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Abstract. In this position paper we argue that an intelligent program development environment that proactively supports the user helps a mainstream programmer to overcome the diﬃculties of programming multi-core
computing systems. We propose a programming environment based on
intelligent software agents that enables users to work at a high level of abstraction while automating low-level implementation activities. The programming environment supports program composition in a model-driven
development fashion using parallel building blocks and proactively assists
the user during major phases of program development and performance
tuning. We highlight the potential beneﬁts of using such a programming
environment with usage-scenarios. An experiment with a parallel building
block on a Sun UltraSPARC T2 Plus processor shows how the system may
assist the programmer in achieving performance improvements.

1

Introduction

While multi-core processors alleviate several problems that are related to singlecore processors - known as memory wall, power wall, or instruction-level parallelism wall - they raise the issue of the programmability wall. On the one
hand, program development for multi-core processors, especially for heterogeneous multi-core processors, is signiﬁcantly more complex than for single-core
processors. On the other hand, programmers have been traditionally trained for
the development of sequential programs, and only a small percentage of them
have experience with parallel programming.
Additionally, there is a portability problem. In the past programmers could
trust that compilers succeeded to pass the increased computing power of next
processor generations without high porting eﬀort. This was due to relatively
homogeneous processor designs even from diﬀerent hardware vendors with instruction level parallelism (ILP) supported at hardware level. The architectural
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change to multi-core processors, however, aﬀects the programmer in several ways.
On the one hand, thread level parallelism (TLP) must be exploited eﬀectively
and eﬃciently. In general, this cannot be done automatically by a compilation
system, but requires assistance by the programmer. On the other hand, multicore architectures diﬀer signiﬁcantly requiring that applications must be adapted
to the various platforms.
While in the past only a relatively small group of programmers interested
in HPC was concerned with the parallel programming issues, the situation has
changed dramatically with the appearance of multi-core processors on commonly
used computing systems. Traditionally parallel programs in HPC community
have been developed by heroic programmers 1 using a simple text editor as programming environment, programming at a low-level of abstraction, and doing
manual performance optimization. It is expected that with the pervasiveness
of multi-core processors parallel programming will become mainstream, but
it can not be expected that a mainstream programmer will like to become a
HPC hero.
In this paper we argue that the programming productivity of multi-core2 systems is increased if an intelligent programming environment would be available
that (1) enables the programmer to work during the process of program development at a higher level of abstraction using domain-speciﬁc modeling languages in
a model-driven development fashion; and (2) provides context-speciﬁc knowledge
and performs iterative time-consuming tasks involved in program development
in a semi automatic/autonomic manner (for instance, performance tuning). We
propose a parallel programming methodology that combines model-driven and
agent-supported program development with the use of high-level parallel building blocks. The goal is to increase programming productivity without restricting
ﬂexibility and creativity, allowing the programmer to fully use his/her intellectual capacity for software design at model-level. Although software development
is considered to be an art, we anticipate that there are many implementation
activities that can be performed more automatically/autonomically.
The rest of this paper is organized as follows. Section 2 describes our vision
for programming of multi-core computing systems. We illustrate our approach
experimentally in Section 3. Section 4 reviews the state-of-the-art in programming multi-core computing systems. We conclude the paper with a summary
and future work in Section 5.

2

Intelligent Programming of Multi-core Systems

In this section we outline our methodology and the corresponding environment
for programming multi-core systems.
1
2

Andrea: ”Unhappy is the land that breeds no hero.” Galileo: ”No, Andrea: Unhappy
is the land that needs a hero.” – Bertolt Brecht in Life of Galileo.
Although some authors have introduced the term many-core to denote multi-core systems with many cores (i.e. 100 or more), we will stick to the more established term
multi-core. We do not see a need to make a distinction between multi- and many.
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Methodology

