inherit C {| N1 ... N n ... N m |} : OK

This rule obviously does not follow the Yiihaw subtype princ iple, developed
in Section 2.1. When typeDis modiÞed to extend C, it no longer inherits B. But
is it safe?

Consider the following target program:

abstract class B { protected int j = 0; }
abstract class Bx : B { ... }
class D : Bx {

public void M() { j++; }
}

Here we may declare that Dextends a new base classC that implements every
member of Bx. But since D no longer inherits B the reference to the Þeld j
becomes invalid and the method Min the woven program will be unveriÞable.

Type rule in Y 2

To make the rule sound, and to make the base class change operation adhere to
the Yiihaw subtype principle, we observe that since inherit ance relationships
must be preserved by weaving, it must be the case for a new base type C that
it inherits the existing base type B.

D ! B C " B
modify D inherit C : OK
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While the rule seems simple and clean, a particular class of features of CTS
may cause problems: CTS supports declaring types or methods final which
prevents further overriding in subclasses (known as sealing). In terms of the
Liskov substitution principle, it is a property provable ab out the type B, that
a non-Þnal method Minherited through B may be overridden. To safely sub-
stitute a type C for B, the method Mmust still be overridable when inherited
through C. Of course C itself must not be final .

If the new base type C provides new abstract method constraints and D is
not abstract, D must implement each of them in the course of the weaving.
If D is abstract and does not implement each of the abstracts methods in C,
a destructive weaving warning is issued and the method of propagated imple-
mentation checkingis used to ensure that the Correctness Criterion holds.

Relation to type introduction

This rule of base type change interacts well with the existin g sound rule for
type introduction: For an aspect assembly with types C and B where C ! B, it
is the case that when introducing Cinto a target assembly, then the relationship
between Cand B is automatically retained in the target assembly. This impl ies
that, when Cis introduced into a target, B must also be introduced. This rule in
combination with the type rule for base type change ensures t hat judgements
made by the language compilers in advice code are still valid in the woven
assembly.

Implementation

Type rule in Y 1

Implementationin Y1 is restricted by a rule similar to the Y 1 rule for base class
change. When a type C implements an interface J, then for each abstract
method constraint in J there must exist a suitable implementation in C.

J {| N1 ... N n |}
M1 : F 1 N1 : F 1 ... M n : F n Nn : F n

modify C {| M1 ... M n ... M m |} implement J : OK

This rule does, however, suffer from problems similar to the ones related to
the Y1 rule for base class change. Consider the following program:

interface K { void N(); }
interface J : K { void M(); }
class C {

public void M() { ... }
}

Here it is possible for the aspect programmer to declare that C implements J,
becauseC implements the method M. This does, however, result in an invalid
assembly, asC does not provide an implementation of N, which breaks the
Correctness Criterion.
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method-introduction ::=
method-like-construct triplet type : method argument-list into
type overrideopt

member-introduction ::=
member-like-construct triplet type: method into type overrideopt

override ::=
override type : method

Figure 3.2: Adding the optional override clause to the pointcut language.

Type rule in Y 2

In Y2, the Correctness Criterion is ensured by using the Implements? algo-
rithm described in Section 2.4. This algorithm takes inheri ted constraints into
account and correctly determines if C may implement J.

Interface implementing interface

Declaring that an interface K, in the target assembly, implements a new inter-
faceJ, corresponds to adding a new constraint to K. This makes it a destructive
weaving and it shall be checked using propagated implementation checking.

Explicit implementation: the override clause

If an interface J contains an abstract method constraint, and the type C al-
ready has a method Mwith the correct name and signature, Mwill, as a rule, be
used to satisfy the constraint. IL allows a programmer to prov ide an explicit
implementation, which is an implementation of the constraint that is only ac -
cessible through the interface; this allows the programmer to provide a new
implementation of the abstract method constraint other tha n M.

Y2 extends Y1 with a similar construct: the override clause for member
introduction. An aspect programmer may introduce a method s pecifying that
it will serve as an explicit implementation of a constraint i n an interface. The
extension to the pointcut language is shown in Figure 3.2. To use a method
implementation Mto explicitly override an abstract method constraint N in an
interface J, an aspect programmer must write:

insert type J into ns;
modify ns.C implement J;
insert method * * * A.M() into ns.C override J.N;

The semantics of this form of introduction is that the method Mis inserted into
C as in a regular introduction. Min C is then made private and renamed (ac-
cording to a CLS naming convention) to J.N and Þnally a special .override
metadata construct is added to indicate that the method J.N in Coverrides the
method N in the interface J.
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.method private final virtual newslot instance void J.N ()
{

.override class ns.J::N

// IL code ...
}

Since the .override construct refers to the interface J, the classC must im-
plement J for the assembly to be correct. The weaver will check that it d oes
so.

3.6 The proxy construct

As touched upon in Section 1.3 an analysis in Johansen et al. [29] shows that
Yiihaw cannot address the Expression Problem. In this section I will provide a
deeper analysis of the reasons behind this and develop a solution in the form
of the proxy construct.

The problem

Recall the example from Torgersen [42]:

namespace ns {
interface IExp {

void Print();
}
class Lit : IExp {

int value;
public Lit(int v) {value = v; }
public void Print() { Console.Write(value); }

}
class Add : IExp {

IExp left, right;
public Add(IExp l, IExp r) {left = l; right = r; }
public void Print() {

left.Print();
Console.Write(" + ");
right.Print();

}
}

}

The challenge is to add the Evaluationmixin. Below is the solution I devised
in Section 1.3, here presented in the Yiihaw programming mod el:

interface IEval {
int Eval();

}
class LitEval {

int value;
public int Eval() { return value; }

}
class AddEval {
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IExp left, right;
public int Eval() {

return left.Eval() + right.Eval(); // Compile error!
}

}

With the following pointcut speciÞcation:

insert method * * * IEval:Eval() into ns.IExp;
insert method * * * LitEval:Eval() into ns.Lit;
insert method * * * AddEval:Eval() into ns.Add;

Notice that the two implementations of Eval rely on access to private Þelds of
the types they are introduced into. The Þelds in the mixin mus t, therefore, be
mapped to the corresponding Þelds in the target.

As mentioned in Section 1.3, a solution was added to Y1 in the process of
analyzing the inability to address the Expression Problem. In the solution, the
mapping facility of Yiihaw will automatically remap a refer ence in an inserted
method if there exists a Þeld within the target type with the c orrect name and
type. This solves the problem for the implementation of Eval for the Lit class.

The solution does not, however, extend to the Eval implementation for the
Add class. The Þeldsleft and right requires access to theEval operation on
the Þelds. We cannot solve this, as proposed above, by inserting an abstract
method Eval into the IExp interface, because then theEval method would
not be available when compiling the mixin. This is an indicat ion of how the
Yiihaw programming model relies heavily on the type judgemen ts made by
language compilers. We may attack the problem from a slightl y different di-
rection. First we change the types of the Þelds left and right in the mixin
code from IExp to IEval :

class AddEval {
IEval left, right; // Changed type from IExp to IEval
public int Eval() {

return left.Eval() + right.Eval();
}

}

And modify the pointcut speciÞcation accordingly:

insert type IEval into ns;
modify ns.IExp implement IEval;
insert method * * * LitEval:Eval() into ns.Lit;
insert method * * * AddEval:Eval() into ns.Add;

This is almost a working solution. The implicit remapping ad ded to Yiihaw
do not, however, recognize that the Þelds left and right of type IEval may
be safely remapped to the Þelds left and right of type IExp .

Explicit remapping

This motivates the development of a richer solution. I choos e to make the
solution explicit as I do not Þnd the implicit remapping a goo d Þt for the
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Yiihaw programming model, where the constructs have relati vely transparent
and self-explanatory semantics. As seen in the example above, the solution
must allow for some variance between the mapped members. And of course,
the solution must be type safe.

I develop the solution of a member proxy . A member proxy is a member
deÞned in the source type, which is then explicitly remapped in the pointcut
speciÞcation to a member in the target type.

Variance in proxies

Let us use the example from before to explore what kind of vari ance, we may
allow between the proxy Þeld GA and the actual Þeld G. It seems that in the
solution above, we need to require that the type CA of the proxy Þeld GA be a
supertype of the type C of the actual Þeld G. When we do so every operation
over values of CA will be valid for values of type C. Consider the following
counter-example to this initial intuition:

class DefaultEval : IEval { ... }
class AddEval {

IEval left, right;
public void Reset()
{

left = right = new DefaultEval();
}
// ...

}

The mixin compiles because the Þeldsleft and right may be assigned val-
ues of type IEval . But in the target type, the Þelds have the type IExp for
which it is not valid to assign values of type IEval as it represents an implicit
downcast, which will fail at runtime!

It seems that assignment requires that the type CA of the proxy Þeld is a
subtype of C. In this case, however, we cannot access operations on the value
of CA since we cannot prove that the actual type C will have all the operations
of the subtype CA.

If both access to operations and assignment is required, then CA must be
both a supertype and a subtype of C, which implies that CA is equal to C.

Proxy access level Associated type rule

read The type of the proxy Þeld must be a super-
type of type of the actual Þeld.

write The type of the proxy Þeld must be a subtype
of type of the actual Þeld.

readwrite The type of the proxy Þeld must be equal to
the type of the actual Þeld.

Table 3.2: The modes of variance between the type of a proxy Þeld and the type of the
Þelds it acts as a placeholder for.
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proxy ::=
proxy proxyspec ;

proxyspec ::=
Þeld-proxy | method-proxy | member-proxy

Þeld-proxy ::=
field proxy-access-level triplet type: identiÞer proxy-for

method-proxy ::=
method-like-construct triplet type : method argument-list proxy-for

member-proxy ::=
member-like-construct triplet type: method proxy-for

proxy-for ::=
for type : method

proxy-access-level ::=
read | write | readwrite

Figure 3.3: Adding the proxy construct to the Y2 pointcut language.

To allow variance and yet avoid these problems, I require the aspect pro-
grammer to annotate the proxy declaration for Þelds with write , read or
readwrite . Each of these annotations allows for a different level of va riance
as shown in Table 3.2.

For other member kinds than Þelds, I choose not to add varianc e rules.
Member proxies for methods, properties and events have inva riant ( readwrite )
semantics. Such a proxy member must have the exact same type as the mem-
ber it acts as a placeholder for. The reasons behind this decision is that such
rules require very careful analysis and implementation, th ey will be inher-
ently complex and they will need special attention when cons idering value
types. It is not apparent to me that there will be sufÞcient ben eÞts to add such
a complex solution.

The proxy in the pointcut language

To support member proxies, I extend the Yiihaw pointcut lang uage with the
proxy construct (see Figure 3.3). The semantics of a proxy is that the mapping
is registered with the Yiihaw mapping facility. Thus, any re ference to a proxy
is remapped at weave time using the existing infrastructure of Yiihaw.

The weaver will check that the mixin or advice code does not vi olate the
proxy access level. Thus, the weaving will fail if, for examp le, a proxy is
declared read and the advice code assigns to the proxy Þeld.

Y2 does not include the implicit remapping solution found in Y 1 .

Solving the Expression Problem with proxies

To return to our example before, we can use the proxy construct to declare
appropriate variance between the Þelds left and right in the mixin and the
target type. Thus the appropriate pointcut becomes:
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insert type IEval into ns;
modify ns.IExp implement IEval;

proxy field read * * int LitEval:value for ns.Lit:value;
insert method * * * LitEval:Eval() into ns.Lit;

proxy field read * * IEval AddEval:left for ns.Add:left;
proxy field read * * IEval AddEval:right for ns.Add:right;
insert method * * * AddEval:Eval() into TargetNamespace.Add;

The weaver correctly checks that the Þelds of type IEval can proxy Þelds of
type IExp (becauseIExp is modiÞed to inherit IEval ) and that the Þelds left
and right are not assigned to in any methods inserted into the Add class.

The example illustrates that the proxy construct increases the expressive
power of Yiihaw by giving an aspect access to private Þelds an d methods
in the target type, which is not possible using, for instance , the GetTarget
operation.

Solving the value type copying problem with proxies

I showed, in Section 3.2, that invoking the GetTarget operation, where the
target is a value type invariably results in copying of the va lue. In the example,
this resulted in the advice code performing an operation on a copy of the value
rather than on the value, we intended. This may also be addres sed using a
proxy.

Consider this reimplementation of the advice from the examp le:

public void N() { throw Exception("Proxy invoked!"); }
T E<T>() {

this.N();
return JoinPointContext.Proceed<T>();

}

The advice method calls the operation Nwhich is then remapped in the point-
cut:

proxy method * * * A:N() for R:N;
around * * * R:M() do A:E;

Running the program from before, we Þnally get the expected r esult:

0 1 2

3.7 Implementation of Y 2

To document the implementation of the type rules developed i n this chapter,
I brießy describe the software architecture in Yiihaw.

Architecture in Yiihaw

Yiihaw implements two major concerns:
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representation Parser
Pointcut AST
representation

Yiihaw weaverAspect assembly

Target assembly

Pointcut text

Figure 3.4: The architecture of the Yiihaw weaver.

Parser and abstract syntax A parser to process the pointcut speciÞcations and
an abstract syntax that represents the pointcut language.

Weaver The functions that perform the weaving and type checking.

The relationship between the components are illustrated in the architecture
diagram in Figure 3.4.

The parser is implemented as a recursive descent parser, that records state-
ments of each of the tree types:around , insert and modify .

The weaver performs the actual bytecode manipulation by rea ding the en-
tries that the parser outputs and performing appropriate tr ansformations to
the target program.

For the low-level tasks of loading and interpreting the cont ent of CLI as-
semblies, performing transformations and saving the resul ting programs, Yi-
ihaw relies on the Cecil library [4]. The Cecil library offer s an object model for
CLI assemblies, which is a very straightforward mapping of t he CLI metadata
model and the IL language.

The weaver imposes an order on the types of statements:

1. Introductions, copying of metadata

2. Introductions, copying of IL instructions

3. ModiÞcations

4. Advice application

The strategy of separating the process of introduction into copying metadata
and instructions is a very important part of the weaver. It ser ves to guarantee
that all references (to other inserted methods, types etc.) in the IL instructions
are available at the time when the instructions are copied.

For each of these steps a template for the process is:

1. Iterate over types in the aspect assembly to locate the advice method or
source member or type

2. Iterate over types in the target assembly to locate the target type

3. Record mapping in the Yiihaw mapping facility

4. Perform the speciÞed transformation
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During the work with the Yiihaw weaver, I have identiÞed some fundamen-
tal design improvements that may help to improve the impleme ntation by
reducing redundancy and increasing clarity. Since the fund amental design is
not the main focus of this project, I shall list these suggesti ons in the notes on
future workin Section 5.2.

Implementing the new semantics

The additions to the pointcut language and the semantics in Y iihaw is imple-
mented in three places; the parser is extended to parse the added syntax, the
abstract syntax is extended to carry the extra information a nd the weaver is
extended to interpret the extra information in the abstract syntax.

The override clause

The override clause is implemented in the weaver by adding a n ew list to
the mapping facility of Yiihaw. When a method is introduced as an explicit
member implementation, it is added to this list.

The mapping facility is, later in the weaving process
Õ
queried for explicit

implementations during the execution of the Implements? algorithm to de-
termine if an explicit member implementation has been added .

The proxy construct

The proxy construct is implemented much in the same way as member intro -
ductions (see Appendix D for the source code). When a member Ma is inserted
into a program as Mp, the Yiihaw mapping facility is extended with an entry
for the insertion, mapping Ma to Mp. This has the consequence that references
to Ma in inserted instructions are replaced at weave time with ref erences toMp.

For the proxy construct, an entry is added to the Yiihaw mappi ng facility
mapping a member Ma in the aspect to an existing member N in the target pro-
gram. The consequence is the same: references toMa in inserted instructions
are replaced at weave time with references to N.

The weaver is extended with checks that determine that the pr oxy access
level is respected in inserted code. The rule for introducti on is extended so
that it fails if the aspect programmer attempts to introduce and proxy the same
member; this would create an ambiguous reference in the Yiih aw mapping
facility.

Implementing the type rules

I have implemented the foundation algorithms, developed in Section 2.4, in
a separate classTypeCheckerService (see Appendix C for the source code)
and inserted calls to this class in the relevant places in the weaving algorithm.

As mentioned, Yiihaw relies heavily on the type judgements ma de by the
language compilers that produce the CLI assemblies that the weaver takes as
input. One source of this reliance is that Yiihaw does not per form a static
analysis in the sense that it tries to predict the types of the values that will be
on the stack when the program is run. Instead, it employs the ty pe rules at
the time of copying or mapping instructions from the aspect a ssembly to the
target assembly. This makes the task of implementing new typ e rules simpler.
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The strategy does, however, prevent the type checking algorithm in Yi-
ihaw from addressing a class of type problems. Ideally, the ty pe checking
algorithm would ensure, that the value of this (the IL instruction ldarg.0 )
never be used as an argument in advice code. We would like the p rogram-
mer to instead use the type-safe GetTarget operation. This can, however,
not be achieved in the current type checking framework. An in itial attempt
is to restrict the allowed instructions immediately after t he ldarg.0 instruc-
tion to method invocation or Þeld access, but this falls shor t in many admis-
sible usages. Consider the following expression, where Gis a Þeld: this.G =
this.M() . The expression is compiled to:

ldarg.0
ldarg.0
call instance int32 class A::M()
stfld int32 A::G

The value of this is left on the stack for the purpose of writing to the Þeld G.
The sequenceldarg.0 ldarg.0 is admissible in this case, but inadmissible in
the expression D.N(this,this.M()) . The expression is compiled to:

ldarg.0
ldarg.0
call instance int32 class A::M()
call void class D::N(class A, int32)

These two examples show that it cannot be determined with sim ple one in-
struction lookahead whether the value of ldarg.0 is used as an argument. To
solve this problem, Yiihaw would likely have to employ a much more com-
plex type checking algorithm that would keep track of the typ es on the stack.

