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ABSTRACT 
This position paper suggests research directions in the area of 
virtual machines supporting aspect-oriented capabilities in the 
context of object-oriented languages.   

Categories and Subject Descriptors 
D.3.4 [Programming Languages]: Processors - Run-time envi-
ronments. 

General Terms 
Languages. 

Keywords 
Aspect-oriented software development, separation of concerns, 
dynamic software composition and decomposition. 

1. INTRODUCTION 
This brief position paper suggests research directions I consider 
important in the area of virtual machines (and perhaps intermedi-
ate languages) supporting aspect-oriented capabilities in the con-
text of object-oriented languages. Rather than a detailed model or 
solution, I’ll suggest a broad class of runtime models that I be-
lieve would be fruitful to explore and to use as a basis for innova-
tive virtual machine concepts. 

Section 2 discusses some key requirements, and section 3 dis-
cusses the proposed class of runtime models. 

2. REQUIREMENTS 
The fundamental problem to be addressed is the provision of suit-
able primitives for adding or removing concerns. One example is 
primitives for binding and unbinding or enabling and disabling 
advice. This is valuable, but not the whole story. In general, 
primitives supporting concern composition and decomposition are 
the goal. 

 

I will consider here just two key requirements I believe such 
primitives should satisfy: naturalness and safety. 

2.1 Naturalness 
Object-orient practitioners are used to thinking about a sea of 
objects at runtime, sending messages to one another. This is very 
natural to them, and it models the real world effectively. It is 
much less natural to aspect-oriented practitioners, however, be-
cause it forces them to think about translating all aspect-oriented 
effects into object-oriented effects. Concerns are not first class, 
and operations on them, like composition and decomposition, are 
meta-operations, introducing an additional level of complexity. 
This shows through particularly unpleasantly during debugging. 
Developers are confronted with the woven runtime objects, often 
involving mangled names are glue code, rather than with runtime 
elements that match their source code, such as separate, clean 
objects and aspects. 

I argue that one of the key elements of research into virtual ma-
chine support for concerns is exploration of good, natural runtime 
models. In section 3 I discuss a general class of runtime models I 
believe are especially promising. 

2.2 Safety 
The naturalness issue, as well as other considerations like those 
that apply to virtual machines and JITs in general, imply that VM 
support for composition can be preferable to pre-execution weav-
ing even in the absence of dynamic AOSD, in which composition 
and decomposition can be initiated on demand at run time. The 
safety considerations described here apply primarily to the dy-
namic case, though even VM-based implementations of essen-
tially static composition must beware of the pitfalls.  
Addition or removal of a concern requires, in general, coordinated 
changes to many objects or classes. A key element of safety is 
therefore atomicity: when a concern is added or removed, all its 
elements must be added or removed as an (effectively) atomic 
operation. If it is interleaved with execution, various semantic 
problems can arise. For example, two pieces of advice in an as-
pect might be written to cooperate, where one computes a value 
and stores it in an aspect-local variable, and the other uses it. The 
pointcuts might be such that the producer advice always executes 
before the consumer. If the aspect is added in such a way that the 
consumer advice is added, then some execution is allowed to 
happen, then the producer is added, it is possible that the con-
sumer advice will be triggered before the producer. 
A related issue is ensuring that composition or decomposition do 
not disrupt the running program. For example, suppose that at 
some instant a method that has both before and after advice asso-
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ciated with it is executing. The before advice has thus already 
executed, and might expect the after advice to do some cleanup, 
perhaps as critical as committing a transaction. If the concern 
containing both pieces of advice is removed at that particular 
instant, what happens to execution of the after advice? If the ad-
vice is simply removed and not executed, semantic problems re-
sult, even if the removal is atomic. 
These sorts of problems can be dealt with in a variety of ways. 
For example: 

• Assuming that the primitives will be generated only by 
a compiler in a manner that is guaranteed to be safe. 

• Some special support for currently-executing code, 
along the lines that JITs use to allow optimization of 
methods without disrupting current executions. 

• Suitable interlocks within the VM. 
Another element of safety has to do with proper handling of addi-
tional state introduced by a concern. This is essentially the same 
as the data migration problem in databases. When new state is 
introduced, it must be initialized, perhaps in a fixed way, perhaps 
based on the existing state. If a concern is removed and later rein-
stated, is it expected that the state values previously computed be 
retained? 
This position paper does not provide solutions to these problems. 
My point here is that these issues are crucial, and need to be at 
least considered in all work on VM support for aspect-oriented 
technology. 

3. SEA OF FRAGMENTS 
Crosscutting concerns, by their very nature, affect many scattered 
elements in the dominant decomposition of the system. In the case 
of object-oriented systems, many objects and/or classes are af-
fected when a new concern is added (or removed). The behavior 
of some of their methods is enhanced or overridden. Some addi-
tional state or methods might be added. This is generally imple-
mented, and often defined, by weaving: transforming the underly-
ing language constructs. Even if weaving is provided as a VM 
operation, this diminishes the first-class nature of concerns: 
though they may be first-class groupings, their elements get ab-
sorbed into the language's runtime representation and do not re-
main as first-class elements participating in execution. 
A concern consists of a number of fragments, such as pieces of 
advice or members to be introduced. There is also a specification, 
within the concern or separate, of how the fragments are to be 
associated with objects, such as the pointcuts at which advice is to 
be applied, and the objects or classes into which new members are 
to be introduced. It would seem natural that, once the concern is 
added to a running system, its fragments remain as elements of 
the runtime representation. This is equally true of approaches like 
Hyper/J [7], which explicitly has a fragment-composition model, 
and approaches like AspectJ [5], which does not: each AspectJ 
aspect is a fragment consisting, in turn, of advice and intertype 
declaration fragments, and it is more natural to have the aspect 
and its sub-fragments as part of the runtime representation than to 
have all or part of them “woven away.” 
This suggests a runtime model consisting of fragmented (or fac-
eted) objects. In this sort of model, an object has a unique iden-
tity, but it is not usually a single chunk of memory with a single 
table of associated methods. Instead, it is a constellation of a 

