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Structured Approach to Dynamic Computing Application
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Stephen Douglas Craven

(ABSTRACT)

The ability of some configurable logic devices to modify their hardware during operation
has long held great potential to increase performance and reduce device cost. However, de-
spite many research projects and a decade of research, the dynamic reconfiguration of Field
Programmable Gate Arrays (FPGAs) is still very much an art practiced by few. Previous
attempts to automate the many low-level details that complicate Run-Time Reconfigurable
(RTR) application development suffer severe limitations. The proposed research describes
a comprehensive approach to dynamic hardware development, providing a designer with
appropriate models for computation, communication, and reconfiguration integrated with a
high-level design environment. In this way, many manual and time consuming tasks asso-
ciated with partial reconfiguration may be hidden, permitting a designer to focus instead
on a design’s behavior. The proposed approach frees reconfigurable applications from de-
pendence on an external configuration controller, generating a configuration manager from
a high-level description. The proposed design and implementation environment will enable

effective benchmarking of the benefits of partial reconfiguration and high level synthesis.
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Chapter 1

Introduction

Configurable computing devices, such as Field Programmable Gates Arrays (FPGAs), permit
arbitrary reprogramming of the devices’ hardware functionality after manufacture. This pro-
grammability greatly decreases development costs and time-to-market compared to Application-
Specific Integrated Circuits (ASICs). For many applications the drawbacks to FPGAs, lower
performance and increased per device cost, are far outweighed by the fast implementation
time - minutes to hours, instead of the months to years required to design and manufacture

an ASIC.

Almost all commercial designs using FPGA do not reconfigure the hardware once the
product is deployed; however, previous research has demonstrated performance benefits from
partially or fully reconfiguring an FPGA during operation [1] [2] [3]. Two mechanisms can
be used to achieve a benefit from this Run-Time Reconfiguration (RTR): fine-grained circuit
customization and virtual hardware. Dynamically creating custom digital circuits tailored
to the task at hand; for example, by customizing an encryption circuit for a specific key,
can provide significant performance improvements. Virtual hardware, on the other hand,
permits a design to be larger than the available resources, with idle logic swapped out for
active circuits. By removing configurable logic resource limitations, RTR can permit smaller

and cheaper devices to be fielded.



Unfortunately, developing RTR applications has been a difficult undertaking. The re-
ported successful RTR designs generally involved much low-level work by designers with
detailed knowledge about an FPGA’s inner workings. In spite of several attempts to ab-
stract these lower-level details [4] [5] [6], no tools currently exist for modern architectures
to assist a designer in these complex tasks. FPGA design tools share a lineage with ASIC
tools, with both assuming static designs. What little vendor support that has been available
forced the designer to do much manual, low-level work. Commercial tools in the form of
design capture environments and simulators are non-existent. An FPGA designer developing
an RTR application is very much a trailblazer, forced to improvise the required tools with

little assurance that the final design will even function.

Seeing the need for an RTR application development methodology, several researchers
over the past decade have proposed design environments and implementation flows sup-
porting RTR. These projects range from skeleton design flows to integrated environments
supporting both hardware and software development. More ambitious efforts perform au-
tomatic spatial and temporal partitioning. Acceptance of these methodologies, however,
has been hindered for a variety of reasons; including esoteric design capture methodologies,

architecture-dependence, and inferior tool performance.

Recent trends and technology advances have rekindled interest in RTR. The configuration
architecture of the latest FPGAs is much more amenable to fast partial reconfiguration
and, for the first time, true two-dimensional reconfiguration is available in high-performance
mainstream devices. The inclusion of embedded processors has freed dynamic hardware
designs from their previous reliance on a PC for configuration management, opening new
application domains. The growing importance of FPGAs in Software Defined Radios (SDRs)
[7] is prompting FPGA vendors to provide backend tool support for RTR [8].

The objective of this project is to define an architecture-agnostic, structured approach to
RTR application development, incorporating the latest advances and trends in configurable

computing, to permit the rapid creation of dynamic hardware for streaming applications



from a high-level specification. Previous research attempts, unaccepted even in their own
time, were unable to capitalize on these current advances. Leveraging existing research,
this approach will enable the use of commercial design entry and simulation tools, fully
incorporate embedded processors into the computational and programming models, and
permit partial reconfiguration of one or more FPGAs through automatic generation of custom

configuration controllers.

The proposed research will offer the following contributions:

e (Creation of a design and implementation flow for streaming RTR applications. The
proposed flows provide a unified development environment for both hardware and

software through the seamless integration of embedded processors.

e Development of a practical RTR design and research environment. While the proposed
design flow can utilize a variety of tools for design capture, as a test bed a commercial
high-level synthesis tool will be extended to support the simulation and synthesis of
RTR designs. This approach is in-line with previous research, where several projects
attempted some form of high-level design entry. To avoid the development issues,
performance limitations, and lack of acceptance previous projects encountered using
custom high-level specification methodologies, a partnership with a commercial high-

level synthesis tool company has been formed.

e Inclusion of partial reconfiguration into design abstractions. Few previous projects
consider partial reconfiguration and those that do attempt to shield the developer
from reconfiguration decisions. In contrast, the proposed research will provide high-
level abstractions, permitting the developer to utilize partial reconfiguration to modify

computation and communication structures at run-time.

e Demonstration of the benefits of RTR on modern FPGA architectures. To extend
existing research detailing the performance enhancements of RTR to include the lat-

est FPGA architectures, the proposed design flow and environment will be used to



implement encryption and image processing applications, domains well suited to the
approach’s computational model. These applications will serve as benchmarks; with
the design time and performance compared to traditional static designs as well as

designs implemented using traditional RTR design flows.

