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Abstract

The range of distributed real-time and embedded (DRE)
system applications has continued to expand at a vigorous
rate. Designers of DRE systems are constantly challenged
to provide new capabilities to meet expanding requirements
and increased computational needs, while under pressure
to provide constantly improving price/performance ratios
and shorter times to market. Recently emerging hybrid chips
containing both CPUs and FPGA components have the po-
tential to enjoy significant economies of scale, while en-
abling system designers to include a significant amount of
specialization within the FPGA component. However, re-
alizing the promise of these new hybrid CPU/FPGA chips
will require programming models supporting a far more in-
tegrated view of CPU and FPGA based application compo-
nents than that provided by current methods. This paper de-
scribes methods we are developing for supporting a multi-
threaded programming model providing strongly integrated
interface to CPU and FPGA based component threads.

1. Introduction

The set of applications using distributed real-time and
embedded (DRE) system components has continued to ex-
pand at a vigorous rate. System designers are constantly
challenged to provide new capabilities to meet the ex-
panding requirements and increased computational needs
of new application types, while under pressure to provide
constantly improving price/performance ratios and shorter
times to market. One way to reduce cost and development
time is to emphasize reuse of commercial off the shelf
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(COTS) components, both hardware and software, in pref-
erence to custom designs. Creating COTS components that
can be reused in a wide range of real-time and embedded ap-
plications is a difficult challenge, in part, because it requires
the simultaneous satisfaction of apparently contradictory
design forces: generalization and specialization. This pa-
per describes our current work using the multi-threaded
computation model as a unifying framework for hardware-
software co-design of DRE applications. We believe this ap-
proach provides an effective resolution of the tension be-
tween generalization and specialization by making multi-
threading the first-level design view of a computation, mak-
ing the CPU or FPGA implementation for a given thread a
more secondary and well encapsulated consideration.

1.1. Specialization-Generalization Tension

COTS components are generalized to make them use-
ful for as wide an audience as possible in order to maximize
their economies of scale, but this limits the specialized sup-
port that they can offer for any given computation. DRE
system designers are attracted to the lower cost and shorter
times to market of COTS components. However, DRE sys-
tem designers also often use specialized components to pro-
vide provide unusual capabilities required by a given ap-
plication or to meet stringent performance constraints. This
usually forces them to accept higher component costs and
longer times to market as a result. This creates a tension be-
tween the forces favoring use of generalized components
and those favoring specialized components.

We believe two recent trends, one at the hardware and
one at the software level, provide an opportunity to improve
the ability of DRE system developers to address this ten-
sion between generalization and specialization. At the hard-
ware level, recently emerging hybrid chips containing both
CPUs and FPGA components have the potential to enjoy



significant COTS economies of scale, while enabling sys-
tem designers to include a significant amount of hardware
specialization within the FPGA component. At the software
level, the increasing popularity of open source component
oriented system software offers a similar combination of
COTS economies of scale and considerable scope for com-
ponent selection and specialization. We believe the conver-
gence of these trends offers an exciting opportunity to ad-
vance the state of the art in DRE system implementation.

The Xilinx Virtex II Pro and Altera Excalibur chips are
two examples of the CPU/FPGA hybrids in which we see
such promise. The Xilinx [21] Virtex II Pro combines up
to four Power PC 405 cores with up to several million free
gates [20, 19], while Altera [2] offers the Excalibur, which
combines an ARM 922 core with approximately the same
number of free gates [3, 4]. At this level specialization takes
two forms: FPGA Intellectual Property (IP) component se-
lection and specialization. The free FPGA gates can be pro-
grammed with a wide range of standard system compo-
nents, including: serial and parallel I/O interfaces, bus ar-
biters, priority interrupt controllers, and DRAM controllers.
Designers select the set of FPGA IP, configuring and per-
haps modifying them to create what is, in effect, a spe-
cialized System-on-a-Chip (SoC) processor, while enjoying
the economies of scale of a COTS device. Further, the free
FPGA gates may also be used to support customized appli-
cation specific components for performance critical func-
tions. While the performance of FPGA based implementa-
tions is non-trivially lower that that of an equivalent ASIC,
the FPGA based solution often provides perfectly accept-
able performance with a better price/performance ratio.

