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Abstract

With the advent of reconfigurable platforms and GPUs, we need means to successfully support the programmer and the
system scheduler in efficiently exploiting the resources of the system. We present an approach of how the programmer
can annotate the code so that a hardware abstraction layer can choose which resource to use for a given function call in a
user-transparent manner. We evaluate the introduced toolchain and the time required to obtain these code annotations.

1 Introduction

Due to the rise in heterogeneity in today’s systems, the
question comes up how to support the programmer in writ-
ing programs for such systems. These programs have to be
capable of exploiting a majority or even all of the system’s
resources while also running at an optimum with regard to
one or more constraints. Possible resources include GPG-
PUs, reconfigurable coprocessors, and extension boards
among others as sketched in Fig. 1.
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Figure 1: Simplified sketch of possible heterogeneous tar-
get environments

Constraints may be performance, energy-awareness, or
combinations such as efficiency. The frequently employed
hardware-aware computing that adheres to such constraints
leads to statically bound program code that in return is
complex to create, extend and maintain.

A supporting runtime system for hardware abstraction in
heterogeneous parallel systems that allows the adaptation
of an application to the current environment at runtime has
been proposed in [3]. In detail, the runtime system is capa-
ble of rerouting a function call to a different implementa-
tion in the executable itself or in an external library. It pro-
vides an API for control daemons and the program itself
to request the rerouting and, additionally, a user-accessible

interface. The idea behind is to have functions with given
semantics separated from implementations that allow cal-
culation on a specific system resource or in a specific man-
ner.

In order to calculate an efficient configuration of function
mappings and required resources for a given environment
at program start or even at runtime, the control unit needs
information about the application’s requirements and the
offered qualities of the available implementations. In this
work, we present a mechanism to store these requirements
and qualities as so-called attributes directly in the exe-
cutable and library files in a backward-compatible fash-
ion. The mechanism is evaluated with regard to costs in
toolchain extension and scalability in requesting the at-
tribute information from the binary file.

This paper is structured as follows: First, we present the
related work in Section 2. We then introduce our concept
of delivering requirements and properties of implementa-
tions via attributes in Section 3. The implementation of
this concept is laid out in Section 4, its interface is de-
tailed in Section 5. Section 6 presents the evaluation of the
proposed system. Our paper is summarized in Section 7,
where an outlook on future work is also given.

2 Related Work

Compute resources in a single system might be different
with regard to their vendors, instruction sets, and inter-
facing, hence requiring multiple-target binaries or sepa-
rate bitstreams for individual configuration. In [14], an ap-
proach for assigning functions to the heterogeneous cores
is presented.

OpenCL [5] constitutes an approach to foster development
of a single programming model for FPGA platforms and
GPGPUs that both until recently came with their own sub-
systems [6, 1].

There also exist approaches [2] to precompute static con-
figurations of function call schedules for a given target ar-
chitecture when employing the Bulk-Synchronous Parallel
programming model (BSP) for execution on parallel archi-
tectures. However, the presented work is statically bound
to one homogeneous architecture with similar input sizes



known in advance while in contrast we target runtime sup-
port for hybrid and heterogeneous systems.

Considering reconfigurability, [4] gives a DSP capable of
exploiting this great feature for embedded systems. Also in
the domain of controlling program execution inside FPGA
SoCs, the SDVM? constitutes an interesting approach [7].
In [8], we developed a framework for partitioning FP-
GAs to allow concurrent access onto an FPGA for multiple
users with each running potentially different hardware ac-
celeration engines. The system showed to already be suc-
cessful when running a single 3DES core, outperforming
software execution starting at input data sizes of 10KB.
This framework was motivated by Molen [11] that allows
user-defined instructions to execute accelerated function
versions in reconfigurable silicon. However, there is no
clear programming paradigm and no holistic, transparent
approach to deliver the FPGA bitstreams for the functions
to be accelerated in the binary itself.

Finally, in [3] we presented a lightweight system allowing
switching function calls to desired libraries and implemen-
tations at runtime. This can be steered both from within the
program itself and from outside, i.e. an extended scheduler
being aware of the overall system status and the program’s
requirements.

The preceding work is illustrated in [10], explaining the
overall concept and possible approaches for implementa-
tion, including the toolchain and further tools.