Chapter 2 provides an overview of prior related work, including successful RTR designs
and development environments for RTR applications. Attention is paid to the limitations of
these flows along with methodologies for configuration management. Chapter 3 begins with
an overview of the approach before expounding upon each stage. Chapter 4 summarizes
the progress made thus far on the high level design entry and simulation environment and

presents a plan of work. Finally, conclusions are discussed in Chapter 5.



Chapter 2

Background

2.1 Reconfigurable Computing

Reconfigurable computing, also known as configurable computing or adaptive computing, is
an area of computer engineering concerning computational devices that can be configured
at the hardware level after manufacture [9]. General purpose processors, such as are found
in desktop computers, can programmed via software to perform any computational task.
However, the processor’s hardware remains static — the number of multipliers and adders
and the size of the cache can never be modified after the chip leaves the factory. Likewise,

ASICs have a fixed hardware structure optimized for an application.

Several families of devices, however, may modify their internal hardware after manufac-
ture. The most widely used RC devices are programmable logic devices, such as FPGAs.
Other devices exist that provide more coarse grained configurability. While many of these
coarse-grained architectures have been proposed and implemented [10] [11], none have at-
tained commercial successful. Given the prevalence of FPGAs in industry and academia,
most research focuses on FPGAs, although many of the techniques and principles developed

for FPGAs could be applied to other architectures as well.
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Figure 2.1: Typical FPGA structure.

Initially used as glue logic for interfacing other digital components, FPGAs have evolved
into stand-alone computational devices with performance that can exceed that of proces-
sors in many applications. Figure 2.1 shows a typical FPGA’s internal structure. A pro-
grammable Look-Up Table (LUT) acts as a logic element implementing any logic function of
up to, in the case of the presented architecture, four variables or behaving as a 16-bit mem-
ory. In the Xilinx Virtex-II and Virtex-4 architectures represented in the figure the LUT is
paired with a flip flop storage element. Two of these LUTs are grouped into a slice. Four
of these slices, along with a programmable switch box, comprise a configurable logic block.
The configurability of an FPGA comes primarily from two elements: the LUTs configure the

computational elements and the switch boxes configure the communication between LUTs.



Note that modern FPGAs include more coarse-grained computational and storage ele-
ments, such as dedicated multipliers and memories — block multipliers and block RAMs,
respectively, in the terminology of the largest FPGA vendor, Xilinx. Certain FPGAs, such
as the Xilinx Virtex-1I Pros and Virtex-4 FXs, also incorporate embedded processors in the
sea of configurable logic. Additional processors, known as soft processors, may be created

out of the configurable logic.

The fine grained configurability offered by these architectures enable the hardware to be
tailored specifically for the problem at hand. In applications that may be heavily paral-
lelized or pipelined, FPGAs may greatly exceed the performance of processors in spite of
their generally much lower clock frequencies. Domains that play to this strength of FP-
GAs are Digital Signal Processing (DSP) [12], cryptography [13], network applications [2],

bio-informatics [14], and image processing [15].

While for a specific hardware configuration an ASIC will always outperform an FPGA
by a significant margin, design and initial manufacturing costs for modern, deep-submicron
ASICs run into the millions of dollars, making ASIC cost prohibitive for all but high volume
products. For low volume designs or for short time-to-market products where the long design,

manufacturing, and testing delays of ASICs may be prohibitive, FPGAs become attractive.

The reconfigurability of FPGAs provides an additional advantage over ASICs. A design
mistake that spells disaster for an ASIC [16] could be fixed in an FPGA with a corrected
configuration file. More interesting uses exist for this reconfigurability, however. By re-
configuring the device during operation the digital circuits can be tailored to the specific

environment in which the FPGA is operating.

Many aspects of a hardware application can be reconfigured, from modifying a single gate
to swapping out an entire soft processor. A taxonomy created by Verbauwhede and Schau-
mont [17] serves to illustrate and categorize the possible applications of RTR in hardware
designs. Shown in Figure 2.2, this taxonomy maps the design space of RTR applications

using three axes: architectural features, abstraction level, and configuration binding time.
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Figure 2.2: Schaumont’s taxonomy of reconfiguration (from [17]).

For a given architectural feature reconfiguration may be used at different levels of abstrac-
tion. Early RTR projects worked at the lower layers of LUTs and switches, with subsequent
work raising the level of abstraction. The configuration binding rate corresponds to the
rate at which configuration information is bound, or attached, to hardware. Static designs
have a binding rate of zero — the configuration is fixed at design time. The binding rate is
limited by the configuration speed of the FPGA and, in some designs, by the speed of the

implementation tools.

In addition to categorizing RTR applications on the basis of binding rate, abstraction
level, and architectural features, a distinction can be made based on when the configuration
files, called bitstreams, were created. Just-In-Time (JIT) customization involves creating or
modifying a circuit during operation, tailoring the design to the specific conditions [18] [19].
Virtual hardware, on the other hand, uses the dynamic reconfigurability of an FPGA to
emulate a much larger device, much like virtual memory in a computer [20] [21]. At any

instance in time, only a portion of the entire design is resident and functioning on the device.