Our parallel programming methodology combines model-driven agent-supported
program development with the use of high-level parallel building blocks (PBB).
We propose to address the complexity of programming multi-core systems as
follows:
– Raise the level of abstraction at which the programmer performs most of
the activities during the process of software development, by using a modeldriven development approach combined with PBBs;
– Support the programmer during the software development, by using intelligent software agents for providing context-speciﬁc knowledge and automation of iterative activities involved in software development and optimization.
Model-Driven Development (MDD) [13]. MDD is a software development
method that advocates to first model a program and then build the program
code. It is inspired by mature engineering disciplines such as civil engineering,
where before an artifact (for instance a bridge) is built ﬁrst the corresponding
model is developed. In software engineering the models are usually described
graphically using the Uniﬁed Modeling Language (UML). The model should
preferably describe the program at an abstraction level that is independent
from a speciﬁc platform. Models may be used to study the functionality and
the performance of the program before the program code for a speciﬁc platform is developed. MDD has the potential to reduce software development time
and complexity, by using tools for automatic model-to-code transformation and
thereby reducing the programmer’s eﬀort for manual coding. Since multi-core architectures diﬀer signiﬁcantly from each other, a signiﬁcant eﬀort is required to
adapt (that is port ) programs to the various platforms. Since MDD captures the
program logic as a platform-independent model, then program models remain
largely unaﬀected from the changes in processor architectures. In our previous
work we have developed an extension of UML for the domain of performanceoriented parallel/distributed programs [16] and the corresponding tool-support
Teuta [10]. Teuta allows to build models of parallel programs, enrich them with
performance-related information, and generate various textual representations
(such as XML or C++).
Parallel Building Blocks. The PBBs are inspired from research in programming concepts such as skeletons [1,2,8] or dwarfs [3]. Basically, PBBs may be
thought of as program-independent generic programming units that support
software re-usability. A set of parameters is used to specify the functionality
of a PBB in the context of a certain program. For instance, as parameter may
serve the program-speciﬁc code (that is the code that PBB requires to perform
the expected functionality in the context of a certain program). PBBs may be
implemented for instance using C++ Templates or Java Generics. Parallelism is
described within the PBB, and therefore the programmer is not exposed directly
to the parallel programming complexity (such as dealing explicitly with the communication and synchronization among processing units or deadlock avoidance).
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Commonly various combinations of PBBs may be used for solving a certain
problem. In the context of programming environments PBBs lend themselves
to an increased level of automation of various activities such as program transformation, code generation, performance optimization, and resource usage optimization. In our previous work, in the context of MALLBA project [1], we have
developed a library of parallel skeletons (such as branch and bound, metropolis, simulated annealing, genetic algorithms, or tabu search) for solving various
optimization problems.
Intelligent Software Agents. Software agents are programs that are reactive, proactive, autonomic, and social [21]. Software agents that have learning
and adapting abilities are known as intelligent software agents. Reactiveness indicates the ability to respond adequately to changes in the context in which
it operates. A proactive program performs activities to achieve a speciﬁc goal
based on its initiative (it does not wait passively for a request of another entity to perform a certain activity). Autonomy indicates the ability to perform
activities independently of user intervention in order to achieve a speciﬁc goal.
Social programs are able to communicate and coordinate activities with other
programs (that is agents). A program is considered intelligent if it is able to learn
from the previous experience (for instance, via trial-and-error or generalization)
and is able to adapt accordingly to the perceived changes in the environment.
We have a vision about several intelligent software agents cooperating with each
other and the programmer during the process of program development. Our
vision is based on the idea that the programming environment should be better at helping the programmer as a more active partner. In our previous work,
in the context of the AURORA project [4], we have used intelligent software
agents to automate systematic performance analysis for parallel and distributed
programs. Although software development is considered to be an art, we anticipate that there are many implementation activities that can be performed more
automatically/autonomically using intelligent software agents.
In the following sub-section we propose a programming environment for multicore computing systems that uses MDD, PBBs, and intelligent software agents.
2.2

Programming Environment

The proposed programming environment comprises a set of intelligent software
agents that may help to automate the programming process at several levels.
Some agents will advice the composition of programs using PBBs, while others
will guide the exploration of diﬀerent possible parallel strategies, load balancing
and performance optimization (see Figure 1).
The programming environment provides the programmer with information
feedback useful in the process of developing a program for a multi-core system. This information is collected at several levels, from program composition
to information about resource usage (such as the cache behavior) obtained by
execution or simulated execution. Also, information is exchanged between the
agents at the system level in an automated manner continuously looking for ways
of obtaining and improving knowledge about the performance of the program
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Fig. 1. Agent supported program development. The programming environment comprises multiple intelligent software agents that support program composition, design
space exploration and resource usage optimization.

being developed. In this way, a parallel program with good performance can be
developed with high programmer productivity.
In what follows in this section we highlight the major program development
and tuning phases: (i) high-level program composition, (2) design space exploration, (3) resource usage optimization.
High-level Program Composition. This phase deals with the composition
and coordination of PBBs. The granularity of PBBs may range from frequently
used programming idioms, to larger patterns or dwarfs [3]. High-level descriptors are used to capture the main parallelization aspects of PBBs and serve as
interface to agents in the design space exploration phase. The user composes the
program graphically using a UML extension for multi-core systems.

