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ABSTRACT
This paper argues that being flexible (soft) or predictable
(hard) is the most fundamental dimension in the design of
programming languages including aspect-oriented ones, giv-
ing rise to myriads of derived trade-offs, and emerging in
many different forms and variants. Based on a presentation
of some of these forms and their concretizations into lan-
guage design choices, we conclude by proposing an overall
principle which may help making sound choices when choos-
ing a location in the associated language design space.

1. INTRODUCTION
The so-called ‘ilities’ denote qualities of software artefacts,
and they have been discussed in the AOSD community for
several years [8]. There are numerous ilities to consider for
those who venture into the dangerous realms of program-
ming language design, e.g., comprehensibility, evolvability,
reliability, scalability, extensibility, composability, etc. For
each design decision taken, the effects on all those qualities
in realized software systems or components may be radical,
subtle, or even both.

However, we claim that many of these ilities can be viewed
as consequences of more low-level, technical properties, e.g.,
as a result of interactions between the human mind and soft-
ware artefacts. In particular, we propose the dimension of
being flexible versus being predictable as a very fundamen-
tal dimension at the technical level, where a large number
of design decisions represent a certain choice in the space
which is spanned by this dimension and its associated sub-
dimensions. We illustrate this by enumerating a number
of such subdimensions and giving examples of the concrete
forms they take in connection with various design situations.
Based on this, we propose a principle which may be applied
in language design, thus giving it a direction and intention-
ality which makes it easier to understand which kinds of
trade-offs are being made in this process, and making it
easier to arrive at a balanced design and with consciously
chosen properties.
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The paper first discusses a very direct expression of the
trade-off between flexible and predictable, namely random-
ness versus determinism, in Sect. 2. Next, Sect. 3 dis-
cusses one important tool which may be used to control
the level of randomness, in a sense, namely the choice be-
tween a dynamic and a static version of various mechanisms.
Section 4 continues this development by outlining a design
choice which is often at a more detailed techical level, but
which has serious implications for the range of possibilities
in that choice of dynamicity; we use the terms ‘direct’ and
‘compiled’ to describe this subdimension. In Sect. 5 we con-
sider a dimension which cross-cuts all the previous ones,
namely that of supporting complexity versus enforcing sim-
plicity. From this development, we derive a principle which
can help making language design choices informed and with
more conscious trade-offs, in Sect. 6, and finally Sect. 7 con-
cludes.

2. RANDOM VS. DETERMINISTIC
To outline this subdimension, imagine a computer which is
capable of executing instructions in a similar way as an or-
dinary computer, but rather than fetching the instructions
in the memory of the computer it decides on which instruc-
tion to execute based on measurements on some quantum
phenomenon associated with the cosmic background radia-
tion. Such a computer would be capable of doing anything
which may be achieved by means of a computer (it isn’t
even limited by decidability boundaries) and hence it is ex-
tremely flexible, but there would be no way to predict what
it will do in any particular computation, and it is extremely
unlikely that it will be useful for any concrete goal. Hence,
there is a need to impose some restrictions on the ultimately
flexible computation, such that it becomes useful.

To pinpoint the other extreme, imagine a computer which
executes a program in a simple linear language, i.e., a lan-
guage supporting some simple operations like standard com-
putations on fixed size scalar values and finite length text
strings, but without choice (like if-statements) or loops (like
while-statements). The execution of such a program would
start at the beginning and proceed with exactly the same
control flow and exactly the same computations every time.
This computation might be useful for a given concrete pur-
pose, but it would be useless in practice because it is so
predictable that multiple executions of the program will al-
ways produce exactly the same results as those produced by
the first execution.



Taking one step from the first extreme towards the other
one, consider genetic algorithms [17]. Here, small programs
are constructed randomly and then executed by agents in
a virtual environment where a given goal and a given goal
satisfaction measurement are used to promote some of the
agents and suppress others, and reuse of good agents in ‘mu-
tation’ or ‘mating’ processes is used to direct the somewhat
random construction of new agents in order to produce bet-
ter and better agents iteratively.