A common optimization for JIT customization is constant propagation, also known as
data folding, wherein constants that are only known at runtime, such as filter coefficients
and encryption keys, are hard-coded directly into the hardware, reducing area and improving
performance [19]. For many applications, however, the slow speed of FPGA implementation
tools limit the utility of JIT customization as the traditional implementation flow requires
seconds to hours to complete. Alternative tool flows exist [22], but these tools suffer several
limitations. Architectural modifications to FPGAs have been considered to simplify the
implementation process and speed JIT compilation [23], though currently these are strictly

academic in nature.

Virtual hardware may be used to increase the depth of a sequential pipeline, by swapping
pipeline stages in and out of the device, or to increase the breath of a design, by swapping
in and out functionality as required. Figure 2.3 demonstrates the difference between RTR
for breadth and RTR for depth. When an entire design is not resident on the device at a
single time, as is the case when pipeline stages are swapped in and out of the device, some

form of data buffering must occur between stages.

Numerous research projects have incorporated RTR into their designs. Common applica-
tions include automatic target recognition [24], gene sequencing [1], image and video process-
ing [25], network applications [2], electronic design automation [26], neural networks [3], and
instruction set extension [27]. In general, candidates for virtual hardware are applications
that can be divided into distinct sequential stages or applications in which certain circuits
are mutually exclusive. Applications utilizing constants that are defined only at run-time

(encryption, gene sequencing, filters, etc.) are candidates for JIT customization.

One of the more impressive results of JIT customization is a DES encryption implemen-
tation described by Patterson [28]. The encryption circuit is customized at runtime to the
specific encryption key, resulting in a throughput that is greater than a generic ASIC imple-
mentation. The encryption circuit was tailored to its key using JBits [22]. A Java API to

the configuration bitstreams of certain families of Xilinx FPGAs, JBits permits the designer
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Figure 2.3: Virtual hardware for increasing an application’s breadth (a) and depth (b).

to quickly modify bitstreams at the lowest level. A JBits Java program, when executed,
produces a bitstream without running the traditional implementation flow. The fast imple-
mentation time, combined with inherent support for runtime parameterizable cores, makes

JBits a powerful tool for JIT customization.

Additional projects utilizing JIT customization include neural networks [3] [29], where
constant coefficient multipliers are updated at run-time, gene sequencing [1], with the search
sequence defined at run-time, and boolean satisfiability [26], where the specific problem is
not known at design time. In a gene sequencing application, Lemoine [1] was able to achieve
a two to three order of magnitude speed-up compared to a processor, even with the JIT

synthesis overhead of running the entire implementation toolchain.

An an alternative to running the entire implementation tool flow, several projects make
use of JBits for directly generating a bitstream and reducing the overhead of JIT compilation.

However there are severe limitations to the power of JBits and JIT compilation. JBits only
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supports a subset of older Xilinx FPGA families. Timing information is not available from
within JBits, making timing-driven placement and routing impossible. Furthermore, JBits
forces the designer to work at a low level, complicating the design process. While a recent
project aimed to alleviate certain limitations by fusing the JHDL design environment with
JBits, the JHDLBits project was abandoned before usable tools were released [30]. Even
assuming these issues are addressed, the much shorter implementation times of JIT compi-
lation will always produce an inferior result when compared to longer running traditional

implementation tools. Because of these issues, JIT compilation is not a focus of this project.

FPGA configuration files may be used to reconfigure the entire device, a process known
as full reconfiguration, or may only reconfigure a section of the hardware through partial
reconfiguration. Full reconfiguration has the benefit of using the traditional implementation
tools to generate the configuration files. However, fully reconfiguring the device may take a
significant amount of time, potentially on the order of tens of milliseconds, during which the
device may be unavailable. Also, without a large design effort, full reconfiguration requires
an external host for control. Partial reconfiguration, on the other hand, permits sections
of the FPGA that are not being reconfigured to continue functioning. Because of this, a
partially reconfigurable design may implement its own configuration controller internally [31].
Finally, as only sections of the device are being reconfigured, partial reconfiguration reduces

the latency of dynamically configuring the FPGA.

As previously mentioned, virtual hardware can be used to increase an application’s
breadth or its depth. Ome of the first uses of virtual hardware to increase an applica-
tion’s depth was RRANN, a neural network project that divided the training task into three
sequential stages [32]. By using RTR the final project required only a single FPGA instead
of three. The overhead of fully reconfiguring the FPGA hurt performance, prompting the
authors’ to rework the design to utilize partial reconfiguration [33]. An RTR design by
Villasenor similarly decomposes video compression into three stages: discrete wavelet trans-
form, quantization, and entropy encoding [34]. By executing each stage sequentially on the

FPGA, the required resources are reduced by a factor of three.
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An alternative use for virtual hardware is to increase an application’s breadth. In these
applications there is a complete application in the FPGA at all times. As required, new
circuits may replace existing functions on the FPGA. Software Defined Radio (SDR) may
be seen as an example of this. At any given moment the FPGA may implement a specific
radio modulation scheme. When requested, the modulator in the FPGA can be replaced
from a library of existing, stored modulators. The modulator designs are mutually exclusive,
in that only a single modulator will be running at any one time. Increasing an application’s
breadth may reduce the effects of reconfiguration overhead as, for many domains, the rate of
reconfiguration is less than for utilizing virtual hardware to increase an application’s depth.
This is the case for the commercial FALCON II radio marketed by Harris Corp., featuring

software controlled reconfiguration of its hardware [35].