3 Concept

Heterogeneous systems are architectures as depicted in
Fig. 1, where tightly coupled accelerators frequently are
GPGPUs or in-socket FPGAs, while remote accelerators
can be attached via Ethernet or PCI-like buses. Most pro-
grams are started on one random core that acts as a master
core for split and gather operations, result printing, status
information and so on, while the others are frequently em-
ployed for computation only. The key for efficient usage
of these resources is to offer a mechanism to indicate in
advance the required features of the implementation that
is going to be used. Hence, in this section we present
our concept of how to add attributes for requirements and
properties to both programs and libraries. This informa-
tion can then be used in control daemons as in Fig. 2 to
direct the central component of the Dynamic Linking Sys-
tem (DLS), the Dynamic Linker itself, of which library or
specific function implementation is most appropriate with
respect of the current resource usage and accessibility.

We already suggested extending the ELF binary file of an
application by its a-priori known requirements and desires.
The second part of the concept is to also annotate existing
library implementations via the same means, which is pos-
sible because libraries are also stored in ELF. When linking
to dynamic libraries, relocation information for the sym-
bols needs to be added to both executable files and library
files; in the same way, attributes and additional data can be
attached as is depicted in Fig. 3.
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Figure 2: Dynamic Linking System (DLS): The control
daemon directs the linker of which library to choose
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Figure 3: Storing relocation information for dynamic li-
braries and attributes altogether in a single ELF file

We name the combination of the Dynamic Linking System
(DLS) and the attribute extensions for runtime evaluation
Dynamic Linking and Runtime System (DLRS).

4 The DLRS Sections

When extending regular binaries that are stored as ELF
files, it is important to remain compatible with legacy sys-
tems and, of course, legacy programs themselves. So we
are not allowed to alter any content directly, instead, we
need to add new and distinct sections for all the informa-
tion required.

These new sections are indicated in Fig. 4 where exten-
sions to the regular GNU toolchain extract the attributes
from the source code and create additional, non-conflicting
additional sections for organizational data, attributes, addi-
tional data, and even program code for multi-target bina-
ries.



example.c:

/* Attributed implementation */

#pragma DLRS

void matrix_mult (matrix *A,
matrix *B,
matrix **C) {

int main () {
/* Attributed call */
#pragma DLRS ...
matrix_mult (A, B, C);

return 0;
}
Preprocessor G.CC + Ext.ended
Linker Linker
\ 4
ELF File
.shstrtab .dlrs.strtab
.text .dlrs.attr
.rodata .dlrs.data
.dlrs.hw
.dlrs.powerpc

Figure 4: Generation of attributed ELF files from anno-
tated source code by toolchain extensions

4.1 String Tables

Speaking of information, there are two aspects to be con-
sidered: first of all, information is mainly represented in
string form, i.e. function names, attribute keys, attribute
values, and program names. This information should be
stored in a string table in order to allow reuse of individ-
ual strings, especially because many of the keys will be the
same. However, using the regular string table is not recom-
mended as it would alter and influence the regular program
and break the afore-mentioned compatibility.

4.2 Attribute Tree

The other aspect with regard to information is organiza-
tion: As a program is structured by its main routine, the
function calls inside, and the function implementations,
storing data in a tree-like structure is desirable in order to

allow easy and convenient access within logical order. Fig-
ure 5 illustrates the tree-like organization of the attributes:
in the executables, every proxy (that represents a function
pointer) has a set of attributes describing its requirements.
In the libraries, the implementations are organized in so-
called functionality groups. Each implementation in such
a group does the same job, but in a different way. To dis-
tinguish between them, every implementation has also a
set of attributes describing thier qualities.
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Figure 5: Tree-like organization of proxies in executable
files and functionalities in libraries with their respective at-
tributes

4.3 Implementation

As already mentioned, each proxy can refer to multiple im-
plementations. Normally, there is only one implementation
per library/executable available. Such a proxy requires a
string table section for the attribute keys and values, the
proxy names and some more strings. Another section con-
tains the “pairing” of keys and values for each proxy, and
additional sections may appear for hardware descriptions,
executable code for different instruction sets, or acceler-
ation kernels. When several implementations are put to-
gether in one file, they are grouped by their functionality,
but separate sections are used for each implementation in
the ELF file, which are then labeled more accurately with
the function names instead of the functionality.

5 Interface

With the general concept and the DLRS sections in mind,
we now present the interface to these sections, which is
used by the toolchain itself and allows convenient access
for the afore-mentioned control daemon as of Fig. 2.