Order in weaving in Y 2

Because of the new constructs and type rules, the order in weaving is extended
in Y2 .

1. Introductions, copying of metadata

2. Proxies

3. Introductions, copying of IL instructions

4. ModiÞcations

5. Advice application

6. Enqueued implementation checks (destructive weavings)

The Þnal check represents the implementation checks necessary to ensure
that the Correctness Criterion holds for destructive weavi ngs. The situations
that cause destructive weavings enqueue the types in need of implementation
checks; and the actual checks are performed as the last thingin the weaving.
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3.8 Testing Y1 and Y2

I work on the source code to the Yiihaw aspect weaver. The weav er is devel-
oped as part of the masterÕs thesis of Johansen and Spangenberg [28] where
the focus was on developing the software architecture and semantics of a
high-performance static aspect weaver. As a result of this f ocus many of the
type rules of Y 1 documented in this chapter are not explicitly documented.

Since the focus of this project is to develop methods for ensuring correct-
ness and safety of weavings, I Þnd it relevant to develop an extensive test
suite for thoroughly testing the capabilities of Yiihaw. Th is test suite is used
to verify that the type rules work as intended, i.e. that well -typed weavings
are carried out without errors and that ill-typed weavings g enerate an error.
Moreover, the test suite provides a useful regression test, that makes sure that
the new type rules does not unintentionally break existing f unctionality.

The extensive work on testing done in this project has been a natural part
of the task of learning about and assessing the safety and capabilities of Y 1.
The test framework is extended to systematically test the ty pe rules develped
in this project.

Test framework

I use the NUnit framework [9] as a base for encoding and runnin g the tests.
The tool PEVerify [10], which is part of the Microsoft .NET SD K [8], is used for
veriÞcation of the assemblies that Yiihaw outputs. It implem ents the veriÞca-
tion algorithm described in the ECMA-335 standard [7, p. 18] , which validates
the IL metadata and performs a static analysis of each method.

The framework supports two classes of tests; positiveand negativetests.
Positive testsare weavings that are expected to succeed, and will fail when a
weaving unexpectedly results in an error. Negative tests ar e weavings that
are expected to result in an error, and will fail when a weavin g unexpectedly
suceeds.

In the implementation of the tests, the notion of test failure are somewhat
minimal. A positive test fails if:

1. The parser or weaver generates an exception

2. The weaver does not generate an exception, but the resulting program
cannot be veriÞed by PEVerify

A negative test fails if:

1. The parser or weaver does not generate an exception

Note that this notion of test failure does not include comple te automatic ver-
iÞcation. In the case of positive tests, there is no veriÞcation that the oper-
ations in the pointcut speciÞcations have actually been carried out. In the
case of negative tests there is no verÞcation that the expected exceptions have
been generated (as opposed to some other exception). Because of this, I have
performed such veriÞcation manually, multiple times, afte r each major code
revision of the Yiihaw weaver in this project.
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Test strategy

The test strategy consists of both a systematic and non-systematic part.
The non-systematic part is a base test suite built by committ ing 30 experi-

mental and example programs developed in this project to one b ig test suite.
I included approximately 25 programs developed by Peter Ses toft in experi-
menting with the original Yiihaw weaver.

The systematic test cases are structured by the type rules developed in this
project. For each type rule, the test suite consists of several positive tests and
negative tests. Each type rule is exercised to show that it does not break when
used in combination with inheritance or boxing. The systema tic test suite
consists of 72 test programs. The structure of the test suite for Y2 is outlined
in Table 3.3.

Feature P N Tests

Insert abstract method (destructive) 2 3 5
Insert method 7 2 9
Change base class 1 7 8
Implement interface 5 7 12
Explicit member implementation ( override ) 2 2 4
Advice application 2 3 5
The Proceed operation 6 1 7
The GetTarget operation 8 3 11
Proxy members 8 3 11

Table 3.3: Overview of the tests of the Y 2 weaver. P is the number of positive tests. N
is the number of negative tests.
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4 Generic aspects: semantics and
types

Support for manipulating generic types are very limited in Y iihaw, and it is
interesting to generalize the functionality of Y 2 to apply to generic types as
well. In this chapter I develop an extended semantics for gene ric aspects,
generic advice and generic mixins. The semantics is developed through anal-
ysis of example programs. I develop the necessary extensions to the Yiihaw
pointcut language. The resulting version of Yiihaw is Y G .

I then proceed to show that Y G provides support for a more elegant pattern
of expressing variance between the type of a parameter in an advice method
and the type of a parameter in the target method.

Finally, I discuss the central concerns and components in the implementa-
tion of Y G .

A note on terminology

In this project, the term generic aspectis used synonymously with the term
parametrized aspect. The term generic aspect is also used by Rho et al. [40]
where the concept is more general abstraction, where wildcards and prede-
Þned kinds of pointcuts are replaced by a logic language and t he ability to
name and constrain metavariables in join points.

I use the terminology of the C# Language SpeciÞcation [6, p. 387] to let a
concretetype denote a type that has no type parameters, a generic typea type
that has at least one type parameter, and generic methoda method that has at
least one type parameter. To form runtime types, generic typ es and methods
are supplied type arguments. An instance of a generic type, where a type ar-
gument is supplied for each type parameter, is a called a constructed type. An
open typeis a type parameter, a constructed type, that has an open type as type
argument, or an array type that has an open type as its element type. A closed
typeis a type that is not open.

Current support

Generic target types

Yiihaw has several severe limitations in its support for dea ling with generic
types. One source of these limitations is the pointcut synta x, that does not
allow the aspect programmer to reference type parameters or type arguments.
In IL, type parameters of a generic type are not a part of the name of that type
nor of its signature, thus it is not possible to overload type s on the number
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of generic parameters. Because of this, the Common LanguageSpeciÞcation
contains a naming convention that encodes the number of type parameters in
the type name [7, p. 59]. To target a type deÞned in C# asList<T> the aspect
programmer must use the CLS-name, List`1 , in the pointcut speciÞcation.

A member of a constructed type may be targeted by its name. Since the
aspect programmer cannot refer to type arguments in the poin tcut language,
it is not possible to express a pointcut that relies on a constructed type in the
signature of a member. Contrary to what is the case for type si gnatures, type
parameters arepart of the signature of a generic method. A consequence of
this is that methods may be overloaded on the number of generi c parame-
ters, and in this case the aspect programmer cannot express which overload
to target in the pointcut language.

Overall, generic types and methods are not handled differen tly than other
types in Yiihaw. This means that advice code or inserted code cannot reference
type parameters of the target type, which constitutes an imp ortant limitation.

Generic aspect types

As discussed earlier, advice methods used in Yiihaw may decl are a type pa-
rameter that represents the return type of the advised metho d to allow the
same advice to be applied on several methods with different r eturn types.

Other uses of generics within aspects are not supported. One could let a
type representing an aspect declare a type parameter, but asYiihaw does not
provide any way to replace references to that type parameter within signa-
tures or method implementations, references to the type par ameter would not
have a well-deÞned meaning in the inserted code. Under the existing type
rules of Yiihaw, such a program would thus be ill-typed.

No constructed target types or methods

Constructed types, such as List<int> , does not have a separate representa-
tion in the assembly. It is deÞned only as in the assemblyÕs type speciÞcation
table as a generic instance type with element type List`1 and the type ar-
gument int . Because of this representation, it is not possible to weave to a
method in an instance of a generic type, since the method deÞnitions with the
IL code are shared among all type instances. It is, for instance, not possible to
apply advice to methods in List<int> that are not applied to List<string> .
This applies to generic methods as well; it is not possible to target a method
M<int> without targeting M<string> , M<X>etc., because all of these methods
share the same IL code.

YG will not aim to work around this barrier. Target types and tar get meth-
ods cannot beconstructed.

4.1 Semantics for generic aspects

There are two levels in enabling richer use of generics withi n programs that
use Yiihaw.

The Þrst level is to generalize the existing capabilities of Yiihaw to fully
support types and members with closed constructed types in t heir signature.
This does not change the picture much in terms of semantics and type analysis
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in Yiihaw, as closed constructed types have much the same role as concrete
types.

The second level is to provide a rich semantics for using type parameters in
advice code. As mentioned above, this is a challenge, since type parameters
only carry meaning within the generic type that declares the se parameters.
Aspect programmers must be provided with a mechanism of deÞn ing a new
meaning for these type parameters by substituting types tha t are accessible
from the target class for type parameters in the aspect class.

Why generic aspects?

A generic aspect is an aspect that may be quantiÞed over types. In the Yiihaw
programming model it should be deÞned as a generic type. I use the example
of a caching aspect from Johansen et al. [29]. Consider the following caching
aspect:

public class IntDoubleCaching {
static Dictionary<int,double> cache;

static double CachingAdvice(int x) {
if (cache.ContainsKey(x))

return cache[x];
else {

double r = JoinPointContext.Proceed<double>();
cache[x] = r;
return r;

}
}

}

The CachingAdvice implements a caching mechanism for a method. The type
rule for advice application states that the target method mu st have return type
double and take an int as its Þrst argument. If several methods with different
signatures may beneÞt from caching, an aspect programmer must implement
the caching advice for each signature.

We may imagine a generic caching aspect:

public class Caching<A,R> {
static Dictionary<A,R> cache;

static R CachingAdvice(A x) {
if (cache.ContainsKey(x))

return cache[x];
else {

R r = JoinPointContext.Proceed<R>();
cache[x] = r;
return r;

}
}

}

Here the caching aspect is abstracted over type parametersA and R. With a
suitable method of advice application, we can use this gener ic aspect to advise
methods with different signatures.

57



A substitution semantics

The type parameters only carry meaning within the declaring context, so the
usual replace bodysemantics of advice application would result in unqualiÞed
references to values of typesA and R in the advised method. We observe that
A and R must be mapped to other types in the weaving process. The general
observation is that for the weaving to be correct, each type p arameter of a
generic aspectmust be substituted for types available from the target program.

This observation leads us to consider a substitution semantics. An aspect
programmer supplies the generic aspect Caching`2 with a substitution [A #$
int, R #$ double] , and the weaver can generate a version of the type, where
type parameters A and R are replaced:

public class CachingÔ2ÔintÔdouble {
static Dictionary<int,double> cache;

static double Advice(int x) {
if (cache.ContainsKey(x))

return cache[x];
else {

double r = JoinPointContext.Proceed<double>();
cache[x] = r;
return r;

}
}

}

The existing Yiihaw semantics can now be used to apply the aspect.
This strategy is comparable to how templates are handled in i mplemen-

tations of C++, where the compiler will generate a specializ ed version of a
type or function upon instantiation. It does, however, stand in contrast to how
generics are normally handled in the CLI, where using a constr ucted type does
not result in the creation of a specialized type at compile-t ime. The advantage
of using a substitution algorithm is that the transparent se mantics of Yiihaw
is preserved. A non-substituting method would rely on using a generic type
instance of Caching`2 which would dramatically change how advice code is
handled.

Substitution semantics for generic target types

It may be useful to weave a generic aspect to a generic target class, such as
C<S,T> . It is still the case that the aspect programmer must provide a full
substitution, but the type parameters of C`2 may be part of the substitution.
For instance the substitution [A #$ S, R #$ T] , will yield the type:

public class CachingÔ2ÔC-1ÔC-2 {
static Dictionary<S,T> cache;

static T Advice(S x) {
if (cache.ContainsKey(x))

return cache[x];
else {

T r = JoinPointContext.Proceed<T>();
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cache[x] = r;
return r;

}
}

}

SinceS and T only carry meaning within the declaring class C`2 , this gener-
ated type is not correct in itself. But when used for advice ap plication and
member introduction to C`2 , the result will be correct.

Substitution semantics for generic advice

The reason that we must substitute every type parameter of a g eneric aspect
is that the type parameter will not be available within the ta rget type. This
intuition is valid for advice methods as well. Consider the g eneric advice
method:

public T Advice<T,R,U>(R r, U u)
{

...
return JoinPointContext.Proceed<T>();

}

Because of the replace body semantics of Yiihaw, we know that none of the
type parameters will be declared in the advised method. We al so know that
the weaver will replace the type parameter T at weave-time, so we need only
substitute the remaining two parameters R and U.

Enabling parameter variance through generics

This semantics provides an interesting opportunity for han dling variance be-
tween the arguments of the advice method and the target metho d. The rule
developed in Section 3.1 suffers from the need to introduce t he weave-time
check that the advice code does not write to a parameter variable, if the type
of the variable varies from the type of the same parameter in t he advised
method. Consider the following example:

public T Advice<T>(IBorrower borrower)
{

borrower = new StaffBorrower(); // compiles
return JoinPointContext.Proceed<T>();

}

When this advice is applied to a method Reserve(StudentBorrower borro-
wer) , the weaver discovers that the advice code writes to a parameter vari-
able, where the type varies from the parameter type in the tar geted method.
This generates an error at weave-time, which may seem arbitrary to the aspect
programmer.

A pattern for allowing variance based on generics does not su ffer from this
problem. Consider a reimplementation of the advice method:
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public T Advice<T,R>(R borrower)
where R : IBorrower

{
borrower = new StaffBorrower(); // compile error ...
return JoinPointContext.Proceed<T>();

}

Here the C# compiler catches the error of writing to the parame ter variable at
compile-time. This makes the solution a more elegant way of h andling vari-
ance between the parameter types of advice methods and targeted methods.

4.2 Semantics for generic mixins

Having outlined a substitution semantics for generic aspect s and generic ad-
vice methods, I proceed to explore how this semantics apply t o member intro-
ductions, type introductions and type modiÞcations.

No substituted type introductions

The substitution semantics could be used to allow an aspect programmer to
insert an entire substituted type. It is not clear to me, howev er, that this would
be useful at all. Inserting an entire substituted type does no t lend any extra
ßexibility to the programmer compared to inserting the gener ic type and us-
ing that directly. It does cancel out many of the beneÞts of the implementation
of generic types in the CLI, such as a compact representation. Because of this,
I do not include support for substituted type introductions in YG .

Member introductions

In the substitution semantics, a member with an open type in it s type signa-
ture will acquire a closed type in the process of type substit ution. Consider
the following example:

class Source<T>
{

T _value;
}

When inserting the Þeld value from the type Source , a substitution for the
type parameter T must be provided. When providing the substitution [T #$
R] the Þeld has the type R as it is inserted.

Generic method introductions

Unlike generic advice, introducing a generic method allows us to let the intro-
duced method declare the same type parameters as the source method. There-
fore, the aspect programmer may provide no substitution (co pying the generic
method as is), a partial substitution or a complete substitu tion of the type pa-
rameters of the method. Consider the following example:
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static S Foldr<T,S>(Fun<T,S> f, S s, Stack<T> l)
{

return (l.Count > 0) ?
f(l.Pop(),Foldr<T,S>(f, s, l)) : s;

}

The method Foldr may be inserted, with a substitution for none, one, or both
of its two type parameters. If not all of the type parameters ar e substituted,
the inserted method will be generic. Let us consider the case where both type
parameters are substituted, using a substitution [T #$ double, S #$ int]

static int Foldr(Fun<double,int> f, int s, Stack<double> l )
{

return (l.Count > 0) ?
f(l.Pop(),Foldr<double,int>(f, s, l)) : s;

}

We observe that the substituted version of Foldr apparently depends on the
original generic Foldr method. The mapping facility will, however, remap the
call to Foldr<double,int> to the inserted generated version of Foldr . There
is some limitations with respect to introduction of recursi ve methods with a
partial substitution; I discuss the details in Section 4.5.

Generic type hierarchy modiÞcation

In the case of generic type hierarchy modiÞcation, the substitution strategy is
inappropriate. As explained above, Y G does not support type introductions
based on the substitution semantics.

A more appropriate strategy is to extend the semantics of typ e hierarchy
modiÞcation to implement a constructed type. When an aspect p rogrammer
declares that the type C implements J<T>, it will implement the generic in-
stanceJ<T> and not a substituted version of J`1 .

The substitution algorithm will, however, be used in the pro cess of type
checking.

4.3 Extending the pointcut language

In designing the extensions to the pointcut language, the fol lowing observa-
tions are central:

¥ For types in an aspect assembly, type parameters must be substituted.

¥ For methods in an aspect assembly, type parameters may, but need not,
be substituted.

¥ For types and methods in a target assembly, constructed types and meth-
ods cannot be targeted, but generic types must be able to reveal its type
parameters for use in substitutions.

These observations suggest that, in extending the pointcut language, we need
to represent types differently depending on whether they ar e in the aspect
assembly or the target assembly. This leads me to divide the two syntactic
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Syntactic category Description

a-type A type in the aspect assembly. If generic, it
must be supplied with a substitution for each
of its type parameters.

t-type A type in the target assembly. If generic, it
may expose its type parameters for use in sig-
natures and substitutions.

a-method A method in the aspect assembly. If generic,
it may be supplied with a substitution for any
number of its type parameters.

t-method A method in the target assembly. If generic,
it may expose its type parameters for use in
signatures and substitutions.

Table 4.1: Syntactic categories for types and methods in the pointcut langua ge of YG .

categories type and methodinto four categories, as detailed in Table 4.1. The
categoriesa-typeand a-method, representing types and methods in aspect as-
semblies, are subject to substitution and must as such have type arguments
Ògoing inÓ. The categoriest-type and t-methodrepresents types and methods
in target assemblies, and they must simply reveal their type parameters.