An additional virtual hardware domain that increases the breadth of computation is that
of instruction set extension. Several research projects have tightly coupled a configurable
fabric with a processor for the purpose of adding custom instructions tailored to a given
application [36] [37] [27]. An incarnation of this technology is currently marketed by Stretch,
Inc. [38].

2.2 Design Methodologies

While design complexity increases with time in any domain, the manufacturing process
improvements characterized by Moores Law have doubled transistor density every 18 months.
The first integrated circuit designs were completely hand crafted, limiting devices to hundreds
of transistors. Over time tools and methodologies were developed, permitting the designer
to operate at higher levels of abstraction and increasing his or her design efficiency. Instead
of transistors or logic gates, designers now operate at the level of registers, on the lower
end of the abstraction spectrum, and existing blocks of intellectual property, on the high

end. A few lines of code in a Hardware Description Language (HDL) can describe a design



13

incorporating thousands of transistors.

In spite of these advances, there is a growing design-productivity gap. The number of
transistors available to a designer is growing much faster than a designer’s ability to effec-
tively use them [39]. With many computer chips now containing hundreds of millions of
transistors, much research in industry and academia is focused on automating time consum-
ing design steps, such as Hardware / Software partitioning [40] and Register Transfer Level

(RTL) design [41], permitting the designer to work at a higher level of abstraction.

Hardware designs start from a high level specification expressing function and performance
requirements. Generally a functional model is then created in a High Level Language (HLL),
such as C or MATLAB. Subsequent design iterations can then be compared to this high level
model to ensure correctness. For the vast majority of hardware, the final design is expressed
at the RTL level in an HDL, describing the flow of data between registers. This RTL
description is at a much lower level than the initial HLL description and significant effort is
required to translate the specifications expressed in the HLL to RTL HDL. Thus, in essence,

the application has been described twice, once at a high-level and once at a low-level.

To further increase the level of abstraction, and thus a designer’s efficiency, High Level
Synthesis (HLS) has been suggested by many [42]. HLS involves an automated translation
of a behavioral description expressed in an HLL into a description appropriate for hardware
implementation, usually an HDL. Many feel that HLS is the natural progression of design
automation. The time consuming tasks of control and datapath definition, datapath sizing,
pipelining, etc., normally performed by experienced and costly hardware design engineers,

are replaced by computer programs driven by optimization routines and heuristics.

The Processor Reconfiguration through Instruction-Set Metamorphosis (PRISM) project
was one of the first attempts at automatic generation of FPGA accelerator cores from a
high-level specification [37]. A traditional C program, decomposed by the programmer into
functions, is analyzed and functions suitable for hardware implementation are automatically

identified. A C-to-gates flow then produces hardware accelerators for these simple functions,
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which are then integrated back into the executable C code. During program execution the
processor, when encountering an accelerated function, writes the operands to the FPGA
coprocessor which produces results within a single cycle. This initial attempt at high-level
synthesis limits the subset of C that can be accelerated and imposes the requirement that

all generated hardware produce a result in a single cycle.

Many other academic HLS projects followed PRISM, including Streams-C, a project out
of Los Alamos National Laboratory that produces synthesizable HDL from a subset of ANSI
C [43]. Utilizing the Communicating Sequential Processes (CSP) computational and com-
munication model, the user describes his or her application as a set of concurrently running
processes communicating through blocking data streams. This model is well suited to stream-
ing applications such as multimedia, DSP, and cryptography. The compiler, a modification of
Stanfords SUIF work, synthesizes for each process a Finite State Machine (FSM) controller
and a pipelined datapath. While compiler inefficiencies reduce performance by a factor of
two to three over handcrafted designs, the order of magnitude productivity increase could
justify its use for certain applications. Unlike PRISM, Streams-C generates a stand-alone

application without the requirement of a host processor.

In addition to programming languages, other projects use a model-based approach. Rep-
resentative of these is the University of Tennessee’s CHAMPION framework, targeting im-
age processing applications [44]. Dataflow-based applications are constructed by connecting
pre-defined modules, each module containing C++ and VHDL descriptions permitting high-
level simulation in software before implementation. The design is automatically partitioned
across multi-FPGA CCMs. Although tailored to image processing there is no reason why
this method, graphically connecting modules from a predefined library, could not be applied

to other domains.

The few projects discussed above are representative of the many academic HLS tools that
have been created. However, HLS is no longer just a topic of research. Several compa-

nies currently offer commercial quality HLS tools. Supporting C-based design is Celoxica’s
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Handel-C [45], Impulse Accelerated Technologies’ Impulse C [46], and Nallatech’s DIME-
C [47]. SRC Computer’s CARTE design environment generates hardware from a C or FOR-
TRAN description [48]. Model-based design tools, marketed toward DSP applications, are
being offered by Xilinx with its System Generator [49].

HLS is not without its critics, who point out the suboptimal designs HLS produces com-
pared to experienced hardware engineers. However, HLS significantly reduces design time
and costs. It should be noted that any design automation produces inefficiencies. Pro-
gramming at the assembly level or constructing circuits manually out of transistors produce
better performing designs than coding with C or Verilog, respectively. Just as industry has
accepted HLL compiler inefficiencies for software development, in many circumstances the
performance penalty of these hardware design tools may be worth the reduced design costs
and faster time-to-market. Furthermore, while not definitive, a recent comparison of several
HLL-to-gates compilers indicated that for some applications the performance penalty of HLS
is marginal compared to standard HDLs [50].