5.1 DLRS Library

The DLRS library 1ibd1rs fulfills two purposes: on the
one hand, it allows our tool such as d1rsobj to write the
DLRS object file that is later on linked to the remaining ob-
ject files in order to create an attributed binary file. On the
other hand, control software is able to read the attributes
from the extended target files and to then further direct the
dynamic linker. Of course, the interface for reading is in-
valuable for debug tools such as d1rsdump as well.

5.2 Toolchain Extension
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Figure 6: Toolchain extracting the attributes, creating in-
termediate files and new object files, and finally linking all
objects into attributed ELF files

In order to extract the attributes and link a separate attribute
object file to the other object files, the toolchain has been
extended as in Fig. 6: first, the source files are prepro-
cessed by GCC, resulting in a .1 file. Then, .aux files
are generated while compiling the source code to regu-
lar object files. These .aux files allow to easily extract
the remaining, unprocessed pragmas with our attributes

by dlrsextract, and to generate the DLRS object file
with a dedicated compiler dlrsobj. The code is com-
piled regularly, leading to a bunch of object files that are
finally linked together with the DLRS object figureherefig-
ureherefile, producing our attributed binary target file.

6 Evaluation

We evaluate our implementation by carrying out the fol-
lowing measurements: increase in the executable file’s size
due to overhead for the general organization, increase in
data size with increase in number of attributes and imple-
mentations, and execution time of the extended toolchain,
and time consumed for acquiring the attributes from the
section representations. Evidently, there is no real impact
caused by our program extensions apart from the desired
support of programs for heterogeneous systems.

The following tests were run on an Intel Core2 Quad
2.4GHz.

6.1 Increase in File Size

For our attributed files, we can already estimate the over-
head based on data management in the additional sections.
However, having the same attributes multiple times will
even save file size due to multiple reuse of the strings by
means of the proxy-specific string section. Hence, we
present the file sizes resulting from the regular toolchain
and from our toolchain for several different numbers of
proxy implementations and attributes both for reused and
unique attributes in Tables 1, 2. In our case, the attribute
tuples consist of 5 bytes for key and value each, there-
fore file size will vary when using longer key names or
longer values, respectively. Similarly, the implementation
names themselves are stored inside which further impacts
file size.

When putting more than one proxy/functionality into
source files, the file size simply grows by the same amount
when adding attributes to plain source files (given that the
number and size of the attributes are the same), and hence
is not shown in this section.

6.2 Acquiring Attributes

More important than the increase in file size is the time re-
quired to obtain the attribute information. Thus, we mea-
sured the time taken to obtain proxy information and the
according attributes from the binary files. All measure-
ments have been executed without any optimization. Ta-
ble 3 summarizes the execution times for requesting at-
tribute data for 1, 10, and 100 proxy implementations with
1, 10, and 100 attributes per implementation.



# implementations Regular DLRS
Oatiribs | Tlattrib | 10attribs | 50 attribs | 100 attribs
1 10,952B | 11,048B | 11,336B 11,593B 12,713B 14,106B
2 10,985B | 11,081B | 11,433B 11,818B 13,578B 15,787B
10 11,242B | 11,338B | 12,138B 13,675B 20,571B 29,164B
50 16,618B | 16,714B | 19,754B 27,051B 59,547B 100,140B
100 18,219B | 18,315B | 24,155B 38,668B | 103,148B 183,741B
Table 1: File sizes in Bytes of resulting binaries when reusing the same attributes
# implementations Regular DLRS
0 attribs [ 1 attrib [ 10 attribs [ 50 attribs [ 100 attribs
2 10,987B 11,083 11,435 11,932B 14,172B 16,973B
10 11,244B | 11,340B | 12,140B 14,653B 25,853B 39,854B
50 16,620B | 16,716B | 19,756B 33,757B 89,757B 159,758B
100 18,221B | 18,317B | 24,157B 52,158B | 152,958B 304,159B

Table 2: File sizes in Bytes of resulting binaries when using unique attributes

# attributes # of implementations
1 10 50 100
1 2.7us | 2.2us | 29us | 3.0us
10 2.5us | 2.6us | 29us | 3.0us
50 23ps | 2.7us | 3.0us | 3.1us
100 2.7us | 29us | 3.0us | 4.0us

Table 3: Time required to obtain the complete attribute

data
attribute implementation
first [ last [ mean
first 4703ms | 4.734ms | 4.718ms
last 4.718ms | 4.750ms | 4.734ms
mean 4.710ms | 4.742ms

Table 4: Time required to obtain attribute information of
first and last attributes and proxy implementations when
considering the first proxy

We also measured the time for acquiring the first and last
attributes of the first and last proxy/functionality from a bi-
nary file with 100 implementations and 100 attributes each
with 10 proxies in total. As the sequential search in the
string tables might deliver varying request times, we also
calculated the mean values in Table 4, which indicate that
access time is considerably stable and fairly low in general
even when iterating through the data structures.

