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Abstract. In this paper, we present a particularly lightweight, integrative ap-
proach to programming and executing applications targeting heterogeneous, dy-
namically reconfigurable parallel systems. Based on an analysis of existing ap-
proaches, we strictly focused on compatibility and lightweightedness. Our ap-
proach therefore follows an embrace-and-extend strategy and achieves desired
functionality by adopting and augmenting existing system services, achieving the
desired properties. We implemented this concept using the Linux OS and demon-
strated its suitability with a heterogeneous platform comprising IA32 multicore
processors and current FPGA accelerator hardware using state-of-the-art Hyper-
Transport interconnection technology.

1 Introduction & Motivation

Driven by advances in fabrication technology, the computing power of individual micro-
processor cores was constantly increasing over the last decades with clock rates boosted
by three orders of magnitude and increasingly complex processor microarchitectures.
This lead to current superscalar designs exploiting ILP using sophisticated out-of-order
execution and prediction techniques. With the addition of integer and floating-point vec-
tor units also data parallelism was exploited, paving the way for ubiquitous multimedia
applications. The increased capabilities were implicitly usable by the programmer and,
in worst case, required the use of dedicated libraries and recompilation.

Due to technological limitations, these past approaches of automatically gaining
more performance by increasing single-core performance have come to a halt. Fore-
casts indicate a massive growth of manycore architectures and reverting the trend of
most powerful individual “all-purpose” processor cores. For future multi- and many-
core architectures a mix of trimmed general-purpose processors and dedicated applica-
tion accelerators, e.g. cryptographic units or network processors, is envisioned: recent
examples are Intel’s Atom processor (lacking costly out-of-order execution), or their re-
animation of 1994’s P54C processor architecture (now offering an improved V pipeline
for vector operations) for use in the upcoming Larrabee architecture. The combination
of general-purpose and application-specific processing units within a current multicore
processor is demonstrated by Sun’s T1 (Niagara II) processor

Improvements in FPGA technology foster the use of reconfigurable logic instead of
static accelerators, enabling a more flexible use of the silicon resources by dynamically



reconfiguring the logic resources to fulfill desired application-supporting functionality.
For established programming paradigms this is an even harder problem than heterogene-
ity, which by itself already demands for costly hardware-aware programming efforts:
coping with dynamically changing platforms typically requires overloading the core
program logic with associated control structures handling the heterogeneous, dynamic
nature of the underlying architecture.

Unlike with previous technology improvements, the potential processing power of
such future heterogeneous multicore architectures requires explicit use of parallel pro-
gramming techniques, leading to a break with conventional approaches to program de-
velopment and execution. Easing programmability of heterogeneous architectures and
dealing with runtime reconfigurability is hence considered one of the Grand Challenges
of Computer Engineering [5]. Typically, related approaches use a high level of abstrac-
tion, avoiding the need to specifically address the underlying hardware; this is left to
a virtualization or runtime layer. A common drawback of most of these approaches is,
however, tying the concept to a dedicated programming language, programming model,
or virtual machine. In addition, none of these approaches take application requirements
into consideration when performing the application-to-hardware (A2H) mapping. Dis-
regarding these requirements is likely to break running applications dependent on the
fulfilment of certain requirements such as latency, throughput, or accuracy issues.

We therefore propose a lightweight embrace-and-extend approach to the process
of creating a hardware-independent application description and performing application-
aware A2H mapping. Cornerstones of this approach are universal applicability, compat-
ibility, and lightweight implementation. The approach is independent of programming
language, programming model, and operating system. It provides a seamless and most
compatible path for migrating from conventional programming to programming of het-
erogeneous and dynamic architectures without breaking existing program code, devel-
opment tools, and infrastructures. This is achieved by careful extension of techniques
already employed in modern OSes’ runtime systems.

We like to start this paper with an overview over existing approaches for motivating
our work, followed by an introduction of our concept and its exemplary implementa-
tion, demonstrating how careful embracing and extending the existing OS infrastructure
leads to a lightweight, compatible approach to application programming and execution
on parallel, heterogeneous systems. We prove that using such an approach achieves a
seamless upgrade path from conventional to heterogeneous execution without breaking
compatibility nor introducing measurable penalties in execution time.

2 Program Execution on Heterogeneous Parallel Systems

In order to harnessing the power of heterogeneous parallel architectures, infrastructures
supporting program development for and execution on such systems must comply with
the specific requirements of both aspects, parallelism and heterogeneity: they need to en-
able exploitation of thread-level parallelism as well as assignment of compute-intensive
kernels to dedicated accelerator hardware, including configuration of this hardware if
reconfigurable technology is used. This field is actively researched with a number of
already existing and currently developed approaches.