{code_parameters,
performance_parameters}

«PBB_Type»

pbb_instance

code_template()
performance_model()

Fig. 2. UML representation of a PBB

The UML may be extended by deﬁning new modeling elements, stereotypes,
based on existing elements (also known as base classes or metaclasses). Stereotypes are notated by the stereotype name enclosed in guillemets <<Stereotype
Name>>. Figure 2 depicts the graphical representation of a PBB. <<PBB Type>>
indicates the kind of PBB. With a PBB is associated the corresponding
parametrised code and performance model. Parameters determine the behavior
of the PBB instance in the context of a speciﬁc program.
The programming environment assists the user proactively during the program composition. For instance while the user is loading some old BLAS code
for some dense linear algebra operations – the composer agent interrupts and
suggests using the PBB for dense linear algebra tailored for eﬃcient execution on
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multi-core systems. Additionally, it may oﬀer a list of other PBBs that often are
used together with this one, as well as presenting typical compositional patterns
in a graphical way.
Design Space Exploration. High level discrete-event simulation is used for
rapid model-based performance evaluation of programs, using a hybrid method
that combines mathematical modeling with high level discrete-event
simulation [15].
For instance, after the completion of the program composition phase the programming environment may suggest to the user doing some high level rapid design space exploration. The estimated performance of various possible program
implementations is presented by a visualization agent. While the user is studying
the graphs, and gets some ideas for improvement, the programming environment
is also analyzing the results and suggests changing some of the parameters in
one of the PBBs (such as the parallelization granularity), and to perform some
more detailed simulations for getting better knowledge of the performance that
can be obtained with diﬀerent task allocation and scheduling policies.
Resource Usage Optimization. Instruction-level simulation is used for more
detailed studies of the utilization of shared resources such as shared on-chip
memory and oﬀ-chip bandwidth. For instance, in [9] an eﬃcient utilization of
the shared cache resources has been found to have great aﬀect on multi-core
performance. This is integrated with the use of performance counters. A performance monitoring agent provides information about the state of the system
(resource characteristics and usage). Instruction-level simulation is time consuming (may take several hours or days), and therefore should run in background.
When ﬁnished, the ﬁndings will be propagated upwards back to the higher level
performance models, as a model calibration process. It is a systematic way of
bringing performance information from the execution (or simulated execution)
environment back to the development environment. Please note that this kind
of optimization is architecture-dependent.
For instance, the user may get hints from the programming environment for
changes that will improve performance of the program. The programming environment may oﬀer some detailed simulations at the instruction level, and helps
the user to select those simulation experiments that are likely to be the most
relevant. For instance, if higher-level simulations show that some of the processor
cores were waiting for data for long periods, a more detailed study of the on-chip
shared memory resources should be done.

3

Example

In this section we illustrate how best practices from HPC combined with agent
based program development oﬀer new opportunities to obtain eﬃcient solutions.
PBBs allow a programmer to specify various parallelization strategies together
with the code and a ﬁrst guess for individual parameters which are subject
to the tuning process. This follows our assumption that only semi-automatic