Similar component oriented flexibility is a continuing
trend at the software level as well. Under such systems, the
specific set of components required by the application can
be selected, just as with FPGAs, and in the case of open
source software the implementation of components can also
be modified as required. For example, the ACE middle-
ware is a collection of components that has had many years
of steadily increasing popularity because it is continuously
evolving set of components of use to designers of concur-
rent, distributed, and real-time systems [12, 13, 14].

At the computation level, DRE developers have always
had to choose which portions of the application computa-
tion should be supported directly by hardware and which
by software executing on a CPU. The new hybrid compo-
nents have greatly increased the size of this design space by
increasing the size of the set of application components that
can be supported either by the FPGA hardware or by the
CPU.

The Open Source trend is significant in this context be-
cause it helps increase the DRE system designers’ set of
choices concerning how to resolve the tension between spe-
cialization and generalization. The Open Source trend is at-

tractive to DRE designers because, in principle, it permits
them to focus specialization effort on precisely the system
components requiring it. Many factors affect the practical-
ity of specialization of a given component within a given
situation, of course. The cost of creating and then maintain-
ing a specialized version of an Open Source component can
be non-trivial, but so can the cost of a supplier removing a
proprietary product ad its support from the marketplace.

It is worth noting that the Open Source trend is also
present at the FPGA level. For example, Opencores.org [11]
provides a wide range of freely available FPGA IP. As with
all Open Source projects, the quality and applicability of
the available components to a given project varies consider-
ably. It is important to note that commercially produced and
licensed FPGA IP can also provide a similar degree of flex-
ibility, by permitting the modification of the licensed IP to
address specialization required by a specific project.

1.2. HW/SW Co-Design

The trend toward highly configurable component ori-
ented offerings at both the hardware and system software
levels has thus significantly increased the range of choices
available to DRE system designers. While providing many
advantages, this also significantly complicates DRE system
design and implementation because an application’s imple-
mentation may involve the co-design and integration of a
wide range of components in both hardware and software.
The situation is further complicated by the fact that dur-
ing DRE system design and implementation the boundary
between components supported by the CPU and those sup-
ported by FPGA IP must remain fluid to produce the best
resolution of the tension between generalization and spe-
cialization. While no single technique or technology is ca-
pable of addressing such a fundamental design force, this
paper describes an approach we are using to implement a
new system software capability that we believe will sig-
nificantly improve the flexibility and efficiency with which
DRE system developers can co-design the HW and software
for DRE systems.

The key element of our approach is to provide an envi-
ronment emphasizing a uniform view of hybrid computa-
tions; those involving the use of both CPU based and FPGA
components. Our approach uses the familiar, widely used,
and widely ported multi-threaded programming model to
generalize the description of a computation as a set of con-
currently executing threads of execution. The key point is
that we are minimizing the distinction that developers must
make between threads of execution that are supported by
the CPU, by the FPGA, or by both.

We are thus designing and implementing a hybrid multi-
threaded programming model by standardizing support for
CPU and FPGA based threads of execution. In most situa-



tions, developers need only view a computation component
as an independent thread of execution interacting with other
concurrently executing threads through standard semaphore
based synchronization methods.

Given this model, developers requiring specialized sup-
port from the FPGA for some portion of an application can
begin by separating that portion from the rest of the applica-
tion as an independent thread. Use of semaphores in a vari-
ety of ways can implement the desired relationship between
the new thread and those already existing. Then, when this
implementation is working satisfactorily in the software do-
main, the segregated thread can be switched to an FPGA
based implementation providing the required unique capa-
bilities or improved performance.

The unified concurrency control of CPU and FPGA
based threads in any combination is the most important as-
pect of our approach. It substantially reduces the set of sit-
uations in which a developer must consider the degree of
CPU and FPGA support for the thread, and thus increases
the flexibility with which application components can mi-
grate across the CPU/FPGA boundary, either during de-
velopment, or as a system configuration option. Our ap-
proach unifying CPU and FPGA implementations under
the multi-threaded programming model helps resolve the
generalization-specialization tension by making it easy to
use generalized components enjoying economies of scale,
while permitting focused specialization through FPGA sup-
port of specific threads.