A recent example of a heterogeneous system is the MOLEN reconfigurable pro-
cessor [15]. It employs function-level granularity and offers dynamically alterable co-
processor instructions. Its according development framework focuses on the generation
of integrated applications consisting of a software description, design and integration
of required accelerator hardware and its integration into the instruction set, as well
as generating the according software tools and synthesis scripts. It is therefore plain
application-centric and no specific runtime aspects and/or compatibility aspects are con-
sidered; ongoing work, however, targets OpenMP interoperability.

Several approaches ease application description for heterogeneous and parallel sys-
tems. They typically operate on function-level granularity rather than instruction level
and typically feature an associated runtime system. The currently most prominent ex-
ample is CUDA [6], targeting heterogeneous platforms consisting of a host machine
running the basic control flow, and GPUs used as highly parallel FP accelerator units.
CUDA features an extension to the C language dealing with partitioning and offloading
compute kernels to the GPU. These GPUs employ a dedicated memory hierarchy and
a hardware thread manager to cope with the high level of parallelism involved. CUDA
requires only minimal changes on software level, basically rewriting accelerable func-
tions using CUDA primitives, therefore providing a smooth upgrade-path leading to
quick adoption by programmers. This concept is extended by the so-called OpenCU
[11] approach, targeting a more flexible distribution of the workload between CPU
and GPU, so that individual functions may run on either hardware. The commercial
RapidMind [13] platform follows a similar concept, consisting of a gradual language
extension (mainly providing a uniform datatype declaration) and an according runtime
system. An application is written in a way that enables the framework to create binary
representations to be executed on various types of computing nodes, including GPUs,
IA32 CPUs, and the Cell BE architecture. A dedicated runtime layer ensures the applica-
tion task distribution and interplay of the individual application tasks. The last three ap-
proaches do not specifically take application requirements into account, but solely rely
on implicit declarations like providing correct data types or following a programmer-
defined partitioning. However, the approaches demonstrate how a smooth upgrade-path
may lead to quick adoption by programmers and integration into operating systems.

Focusing on dynamic exploitation of parallelism for improved use of parallel sys-
tems is Intel’s C for Throughput Computing (Ct) [7] focuses on dynamic exploitation of
parallelism by improving the use of parallel system through an automated, dynamic par-
titioning and orchestration of a running application. To enable such, Ct requires adopt-
ing a dedicated C++ library and adjusting the program code accordingly. This approach
is a strong point for intelligent, self-partitioning runtime systems; however, in its cur-
rent form it is not suitable for hardware-constraint systems. Neither does it address the
fulfilment of application requirements.

The EXOCHI project [16] directly approaches the programming of heterogeneous
platforms, featuring a C/C++ environment supporting creating a unified application de-
scription. This description is compiled into a so-called fat binary containing individual
binary representations for a given heterogeneous system. Using a dedicated, OpenMP-
derived runtime system this binary is then mapped to the individual cores. The Merge
framework [9] extends the EXOCHI concept towards dynamic mapping of individual



application parts to the underlying heterogeneous architecture; it uses the map-reduce
parallel programming language. EXOCHI/Merge provide an interesting way to achieve
unified binaries and exploit parallelism, but again do not address specific application
requirements. The approach is furthermore tied to a specific VM and, in case of Merge,
requires the use of a dedicated programming language.

The recent Lime project [4, 1, 14] aims at a unified application description by ex-
tending the Java framework and focuses on removing the border between soft- and
hardware: an application written in Java may be either executed in software on a JVM
or transformed into a dedicated hardware description.. This most interesting approach
again is based on a careful extension of an existing programming and execution infras-
tructure. It therefore is tied to Java and the JVM, which restricts the use of legacy code
and also might impose a problem for certain hardware-constraint systems.

Of the existing approaches, only very few – typically vendor-provided and platform-
restricted – approaches are so far used by a significant amount of programmers. What
these approaches share is a moderate extension of existing programming methods
e.g. by introducing certain keywords and data types. However, even with such mod-
erate extensions the compatibility with existing code is broken. Other approaches even
require adoption of unusual programming models and/or programming languages.

For our universally applicable approach, we therefore define the following corner-
stones: compatibility and fulfilment of application requirements. Maintaining source-
code and binary compatibility ensures a smooth upgrade path from conventional sys-
tems. Hence, the approach must neither rely on a dedicated programming language nor
model. With respect to the specific requirements of parallel systems, compatibility and
interoperability with commonly used parallel programming models such as OpenMP
is mandatory. Also runtime compatibility must be ensured, i.e. using legacy binaries
in new hardware-aware environments and vice versa. Such can be achieved by using a
lightweight embrace-and-extend approach, i.e. the extension of already present system
layers and clever exploitation of their properties. Strict fulfilment of specific require-
ments is mandatory for certain applications. disregarding these will lead to noticeable
effects ranging from simple slowdown to breaking the application: this is most notable
for all real-time applications such as real-time media streaming, transcoding, or secur-
ing, but also vital for certain numerical computations where e.g. certain minimum com-
puting accuracy is required for individual program phases. We therefore require com-
patible ways to express application requirements and ensure their fulfilment. For legacy
applications a mechanism is required ensuring same performance as experienced on
these application’s native systems. Existing approaches typically either completely dis-
regard such requirements or are based on a worst-case scenario, the latter degrading the
system’s flexibility in task/thread-mapping and overall efficiency.