Developing the syntax

The syntax extension for the forms t-type and t-methodare very straightfor-
ward. The existing forms for typeand methodare simply augmented with an
optional list of type parameters. This extension is detaile d in Figure 4.1

While it is possible to develop a grammar where there is no synt actic dis-

t-type ::=
dotted-name t-generic-parameter-listopt

t-typestar ::=
t-type | dotted-namestar

t-method ::=
dotted-name t-generic-parameter-listopt

t-methodstar ::=
t-method | dotted-namestar

t-generic-parameter-list ::=
< t-generic-parameters>

t-generic-parameters ::=
identiÞer | t-generic-parameters, identiÞer

Figure 4.1: Grammar describing the syntax of t-types and t-methods.

62



a-type ::=
dotted-name a-generic-parameter-listopt

a-method ::=
dotted-name a-generic-parameter-listopt

a-generic-parameter-list ::=
< a-generic-parameters>

a-generic-parameters ::=
type-or-param-alt | a-generic-parameters, type-or-param-alt

type-or-param-alt ::=
! identiÞer | !! identiÞeropt | a-type

type-or-param ::=
! identiÞer | !! identiÞer | a-type

type-or-array ::=
type-or-param | type-or-param []

Figure 4.2: Grammar describing the syntax of a-types and a-methods.

tinction between types and type parameters (like in the C# la nguage), I Þnd
that the semantics of lifting a type parameter of a t-type int o an a-type, be-
comes more clear when the pointcut language distinguishes b etween the two
kinds of types. Therefore I adopt the ! notation from IL for dereferencing type
parameters in signatures and substitutions.

I use the notation !! to indicate that a type parameter shall not be substi-
tuted; as discussed, this is only valid for type parameters i n a-methods. When
a generic a-method is used in introduction, it may have any of its type pa-
rameters unsubstituted. An unsubstituted type parameter m ay optionally be
given a name, !!T . This is useful for using these type parameters in the signa-
tures of a-methods. When a generic a-method has the role of advice, zero or
one type parameter may be unsubstituted. If one type paramete r of an advice
method is unsubstituted, the weaver shall replace it at weav e-time using the
existing rules of advice application. This implies that the unsubstituted type
parameter of an advice must be the return type of the advice me thod.

These extensions are detailed in Figure 4.2. Finally, thesenew deÞnitions
are added to the pointcut language in Figure 4.3.

Examples

It may be difÞcult to get a sense of the extensions to the pointcut language
from studying the changes to the grammar alone. In the followi ng I use the
language extensions to create pointcut speciÞcations for the previous exam-
ples in this chapter.

Consider a pointcut speciÞcation for applying the Caching aspect from
before, with the substitution [A #$ int, R #$ double] :

around * * double C:M(int)
do Caching<int,double>:CachingAdvice;
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around ::=
around triplet t-typestar : t-methodstar argument-list inheritopt do
a-type : a-method ;

Þeld-introduction ::=
field triplet a-type : identiÞer into t-type

method-introduction ::=
method-like-construct triplet a-type: a-method argument-list into
t-type overrideopt

member-introduction ::=
member-like-construct triplet a-type : a-method into t-type
overrideopt

override ::=
override a-type : a-method

Þeld-proxy ::=
field proxy-access-level triplet a-type: identiÞer proxy-for

method-proxy ::=
method-like-construct triplet a-type: a-method argument-list proxy-
for

member-proxy ::=
member-like-construct triplet a-type: a-method proxy-for

proxy-for ::=
for t-type : t-method

modify ::=
modify t-type modiÞcation a-type;

Figure 4.3: Grammar extension to the pointcut language Y G .

Here, the generic aspectCaching (an a-type) is provided the substitution. The
syntax looks familiar to programmers who use C#, C++, and rel ated lan-
guages with generics.

When advising the method Min a generic t-type C<S,T> , the aspect pro-
grammer exposes the type parameters ofCin the pointcut speciÞcation to state
the substitution [A #$ S, R #$ T] :

around * * !Y C<X,Y>:M(!X)
do Caching<!X,!Y>:CachingAdvice;

Note that the names of the type parameters (S and T) in the implementation
of the target method do not matter in the pointcut, where they are identiÞed
by their position in the list of type parameters and given the names X and Y
for the purpose of providing a substitution for the Caching advice.

Substitution of type parameters in methods looks similar:

around * * !B C:M<A,B>(!A, !B, * )
do A:Advice<!!,!A,!B>;
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Note, that since advice application in Yiihaw replaces the u nsubstituted type
parameter with the return type of the targeted method, the fo llowing pointcut
speciÞcation is equivalent to the one above:

around * * !B C:M<A,B>(!A, !B, * )
do A:Advice<!B,!A,!B>;

In method introduction, a generic a-method may have any numbe r of its type
parameters unsubstituted:

insert method * static
!!S A:Foldr<!!T,!!S>(Fun<!!T,!!S>,!!S,Stack<!!T>)
into C;

A generic a-method inserted with a substitution:

insert method * static
int A:Foldr<double,int>(Fun<double,int>,int,Stack<do uble>)
into T;

The syntax for type introductions remains unchanged, as Y G has no support
for introducing an entire type with a substitution. It does su pport introducing
and using a generic type:

insert method * * bool A:LessThan(C) into ns.C;
insert type IComparableÔ1 into ns;
modify ns.C implement IComparable<ns.C>;

4.4 Type checking of generic aspects

The implementation of generics in the CLI is described in Ken nedy and Syme
[30] and formalized in Yu et al. [45]. In the following, I will p rovide a brief
overview of the type theory behind the kind of parametric pol ymorphism
available in CLI. This overview serves to explain the kind of t ype checking
needed for ensuring the correctness of generic weavings.

Foundations: F-Bounded polymorphism

In parametric polymorphism, a class may declare a type parame ter and use
this in the class deÞnition:

class C<T> {
public T M(T value) {

// ...
}
// ...

}

The semantics is that the deÞnition of C is quantiÞed over types, and when C
is used, it must be supplied a type argument.

The type parameter may be constrained. This property makes generics in
CLI an instance of bounded quantiÞcation [16]. Constrainin g a type param-
eter allows us to prove that certain operations will always b e deÞned for all
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types satisfying the bound. Consider the example from befor e where the type
parameter T is constrained to be a subtype of a type D:

class C<T> where T : D {
public T M(T value) {

// value has all methods of the type D
}
// ...

}

In the C# language speciÞcation this concept is known as theeffective base class
or the effective interface setof a type parameter [7, p. 408f]. The programmer
has access to the operations valid for its effective base type and its effective
interface set.

The type parameters of a generic type, may be part of the type p arameter
constraints. This makes generics in CLI an instance of a moregeneral class of
quantiÞcation over types, known as F-Bounded quantiÞcation[14, 12].

Consider the following example:

interface J<S> { bool N(S value); }
class C<T> where T : J<T> {

public T M(T v, T w) {
return v.N(w) ? v : w;

}
// ...

}

Here the type parameter T is known to implement a method N that takes a
parameter of type T. F-Bounded quantiÞcation provide support for effectively
dealing with recursively deÞned types.

Other constraints on a type parameter T is that T has a default constructor,
T : new() , T be a reference typeT : class or T be a non-nullable value type,
T : struct .

Type checking strategy for generic aspects

The implementation of generic types in CLI plays a central ro le in the type
checking strategy of this semantics of generic weavings. Generic types are
implemented by generalizing existing IL instructions to wor k on type param-
eters, rather than introducing special instructions that w ork only on generic
parameters. Of course, there are some IL instructions designed to deal with
generics, but these are also generalized for non-generic types. This design
approach has the desirable consequence for the substitution algorithm in Y G ,
that as long as we supply a substitution that satisÞes the bound of each type
parameter, the resulting IL will be correct.

To see an example of how an IL instruction for dealing with gene rics is
generalized for all types, let us consider the example of the classC<T> from
above:

.method public instance !T M (!T v, !T w)
{

ldarga.s 1 // load as pointer
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ldarg.2
constrained. !T
callvirt instance bool class JÔ1<!T>::N(!0)
brfalse label1

ldarg.1
br label2

label1: ldarg.2
label2: ret

}

The call to Nis preceeded by aconstrained. instruction. This is a mechanism
for allowing a virtual call on a value of type T, even though we do not know
statically if T is a value type or a reference type. If T is instantiated to a value
type, it will be boxed as to allow the virtual call, if not the p ointer will simply
be dereferenced. The instruction constrained. is useful when its argument
is a type parameter, but it is valid even when its argument is a n actual type.

Now imagine a class D that fulÞls the constraint of T, i.e. that D : J<D> .
We apply the substitution [T #$ D] to a version of MdeÞned over D. Compare
how the generated version of M(left) compares to a hand-implemented version
of M(right):

ldarga.s 1
ldarg.2
constrained. D
callvirt instance bool

class JÔ1<D>::N(!0)

ldarg.1
ldarg.2

callvirt instance bool
class D::N(class D)

Bound checking

The implementation of generic types in CLI reduces the probl em of ensuring
type safety for generic weavings to the existing type rules a nd appropriate
bound checking of provided substitutions.

Consider an aspect:

class Aspect<T> where T : IComparable<T> {
V CompareAdvice<V>(T arg) {

T target = JoinPointContext.GetTarget<T>();
T greatest = target.LessThan(arg) ? arg : target;
Console.WriteLine( greatest );
return JoinPointContext.Proceed<V>();

}
V CompareAdvice<V>(T arg1, T arg2) {

T greatest = arg1.LessThan(arg2) ? arg2 : arg1;
Console.WriteLine( greatest );
return JoinPointContext.Proceed<V>();

}
}

And a pointcut:

around * * * Person: * (Person, * )
do Aspect<Person>.CompareAdvice;
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To produce a correct program, we need to check that the bound o f T is satisÞed
when Person is substituted for T. This analysis consists of checking that each
constraint on T holds for type Person ; in this case that Person implements
the interface IComparable<Person> . The infrastructure for checking this is
already established in Y2 supporting the previous type rules.

For generic targets, the task it not much different.

around * * * SortedList<X>: * (!X,!X, * )
do Aspect<!X>.CompareAdvice;

Here we must require the type parameter X is bounded by at least the same
constraints asT. If X is more constrained than T, we may still substitute X for T.
This is easily justiÞed using the Liskov substitution princi ple; each constraint
on T is a property provable about values of type T and as long as each such
property is provable about values of X, a value of type X may be used in the
place of a value of type T.

4.5 Implementation of Y G

The central components in the implementation of Y G are:

Abstract syntax A new abstract syntax for the pointcut language, that can
represent the new pointcut language.

Parser A greatly revised parser implementation that parses the ext ended point-
cut language and instantiates the abstract syntax.

Type substitution algorithm An infrastructure for generating types by sub-
stituting generic parameters in types.

Bound checker A type checking algorithm that examines a substitution to
ensure that it is correct with respect to constraints on type parameters.

Mapping facility The important mapping facility in Yiihaw is greatly extende d
to allow correct generic weavings.

Besides creating these individual components, the impleme ntation of Y G in-
volves a large amount of work Þtting the generic capabilitie s to the existing
infrastructure in the weaver.

Generic preprocessor
Parametized pointcut

representation

Aspect assembly

Target assembly

"Flat" pointcut
representation

Aspect assembly
with generated types

Yiihaw weaver

Figure 4.4: The architecture of the YG implementation.
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Figure 4.5: The classes representing types in the abstract syntax of the YG pointcut
language.

Architecture in Y G

The semantics of generic weavings in YG naturally lends itself to a prepro-
cessing strategy. The existing weaving algorithm is prepen ded with a step for
generation of specialized types through substitution of ty pe parameters. This
step, embodied by a new component called the generic preprocessor, is responsi-
ble for performing the bound checking needed to ensure the co rrectness of the
generated types and invoking the substitution algorithm. T o perform these
operations, the generic preprocessor needs access to a richrepresentation of
the types in the pointcut. Once the necessary types have beengenerated, the
weaving algorithm will use a ßat representation where each (p ossibly gener-
ated) source type is denoted by a simple name. This general architecture is
illustrated in Figure 4.4.

Abstract syntax

The abstract syntax of the pointcut language in Yiihaw needs to be extended in
YG to effectively encode the more complex speciÞcation of types that the new
extensions to the pointcut language offers. The encoding of a type in the ab-
stract syntax of Y1 and Y2 was simply a string representing the type name. For
concrete types, this encoding is sufÞcient to locate the appropriate type in the
object model provided by Cecil. In Y G a-types can be nested to specify arbi-
trarily deep constructed types, e.g. Dictionary<string,LinkedList<int>> .
This calls for a more complex representation of types.

I let the syntactic categories in Table 4.1 guide the design of the abstract
syntax. The observations that a-types and a-methods consume type argu-
ments, and that t-types and t-methods provide type paramete rs, leads to the
creation of interfaces representing each of these two roles. An outline of this
design is shown in Figure 4.5.

The architecture drawing in Figure 4.4 suggests that this re presentation is
translated into the ÒßatÓ pointcut representation where types are represented
by type name alone, but this is not entirely accurate. Rather, the abstract
syntax provides an interface to support the ßat perspective o n the pointcut.
This ßat perspective interface implements a well-deÞned serialization where
a nested a-type speciÞcation are represented by a unique string; the same se-
rialization is used in the type generation algorithm, so the ßat name will cor-
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respond to a generated type.

Parser

The parser in Y1 was a hand-implemented recursive descent parser, which
enabled it to provide very good error messages. A disadvanta ge of the hand-
implemented approach for an evolving language is that there is a high risk
of the parser deviating from the formal grammar. The formal g rammar of
the pointcut language as speciÞed in Johansen and Spangenberg [28] does, as
an indication of this pitfall, not describe the language acc epted by the imple-
mented parser with complete accuracy.

I Þnd the strategy of hand-implementing the parser too difÞc ult and risky
to implement the somewhat complex extensions in Y G by extending the ex-
isting parser. Therefore, I choose to replace the parser in YG by a parser gen-
erated by the Coco/R parser generator [5]. A disadvantage of the generated
parser is that the error messages it provides are not as good as in the hand-
implemented parser. An advantage, however, is that the tool provides a great
deal of ßexibility for experimentation in the design phase of the language ex-
tensions, and that it helps improve the grammar by resolving LL(1) conßicts.

The complete formal grammar in EBNF notation used to generat e the parser
is provided in Appendix B. In the implementation the parser, t he grammar is
annotated with semantic actions that generates the abstract syntax tree.

Type substitution algorithm

The type substitution algorithm in Y G is implemented by the class Template-
InstanceFactory , where the method CreateInstance generates a new type
from a substitution. See Appendix F for the source code. The classSubstituter
is the actual work horse that substitutes each type of construct. CreateInstance
invokes the Substitute method for each construct in the template type.

GenericPreprocessor builds up a substitution in the Cecil object model
from the pointcut representation, and invokes the TemplateInstanceFactory
which performs the actual substitution. The generated type s are named by
their serialization and stored in memory, so they may be fetc hed by the weaver
later in the process. See Appendix E.

The corresponding generation of generic methods is impleme nted in the
TemplateMethodFactory class.

Bound checking

The bound checking is implemented in the Substitution class, where it is
invoked from the constructor. It uses the functionality in th e Substituter
class to expand each of the constraints and compare the expanded constraints
to the actual substitution. For example, the constraint T : J<T> with the sub-
stitution [T #$ C] is expanded to T : J<C> and the algorithm veriÞes that C
implements J<C>.

There is a known bug in Cecil, where a reference type constraint, class , or
a constructor constraint, new() , does not show up in the object model. Yiihaw
inherits this bug, and thus some bad substitutions may go und etected in the
current prototype.
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Yiihaw mapping facility

The design of the Yiihaw mapping facility Þts poorly with the implementation
of generic types in the CLI. The Yiihaw mapping facility is a st raightforward
mapping from a reference in the aspect assembly to a corresponding reference
in the target assembly.

But in CLI, generic type instances are encoding in a type speciÞcation ta-
ble. For example, a type List<string> is encoded as the generic typeList`1
and the type argument string . Imagine the type List`1 is inserted during
a weaving. When the Yiihaw mapping facility encounters a refe rence to the
type instance List<string> , it simply decides that no type List<string>
has been inserted, and the weaving fails.

In YG , the Yiihaw mapping facility is extended to remap the refere nce to
List<string> , by using or creating a type speciÞcation in the target assembly.

The extension of the existing mapping facility works for the most straight-
forward cases, but it has some limitations. The overall arch itecture in Yiihaw
is based upon a weaving algorithm that takes as input the aspe ct method and
the target method. Thus, the weaver does not use knowledge of the point-
cut in the mapping facility. Therefore, the mapping facilit y will not be able to
correctly remap recursive calls in methods with a partial su bstitution. Design
and implementation of a completely restructured mapping fa cility is a large
task in itself and subject for future work on Yiihaw.

4.6 Testing YG

The structured test suite is extended with 40 test cases thatexercise the generic
capabilities of YG . Table 4.2 presents an overview of the tests.

Feature P N Tests

Introductions (constructed) 3 0 3
Introductions (generated) 10 0 10
ModiÞcation 6 0 6
Advice application 5 0 5
Bound checking 9 7 16

Table 4.2: Overview of the tests of the Y G weaver. P is the number of positive tests. N
is the number of negative tests.
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5 Conclusion

5.1 Related work

As part of this project, I have studied existing work on type sy stems for aspect
weavers.

Much of the work on type safety of aspect weaving has AspectJ as a foun-
dation. AspectJ has a strategy for type safety similar to the one developed in
this project. In Kiczales et al. [32] it is noted that ÒAspectJ is statically typed,
and uses JavaÕs static type systemÓ [32, p. 329]. The advice application se-
mantics and pointcut logic of AspectJ are much more dynamic t han those of
Yiihaw, which make the type rules difÞcult to compare. Speci Þcally, point-
cuts and join points have a different and more dynamic role in A spectJ than
in Yiihaw. However, a few experiments show that the type rules for inter-type
declarations in the two systems are very similar.

