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Abstract

We introduce the Logic Foundry, a system for the rapid creation and integration of FPGA-based digital signal
processing systems. Recognizing that some of the greatest challenges in creating FPGA-based systems occur in
the integration of the various components, we have proposed a system that targets the following four areas of
integration: design flow integration, component integration, platform integration, and software integration.
Using the Logic Foundry, a system can be easily specified, and then automatically constructed and integrated

with systemlevel software.

1 Introduction

A large number of system development and integration companies, labs, and government agencies
(hereafter referred to as “the community”) exist that have traditionally produced digital signal processing
applications requiring rapid development and deployment as well as ongoing design flexibility. These
goplications are generally low-volume and frequently specific to defense and government requirements. This
task has generally been performed by software applications on genera -purpose computers. Often these general -
purpose solutions are not adeguate for the processing requirements of the applications and the designers have
been forced to empl oy sol utions invol ving speci d -purpose hardware acceleration capabilities.

These special-purpose hardware accelerators come at a significant cost. The community does not possess
the large infrastructure or volume requirements necessary to produce or maintain specia-purpose hardware.
Additionaly, theinvestment made in integrating special -purpose hardware makes technology migration difficult
in an environment where utilization of leading-edge technology is critical and often pioneered. Recent
improvements in Field Programmable Gate Array technology have made FPGA's a viable platform for the
devel opment of special-purpose digital signal processing hardware [1], while till allowing design flexibility and
the promise of design migration to future technologies [2]. Many entities within the community are eyeing
FPGA-based platforms as away to provide rapidly deployable, flexible, and portabl e hardware solutions.

Introducing FPGA components into DSP system implementations creates an assortment of challenges

across system architecture and logic design. Where system architects may be available, skilled logic designers



are a scarce resource. There is a growing need for tools to allow system architects to be able to implement
FPGA-based platforms with limited input from logic designers. Unfortunatdy, getting designs trandated from
software a gorithms to hardware i mpl ementations has proven to be difficult.

Current efforts like MATCH [3] have atempted to compile high-level languages such as MatLab directly
into FPGA implementations. Certain tools such as C-Level Design [4] have atempted to convert “C” software
into a hardware description language (HDL) format such as Verilog HDL or VHDL that can be processed by
traditional FPGA design flows. Other tools use derived languages based on C such as Handd-C [5], C++
extensions such as SystemC [6], or Java classes such as JHDL [7]. These tools give designers the ability to more
accurately model the parallelism offered of the underlying hardware elements. While these approaches attempt
to raise the abstraction level for design entry, many experienced logic designers argue that these higher levels of
abstraction do not address the underlying compl exities required for efficient hardware implementations.

Another approach has been to use “ block-based design” [8] where system designers can behaviorally modd
a the system level, and then partition and map design components onto specific hardware blocks which are then
designed to meet timing, power, and area constraints. An example of this technique is the Xilinx System
Generator for the MathWorks Simulink Interface [9]. Using this tool, a system designer can “develop high-
performance DSP systems for Xilinx FPGA’s. Designers can design and simulate a system using MatLab,
Simulink, and a Xilinx library of bit/cycle-true models. The tool will then automatically generate synthesizable
Hardware Description Language (HDL) code mapped to Xilinx pre-optimized algorithms” [9]. However, this
block-based approach still requires that the designer be intimately involved with the timing, and control aspects
of cores in addition to being able to execute the back-end processes of the FPGA design flow. Furthermore, the
only blocks available to the designer are the standard library of Xilinx IP Cores. Other “black-box™ cores can be
developed by a logic designer using standard HDL techniques, but these cannot currently be modeled in the
same environment. Annapolis MicroSystems has devel oped atool entitled “ CoreFire” that uses pre-built blocks
to obviate the need for the back-end processes of the FPGA design flow, but is limited in application to
Annapolis MicroSystems hardware [10]. In both of the above cases, the system designer must still be intimate
with the underlying hardware in order to effectively integrate the hardware into a given software environment.

Some have proposed using high-level, embedded system design todls, such as Ptolemy [11], and Polis
[12]. These tools emphasize overal system simulation and software synthesis rather than the details required in
cregting and integrating FPGA-based hardware into an existing system. An effort funded by the DARPA

Adaptive Computing Systems (ACS) was performed by Sanders (now BAE Systems) [13] that was successful in
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transforming an SDF graph into areasonable FPGA implementation. However, this effort was strictly limited to
the implementation of a signal processing datapath with no provisions for runtime control of processing
e ements. Another ACS effort, Champion [14], was implemented using Khoros's Cantata [ 15] as a devel opment
and simulation environment. This effort was also limited to datapaths without runtime control considerations.
While datgpath generation is easily scalable, control synthesis is not. Increased amounts of control will rapidly
degrade system timing, often to the point where the desigh becomes unusable.

In the brief survey above of re evant work, we have observed that while some of these efforts have focused
on the design of FPGA -based DSP processing systems, there has been less work in the area of implementing and
integrating these designs into existing software application environments. Typicaly a specific hardware
platform has been targeted and integration into this platform is left as atask for the user. Software front-ends are
generally designed on an application-by-application basis and for specific software environments. Because the
community requirements are often rapidly changing and incressing in complexity, it is necessary for any
solution to be rapidly designed and modified, portable to the latest, most powerful processing platform, and
easily integrated into a variety of front-end software application environments. In other words, in addition to the
challenge of creating an FPGA-based DSP design, there is another great challenge in implementing that design
and integrating it into a working software application environment.

To help address this challenge we have created the “ Logic Foundry”. The Logic Foundry uses a“ platform-
based” design approach. Platform-based design starts a the system level and “achieves its high productivity
through extensive, planned design reuse ... productivity is increased by using predictable, pre-verified blocks
tha have standardized interfaces’ [8]. To facilitate the rapid implementation and deployment of these platform-
based designs, we have identified four areas of integration as targets for improvement in a rapid prototyping
environment for digital signal processing systems. These four areas are design flow integration, component
integration, platformintegration, and software integration.

Design Flow I ntegration — In addition to standardized component devel opment methodol ogies [16][17],
we have aso proposed that these pre-verified blocks, be assembled with all the information required for back-
end FPGA design automation. This will alow logic designers to “integrate” the FPGA design flow into their
components. With tools we have devel oped as part of the Logic Foundry, a system designer can perform back-
end FPGA processing automatically without any invol vement with the technical details of timing and layout.

Component Integration — We have proposed that any of the aforementioned pre-verified blocks, or

components, that are presented to the high level system designer should consist of standardized interfaces that
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we call portals. Portals are made up of a collection of data and control pins that can be automatically connected
by the Logic Foundry while protecting al timing concerns. The Logic Foundry was built with the requirement
tha it had to handle run-time control of its components; therefore we have designed a control porta that can
scale easily with the number of components in the system without adversely affecting overall system timing.

Platform Integration — With the continuing gains in hardware performance, faster FPGA platforms are
continually being developed. These platforms are often quite different than the current generation platforms.
This can cause portability problemsif the unique platform interface details have been tied deeply into the FPGA
design (e.g., memory latency). Additionally, underlying FPGA technology changes (for example, from Alterato
Xilinx) can easily break former FPGA designs. Because of the community’s need to frequently upgrade to the
latest, most powerful hardware platforms, Logic Foundry components are devel oped in a platform independent
manner. By providing abstract interface portals for system input/output, and memory accesses, designs can be
easily mapped into most platform architectures.

Softwar e I ntegration — In addition to the hardware portability challenges, software faces the same issues
as unique driver calls and system access methodol ogies become embedded deeply in the software application
program. This can require an application program to be substantially rewritten for a new FPGA platform. It is
adso desirable to be able to make use of the same FPGA acceleration platform from different software
environments such as Python, straight C code, MATLAB, or Midas 2k [18] (a software system developed by
Rincon Research for digital signa processing). For example, the same application could be used in a fielded
Midas 2k application as a researcher would accessin a MATLAB simulation. Porting the application amongst
the various environments can be a difficult endeavor. In order to accommodate a wide variety of software front-
ends, the Logic Foundry isolates front-end software applications environments and back-end processing
environments through a standardized API. While other tools such as Handel-C and JHDL provide and API that
dlows software to abstractly interact with the 1/0 interfaces, the application must still be aware of internd
hardware details. Our API, known as the DynamO API, provides dynamic object creation for the software front-
end that compl etel y encapsulates both 1/0O details and component control parameters such register addresses and
control protocols. Using the DynamO object and API, an application programmer interacts soley with the
conceptud objects provided by the logic designer.

Each area of integration in the Logic Foundry can be used independently. While the Logic Foundry
provides easy linkages between all areas, a user might make use of but one area, allowing the Logic Foundry to

be adopted incrementdly throughout the community. For clarity, we will begin the Logic Foundry discussion
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with a design example, explaining how the design would be implemented in an FPGA, and then how a software
system might make use of the hardware implementation. Section 2 introduces this design that will serve as an
example throughout the report and Section 3 details prior work in the field. Sections 4 through 7 describe the
four areas of integration, and how they are addressed by the Logic Foundry design environment. In Section 8 we
describe three different designs that have been built using the Logic Foundry and detail performance results of

these designs.