Under our unified model, designers also have the advan-
tage of an iterative development approach that can begin by
implementing an application as a purely CPU based multi-
threaded application, perhaps interacting with a simulation
of target hardware that is not yet available. Then, migra-
tion of the multi-threaded application to the target platform,
and of specific threads to either partial or complete FPGA
support, can be done iteratively. Stepwise refinement of a
working application is a familiar way to increase overall ef-
ficiency by simplifying the resolution of problems that arise
at any given stage.

It is important to note that our approach is not a panacea;
implementation of applications using a set of concurrently
executing threads will remain a difficult challenge because
concurrent programming is hard. Further, iterative refine-
ment of an application will not always be as easy as migrat-
ing a single thread from CPU support to full or partial FPGA
support. However, this is also true of purely CPU based
multi-threaded application development, and thus adds no
complexity to the overall development problem, while pro-
viding a well defined migration path from CPU to FPGA
support.

While relevant for design of any computer based system,
we are particularly interested in the application of our hy-
brid model to real-time embedded systems, and are using

KURT-Linux [15] as our development platform. It is im-
portant to note that we are investigating the advantages of
co-design at the system software level as well as the DRE
application level.

1.3. Summary

The attractive combination of economies of scale
with significant specialization potential makes these hy-
brid CPU/FPGA chips likely to play an important role
in the creation of COTS hardware platforms for fu-
ture DRE systems. A major challenge that remains is the
creation of a system design and implementation environ-
ment within which whether a component is supported by
the CPU or the FPGA is just one of many implementa-
tion details.

The rest of this paper discusses the hybrid multi-threaded
programming model with which we will support co-design
in Section 2, and then discusses various ways in which we
plan to use co-design to improve the behavior of Kurt-Linux
in Section 3 in the course of which we will both test the
components of the hybrid model and gain experience with
their use. Section 4 then considers the application level ex-
amples we will use to exercise the approach at the user level.
Section 5 then discusses some related work, and Section 6
briefly presents our conclusions.

2. Hybrid CPU/FPGA Programming Model

The great promise of reconfigurable computing has made
it an attractive topic for a number of years, but the opinions
of researchers differ on how that promise might best be real-
ized. Some believe that a wide range of applications can be
completely migrated into FPGA support. Under this view,
the CPU will disappear and developers will write computa-
tions that will be combined with others on the same system
in a process of synthesis producing a monolithic configu-
ration for a large pool of FPGA computational assets. This
view arose fairly early in application areas with a strong
DSP component for at least three contributing reasons: (1)
FPGA components were particularly well suited to these
kinds of computations, (2) the CPU components being re-
placed were often DSP chips, and (3) input and output data
streams for these applications could often be handled di-
rectly in hardware, rather than than through a supporting
operating system.

Our view emphasizes hybrid computations, those with
both CPU and FPGA based components because we believe
that many DRE application domains will continue to in-
clude elements that are best supported by CPU based com-
ponents for at least the next several years. Indeed we see
the creation of the Xilinx Virtex II Pro [20] and Altera Ex-
calibur [3] chips as a reflection of this position. We be-



lieve that such hybrid architectures are also important be-
cause they maximize the flexibility of developers in choos-
ing whether the components of their application will be
CPU or FPGA based. Indeed, it is possible to imagine that
members of a family of implementations for a given appli-
cation might have many components in common, but dis-
tribute them across the CPU/FPGA boundary differently.
This would be one way to provide customers with several
different price-performance points while maximizing com-
ponent reuse and minimizing development time.

We thus believe that designing a programming model ca-
pable of describing computations with both CPU and FPGA
based components would be a significant contribution to
current practice. The rest of this section first describes the
elements of the multi-threaded model that are required to
achieves this, and then describes how we are planning to
implement a hybrid concurrency control model, support for
FPGA based threads, and how threads that use both CPU
and FPGA support will work.