The dynamic semantics of AspectJ have been shown to be unsound in
some usages [44, 27]. A summary and solution to these problems have been
developed in Fraine et al. [24] in the form of the StrongAspec tJ system. The
type checking strategy developed for StrongAspectJ based on the concepts
proceed interfaceand advice interfacecorresponds closely to the strategy in the
original Yiihaw weaver for letting the Proceed operation declare its expected
return type in the advice code, and comparing this to the actu al return type
of the join point. The variance rules for advice application a nd the Proceed
operation in StrongAspectJ corresponds to the variance rules developed in
this project. StrongAspectJ incorporates a semantics for parametrized aspects
that corresponds to the bound checking strategy of Y G . Besides these similar-
ities, StrongAspectJ addresses the much more complex and expressive point-
cut logic of AspectJ, and is formalized with proof sketches f or progress and
preservation.

Another very interesting contribution is that of Jagadeesa n et al. [27], where
several short-comings of the AspectJ type checking strategy are analyzed. The
contribution develops the formal language AGFJ, Aspect Gen eric Feather-
weight Java, based on Generic Featherweight Java [26]. AGFJis similar to Y G ,
but lifts generics to support parametrized pointcuts to ena ble bounded quan-
tiÞcation in advice application. AGFJ does not permit any va riance between
types in methods and advice, but enables largely the same generics-based pat-
tern for allowing variance as the one in Y G .

Another class of efforts on exploring type safety of aspects attempt to ex-
amine the concepts of aspect-oriented programming orthogo nal to other lan-
guage features by developing small typed or untyped calculi . An example is
Ligatti et al. [34] who argue that a natural join point model br eaks the lan-
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guage design principle of orthogonality by tying the semant ics of advice with
the semantics of method invocation. To solve this problem, t hey develop a
core aspect calculus where join points are Þrst class, as a kind of typed labels,
and advice methods are encoded in the operational semantics. This provides a
very compact typed calculus for aspect oriented programs, b ut as join points
are Þrst class, the language breaks the principle of obliviousness. An obliv-
ious surface language MinAML is developed and a translation is provided
from MinAML to the core aspect calculus. The work is best view ed as a con-
tribution to how formalizations of aspect-oriented progra mming languages
may be elegantly organized in a modular fashion.

5.2 Future work

Formalization of the Yiihaw type system

An idea early in this project was to provide formalization of t he Yiihaw type
system. While the informal or semi-formal treatment present ed in this project
represents a substantial contribution in achieving type sa fety for static aspects,
a formal treatment will help examine the corner cases of the Y iihaw semantics
and provide a more solid foundation for its type system.

The work could build on the existing formalization of IL prese nted in Yu
et al. [45]. One strategy is to model the semantics of advice application and
member introduction, including the mapping rules, and prov e that such trans-
formations are type safe. The Substitution Criterion and Yiihaw subtype princi-
plediscussed in Chapter 2 could also be formalized and examined within such
a formal framework.

Improvements to the weaver

During the work with testing and extending the implementati on of Yiihaw, I
have come across a number of design suggestions that may helpimprove the
pointcut language, programming model and modularity of Yii haw.

Referencing pointcuts in the pointcut language

An aspect-programmer must take a pattern-based approach to giving an as-
pect state, by inserting the members and/or types that repre sent the state. A
consequence of this is that e.g. anaround statement may depend on an insert
statement. It would be useful to provide a mechanism for group ing these
statements to allow an aspect to be easily quantiÞed over several types with-
out duplicating a series of statements for each application . One strategy is to
create a more expressive pointcut logic inspired by the one i n AspectJ, where
the aspect programmer may name a pointcut. This strategy Þts well with the
principle in programming language design that the programm er must be able
to give a name to any construct that may be declared, e.g. a pointcut. Another
related strategy is to create a method-like construct in the pointcut language
that lets the aspect programmer abstract a series of statements over a pointcut.
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Programmatic use of Yiihaw

The original motivation for creating Yiihaw was to use aspec t-oriented pro-
gramming to efÞciently handle feature modularity in a colle ction library. This
task may be better supported through using the functionalit y of Yiihaw pro-
grammatically rather than through a pointcut speciÞcation . One could imag-
ine a user interface for controlling feature modularity, an d an implementation
that invokes the mixin facilities of Yiihaw.

One strategy would be to expose the abstract syntax as it is, but this would
likely be difÞcult to use. A better strategy is to start with d eveloping the pro-
gramming model wanted for using Yiihaw programmatically. S uch a pro-
gramming model would naturally evolve from the concepts of pointcutsand
join points, which should be Þrst class interfaces in the programming mo del.

This suggests a somewhat dramatic reorganization of the code that selects
the actual types and methods for manipulation. Right now thi s code is imple-
mented in handler classes that simply reads the representation of a pointcut.
In a more programmer-centric programming model this respons ibility is nat-
urally implemented in the classes representing point cutsand join points.

An example use of such a programming model for could be:

// Declaring a weaving
Weaving w = new Weaving("target.exe", "aspect.dll");

// Obtaining advice methods
AdviceMethod adv = w.GetAdviceMethod("A", "E");

// Declaring an constraining a poincut
Pointcut pc = w.FreshPointcut();
pc = new FilterPointcut(pc, Filters.TypeNameFilter("C") );

// Emitting a weaving operation
w.EmitAround(pc, adv);

// Performing weaving and saving the result
WeavingResult result = w.Weave();
result.Save("woven.exe");

With such a programming model, Yiihaw could serve as a compon ent for per-
forming safe and controlled manipulation of IL assemblies in many different
applications.

Reimplementation of the mapping facility

As mentioned in Section 4.5, the Yiihaw mapping facility is s uboptimal when
it comes to the Cecil programming model.

SpeciÞcally, the Cecil programming model requires that eve ry type or mem-
ber reference beimportedto make it correctly appear in the type reference or
member reference table of the resulting assembly. In Yiihaw t his responsibil-
ity is placed in the weaver, rather than in the mapping facili ty, which leads to
quite a few instances of code duplication.

The mapping facility itself is implemented in a very general fashion but
it does not support the encoding of generics type or method re ferences in
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IL metadata well. This is because the mapping facility does no t utilize the
knowledge in the pointcut during weaving. Y G extends the mapping facility
with support for mapping generic types and methods, but the i mplementation
could be made more elegant by starting from scratch and build ing it around
the Cecil programming model. The Substituter class impleme nts much of the
functionality needed in such a revised version of the mappin g facility.

5.3 Conclusion

In this thesis project I have explored the semantics and type checking strate-
gies of the static aspect weaver Yiihaw. Through the develop ment of an ex-
tensive test suite for exercising the capabilities of Yiiha w and systematic ex-
amination of the implementation, I discovered that while th e type checking
strategy was reasonable for many basic cases, it was for other cases restrictive
and unsound.

I have applied well-known foundational work in the Þeld form al type the-
ory, in an informal or semi-formal manner to the problem of en suring type
safety in static weavings with the Yiihaw replace body seman tics. Through
this work I have developed a high-level conceptual notion of type safety for
static weavings, in the form of the Yiihaw subtype principle.

This high level concept of type safety has guided the develop ment of an
improved set of type rules that solves problems of the origin al type system, as
well as semantics and type rules for member proxies and destr uctive weav-
ings. I have implemented the type rules and additional seman tics in the
Y2 prototype, together with an extensive test suite for the sys tematic testing of
the added functionality. I have demonstrated that, togethe r with semantics for
member proxies and destructive weavings, these revised rul es enables Yiihaw
to solve the expression problem and support a more general qu antiÞcation of
aspects.

From the results of Y2, I proceeded to develop a semantics for performing
weaving of parametrized aspects and generic target types. The semantics for
parametrized aspects and mixins are a straightforward subs titution seman-
tics, that Þts well with the programming model of Yiihaw. The implemen-
tation of parametrized aspects, in the form of the Y G prototype, successfully
builds on the existing type rules and semantics of the Y 2 weaver by providing
the support for generics through a thin layer, the generic preprocessor, that han-
dles the necessary type checking. A considerable part of the development of
YG has been the development of a suitable extension to the pointcut language
that allowed for the appropriate expressiveness.
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A Grammar for the pointcut language
of Y2

COMPILER YiihawPointcut

CHARACTERS
tab = Õ\u0009Õ .
eol = Õ\u000aÕ .
cr = Õ\u000dÕ .
letter = ÕAÕ .. ÕZÕ + ÕaÕ .. ÕzÕ + Õ_Õ + ÕÔÕ .
digit = "0123456789" .

TOKENS
ident = letter { letter | digit }.
number = digit { digit } .

IGNORE eol + cr + tab

PRODUCTIONS

YiihawPointcut = Statement { Statement } .
Statement = Expr ";" .
Expr = Modify | Around | Insert | Proxy .

Triplet = Access MemberType ReturnType .
Access = "public" | "private" | "protected" |

"internal" | " * " .
MemberType = "static" | "instance" | " * " .
ReturnType = "void" | " * " | TypeOrArray .

DottedName = ident { "." ident } .
DottedNameStar = ident ( " * " | "." DottedNameStar ) |

" * " [ ident ] .

TypeConstruct = "type" | "class" | "interface" |
"struct" | "enum" | "delegate" .

MethodLikeConstruct = "method" | "indexer" .
MemberLikeConstruct = "property" | "event" .

Type = DottedName .
TypeStar = DottedNameStar .
Method = DottedName .
MethodStar = DottedNameStar .
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TypeOrArray = Type [ "[]" ] .

ArgumentList = "(" [ Arguments ] ")" .
Arguments = TypeOrArray [ "," Arguments ] | " * " .

Around = "around" Triplet TypeStar ":"
MethodStar ArgumentList [ Inherit ]
"do" Type ":" Method .

Inherit = "inherits" Type .

Insert = "insert" Introduction .
Introduction = TypeIntro | MethodIntro | FieldIntro |

MemberIntro .
TypeIntro = TypeConstruct Type "into" Type .
MethodIntro = MethodLikeConstruct Triplet Type ":"

Method ArgumentList "into" Type
[ Override ] .

MemberIntro = MemberLikeConstruct Triplet Type ":"
DottedName "into" Type [ Override ] .

FieldIntro = "field" Triplet Type ":" ident "into"
Type .

Override = ( "override" | "overrides" ) Type ":"
DottedName .

Modify = "modify" Type Modification Type .
Modification = "inherit" | "inherits" | "implement" |

"implements" .
Proxy = "proxy" Proxyspec .
Proxyspec = FieldProxy | MethodProxy |

MemberProxy .
FieldProxy = "field" ProxyAccess Triplet Type ":"

ident ProxyFor .
MethodProxy = MethodLikeConstruct Triplet Type ":"

Method ArgumentList ProxyFor .
MemberProxy = MemberLikeConstruct Triplet Type ":"

DottedName ProxyFor .
ProxyFor = "for" Type ":" Method .
ProxyAccess = "read" | "readwrite" | "write" .

END YiihawPointcut.
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B Grammar for the pointcut language
of YG

COMPILER YiihawPointcut

CHARACTERS
tab = Õ\u0009Õ .
eol = Õ\u000aÕ .
cr = Õ\u000dÕ .
letter = ÕAÕ .. ÕZÕ + ÕaÕ .. ÕzÕ + Õ_Õ + ÕÔÕ .
digit = "0123456789" .

TOKENS
ident = letter { letter | digit }.
number = digit { digit } .

IGNORE eol + cr + tab

PRODUCTIONS

YiihawPointcut = Statement { Statement } .
Statement = Expr ";" .
Expr = Modify | Around | Insert | Proxy .

Triplet = Access MemberType ReturnType .
Access = "public" | "private" | "protected" |

"internal" | " * " .
MemberType = "static" | "instance" | " * " .
ReturnType = "void" | " * " | TypeOrArray .

DottedName = ident { "." ident } .
DottedNameStar = ident ( " * " | "." DottedNameStar ) |

" * " [ ident ] .

TypeConstruct = "type" | "class" | "interface" |
"struct" | "enum" | "delegate" .

MethodLikeConstruct = "method" | "indexer" .
MemberLikeConstruct = "property" | "event" .

Type = DottedName .
TType = DottedName [ TGenericParameterList ] .
TTypeStar = DottedNameStar

[ TGenericParameterList ] .
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TMethod = DottedName [ TGenericParameterList ] .
TMethodStar = DottedNameStar

[ TGenericParameterList ] .
TGenericParameterList = "<" TGenericParameters ">" .
TGenericParameters = ident { "," ident } .

AType = DottedName [ AGenericParameterList ] .
AMethod = DottedName [ AGenericParameterList ] .
AGenericParameterList = "<" AGenericParameters ">" .
AGenericParameters = TypeOrParamAlt { "," TypeOrParamAlt } .

TypeOrParamAlt = "!!" [ ident ] | "!" ident | AType .
TypeOrParam = "!!" ident | "!" ident | AType .
TypeOrArray = TypeOrParam [ "[]" ] .

ArgumentList = "(" [ Arguments ] ")" .
Arguments = TypeOrArray [ "," Arguments ] | " * " .

Around = "around" Triplet TTypeStar ":"
TMethodStar ArgumentList [ Inherit ]
"do" AType ":" AMethod .

Inherit = "inherits" AType .

Insert = "insert" Introduction .
Introduction = TypeIntro | MethodIntro | FieldIntro |

MemberIntro .
TypeIntro = TypeConstruct Type "into" Type .
MethodIntro = MethodLikeConstruct Triplet AType ":"

AMethod ArgumentList "into" TType
[ Override ] .

MemberIntro = MemberLikeConstruct Triplet AType ":"
DottedName "into" TType [ Override ] .

FieldIntro = "field" Triplet AType ":" ident "into"
TType .

Override = ( "override" | "overrides" ) AType ":"
DottedName .

Modify = "modify" TType Modification AType .
Modification = "inherit" | "inherits" | "implement" |

"implements" .

Proxy = "proxy" Proxyspec .
Proxyspec = FieldProxy | MethodProxy |

MemberProxy .
FieldProxy = "field" ProxyAccess Triplet AType ":"

ident ProxyFor .
MethodProxy = MethodLikeConstruct Triplet AType ":"

AMethod ArgumentList ProxyFor .
MemberProxy = MemberLikeConstruct Triplet AType ":"

DottedName ProxyFor .
ProxyFor = "for" TType ":" TMethod .
ProxyAccess = "read" | "readwrite" | "write" .

END YiihawPointcut.
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C TypeCheckerService.cs

using Mono.Cecil;
using MethodList = System.Collections.Generic.List<Mon o.Cecil.MethodDefinition>;
using PropertyList = System.Collections.Generic.List<M ono.Cecil.

PropertyDefinition>;
using EventList = System.Collections.Generic.List<Mono .Cecil.EventDefinition>;
using System.Collections.Generic;

namespace YIIHAW.Weaver
{

public static class TypeCheckerService
{

/// <summary>
/// Checks if a value of type t2 may be assigned to a slot expect ing a

value of type t1.
/// This is the case if t1 is a supertype of t2.
/// </summary>
/// <param name="t1">Type of the value expected by the slot< /param>
/// <param name="t2">Type of the value to be assigned</para m>
/// <param name="_ihmp">Mapping of modified types</param >
/// <returns>true if t1 represents the same type as t2, if t2 i nherits t1

or if t2 or
/// a supertype of t2 implements t1 as an interface. false if n one of the

conditions are true</returns>
public static bool IsAssignableFrom(TypeReference t1, Ty peReference t2,

InheritanceMapper _ihmp)
{

return InheritanceSteps(t1, t2, _ihmp) >= 0;
}

public static int InheritanceSteps(TypeReference t1, Typ eReference t2,
InheritanceMapper _ihmp)

{
int i = 0;

// A quick decision
if (t2.FullName.Equals(t1.FullName))

return i;

t2 = ResolveTypeDef(t2);

// Traverse the inheritance tree to inspect each supertype
while (t2 is TypeDefinition)
{

TypeDefinition tdef = t2 as TypeDefinition;

i++;
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// Check if t2 implements t1 as an interface
foreach (TypeReference tr in tdef.Interfaces)
{

int j = InheritanceSteps(t1, tr, _ihmp);
if (j >= 0)

return i + j;
}

// Check if t2 inherits or implements t1 as part of the weaving
if (_ihmp != null && _ihmp.InheritsType(t2.FullName, t1.F ullName)

)
return i;

// Step upwards
t2 = tdef.BaseType;

if (t2 == null) // The base type of System.Object is null in the
Cecil object model
return -1;

if (t2.FullName.Equals(t1.FullName))
return i;

// Attemt to resolve type definition to enable further inspe ction
t2 = ResolveTypeDef(t2);

}

return -1;
}

/// <summary>
/// This method will try to resolve the TypeDefinition objec t of a

TypeReference
/// and return it as a TypeReference.
///
/// It may return the argument value if
/// a) the argument value is a TypeDefinition or
/// b) no TypeDefinition can be resolved.
///
/// It may return a different value if the argument value is no t a

TypeDefinition
/// and the TypeDefinition can be resolved by looking at refe rences

modules or
/// assemblies.
/// </summary>
/// <param name="tref">TypeReference to resolve</param>
/// <returns>TypeReference representing the same type as t he argument</

returns>
public static TypeReference ResolveTypeDef(TypeReferen ce tref)
{

if (!(tref is TypeDefinition))
if (tref is TypeSpecification)

return ResolveTypeDef(((TypeSpecification)tref).Elem entType);
else

try
{

AssemblyDefinition assemblyDef =
(tref.Scope is AssemblyNameReference) ?

tref.Module.Assembly.Resolver.Resolve(tref.Scope
as AssemblyNameReference)
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: tref.Module.Assembly;

foreach (ModuleDefinition mdef in assemblyDef.Modules)
{

if(mdef.Types.Contains(tref.FullName))
return mdef.Types[tref.FullName];