2 Design Example

For an FPGA-based system example, we examine a signal processing system that contains a
Tune/Filter/Decimate (TFD) process being performed in a general -purpose computer (see Figure 1). The TFD is
a standard digital signal processing technique used to downconvert a tuned signal to baseband and often

implemented in FPGA’s[19].
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Figure 1: Tune/Filter/Decimate

We would like to move the TFD functiondity to an FPGA platform for processing acceleration. Inside the
FPGA, the TFD block will be made up of three cores, a tuner with a modifiable frequency parameter, a FIR
filter with reloadable taps, and a decimator with a modifiabl e decimation amount. The tuner core will contain a
numerically controlled oscillator (NCO) core aswell. The TFD will be required to interface to streaming inputs
and streaming outputs that themsel ves interface via the pins of the FPGA to the general -purpose host computer.

The system will stream data through the TFD in blocks of potentialy varying size. While thisis occurring,
the system may dynamically change the tune frequency, filter taps, or decimation value in both a data-
asynchronous and data-synchronous manner. We define a data-asynchronous parameter access as a parameter
access that occurs at an indeterminate point in the data stream. A data-synchronous parameter access occurs at a

determinate point in a data stream.
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The output of the TFD will be read into a genera -purpose computer where software will pass the result on
to other processes such as a demodulator. We would like to input the data from either the genera-purpose
computer or from an externa 1/0O port on the FPGA platform. Rather than have a run-time configurable option,
we would like to be able to quickly make two different FPGA images for each case.

In our example, we assume that we will be using an Annapolis MicroSystems Starfire [20] card as an FPGA
platform. This card has one Xilinx FPGA, plugs into a PCl bus, and is delivered with software drivers. Our

systems application software will be Midas 2k [18].

3  Prior Work

Much of the prior work cited was done in support of the DARPA Adaptive Computing Systems (ACS)
Program which was run by the Information Technology Office (ITO) of DARPA. Thiswas alarge-sca e project
with a vision to develop and exploit reconfigurable computing for evolving Defense systems. Systems like
MATCH from Northwestern University and DEFACTO from USC/ISI attempted to create FPGA
implementations from a higher-level systems language whereas efforts like Champion from the University of
Tennessee and the effort by Sanders Corporation attempted to automated FPGA construction using more
traditional HDL approaches. The SLAAC effort attempted to define a complete FPGA processing environment
for useinthe DARPA ACS program.

In addition to these we have cited prior efforts at creating FPGA-based systems as well as other tools that
were used to support the efforts mentioned. It is important to note that technology changes within the past few
years have resulted in FPGA’s much larger than those previously seen. Where some former tools looked a
FPGA’s as coprocessors, and thus focused on issues of hardware/software co-synthesis (e.g. see [21],[22])
today’ s FPGA have the possibility of being used as complete processing subsystems. This larger sca e of device
presents problems such as contral of the FPGA and design methodol ogy management that were much simpler in
smaler FPGA designs. The Logic Foundry addresses this latter problem, attempting to allow FPGA designersto
cregte component implementations and then automaticaly integrate these components into a processing
subsystem that can be easily integrated into a software application environment such as Python or MATLAB.

Some of the following tools address data synchronization and static-rate, dataflow modeling (e.g. using
synchronous or cyclo-static dataflow [23],[24]) in order to meet predictability requirements for automated
assembly or hardware/software cosynthesis algorithms. The Logic Foundry does not seek to integrate FPGA

components with microprocessor programs automatically, but rather to facilitate the development of FPGA
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subsystems that can be easily controlled and interacted with (with software, other FPGA subsystems, ASICs, or
other types of processing platforms). For this reason, the Logic Foundry imposes minimal datafl ow restrictions
on its component designers, using a general, self-timed connection model for dataflow, which, while less
predictable, is more flexible than static-rate datafl ow.

Future Logic Foundry work could look at the adaptation of its FIFO management mechanisms to specific
datafl ow models (like synchronous or cyclostatic dataflow). With this effort, the Logic Foundry could be used to
cregte components that could be described in these other environments, and then used as the lower leve
building blocksin alarger system analysis.

We begin with a look at some high-level system modeling environments, move into a group of current
design entry methodologies, and then examine some of the more recent DARPA efforts.

31 Pdis

The POLIS project is being conducted in the Department of Electrical Engineering and Computer Sciences
of the University of California at Berkeley. The project is directed by managed by the Hardware/Software Co-
design Group. POLIS is an embedded system design framework.

The authors of POLIS state: “ There are many different academic approaches to try to sol ve the problem of
embedded system design. In our opinion, none of them address satisfactorily the issues of unbiased specification
and efficient automated synthesis for control-intensive reactive real-time systems. Therefore, we are devel oping
amethodol ogy for specification, automatic synthesis, and validation of this sub-class of embedded systems (that
includes the examples described above). Design is done in a unified framework, POLIS, with a unified
hardware-software representation, so as to prejudice neither hardware nor software implementation. This mode
is maintained throughout the design process, in order to preserve the formal properties of the design” [12].

POLIS is atool that attempts to solve high level abstraction issue — mainly embedded system hardware-
software co-design. POLIS attempts to understand the properties of the lower level building blocks (either
hardware of software implementation). Using the POLIS system, a user can rapidly explore design
implementation trade-offs between hardware and software partitions and have POLIS attempt to interface the
created subsystems.

Our system would properly sit underneath POLIS as away to both define hardware interfaces and hardware
components that could be used in POLIS. There is no notion in POLIS of automating the hardware

implementation process as we have defined.
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Integrating POLIS with our system would be a useful and chalenging exercise when implementing a
platform that contains FPGA’s and independent processing elements (DSP's or microprocessors). Another
interesting application would be the use of FPGA based microprocessor cores inside of the FPGA itsalf.

32 Ptolemy

The Ptolemy project is being conducted in the Department of Electrica Engineering and Computer
Sciences of the University of Californiaat Berkeley.

“The Ptolemy project studies heterogeneous modeling, simulation, and design of concurrent systems. The
focus is on embedded systems, particularly those that mix technologies, including for example analog and
digital electronics, hardware and software, and electronics and mechanica devices. The focus is dso on systems
tha are complex in the sense that they mix widely different operations, such as signal processing, feedback
control, sequential decision making, and user interfaces’ [11]. Ptolemy focuses more on higher-level system
abstractions, with the potential for low-level code generation being pushed to the user via back end compilers.

“Ptolemy Il has an evolving code generation mechanism that is very different from tha in Ptolemy Classic.
In Ptolemy Classic, each component has to have a definition in the target language, and the code generator
merely stitches together these components. In Ptolemy 11, components are defined in Java, and the Java
definition is parsed. An API for performing opti mization transformations on the abstract syntax tree is defined,
and then compiler back ends can be used to generate target code” [25].

It is the god of our research to produce the low-level component definitions for a specific hardware
implementation and link them into the application software. Ptolemy could be used at a higher level to link the
defined special purpose system into alarger level system. The Ptolemy |1 back end compiler would need to be
developed tha could possibly generate al or some of the component/design/implementation specification files
depending on the granularity desired and success in efficiently implementing high to low-level trandations.
While we believe the component compiler would be quite difficult to effectively implement generaly, a smart
component parameterizer could use MEADE to take existing generic components and automatically create the
requested specific component. Ptolemy could then very well be a successful method for creating the design or

implementation specification files and integrating the resultant i mplementation into a wider system.
33 GRAPEAI

“Grape-ll (Graphicd Rapid Prototyping Environment) is an advanced system-level devel opment

environment for specifying, compiling, debugging, simulating, and emulating digital-signal-processing
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gpplications. Its structured prototyping methodol ogy reduces programming effort, and its use of general-purpose
reusable hardware minimizes development cost. The general-purpose hardware consists of commercial DSP
processors, bond-out versions of core processors, and FPGA'’s linked to form a powerful, heterogeneous
multiprocessor. GRAPE |1 automates the prototyping methodology for these systems by offering tools for
resource estimation, partitioning, assignment, routing, scheduling, code generation, and parameter modification”
[26].

The input to GRAPE-II was a cyclostatic dataflow model of the system. The output of the system was
available on a range of platforms, including FPGA, DSP, and heterogeneous systems. GRAPE-II differs from
the Logic Foundry in that it focused on creating a heterogeneous multiprocessor rather than an FPGA-based
subsystem. Where the GRAPE-II system used a cyclostatic dataflow model of a system, the Logic Foundry
dlows a more flexible, though less predictable, dataflow modd, using FIFO's to sdlf-time interconnects
between components. When a design failed to meet timing constraints in the GRAPE-II system, the designer
atempted to manualy optimize the design. The Logic Foundry attempts to use pre-verified components and
interconnect them in a manner that provides timing isolaion to each component. In this manner, FPGA-based

subsystems can be constructed with minimally-constrained, inter-component timing.
34 JHDL

“JHDL is a set of FPGA CAD tools developed a BYU that alows the user to design the structure and
layout of a circuit, debug the circuit in simulation, netlist and interface with back-end tools for synthesis, and so
forth. It is an exploratory attempt to identify the key features and functionality of good FPGA tools. The design
of an FPGA system has three mgjor arenas:

The structure or organization of the circuits.

The layout of the circuits.

