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ABSTRACT

In this thesis proposal we suggest an interactive method of
parallelizing legacy software that is based on separation of
concerns and aspect weaving. We statically inject paralleliz-
ing code into sequential cores by means of reusable rewrite
rules. We view parallelization as a generic refactoring pro-
cess with programmable control automated by inferences on
structured parallelization categories.

Categories and Subject Descriptors

D.1.3 [Programming techniques]: Concurrent Program-

ming— Parallel programming; 1.2.2 [Artificial Intelligence]:

Automatic Programming— Program modification, and pro-
gram transformation; D.2.7 [Software Engineering]: Dis-
tribution, Maintenance, and Enhancemen— Restructuring,
reverse engineering, and reengineering

Keywords

Performance, multicore, processor, reasoning

1. INTRODUCTION

Over a number of years parallelism has become an indispens-
able tool in physics, chemistry and other areas of science
and business. Shared-memory machines and distributed-
memory clusters of various capacity are widely employed
today for parallel execution of heavy computations and sim-
ulations. The underlying technology is developing fast. To-
gether with powerful clusters we see new multi-core chips
emerging on the market [16]. This new paradigm places
parallelism inside an individual processor and, thus, inside
ordinary of-the-shelf computers. The number of users of
parallelism and the spectrum of its application are growing.

Despite this development, programming for a parallel com-
puter remains a prerogative of a few. Today it is the same
individual, e.g., a physicist, who writes both the core and
the parallelizing code. From her perspective parallelization

is a burden. It obscures her algorithms, complicates under-
standing and creates difficulties in the development process.

In our work we start from the fact that any parallelized
application can be viewed as consisting of two parts: a serial
core and parallelizing statements. We intend to separate the
job of a domain expert who develops and maintains the core
from the job of a parallelization expert who prepares it for
execution on a parallel machine.

In our method we view the result of parallelization as a
property of a program — a property that does not change
the semantics (output) of an algorithm being parallelized.
In our hypothesis we investigate the possibility of injecting
parallelizing code into sequential cores. We term this injec-
tion as weaving or composition similar to Aspect-oriented
Programming (AOP) [15] and Invasive Software Composi-
tion (ISC) [2].

The rest of this proposal is organized as follows. In Section
2 we review parallelization techniques existing today. In
Section 3 we summarize the challenges that still need to
be addressed. In Section 4 we set the research question
and in Section 5 we discuss our solution to it. Section 6
discusses expected results, Section 7 presents methodology
and Section 8 reveals the goals of the evaluation.

2. RELATED WORK

Today parallelization can be performed in four different ways.
The most widely accepted method is manual refactoring.
Manual interference assumes absolute freedom in reengineer-
ing at the level of program statements. While it is often the
only way to reach acceptable performance levels, manual
parallelization remains the most complex approach for both
parallelization and domain experts. The process cannot be
automatized, no automated assistance in coding can be re-
ceived, and the systematic reuse of parallelizing solutions
is limited. Furthermore, the life cycle of the core applica-
tion is terminated as its parallelization requires two separate
branches: one for shared- and one for distributed-memory
platforms. This causes chaos in maintenance.

An alternative is automatic parallelization by the compiler
— either its classical fully-automated version or an extension
based on abstract interpretation and program comprehen-
sion. A parallelizing compiler is good for the domain expert
as it keeps her core application intact. Its capabilities are
limited, however, by the complexity of the underlying pat-



tern matching and static analysis [10]. In the classical ver-
sion, therefore, the compiler will conservatively process only
a subset of parallelizable data structures, such as, nested
loops with statically analyzable data dependencies [10, 13,
20]. Program comprehension helps to extend this set by
enabling domain-specific pattern recognition through, e.g.,
pluggable pattern-identifying productions [9]. Although the
method is shown effective in certain structured domains,
such as, scientific computing [9], pattern-matching remains
limited given unstructured (sparse) patterns whose identi-
fication and refactoring must be manually encoded off-line;
no interactive navigation is possible.