With few exceptions, existing design methodologies do not support dynamic hardware.
This is due, in part, to the ASIC heritage of FPGA design tools. The high manufacturing
costs and fixed structure of ASIC designs led to the development of robust design tools,
as an ASIC implementation must function correctly on the first attempt. Reconfigurable
computing has benefited from ASIC tool development, borrowing many of the ideas and
algorithms. However, the implicit assumption in the ASIC world of static hardware hinders

the development of RTR applications using the existing ASIC-based tools and models.

Traditional hardware design flows lack basic constructs and tools required for RTR ap-

plication development, including;:

e Methods for specifying dynamic communication and computational structures.

e Simulation of dynamic hardware. All commercial hardware simulators implicitly as-

sume that the hardware is static.
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e Design abstractions for reconfiguration. While synthesizable HDL may be easily ported
from one configurable architecture to another, configuration interfaces vary across ar-

chitectures, necessitating redesign unless suitable abstractions exist.

To address the difficulties in applying traditional design methodologies to RTR appli-
cations several researchers have proposed or implemented new methodologies targeting the

requirements of dynamic hardware.

Janus [4] was an early effort at a unified RTR application development environment cen-
tered around Java. Software for the host PC was written in Java while the hardware for the
multi-FPGA system was created from JHDL, a Java-based structural hardware description
language. JHDL was chosen after a previous attempt [51] at a high-level language, GDL, en-
countered difficulty in solving multiple NP-complete problems associated with HLL-to-gates
synthesis. Using the same environment for both hardware and software, Janus speeds devel-
opment and enables high-level simulation of hardware / software interaction. A configuration
controller residing on the host PC is automatically generated, managing the configurations

of each FPGA in the system.

Janus was created under the coprocessor paradigm in which the FPGA is essentially a
slave to an external host processor. Partial reconfiguration and dynamic scheduling are not
supported. For the attached coprocessor computational model the lack of partial reconfigu-
ration is not a limitation, although for embedded designs this omission would be an obstacle.
Janus did not gain acceptance owing largely to the choice of seldom-used and low-level JHDL

as a design language.

Eisenring and Platzner’s RTR Framework [52] describes a tool-independent design and
implementation methodology. The design is specified by a problem graph, an architecture
graph, and a mapping between the two. This formalism simplifies tool development. The
synchronous dataflow examples provided utilize three nodes types for design capture: task,
buffer, and dispatcher. Hierarchical configuration control is achieved through a separate

configurator node running on the host processor. The architecture graph specifies the target
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device and may include processors, memories, buses, and FPGAs. A set of constraints
guide the allowable architecture graph to problem graph mappings. Like Janus, partial
reconfiguration is not supported and a host processor is required. As years have passed
since the initial description and no implementation has yet been described, it appears that

progress on this framework has ceased.

The PADReH framework [53] focuses solely on hardware development, defining an open
development flow permitting multiple methods of design capture, simulation, and partition-
ing to be used. Partial bitstream generation occurs within the Xilinx Modular Design Flow,
which is the only fully specified step in the framework. An example of a configurable in-
struction set processor was created. Little is provided to the designer in terms of tools or

abstractions.

Berkley’s Stream Computations Organized for Reconfigurable Execution (SCORE) project
[54] proposes an FPGA-like architecture. Multiple fine-grained reconfigurable regions on the
chip communicate through large First-In-First-Out (FIFO) buffers implemented in memory.
An on-chip processor can run traditional programs while managing the scheduling of the
reconfigurable arrays. Hardware pages can be swapped in and out of these regions dynam-
ically. Unlike an FPGA, these pages are location-independent. Applications, consisting of
a datapath and FSM, are described using TDF, an RTL-like hardware description language
created specifically for SCORE. Designed for extending an application’s depth by swapping
sequential pipeline stages in and out of hardware, SCORE can also extend an application’s
breath. In spite of the suitability of SCORE for streaming applications, no commercially

available devices exist.

Synthesis and Partitioning for Adaptive Reconfigurable Computing Systems (SPARCS)
[5] starts with a behavioral VHDL description of the application separated into tasks com-
municating through shared memory or direct connections. Temporal and spatial scheduling
occurs across multiple FPGAs. A high-level synthesis tool converts the behavioral descrip-

tion to RTL that is then processed with traditional tools.
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The Institute for Software Integrated Systems (ISIS) describes a prototype model-integrated
design environment for dataflow applications [55]. ISIS focuses on constraint-driven devel-
opment and verification. Tools automatically apply user-specified constraints to prune the
design space. Co-simulation is provided for at multiple levels of abstraction. A complete
runtime environment is described linking the dynamic hardware modules to a software OS.
Design entry occurs via graphical tools linking to pre-described modules. The development
environment targets board-level designs comprised of heterogeneous computing elements
(FPGAs, DSPs, processors, etc.), limiting the utility for FPGA-centric applications. Partial

reconfiguration is not supported.