2.1. Multi-Threaded Computations

The attraction of the multi-threaded computation model
is its combination of simplicity and power. A thread is an in-
dependently executing entity tracing a path through an ad-
dress space it shares with other threads. If these threads do
not interact in any way, they can execute without restric-
tion. Interactions among threads may exist for several rea-
sons, some fundamental to an application’s semantics and
some incidental to a particular implementation. These in-
teractions address a number of different issues, including:
measures for protecting the validity of shared data, control
of access to specific resources, and control of thread pools.

However, despite the wide range and large number of
issues addressed, only a small number of mechanisms are
used to constrain thread execution. These execution con-
straints can all be implemented using semaphores. Creation
of a hybrid CPU/FPGA multi-threaded programming model
thus crucially depends on the creation of a method for per-
mitting hybrid semaphores to be used by both CPU and
FPGA based threads.

Implementing hybrid semaphores that provide correct
support for concurrency control to both CPU and FPGA
based threads is fairly straightforward. Creating implemen-
tations that support efficient execution of both types of
threads across the full range of desirable computation archi-
tectures will certainly be more challenging, and will proba-
bly require a set of implementations from which system de-
signers may choose according to to characteristics of their
systems. This is not surprising given the range of possible
application areas for which hybrid concurrency control will
be attractive, and is another situation in which a range of

configurable components is desirable for the design and im-
plementation of DRE systems.

2.2. Hybrid Concurrency Control

Concurrency control among CPU and FPGA based
threads depends on a set of semaphores that can be
used by both. These hybrid semaphores are mapped
into the system’s physical address space at a specific lo-
cation, and can be implemented using either memory
(DRAM, SRAM, BRAM) or as memory mapped regis-
ters within the FPGA. The key aspect of thread operations
on the semaphores is that they must be atomic. Many ar-
chitectures, for example, provide atomic test-ad-set
operations to support efficient semaphore implementa-
tion.

In a system with no configuration constraints, atomic
test-and-set to a semaphore in any memory location would
be possible from both CPU and FPGA threads. In prac-
tice, current platforms, while significantly configurable, are
not yet completely configurable. For example, on our tar-
get platform, the Xilinx Virtex II Pro (V2P), the CPU core
is a PPC 405. Careful analysis and several experiments have
demonstrated that the CPU signals necessary to implement
atomic test-and-set on semaphores shared between CPU
and FPGA based threads are not available on the busses
available to the FPGA.

This is reasonable since the designers of the V2P were
under the familiar pressure to reuse an existing component,
the PPC 405 CPU core. Further, it is likely that making these
signals available would have been a difficult and expen-
sive task. Also, there are other ways to implement hybrid
semaphores. Our first approach will use an FPGA based
implementation. Each semaphore will have a set of regis-
ters to support the request, release, and ownership inquiry
operations. Every thread using a hybrid mutex semaphore,
whether FPGA or CPU based, will have a unique ID.
Threads wishing to obtain possession of a semaphore in the
hybrid set will write their ID into the semaphore’s request
register, and then wait for their ID to appear in the owner-
ship register. The release register can be used by the thread
holding the semaphore to release it. Such an implementa-
tion will be appropriate for the basic spin-locks that will
then enable implementation of semaphores with more sub-
tle semantics. A major advantage of this approach is that it
depends only on the atomicity of reading and writing mem-
ory locations, which makes it portable among an extremely
wide range of CPU architectures.

Support for blocking semaphores is slightly more com-
plex, since a waiting thread must block and then be un-
blocked when granted the semaphore. On the CPU side, it
is easy to block the requesting thread and run the sched-
uler to select another. When the semaphore is granted to the



blocked thread, the state of the thread must be changed to
indicate it is able to run, and the scheduler invoked again.
The simplest approach is to have the FPGA semaphore
generate a CPU interrupt, and the CPU interrupt handler
changes the thread state and arranges for the scheduler
to run. Other designs are possible which make different
choices about how much information is kept and used by
the FPGA based semaphores and under what conditions
the CPU is notified of a semaphore state change using
an interrupt. The capabilities offered by the reconfigurable
FPGA hardware may make it possible to create forms of
semaphore support that increase the efficiency of thread ex-
ecution, especially on the CPU side, by making it possible
to reduce interrupt overhead related to semaphore use.