number of fragments, each of which is a single chunk of memory 
with a single table of associated methods (modulo inheritance 
from or delegation to other objects), but not necessarily with its 
own identity. These fragments combine to determine the behavior 
of the object, delegating to one another according to the manner 
in which they are combined. Bill Harrison and I analyzed the 
various ways in which such fragments can interact in an earlier 
paper [1]. 
There are many ways to realize this sort of model. For example, 
one can think of it in terms of groups of co-operating objects 
rather than as objects as constellations of fragments, as we did in 
that analysis [1]. It is along the lines of dynamic role models [6], 
Object Teams [2], and subjective objects [8]. My objective here is 
not to offer a model in detail, but to claim that exploration of such 
models is an especially fruitful direction for research in virtual 
machine support for aspect-oriented languages. 
How natural are these models in fact? It is hard to beat the sim-
plicity and real-world evocativeness of object models. I believe 
fragmented-object models come close, however, because they 
mirror the real-world situation of objects acquiring or losing char-
acteristics (roles) during their lifetimes. When a single person 
marries, s/he acquires some new behaviors and characteristics of 
married people, while still remaining the same person. If s/he 
divorces, s/he loses these. Everyone understands this in the real 
world. The goal is to come up with ways of surfacing the concepts 
of fragmented-object models to developers that mirror the natural 
situation as much as possible. This might not seem like an impor-
tant issue for a virtual machine, and perhaps it is not in the guts, 
but it is important that the runtime model that developers need to 
understand and debug be simple and natural. 

3.1 Operations 
Fragments are thus associated with, or part of, objects. They are 
also associated with concerns. Indeed, a concern is a set of frag-
ments, possibly along with instructions about how to compose 
those fragments into the system (or the instructions might be sepa-
rate, a model I prefer).  Another way to think of this is that the 
runtime model is a multi-dimensional sea or space of fragments, 
and concerns are hyperslices [10, 7]. The actual composition in-
volves establishing the appropriate connections between frag-
ments and objects. Removing a concern involves breaking such 
connections. 
This leads to initial thoughts about VM operations at two levels: 
the individual object and fragment level, and the concern level. I 
postulate an approach in which the fragment-level operations in 
isolation are not safe, but they may only be used as part of larger 
concern-level operations, which are safe. 

3.1.1 Fragment-level operations 
Operations are needed to: 

• Create a new object. This is really just creation of a 
unique identity. For the object to acquire state or behav-
ior requires the association of fragments. Of course, 
most object creation is likely to be accompanied by 
immediate association of at least one fragment. 

• Associate a fragment with an object, establishing one of 
a number of possible delegation relationships between 
them [1]. If the fragment contains state, there must be a 



means to initialize it as part of this operation (perhaps 
just to null). 

• Remove a fragment from an object, breaking the dele-
gation relationships. 

 A fragment could be a single method (piece of advice) that is 
associated with an existing method of the object in such a way 
that the new fragment executes before (or after or around) the 
original method. Alternatively, the fragment could contain some 
state to be added to the object, and perhaps some methods to ma-
nipulate it. Addition or removal of fragments thus covers the im-
portant case of binding and unbinding advice, in addition to intro-
duction of new state and behavior. 

3.1.2 Concern-level Operations 
At a minimum, operations are needed to: 

• Add a concern into the running system 

• Remove a concern from the running system 
These operations are realized in terms of a number of fragment-
level operations, and the VM must enable them to be performed 
atomically. It must also, as noted above, have a means of ensuring 
that execution is not corrupted: there must be an approach to han-
dling the situation where execution is currently in progress within 
an existing fragment with which some new fragment becomes 
associated or dissociated. 
To provide full-scale, first-class status for concerns, and to enable 
composition, additional operations would be valuable, such as: 

• Compose concerns “on the side” so that a collection of 
concerns can be added or removed as a unit. 

• Form a concern from a collection of fragments. 

• Locate join points based on queries. 
Exploring the set of appropriate operations is one of the research 
topics in this area. 

3.2 Language model 
It seems convenient, and perhaps essential, to describe the asso-
ciations between fragments and objects in terms of delegation. 
There have been long-standing debates between delegation and 
inheritance, and although they have been shown to have a degree 
of formal equivalence [9], they do have different convenience 
characteristics. Classes and inheritance are often preferred be-
cause of the static typing they provide, and yet Ungar and Smith, 
in their landmark paper on Self,  made powerful arguments for the 
power and simplicity of delegation [11]. Work on Self also 
showed that the performance penalty often attributed to flexible 
delegation approaches can be greatly reduced [4, 12, 3]. The in-
troduction of fragments into the mix seems to me a force in the 
direction of delegation, and I think a sea-of-fragments model 
would be best defined and implemented in terms of delegation. 
This does not mean abandoning all the value of higher-level or-
ganizational and typing structures, such as classes and interfaces; 
I believe there is potential for realizing much or all of their benefit 
in layers above the underlying delegation layer. 

4. CONCLUSION 
This brief position paper raised the important requirements of  
naturalness and safety for virtual machine support for aspect-

oriented capabilities, construed broadly. It also suggested a sea-
of-fragments runtime model based on delegation as a promising 
approach to explore. 
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