Towards an Intelligent Environment

143

parallelization is reasonable. The programmer speciﬁes the main strategies for
parallelizing the code and the system explores this restricted optimization space
to generate eﬃcient code. Two factors back up this approach. First, rich analysis
work has been done in the past by the HPC community, including the authors
institutions (Vienna Fortran Compilation System [6]), which can be reused. Second, in the past the strong emphasis on the target-code performance and manual
performance tuning resulted in low programming productivity. The increasing
importance of development of economically viable software nowadays reveals
opportunities for semi-automatic parallelization, even at the price of achieving
lower performance compared to a hand-tuned version.
In our example we use as hardware platform the Sun UltraSPARC T2 Plus, codenamed Niagara-2, multi-core processor (shown in Figure 3(a)) which is an SMP
extended version of the T2 allowing multiple Chip-level MultiThreading (CMT)
processors to be used within a single system. The T2 Plus was presented in April
2008 and has up to 8 cores per processor with 8 hardware threads per core resulting
in a maximum number of 64 threads per processor or logical CPUs as reported by
the operating system. T2 Plus oﬀers only poor support for instruction-level parallelism emphasizing thread-level parallelism. Two integer units are provided per
core with four threads sharing one unit, and one FPU is provided per core with
all eight threads sharing it. The L1 data cache has 8 KB per core and the on-chip
L2 cache oﬀers 4 MB which are shared between the cores.
In what follows in this section we present an example scenario to illustrate
the agent-supported software development cycle. Diﬀerent forms of PBBs are
possible, but in the simplest case a PBB can be some loop nest together with data
layout and work distribution annotations. Consider e.g. an application written
in C consisting of a series of PBBs with one of them denoting a ﬂoating point
matrix-matrix multiplication, i.e. C[i,j] = C[i,j] + A[i,k] * B[k,j] with
loop nest (i,j,k). As parallelization strategy the programmer speciﬁes that the
elements of result matrix C should be assigned to processor cores in a rowwise manner and calculated by them. Since the target architecture is a Sun T2
Plus with 8 cores and 8 FPUs, the programmer speciﬁes that the rows shall be
assigned to 8 threads.
When submitted to the design space exploration agent and its analysis framework (cf. [6,7]), the framework detects poor spatial cache locality and performs
1
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Fig. 3. Processor block diagram and optimization results
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loop interchange resulting in loop nest (i,k,j). Then the code is split up in 8
threads as suggested by the programmer and assigned to the 8 cores of T2 Plus
and executed. The monitoring component of the resource usage agent reveals
low memory bandwidth utilization and low FPU utilization for this PBB and
reports this feedback information to the agent. The resource usage agent is aware
of the hardware characteristics of T2 Plus and knows about the hyper-threading
(HT) technology provided by this kind of architecture with up to 8 hardware
threads. Therefore the agent suggests to use HT technology to increase FPU
utilization and reports to the design space agent to explore possibilities to increase the number of threads. Consequently, the design space agent proposes to
assign the rows of result matrix C to 2, 4, 6 hardware threads per core resulting
in a total number of 16, 32, 48 threads, respectively. Three versions are generated and submitted for execution. Moreover, feedback information is used by the
compilation system to perform further optimizations (cf. [11]).
The key point is that this time-consuming tuning task is done automatically by
the system and not by the programmer. The diﬀerent versions are automatically
generated and run on T2 Plus and the monitoring results are reported back to the
agents and the programmer. Figure 3(b) shows the normalized execution times
(longest execution time denoted by time unit 1.0) for the diﬀerent versions with
1, 2, 4, 6 threads per core and the improvements achieved by the optimizations
taking programmer annotations and hardware characteristics into account. The
performance improvement of loop interchange is considerable and amounts to
26% for 1 thread per core, approx. 20% for 2 and 4 threads per core, and 66%
for 6 threads per core. The performance improvement for increasing the number
of threads per core to deal with memory latency is even more signiﬁcant. The
performance improvement assigning 2 and 4 threads to one core was for both
loop nest versions approx. a factor of 1.7 and 2.5, respectively. For 6 threads
per core we got for (i,j,k) loop nest a factor of 2.8 and for (i,k,j) loop nest up
to 3.7. Based on this experience, the resource usage agent classiﬁes increasing
the number of threads to deal with memory latency as valuable optimization
which has proven beneﬁcial for this processor. The programming environment
may suggest this kind of optimization for similar processor architectures as well.

4

A Review of the State-of-the-Art

An increasing number of research projects is addressing the challenge of programming multi-core computing systems. The Habanero project [12], which started in
Fall 2007 at Rice University, aims to develop languages and compilers for the development of portable software for multi-core systems. The SALSA project [19] at
Indiana University is investigating the use of services as building blocks for composing parallel data-mining applications based on the workﬂow paradigm. Linked
Sequential Activities in SALSA, which are conceptually based on Communicating
Sequential Processes of Hoare, are used to build services. The Berkeley View [3]
project investigates the inﬂuence of multi-core processors in applications, hardware, programming models, and systems software for parallel computing. The
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Berkeley View proposes to use a set of dwarfs (a dwarf deﬁnes a speciﬁc computation and communication pattern) for evaluation of parallel programming models.
The recently established Pervasive Parallelism Laboratory (PPL) [17] at Stanford University is investigating future parallel computing platforms. PPL is supported by six computer and chip makers that are convinced that their product
sales may decline if software is not able to use eﬀectively the new multi-corebased hardware. SWARM [5], developed at Georgia Institute of Technology, is
a parallel programming framework that provides a collection of primitives for
programming multi-core processors. The Programming Environments Laboratory (PELAB) [18] at Linköping University is investigating the applicability of
round-trip engineering techniques to parallelization of sequential programs. The
Cell Superscalar (CellSs) [14] project at Barcelona Supercomputing Center focuses on parallelization of sequential programs for Cell BE processor. The CellSs
parallelization involves the functional decomposition, code annotation and the
use of a source-to-source compiler. The IT Research Division of the NEC Laboratories Europe [20] is investigating the use of work stealing concept to achieve
load balancing.
In contrast to the related work we propose an intelligent programming environment that proactively supports the user during major phases of program development and performance tuning by providing context-speciﬁc knowledge and
performing iterative time-consuming tasks involved in program development in
a semi automatic/autonomic manner.

5

Conclusions

We have outlined an intelligent programming environment, which proactively
supports the user during high-level program composition, design space exploration, and resource usage optimization. We have highlighted the potential beneﬁts of using such a programming environment with usage-scenarios.
We have observed that even for a rather simple parallel building block such
as matrix multiplication the exploration of the parameter space may be time
prohibitive on one hand, but on the other hand there is a big potential for performance improvement. The example scenario described a ﬁrst and manageable
step towards an intelligent program environment for multi-core architectures.
Several projects at the authors’ home institutions are currently pursued towards
the realization of such an intelligent programming environment for multi-core
computing systems.
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