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Abstract. Future systems are not only heading towards increased parallelism,
but also embrace heterogeneity and reconfigurability. We therefore present an ap-
proach targeting comfortable program development and execution, enabling full
exploitation of the underlying hardware without burdening the application pro-
grammer with the details of the underlying hardware infrastructure. The approach
employs lightweight resource virtualization by means of on-demand function res-
olution. By carefully extending the existing system infrastructure, the approach
comes at virtually no cost and with highest compatibility to existing legacy code.
The approach is suitable for a wide range of architectures from embedded sys-
tems to high-performance computing platforms.

1 Introduction and Motivation

Heterogeneity has become a key characteristic of current and future MPSoCs within
converging commodity, embedded, and high-performance computing markets. This
trend towards heterogeneous parallel systems is illustrated by current forecasts [4] as
well as vendor road-maps [1,6]. When maximizing silicon use, an increased use of re-
configurability will be seen, enabling on-demand configuration of required application-
specific hardware units.

Key problem of such architectures is fully exploiting these platforms’ potential. As
of now, application programmers typically have to concentrate on hardware-aware pro-
gramming as opposed to the plain application itself, therefore spending most of the time
for tailoring the implementation towards the architecture, producing a non-scalable,
architecture-bound implementation. Naturally, this approach is not suitable for upcom-
ing reconfigurable systems.

We therefore propose an approach that frees the programmer from the burden of
hardware-aware programming. This approach dissects into two major building blocks,
an augmented application description suitable for execution on heterogeneous, recon-
figurable platforms, and an according runtime system performing transparent mapping
of desired application subroutines or functions to individual implementations to be pro-
cessed on hardware and software implementations. With respect to the increasing com-
putational demands in embedded real-time devices, we put special focus on addressing
the specific requirements of embedded systems concerning compatibility and efficiency.



By carefully using and extending the individual features of already existing system
components, our approach was specifically designed towards low runtime overhead and
high compatibility to existing legacy code and OS interfaces. It is therefore universally
applicable to both high-performance computation platforms and embedded systems and
offers significant benefits over existing approaches.

2 Related Work

One example of future heterogeneous systems is given by the Cray XD1 [9] computing
platform. It features AMD Opteron CPUs for general-purpose computation and dedi-
cated, FPGA-based hardware accelerators as computation units or application-specific
coprocessors. The system is interconnected using state-of-the-art communication buses.

Programming of such heterogeneous multicore systems can be a tedious task; as of
now, several approaches of different complexity exist. The RapidMind [11] is able to
parallelize applications written in C/C++ across multiple cores and manages application
execution, freeing developers from low-level optimizations for performance tuning. It
does, however, not specifically address the use of reconfigurable systems.

Dealing with reconfigurability requires the introduction of certain abstraction, e.g.
by introducing multiple stages of hardware service and software layers as it is the case in
the NoTA architecture [16]. An abstraction on lowest hardware level is demonstrated by
the MOLEN reconfigurable processor [12], one of several approaches of processors fea-
turing a reconfigurable instruction set. Similar abstraction techniques are also employed
within dedicated programming models for parallel systems. Examples are EXOCHI [15]
and the derived Merge [10] framework that both target complete dynamization of pro-
gram execution on heterogeneous systems using a library-based approach. IBM’s recent
Liquid Metal (Lime) program [13] targets the creation of a single unified programming
language and environment that allows potentially all portions of a system to move flu-
idly between hardware and software, dynamically and adaptively. The concept bases
on transparent and dynamic compilation and HW synthesis of Java programs to be co-
executed on general-purpose processors and reconfigurable hardware.

The benefit of our approach compared to the listed concepts lies in its seamless
expansion of existing system and development infrastructures, not requiring additional
software layers, hence enabling highest level of compatibility, lowest overhead, and
therefore easy integration into and interoperability with existing system architectures.

3 Platform Overview

Core of our approach depicted in Figure 1 is a feedback system formed by the pro-
cessing hardware and its according runtime system. On this system, an application bi-
nary is executed on a reconfigurable processing hardware with according mappings
to library-provided alternative implementations taking place. Hence, our approach di-
vides into 3 distinct layers that are code generation, runtime system, and reconfigurable
hardware. An application, written in conventional programming environments, is aug-
mented in two ways: parts of the application may be marked as reconfigurable, mean-
ing that affected code parts may be mapped at runtime to individual implementations
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Fig. 1. Application Execution on Dynamically Reconfigurable Systems

with different properties, e.g. optimization for speed or for computational accuracy, and
may require dedicated hardware to be executed on. Additional information is therefore
provided defining the core requirements of affected code parts, such as hardware con-
straints, throughput, or computation accuracy. Using the possibilities of current binary
file formats, this information is contained in each binary implementation, i.e. main pro-
gram and linked libraries, and interpreted by the runtime system to guide mapping and
configuration processes.

In order to adapt to to the heterogeneous system in the most adequate way, an ap-
plication will typically consist of a static control part and dedicated, accelerable com-
puting functions to be mapped to the current hardware configuration at runtime. The
hardware configuration might be changed according to the requirements of the applica-
tion or a dedicated computing function. To guide runtime configuration and mapping,
we propose an augmented binary where an application will be enriched by according
attributes, defining specific requirements of this application. Likewise, attributes are
provided for implementation alternatives of accelerable functions. Within the gener-
ated binary, these functions point to a function stub which gets resolved by the runtime
system according to the provided guidance information. That way, a smooth integra-
tion and upgrade path into existing program development infrastructures is ensured. On
compiler side, only the extraction of attributes needs to be performed by a pre-processor
and an according declaration of a function being changeable at runtime must be applied.