In the case of an FPGA based thread it might always spin
on a given semaphore, as there is nothing else for that FPGA
component to do, but they need not. Instead, the FSM con-
trolling the FPGA thread might wait in a blocked state un-
til told by the semaphore support hardware that it had been
granted possession of the semaphore.

It should now be reasonably clear that an implementa-
tion of common semaphore types should be fairly simple on
a wide range of hybrid hardware. The designs we are cur-
rently implementing depend only on the atomicity of read
and write operations on memory addresses. It is interest-
ing to note that the difference in time scales between the
CPU and FPGA based threads will probably favor a queuing
implementation, as will the need for the FPGA semaphore
controller to keep track of all elements waiting on a given
semaphore. Clearly, as with most systems design problems,
there are many issues of scalability and efficiency that will
motivate the creation of many alternate designs after the first
correct implementation.

2.3. FPGA Based Threads

An FPGA based computation executing concurrently
with the CPU is already, in essence, an independent FPGA
based thread of execution. It is important to note that FPGA
based threads will be preallocated, in the sense that their
portion of the FPGA will be established during system con-
figuration. This need not be true as dynamically loadable
FPGAs become more common and loading times decrease,
but is how our first implementation will work. At the API
level, FPGA based threads will still be “created”, but at the
FPGA level they will be provided with values for any run-
time parameters and given permission to run.

What we require to make an FPGA based thread part of
the hybrid threading model is a control structure that will
permit the FPGA based thread to interact with the hybrid
concurrency control provided to the entire thread set by the
FPGA based semaphore set. We are using a basic finite state
machine (FSM) approach to controlling computations real-

ized in the FPGA. The most basic thread is one that inter-
acts with no others, and the FSM for such a thread has two
states: running and waiting. Transition between these states
depends on when the thread is “created” by another during
application execution. As mentioned, creation in this con-
text means being given input values and permission to run.
An FPGA thread “exits” by entering the waiting state.

FPGA based threads that interact with semaphores dur-
ing their execution require a slightly more complex FSM
with a blocked state where they can await their ownership
of the relevant semaphore. Clearly, the control component
of a semaphore S will have to be able to interact with the
FSM controlling each FPGA based thread using S. Fortu-
nately the V2P FPGA assets include a number of compo-
nents that will make thread interactions relatively simple to
implement.

The previous discussion considered how the computa-
tion implemented by the FPGA thread will be controlled
but not how it would be created. Specification of the FPGA
based computations will initially be done in VHDL, but we
hope to be able to use the results of one or more recent ad-
vances in languages and compilers that are enabling the use
of higher-level programming language constructs to spec-
ify gate-level behavior within FPGAs [6, 5]. These efforts
will substantially expand the set of developers who can use
FPGAs to support computations beyond those comfortable
with the vocabulary of hardware design. In combination
with a hybrid programming model, such as that described
here, such higher-level approaches to FPGA use would sub-
stantially lower the entry cost for designing and building
many DRE systems.

2.4. Hybrid CPU/FPGA Threads

So far, we have considered a programming model that
was of hybrid character because individual threads could be
either CPU or FPGA based. However, it is also possible for
an individual thread to be hybrid as well. The most obvi-
ous example is when an FPGA component is used to pro-
vide a specific high performance function that is invoked
as a subroutine. In this case, the FPGA component is “pas-
sive” in the sense that it awaits activation by a CPU based
thread in the desired context.

At the programming model level, the CPU based thread
of control activates the FPGA component and waits for the
result. From one point of view, a single thread of control
exists, and crosses the CPU/FPGA boundary. From another
point of view, there are two threads of control that operate
as co-routines. Both are reasonable ways to describe the im-
plementation.