Conversely, by adding interaction with the environment (in-
put/output), choice (such as if-statements or late bind-
ing of object-oriented methods) and loops (such as while-
statements or recursive procedures/methods), the completely
predictable execution may be enhanced to a predictable func-
tion of the behavior of the environment. This model is so
rich that it has proved useful in practice for decades, in
the shape of mainstream procedural and object-oriented lan-
guages [13, 14, 20, 10].

Generally, computing outside special communities such as
artifical intelligence and genetic algorithms support only this
level of randomness as a core language feature. However,
threads, parallel execution, and asynchronous communica-
tion (events) provide a potential for ‘randomness’ which en-
ables more flexibility of software systems in the environment.
Even crude simulations of multi-threaded execution such as
the event loop based programming style known from graph-
ical user interfaces enable software systems to choose what
to do next based on the given events. This is ‘randomness’
because the events might as well have been generated more
or less randomly as far as the software system is concerned,
and at the same time it allows for tight control with the ex-
ecution from the environment. It is crucial to achievement
of useful results that the randomness is used as a “possi-
bility generator”, and various constraints on the execution
are used to select good choices during the execution among
all the available ones. Event based GUI programming is an
example where basically only one possibility is left open at
each point. We believe that it would be valuable to explore
greater degrees of freedom.

Aspect-oriented languages such as AspectJ [7], Hyper/J [21],
and AspectS [12] enhance traditional languages with a num-
ber of new concepts and constructs, but generally they are
confined to the ‘deterministic function of environment be-
havior’ universe. We believe that there is ample room for
extensions in this dimension, and also that the expressive
power of generating many possibilities and choosing among
them is immense. Just consider such an idea as an if-
statement which randomly chooses between the then and
the else branch, along with a kind of advice which re-
stricts the choice to a deterministic one, thus collapsing
the non-deterministic branching to an ordinary predictable
if-statement in a non-invasive manner; or how about non-
deterministically choosing which method to call at some
point, or which in order to execute a set of statements, along
with non-invasive, advice-like restrictions which may be used
to enhance the predictability towards traditional determin-
istic constructs.

3. DYNAMIC VS. STATIC

Now we focus on mostly deterministic execution, controlled
by the behavior of the environment. Within this universe we
can outline a similar spectrum of flexibility vs. predictabil-
ity which is based on the ‘time’ at which decisions are made
with respect to the program elements. Dynamic mecha-
nisms are the ones which are executed at run-time, whereas
static mechanisms are executed earlier, during compilation,
linking, loading, or whatever phases precede the actual exe-
cution.

At the most flexible end we find executions based on pro-
grams which may change in almost arbitrary ways at any
point during the execution. A prime example of such sys-
tems would be programs in CLOS [2], where the rich sup-
port for meta-programming can be used to modify the run-
ning program while it is being executed. Image based lan-
guages/systems such as Smalltalk [9] or Self [23] provide
other examples of a very high level of flexibility at run-time.

At the other end of the spectrum we find such a language
as C++ where priority has been given to avoid run-time fea-
tures in order to preserve the performance of C, and to some
extent in order to provide programmers with support for de-
tailed static analysis. Also at this end of the spectrum we
find very different languages like Standard ML [16], where
the strict static analyzability and suitability for mathemati-
cal modeling has priority, even though the performance ben-
efits derived from static analysis are also appreciated.

This trade-off is well-known in the area of aspect-oriented
language design, and apart from the liberally self-modifying
approaches there are several proposals detailing such ideas
as dynamically enabling or disabling advice, e.g. [4; 3, e.g.,],
or dynamically selecting which advice to apply, e.g. [6].

Probably the most interesting novelties in this area would
be incremental: How could we make various constructs a
little more dynamic in order to achieve extra flexibility, or
how could we make them more a little more static in order
to make them more analyzable and predictable?