The third alternative is re-designing the core using, so-called,
parallel components or skeletons [8]. The method has two
serious drawbacks. First, it requires excessive manual refac-
toring, and, second, skeletons limit the parallelization since
they cover only well-structured parallelism [8, 17]. Our case
studies show, however, that in many domains with a strong
demand for parallelism (telecommunication industry, for in-
stance) we often deal with unstructured parallelism or par-
allelism that cannot be expressed in terms of skeletons, such
as, producer-consumer coordination [5, 7]. Note also that
consolidating performance over a composition of two or more
optimally parallelized components is not always possible as
skeletons do black-box composition of parallelism only. This
problem calls for an automated adaptation mechanism that
depending on the composition environment changes individ-
ual parallel components generating effectively parallelized
units (i.e., it supports gray-box composition [2]). Such a
mechanism is not available today.

The remaining option is to use one of the available interac-
tive parallelization tools, such as, [1, 12, 14]. These turn to
the expert’s knowledge who directs the refactoring in situa-
tions where the capabilities of a classical parallelizing com-
piler do not suffice. To our knowledge, the interaction in
these tools is triggered only when an automatically identi-
fied pattern cannot be entirely understood by static analysis.
They do not allow to pinpoint a pattern and to select an ac-
tion to apply to it. Furtermore, some of these systems, such
as, [1] allow to store and to replay parallelization history,
but even they lack reasoning that builds and uses causal re-
lations between actions such a history contains and between
sparsely-distributed code fragments it affects.

3. CHALLENGESIN CONTEMPORARY
PARALLELIZATION

We conclude that one of the major challenges in modern
parallelization consist in detaching the complexity due to
the original core from the complexity due to the paralleliz-
ing code. Such separation directly facilitates the work of a
domain expert. In the ideal case it permits free manipula-
tions in the core independent of the parallelization executed
in the background. Automated refactoring by the compiler
remains the only technique to approach this today.

Simplifying the parallelization process, assisting the paral-
lelization expert with decisions and allowing of more qual-
itative reuse of parallelizing solutions are yet other signifi-
cant challenges in the development perspective. A good tool
should help the programmer to build efficient implementa-
tion of effective parallelization strategies. Efficiency here

embraces optimizations in the parallelizing code while effec-
tiveness deals with modifications at the algorithm level in-
cluding those affecting the core. Assume, for instance, that
substituting a pair of D — C71 — G and D — Cy — G patterns
by a single D — {C1;C2} — G improves efficiency by reduc-
ing communication overhead.! An effective strategy goes
beyond this optimization and replaces D — {C1;C2} — G by
a more effective parallel pattern D' — C' — G'.

A great challenge with this respect is the development of
mechanisms of abstract interpretation and inference that al-
low of optimizations at a more abstract level than the local
control- and data-flow analysis or domain- and structure-
specific pattern matching. At this new level each block be-
ing parallelized should be causally coupled with other blocks
in the program triggering proactive and reactive adaptation
in the parallelization process.

We may conclude at this point that today’s manual and to
some extent existing interactive parallelization are the only
methods allowing of both efficient and effective parallelism.
They, nevertheless, expose the domain expert to the joint
complexity of the core and the parallelizing code. Neither
manual nor semi-automatic parallelization have mechanisms
that assist the parallelization expert and allow of interac-
tive identification of parallelizable fragments while the fully-
automated refactoring by the compiler remains limited.

4. RESEARCH QUESTION

We investigate, therefore, whether a new unifying model of
parallel programming can be developed where: (Pi) the pro-
grammer receives automatically inferred assistance in select-
ing parallelization strategies; (P2) serial code is preserved
in its original form abstracted from the parallelizing state-
ments; (P3) maintenance of the core and the parallelizing
code are isolated and require different expertise; (Ps) paral-
lelization is turned into an interactive semi-automated on-
demand process easy to activate and de-activate; (Ps) par-
allelization becomes adaptable, i.e., supports an easy transi-
tion between parallelizing for shared- and distributed-memory
platforms; (Ps) parallelizing code is kept in a form where
larger blocks of it can be reused. With this in mind we
define the following hypothesis:

HYPOTHESIS. Although applying AOP to paralleliza-
tion is recognized as a difficult task, see, e.g., [11, 18], AOP
(or equally ISC) together with the theory of defaults and
defeasible reasoning studied in Artificial Intelligence and
Knowledge Representation [3] form an environment suffi-
cient for the development of systems for on-demand weaving
of parallelism that supports a number of useful features miss-
ing in the existing methods. In particular, a system built
on top of these technologies in a way sketched in Section 5
supports the properties (P1) through (Fs) outlined above,
addresses the challenges stated in Section 3 and while being
capable of all the major parallelizing refactoring operations
found in the contemporary methods discussed in Section 2
simplifies the job of both parallelization and domain experts.

5. INVASIVE INTERACTIVE
PARALLELIZATION

Data distribution, computations, data gathering.
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Figure 1: The main interface with a for header being
right-mouse clicked in the I frame.

To test our hypothesis we develop Invasive Interactive Par-
allelization (IIP) model where sequential sources are incre-
mentally prepared for execution on a parallel machine [4].
IIP is aimed as an automated mechanism that isolates the
development of the core from the development of the par-
allelizing code. An expert leads the process and interac-
tively receives intelligent (automatically inferred) support
in terms of feasible parallelization strategies. IIP extends a
statement, basic block, function, class, fragment, component
or any other program unit with special functionality that is
separable from the core (plug-and-unplug) and composable at
(interactively) defined program points, called hooks. Thus,
we talk about a programmable unit extended with a paral-
lelization property which has a hierarchical structure and is
composed out of, so-called, parallelization concerns [5].

5.1 A blueprint of the system

An IIP system that we develop consists of three compo-
nents: an interaction engine, a parallelization engine and a
weaving engine. The interaction engine implements dialog
functionality. It reacts to user actions and navigates her in
the parallelization process. For example, given the user cre-
ates a data distribution aspect [5] the engine must remind
of data gathering, synchronization or any other causally re-
lated parallelization concern. The engine also protects the
code affected by the parallelization and closed for direct edit-
ing. Tt should also allow of marking (sparsely distributed)
code fragments and relating them to instances of known par-
allelizable problems that match in a deliberate type system.

The parallelization engine is a reasoning element in the sys-
tem. Its main task is to infer strategies and control causal
dependencies within the aspect hierarchy [5]. In particular,
it regulates interferences in the set of aspects and optimizes
their compositions. It also sets restrictions on code, decides
on parallelizability, and infers recommendations.

The weaving engine carries the refactoring process. It matches

patterns rewrites, inserts and deletes code. The weaver op-
erates on an Intermediate Representation (IR) of a program,
e.g., a Concrete Syntax Tree [6].

5.2 Parallelization process

Serial core is displayed in one of the three frames compris-
ing the user interface — Fi; in Figure 1. Initially the core
is subjected to an extended automated parallelization pro-
cedure where the system builds its intermediate represen-
tation, analyses and refactors it. Beyond these canonical
operations the system assigns unique identifiers to IR nodes
and records their relative positions as (file, line, column)
triplets allowing for automated round-trip software engineer-
ing [6]. It also highlights parallelizable code segments, as
exemplified by the first for-header token shown bold in F.

The parallelization continues as the expert pinpoints further
parallelizable fragments relating new hooks to sequences of
rewrite rules organized as refactoring programs in paral-
lelization aspects. Hooks are identified either interactively
(on-line) or declaratively (off-line). For example, clicking
the third consecutive for lexeme in F) returns a set of as-
pects applicable to a for node, among which parallelize_for_h
rewrites a sequential for into a parallel forall, see Figure
1. The click triggers creation of a hook (for_h) identifying
a node by its unique IR id as shown in F5.