One interesting point is that if more than one thread can
use such passive FPGA assets, then their allocation must be
made safe with respect to concurrent access. More complex



considerations arise when the execution time of the FPGA
based portion of the computation is significant. This favors
use of a blocking semantics, so the CPU can do some use-
ful work while the FPGA component is executing. All of
these variations can be accomplished through fairly sim-
ple uses of the basic hybrid concurrency control capabili-
ties discussed earlier.

3. KURT-Linux Co-Design

The purpose of developing the hybrid multi-threaded
programming model is to improve support for the develop-
ment and execution of DRE systems. The hybrid thread pro-
gramming model requires a new co-design of many parts of
existing system software to take advantage of the capabil-
ities of the reconfigurable hardware. Further, some aspects
of co-design at the system level are opportunities for early
use of some elements of the hybrid model, particularly con-
currency control. In this section we discuss some of the sys-
tem level co-design projects that we are working on and how
they relate to the overall goal of improving DRE system be-
havior.

Our goal in producing hybrid designs for several parts of
the OS, using the KURT-Linux system as a working exam-
ple, is to improve four real-time system performance met-
rics: (1) Event Response Latency (ERL), (2) Worst Case Ex-
ecution Time (WCET), (3) ERL variance, and (4) execution
time variance. Each of these factors has an important influ-
ence on decisions made by designers of DRE systems, and
are influenced by a number of factors in the system soft-
ware architecture and implementation. The ERL of a DRE
system is a significant metric of its ability to respond to ex-
ternal events, including timer events used by time triggered
systems. WCET of various components is a fundamental
parameter of many approaches to DRE system design and
scheduling. Changes in system implementation which lower
the magnitude of these performance metrics are generally
considered good. However, variation in behavior can also
increase design complexity. For this reason both ERL and
execution time variance are also significant influences on
the design of many DRE systems. Many designers are, for
example, willing to accept slightly larger values for ERL or
WCET if in return the variance of ERL and execution is sig-
nificantly lowered.

There are several aspects of the system for which we be-
lieve co-design implementations will improve system be-
havior as measured by these metrics, which will inter-
act helpfully with the hybrid multi-threaded programming
model, and which will serve as a reasonable set of driving
examples for a the concurrency control portion of the hybrid
model’s implementation. The majority of these form an or-
dered set addressing time keeping and computation schedul-
ing within the system. Specifically, (1) time standard imple-

mentation, (2) timer interrupt generation, (3) event queue
management, (4) task scheduling, and (5) interrupt handler
scheduling.

We have already implemented on another platform, and
are porting to the V2P, a set of related time standard and
timer interrupt designs which covers Steps 1 and 2. In gen-
eral these provide a time standard of configurable resolu-
tion, up to that provided by the underlying FPGA compo-
nent which provides a 10ns clock. The basic design supports
the KURT-Linux model of a jiffy and sub-jiffy timer. Note
that a “jiffy” is the basic time unit tracked by the generic
Linux kernel. KURT-Linux increases the resolution of time
keeping and of event scheduling by using the sub-jiffy, pre-
serving the jiffy, to limit the set of changes to generic Linux
required. The timer and event interrupt generator improve
time keeping and scheduling accuracy, but do not by them-
selves improve ERL, WCET, or reduce the variance of ei-
ther ERL or execution time.

We have recently completed the first version of Step
3, the co-designed event queue. This migrates the task of
tracking the set of scheduled events into the FPGA, and uses
the time standard and event interrupt components we imple-
mented in Steps 1 and 2. This design established methods
by which we could have the FPGA read and write memory,
interacting with the KURT-Linux system software. Putting
the event queue into the FPGA modestly reduces the sys-
tem overhead, thus modestly reducing ERL and its variance
since the programming of the timer for the next event is now
solely in the FPGA.

The first benefit of more than modest magnitude for sys-
tem overhead and ERL variance comes with Step 4, which
will move the selection of the next real-time thread to run
into the FPGA. This will be done in two stages. First, a sim-
ple scheduling decision function will be used, such as EDF
or fixed priority. In the second stage, a group oriented hier-
archic scheduling model will be used which groups threads
and associates a unique scheduling decision function with
each group. the advantage at Step 4 will be in reducing ERL
by reducing the WCET of the scheduling decision, as well
as the variance of the scheduling decision execution time.