Luk et al. from Imperial College [56] describe a framework of tools supporting RTR for
the Xilinx XC6200 FPGA. The unique architecture of the XC6200 limits the applicability
of their work to modern FPGAs. Their modeling methodology involves using multiplexers
to select which module from a set is active at any one time. The multiplexer select lines are
then controlled by a FSM. If space is available on the FPGA, no reconfiguration is required,

with the multiplexers selecting which module is active.

More recent work from Imperial College is of particular relevance to the proposed research.
By defining abstractions of low-level details, a HLL-based approach to RTR application de-
velopment is described [57]. A modified form of C, RT-C, captures the design behaviour at a
high-level, including configuration control. The RT-C is then translated into Handel-C [45],
a commercial C-to-gates synthesis tool. An implementation flow generates the required
configuration files, with configuration management handled by a host processor. The imple-
mentation flow, however, is based on JBits and therefore is limited to older architectures.
Also, a manual translation is required to go from the Handel-C generated HDL to JBits and

the resulting design is shackled to a host processor.

Brigham Young University developed a JHDL-based Reconfigurable Computing Applica-
tion Framework (RCAF) with the distinguishing feature that the framework, consisting of
control, communication, and debugging aids, is deployed in the finished product [58]. The



19

framework assumes a tight integration of the FPGA with a host processor running a con-
trolling Java program. While an excellent debugging and 1/0 platform, this framework does
little to facilitate the capture of configuration management or the incorporation of embedded

Processors.

These previous projects, summarized in Table 2.1, all suffer from the major omission of
partial reconfiguration support. Additionally, most assume a model of external configuration
control, mandating the use of a host processor. For embedded application this requirement
is generally prohibitive. It is also interesting to note that no project has been extended, by
its authors or others, since its initial implementation. This is perhaps in part due to the

tight coupling of many of these frameworks to a specific architecture or design capture tool.
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Project Design Entry | Model of Architecture | Limitations
Computation

Janus JHDL unspecified host + FPGA No partial RTR
Requires host

SCORE modified C dataflow custom Custom architecture

SPARCS behavioral HDL | dataflow host + FPGA Requires macro library
No partial RTR

Eisenring’s dataflow graph | dataflow host + FPGA Incomplete description
No partial RTR

Model-Integrated || dataflow graph | dataflow independent No partial RTR
Requires model library

RCAF JHDL unspecified host + FPGA No partial RTR
Requires host
Few abstractions

Imperial College | library-based dataflow XC6200 Few abstractions

Imperial College | RT-C dataflow limited by JBits | Requires host

Manual translation

Table 2.1: Previous RTR Development Environments




Chapter 3

Approach

The proposed research will develop a design and implementation flow that simplifies dynamic
hardware application development through the use of high-level synthesis and abstractions
of low-level details, addressing deficiencies in existing application development environments
supporting dynamically reconfigurable hardware. A novel feature of the proposed work is
the incorporation of partial reconfiguration, on-chip configuration management, and seamless

integration of embedded processors.

As shown in Figure 3.1, the inputs to the design flow are a functional description of the
application in a high-level language. The design flow translate this specification into HDL
and software along with a special RTR Computing Specification Format (RCSF) file. All
design flow outputs are passed to the architecture-specific backend flow, the output of which
are the required configuration streams for the FPGA. The interface between the design and
implementation flows is neutral from an architecture and design environment standpoint,

permitting the free exchange and porting of the designs between architectures.

This chapter first describes the models used to abstract computation, communication,
programming, and reconfiguration. Next an explanation of the architecture-agnostic fron-

tend design flow is presented, followed by a description of the architecture-specific backend

21
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Figure 3.1: Combined design and implementation flow.

implementation flow.

3.1 Models and Abstractions

Models and abstractions are very important in hardware design, simplifying the design pro-
cess by limiting the design space and hiding low-level details. There is a trade-off between
the flexibility of a model and the design time. Less restrictive models provide the designer
with greater flexibility at the expense of increased design time to prune the larger design
space. For configurable computing, the models chosen for computation, communication, and

reconfiguration greatly affect the design difficulty.

A model of computation describes how computational elements are constructed and op-
erate. Common models of computation include FSM, continuous time, discrete event, and
dataflow. Ideally the model should be selected to fit the application. For example, FSMs

are well suited for use as controllers while dataflow computation accurately describes many
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signal processing problems. Models may be mixed; a datapath controlled by an FSM is a

commonly used computational model for hardware.

Communication models specify how data and control signals are exchanged between design
elements. For multi-threaded programming, common communication models are message
passing and shared memory. Hardware modules may communicate via direct connections,
buses, shared memory, and networks, among other methods. An improper selection of the

communication model can significantly impact performance.

The model of reconfiguration describes how reconfiguration is managed. Several previous
projects controlled FPGA configuration via an attached host processor. Other methods have
included hierarchical FSMs and network reconfiguration. The reconfiguration model affects
the types of applications that can benefit from RTR. For example, processor-controlled
reconfiguration permits complex configuration schedules that may tailor the circuits to the
environment at a much finer level than an FSM controller. However, this scheduling flexibility

comes at the expense of a processor.

The term programming model generally is applied only to software-programmable proces-
sors to describe the mechanisms and abstractions of which the programmer may make use.
The programming model describes how components (processors, threads, 1/O, etc.) interact
from the programmer’s point of view. As the proposed research fully integrates embedded
processors into RTR design, a programming model is required to interface these processors

with the dynamic hardware.