Table S presents the results when accessing the first/last
functionality implementation, which isn’t necessarily the
10th implementations but depends on the order in which
the implementations are stored by the DLRS library.

attribute implementation
first [ last [ mean
first 4.718ms | 4.763ms | 4.740ms
last 4.728ms | 4.742ms | 4.735ms
mean 4.723ms | 4.753ms

Table 5: Time required to obtain attribute information of
first and last attributes and proxy implementations, respec-
tively, when considering the last proxy only

All theses results clearly show that operating systems ef-
fects still massively influence the execution times, and
hence no conclusion can be drawn with regard to decrease
in speed for larger data amounts. This is very good as our

system performance won’t be affected or degraded at all
by these extensions.

6.3 Execution Time of the Toolchain

We measured the build times of the make processes both
with the regular GNU toolchain and the attribute-extended
toolchain; additionally, we also took the individual pro-
cessing times of dlrsextract and dlrsobj, respec-
tively, over an average of 10 runs. To get an understand-
ing of scalability and applicability for large projects, we
ran several tests with increasing numbers of attributes. For
each proxy, its name is the first attribute, and the remain-
ing attributes are a dummy enumeration. Note that for the
function call, there is one additional attribute stored except
for the case with zero attributes. From the results presented
in Table 6, we can see that from a toolchain point of view,
the attributes and extensions account for nearly a third of
the build time, but at least scale very well with the number
of attributes.

Similar to the previous test, we also tested the influence
of the number of proxy implementations when not shar-
ing the same attribute names. Table 7 clearly shows that
build time is strongly influenced by linking the additional
sections together because the DLRS tools have only a mi-
nor impact on the overall build time, but the build time
grows dramatically for a high number of implementations
in comparison to the regular toolchain.

From these results we can conclude that for large-scale
programs, the overhead becomes even less significant as
a major part of the build time is required for compiling
the source code to object files in contrast to the current
empty function implementations that are compiled very
fast. Hence, our evaluation only gives the worst-case im-
pact.

7 Conclusions and Future Work

Today’s heterogeneous systems require high-level but
transparent support for specifying additional information
including an implementation’s properties and a program’s



# of attributes Regular Extended
Toolchain | Toolchain | dlrsextract dlrsobj
0 74.3ms 108.2ms 23.2ms 5.2ms
1 74.4ms 113.6ms 23.3ms 5.0ms
10 73.9ms 111.8ms 23.4ms 5.0ms
50 74.5ms 111.1ms 23.2ms 5.1ms
100 74.7Tms 112.7ms 23.6ms 6.0ms

Table 6: Execution times of the regular and extended toolchain for one proxy implementation and varying number of
attributes

# implementations Regular Extended
Toolchain | Toolchain | dlrsextract | dlrsobj
2 77.0ms 113.8ms 23.1ms 5.1ms
10 80.8ms 118.7ms 23.2ms 5.0ms
50 100.0ms 144.3ms 23.5ms 6.2ms
100 122.1ms 175.8ms 23.5ms 7.7ms

Table 7: Execution times of the regular and extended toolchain for varying number of proxy implementations with each

10 attributes

expectations. We presented our implementation to achieve
this goal, which consists of adding additional sections to
the binary file of a program stored in the executable and
linkable format (ELF). This ensures that the implementa-
tion is usable for both dynamic libraries and programs, so
that both a program’s requirements and a library’s imple-
mentation capabilities can be specified. The additional at-
tribute information of function implementations is stored
in further sections of the ELF binary file that are transpar-
ent to regular UNIX-like systems. Information is accessed
in a tree with the appropriate pointers to the data in a sep-
arate strings section. Besides, binary data such as FPGA
bitstreams can also be stored and managed.

Further work consists of arranging and merging require-
ments and properties in such a way that subject to an
overall goal, e.g. power consumption, optimal execution
is guaranteed.
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