}
} catch { }

return tref;
}

/// <summary>
/// Resolve (if possible) the base type of the type represent ed by <code>

tref</code>.
/// </summary>
/// <param name="tref">Type for which the base type should b e resolve</

param>
/// <returns>TypeReference representing the base type or n ull</returns>
public static TypeReference ResolveBaseType(TypeRefere nce tref)
{

tref = ResolveTypeDef(tref);
return (tref is TypeDefinition) ? (tref as TypeDefinition) .BaseType :

null;
}

/// <summary>
/// Compile a list of inherited non-private methods of the ty pe <code>

tref</code>
/// (excluding members defined in <code>tref</code>).
/// </summary>
/// <param name="tref"><code>TypeReference</code> to fi nd inherited

methods for.</param>
/// <returns>List of MethodDefinition objects representi ng the inherited

methods.</returns>
public static MethodList FindInheritedMethods(TypeRefe rence tref)
{

if (tref is TypeDefinition)
{

tref = ResolveTypeDef(((TypeDefinition)tref).BaseType );
return FindAllMethods(tref);

}

return new MethodList();
}

/// <summary>
/// Compile a list of defined and inherited non-private memb ers of the
/// type <code>tref</code>.
/// </summary>
/// <param name="tref"><code>TypeReference</code> repr esenting the type

to compile a method list for.</param>
/// <returns>List of MethodDefinition objects representi ng the collection

of defined and inherited methods.</returns>
public static MethodList FindAllMethods(TypeReference t ref)
{

MethodList allmethods = new MethodList();

while (tref is TypeDefinition)
{

TypeDefinition tdef = tref as TypeDefinition;
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foreach (MethodDefinition m in tdef.Methods)
if (!m.IsPrivate)

allmethods.Add(m);

foreach (TypeDefinition i in tdef.Interfaces)
allmethods.AddRange(FindAllMethods(i));

tref = ResolveTypeDef(tdef.BaseType);
}

return allmethods;
}

/// <summary>
/// Compiles a list of properties defined in or inherited by t he type <

code>tref</code>.
/// </summary>
/// <param name="tref"><code>TypeReference</code> repr esenting the </

param>
/// <returns></returns>
public static PropertyList FindAllProperties(TypeRefer ence tref)
{

PropertyList allprops = new PropertyList();

while (tref is TypeDefinition)
{

TypeDefinition tdef = tref as TypeDefinition;

foreach (PropertyDefinition p in tdef.Properties)
allprops.Add(p);

tref = ResolveTypeDef(tdef.BaseType);
}

return allprops;
}

/// <summary>
///
/// </summary>
/// <param name="type"></param>
/// <returns></returns>
private static EventList FindAllEvents(TypeReference tr ef)
{

EventList allevents = new EventList();

while (tref is TypeDefinition)
{

TypeDefinition tdef = tref as TypeDefinition;

foreach (EventDefinition p in tdef.Events)
allevents.Add(p);

tref = ResolveTypeDef(tdef.BaseType);
}

return allevents;
}

/// <summary>
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/// Performs a check that the type <code>basetype</code> in herits from
the base type of <code>type</code>,

/// and that <code>basetype</code> is not a sealed type.
/// </summary>
/// <param name="type"></param>
/// <param name="basetype"></param>
/// <param name="_globalMaps"></param>
/// <param name="_inheritanceMap"></param>
public static void CheckBaseTypeConstraints(TypeDefini tion type,

TypeDefinition basetype, GlobalMapperCollection _globa lMaps,
InheritanceMapper _inheritanceMap)

{
// Check that the new base class inherits the old base class
if (!TypeCheckerService.IsAssignableFrom(type.BaseTy pe, basetype,

_inheritanceMap))
throw new Exceptions.IllegalOperationException("The cl ass Õ" +

basetype.FullName + "Õ cannot be made the base class of the
class Õ" + type.FullName + "Õ, because a new base class must
inherit from the existing base class Õ" + type.BaseType.
FullName + "Õ.");

// Check that the new base class is not declared sealed
if (basetype.IsSealed)

throw new Exceptions.IllegalOperationException("The cl ass Õ" +
basetype.FullName + "Õ cannot be made the base class of the
class Õ" + type.FullName + "Õ, because it is declared sealed
.");

}

/// <summary>
/// Performs a check that the type <code>type</code> satisf ies all

constraints posed by the type <code>basetype</code>.
///
/// The algorithm builds a set of the constraints in <code>ba setype</code

> and the constraints in whatever types <code>basetype</co de>
inherits.

/// Then it determines if <code>type</code> either impleme nts each
constraint itself or inherits a suitable implementation. I n the
process

/// of this check, <code>type</code> may be modified to allo w lookup of
abstract methods.

/// </summary>
/// <param name="type">A type that must implement a set of co ntraints</

param>
/// <param name="basetype">A type that contains or inherit s zero or more

contraints</param>
/// <param name="_localMaps">A collection of local mappin gs</param>
/// <param name="_globalMaps">A collection of global mapp ings</param>
public static void CheckImplementation(TypeDefinition t ype,

TypeDefinition basetype, LocalMapperCollection _localM aps,
GlobalMapperCollection _globalMaps, InheritanceMapper _inheritanceMap
)

{
List<MethodDefinition> inheritedMethods = TypeCheckerS ervice.

FindInheritedMethods(type);
List<MethodDefinition> requiredMethods = TypeCheckerSe rvice.

FindAllMethods(basetype);
List<MethodDefinition> accessibleMethods = new List<Met hodDefinition

>();
accessibleMethods.AddRange(inheritedMethods);
accessibleMethods.AddRange(requiredMethods);
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// check all methods in the aspect type.
foreach (MethodDefinition aspectMethodDef in requiredMe thods)
{

// Check that the new base type does not seal any virtual metho ds
if (!aspectMethodDef.IsAbstract)
{

if (aspectMethodDef.IsFinal && aspectMethodDef.IsVirtu al)
foreach (MethodDefinition inheritedMethod in

inheritedMethods)
if (inheritedMethod.IsVirtual && CheckMethods(

inheritedMethod, aspectMethodDef))
throw new Exceptions.IllegalOperationException("

The class Õ" + basetype.FullName + "Õ cannot
be made the base class of the class Õ" + type
.FullName + "Õ, because it seals the virtual
method Õ" + inheritedMethod.DeclaringType +
"::" + inheritedMethod.Name + "Õ.");

continue;
}

bool methodFound = false;
MethodDefinition mappedMethod = aspectMethodDef;

// check for explicit implementation
GlobalMapperEntry<MethodDefinition> gEntry = _globalMa ps.Methods.

Lookup(aspectMethodDef);
if (gEntry != null && !gEntry.IsAmbiguousReference)
{

mappedMethod = gEntry.Reference;
if (_localMaps.MethodOverrides.Lookup(type, mappedMet hod) !=

null)
continue;

}

// look for an implementation in the target
foreach (MethodDefinition methodDef in type.Methods)
{

if (basetype.IsInterface)
{

if (!methodDef.IsPublic)
continue;

}
else
{

if (!CheckAccessSpecifier(methodDef.Attributes,
aspectMethodDef.Attributes))
continue;

}

if (CheckMethods(methodDef, aspectMethodDef))
{

methodFound = true;
if (!methodDef.IsVirtual)
{

methodDef.IsVirtual = true;
methodDef.IsFinal = true;

}
break;

}
}
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if (methodFound)
continue;

// ... else look for an inherited implementation
foreach (MethodDefinition methodDef in accessibleMethod s)
{

if (basetype.IsInterface)
{

if (!methodDef.IsPublic)
continue;

}
else
{

if (!CheckAccessSpecifier(methodDef.Attributes,
aspectMethodDef.Attributes))
continue;

}

if (!methodDef.IsAbstract && CheckMethods(methodDef,
aspectMethodDef))

{
methodFound = true;
if (!methodDef.IsVirtual) // In case of non-virutal

implementation generate explicit front
{

MethodReference importedMethodDef = type.Module.
Import(methodDef);

MethodDefinition explicitFront = Modification.
CreateFront(importedMethodDef, mappedMethod);

type.Methods.Add(explicitFront);
}
break;

}
}

if (!methodFound)
{

if (type.IsAbstract)
{

YIIHAW.Output.OutputFormatter.AddWarning("Letting an
interface or abstract type inherit unimplemented
methods will render the woven assembly incompatible
with any assembly that extends that type and does not

provide implementations for the unimplemented
abstract methods.");

// Make sure that implementations of typeDef within the
target assembly fulfils the new constraint.

_inheritanceMap.EnqueueImplementationCheck(type);

}
else

throw new Exceptions.ConstructNotFoundException("The
class Õ" + type.FullName + "Õ does not contain
abstract method Õ" + aspectMethodDef.Name + "Õ.
Please specify that this method should be inserted
into this class using the pointcut file.");

}
}
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List<PropertyDefinition> inheritedProps = TypeCheckerS ervice.
FindAllProperties(type);

List<PropertyDefinition> requiredProps = TypeCheckerSe rvice.
FindAllProperties(basetype);

inheritedProps.AddRange(requiredProps);

// check all properties in the aspect type.
foreach (PropertyDefinition aspectProperty in requiredP rops)
{

// Skip if an implementation is provided
if (aspectProperty.SetMethod != null && !aspectProperty. SetMethod

.IsAbstract)
continue;

if (aspectProperty.GetMethod != null && !aspectProperty. GetMethod
.IsAbstract)
continue;

bool propertyFound = false;
foreach (PropertyDefinition targetProperty in inherited Props)
{

// check the property name
if (!CheckPropertyName(aspectProperty, targetProperty ))

continue;

// check the property type
if (!aspectProperty.PropertyType.FullName.Equals(

targetProperty.PropertyType.FullName))
continue;

if ((aspectProperty.SetMethod == null) != (targetPropert y.
SetMethod == null))
continue;

if ((aspectProperty.GetMethod == null) != (targetPropert y.
GetMethod == null))
continue;

propertyFound = true;
break;

}

if (!propertyFound)
throw new Exceptions.ConstructNotFoundException("The c lass Õ"

+ type.FullName + "Õ does not contain abstract property
Õ" + aspectProperty.Name + "Õ. Please specify that this
property should be inserted into this class using the
pointcut file.");

}

List<EventDefinition> inheritedEvents = TypeCheckerSer vice.
FindAllEvents(type);

List<EventDefinition> requiredEvents = TypeCheckerServ ice.
FindAllEvents(basetype);

inheritedEvents.AddRange(requiredEvents);

foreach (EventDefinition aspectEvent in requiredEvents)
{

// Skip if an implementation is provided
if (aspectEvent.AddMethod != null && !aspectEvent.AddMet hod.

IsAbstract)
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continue;

if (aspectEvent.RemoveMethod != null && !aspectEvent.Rem oveMethod
.IsAbstract)
continue;

if (aspectEvent.InvokeMethod != null && !aspectEvent.Inv okeMethod
.IsAbstract)
continue;

bool propertyFound = false;
foreach (EventDefinition targetEvent in inheritedEvents )
{

if (!CheckPropertyName(aspectEvent, targetEvent))
continue;

if (!aspectEvent.EventType.FullName.Equals(targetEve nt.
EventType.FullName))
continue;

if ((aspectEvent.AddMethod == null) != (targetEvent.AddM ethod
== null))

continue;

if ((aspectEvent.RemoveMethod == null) != (targetEvent.
RemoveMethod == null))
continue;

if ((aspectEvent.InvokeMethod == null) != (targetEvent.
InvokeMethod == null))
continue;

propertyFound = true;
break;

}

if (!propertyFound)
throw new Exceptions.ConstructNotFoundException("The c lass Õ"

+ type.FullName + "Õ does not contain abstract event Õ"
+ aspectEvent.Name + "Õ. Please specify that this
property should be inserted into this class using the
pointcut file.");

}
}

private static bool CheckPropertyName(MemberReference a spectProperty,
MemberReference targetProperty)

{
if (aspectProperty.Name.Equals(targetProperty.Name))

return true;

string explicitName = aspectProperty.DeclaringType + "." +
aspectProperty.Name;

if (explicitName.Equals(targetProperty.Name))
return true;

return false;
}

/// <summary>
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/// Checks that the method <code>m</code> has the same signa ture and name
as the method <code>n</code>.

/// </summary>
/// <param name="m">A method</param>
/// <param name="n">A method</param>
/// <returns>True if <code>m</code> has the same signature and name as <

code>n</code>, false otherwise.</returns>
public static bool CheckMethods(MethodDefinition m, Meth odReference n)
{

// check the method name
if (!m.Name.Equals(n.Name))

return false;

// rgl 2008-03-25
// Consider FullName here.
if (!m.ReturnType.ReturnType.Name.Equals(n.ReturnTyp e.ReturnType.Name

))
return false;

// check the invocation kind
if ((m.IsStatic && n.HasThis) || (!m.IsStatic && !n.HasThi s))

return false;

// check the argument types
if (!CheckArguments(m.Parameters, n.Parameters))

return false;

return true;
}

/// <summary>
/// Checks if the arguments of an aspect method matches the ar guments of

a target method.
/// </summary>
/// <param name="aspect">The aspect methods arguments.</ param>
/// <param name="target">The target methods arguments.</ param>
/// <returns>A boolean indicating if the arguments of the tw o methods

matches.</returns>
public static bool CheckArguments(ParameterDefinitionC ollection aspect,

ParameterDefinitionCollection target)
{

if (target.Count != aspect.Count)
return false;

// rgl 2008-03-25
// Changed to compare argument types rather than argument na mes.
for (int i = 0; i < aspect.Count; i++)

if (!aspect[i].ParameterType.FullName.Equals(target[ i].
ParameterType.FullName))
return false;

return true;
}

/// <summary>
/// Checks if two methods has the same access specifier.
/// </summary>
/// <param name="targetAttributes">The first method.</p aram>
/// <param name="aspectAttributes">The second method.</ param>

94



/// <returns>A boolean indicating if the two methods had the same access
specifier or not.</returns>

public static bool CheckAccessSpecifier(MethodAttribut es targetAttributes
, MethodAttributes aspectAttributes)

{
if (((targetAttributes & MethodAttributes.Assem) == Meth odAttributes.

Assem) && !((aspectAttributes & MethodAttributes.Assem) ==
MethodAttributes.Assem))
return false;

else if (((targetAttributes & MethodAttributes.Private) ==
MethodAttributes.Private) && !((aspectAttributes &
MethodAttributes.Private) == MethodAttributes.Private ))
return false;

else if (((targetAttributes & MethodAttributes.Family) = =
MethodAttributes.Family) && !((aspectAttributes &
MethodAttributes.Family) == MethodAttributes.Family))
return false;

else if (((targetAttributes & MethodAttributes.Public) = =
MethodAttributes.Public) && !((aspectAttributes &
MethodAttributes.Public) == MethodAttributes.Public))
return false;

return true;
}

}

}
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D ProxyHandler.cs

using System;
using System.Collections.Generic;
using System.Text;
using Mono.Cecil;
using YIIHAW.Weaver;
using YIIHAW.Pointcut;

namespace YIIHAW.Controller
{

/// <summary>
///
/// </summary>
public class ProxyHandler
{

private AssemblyDefinition _aspectAssembly;
private AssemblyDefinition _targetAssembly;
private LocalMapperCollection _localMaps;

/// <summary>
///
/// </summary>
/// <param name="aspectAssembly"></param>
/// <param name="targetAssembly"></param>
/// <param name="localMaps"></param>
public ProxyHandler(AssemblyDefinition aspectAssembly , AssemblyDefinition

targetAssembly, LocalMapperCollection localMaps)
{

_aspectAssembly = aspectAssembly;
_targetAssembly = targetAssembly;
_localMaps = localMaps;

}

public void ProcessStatement(Proxy proxy)
{

TypeDefinition targetType = FindTargetType(proxy.Targe tType.FullName)
;

if (targetType == null)
{

Output.OutputFormatter.AddWarning("The type Õ" + proxy. TargetType
+ "Õ was not found in the target assembly. No proxy for Õ" +
proxy.AspectType + ":" + proxy.AspectMember + "Õ has been

registered for this type.");
return;

}

TypeDefinition aspectType = FindAspectType(proxy.AType .
FullInstanceName);

if (aspectType == null)
{

Output.OutputFormatter.AddWarning("The type Õ" + proxy. AspectType
+ "Õ was not found in the aspect assembly. No proxy for Õ" +
proxy.AspectType + ":" + proxy.AspectMember + "Õ has been

registered.");
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return;
}

switch (proxy.ProxyType)
{

case MemberTypeEnum.FIELD:
FieldProxy(proxy, targetType, aspectType); break;

case MemberTypeEnum.METHOD:
MethodProxy(proxy, targetType, aspectType); break;

case MemberTypeEnum.PROPERTY:
case MemberTypeEnum.INDEXER:

PropertyProxy(proxy, targetType, aspectType); break;
case MemberTypeEnum.EVENT:

EventProxy(proxy, targetType, aspectType); break;
}

}

private void FieldProxy(Proxy proxy, TypeDefinition targ etType,
TypeDefinition aspectType)

{
FieldDefinition aspectField = FindAspectField(aspectTy pe, proxy);
if (aspectField == null)
{

Output.OutputFormatter.AddWarning("The member Õ" + prox y.
AspectType + ":" + proxy.AspectMember + "Õ was not found in
the aspect assembly. No proxy for Õ" + proxy.AspectType + ":"

+ proxy.AspectMember + "Õ has been registered.");
return;

}

FieldDefinition targetField = FindTargetField(targetTy pe, aspectField
, proxy);

if (targetField == null)
{

Output.OutputFormatter.AddWarning("The member Õ" + prox y.
TargetType + ":" + proxy.TargetMember + "Õ was not found in
the target assembly. Therefor it could not be proxied by Õ" +

proxy.AspectType + ":" + proxy.AspectMember + "Õ.");
return;

}
_localMaps.FieldReferences.Add(targetType, aspectFie ld, targetField);
_localMaps.Proxies.RegisterProxy(targetType, aspectF ield, (int)proxy.