The interface of the FPGA circuits with the host application software.

All traditional FPGA tools present some method for designing the circuit structure. A few of these aso
permit the user to perform the layout of the circuit; more often, circuit layout must be performed with a separate,
non-integrated tool. But almost no tools provide away to naturally interface the running hardware platform with
the software running on the host machine. Thislast issue isimportant: FPGA-based systems typically operate in
tandem with a general -purpose host microprocessor and it isimportant to simulate the entire system, including
the host computer system and its application software in conjunction with the FPGA design to ensure that the

entire application works as desired” [7].
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JHDL uses a high level Java description rather than a traditional HDL. This means that for any design
crested in JHDL, JHDL tools must be used to implement the design. Currently, JHDL only supports Xilinx 4K,
Virtex, and Virtex |l series devices. The Logic Foundry uses standard industry tools and is capable of
implementing FPGA’ s on any architecture supported by standard industry tools.

JHDL does not atempt to define component interactions or structures for control of components like the
Logic Foundry does. However, JHDL offers some similarity for platform abstraction and software integration
with its HWSystem Class. This class abstracts the 1/O interfaces between a processing platform and its host
software environment, allowing an application that is developed on one platform to be migrated to another
platform. However, the issues of platform-specific 1/0 to destinations other than the host software environment
and on-board memory interfaces are not specificaly addressed as they are in the Logic Foundry. Furthermore,
the HWSystem Class abstracts only the interface, and not the components residing on the other side of the
interface. This means that the application programmer interfacing to an FPGA subsystem using the HWSystem
Classwould still have to be acquainted with details of the internal architecture. The Logic Foundry encapsul etes
dl details of the FPGA implementation in component objects so that an application programmer can interact
with objects and methods rather than addresses and control protocols.

While JHDL is digtinctly different that what we are proposing, it is interesting to note what the JHDL
crestors considered important — a natural “interface to the running hardware platform with the software running
on the host machine”. We believe that, for the DSP domain, the Logic Foundry is such a system. While slightly
different than the JHDL single language approach, the ability to either easily integrate the HDL simulator into
the application software in place of the hardware or, using software implementation models stored in the
MEADE component, our system effectively integrates either a smulation of the entire system or the actud
system itsalf.

35 C-Levd Dedgn

C-Level Design was atool that took ANSI C descriptions and converted them into HDL descriptions. The
language had many pragmas that could be inserted into the standard ANSI C description to hel p tailor the HDL
conversion.

In 2001, C-Level Design ceased operations and their assets were absorbed by Synopsys Corporation.
Synopsys plans to integrate C Level Design's CycleC simulation technology into Synopsys VCS simulator to

accelerate HDL simulation. Synopsys has aso agreed to acquire the technology behind C Level's System
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Compiler software for RTL-C synthesis, as well as the Panchul patent for synthesizing high level languages into

HDL.
36 Handd-C

Handel-C, from Celoxicais alanguage for implementing a gorithms in hardware, architectural design space
exploration, and hardware/software co-design. Based on 1SO/ ANSI-C, it has extensions required for hardware
development. These include flexible data widths, parallel processing and communications between parallel
eements. The language is designed around a simple timing model that makes it very accessible to system
architects and software engineers.

Celoxica does not take the approach of converting the Handel-C specification to HDL, but provides a tool
tha synthesizes the Handel-C directly to the back-end technology. The Logic Foundry has been built using
VHDL, but could be adapted to integrate a Handel -C based design entry approach.

Celoxica has aso undertaken work in the arena of system software integration as a joint venture between
Wind River with their Board Support Package (BSP) and Celoxica's Platform Abstraction Layer (PAL) [27].
This effort attempts to abstract the 1/O interfaces of a processing platform, alowing an application that is
developed on one platform to be migrated to another platform. However, the front-end application must still be
intimate with the internals of the back-end hardware. The Logic Foundry differs from this gpproach in that it
completely abstracts al of the hardware implementation details from the software application.

37 SydgemC

SystemC is a modding platform consisting of C++ class libraries and a simulation kernel for design at the
system-behavioral and register-transfer-levels. Designers create models using SystemC and standard ANSI C++.
EDA vendors create tools that are automatically interoperable.

The Logic Foundry was devel oped to support a VHDL design flow, but architected to be able to integrate
other design entry specifications with SystemC being the primary consideration. It is aso afuture plan to create
a SystemC DynamO back-end that allows designers to model FPGA designs and integrate the model with front-
end applications.

38 Xilinx Sygem Generator
“The Xilinx System Generator bridges the gap between the high-level abstract version of adesign and its

actua implementation in a Xilinx FPGA. The System Generator for DSP, devel oped in partnership with The

Page11of 41



MathWorks, Inc. enables designers to develop high-performance DSP systems for Xilinx FPGA’s using the
popular MATLAB/Simulink products from The MathWorks, Inc.

The Xilinx System Generator runs in the framework supplied by the Simulink modeling software. System
Generator provides a hit and cycle-accurate modd of FPGA circuits, and automatically generates a
synthesizable Hardware Description Language (HDL) code and a testbench. The HDL code can be synthesized
for implementation in Xilinx Virtex-11, Virtex-E, Virtex, and Spartan-1l FPGA’s. With the push of a button, the
abstract representation of a system-level design is transformed into a gate-level representation. Automatic
generation of atestbench enables design verification upon implementation. To maxi mize predictability, density,
and performance, the System Generator automatically maps the system design to Xilinx optimized LogiCORE
modules.”

The Xilinx System Generator differs from the Logic Foundry in that it uses strictly Xilinx LogicCORE
components. Other components can be built, but are included in the MATLAB specification as black-boxes and
cannot then be simulated with the system.

The Xilinx System Generator is promising as it grows to include more than Xilinx LOGICore components.
However, its proprietary natureis limiting for applications on other platforms. The Logic Foundry can make use
of the System Generator as a graphical front-end and potentia constructor of top-level implementations. The
Logic Foundry would complement the System Generator by providing an architecture interface as well as

automated software integration and design flow management.
39 MATCH

The MATCH effort was part of the DARPA funded ACS program. The objective of the MATCH
(MATLAB Compiler for Heterogeneous Computing Systems) compiler project isto “make it easier for users to
develop efficient codes for configurable computing systems” [3]. Towards this end, the MATCH project takes
MATLAB descriptions of various embedded system applications, and automatically maps them onto a
configurable computing environment consisting of fiel d-programmable-gate-arrays, embedded processors, and
digital signal processors built from commercia, off-the-shelf components. The MATCH authors state that “the
goal of our compiler is to generate efficient code automatically for such a heterogeneous target that will be
within a factor of 2-4 of the best manua approach with regard to 2 optimization objectives: (1) Optimizing
resources (such as type and number of processors, FPGA's, etc.) under performance constraints (such as delays

and throughputs) (2) Optimizing performance under resource constraints.”
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MATCH differs from the Logic Foundry in that it is trying to develop an integrated compilation
environment for generating code for DSP and embedded processors, as well as FPGA’s and attempts to fall
within a factor of 2-4 of the best manua approach for the system. The Logic Foundry focuses on FPGA -based
implementations only, and attempts to approach the best manua approach by using pre-verified, performance-

tuned blocks.
310 DEFACTO

DEFACTO is an ‘end-to-end’ design environment for developing applications mapped to adaptive
computing architectures. A user of DEFACTO develops an application in a high-level programming language
such as C, possibly augmented with application-specific information. The system maps this application to an
adaptive computing architecture that consists of multiple FPGA’s as coprocessors to a conventiona general -
purpose processor” [28].

The Logic Foundry differs substantially from DEFACTO in that the Logic Foundry is focused on
optimizing the implementation of an FPGA-based system and automating routine stages of design methodol ogy.
DEFACTO focused on a DARPA computing platform and performed high-level synthesis of HDL code from
constrained C or MATLAB code, integrating the FPGA’s as coprocessors to a genera-purpose processor.
Where DEFACTO attempts to synthesize an entire design, the Logic Foundry attempts to construct a design

from pre-verified, performance-tuned blocks.
311 Sande's

Sanders — A Lockheed Martin Company has worked in the ACS program to provide “ Algorithm Analysis
and Mapping Environment for Adaptive Computing Systems’ [13]. Their approach has been to “focus on three
areas of capability critical to the success of adaptive computing: agorithm anaysis, agorithm mapping, and
smart generators. These capabilities are taking advantage of the specia characteristics of signal processing
agorithms to reduce the time to field the ACS, and are being implemented as extensions to the Ptolemy design
environment developed at the University of Cdifornia, Berkeley.”

This approach is probably the most closely related of al related work. The Sanders ACS effort used
Ptolemy Classic and created a specific an ACS domain. Methods for logic generation were built around libraries
of functions or generd-purpose logic synthesis. To perform this task the Sanders ACS team utilized “smart
generators’ that were capable of choosing or parameterizing parts based on specific implementation

techniqueg/trade-offs.
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One difference between the Sanders ACS effort and the Logic Foundry is in design automation. The
Sanders ACS effort leaves the tasks of synthesis and FPGA design implementation to an FPGA designer,
whereas the Logic Foundry has provided MEADE to hel p automate this task.