However, Step 5 will provide the greatest benefit to DRE
system behavior, because it addresses the single largest in-
fluence on ERL and its variance: interrupt processing. We
have implemented a modified semantics for interrupt pro-
cessing in KURT-Linux purely in software, and realized a
dramatic decrease in both maximum ERL and its variance.
Performing co-design for interrupt handling will have a dra-
matic effect on DRE behavior because the system will in-
terrupt the CPU only when the current thread should be
substituted with another according to the scheduling policy,
not when this only might be true. Other co-design projects
will address other issues affecting DRE system behavior are
planned, including FPGA support for system performance



data gathering, device driver support, clock synchronization
in distributed system, and distributed concurrency control.

4. Applications

We are still considering the specific applications to select
for driving examples of application computations. How-
ever, one of our students spent 8 weeks at Berkeley recently
working on KURT-Linux support for the Embedded Ma-
chine (E-Machine) which is a virtual machine abstraction
for a portable programming model of real-time and embed-
ded system developed by Henzinger and others [8]. The
core idea is that concurrency control and scheduling as-
pects of a computation can be separated from others and ex-
pressed as E-Machine code which arranges for elements of
the computations known as tasks to be called at the proper
times and in the correct contexts. Software development en-
vironments operating at a higher level of abstraction, such
as Ptolemy [10] and Giotto [7] can use the E-Machine
as a compilation target. We also experimented with using
KURT-Linux as a direct compilation target using a Ptolemy
based real-time audio application.

This preliminary work showed that KURT-Linux could
be used as an effective target, and as this type of support
progresses, we believe it will be possible to use these appli-
cations, particularly the Ptolemy audio application, as driv-
ing examples for application level use of the hybrid thread-
ing model. The focus in the context of that problem would
be to embody portions of the audio processing computa-
tions in the FPGA and experiment with various kinds of
multi-threaded software architectures.

5. Related Work

Many researchers are working on various aspects of im-
proving the methods used to design and implement DRE
systems. Many are investigating new design languages,
hardware/software specification environments, and tools.
Projects such as Ptolemy [10], Rosetta [1], and System-
C [16] are seeking system level specification capabilities
that can drive software compilation and hardware synthesis.
Other projects such as Streams-C [6] and Handel C [5], are
focused on raising the level of abstraction at which FPGAs
are programmed from one of gate-level parallelism to that
of modified and augmented C syntax. System Verilog [17]
and a newly evolving VHDL standard [18] are also now
being designed to abstract away the distinction between the
traditional low level hardware/software interface to produce
a system level perspective. Although these approaches dif-
fer in the scope of their objectives, they all share the com-
mon goal of raising the level of abstraction required to de-
sign and integrate hardware and software components.

Others recognize the need for a programming model
that more completely abstracts the use of underly-
ing FPGA/CPU components, bus structure, memory, and
low level peripheral protocols into a more unified sys-
tem platform. Programming models support the definition
of software components and of the interactions between
them, see Lee [9] for a discussion of software frame-
works for embedded systems.

6. Conclusions

This paper has discussed how recently emerging hybrid
chips containing both CPUs and FPGA components have
the potential to significantly improve many aspects of dis-
tributed real-time and embedded system design and imple-
mentation by providing ways to resolve much of the ten-
sion between generalization and specialization. The result is
likely to be systems that enjoy significant COTS economies
of scale, while enabling system designers to include a sig-
nificant amount of specialization within the FPGA compo-
nent. This paper also discussed why we believe that to re-
alize this promise of improved productivity, significant im-
provements in the level of abstraction and integration in the
programming environments will be required. Specifically,
we discussed the unifying multi-threaded programming en-
vironment we are developing that will provide a largely uni-
form programming interface to both CPU and FPGA based
threads, as well as hybrid threads using both types of sup-
port. We also discussed how co-design projects at the sys-
tem software and application levels will serve as driving ex-
amples for the techniques required to support the unified
multi-threaded programming model.
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