5.3 Automation and reasoning

Besides pattern recognition the system should automate the
parallelization process. As an example note that the n-
dimensional loop nest in Figure 1 represents a generally
undecidable problem in automatic parallelization.? If an
expert decides, however, that it can be parallelized then
the refactoring is done automatically on the basis of what
normally constitutes parallelization. This knowledge is en-
coded as environment-specific sequences of aspects and their
compositions. In particular, parallelization of a for in a
shared memory environment with no loop-carried data de-
pendencies corresponds to a straightforward rewrite into a
forall. Parallelizing loops with dependencies requires extra
loop transformations or synchronization [13, 19, 20]. Paral-
lelizing for distributed memory will further require data to
be partitioned, distributed, and gathered before and after
the loop body. The corresponding aspects are woven at the
right positions and in the right order inferred under the fol-
lowing simple rule: Aspects are woven in a default order as
long as no other order is explicitly specified.

This rule is followed in a defeasible manner, i.e., allowing
for exceptions given the interaction with the expert [3]. Par-
allelization is complete if it reaches a final state of a given
aspect sequence. Computing such sequences requires new
reasoning mechanisms on aspect hierarchies that we develop.

6. EXPECTED CONTRIBUTIONS

Specification of inference mechanisms for reasoning on par-
allelization concerns is one of the expected contributions of
this work. We plan to investigate whether defeasible rea-
soning is a suitable technique for that. Thus, while the holy

2The most common problem is statically undecidable data
dependencies caused, e.g., by statically irresolvable access
strides in loop bounds or indirect array indexing.



grail of contemporary automated parallelization is a conser-
vative control and data flow analysis, this work will provide
an insight into the usability of non-conservative defaults in
automation of the parallelization process. To do that we
first expect to generate a set of default rules (concretizing
the general rule above) for a set of parallelizable structures,
such as, nested loops.

In the area of software engineering we shall deliver a set of
requirements for constructing a parallelizing weaving system
that will clarify how AOP (ISC) should be extended to allow
for weaving of parallelism.

In terms of technical contributions we expect to develop a
prototype of an interaction engine, reasoning engine, and
a weaving engine supporting a simple Pascal-like language,
Diesel. We also expect to introduce and test the concept of
automated roundtrip engineering in AOP systems.

7. METHODOLOGY AND RESULTS

Following a major case study of parallelizing a large telecom-
munication product [7] we observed that, to reduce the im-
pact of the parallelization on the domain expert, paralleliz-
ing code can be abstracted to parallelization concerns in-
jected into sequential cores on demand. As a formalization
in [4] we suggested a general IIP model where we motivate
the approach, introduce the related techniques, including
[2], and propose the structure of a weaving engine. As a
step toward typed weaving we narrowed the set of paral-
lelization concerns and structured them in a concern model
described in [5]. We observed that aspects implementing
parallelization concerns strongly depend on the underlying
environment while abstract concerns do not. We use this
fact to encode the parallelization process in terms of se-
quences of concern applications. As the most recent step we
introduced automated roundtrip engineering to be included
in the final IIP system prototype [6]. This prototype con-
structed in a way discussed in Section 5 will help to answer
whether the set of chosen technologies suffices. It will also be
the means to demonstrate that IIP is capable of transforma-
tions supported by the existing approaches. This work will
be pursued in a number of case studies to be individually se-
lected for each of the four techniques presented in Section 2.
Results will be shared as a collection of conference papers.

8. EVALUATION

The extent to which the technologies mentioned in the hy-
pothesis suffice will be evaluated by the level of difficulties
during the development of the prototype. The claim that
the approach simplifies the job of both experts will be eval-
uated in case studies with the following focus. First of all,
we are interested in the usability of the defaults. In this
respect we shall record the amount of inferred assistance a
programmer receives on average together with its subjec-
tive usefulness. Quantitatively we shall record how paral-
lelization using non-conservative defaults deviates from the
classical conservative one. As another metric we shall study
the degree of correctness of the recommendations based on
the default rules. This will be further supported by a sub-
jective qualitative metric reflecting the degree to which the
parallelization is simplified (whether it is easier to program
parallelism). This will be measured in terms of the time to
parallelize a problem including the time to switch between

parallelization for shared and distributed memory. Finally,
the remaining qualitative metric will measure the outcome of
the parallelization in terms of the performance of the emit-
ted code.
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