The key difference between the two efforts is in the Logic Foundry's ability to supply run-time control to
the components of the system. The Sanders ACS effort was focused on datapath construction and provided no
mechanism for run-time control of components. Furthermore, the Sanders ACS effort has no provision for data-
synchronous control, and no general software API to interface to Midas2k or MATLAB or other software

application environments.
312 Champion

Champion is a software design environment for adaptive computing systems and ASIC's being devel oped a
the University of Tennessee Microelectronic Systems Research Laboratory [14]. Champion uses the Cantata
graphical programming environment from Khora Research, Inc. to graphically represent a set of functiond
blocks connected by signal paths. Champion distinguishes themselves from other methods in that they create
hardware models and synthesize and layout these models into library cells before being used in creating a
system. Because a large part of their system is the automatic partitioning of these bl ocks onto the FPGA the pre-
compiled blocks give accurate timing and resource value and provide a larger granularity for automated
partitioning.

The Logic Foundry differsin many respects with the implementation of Champion. Thereis no flow control
described in Champion. Champion renders the entire design flow as a graph and uses a group of mathematical
agorithms to discover timing mismatches that cause synchronization errors. When thisis completed, Champion
inserts the requisite delay elements on the entire datgpath. Therefore, Champion’s implemented design with its
synchronized data streams is static and cannot be used to handle control packets embedded in the data streams
for data-synchronous control. The Logic Foundry uses a FIFO interconnect approach. The self-timed FIFO's
can be used to perform data-synchronous control using control packets embedded in the data streams.

The different methods for component interconnect can have performance tradeoffs depending on the
number of delay elements required by Champion’s implementation. For large delay differences, the FIFO
gpproach reduces resource count, whereas, if no delay elements are required, the FIFO approach adds resource.
However, the Logic Foundry separates the interfacing of components from the component behavior, and in this

latter case, FIFO’s can easily be swapped with registration or pass-through stages.
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Champion aso defines no board interface abstraction for portability, no control interface for component
attributes, and no clearly defined software interface to allow other software application environments other than
the Cantata environment. The Logic Foundry was designed to interact with a variety of front-end software
application environments.

Champion was effective in the partitioning and mapping arena because of its coarse granularity and precise
resource and timing vaues. Further research in automated mapping of our systems should look to Champion as
amode for a pre-compiled, component based, bottom-up devel opment system.

313 SLAAC

The Systems Level Applications of Adaptive Computing (SLAAC) project was conducted by the
University of Southern California-Information Sciences Institute as part of DARPA's ACS program. SLAAC
project attempted to define an open, distributed, scalable, adaptive computing systems architecture based on a
high-speed network cluster of heterogeneous, FPGA -accel erated nodes.

“The system-level focus of the SLAAC project came about because of the redization that sca ability and
portability are the two primary obstructions preventing innovative ACS research from being directly useful in
deployed systems” [29].

To solve the problem of scalability the SLAAC project attempted to define and devel op a scalable API and
runtime software to support application control of network-distributed multiple-host multiple-board ACS
systems. To this end, the SLAAC project was successful in providing a concrete integration path for a
demonstration system with other ACS program participants. This differs from the Logic Foundry in that we
abstract hardware completely from the software and alows the upper level software system to independently
manage local resources. Thus, the problem of network-distributed hosts and large application systemsis left to
the software implementation domain.

Wherethe SLAAC project attempted to define a hardware architecture for other boards to follow, the Logic
Foundry created platform interface abstractions and attempts to map them to other platform implementations,

thus allowing designs to be portabl e among different FPGA platform architectures.
314 CoWareN2C Dedgn Sygem

CoWare N2C is an environment and methodology for the development and proliferation of embedded
processor based designs. Embedded systems contain both hardware and software components. The connection

between these components consists of address decoders, bridges, interrupt priority encoders and software
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drivers. The actua implementation of the components is dependent on the protocols associated between the
different elements. CoWare N2C provides the ability to automate the integration of components of differing
types through a technology called Interface Synthesis™.

CoWare provides no mechanism for FPGA cregtion, but does provide a mechanism for interfacing the
FPGA to the world around it. The interface synthesis technology is a more robust version of our interface
abstractions. However, the interface synthesis model is focused on outside protocols whereas our interface
abstractions are focused on chip internas. The CoWare system could be quite effective in creating the platform

dependent hardware interfaces and the software the goes with them.

4 Design Flow Integration

An FPGA design flow is the process of turning an FPGA design description into a correctly timed image
file with which to program the FPGA. Implementing a design on an FPGA requires that (typicaly) a design be
constructed in a hardware description language (HDL) such as Verilog HDL or VHDL. This must be done by a
uniquely skilled logic designer who is generaly not as involved in the system design process. It isimportant to
note that often, due to the difference in resources between FPGA’s and generd -purpose processors, the redlized
agorithm on an FPGA may be quite different than the algorithm originally specified by the system designer.

While many languages are being proposed as system design languages (among them C++, Java, and
MATLAB), none of these languages perform this algorithmic transation step. A common belief in the industry
is that there will always be a place for the expert in the construction of FPGA’s [30]. While an expert may be
required for optimal design entry, many mundane tasks are performed in the design process using a unique set of
Electronic Design Automation (EDA) tools. It is desirable to automate many of these steps without inhibiting

the abilities of the skilled logic designer.
41 MEADE

To more efficiently integrate FPGA designs into a user defined EDA tool flow, we have developed
MEADE - the Modular, Extensible, Adaptable Design Environment [31,32]. MEADE has been implemented in
Perl because of its widespread use in the community and dominant success as a glue language and text parser,
two requirements for an integration framework for FPGA design flows.

MEADE requires users to specify a node to represent a design “building block.” A node can be a small

function such as an adder, or alarge design like a Turbo-Decoder. Furthermore, nodes can be connected to other
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nodes or contain other nodes, alowing for design reuse and large system definitions. In the TFD example,

nodes exist for the TFD, the tuner, the filter, the decimator, and the NCO within the tuner (see Figure 2).

TFD

Tuner Fitler Decimator

HCO

Figure 2. MEADE Node Structurefor the Tune/Filter/Decimate

MEADE nodes are directory structures with an accompanying database that fully describes the aspects of
the node. The database is contained in a. neade subdirectory via persistent Perl objects [33]. The database
includes information about node elements such as HDL models and testbenches, target and included libraries,
and included packages. This information includes file location, any node children, and specia “blackboards’
tha can be written and read by MEADE components for extensible requirements.

MEADE nodes also provide the ability to specify unique ‘builds within a given node. Using the build
mechanism, anode can be delivered with Verilog HDL, VHDL, and SystemC implementations, or with generic,
Xilinx, or Alteraimplementations. These builds can easily be specified by atop level sothat if an Alterabuildis
desired, the top node specifies the Altera build, and then any build that has an Altera option uses its custom
Altera elements. Those elements that are generic continue to be used.

To manipulate the nodes and node information, MEADE contains an extensible set of MEADE procedures,
actions, and agents. MEADE procedures are sequences of MEADE actions. A MEADE action can be
performed by one or more MEADE agents. These agents are used to either perform specific design flow tasks or
encapsulate EDA tools. For example, a* Simulation” procedure can be defined that has a sequence of actions —
“Make”, “Debug Setup”, “Simulate’, “Debug” and “Output Comparison” (see Figure 3). If a design house has
multiple different simulators, such as Mentor Graphics Model Sim or Cadence NC-Sim, or third party debuggers
such as Novas Debussy, an agent for each ssimulator exists and is selectable by the user a run-time. The same
holds true for any other tools (anaysis, synthesis, etc.). We have currently implemented simulation agents for
Mentor Graphics ModelSim simulator, analysis agents for ModelSim and Novas Debussy debugger, and

synthesis agents for Synplify’ s Synplicity synthesistool.
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Figure 3: The MEADE Simulate Procedure

MEADE provides node generation procedures that construct standard nodes with HDL templates for the
design and testbenches. To accommodate rapid testbench construction, MEADE employs a client/server
testbench model [34] and supplies a group of test modules for interfacing to HDL debuggers. Design flow
scripting is typically automated by MEADE, but custom tool scripts can be designed by the node designer. This
information is localized to the node being designed, by the designer building the node. When used in a larger
system, the system designer does not need to know the information required to build a sub-node, as that
information is automatically acquired from the sub-node by MEADE. This feature makes MEADE nodes very

usable as methods of IP transfer between different design groups using MEADE.
42 EP3

While most of the flow management in MEADE can be done by tracking files and data through the
MEADE agents, some processes require that files be manipulated in unique and complex manners. Additionaly,
this manipulation is not aways desirable to be done in the background in the event that the core designer may
have expert custom tailoring that the agent designer cannot anticipate. In these instances, we have found that a
preprocessor step is an excellent option for many of the detailed MEADE files.

The advantage to using a preprocessor rather than a code generation program is that it gives the HDL
designer the ability to use automation where wanted, but the freedom to enter absolute specifications at will.
Thisisan important feature when devel oping sophi sticated systems as the designer typically venturesinto areas
tha the tool programmer had not thought of. Traditiona preprocessors come with a limited set of directives,
making some file manipulations hard or impossible. To this end we devel oped the extensible Perl pre-processor
(EP3) [35]. EP3 enables adesigner to create their own directi ves and embed the power of the Perl language into

al of their files— linking them with the node and enabling MEADE to dynamically create files for its processes.
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Because it is apreprocessor rather than an explicit file manipulator, the designer can easily and selectively enact
or eiminate special preprocessing directives in choice files for specific agents.