4. DIRECT VS. ‘COMPILED’
When a choice has been made as to whether a given mecha-
nism should be provided in a dynamic or a static form, one of
the consequences is that the static elements may open oppor-
tunities in the direction of some kind of systematic partial
evaluation of the program. By partial evaluation we mean
expression of the program for the run-time environment in
a form which is less general than its original (source) form,
based on an analysis which exploits the given predictabili-
ties of the run-time execution; the term partial evaluation
is relevant here because the less general form is in princi-
ple reached by carrying out some of the computational work
already at compile-time. For example, in the Java program-
ming language it is possible to determine statically whether
a method invocation will be made on a class type or an in-
terface type, and in the latter case the restriction to single
inheritance for classes enables certain forms of sharing of
run-time structures (vtables) which are not possible with
interface invocations.

We use the term ‘direct’ to characterize a direct and näıve
treatment, usually with a substantial performance penalty,



and ‘compiled’ to characterize the more optimized strategies
which exploit some kind of partial evaluation. Note that
seemingly direct and dynamic approaches may well be very
sophisticated and highly optimized by means of run-time
compilation etc., but it may appear to be a direct treatment
as long as the flexibility is preserved, e.g., by being able to
undo and redo the compilation and optimization. In relation
to predictability, however, when the entire array of flexibility
has been preserved then the potential for unexpected devel-
opments is also preserved, which means that they count as
‘direct’ in this context.

In an aspect-oriented context, the static resolution of point-
cut expressions as in AspectJ is a typical example of this
trade-off, with [3] as an example of a development towards
a more dynamic treatment. In several formalizations of as-
pects based on the lambda calculus as well as in some ap-
proaches based on Scheme [22], it is common to model ad-
vice application as an entirely dynamic process, i.e., for each
function application the whole database of advice is searched
and the applicable ones are applied. In contrast, AspectJ
programs are compiled in such a way that each advice is
generally only considered at a very restriced set of program
points, e.g., because it known statically that a given advice
will only ever be enabled at the invocations of a method
having a specific name and signature.

The overall significance of this subdimension is that com-
piledness restricts dynamism, and premature compiledness
may give rise to a lack of flexibility which is never noticed
because it is taken for granted. Conversely, a useful mech-
anism may remain marginal because the missing realization
of some kind of compiledness potential makes it much more
expensive and/or less predictable than necessary.

5. COMPLEX VS. SIMPLE
Relatively independently of whether or not randomness is
exploited, whether the mechanisms are dynamic or static,
or the extent to which compiledness has been used, lan-
guages may have differing support for complexity. This has
consequences for the trade-off between flexibility and pre-
dictability in the following way.

Generally, the size of the set of possible executions depends
on the level of sophistication of the supported language
mechanisms and constructs. For instance, the extremely
limited linear programming language mentioned in Sect. 2
allows for just one possible computation. Adding new fea-
tures such as objects, dynamic dispatch, and recursion, the
same size program allows for many more different execu-
tions. It is hard (and probably useless) to precisely quantify
the number of possible executions, but there are a few cate-
gories of concepts which will definitely increase that number
when added.

The basic point here is that a larger number of possible ex-
ecutions yields more flexibility but less predictability. In
other words, the level of complexity supported by the avail-
able selection of language mechanisms—ultimately by the
set of programs which can be expressed using them—this
level of complexity directly influences the trade-off which is
the main focus of this paper.

In general, we want to allow for a large set of possible exe-
cutions, but this set should have so much internal structure
and consistency that we can gain a lot of expressive power
and flexibility and still preserve the property that executions
are sufficiently predictable. Quite simply, we want to have
the option of selecting among many useful program execu-
tions without excessively increasing the danger of selecting
useless, meaningless, or even damaging ones.

First, consider value parameterization. The expressive power
in procedures or methods taking arguments is obviously
much greater than the expressive power in parameterless
procedures and methods. Of course, parameter passing may
be simulated by means of explicit stack management or sim-
ilar techniques in context of any given Turing-complete lan-
guage, but the amount of useful work being done in a pro-
gram of a given surface complexity will intuitively definitely
be greater when parameters are available. Similarly, in a
typed language, type parameterization of classes and meth-
ods enables more expressive and flexible programs than pa-
rameterless typing, all other things equal.

