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Abstract

High-performance Reconfigurable Computers
(HPRCs) integrate nodes of either microprocessor
and/or field progranmable gate arrays (FPGAS)
through an interconnection network and system
softvare into a parallel archecture. For domain
scientistswho lack the hardware d@n experience,
programming thee machines is near impossible.
Existing highlevel programming tools such ast&
hardware tools only address designs on one chip.
Other toolsrequire the programmer to create separate
hardware and software program modules.An
application programmemeed to explicitly develop
the hardware side and the software side of his/her
application separately and figure out how to integrate
the two in oder to achieve intramode parallelism.
Furthermore, the ppgrammer will have to follow that
with an effort toexploit the extranode parallelism. In
this work, we proposenified parallel programming
modelsfor HPRCs based othe Unified Parallel C
progranming languaggUPC). Through extensions to
UPC, the programmer is presented with a
programming model that abstracts hardware
microprocessors and accelerators through a two level
hierarchy of parallelism.The implementation is quite
modular and capitalizes on the use ofsourceto-
source UPC comilers. Based on the parallel
characteristics exhibited at the UPC progracgde
sections that are amenable to hardware
implementatiorare extracted and diverte a Gto-
hardware compiler. In addition to extenditige UPC
specifications to allow hierarchical parallelism and
hardwaresoftware ceprocessing, a frameworks
proposed forcalling and using amptimizedibrary of
cores as a alternative programming modelor
additional enhancement. Our experimental teswill
show that the proposed techniques are promising and
can help norhardware specialists to program HPRCs
with subsantial ease while achieving improved
performance in many cases.

1. Introduction

High-Performance Reconfigurable Computers
(HPRCs)are parallel architectures that integrate both
microprocessors and field programmable gate arrays
(FPGASs) into scalable systems that can exploit the
synergism between these two types of processors.
HPRCs have been shown to achieve up to several
ordess of magnitude improvements in spefl, size,
power and cost over conventional supercomputers in
application areas that are of critical national interest
such as cryptography, bioformatics, and image
processing2]. The productivity of HPRCs, however,
remans an issue due to the lack of easy programming
models for this class of architectures. Application
development for such systems is viewed as a hardware
design exercise that is not only complex but may also
be prohibitive to domain scientists who are not
computer or electrical engineers.

Many HighLevel Languages (HLLs) have been
introduced to address this issue. However, those
HLLs address only a single FPGA [4aving the
exploitation of the parallelism between resulting
hardware cores and the resttbe resources, and
scaling the solution across multiple nodes to the
developer using brute force, with no tools to help. This
has prompted the need for a programming model that
addresses an entire HPRC with its different levels and
granularity of parallem. In this work, we propose to
extend the partitioned global address space (PGAS)
scheme to provide a programming model that presents
the HPRC users with a global view that captures the
overall parallel architecture of FPGBased
supercomputers. PGAS piides programmers with a
global address space which is logically partitioned
such that threads are aware of what data are local and
what are not. Therefore PGAS programming languages
are characterized with easé-use. Two different
usage models are propdsand separately investigated
and then integrated to provide application developers
with easy access to the performance of such



Thread 0 Thread 1 Thread

THREADS -1
Shared space : Partitioned Global
P Address Space
Private Private Private Private
Space

Fig. 1. The UPC memory and execution model

architectures without the need for detailed hardware close to that thread and efficiently exploit data locality
knowledge. One model simpballs a library of cores  in applications.

from aprogramalreadywritten in a parallel language, Since UPC is an explicit parallel extension of ISO
where fine grain FPGA level of parallelism is handled C99, all language features of C are allg embodied

by the library and the node and system parallelism arein UPC. In addition, UPC declarations give the
handled through the parallel programming mode. programmer control of the distribution of data across
Another methodologyconsidered identifying sections the threads. Among the interesting and complementary
of codes that can benefit from hardware execution andUPC features is a worgharing iteration statement,
diverting those sections to atGhardware compiler. upc _forall . This statement helps diftute
Such candidate sections can be more e&ddgtified independent loop iterations across the threads, such
from a parallel language syntax and semantics than thathat iterations and data that are processed by them are
from a sequential languag&his slightly modifies the assigned to the same thread. Such parallel processing
UPC programming models to allow a tlevel constructs become very handy when the code is
hierarchy of parallelism, where original UPC threads examined for fine grain parallelism thatits hardware

are used for coarse grain parallelism across the systenexecution. UPC also defines a number of rich private
nodes. Another fine level parallelism is used tonspa  and shared pointer concepts. The language also offers a
activities within each UPC thread where such activities rich range of synchronization and memory consistency
may be handled by an accelerator such as an FPGAcontrol constructs.