Originally, EP3 was designed as a Verilog HDL preprocessor, but as it was developed, we decided that it
should be simply an extensible standard preprocessor with the ability to dynamically include directive modules
(for Verilog HDL, VHDL, etc.) a compile time or in the middle of arun. EP3 scans afile, looks for directives,
strips off the delimiter, and then calls a function of the same name. The standard directives are defined within
the EP3 program. Library-directives or user-defined directives may be loaded as Perl modules via a command
line switch for inclusion at the beginning of the EP3 run. Perl subroutines (and hence EP3 directives) may be
dynamically included during the EP3 run by ssmply including the subroutine in the text of the file to be
preprocessed.

EP3 has been extended to not only parse files, but to read in specification files, build large tables of
information, and subsequently do dynamic code construction based on the information. This alows for asimple
template file to create a very complex HDL description with component instantiations and interconnections
done automatically and with error checking.

43 Dedgn Flow Integration Example

Consider the construction of the NCO node in the TFD example. We begin by first creating a MEADE node
with the command: neade node NCO. This creates a directory entitled NCO. Inside of this directory, sr ¢
and si msubdirectories are created. Template source files (NCO. ep3, NCO_pkg. ep3, and NCO t b. ep3)
are copied from the global MEADE configuration space and modified with the new node name NCO. Element
objects for each of these files are automatically created in the node's database. The database would aso be
populated with a target compilation library for the node and a standard build. The package file includes the
VHDL component specification for this entity — this definition is automatically included in the design file and
the testbench automatically by EP3 so that component specifications can be entered once rather than the severa
times standard HDL entry requires. The testbench file includes modules that provide system and data clocks,
resets, and interfaces to debuggers in aformat for run-time configuration by the MEADE simulation agents.

After editing the files to create the desired VHDL component, the command neade make will invoke the
EP3 agent to run EP3 on the files and produce the output files NCO. vhd, NCO pkg.vhd, and
NCO t b. vhd. The make procedure is often a subset of other procedures and does not necessarily have to be

run independently. Entering the command nmeade si mwill execute the default simulator, Mentor Graphics
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ModelSim. This involves the creation of a nodel si mini file that provides linkages to all required
simulation libraries. In alow-level node such as this one, there are few libraries — however, dl of the MEADE
support modules that are included in the testbench have their libraries automatically included in the
nodel simini file at this time. The command line (which can be quite extensive) is formed for the
gopropriate options and the ssimulation is run. There are many options that can be handled by the simulation
agent, such as whether or not the simulation is to be interactive or batch mode, which debugger format isto be
used for data dumps, and simulation frequency to name a few. Simulaion output is directed to an appropriate
text output files or simulation dump files and managed for the user as are any simulation make files that are
cregted to avoid excessive recompiles. Using similar procedures in MEADE, the node can be run through a
debugger (meade anal yze), or synthesized to astructural netlist (meade synt hesi ze).

Using MEADE, designers who may be either learning a hardware description language or unfamiliar with
the nuances of many of the tools are able to effectively construct and debug designs. MEADE has been used
successfully to automate mundane aspects of the design flow in many applications, including HDL file
generation and manipulation, generation of simulaion, anaysis, and synthesis configuration files, tool
invocation, and design file management. Admittedly, some designers find tool encapsulation intrusive and
would rather work outside of MEADE when developing cores. In these cases, a finished design can be
encapsulated by MEADE in arelatively simple manner.

Upon node completion, everything about the node is encapsulated in the MEADE database. This includes
such features as which files required for simulation, which files are required for synthess, required simulation
libraries and ssimulation target libraries, and any sub-nodes that may be required by the node. When the tuner
component is constructed, a child reference to the NCO node is simply included in tuner’s required dement
files. When any MEADE operations are performed on the tuner node, al tool files and command lines are

automatically constructed to include the directions specified in the NCO node.

5 Component Integration

One of the challenges in rapidly creating FPGA-based systems is effective design reuse. Many designers
find it preferable to redesign a component rather than invest the time required to effectively integrate a
previously designed component. As integration is typicaly done in the realm of the logic designer, a system

designer cannot prototype a system without requiring the detailed skills of the logic designer. The Logic
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Foundry provides a component abstraction that makes component integration efficient and provides MEADE
constructs that allow a system designer to create prototype systems from existing components.

A Logic Foundry component specifies attributes and portals. If you think of a component as a black box
containing some kind of functionaity, then attributes are the lights, knobs, and switches on that box.
Essentidly, an attribute is any publicly accessble part of the component, providing state inspectors and
behavioral controls. Portals are the d ements on a component that provide interconnection to the outside and are

made up of user-defined pins.
51 TheAttributelnterface

Other attempts at component-based FPGA-based devel opment systems have assumed that the FPGA
implementation is smply a static data modifying piece in a processing chain [13,14]. Logic Foundry
components are designed assuming that they will require run-time control and thus are specified as having a
single attribute interface through which all data asynchronous control information flows. The specification of
this interface is left as an implementation-specific detail for each platform (interface mapping to platformsis
described in Section 6). Each FPGA in a system has exactly one contralling attribute interface and every
component has exactly one &tribute interface. All data asynchronous communiceations to the components are
done through thisinterface.

An attribute interface consists of: an attribute bus, a strobe signal from the controlling attribute interface,
and an event signal from each component. We have implemented the attribute bus with a tri-state bus that
traverses the entire chip and connects each component’s attribute interface to the controlling attribute interface
(see Figure 4). Because attribute accesses are relatively infrequent and asynchronous, the attribute bus uses a
multi-cycle path to diminate timing concerns and minimize routing resources. Using a simple incrementer
component that has an input, an output, and a single amount attribute, we have effecti vely implemented a design
for 1 incrementer, 10 seria incrementers, and 50 serid incrementers with no degradation in performance.

Each component in a system has a unique address in the system. The controlling attribute interface decodes
this address and enables the component via a unique strobe line from the controlling attribute interface to the
addressed component. These strobe lines are distributed via delay chains and are also used by the components
for attribute bus synchronization. Using delay chains costs very little in an FPGA as there are typicaly alarge
number of unused registers throughout a design. Data and control are multiplexed on the bus and handled by

state machines in each component which provide address, control, and data buses inside each component.
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Each component also has an individua event signal that is passed back to the controlling attribute interface.
With the strobe and the event lines, communication can beinitiated by each end of the system. This architecture

e egantly handles data-asynchronous communi cetion requirements for our FPGA -based processing systems.

______ | .
| Strobe Event Attr Bus | CDHUD”IHQ
Attribute
| l I i | Interface
.~ +r = ] T3 & T T
F oY F o
¥ * ¥ * * h 4 * ¥
Component Component Component Component
0 1 2 3
Attribute Attribute Attribute Attribute
Interface Interface Interface Interface

Figure4: TheAttribute I nterface

Consider the case in the TFD example where a user wishes to dynamically ater the deci mation amount.
With the implementation that we have devel oped for the Annapolis MicroSystems Starfire board, the application
would first write the controlling attribute interface with: the component address of the decimator; the address of
the amount register within the decimator component; the number of words in the transfer; the data to be written;
and a control word to initiate the transfer. The controlling attribute interface then begins the process of
transferring the data across the attribute bus using the distributed delay chain to strobe the component enable.
When the transfer is completed, the controlling attribute interface sets a done flag in its control register and

awaits the next transfer.
52 DataPortals

Components may have any number of input/output portals, and in a DSP system, these are generaly
characterized by a streaming data portal. Each streaming portal is implemented using a FIFO with ready and
valid signals (see Figure 5). Using FIFO’s on the inputs and outputs of a component isolates both the input and
the output of each cell from timing concerns as al signals going to and coming from an interface are registered.
This allows components to be assembled in a larger system without fear of timing restrictions arising from
component |oading.

By using FIFO's to monitor dataflow, flow contral is automatically propagated throughout the system. It is

the responsibility of every component to ensure that this behavior is followed inside the component. When an
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interface cannot accept data, the component is responsible for stopping. If the component cannot stop, then it is
up to the component to handle any dropped data. In our DSP environment, each data transfer represents a
sample. By using flow control on each stream, there is no need to insert delay eements for balancing stream
paths — synchronization is self-timed [36].

FIFO's are extremely easy to implement in modern FPGA'’ s by using the Lookup Table (LUT) as a small
RAM component. So, rather than providing a flip-flop for each bit as a registration between components, a
single LUT can be used and (in the case of the Xilinx Virtex part), a 16 deep FIFO is created. In the Virtex
parts, each FIFO controller requires but 4 configurable logic blocks (CLB’s). In the larger FPGA’s that we are
targeting, this usage of resourcesis barely noticeable. Control of the FIFO is performed with simple valid and

ready signas. Whenever both valid and ready are active, data transitions.