ProxyAccess);
RegisterProxy(aspectField, targetField);

}

private void MethodProxy(Proxy proxy, TypeDefinition tar getType,
TypeDefinition aspectType)

{
MethodDefinition aspectMethod = FindAspectMethod(aspec tType, proxy);
if (aspectMethod == null)
{

Output.OutputFormatter.AddWarning("The member Õ" + prox y.
AspectType + ":" + proxy.AspectMember.ToString() + "Õ was n ot

found in the aspect assembly. No proxy for Õ" + proxy.
AspectType + ":" + proxy.AspectMember.ToString() + "Õ has
been registered.");

return;
}
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MethodDefinition targetMethod = FindTargetMethod(targe tType,
aspectMethod, proxy);

if (targetMethod == null)
{

Output.OutputFormatter.AddWarning("The member Õ" + prox y.
TargetType + ":" + proxy.TargetMember + "Õ was not found in
the target assembly. Therefor it could not be proxied by Õ" +

proxy.AspectType + ":" + proxy.AspectMember.ToString() +
"Õ.");

return;
}

_localMaps.MethodReferences.Add(targetType, aspectMe thod,
targetMethod);

_localMaps.Proxies.RegisterProxy(targetType, aspectM ethod, (int)proxy
.ProxyAccess);

RegisterProxy(aspectMethod, targetMethod);
}

private void PropertyProxy(Proxy proxy, TypeDefinition t argetType,
TypeDefinition aspectType)

{
PropertyDefinition aspectProperty = FindAspectProperty (aspectType,

proxy);
if (aspectProperty == null)
{

Output.OutputFormatter.AddWarning("The member Õ" + prox y.
AspectType + ":" + proxy.AspectMember.ToString() + "Õ was n ot

found in the aspect assembly. No proxy for Õ" + proxy.
AspectType + ":" + proxy.AspectMember.ToString() + "Õ has
been registered.");

return;
}

PropertyDefinition targetProperty = FindTargetProperty (targetType,
aspectProperty, proxy);

if (targetProperty == null)
{

Output.OutputFormatter.AddWarning("The member Õ" + prox y.
TargetType + ":" + proxy.TargetMember + "Õ was not found in
the target assembly. Therefor it could not be proxied by Õ" +

proxy.AspectType + ":" + proxy.AspectMember.ToString() +
"Õ.");

return;
}

if (aspectProperty.GetMethod != null)
{

_localMaps.MethodReferences.Add(targetType, aspectPr operty.
GetMethod, targetProperty.GetMethod);

_localMaps.Proxies.RegisterProxy(targetType, aspectP roperty.
GetMethod, (int)proxy.ProxyAccess);

RegisterProxy(aspectProperty.GetMethod, targetProper ty.GetMethod)
;

}
if (aspectProperty.SetMethod != null)
{

_localMaps.MethodReferences.Add(targetType, aspectPr operty.
SetMethod, targetProperty.SetMethod);

_localMaps.Proxies.RegisterProxy(targetType, aspectP roperty.
SetMethod, (int)proxy.ProxyAccess);
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RegisterProxy(aspectProperty.SetMethod, targetProper ty.SetMethod)
;

}
}

private void EventProxy(Proxy proxy, TypeDefinition targ etType,
TypeDefinition aspectType)

{
EventDefinition aspectEvent = FindAspectEvent(aspectTy pe, proxy);
if (aspectEvent == null)
{

Output.OutputFormatter.AddWarning("The member Õ" + prox y.
AspectType + ":" + proxy.AspectMember.ToString() + "Õ was n ot

found in the aspect assembly. No proxy for Õ" + proxy.
AspectType + ":" + proxy.AspectMember.ToString() + "Õ has
been registered.");

return;
}

EventDefinition targetEvent = FindTargetEvent(targetTy pe, aspectEvent
, proxy);

if (targetEvent == null)
{

Output.OutputFormatter.AddWarning("The member Õ" + prox y.
TargetType + ":" + proxy.TargetMember + "Õ was not found in
the target assembly. Therefor it could not be proxied by Õ" +

proxy.AspectType + ":" + proxy.AspectMember.ToString() +
"Õ.");

return;
}

if (aspectEvent.AddMethod != null)
{

_localMaps.MethodReferences.Add(targetType, aspectEv ent.AddMethod
, targetEvent.AddMethod);

_localMaps.Proxies.RegisterProxy(targetType, aspectE vent.
AddMethod, (int)proxy.ProxyAccess);

RegisterProxy(aspectEvent.AddMethod, targetEvent.Add Method);
}

if (aspectEvent.RemoveMethod != null)
{

_localMaps.MethodReferences.Add(targetType, aspectEv ent.
RemoveMethod, targetEvent.RemoveMethod);

_localMaps.Proxies.RegisterProxy(targetType, aspectE vent.
RemoveMethod, (int)proxy.ProxyAccess);

RegisterProxy(aspectEvent.RemoveMethod, targetEvent. RemoveMethod)
;

}

if (aspectEvent.InvokeMethod != null)
{

_localMaps.MethodReferences.Add(targetType, aspectEv ent.
InvokeMethod, targetEvent.InvokeMethod);

_localMaps.Proxies.RegisterProxy(targetType, aspectE vent.
InvokeMethod, (int)proxy.ProxyAccess);

RegisterProxy(aspectEvent.InvokeMethod, targetEvent. InvokeMethod)
;

}

FieldProxy(

100



new Proxy(ProxyAccessEnum.READWRITE, AccessEnum.PRIVA TE, proxy.
InvocationKind, proxy.ReturnType, proxy.AType, proxy.
AspectMember, proxy.TargetType, proxy.TargetMember),

targetType,
aspectType);

}

private TypeDefinition FindAspectType(string aspectTyp e)
{

return FindType(aspectType, _aspectAssembly);
}

private TypeDefinition FindTargetType(string targetTyp e)
{

return FindType(targetType, _targetAssembly);
}

private FieldDefinition FindAspectField(TypeDefinitio n aspectType, Proxy
proxy)

{
foreach (FieldDefinition field in aspectType.Fields)
{

if (!Helper.CheckAccessSpecifier(field.Attributes, pr oxy.Access))
continue;

if (proxy.InvocationKind == InvocationKindEnum.STATIC & & !field.
IsStatic)
continue;

if (proxy.InvocationKind == InvocationKindEnum.INSTANC E && field.
IsStatic)
continue;

if (!(proxy.ReturnType.Type == ReturnTypeEnum.ANY) && !H elper.
IsTypeEqual(proxy.ReturnType.SpecifiedType, field.Fi eldType))
continue;

if (!field.Name.Equals(proxy.AspectMember.Name))
continue;

return field;
}
return null;

}

private FieldDefinition FindTargetField(TypeDefinitio n targetType,
FieldDefinition aspectField, Proxy proxy)

{
foreach (FieldDefinition field in targetType.Fields)
{

if (field.IsStatic != aspectField.IsStatic)
continue;

if (!field.Name.Equals(proxy.TargetMember.Name))
continue;

return field;
}
return null;

}
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private MethodDefinition FindAspectMethod(TypeDefinit ion aspectType,
Proxy proxy)

{
foreach (MethodDefinition method in aspectType.Methods)
{

if (!method.Name.Equals(proxy.AspectMember.Name))
continue;

if (!Helper.CheckAccessSpecifier(method.Attributes, p roxy.Access)
)
continue;

if (proxy.ReturnType.Type == ReturnTypeEnum.VOID)
{

if (!method.ReturnType.ReturnType.FullName.Equals("S ystem.
Void"))
continue;

}
else if (proxy.ReturnType.Type != ReturnTypeEnum.ANY && ! Helper.

IsTypeEqual(proxy.ReturnType.SpecifiedType, method.R eturnType
.ReturnType))
continue;

if (!Helper.CheckInvocationKind(method, proxy.Invocat ionKind))
continue;

if (!Helper.CheckArguments(proxy.AspectMember, method .Parameters)
)
continue;

return method;
}
return null;

}

private MethodDefinition FindTargetMethod(TypeDefinit ion targetType,
MethodDefinition aspectMethod, Proxy proxy)

{
foreach (MethodDefinition method in targetType.Methods)
{

if (!method.Name.Equals(proxy.TargetMember.Name))
continue;

if (!method.ReturnType.ReturnType.Name.Equals(aspect Method.
ReturnType.ReturnType.Name))
continue;

if (!(method.IsStatic == aspectMethod.IsStatic))
continue;

if (!Helper.CheckArguments(aspectMethod.Parameters, m ethod.
Parameters))
continue;

return method;
}
return null;

}

private PropertyDefinition FindAspectProperty(TypeDef inition aspectType,
Proxy proxy)
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{
foreach (PropertyDefinition property in aspectType.Prop erties)
{

if (!property.Name.Equals(proxy.AspectMember.Name))
continue;

if (!(proxy.ReturnType.Type == ReturnTypeEnum.ANY) && !H elper.
IsTypeEqual(proxy.ReturnType.SpecifiedType, property .
PropertyType))
continue;

return property;
}
return null;

}

private PropertyDefinition FindTargetProperty(TypeDef inition targetType,
PropertyDefinition aspectProperty, Proxy proxy)

{
foreach (PropertyDefinition property in targetType.Prop erties)
{

if (!property.Name.Equals(proxy.TargetMember.Name))
continue;

if (aspectProperty.SetMethod != null)
if (property.SetMethod == null) // must have same get

semantics
continue;

else
{

if (property.SetMethod.IsStatic) // must both have
correct invocation kind

{
if (proxy.InvocationKind == InvocationKindEnum.

INSTANCE || !aspectProperty.SetMethod.IsStatic)
continue;

}
else
{

if (proxy.InvocationKind == InvocationKindEnum.STATIC
|| aspectProperty.SetMethod.IsStatic)

continue;
}

if (!Helper.CheckArguments(property.SetMethod.Parame ters,
aspectProperty.SetMethod.Parameters))

continue;
}

if (aspectProperty.GetMethod != null)
if (property.GetMethod == null) // must have same get

semantics
continue;

else
{

if (property.GetMethod.IsStatic) // must both have
correct invocation kind

{
if (proxy.InvocationKind == InvocationKindEnum.

INSTANCE || !aspectProperty.GetMethod.IsStatic)
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continue;
}
else
{

if (proxy.InvocationKind == InvocationKindEnum.STATIC
|| aspectProperty.GetMethod.IsStatic)

continue;
}

if (!Helper.CheckArguments(property.GetMethod.Parame ters,
aspectProperty.GetMethod.Parameters))

continue;
}

if (!property.PropertyType.Name.Equals(aspectPropert y.
PropertyType.Name))
continue;

return property;
}
return null;

}

private EventDefinition FindAspectEvent(TypeDefinitio n aspectType, Proxy
proxy)

{
foreach(EventDefinition eevent in aspectType.Events)
{

if (!eevent.Name.Equals(proxy.AspectMember.Name))
continue;

if (!(proxy.ReturnType.Type == ReturnTypeEnum.ANY) && !H elper.
IsTypeEqual(proxy.ReturnType.SpecifiedType, eevent.E ventType)
)
continue;

if (proxy.InvocationKind == InvocationKindEnum.INSTANC E)
{

if (eevent.AddMethod.IsStatic)
continue;

if (eevent.RemoveMethod.IsStatic)
continue;

if (eevent.InvokeMethod.IsStatic)
continue;

}

if (proxy.InvocationKind == InvocationKindEnum.STATIC)
{

if (!eevent.AddMethod.IsStatic)
continue;

if (!eevent.RemoveMethod.IsStatic)
continue;

if (!eevent.InvokeMethod.IsStatic)
continue;

}

return eevent;
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}
return null;

}

private EventDefinition FindTargetEvent(TypeDefinitio n targetType,
EventDefinition aspectEvent, Proxy proxy)

{
foreach (EventDefinition eevent in targetType.Events)
{

if (!eevent.Name.Equals(proxy.TargetMember.Name))
continue;

if (!eevent.EventType.Name.Equals(aspectEvent.EventT ype.Name))
continue;

if ((eevent.AddMethod == null) != (aspectEvent.AddMethod == null)
)
continue;

if ((eevent.RemoveMethod == null) != (aspectEvent.Remove Method ==
null))

continue;

if ((eevent.InvokeMethod == null) != (aspectEvent.Invoke Method ==
null))

continue;

if (eevent.AddMethod != null && eevent.AddMethod.IsStati c !=
aspectEvent.AddMethod.IsStatic)
continue;

if (eevent.RemoveMethod != null && eevent.RemoveMethod.I sStatic
!= aspectEvent.RemoveMethod.IsStatic)
continue;

if (eevent.InvokeMethod != null && eevent.InvokeMethod.I sStatic
!= aspectEvent.InvokeMethod.IsStatic)
continue;

return eevent;
}
return null;

}

private static TypeDefinition FindType(string typeName,
AssemblyDefinition assembly)

{
foreach (TypeDefinition typeDef in assembly.MainModule. Types)

if (typeDef.FullName == typeName)
return typeDef;

return null;
}

private void RegisterProxy(MemberReference proxy, Membe rReference real)
{

if (!_proxymap.ContainsKey(proxy))
_proxymap[proxy] = new LinkedList<MemberReference>();

LinkedList<MemberReference> list = _proxymap[proxy];
foreach (MemberReference member in list)
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if (member.DeclaringType.FullName.Equals(real.Declar ingType.
FullName))
throw new Exceptions.IllegalOperationException("The pr oxy

member Õ" + proxy.Name + "Õ was defined multiple times
for the type Õ" + real.DeclaringType.FullName + "Õ.");

list.AddLast(real);
}

public void CheckMemberInsertion(TypeReference targetT ype,
MemberReference aspectMember)

{
if (!_proxymap.ContainsKey(aspectMember))

return;

LinkedList<MemberReference> list = _proxymap[aspectMem ber];
foreach (MemberReference member in list)

if (member.DeclaringType.FullName.Equals(targetType. FullName))
throw new Exceptions.IllegalOperationException("The me mber Õ"

+ aspectMember.DeclaringType.FullName + ":" +
aspectMember.Name + "Õ cannot be subject to both proxy
use and insertion in the type Õ" + targetType.FullName +
"Õ.");

}

private Dictionary<MemberReference, LinkedList<Member Reference>>
_proxymap = new Dictionary<MemberReference, LinkedList<
MemberReference>>();

public void TypeCheckProxies(InheritanceMapper inherit anceMaps)
{

foreach (MemberReference proxy in _proxymap.Keys)
{

if (!(proxy is FieldDefinition))
continue;

foreach (MemberReference realmember in _proxymap[proxy] )
{

FieldDefinition proxyField = proxy as FieldDefinition,
realField = realmember as FieldDefinition;

if (_localMaps.Proxies.AccessBoth(realmember.Declari ngType,
proxy))

{
if (!proxyField.FieldType.FullName.Equals(realField.

FieldType.FullName))
throw new Exceptions.IllegalOperationException("When

proxy field Õ" + proxy.DeclaringType.FullName +
":" + proxy.Name + "Õ is declared ÕreadwriteÕ, it

must have the same type as the target field Õ" +
realmember.DeclaringType.FullName + ":" +

realmember.Name + "Õ.");
}
else if (_localMaps.Proxies.AccessWrite(realmember.

DeclaringType, proxy))
{

if (!TypeCheckerService.IsAssignableFrom(realField.
FieldType, proxyField.FieldType, inheritanceMaps))
throw new Exceptions.IllegalOperationException("When

proxy field Õ" + proxy.DeclaringType.FullName +
":" + proxy.Name + "Õ is declared ÕwriteÕ, its
type must be the same as or a subtype of the type
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of Õ" + realmember.DeclaringType.FullName + ":"
+ realmember.Name + "Õ.");

}
else
{

if (!TypeCheckerService.IsAssignableFrom(proxyField.
FieldType, realField.FieldType, inheritanceMaps))
throw new Exceptions.IllegalOperationException("When

proxy field Õ" + proxy.DeclaringType.FullName +
":" + proxy.Name + "Õ is declared ÕreadÕ, its
type must be the same as or a supertype of the
type of Õ" + realmember.DeclaringType.FullName +
":" + realmember.Name + "Õ.");

}
}

}
}

}
}
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E GenericPreprocessor.cs

using System;
using Mono.Cecil;
using YIIHAW.Pointcut;
using YIIHAW.Exceptions;
using System.Collections.Generic;

namespace YIIHAW.Generic
{

public class GenericPreprocessor
{

readonly AssemblyDefinition _aspect;
readonly AssemblyDefinition _target;

public GenericPreprocessor(AssemblyDefinition aspect, AssemblyDefinition
target)

{
_aspect = aspect;
_target = target;

}

public void GenerateInstance(AType typeInstance)
{

TypeDefinition genericType = ResolveTemplateType(typeI nstance);
TemplateInstanceFactory factory = new TemplateInstanceF actory(

genericType);
TypeReference[] substitution = new TypeReference[typeIn stance.