Proof of concept experiments using UPC coupled with

a Gto-hardware programming interface using Impulse 3, Proposed Solutions

C have been conducted. UPC or Unifieddfel C, is

a parallel extensio of ISO C using the PGAS model The productivity problem of HPRG=an be stated

(5]. as follows. At present there is not a single
programming model that provides an integrated view

2. Overview of Unified Parallel C (UPC) of HPRCs withthe FPGAs, the node architecture with

its microprocessor(s), and the system level architecture.
Fig. 1lillustrates the memory and execution model All available tools, even those thare Glike, allow

as viewed by UPC programmeits. UPC, memory is only the programming of a single FPGA chip. In some
composed of a shared memory space and a privatecases they provide a view that can allow the
memory space. A number of threads work programming of one FPGA and one microprocessor
independently and each of them can reference anybut programmers have to deal explicitly with hardware,
address in the shared spaaed alsoits own private software and their integratio his leaves many gaps
space. The total number of threadsTHREADSand in the development process for the application
each thread can identify itself usivy THREADwhere developer to fill with brute force. A programming
THREADSanmd MYTHREADcan be seen as special model is therefore needed to provide a unified view of
constants. The shared space, however, is logicallythe overall parallel HPRC architecture, which allows
divided into portions each with a special association exploiting parallelism at the FPGavel, exploiting the
(affinity) to a given thread. The idea is to allow synergy between the FPGAs and the microprocessors
programmers, wittan appropriate desigrno keep the  and exploiting the multiplicity of nodes through
shared datahat will be dominantly processed by a parallel processing.
given thread (and occasionally accessed by others)



3.1 TheHPRC PGAS Programming Model
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the available resources. In such cases, techngues

as striping can be used. In the prototype that was |
created for proof of concept only simplcase of
upc_forall are considered.

3.2 Implementation techniques

In this work, we are proposing a solution that
provides application developers with a unified
programming model that addresses the entire parallel
architecture of a HPRC, through the fiarhed global
address space (PGAS) paradigm.

Under this model, each UPC thread, running on a
processor, will be paired with a reconfigurable engine
(FPGA) to provide hardware garocessing capabilities
for that thread. A simple library call and/or aelision
in the compiling process will provide the capability of
creating hardware that is seamlessly interfaced to UPC.
On the other hand, UPC will continue to maintain a
global view for the whole HPRC system in the
PGAS/SPMD context. Ideas for expanding WP
specifications to exploit the power of such
architectures will be explored.

A testbed and a reference implementation will be
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application developers. As such, programmers of
parallel applications are only required to link their
applications with these libraries and make use of
traditional function calls that will transparently offload
computational tasks to the FPGA(s) of a system.
Though this approach itself isimple, it does come
with high maintenance cost. The library itself has to
directly make use of vendor A®lin order to
complex core
semantics. Changes to these semantics can sometimes
lead to substarl changes in the code actually
supporting the specific FPGA core.
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Fig. 3. Library abstract types



Fig. 4. Proposed core library approach

The work proposed here implements a language call will handle an important amount of data, it is a
agnostic approach with support for UPC collectiveness fairly acceptable tradeff.
requirementsA highlevel language is proposed which These wrappers also provide the benefit of being
allows software and hardware engineers to define coreable to propdy map compute problems teither
invocation semantics without implementing the state hardware osoftware depending on FPGA availability.
machine for the actual invocation. The library is able to This can be decided based on -pstablished
map the core invocation definitions to a customatest  hardwaresoftware cescheduling rules that take into
machine at rwtime which is able to properly pass consideration configuration time, context switching
software's arguments to the hardware. Thetime overhead, and arezonstraints[6]. In this work, we
capabilities of this approach are powered by a powerful propose to establish a software framework for allowing
type translation system. This can be seen in¥igrhe UPC applications to call and use hardware functions
interface provided to the endser & simple and caneb over the FPGAs in a seamless fashion just as calling
seen in Fig. 4 any other library. To do so, invocation mechanisms are
Fig. 2 shows that when calling a hardware integrated such that all of this work is hidden from the
function, there is more involved in terms of configuring programmer.
the needed hardware on the FPGA. The function call
should result in sending input data and configuring the 3.2.2 The C-to-Hardware Compilation Approach
right core if available, and initiating the processing.
The API was designed to be asynchronous in nature in In many cases, the user may not have an optimized
order to meet the requirements of overlapping library that addresses his/her application needs. In
computation and I/O in high performance computing. these cases, since a sodrasource UPCcompiler
Upon return of a function call, the output data must be produces C code, then some of this code can be
deposied in the correct location then control must be diverted to a @o-hardware compiler such as Impulse
returned to the application in a seamless manner. All C.
this implies some overhead compared to the standard  Also it as been shown the FPGA circuit design can
approach. In the worse test case scenario, making manype well captured by a languagachasC [7]. In their
calls to a test core which is doing very little study, 82% of the 35 circuit chosen ol be
computation, the overheasd around 186 of the total effectively described using standard C code. If C code
time. Taking into consideration than in most cases, one can describe circut UPC code will be easily able to