Data
Walid
FI-i.ilJ.lF

Filter Dracimatar

Figure5: Component FIFO interface
In the TFD example, each component receives input and output FIFO's. Note that the NCO inside of the
tuner component is smply a MEADE node and not a component, and thus receives no FIFO's. This alows
logic designers to build components out of many sub-nodes, but expose only the top level component to the

system designer.
53 TheComponent Specification File

A component is implemented as a MEADE node that contains a component specification file (see Error!
Reference source not found.). The component specification file describes any attributes for a component, as
well as a component’s ports and the pins that make up those ports. In the TFD example, attributes can be
declared of varying widths, lengths, and initial values. The attribute can be written by the system, the hardware,
or both. Attribute addresses may be auto-generated. Because attribute ports, and streaming data in and out ports
are standard for components, EP3 directives exist to construct these ports. However, any port type can be

declared.
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Figure 6: The Component Specification File

A component’s attributes can have an open-ended number of parameters, including address, size, depth,
initial values, and writing source (either hardware, software, or both).

The Component specification file is included via EP3 in the component HDL specification. EP3
automatically generates al of the attribute assignments and read statements and connects up the attribute
interface. This has to be done in the actual HDL specification because synthesis tools require that all
assignments to a given register occur in the same process block. Because the component author likdy wants
interna access to most of the created attributes, EP3 has to insert the system portion of the attributesin the same
process block. This same Component specification file is ultimately parsed by thetop level software to describe
to the system the view of the component.

It should dso be noted that &l attribute addresses are relative to the component. Components are
individually addressed by the attribute interface. In this manner, multiple instances of the same component can
easily coexist with identical attribute addresses, but different component addresses.

54  Packe Ddfinitions

While attributes may be changed asynchronoudy via the attribute interface, a mechanism must exist to
provide synchronous changes as well. For exampl e, one might want atuner component to change frequency on a
given sample. Additionally, control packets might need to proceed through the system to identify elements such
as time code or restart commands, etc. Furthermore, as systems may require other elements than the FPGA
(such as a DSP chip), the packet abstraction alows control to proceed among different device types without a
significant control interface. Control packets are to be reserved for strictly synchronous activity (synchronous
with the surrounding samples). Because of this synchrony requirement, it is imperative that there is never any

reordering done between control packets and the surrounding data (a packet may, however, be consumed).
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Therefore, as packets travel through components in route to a destination, it is each component’s responsibility

to ensure that the packet isreinserted into the correct output stream and a the correct sample point.
55  Component Integration Example

The component construction process is very similar to the node construction process described in Section
4.3 as a component is simply a specia type of MEADE node. Consider construction of the decimator
component from the TFD example. Entering the command: nmeade conponent deci mator creates a
MEADE node entitled decimator. In addition to the node's design and template files (which represent an
incrementer by default), astandard component definition file is a so copied into the node. Thisfile can be edited
to add or subtract any component atributes or portals.

In the case of the decimator component, the definition file would not have to be atered as the stock
definition file has an input porta, an output portal, and a single attribute entitted amount. The
deci mat or . vhd file would be edited to change the templ ates increment function to a decimate function. The
portions of the template file that manage the attribute interface and portal FIFO instantiations would noarmally
remain unaltered as they are auto-generated via EP3 directives..

The testbench template contains servers for the data portas as well as the attribute portal so that system
leve commands (portal writes/reads and attribute sets/gets) can be simulated easily in the testbench. While most
of the testbench would be unaltered, the stimulus section of the testbench would be modified to make the
gopropriate attribute set/get calls and portal writes and reads.

Performing simulation or synthesis procedures on the component node is identical to the standard MEADE
node. This process is simplified grestly by MEADE as the FIFO interconnects, atribute interfaces, and
testbench modules are al automatically included as child nodes by MEADE without any intervention from the

component node designer.

6 Platform Integration

When designing on a particular platform, certain aspects of the component such as memory and control
interfaces are often built into the design. This poses a difficulty in dtering the design, even on the same
platform. Changing a data source from an external source to Direct Memory Access (DMA) from the PCI bus
could amount to a considerable design change as memory resources and data availability are considerably
dtered. This problem is exacerbated when completely changing plaforms. However, as considerably better

platforms are aways being devel oped, it isnecessary to be able to rapidly port to these platforms.
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Some work has recently been undertaken in this arena as a joint venture between Wind River with their
Board Support Package (BSP) and Celoxica's Platform Abstraction Layer (PAL) [27]. A similar methodology
was undertaken by JHDL [7] with its HWSystem Class. These efforts attempt to abstract the I/O interfaces
between a processing platform and its host software environment, allowing an application that is developed on
one platform to be migrated to another platform. However, the issues of platform-specific 1/0 to destinations
other than the host software environemnt and on-board memory interfaces are not specifically addressed.

To combat this problem, the Logic Foundry employs an abstract portal for all design level interfaces. A
Logic Foundry design is specified in a design node (as opposed to a component node) with abstract portals.
Design nodes represent compl ete designs that are platform independent and use generic portals. Abstract portals
are connected to component portals when building a design. These abstract portals can then be mapped to a
specific platform portal in what we call an implementation node. This form of interface abstraction is common
in the design of reusable software; our contribution here is to develop its capabilities in the context of FPGA

implementation and DSP hardware/software integration.
6.1 Abdrac Portal Types

There are various portal types for differing needs. While new portal types can easily be developed to suit
any given need, each abstract portal type reguires a corresponding implementation portal for every platform. For
this reason, we attempt to reuse existing portals whenever possible. We currently support three portal types. the
Streaming Portal, the Memory Portal, and the Block Portal.

6.1.1 The Streaming Portal

A streaming portd is used whenever an application expects to stream data continuously. Depending on the
implementation, thismay or may not be the case (compare an A/D converter direct input to a PCI businput that
is buffered in memory viaa DMA), but the design will be able to handle a streaming input with flow control.

A streaming input portal consists of a data output, a data valid output, and a data ready input. The design
deasserts the data ready flag when it cannot accept data. Whenever the vaid and ready signals are asserted, data
transitions occur across the portal. A streaming output portal is identical to a streaming input portal with the

directions changed. Streaming portas connect directly to the streaming portals of a component (see Figure 7).
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Figure 7: Streaming Portals

Streaming portals may be implemented in many different ways — among these, a direct DMA input to the
design, adirect hardware input, a gigabit Ethernet input, or aPMC bus interface. At the design levd, dl of these
interface types can be abstracted as a streaming porta.
6.1.2 TheMemory Portal

There are different types of memory accesses that need to be accounted for: loca memory, externd
memory, dedicated memory and an arbitered memory, dual-port varieties, etc. All memory portals consist of
data in, data out, address, read enable, write enable, and clock pins. We provide a group of portals that build on
these common characteristics.
6.1.2.1 Local (on-chip) Memory

For many FPGA applications, we dlow the assumption that the design has access to some amount of
dedicated local memory (e.g., Block RAMS in a Xilinx Virtex Part). The Logic Foundry integrates such loca
memories as sub-nodes of a design rather than memory portals as the performance and control gains are too
significant to be ignored. This does not greatly affect portability as successive generations of FPGAs tend to
have more local memory rather than less. Additionally, drasticaly limiting the amount of memory availableto a
design would likely require al gorithmic changes that would render the design unportable anyway.
6.1.22  DesgnExternal Memory

In the case of the dedicated memory, it may be desirable to pipeline memory accesses so that data can be
rapidly streamed with a little latency. In the case of an arbitered memory, the memory portal must follow a
transaction model, holding its memory access request until an acknowledgement is given. These two conflicting
models must be merged into a single abstract memory portal. We do this by changing the read enable and write
enable lines to read request and write request lines, respectively, and adding control pins for an access
acknowledgement. By using these control signals for every external memory porta, the implementation will be
able to map the abstract memory portals to available memory resources, using arbitered or dedicated memories

wherever appropriate.
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One issue in the memory portal is the variable width of the memory port. By specifying a width on the
portd, we will currently allow mapping to a memory implementation that is as wide as or wider than specified,
padding the unused bits. This can result in an inefficient use of memory when the abstract width is specified as 8
bits and the actual memory is 32 bitswide. In this situation, it might be desirable to pack memory words into the
larger memory, however, each memory write would have to be replaced by a read-modify-write, thus slowing
memory access times. When the situation is reversed and the implementation memory is smaller than the
abstract memory portal, the implementation will be forced to do address modifications and multiple read/write
accesses for each memory access reguest.

This situation can be addressed intelligently in certain cases. Consider the case where four memories hold
four separate arrays to be processed in a vector fashion. If the datais 8 bits wide, dl of the memories can be
implemented by one 32 bit wide memory that shares address contral.

Future work will involve a more efficient method for handling dual port memories. Because a design cannot
assume that a dual port memory will exist, an effective abstraction needs to be devel oped that can be mapped to
adua port memory if available, or to an arbitered model of the same memory if it is not dua ported. Thisis
important mainly if an application expectsto use the dud port memory as asingle memory portal, with one port
writing data and another port reading data. While this abstraction should be relatively simple to construct in a
functiona manner, the availability of a dua port memory may wdl affect the structure of the underlying
agorithm. It is situations like this one that present the greatest challenges to our generic abstraction model.
However, it is important to point out that the overall system was developed to be able to adapt to isolated
instances such as this one. In a specific case, inserting a platform-specific module, while destroying portability,
is straightforward. Furthermore, the detrimentd effect on portability is localized to the specific module in
question.