Our approach, to be presented in the following section, is specifically designed for
fulfilling the above cornerstones. It puts strong focus on universal applicability, rang-
ing from high-performance computing to embedded systems. It neither breaks existing
code nor disables mixed-code execution and enables declaration and fulfilment of ap-
plication requirements. As as result of the overall lightweight design the approach does
not impose a execution time penalty compared to native execution.



3 A lightweight and universal approach to parallel and
heterogeneous program execution

In order to achieve the required interoperability, compatibility, and lightweightedness,
we carefully extended and augmented existing concepts employed in modern operating
systems in order to fulfill the specific requirements of describing and executing pro-
grams on a heterogeneous, dynamically configurable parallel system. Figure 1 shows
the basic architecture of our concept spanning compiler, runtime and hardware domain.

Key part of this architecture is a guided function mapping process taking place
during runtime: an application typically dissects into a control thread and potentially
accelerable computing kernels. These kernels are mapped to suitable SW and HW im-
plementation alternatives during runtime with according hardware reconfiguration tak-
ing place where required. This level of granularity is common to almost all existing
approaches. In contrast to these, we however do not employ an additional runtime layer
but rather embrace and extend the OS’s own runtime system.

Modern OSes typically employ so-called runtime (or dynamic) linking, performing
function resolution if non-statically linked library routines are called. The used binary
formats support this dynamic linking process by dedicated data structures; an example
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for this is the Executable and Linking Format (ELF): ELF executables employ several
sections, some of which are dedicated to resolving of function symbols, most notably
the so-called Global Offset Table (GOT). During runtime, these sections are searched
for functions to be called and resolved to the resulting address. For later reference, this
address stored in the GOT to speed up later function calls. This process is called lazy
linking. An obvious approach therefore is to extend this technique in order to enable
dynamic re-linking of already resolved functions upon demand.

This approach, depicted in Figure 2 is ideal with respect to compatibility and in-
teroperability as only the linking process is altered. Only the required switching logic
needs to be added to the OS which, with modularized kernels, can be done using a
loadable kernel module. This process is completely transparent to the programmer and
the remaining parts of the OS. Being an extension to the existing linking process, the
approach enables compatibility with existing legacy code. By design it is furthermore
completely independent of compiler and programming language.

However, the GOT-based approach is not thread-safe: being part of the binary, the
maintenance structures used for dynamic function resolution are only present per task,
i.e. per running application instance. Hence, they offer no possibility to increase the
resolution from application/task to thread level.

We therefore designed a second, thread-safe approach supporting dynamic function
resolution by embedding the according maintenance information into the Task State
Segment (TSS). This is possible, because the TSS – despite the fact that certain CPUs
offer hardware support for TSS management – is entirely managed and maintained
by the OS. This approach, dubbed Dynamic Linking System (DLS) and illustrated by
Figure 3, employs so-called proxy functions in place of function calls. During runtime,
this proxy is dynamically adjusted to the desired function implementation. The number
of function pointer substitutions is only limited by system memory and address space,
therefore providing a theoretically unlimited amount of function pointer substitutions,
even with an overlapping set of functions and libraries.

Depending on whether runtime addition and removal of further dynamically map-
pable functions is required, this approach can be realized as two different implemen-
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tations, resembling static (DLS-SL) and dynamic linking (DLS-DL) of conventional
binaries. In the static approach, DLS employs only the dynamic mapping required for
thread-safe function mapping, otherwise also a dynamic linking mechanism is used for
function resolution. Because of the added functionality, the changes to the kernel are
slightly more complex, therefore no easy module-based approach is possible, but the
changes have to be made in the kernel source code.

3.1 Providing and Achieving Mapping Guidance

In order to not breaking application constraints, e.g. throughput or computation accu-
racy, the aforementioned mapping process must strictly adhere to application require-
ments. This requires mechanisms for providing these requirements on source-code and
binary level, and a control interface by with the runtime mapping process is steered.