In an aspect oriented context, value parameterization of
pointcuts and advice is a well-known mechanism which brings
new ideas to the already mature topic of parameter passing
mechanisms for procedures, functions, or methods. There
have also been proposals about type parameterizing aspects [19],
but this topic is certainly a non-trivial challenge because as-
pect instances are created implicitly so it may be hard to
determine what actual type arguments to use at creation
time.

Next, consider context sensitivity. Basically, object-orientation
could be said to be about enabling the dynamic choice of an
appropriate behavior for an operation (which is then known
as a method) in context of a given stateful environment
(which is then known as an object), by means of a dynamic
association of the method with the object. In other words,
we automatically get the right behavior because we go to the
object and ask it for a suitable implementation of the given
operation. Context sensitivity is also the crucial concept be-
hind virtual classes/types and family polymorphism [15, 5],
which is a powerful tool for managing mutually dependent
types safely, but in a polymorphic manner.

In the aspect-oriented world, Object Teams [11] and Dynam-
ically Composable Collaborations [18] provide examples of
context sensitivity (by being a member of an object team or
a collaboration) being applied to objects which are used in
an aspect-instance-like manner.

It is likely new and useful concepts and mechanisms will be
derived from both parameterization and parameter passing
mechanisms, as well as context sensitivity and context con-
struction and selection, together with yet more abstraction
mechanisms. In any case, this part of the trade-off pro-
vides flexibility by supporting complexity, and provides pre-
dictability by controlling complexity, and this trade-off may
be made both in language design when the level of sophisti-
cation in the provided mechanisms is chosen, and in system
development when the usage of the available mechanisms is
chosen.



6. PRINCIPLE
From the discussion so far, it should be evident that the
trade-off between flexibility and predictability has a large
number of down-to-earth technical interpretations and im-
plications. We believe that this trade-off is in a sense at
the primitive level, because it may be associated with the
direct, technical choices made in the design of programming
languages and similar devices. Many other ilities may be
considered as derived in the sense that knowledge about the
flexibility/predictability trade-offs provide useful input to-
wards a characterization of those other ilities. For example,
comprehensibility is an aspect of the reaction by human de-
velopers when confronted with software artifacts, and this
is greatly influenced by the predictability of the behavior of
the software, which is again related to all the subdimensions
mentioned in the previous sections. For another example,
evolvability is essentially a kind of flexibility where special
emphasis is given to the ability of some software artifacts to
be easily changed in ways which fit into the usage context
dynamics, and again complexity may hamper evolution even
though it may be possible in principle. From this discussion
we derive the following principle:

When designing language mechanisms, and
when applying language mechanisms dur-
ing system development, consciously choose
a suitable trade-off between flexibility and
predictability. If possible, provide a large
amount of flexibility at a basic level, and then
use declarative restrictions to improve on the
predictability of complex entities.

As an example of this approach, consider the notion of Open
Modules [1] which equip modules with explicitly exported
pointcuts and prevents pointcuts from matching locations
in modules that don’t export them. The exported pointcuts
are declarative in the sense that they just have a name and
a parameter list, whereas the actual implementation of the
pointcut may be altered without affecting clients of the mod-
ule. At the same time, the constraints on pointcuts ensure
predictability in the sense that there cannot be unforseen
pointcuts from external clients which destroy the mainte-
nance of the invariants of the module. All in all an improved
trade-off between flexibility and predictability in context of
modern software development, giving rise to improvements
in many other ilities including comprehensibility, evolvabil-
ity, and scalability.

7. CONCLUSION
We have argued that the dichotomy of flexibility versus pre-
dictability is a particularly fundamental and primitive di-
mension of interest when considering ilities in general, and
we have presented a multi-step break down of this dichotomy
into randomness vs. determinism, dynamic vs. static mecha-
nisms, direct vs. ‘compiled’ techniques, and finally complex-
ity as a cross-cutting dimension. These very general con-
siderations have been connected with more specific aspect-
oriented considerations at each step, giving rise to some
ideas about possible enhancements and generalizations. Fi-
nally, based on this discussion we have proposed a principle
which may be used to choose a good location in the pro-
gramming language design space.
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