3.1.1 Computation and Communication Models

The models of computation and communication were selected to favor the traditional appli-
cations of FPGAs, namely streaming applications. Streaming applications, consisting of a
repeatable schedule of computations operating on a steady flow of data, are typically found

in networking, signal processing, and cryptographic domains, all strong suits of configurable
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Figure 3.2: Secure network streaming application.

logic. These applications generally benefit from low-overhead, high bandwidth communi-
cation channels and deep computational pipelines. Streaming applications are generally
decomposed into a pipeline of independent computational elements connected via unidirec-
tional data streams. These computational elements function concurrently to one another,
sharing no state or information except the data that is passed via the streams. An example
of a streaming application is an encrypted network interface, a diagram of which is shown in
Figure 3.2. Packets from the network are first filtered with the encrypted payload streamed

to a decryption unit.

The focus on streaming applications limits the utility of this research to other arenas, such
as High Performance Computing (HPC) applications. Although there has been a resurgence
of interest in FPGAs in HPC, an economic analysis indicates that FPGAs are not yet cost
competitive with commodity processors for the floating point applications typical in HPC

[59)].

Several computational and communication models can accurately describe streaming ap-
plications, including several dataflow flow models and the CSP model. In selecting an ap-
propriate model it was imperative that the actual functionality of hardware be captured. It
is desired that the model of computation be accepted by the design community, as demon-
strated by the availability of commercial development tools. An additional desirable trait is
that of determinism. For a fixed stream of input data, the output of the application should

be the identical regardless of the execution platform.

Kahn Process Networks (KPNs) are commonly used in DSP development environments

[60]. A KPN is a collection of concurrently executing processes that communicate via in-
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finitely long unidirectional FIFO buffers. A write operation is non-blocking and always
succeeds while a read operation blocks until data is present in the FIFO. KPNs are, with a

few qualifications, provably deterministic.

A somewhat related model of computation is CSP [61]. Like KPNs, concurrently running
processes in CSP communicate over unidirectional FIFO streams. However, in CSP there is
no notion of an infinitely long FIFO buffer, with write operations blocking when the finite
storage in the FIFO buffer has been exhausted. Because of this, CSP more accurately models
hardware. With some qualifications, such as an infinite FIFO stream buffer, CSP can be

made equivalent to KPN.

Several development environments and languages support the CSP model, such as the
CoDeveloper toolset [46], the Occam programming language [62], and the FDR2 refinement
checker [63]. Additionally, with few exceptions, the many products that support dataflow
models of computation such as KPN can be utilized within the CSP model. Such products
include the commonly used graphical development environment of MathWorks” Simulink [64].
Traditional HDL design tools can also easily capture and implement streaming applications
using the CSP model. For these reasons, CSP has been selected as the computational model

for this project.

CSP, as originally conceived, includes operators to describe non-deterministic behavior.
For the purposes of this project these operators are not allowed. Determinism is a greatly
desired attribute, as it guarantees that the application will produce identical output across
various execution platforms; ensuring, for example, that the software simulation matches the

hardware implementation.

The implementation of the CSP application description is straightforward. Communica-
tion channels, or streams, can be created out of asynchronous FIFO buffers. These provide
a high-bandwidth, low-latency connection between concurrent processes with minimal com-
munication overhead. By using asynchronous FIFOs, processes can be clocked at different

rates, potentially increasing the overall throughput. The FIFO-based communication per-
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mits easy integration with Xilinx embedded processors as both the Xilinx MicroBlaze soft
processor [65] and later versions of the PowerPC processor feature Fast Simplex Link (FSL)

interfaces that are nothing more than asynchronous FIFO buffers.

The framework specifies the CSP model of computation and communication, first pro-
posed by Hoare [61]. The application is divided into separate processes that run concurrently,
similar to a multi-threaded computing environment. Unlike traditional multithreading, how-
ever, communication between processes occurs through message passing channels with no
shared state. Processes block when reading from or writing to these data streams, forcing

synchronization of processes.

The CSP model was selected for its suitability for describing streaming applications and
its ease of implementation. A streaming application can be described using the CSP model
by dividing the application into a series of sequential operations connected by simple commu-
nication channels. This high-level description permits the designer to extract a considerable

amount of concurrency from the application, easing the work of the high-level synthesis tools.

The implementation of the CSP application description is straightforward. Communica-
tion channels, or streams, can be created out of asynchronous FIFO buffers. These provide
a high-bandwidth, low-latency connection between concurrent processes with minimal com-
munication overhead. By using asynchronous FIFOs, processes can be clocked at different

rates, potentially increasing the overall throughput.

3.1.2 Reconfiguration Model

A methodology for configuration control has been selected that is centered on the idea of
mutually exclusive modules and operating modes. In this discussion it is assumed that a
module is the hardware implementation of a single process in the CSP model. The designer
identifies a set of modules that are mutually exclusive in that only one of the set’s members

is active in hardware at any one time, as shown in Figure 3.3. The figure describes an image
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Figure 3.3: Mutually exclusive set of processes.

processing application. The user may want to filter the image with different filters. However,
there is no need to implement in hardware every possible image filter the user may want to
use. The figure shows a set of these mutually exclusive median image filters, of which only
one will be resident in the dynamic hardware at a time. Any module within this set may
be selected for implementation, at which time the configuration manager reconfigures the
FPGA to swap in the selected module. During reconfiguration modules reading or writing
to the process being swapped into hardware will block until configuration is complete. This
abstraction is similar the Swappable Logic Unit of Brebner [20] and the dynamic hardware

modeling scheme of Luk [21].