6.1.3 TheBlock Portal

A block porta is similar to the memory portal and provides the same memory interface to access a block of
data. It differs from the memory portal in that the block portal aso provides transfer initiation control signals
tha allow an entity on the other side of the portal to transfer in/out the block. The block porta differs from the
streaming portal in the location of the transfer initiation control. In the streaming portal, al transfers are initiated
outside of the design block and the design block responds in a continuous manner. In the block portd, transfer

initiation and block size are dictated by the block portal .
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6.2 TheDedgn Spedfication File

Logic Foundry designs are constructed as MEADE nodes that contain a design specification file. The
design specification file describes the components included in a design as well as the design portals.
Components are connected to other components or portals viatheir ports.

The design specification file is included via EP3 in the design HDL specification. The design HDL
specification is a shell HDL template that is completely filled in as EP3 instantiates and interconnects all of the
design components. The portals become nothing more than HDL ports in the top level HDL design file EP3
checksto ensure that all port connections are correct in type, direction, and Sze. It also assigns addresses to each
component.

However, in the HDL testbench, al of the portals supply test modes so that the design can be fully
simulated as a platform independent design. Figure 8 shows a sample design specification file for the TFD
design. In this design, data portals are created (named import and export). The components required are declared
and then the components and the portals are connected. The attribute porta s of the design and the components

are automatically connected.

Batt rlbute_po?ta]: -
@data portal in import

ddata portal out export k

ner

@oomponent tuner t
@component filter £
Fcomponent decimator d

3
Filter

I| Crecimator

Attr

@connect import to t.import
@connect t.export to f£.import
@connect f.export to d.import
doconnect d.export teo export

Figure 8: Design Specification File
In the MEADE design node, the top level HDL specification is generated via EP3, and the entire design can
be simulated and synthesi zed with MEADE. If a Filter/Tune/Decimate (FTD) is desired rather than the TFD, the
connection order is changed and the MEADE procedures can be rerun.
63 Thelmplementation spedficationfile
The fina platform implementation is implemented as a MEADE node that contains an implementation

specification file. The implementation specification file includes the design to be implemented as well as a map
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for each portd to an implementation-specific interface. Additionaly, individua components of the design may
be mapped to different FPGAs on a platform with multiple different FPGAs. For the purposes of this work, we
will focus on asingle FPGA implementation and do the implementation by hand. However, itis at this point that
other research efforts could be facilitated, performing partitioning and mapping of the design components. This
problem becomes more interesting when each component has both FPGA and DSP chip implementation
described within the node. If a platform consists of both an FPGA and a DSP chip, the system we are describing
would provide an excellent foundation for research work in automated partitioning and mapping for hardware
software co-synthesis [22].

The implementation specification file (see Figure 9) is incduded via EP3 in the implementation HDL
specification. Essentialy, the implementation HDL specification is a shell HDL template that is completely

filled in as EP3 ingantiates and interconnects d| of the interfaces objects and the design core.

fdesign tfd D& Stream

@starfire_map tfd.attr attribute interface
@starfire_map tfd.iwport dia stresm in

Memor v =x {
Hemory =» Left Local Mem,
Start_Addr => 0,
Size =» 128 * 1024, Adtribute
b Interface

H
@starfire_map tfd.export dia sStrestn out |

h

WEmor ¥ == {
Memory => Right Local Mem,
Start_Addr => 0,
Size =x 128 * 1024, Chla Stream

Crut

Figure 9: Implementation Specification File
In the implementation file, platform-dependent mappings (starfire_map represents a mapping cal for the
Annapolis MicroSystems Starfire board) map i mplementati on-specific nodes to the design portals desired. In
this example, a dma_stream _in node exists that performs the function of a stream_in portal on a Starfire board.
This node has parameters that indicate which on-board memory to map to, the start address, and the size of the

memory being used.

7 Software Integration

Another challenge encountered when creating a specid-purpose hardware solution is the custom software

tha must be devel oped to access the hardware. Often, a completely new software interface is devel oped for each
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gpplication to be placed on a platform. When changing platforms, the entire software development process may
be redone for the new application. It is also desirable to embed the performance of FPGA-based processors into
different application environments. This requires understanding of both the application environment and the
underlying FPGA -based system — knowledge that is difficult to find.

To resolve this problem we have deve oped the Dynamic Object (DynamO) model. The DynamO modd
consists of a DynamO object, a DynamO API, DynamO front-ends, and DynamO back-ends. The DynamO
object represents the entire back-end system to the front-end application with a hierarchia object that
corresponds to the hierarchy of components and portals that were assembled in the Logic Foundry design. These
e ements are accessed viathe DynamO API. The DynamO API represents the contract that DynamO back-ends
and front-ends need to follow. The front-ends are plug-ins to higher level development environments like
MATLAB, Python, Perl , and Midas 2k [18]. Dynamo back-ends are wrappers around the board-specific drivers

or emulators such as the Annapolis Starfire board [20].
7.1 TheDynamic Object (DynamO)

The DynamO object consists of a top level system component. This is a container for the entire back-end
system. DynamO components can contain portals, attributes, and other components. In addition to these
objects, methods and parameters are provided that allow the DynamO API to uniquely interact with the given
object. In the case of the TFD example on the Annapolis Sarfire board, a DynamO Starfire back-end creates a
DynamO object with a top level system component TFD. This component would contain an input portal, an
output portal, and three components, tuner, filter, and decimator. Each of these components would themsel ves

contain an attribute, frequency, taps, and amount, respectively (see Figure 10).

TFD

Tuner Filter Decimator
lrport Expart

Frequency Arnount

Figure 10: The DynamO Obj ect
Along with the objects, the DyanmO Starfire back-end would attach methods for attribute sets and gets, and

portd reads and writes. Embedded within each object is the information required by the back-end to uniquely
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identify itself. For example, while the frequency attribute of the tuner component, the taps attribute of the filter
component, and the amount attribute of the decimator component would al use the same set/get methods for
attributes, the component and attribute addresses embedded within them would be different.

Using the DynamO methodol ogy, any back-end reconfigurable system can dynamically be built by a back-
end based on the current configuration of the hardware. While the Logic Foundry uses a consistent attribute
interface for al components and thus has but one interface method, a DynamO back-end could be constructed
with different types of atribute access and multiple methods. By attaching these different methods to the

required attributes on object build, the same level of software application independence can be achieved.
72 TheDynamO API

The DynamO API represents the contract that DynamO back-ends and front-ends need to follow. The
DynamO API consists of calsto alocate a system, set and get attributes, and write and read portals. These cdls
are implemented by the back-end library as the functiondity is unique to each back-end platform (see Figure
11).

The API *System’ cdl reguires a system specification file as an argument. The very beginning of thisfile
points to a back-end implementation and a library to parse the rest of the specification file. In this manner,
different back-ends can, if desired, have their own specifications unique to a given platform. By making the
parsing of a specification file the responsibility of the back-end, there is no limitation on future back-end
implementations. The result of the system call is an object representing the system being alocated (typicaly an
FPGA board).

Each attribute in the system is writable by the back-end, front-end, or even both. This can be specified in
the component specification file. The back-end is responsible for providing a method for attribute sets/gets. If a
user is using the complete Logic Foundry implementation, then software wrappers around the board drivers
exist that use the FPGA attribute portal to write the component attributes.

Portals are designed to have simple read/write interfaces. The DynamO APl uses a packet structure to
communicate with portals. This alows portals to differentiate between control and data and allows data-
synchronous control to be passed into the portal rather than asynchronously through the attribute interface. The

underlying FPGA hardware must be configured to handle these packets as well.
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Figure 11: The DynamO API
7.3 DynamO Badck-Ends

The DynamO back-end connects a platform to the DynamO API. When the DynamO is all ocated, the back-
end provides a library method to parse the specification file, and returns a hierarchica DynamO object that
contains al of the information for the requested system. In this manner, the application environment is given an
object with methods that represent the architecture of the system that is to be interacted with. No understanding
of theimplementation details of the underlying hardwareis required.

While we hope that others find the Logic Foundry easy to use, it is important to note that the DynamO
specification file does not require anything from the Logic Foundry. A designer could build acompletely unique
implementation, and then specify the underlying objects and methods for accessing them in a specification file.

Additionaly, a software emulator could be constructed as a back-end. Future plans cal for the inclusion of
a DynamO back-end wrapper for a software emulator written in SystemC [6]. System designers can do the first
stages of agorithm definition in a C-based environment that can be more readily ported to an FPGA by alogic
designer. By using a software emulator as a DynamO back-end, the entire front-end application can be
developed and run before the FPGA-based application is completed. When the FPGA is complete, a new

specification file for that back-end is used and the application requires no change.
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74 DynamO Front-Ends

A DynamO front-end is possible for many software application environments. It is easier to i mplement
applications in a multi-threaded environment as the application does not have to be concerned with the
possibility of blocking on portal reads and writes. We have already implemented a DynamO front-end for C++,
Python, Rincon Research’s Midas2k DSP environment and are planning on aMATLAB front-end.