TypeArguments.Count];

for (int i = 0; i < typeInstance.TypeArguments.Count; i++)
substitution[i] = ResolveType(typeInstance.TypeArgume nts[i]);

factory.CreateInstance(substitution);
}

public void GenerateInstance(string declaringTypeName, AMethod
methodInstance)

{
TypeDefinition declaringType = _aspect.MainModule.Type s[

declaringTypeName];
bool found = false;

foreach (MethodDefinition method in declaringType.Metho ds)
{

if (method.Name != methodInstance.Name)
continue;

if (method.GenericParameters.Count != methodInstance.
TypeArguments.Count)
continue;

found = true;

MethodDefinition generatedMethod = method.Clone();
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generatedMethod.GenericParameters.Clear();

TypeReference[] substitution = new TypeReference[method Instance.
TypeArguments.Count];

for (int i = 0; methodInstance.TypeArguments.Count > i; i++ )
{

ArgumentType argType = methodInstance.TypeArguments[i] ;
if (argType is TypeParameter && argType.Name[0] == Õ!Õ)
{

GenericParameter genparam = new GenericParameter(method .
GenericParameters[i].Name, generatedMethod);

genparam.Position = generatedMethod.GenericParameters .
Count;

generatedMethod.GenericParameters.Add(genparam);
substitution[i] = genparam;

}
else

substitution[i] = ResolveType(argType);
}

TemplateMethodFactory factory = new TemplateMethodFacto ry(method)
;

factory.CreateInstance(generatedMethod, substitution );
declaringType.Methods.Add(generatedMethod);
return;

}

if (!found)
throw new Exceptions.ConstructNotFoundException("Gene ric method

Õ" + methodInstance.Name + "Õ not found in the aspect
assembly.");

}

TypeDefinition ResolveTemplateType(AType type)
{

foreach (TypeDefinition typedef in _aspect.MainModule.T ypes)
{

if (!typedef.Name.Equals(type.Name))
continue;

if (!type.Namespace.Equals("") && !type.Namespace.Equa ls(typedef.
Namespace))
continue;

if (typedef.GenericParameters.Count != type.TypeArgume nts.Count)
continue;

return typedef;
}

throw new Exceptions.ConstructNotFoundException("The g eneric type Õ"
+ type.FullName + "Õ could not be found in the aspect assembly .")
;

}

public TypeReference ResolveType(ArgumentType type)
{

if (type is TypeParameter)
return ResolveType(type as TypeParameter);

else
{
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AType atype = type as AType;
TypeReference resolvedType;

resolvedType = ResolveType(atype);

if (atype.IsConstructedType)
{

GenericInstanceType genericInstance = new GenericInstan ceType
(resolvedType);

foreach (ArgumentType typeArgument in atype.TypeArgumen ts)
genericInstance.GenericArguments.Add(ResolveType(

typeArgument));

return genericInstance;
}

return resolvedType;
}

}

TypeReference ResolveType(AType atype)
{

foreach (TypeDefinition type in _target.MainModule.Type s)
{

if (!type.FullName.Equals(atype.FullName))
continue;

if (type.GenericParameters.Count != atype.TypeArgument s.Count)
continue;

return type;
}
foreach (TypeReference type in _target.MainModule.TypeR eferences)
{

if (!type.FullName.Equals(atype.FullName))
continue;

// rgl 2008-07-13
// Cecil does not correctly represent the number of generic

parameters in type references

// if (type.GenericParameters.Count != atype.TypeArgume nts.Count)
// continue;

return type;
}
foreach (TypeReference typeReference in _aspect.MainMod ule.

TypeReferences)
{

if (!typeReference.FullName.Equals(atype.FullName))
continue;

return _target.MainModule.Import(YIIHAW.Weaver.TypeC heckerService
.ResolveTypeDef(typeReference));

}

throw new Exceptions.ConstructNotFoundException("The t ype argument Õ"
+ atype.FullName + "Õ is not available in the target assembly .

Please specify that this type should be introduced using the
pointcut file.");
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}

TypeReference ResolveType(TypeParameter typeParameter )
{

if (typeParameter.IsOwnedByType)
{

foreach (TypeDefinition type in _target.MainModule.Type s)
{

if (!typeParameter.Owner.FullName.Equals(type.FullNa me))
continue;

if (type.GenericParameters.Count != typeParameter.Owne r.
TypeParameterCount)
continue;

return type.GenericParameters[typeParameter.Ordinal] ;
}

}
else
{

TMethod ownerMethod = (TMethod)typeParameter.Owner;
TType declaringType = ownerMethod.DeclaringType;

foreach (TypeDefinition type in _target.MainModule.Type s)
{

if (!declaringType.FullName.Equals(type.FullName))
continue;

foreach (MethodDefinition method in type.Methods)
{

if (!ownerMethod.Name.Equals(method.Name))
continue;

if (ownerMethod.TypeParameterCount != method.
GenericParameters.Count)
continue;

return method.GenericParameters[typeParameter.Ordina l];
}

}
}
throw new Exceptions.ConstructNotFoundException("The t ype argument Õ"

+ typeParameter.FullName + "Õ is not available in the target
assembly. Please specify that this type should be introduce d
using the pointcut file.");

}

public void ImportReference(AType reference)
{

Type type = Type.GetType(reference.FullName);
if (type != null)
{

TypeReference typeRef = _target.MainModule.Import(type );
goto importTypeArguments;

}

// If the referenced type is in the target assembly everythin g is
dandy

foreach (TypeReference typeReference in _target.MainMod ule.Types)
if (reference.FullName.Equals(typeReference.FullName ))

goto importTypeArguments;
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// Otherwise we make sure to let the target assembly import th e type
reference

foreach (TypeReference typeReference in _aspect.MainMod ule.
TypeReferences)

{
if (!reference.FullName.Equals(typeReference.FullNam e))

continue;

_target.MainModule.Import(YIIHAW.Weaver.TypeChecker Service.
ResolveTypeDef(typeReference));

goto importTypeArguments;
}

// This should never happen :)
throw new Exceptions.ConstructNotFoundException("Coul d not resolve

reference to the type Õ" + reference.FullName + "Õ.");

// Recursively import references in constructed types:
importTypeArguments :

foreach (ArgumentType argument in reference.TypeArgumen ts)
if (argument is AType)

ImportReference(argument as AType);
}

}
}
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F TemplateInstanceFactory.cs

using System;
using System.Collections.Generic;
using System.Text;
using Mono.Cecil.Cil;
using Mono.Cecil;
using YIIHAW.Weaver;

namespace YIIHAW.Generic
{

/// <summary>
/// A <code>TemplateInstanceFactory</code> generates a n on-generic type
/// from a generic type and a set of type arguments.
/// </summary>
public class TemplateInstanceFactory
{

private readonly TypeDefinition _templateType;

/// <summary>
/// Create a new <code>TemplateInstanceFactory</code> fo r generating
/// non-generic version of the generic type <code>template Type</code>
/// </summary>
/// <param name="templateType">The generic type to genera te non-generic

types from</param>
public TemplateInstanceFactory(TypeDefinition templat eType)
{

_templateType = templateType;
}

/// <summary>
/// Generate a postfix
/// </summary>
/// <param name="typeArguments"></param>
/// <returns></returns>
private string MakeTypePostfix(TypeReference[] typeArg uments)
{

StringBuilder sb = new StringBuilder();

for (int i = 0; i < _templateType.GenericParameters.Count; i++)
{

TypeReference typeargument = typeArguments[i];
string name;
if (typeargument is GenericParameter)
{

GenericParameter genericparam = typeargument as
GenericParameter;

name = genericparam.Position + "-" + genericparam.Owner.
ToString().Replace(Õ.Õ, Õ-Õ);

}
else

name = typeargument.FullName;
sb.Append(ÕÔÕ).Append(name);

}
return sb.ToString();
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}

/// <summary>
/// Generate a non-generic type instance based on the type ar guments in <

code>typeArguments</code>.
///
/// The generated type is added to the declaring module of the template

type.
/// </summary>
/// <param name="typeArguments">Array of type arguments< /param>
/// <returns>The generated type</returns>
public TypeDefinition CreateInstance(TypeReference[] t ypeArguments)
{

return CreateInstance(typeArguments, false);
}

/// <summary>
/// Generate a non-generic type instance based on the type ar guments in <

code>typeArguments</code>.
///
/// The generated type is added to the declaring module of the template

type.
/// </summary>
/// <param name="typeArguments">Array of type arguments< /param>
/// <param name="generateBaseType">Flag indicating weat her to recursively

generate base types</param>
/// <returns>The generated type</returns>
public TypeDefinition CreateInstance(TypeReference[] t ypeArguments, bool

isDummyForModification)
{

if (typeArguments.Length < _templateType.GenericParame ters.Count)
throw new ArgumentException("The number of type arguments must

not be less than the number of type parameters in the
template type.");

TypeDefinition generatedType = _templateType.Clone();
generatedType.NestedTypes.Clear();
generatedType.Name += MakeTypePostfix(typeArguments);

if (isDummyForModification)
generatedType.Name += "-MODIFY-DUMMY-TYPE";

// Helper objects
MemberResolver resolver = new MemberResolver(generatedT ype);
Substituter subst = new Substituter(_templateType, typeA rguments,

resolver);

if (_templateType.DeclaringType == null)
_templateType.Module.Types.Add(generatedType);

else
{

_templateType.DeclaringType.Module.Types.Add(genera tedType);

if (_templateType.DeclaringType.GenericParameters.Co unt > 0)
{

TypeDefinition declType = new TemplateInstanceFactory(
_templateType.DeclaringType as TypeDefinition).
CreateInstance(typeArguments);

declType.NestedTypes.Add(generatedType);
}

}
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if (isDummyForModification && generatedType.BaseType is
GenericInstanceType)

{
GenericInstanceType genericBase = generatedType.BaseTy pe as

GenericInstanceType;
TypeReference elemtnBase = YIIHAW.Weaver.TypeCheckerSe rvice.

ResolveTypeDef(genericBase.ElementType);
if (!(elemtnBase is TypeDefinition))

generatedType.BaseType = subst.Substitute(generatedTy pe.
BaseType, true);

else
{

TypeReference[] baseSubst = new TypeReference[elemtnBas e.
GenericParameters.Count];

for (int i = 0; i < elemtnBase.GenericParameters.Count; i++ )
baseSubst[i] = subst.Substitute(genericBase.

GenericArguments[i], true);

generatedType.BaseType = new TemplateInstanceFactory(
elemtnBase as TypeDefinition).CreateInstance(baseSubs t);

}
}
else

generatedType.BaseType = subst.Substitute(generatedTy pe.BaseType,
true);

for (int i = 0; i < generatedType.Interfaces.Count; i++)
generatedType.Interfaces[i] = subst.Substitute(genera tedType.

Interfaces[i], true);

for (int i = 0; i < generatedType.Fields.Count; i++)
{

FieldDefinition field = generatedType.Fields[i] = genera tedType.
Fields[i].Clone();

field.DeclaringType = generatedType;
field.FieldType = subst.Substitute(field.FieldType);

}

for (int i = 0; i < generatedType.Methods.Count; i++)
{

MethodDefinition method = generatedType.Methods[i] =
generatedType.Methods[i].Clone();

method.DeclaringType = generatedType;
SubstituteMethodSignature(method, _templateType.Meth ods[i], subst

);
}

for (int i = 0; i < generatedType.Constructors.Count; i++)
{

MethodDefinition constructor = generatedType.Construct ors[i] =
generatedType.Constructors[i].Clone();

constructor.DeclaringType = generatedType;
SubstituteMethodSignature(constructor, _templateType .Constructors

[i], subst);
}

if (!isDummyForModification)
{

foreach (MethodDefinition method in generatedType.Metho ds)
SubstituteMethodBody(method, subst, resolver);
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foreach (MethodDefinition ctor in generatedType.Constru ctors)
SubstituteMethodBody(ctor, subst, resolver);

}

for (int i = 0; i < generatedType.Properties.Count; i++)
{

PropertyDefinition originalProperty = generatedType.Pr operties[i
];

PropertyDefinition property = generatedType.Properties [i] =
generatedType.Properties[i].Clone();

property.DeclaringType = generatedType;

property.PropertyType = subst.Substitute(property.Pro pertyType);

for (int j = 0; j < property.Parameters.Count; j++)
{

property.Parameters[j] = property.Parameters[j].Clone ();
ParameterDefinition parameter = property.Parameters[j] ;
parameter.ParameterType = subst.Substitute(parameter.

ParameterType);
}

if (originalProperty.GetMethod != null)
{

MethodReference getMethod = subst.Substitute(originalP roperty
.GetMethod);

property.GetMethod = resolver.Resolve(getMethod);
}

if (originalProperty.SetMethod != null)
{

MethodReference setMethod = subst.Substitute(originalP roperty
.SetMethod);

property.SetMethod = resolver.Resolve(setMethod);
}

}

for (int i = 0; i < generatedType.Events.Count; i++)
{

EventDefinition eevent = generatedType.Events[i] = gener atedType.
Events[i].Clone();

eevent.DeclaringType = generatedType;

eevent.EventType = subst.Substitute(eevent.EventType) ;

if (eevent.InvokeMethod != null)
{

MethodReference invokeMethod = subst.Substitute(eevent .
InvokeMethod);

eevent.InvokeMethod = resolver.Resolve(invokeMethod);
}

if (eevent.AddMethod != null)
{

MethodReference addMethod = subst.Substitute(eevent.Ad dMethod
);

eevent.AddMethod = resolver.Resolve(addMethod);
}
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if (eevent.RemoveMethod != null)
{

MethodReference removeMethod = subst.Substitute(eevent .
RemoveMethod);

eevent.RemoveMethod = resolver.Resolve(removeMethod);
}

}

generatedType.GenericParameters.Clear();

return generatedType;
}

// (Dirty bit)
private void SubstituteMethodSignature(MethodDefiniti on method,

MethodDefinition templateMethod, Substituter subst)
{

for (int j = 0; j < method.GenericParameters.Count; j++)
{

GenericParameter oldparameter = templateMethod.Generic Parameters[
j];

method.GenericParameters[j] = subst.GetGenericParamet er(
oldparameter, method);

}

method.ReturnType.ReturnType = subst.Substitute(metho d.ReturnType.
ReturnType);

for (int j = 0; j < method.Parameters.Count; j++)
{

method.Parameters[j] = method.Parameters[j].Clone();
ParameterDefinition parameter = method.Parameters[j];
parameter.ParameterType = subst.Substitute(parameter.

ParameterType);
}

}

// (Dirty bit)
private void SubstituteMethodBody(MethodDefinition met hod, Substituter

subst, MemberResolver resolver)
{

if (method.Body == null)
return;

foreach (Instruction instr in method.Body.Instructions)
{

instr.Operand = subst.Substitute(instr.Operand);

// (Dirty bit) Remap formal parameters
if (instr.Operand is ParameterReference)
{

ParameterReference parameter = instr.Operand as
ParameterReference;

int offset = (method.HasThis) ? - 1 : 0;
instr.Operand = method.Parameters[((ParameterReferenc e)instr.

Operand).Sequence + offset];
}

}
for (int j = 0; j < method.Body.Variables.Count; j++)
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method.Body.Variables[j].VariableType = subst.Substit ute(method.
Body.Variables[j].VariableType, true);

}
}

/// <summary>
/// A <code>TemplateMethodFactory</code> generates a met hod from a generic
/// method and a set of type arguments
/// </summary>
public class TemplateMethodFactory
{

readonly MethodDefinition _templateMethod;

public TemplateMethodFactory(MethodDefinition templat eMethod)
{

_templateMethod = templateMethod;
}

public MethodDefinition CreateInstance(MethodDefiniti on method,
TypeReference[] typeArguments)

{
Substituter subst = new Substituter(_templateMethod, typ eArguments,

null);

method.ReturnType.ReturnType = subst.Substitute(metho d.ReturnType.
ReturnType);

for (int j = 0; j < method.Parameters.Count; j++)
{

method.Parameters[j] = method.Parameters[j].Clone();
ParameterDefinition parameter = method.Parameters[j];
parameter.ParameterType = subst.Substitute(parameter.

ParameterType);
}

if (method.Body != null)
{

foreach (Instruction instr in method.Body.Instructions)
{

instr.Operand = subst.Substitute(instr.Operand);

// (Dirty bit) Remap formal parameters
if (instr.Operand is ParameterReference)
{

ParameterReference parameter = instr.Operand as
ParameterReference;

int offset = (method.HasThis) ? -1 : 0;
instr.Operand = method.Parameters[((ParameterReferenc e)

instr.Operand).Sequence + offset];
}

}

for (int j = 0; j < method.Body.Variables.Count; j++)
method.Body.Variables[j].VariableType = subst.Substit ute(

method.Body.Variables[j].VariableType, true);
}

return method;
}

}
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/// <summary>
/// The helper type <code>Substituter</code> provides met hods for

substituting
/// type and member references from an instantiation map.
/// </summary>
internal class Substituter
{

private readonly TypeReference[] _substitution;
private readonly Dictionary<GenericParameter, GenericP arameter> _tmap;
private readonly IGenericParameterProvider _template;
private readonly MemberResolver _resolver;

/// <summary>
/// Create a new <code>Substituter</code> object for a spec ific type

instantiation mapping.
/// </summary>
/// <param name="substitutionMap">Map used for type subst itution</param>
public Substituter(IGenericParameterProvider template , TypeReference[]

substitution, MemberResolver resolver)
{

_template = template;
_substitution = substitution;
_resolver = resolver;
_tmap = new Dictionary<GenericParameter, GenericParamet er>();
CheckSubstitution();

}

private void CheckSubstitution()
{

for (int i = 0; i < _template.GenericParameters.Count; i++)
{

GenericParameter genericParameter = _template.GenericP arameters[i
];

TypeReference typeArgument = Substitute(genericParamet er, true);

foreach (TypeReference constraint in genericParameter.C onstraints
)
if(!TypeCheckerService.IsAssignableFrom(Substitute( constraint

, true), typeArgument, null))
throw new Exceptions.IllegalOperationException("Canno t

use Õ" + typeArgument.FullName + "Õ in substitution
in Õ" + _template.ToString() + "Õ, becuase it does
not fulfil the constraint, that it inherits Õ" +
constraint.FullName + "Õ.");

if (genericParameter.HasDefaultConstructorConstraint )
if(!HasDefaultConstructor(typeArgument as TypeDefinit ion))

throw new Exceptions.IllegalOperationException("Canno t
use Õ" + typeArgument.FullName + "Õ in substitution
in Õ" + _template.ToString() + "Õ, becuase it does
not fulfil the constraint, that it has a default
constructor.");

if (genericParameter.HasReferenceTypeConstraint && typ eArgument.
IsValueType)
throw new Exceptions.IllegalOperationException("Canno t use Õ"

+ typeArgument.FullName + "Õ in substitution in Õ" +
_template.ToString() + "Õ, becuase it does not fulfil the

constraint, that it be a reference type.");
}

}
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private bool HasDefaultConstructor(TypeDefinition type ArgDef)
{

foreach (MethodDefinition constructor in typeArgDef.Con structors)
if (constructor.Parameters.Count == 0)

return true;

return false;
}

/// <summary>
/// Record a new substitution from one generic paramter to an other
/// </summary>
/// <param name="originalParameter">The original generi c parameter</param

>
/// <param name="owner">The owner of the generic parameter in the new

context</param>
/// <returns>The parameter to be used in future substitutio ns</param>
public GenericParameter GetGenericParameter(GenericPa rameter

originalParameter, IGenericParameterProvider owner)
{

if (_tmap.ContainsKey(originalParameter))
return _tmap[originalParameter];

GenericParameter mappedParameter = new GenericParameter (
originalParameter.Name, owner);

_tmap.Add(originalParameter, mappedParameter);

// (Dirty bit)
mappedParameter.Attributes = originalParameter.Attrib utes;
mappedParameter.HasDefaultConstructorConstraint = ori ginalParameter.