This can be done by exploiting the features of the Executable and Linkable Format
(ELF) [14]: a single ELF file dissects into several segments carrying individual sec-
tions, hence enabling monolithic, multi-architecture binaries, or including additional
segments required by a specific runtime system. This way, a uniform, self-contained bi-
nary file or library can be provided using the underlying structures and ideas of the ELF
specification. Both, binary file and library, can be used with either traditional runtime
environments, disregarding the guidance information, or a dedicated virtualization and
mapping environment targeting reconfigurable and heterogeneous systems.

To permit execution of a uniform application binary on an adaptive, heterogeneous
platform, we use a lightweight virtualization layer, dealing with function resolution
and according hardware configuration. This virtualization layer is realized as an exten-
sion of existing dynamic linking methods as outlined in [2]. We therefore kindly direct
the interested reader to that publication.

As an appropriate hardware platform for our virtualization layer, we implemented
an adaptive heterogeneous multicore system. This system comprises an AMD Opteron
870 dual-core processor and an FPGA-based accelerator board [7] featuring a Xilinx
Virtex4-FX100 FPGA and on-board memory. The FPGA’s resources are partitioned in
a way that up to six application accelerators can be integrated into the FPGA logic.
The accelerator board is connected to the Opteron processor using HyperTransport [8],
therefore enabling easy and low-latency memory access to and from the accelerator
board.

4 Evaluation

In [2] we showed that no measurable overhead exists for the basic virtualization, which
during normal execution, i.e. if no switching occurs, behaves identical to the native
operation mode of the OS’s runtime system for single- and multi-threaded (OpenMP)
execution.

Verifying our hardware architecture und demonstrating its general applicability, we
chose en- and decryption of arbitrary data using Triple DES (3DES); we used the
TripleDES Core provided by OpenCores [3] for hardware, and the TripleDES imple-
mentation of the standard OpenSSL library [5], available on most modern Linux sys-
tems, as the software implementation. In our experimental setup, both function im-
plementations are encapsulated in C functions and registered using the provided API.
These functions are then extended by code counting the number of needed cycles.

For evaluation, we used 6 data files of different size with a maximum chunk size
of 1MB each as input data to the 3DES unit, i.e. larger files were split accordingly. To
avoid hard drive latencies, the files were stored in main memory both at the beginning
and after decryption. The Opteron processor operated at a clock frequency of 2GHz,
the application accelerators at I00MHz with a derived HT Link frequency of 200MHz.
Table 1 shows the obtained results for single-thread/accelerator execution. For small file
sizes, the software implementation is faster, as no overhead for initialization of the data
transfer to the hardware accelerator or to main memory occurs. For medium or large
file sizes, the hardware implementation should be used, as the data transfer overhead
becomes insignificant compared to computation time.



Hardware Implementation (1 Core) Software Implementation (1 Thread)
File Size Cycles [ Time [ms] [ Thr.put [MB/s] Cycles [ Time [ms] [ Thr.put [MB/s]
1 KByte 864023 0.4 2.50 88425 0.08 12.50
10 KByte 1290012 0.64 15.63 1419408 0.70 14.28
100 KByte | 4994667 2.49 40.16 14074467 7.02 14.24
1 MByte 49980110 24.93 41.08 144060568 71.86 14.25
10 MByte | 499340518 249.0 41.12 1424615045 710.7 14.41
100 MByte| 4993356084 2491 41.12 14210768748 7089 14.45

Table 1. Runtime depending on the data size

5 Conclusion and Outlook

Future systems do not only feature massive parallelism, but furthermore expose a high
degree of heterogeneity and will employ reconfigurability as a means to maximize sili-
con use. In order to foster adoption of such systems and ease the migration of conven-
tional approaches, we developed an infrastructure targeting the full exploitation of the
underlying hardware of heterogeneous, reconfigurable parallel systems without burden-
ing the programmer with details of the underlying hardware.

Core of this framework is a lightweight runtime system performing function res-
olution according to the current system configuration and adhering to application re-
quirements. This process is guided by an augmented application description, enabling
declaration of implementation alternatives of individual functions and providing ac-
cording meta-data such as required or provided performance data. This augmentation
takes place by exploiting specific features of the ELF specification, providing compat-
ibility with conventional systems. Embracing and extending the ELF’s so-called lazy-
linking technique, functions are resolved on-demand to be adjusted to changed software
requirements or hardware environment. The runtime system offers a dedicated control
interface to monitor both application execution and hardware. Furthermore, an interface
for controlling hardware reconfiguration exists.

The core components of our framework were thoroughly evaluated, proving that
the virtualization layer does not contribute a significant amount to the overall execution
time, but furthermore does tightly integrate into the existing runtime layer.

Based on industry-standard components, a reconfigurable accelerator hardware was
built and an application example was presented, concentrating on the control aspects,
i.e. whether and when to migrate from software-based implementation to a hardware-
accelerated version. This is an initial step towards a fully automated control daemon
employing runtime profiling and evaluation to guide the function switching process
and, at a later stage, driving binary transformation.

Currently, the virtualization layer is refined to further enhance compatibility aspects.
A manually driven version of the control daemon exists, which is developed into an
automated version. In addition, work is conducted with respect to code generation and
augmenting the ELF format, containing attributed application and library binaries.

Overall, the concept has proven to be versatile in use while maintaining maximum
compatibility, providing a smooth upgrade path from conventional, static parallel sys-
tems to future dynamically reconfigurable heterogeneous multicore systems.
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