The DynamO front-end is responsible for taking the DynamO object returned by the system method and
transforming it into an object that the software environment can understand and access. For instance, using a
Python front-end, the DynamO object is recreated in Python objects, with its methods mapped to the supplied
DynamO object methods. Figure 12 demonstrates how a Python application script would interact with the
DynamO API and the DynamO object in the TFD design example. Note that there is absolutely no evidence of

implementation-specific details such as register addresses or communication protocals.

# load the likbrary in Python # Create & dyhsmo packet
import dynatno p = dynamo.DactaPacketc ('d' 1000)
# open up a dynamo ohiject # initislize p

tfd = dynamo.system|"tfd.spec™) for i in xrange (1000) :

p.data[i] = i*2
# get an attribute
tune freg = tfd.tuner.fregquency # write data to the import portal
tfd.import.write(p)

# et an attribute
tfd.decimator.amount = 10 # read data from the export portal
p = tfd.export.read()

# =et an attribute with an array
taps = dynamo.arrayi('d', 2]
tap=s[0] = 123

tap=s[1] = 456

tfd.filter.taps = taps

Figure 12: Python DynamO Example

8 Experimental Results

We have developed the Logic Foundry induding al of the major building blocks described — VHDL
implementations for MEADE, EP3, attribute interfaces, component abstractions and interface portas, the get/set
and data write/read portions of the DynamO API, DynamO back-ends for the Annapolis MicroSystems Starfire
board, and Dynamo front-ends for C++, Python, and Midas 2k. To test the effectiveness of the Logic Foundry,

three systems have been devel oped, a seriesincrementer, the TFD, and a Turbo Decoder.
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81 Incrementer Desgn

The incrementer component consists of a streaming input portal, a streaming output portal, and an amount
atribute that is added to the input before being passed to the output. We experimented with the incrementer
component using an Annapolis MicroSystems Starfire board. This platform consists of four memory ports
atached to an FPGA. Annapolis MicroSystems provides a shell for the FPGA, DMA bridges to transfer data
from the PCI bus to the memory, and software driver callsto perform the DMA'’s. To cregte the streaming input
and output portals, we modified the DMA bridges to add control for streaming data into and out of memory.
Additionaly, a DynamO library was created that provided portal write and read methods using the Annapolis
DMA Driver cals wrapped with the extra control to manage the modifications to the DMA bridges.

To contral the Starfire card, Annapolis MicroSystems supplies driver calls to do addressable I/O viathe PCI
bus. However, the control is tightly timed and the Annapolis MicroSystems architecture implementing our
portd functiondity requires 7 control elements & the top level. When the number of dements attached to the
control bus begins to exceed 10 or so elements, achieving the required timing of 66 MHz on a Xilinx XCV1000-
4 can be difficult. For the Logic Foundry, we have built an attribute interface for all component control in the
Starfire system and created DynamO interfaces to set/get attributes via this interface. The Starfire control busis
thus required to connect only to the DMA bridges, the attribute interface, and any top level control registers
required for operation. These connections remain constant with the addition of new components.

To test the scalability of the Logic Foundry architecture, we created incrementer designs consisting of 1,
10, and 50 incrementer components connected together in series. In each case, system timing remained the same
as the synthesis and layout tools were able to achieve the required 66 MHz control timing for the Starfire control
bus, while the attribute interface scaled using the multi-cycle attribute bus (see Table 1). It was initially our
intention to do a design consisting of 100 seria incrementers, however, we reached a limit for the XCV 1000
parts that only allows atri-state net to drive 98 |ocations. Thislimits an XCV 1000 part to 98 components which
is acceptable for our typical designs.

To create the different designs, we used a smple Perl script to generate the design specification files that
instantiate and connect the components. All of the simulation, synthesis, and place and route steps were

performed using simple MEADE commands.
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82 TFDDedgn

In order to create the TFD design, we began with an NCO element created by using the Xilinx Coregen
tool. This resulted in a Xilinx-specific structural VHDL file. To contain this file, an NCO node was created in
MEADE. An element object was created for the Xilinx VHDL file and the node object was edited to contain this
edement. This node was then wrapped by atuner. To accomplish this, a new component node was created and
its element object was edited to point to the NCO node as child node. The component definition file was edited
to contain a phase increment atribute for the NCO (rather than a frequency attribute), and then the component
VHDL files were edited to instantiate the NCO, provide portal connectivity and control, and perform the tuner
function by multiplying the NCO outputs with the tuner’ sinputs. These files, in their preprocessed state, contain
approximately 50 lines of user-edited VHDL code for component functionality and 100 lines of total code. The
attribute interfaces and portal FIFO instantiations are all automatically included via the preprocesser. The
processed VHDL files contain approxi mately 240 lines of VHDL code. The number of automated lines of code
will vary depending on the number of attributes in the component. This same process was performed to creste
the filter component (using an fir VHDL file created by the Xilinx Coregen tool). The decimator component
was created with afew simple additions to the default MEADE template.

When all three components were completed, a design specification file was created (see Figure 8) as well as
an implementation specification file (see Figure 9). These files were used by MEADE to create a complete
implementation for the FPGA, and system controlling software via the DyanmO interfaces.

In order to test the ease of component reuse in the Logic Foundry, we opted to create a FTD system out of
the TFD system components. To accomplish this task, the design specification file was altered to change the
connection order of the three components. MEADE was used to recreate the design using the same
implementation specification file. DyanmO front-end objects were automatically changed due to the change in
the design specification file. In both cases, control timing was achieved and system timing was limited by the
speed of the tuner component (see Table 1).

83 TheTurbo Decoder Desgn

Our find design was to take a large design (severa thousand lines of VHDL code) written outside of
MEADE, but with a view to fitting into the Logic Foundry attribute/portal design structure. When the design
was completed, it was wrapped with a MEADE component in the same manner as the tuner described above.

The Turbo Decoder design created unique challenges — firstly, the streaming portal design would not work as
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the Turbo Decoder worked on blocks of data and had to individually address these blocks of data For this
reason we created the block portal interface described in Section 6.1.3.

The Turbo Decoder design required seven dtributes and these were easily incduded via the attribute
interface model. Implementing the block portals was more difficult as the completed Turbo Decoder design
required eight unique block portals, five of which requiring simultaneous access. As the Starfire board had but
four memories, this was a problem. However, as some of the porta s did not require independent addressing, we
were able to merge them into a single memory and achieve an implementation that required four independently
addressable memories. To accomplish this, we hand edited the implementation VHDL file and did not auto
generate it from the implementation specification file.

This example showed that we could take a design and use some of the Logic Foundry without requiring
tight integration into the whole of the Logic Foundry. Software integration was done automatically, and the
component architecture of the Logic Foundry was used, but the top level FPGA implementation specification

and Turbo Decoder design and test was performed outside of the Foundry.
84 Summary of Desgns

Table 1 showsresults for each of the test designs implemented for the XCV1000-4 FPGA on the Annapolis
MicroSystems Starfire board. Because control on this system is achieved via a 66 MHz PCI bus, the control
clocks were al constrained to achieve this timing. In the case of the incrementer designs , the system clock
performance was limited by the porta implementations. The other designs (TFD, FTD, TurboDecoder) were
limited by issues internal to their design components. Further devel opment will be done to optimize the portd
implementations for this architecture. The differences within design groups (incrementers and downconverters)
are attributable to variances in the Xilinx software. The pseudo-random nature of the algorithms often results in

variances. By doing a more extensive place-and-route operation, we would likely see these numbers converge.

Contral Clk | System Clk LUT's FlipH ops BlockRams
1 Incrementer 68.648 62.278 1328 1809 5
10 Incrementers 68.078 65.557 2007 2244 5
50 Incrementers 66.885 70.299 4959 4076 5
TFD 68.018 35.661 2873 2238 6
FTD 67.604 35.177 2873 2222 6
TurboDecoder 67.290 39.787 17031 5600 27

Table 1. Summary of Designs
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9 Conclusion

We have introduced the Logic Foundry and shown how this approach alows for the rapid prototyping and
deployment of FPGA-based systems. By using MEADE and EP3, a design engineer can rapidly create and
operate on design components. These components can be entered in a library for efficient reuse by system
designers. By using MEADE and EP3, system engineers can create an FPGA image file without requiring the
speciaized design tool knowledge of a logic designer. Using design portals for interface abstractions, designs
can be created in a platform independent manner and easily ported from one FPGA platform to another where
implementation portals exist. Finally, by using the DynamO software construction, applications can be built that
have no dependence on the underlying FPGA platform and can easily be ported from platform to platform.
Inserting a platform into a different software environment can also be done with relative ease.

While the entire Logic Foundry fits together as a whole, it is important to recognize that each piece can be
used independently. One design house may simply want to use MEADE and EP3 as automation tools for FPGA
construction, where another design house may want to use the DynamO aspects without requiring any of the
FPGA construction mechanisms.

Our future work will focus on the complete implementation of the data-synchronous control packets,
component event control, and the control write/read portions of the DynamO API. We will aso be integrating
the Chameleon board from Catalina Research Incorporated as a demonstration of platform migration. We have
implemented the Logic Foundry at Rincon Research and the tool is being used extensively in the devel opment
of high performance FPGA implementations of DSP applications, including turbo coding, digitd

downconversion, and despreading applications.
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