For the control interface we again embraced already existing techniques: targeting
a Unix-based infrastructure for our test implementation, we integrated this control in-
terface using the so-called proc filesystem [10] or procfs; procfs is a pseudo file-system
used to access process information from the kernel and is available on most Unix and
Linux environments. Through this interface not only guidance information can be pro-
vided for steering the mapping process in order to fulfill application requirements, but
also specific function implementations may be added, removed, or selected during run-
time. This interface gives the flexibility to either control the steering process manually,
script-based, or through a dedicated control daemon.

These requirements can either be provided as independent control data, or, prefer-
ably be included into the corresponding application and library binaries by employ-
ing capabilities of current file formats. The aforementioned ELF format, for instance,
enables transparent augmentation by additional sections. This ensures compatible ex-
ecution, i.e. augmented binaries may be executed on standard systems and vice versa.



During runtime, the function resolver evaluates function call requirements against im-
plementation capabilities and chooses from an (ideally) Pareto-optimal selection based
on guidance information stored in the application binary and/or individual libraries.

Typically, a programmer would like to provide such guidance information dur-
ing programming time. This is possible code using so-called pragmas. Pragmas are
a method to provide additional information to an according compiler infrastructure,
which is only extracted and processed if these compilers know about specific pragmas;
otherwise, they do not affect the program generation process and therefore provide a
compatible way of augmenting the application description with guidance information.

4 Implementation and Evaluation

Key parts of the described approach were implemented and evaluated on a Linux-based
system, demonstrating the applicability and suitability of this approach. Our test setup
comprises of a general-purpose multicore PC platform enhanced by a dedicated FPGA
accelerator card comprising a Xilinx Virtex4-FX100, using state-of-the-art HyperTrans-
port interconnection technology.

The software stack is depicted in Figure 4. Here, we see the interplay of the various
software layers from application to kernel space down to hardware access. To prop-
erly separate these layers, we employ two OS-provided control interfaces which are
inter-process communication (IPC) based on the aforementioned procfs interface be-
tween the runtime part and the control daemon, and hardware device drivers to access
the accelerator hardware by this daemon. For our test implementation we partitioned
the accelerator’s resources in order to achieve a heterogeneous, parallel application ac-
celerator. Hence, the logic resources are provided as 6 individually configurable and
accessible slots attached to a static HT-based interface infrastructure [8]. Enabling a
uniform, configuration independent interface, dedicated abstraction layers are provided
in hardware.

With this platform, we could demonstrate that our solution does not show negative
impact on application runtime for standard operation, i.e. when no function mapping oc-
curs [2]. Extending these measurements, we furthermore quantified the latency involved
with function switching as presented in Table 1. In comparison with set-up latencies for
CUDA compute kernels and FPGA hardware reconfiguration as shown in Table 2 we
can safely state that not only is our approach some orders of magnitudes, but also the
cost for re-resolving a function pointer becomes invisible as function change time is
dominated by the accelerator hardware setup costs.

Using dedicated test applications, we ensured proper functioning of our infrastruc-
ture [12, 3]. One test application for this setup was hardware-accelerated 3DES encryp-
tion [2]. Depending on the data payload size, either the software or hardware imple-

Mechanism Latency Switching Interface
DLS-SL 1.6µs 0.5µs 1.1µs
DLS-DL 4.8µs 3.3µs 1.5µs

Table 1. Function switching latencies

Setup Type Latency Factor
CUDA kernel init. ∼0.6 s 100,000
FPGA config. ∼10 ms 2,000
Table 2. Accelerator setup latencies
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mentation was selected in order to achieve maximum performance. With this very test
application, we furthermore successfully demonstrated compatibility with the OpenMP
programming model.

5 Conclusion and Outlook

Starting with a requirements analysis and discussion of related approaches, we moti-
vated an alternative, lightweight and most compatible concept addressing program gen-
eration and execution on heterogeneous, dynamically changing parallel systems.

By carefully extending existing concepts and techniques employed in modern OSes,
our concept enables full compatibility with existing application binaries and libraries,
showing no performance degradation compared to native execution. Furthermore, our
approach enables full compatibility and interoperability with existing parallel program-
ming models such as OpenMP or MPI. Exploiting the capabilities of modern binary
formats, we ensured backwards compatibility with conventional runtime systems not
performing any mapping process. We provide implicit and mechanisms to apply guid-
ance information for steering the mapping process. If no such information is applied, a
best-effort fall-back strategy is executed. The presented approach is by design language-
agnostic and not tied to a specific infrastructure. The applicability and suitability of the
concept was demonstrated by a test implementation based on the Linux operating sys-
tem, using the ELF file format. This solution can easily be transferred to other Unix-
based systems and other OSes employing similar runtime systems and binary formats.

As of now, the prototype implementation offers all basic building-blocks required
for dynamic function mapping. Currently under development is an autonomous con-
trol daemon which automatically guides the mapping process with respect to present
hardware resources and application requirements.
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