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ABSTRACT
Accelerator-based heterogeneous computing has become a popular
solution for energy-efficient high performance computing (HPC).
Along these lines, Field Programmable Gate Arrays (FPGAs) have
offered more advantages in terms of performance and energy effi-
ciency for specific workloads than other accelerators. Nevertheless,
FPGAs have traditionally suffered from several disadvantages lim-
iting their deployment in HPC systems, mostly due to challenges
of programmability and portability. We present a directive-based,
high-level programming framework for high-performance recon-
figurable computing. It takes a standard, portable OpenACC C
program as input and generates a hardware configuration file for
execution on FPGAs. We implemented this prototype system in our
open-source OpenARC compiler, which uses the Altera OpenCL
compiler as its backend. Preliminary evaluation of the proposed
framework on an Intel Stratix V with five OpenACC benchmarks
demonstrates that our proposed FPGA-specific compiler optimiza-
tions and novel OpenACC pragma extensions assist the compiler
in generating more efficient FPGA programs.
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ming languages; • Computer systems organization→ Pipeline
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1 INTRODUCTION
Heterogeneous computing using accelerators such as GPUs has be-
come a popular solution to the challenges of current and upcoming
high-performance computing (HPC) systems, such as issues of per-
formance, energy efficiency, reliability, and cost. Along these lines,
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reconfigurable architectures like Field Programmable Gate Arrays
(FPGAs) have received renewed interest due to their unique com-
bination of performance and energy efficiency through hardware
customizations. The reconfigurable nature of FPGAs allows for gen-
eration of hardware customized for applications, which can achieve
much higher energy efficiencies compared to conventional CPUs
and GPUs, resulting in increasing adoption in various industry and
research platforms [5, 8, 13, 15].

However, FPGAs have not been widely adopted for HPC, mainly
because of the difficulties in programming and optimizing FPGAs.
Traditionally, FPGAs have been programmed using low-level hard-
ware description languages (HDLs), which expose complex hard-
ware designs to users. To alleviate FPGA programming complexities,
several high-level synthesis (HLS) programming models have been
proposed [2–4, 6, 12, 14]. Among these, OpenCL is the first stan-
dard programming model that has been adopted by all major FPGA
vendors (e.g., Intel [1] and Xilinx [3]) and is functionally portable
across diverse heterogeneous architectures.

Despite offering the potential for portability to GPUs and Xeon
Phis, programming FPGAs with OpenCL has two contradicting
problems: (1) the semantic gap between the OpenCL abstraction and
the low-level hardware design is too wide, and (2) the programming
abstraction offered by OpenCL is still considered too low for typical
domain science programmers.

When programming FPGAs with OpenCL, the efficiency of the
OpenCL compiler is critical to performance because it synthesizes
all hardware logic for the input program. However, there exist
several practical limits mainly caused by the semantic gap, such
that existing FPGA OpenCL compilers tend to be very sensitive to
specific code patterns [16]. Although lowering the programming
abstraction level offered by OpenCL could reduce the compiler’s
sensitivity caused by the semantic gap, this would negatively affect
programmability.

To address these issues, we propose a directive-based, high-level
programming and optimization framework for efficient FPGA com-
puting, built on top of the directive-based, Open Accelerator Re-
search Compiler (OpenARC) [11], which performs source-to-source
translation and optimization of an input OpenACC code to an out-
put OpenCL code. The directive-based, high-level programming
model offers better programmability, and the semantic information
offered by user directives can better inform the OpenARC com-
piler for efficient OpenACC-to-OpenCL translation. Our goal is to
generate specific OpenCL code patterns such that the underlying
OpenCL compiler can correctly infer the intended semantics.
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This work makes the following contributions:
• We design, implement, and evaluate directive-based, high-
level FPGA-specific optimizations, exploiting known FPGA
programming paradigms, such as shift registers and sliding
windows, to reduce overall FPGA runtimes and resource
usage.

• We compare the performance of OpenACC applications with
FPGA-specific optimizations to manual OpenCL applications
with hand-tuned FPGA-specific optimizations.

• We compare the runtime and energy usage of OpenACC
FPGA executions against OpenACC GPU executions and
OpenMP CPU executions.

2 OPENARC: BASELINE OPENACC-TO-FPGA
TRANSLATION FRAMEWORK

Figure 1: OpenARC System Architecture

The baseline OpenACC-to-FPGA translation framework is based
on an open-source OpenACC compiler called OpenARC. As shown
in Figure 1, OpenARC performs source-to-source translation of
the input OpenACC or OpenMP program and generates either
CUDA or OpenCL as an output programming model. To port Ope-
nACC to FPGAs, we use OpenCL as the output model and the
Altera Offline Compiler (AOCL) [7] as its backend compiler. Be-
cause OpenCL is architecture-independent, the same OpenCL code
generated for GPUs can be executed on FPGAs, and is function-
ally portable. However, the unique architectural aspects of FPGAs
necessitate customized translation and optimization strategies to
achieve performance portability. The key benefit of using FPGAs
is that they support wide, heterogeneous, and deeply pipelined
parallelism customized for the input program. In other types of ac-
celerators, such as GPUs, parallelism is achieved by replicating the
same generic computational units multiple times, which limits the
amount of work that the device can perform each clock cycle. Alter-
natively, FPGAs achieve parallelism by duplicating only the logic
that the input program requires. In high-level FPGA programming
with OpenCL, the OpenCL compiler synthesizes all the hardware
logic for the input program, and thus the efficiency of the compiler
is critical for performance. Therefore, we extended the OpenARC

passes to generate output OpenCL codes in a manner friendly to
the underlying OpenCL compiler.

3 DIRECTIVE-BASED, HIGH-LEVEL
FPGA-SPECIFIC OPTIMIZATIONS

The proposed framework consists of automatically applied opti-
mizations within the OpenARC compiler, alternative FPGA-specific
implementations of existing OpenACC parallelism directives, and
directive extensions for optimizations not easily described with
existing OpenACC directives.

We have developed these optimizations [9, 10] with the goal of
abstracting away low-level FPGA-specific programming such as
dynamic memory-transfer alignment for exploiting Direct Mem-
ory Access (DMA). Also, they allow programmers to use existing
high-level parallelization approaches, such as OpenACC parallel, re-
duction, and collapse clauses, to efficiently program FPGAs. Finally,
through directive extensions they allow programmers to utilize
some patterns unique to FPGAs such as the FPGA-specific hard-
ware mechanism of kernel pipelining and an FPGA-specific sliding
window approach.

4 PRELIMINARY EVALUATION
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Figure 2: Comparison of OpenMP CPU executions, Ope-
nACC GPU executions, and OpenACC FPGA executions.

To show that high-level FPGA programming can offer a compet-
itive solution, we compare directive-based approaches across three
devices. In Figure 2 we compare OpenACC programs executed on
an FPGA (black) and a GPU (gray) with OpenMP programs executed
on a CPU (white).

The upper half of the figure shows a runtime comparison across
all three devices, while the lower half shows a comparison of energy
consumption (Joules), both normalized to a CPU baseline of 1.

The preliminary results show that in some cases directive-based
approaches for FPGA programming, when supported with FPGA-
specific optimizations such as those developed in [9, 10], can com-
pete with directive-based approaches for other devices like GPUs
and CPUs when considering runtime and energy usage. However,
in other cases more optimizations are needed.
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