HasDefaultConstructorConstraint;
mappedParameter.HasNotNullableValueTypeConstraint = o riginalParameter

.HasNotNullableValueTypeConstraint;
mappedParameter.HasReferenceTypeConstraint = original Parameter.

HasReferenceTypeConstraint;
mappedParameter.IsContravariant = originalParameter.I sContravariant;
mappedParameter.IsCovariant = originalParameter.IsCov ariant;
mappedParameter.IsNonVariant = originalParameter.IsNo nVariant;
mappedParameter.IsValueType = originalParameter.IsVal ueType;
mappedParameter.Position = originalParameter.Position ;

for (int k = 0; k < originalParameter.Constraints.Count; k+ +)
mappedParameter.Constraints.Add(Substitute(original Parameter.

Constraints[k], true));

return mappedParameter;
}

/// <summary>
/// Substitute a type reference by replacing generic parame ters by type

arguments.
/// </summary>
/// <param name="type">Type reference to perform substitu tion on</param>
/// <param name="ignoreOwner">If true the substitution wi ll occur only by

looking at the positions of the generic parameters, if false the
metadata will be used to determine if there is conflicts in th e
ownership of the generic paramters</param>

/// <param name="ownerContext">A stack of type parameter o wners, whose
type parameters will not be substituted</param>

/// <returns>Type reference representing a substituted ty pe</returns>
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public TypeReference Substitute(TypeReference type, boo l ignoreOwner,
Stack<IGenericParameterProvider> ownerContext)

{
if (type is GenericParameter)

return Substitute((GenericParameter)type, ignoreOwner ,
ownerContext);

if (type is TypeSpecification)
return Substitute((TypeSpecification)type, ignoreOwne r,

ownerContext);

return type;
}

/// <summary>
/// Substitute a type reference by replacing generic parame ters by type

arguments.
/// </summary>
/// <param name="type">Type reference to perform substitu tion on</param>
/// <param name="ownerContext">A stack of type parameter o wners, whose

type parameters will not be substituted</param>
/// <returns>Type reference representing a substituted ty pe</returns>
public TypeReference Substitute(TypeReference type, Sta ck<

IGenericParameterProvider> ownerContext)
{

return Substitute(type, false, ownerContext);
}

/// <summary>
/// Substitute a type reference by replacing generic parame ters by type

arguments.
/// </summary>
/// <param name="type">Type reference to perform substitu tion on</param>
/// <param name="ignoreOwner">If true the substitution wi ll occur only by

looking at the positions of the generic parameters, if false the
metadata will be used to determine if there is conflicts in th e
ownership of the generic paramters</param>

/// <returns>Type reference representing a substituted ty pe</returns>
public TypeReference Substitute(TypeReference type, boo l ignoreOwner)
{

return Substitute(type, ignoreOwner, new Stack<
IGenericParameterProvider>());

}

/// <summary>
/// Substitute a type reference by replacing generic parame ters by type

arguments.
/// </summary>
/// <param name="type">Type reference to perform substitu tion on</param>
/// <returns>Type reference representing a substituted ty pe</returns>
public TypeReference Substitute(TypeReference type)
{

return Substitute(type, false, new Stack<IGenericParame terProvider>()
);

}

/// <summary>
/// Substitute a generic parameter by a type argument
/// </summary>
/// <param name="genericParameter">Generic paramter to s ubstitute</param>
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/// <param name="ignoreOwner">If true the substitution wi ll occur only by
looking at the positions of the generic parameters, if false the

metadata will be used to determine if there is conflicts in th e
ownership of the generic paramters</param>

/// <param name="ownerContext">A stack of type parameter o wners, whose
type parameters will not be substituted</param>

/// <returns>Type representing the type argument the param eter is
substituted for</returns>

/// <exception>If the generic paramter cannot be mapped, an exception is
thrown</exception>

public TypeReference Substitute(GenericParameter gener icParameter, bool
ignoreOwner, Stack<IGenericParameterProvider> ownerCo ntext)

{
if (!ignoreOwner && genericParameter.Owner is MethodRefe rence &&

_tmap.ContainsKey(genericParameter))
return _tmap[genericParameter];

if (ownerContext.Contains(genericParameter.Owner))
return genericParameter;

if (ignoreOwner || IsSubstitutable(genericParameter))
return _substitution[genericParameter.Position];

throw new Exception("The generic parameter " + genericPara meter.Name
+ " (owner: " + genericParameter.Owner + " could not be
substituted");

}

private bool IsSubstitutable(GenericParameter genericP arameter)
{

if (genericParameter.Owner == _template)
return true;

if (genericParameter.Position < _template.GenericParam eters.Count)
return _template.GenericParameters[genericParameter. Position].

Name == genericParameter.Name;

return false;
}

/// <summary>
/// Substitute a type specification by replacing generic pa rameters in

the element type.
/// </summary>
/// <param name="typeSpecification">Type specification to perform

substitution on</param>
/// <param name="ignoreOwner">If true the substitution wi ll occur only by

looking at the positions of the generic parameters, if false the
metadata will be used to determine if there is conflicts in th e
ownership of the generic paramters</param>

/// <param name="ownerContext">A stack of type parameter o wners, whose
type parameters will not be substituted</param>

/// <returns>Type specification reprenting the substitut ed type</returns>
/// <exception cref="System.Exception">If the type speci fication paramter

cannot be substituted, an exception is thrown</exception>
private TypeSpecification Substitute(TypeSpecificatio n typeSpecification,

bool ignoreOwner, Stack<IGenericParameterProvider> own erContext)
{

if (typeSpecification is GenericInstanceType)
return Substitute((GenericInstanceType)typeSpecifica tion,

ignoreOwner, ownerContext);
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if (typeSpecification is ReferenceType)
return new ReferenceType(Substitute(typeSpecification .ElementType

, ignoreOwner, ownerContext));

if (typeSpecification is PointerType)
return new PointerType(Substitute(typeSpecification.E lementType,

ignoreOwner, ownerContext));

if (typeSpecification is ArrayType)
return new ArrayType(Substitute(typeSpecification.Ele mentType,

ignoreOwner, ownerContext));

if (typeSpecification is PinnedType)
return new PinnedType(Substitute(typeSpecification.El ementType,

ignoreOwner, ownerContext));

if (typeSpecification is SentinelType)
return new SentinelType(Substitute(typeSpecification. ElementType,

ignoreOwner, ownerContext));

if (typeSpecification is ModifierOptional)
return new ModifierOptional(Substitute(typeSpecificat ion.

ElementType, ignoreOwner, ownerContext), ((ModType)
typeSpecification).ModifierType);

if (typeSpecification is ModifierRequired)
return new ModifierRequired(Substitute(typeSpecificat ion.

ElementType, ignoreOwner, ownerContext), ((ModType)
typeSpecification).ModifierType);

if (typeSpecification is FunctionPointerType)
return Substitute((FunctionPointerType)typeSpecifica tion,

ignoreOwner, ownerContext);

throw new Exception("Could not substitute a type specifica tion");
}

/// <summary>
/// Substitute a generic instance type by replacing generic parameters in

its type arguments.
/// </summary>
/// <param name="genericInstanceType">Generic instance type to perform

substitution on</param>
/// <param name="ignoreOwner">If true the substitution wi ll occur only by

looking at the positions of the generic parameters, if false the
metadata will be used to determine if there is conflicts in th e
ownership of the generic paramters</param>

/// <param name="ownerContext">A stack of type parameter o wners, whose
type parameters will not be substituted</param>

/// <returns>Generic instance type representing the subst ituted type</
returns>

private GenericInstanceType Substitute(GenericInstanc eType
genericInstanceType, bool ignoreOwner, Stack<
IGenericParameterProvider> ownerContext)

{
GenericInstanceType returnvalue = new GenericInstanceTy pe(

genericInstanceType.ElementType);

returnvalue.IsValueType = genericInstanceType.IsValue Type;
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for (int i = 0; i < genericInstanceType.GenericArguments.C ount; i++)
returnvalue.GenericArguments.Add(Substitute(generic InstanceType.

GenericArguments[i], ignoreOwner, ownerContext));

return returnvalue;
}

/// <summary>
/// Substitute a function pointer type by replacing generic parameters in

the type.
/// </summary>
/// <param name="functionPointerType">Function pointer type to perform

substitution on</param>
/// <param name="ignoreOwner">If true the substitution wi ll occur only by

looking at the positions of the generic parameters, if false the
metadata will be used to determine if there is conflicts in th e
ownership of the generic paramters</param>

/// <param name="ownerContext">A stack of type parameter o wners, whose
type parameters will not be substituted</param>

/// <returns>Function pointer type representing the subst ituted type</
returns>

private FunctionPointerType Substitute(FunctionPointe rType
functionPointerType, bool ignoreOwner, Stack<
IGenericParameterProvider> ownerContext)

{
FunctionPointerType returnValue = new FunctionPointerTy pe(

functionPointerType.HasThis,
functionPointerType.ExplicitThis,
functionPointerType.CallingConvention,
new MethodReturnType(Substitute(functionPointerType. ReturnType.

ReturnType, ignoreOwner, ownerContext)));

returnValue.Name = functionPointerType.Name;

foreach (ParameterDefinition parameter in functionPoint erType.
Parameters)

{
ParameterDefinition paramclone = parameter.Clone();
paramclone.ParameterType = Substitute(paramclone.Para meterType,

ignoreOwner, ownerContext);
returnValue.Parameters.Add(paramclone);

}

return returnValue;
}

/// <summary>
/// Substitute a method reference by replacing generic para meters by type

arguments.
/// </summary>
/// <param name="method">Method reference to perform subs titution on</

param>
/// <returns>Method reference representing a substituted method</returns>
public MethodReference Substitute(MethodReference meth od)
{

return Substitute(method, new Stack<IGenericParameterP rovider>());
}

/// <summary>
/// Substitute a method reference by replacing generic para meters by type

arguments.
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/// </summary>
/// <param name="method">Method reference to perform subs titution on</

param>
/// <param name="ownerContext">A stack of type parameter o wners, whose

type parameters will not be substituted</param>
/// <returns>Method reference representing a substituted method</returns>
public MethodReference Substitute(MethodReference meth od, Stack<

IGenericParameterProvider> ownerContext)
{

if (method is GenericInstanceMethod)
{

GenericInstanceMethod genericMethod = method as
GenericInstanceMethod;

int g = genericMethod.GenericArguments.Count;
TypeReference[] genericArguments = new TypeReference[g] ;

for (int i = 0; i < g; i++)
genericArguments[i] = Substitute(genericMethod.

GenericArguments[i], ownerContext);

ownerContext.Push(genericMethod.ElementMethod);

MethodReference elementType = Substitute(genericMethod .
ElementMethod, ownerContext);

GenericInstanceMethod newgeneric = new GenericInstanceM ethod(
elementType);

for (int i = 0; i < g; i++)
newgeneric.GenericArguments.Add(genericArguments[i] );

ownerContext.Pop();

return newgeneric;
}

bool addContext = HasOwnerContext(method.DeclaringType );
TypeReference declaringType = Substitute(method.Declar ingType, true);

if (addContext)
ownerContext.Push(((GenericInstanceType)method.Decl aringType).

ElementType);

MethodReference newreference = new MethodReference(
method.Name,
declaringType,
Substitute(method.ReturnType.ReturnType, ownerContex t),
method.HasThis, method.ExplicitThis, method.CallingCo nvention);

for (int j = 0; j < method.GenericParameters.Count; j++)
{

GenericParameter oldparameter = method.GenericParamete rs[j];
newreference.GenericParameters.Add(GetGenericParame ter(

oldparameter, newreference));
}

for (int j = 0; j < method.Parameters.Count; j++)
{

ParameterDefinition parameter = method.Parameters[j].C lone();
parameter.ParameterType = Substitute(parameter.Parame terType,

ownerContext);
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newreference.Parameters.Add(parameter);
}

if (addContext)
ownerContext.Pop();

return (MethodReference)QualifyMemberReference(newre ference);
}

/// <summary>
/// Substitute a field reference by replacing generic param eters by type

arguments.
/// </summary>
/// <param name="field">Field reference to perform substi tution on</param

>
/// <param name="ownerContext">A stack of type parameter o wners, whose

type parameters will not be substituted</param>
/// <returns>Field reference representing a substituted f ield</returns>
public FieldReference Substitute(FieldReference field, Stack<

IGenericParameterProvider> ownerContext)
{

bool addContext = HasOwnerContext(field.DeclaringType) ;

if (addContext)
ownerContext.Push(((GenericInstanceType)field.Decla ringType).

ElementType);

FieldReference newreference = new FieldReference(field. Name,
Substitute(field.DeclaringType, true), Substitute(fie ld.FieldType
, ownerContext));

if (addContext)
ownerContext.Pop();

return newreference;
}

/// <summary>
/// Substitute a property reference by replacing generic pa rameters by

type arguments.
/// </summary>
/// <param name="property">Property reference to perform substitution on

</param>
/// <returns>Property reference representing a substitut ed property</

returns>
public PropertyReference SubstituteTypes(PropertyRefe rence property,

Stack<IGenericParameterProvider> ownerContext)
{

return new PropertyDefinition(property.Name, Substitut e(property.
PropertyType, true), PropertyAttributes.SpecialName);

}

/// <summary>
/// Substitute a event reference by replacing generic param eters by type

arguments.
/// </summary>
/// <param name="eevent">Event reference to perform subst itution on</

param>
/// <param name="ownerContext">A stack of type parameter o wners, whose

type parameters will not be substituted</param>
/// <returns>Event reference representing a substituted e vent</returns>
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public EventReference Substitute(EventReference eevent , Stack<
IGenericParameterProvider> ownerContext)

{
return new EventDefinition(eevent.Name, Substitute(eev ent.EventType,

true), EventAttributes.SpecialName);
}

/// <summary>
/// Substitute an instruction operand by replacing generic parameters by

type arguments in references.
/// </summary>
/// <param name="oobject">Operand object to perform subst itution on</

param>
/// <param name="ownerContext">A stack of type parameter o wners, whose

type parameters will not be substituted</param>
/// <returns>Value of an appripriate type representing a su bstituted

operand</returns>
public object Substitute(object oobject)
{

if (oobject == null)
return null;

// Perform substitution
object retval = oobject;
Stack<IGenericParameterProvider> ownerContext = new Sta ck<

IGenericParameterProvider>();

if (oobject is MethodReference)
retval = Substitute((MethodReference)oobject, ownerCon text);

else if (oobject is FieldReference)
retval = Substitute((FieldReference)oobject, ownerCont ext);

else if (oobject is PropertyReference)
retval = SubstituteTypes((PropertyReference)oobject, o wnerContext

);

else if (oobject is EventReference)
retval = Substitute((EventReference)oobject, ownerCont ext);

else if (oobject is TypeReference)
retval = Substitute((TypeReference)oobject, ownerConte xt);

// Qualify member references
if (retval is MemberReference)

retval = QualifyMemberReference((MemberReference)retv al);

return retval;
}

/// <summary>
/// (Dirty bit)
/// </summary>
/// <param name="memRef"></param>
/// <returns></returns>
private object QualifyMemberReference(MemberReference memRef)
{

if (_resolver == null)
return memRef;
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if (memRef.DeclaringType != null && _template is IMemberRe ference &&
memRef.DeclaringType.Name.Equals(((IMemberReference )_template).
Name))
return _resolver.Resolve(memRef);

if (memRef is GenericInstanceType && ((GenericInstanceTy pe)memRef).
ElementType.Scope == _resolver._type.Scope)
return memRef;

if (memRef is GenericInstanceMethod)
return memRef;

if (memRef is GenericParameter)
return memRef;

ModuleDefinition module = _resolver._type.Module;

foreach (MemberReference importedReference in module.Me mberReferences
)
if (MemberResolver.StrongEquiv(importedReference, mem Ref))

return importedReference;
foreach (MemberReference importedTypeReference in modul e.

TypeReferences)
if (MemberResolver.StrongEquiv(importedTypeReference , memRef))

return importedTypeReference;

if (memRef is TypeReference)
return module.Import((TypeReference)memRef);

else
{

module.MemberReferences.Add(memRef);
return memRef;

}
}

/// <summary>
/// Determine if <code>declaringType</code> has an elemen t type that may

be part of an owner context.
/// </summary>
/// <param name="declaringType">Declaring type of a membe r</param>
/// <returns>True if declaring type has an element type that may be part

of an owner context</returns>
private bool HasOwnerContext(TypeReference declaringTy pe)
{

return declaringType is GenericInstanceType && ((Generic InstanceType)
declaringType).ElementType != _template;

}
}

}
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