For many RTR applications, the static nature of the communication connections described
by the mutually exclusive set model is sufficient. For some applications, however, commu-
nication connections may need to be modified during operation. For example, consider an
SDR that can switch between a transmit and receive mode. As shown in Figure 3.4 many
modules are the same between the two modes but the connections between them are signif-
icantly different. The reconfiguration model permits the designer to specify different modes
of operation. During operation, when a mode change occurs, the configuration manager
determines which hardware and software modules from the current mode may be reused in
the next mode. These modules will remain at their present location in hardware, reducing

the reconfiguration time. The FIFO-based communication model reduces the importance of
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placement on communication throughput. Increased communication latency resulting from
a poor placement of modules may be addressed by inserting additional storage elements in
the communication streams. This permits the throughput to remain high by introducing

addition cycles of latency.

This reconfiguration model permits the designer to utilize partial RTR to extend an
application’s breadth, by adding new functionality at runtime, or to extend an application’s
depth, by swapping pipelined application stages in and out of the device. It is left to the

designer to properly buffer results between the application stages.

3.1.3 Programming Model

Embedded software has become a integral part of many systems. For FPGA-based design
embedded processors may perform critical control functions, interfacing the custom hard-
ware with the outside environment. While several previous RTR development environments
tightly integrate hardware and software design, these projects target systems with a dedicated
host processor separate from the FPGA. This system model is unable to address embedded

systems, where a separate host running a desktop operating system is not practical.
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This project’s programming model tightly integrates software with the dynamic hardware
through a low-latency message passing interface. The programmer may directly communicate
with the dynamic hardware via reads and writes to the FIFO-based data streams. This
approach, adopted by Williams and Bergman [66] in their uCLinux port to the MicroBlaze
soft processor, fully integrates processors into the CSP model. While this model limits
interactions between hardware and the processor to the passing of data, for the streaming
applications targeted in this project the hardware control overhead is minimal with the

majority of communication between the processor and hardware being data-related.

In the event that a different communication model between hardware and software better
suits the application, the designer may break with the CSP model and utilize shared mem-
ory or dedicated control signals, both of which are supported by this project’s high-level

development environment.

3.2 Design Flow

The proposed approach consists of a high-level design flow, specifying models of computa-
tion, communication, and control, while providing flexibility in each stage’s implementation.
Based on the CSP model of computation [61] the methodology is targeted toward dataflow
applications typically found in networking, signal processing, and cryptography domains.
Communication is provided via synchronous unidirectional channels, called streams, which
resemble FIFO queues. The system’s configuration is controlled from a dedicated config-
uration manager that abstracts the architecture-specific low-level complexities of RTR. A
standard set of configuration functions is defined that may be invoked from within the ap-

plication to request system modifications.

The proposed design flow, shown in Figure 3.5, consists of a front-end high-level design
entry and synthesis environment accepting an HLL application description. High-level syn-

thesis techniques, using any development environment supporting the CSP computational
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model, produce synthesizable HDL for implementation by the architecture-specific backend
flow. The inherit flexibility in the methodology permits the specific development environment
to be chosen to suit the application. For HPC applications an HLL-based environment, such
as Impulse C, may be used. While for embedded, timing-critical applications a library-based

approach, such as found in Xilinx System Generator, may be appropriate.

While the development environment is not specified, the methodology does stipulate
that the environment permit high-level simulation and hardware / software partitioning.
Unlike some previous attempts, HW / SW partitioning is performed under user control, as
commercial quality tools automating this partitioning are unavailable. When partitioning
methods are sufficiently mature they may be easily integrated into the framework. The
application developer may utilize profiling tools to identify critical tasks for implementation

in hardware.
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After partitioning, a high-level simulation, discussed below, is performed. The design is
then compiled to RTL HDL by the high-level synthesis tools. Concurrent with this synthesis,
the application description is analyzed to create a custom configuration manager. Owing to
the architecture-dependent nature of partial reconfiguration, aspects of these tools must be

targeted for a specific device family.

The final step in the frontend design flow is an optional HDL simulation, not shown in the
figure. Functionality selected for software implementation can be simulated by instantiating
an HDL model of the processor or through integration with an Instruction Set Simulator
(ISS). This provides cycle-accurate verification of functionality. RTR is simulated by using
multiplexers to select active RTR modules in a manner similar to Luk’s [21]. The configura-
tion manager controls the select line of the multiplexers. To permit cycle-accurate simulation
of the reconfiguration process, the simulation model of the configuration controller option-
ally incorporates the actual configuration delays. This permits the calculation of application
performance, in terms of clock cycles. Given the computational expense of simulating mil-
liseconds of actual hardware time, it is envisioned that cycle-accurate reconfigurations would

only be simulated if problems were discovered in the hardware implementation.

3.2.1 Design Entry and Partitioning

The proposed design flow makes use of commercial-quality high-level development tools for
design entry. While the prototype implementation will utilize Impulse C [46], any high-level
development environment supporting the CSP model may be used, including AccelDSP [67]
and System Generator [49]. Regardless of the specific environment used, the same procedure

is followed for design entry.

Design entry begins by partitioning the high-level specifications into separate modules.
For the streaming applications targeted by this project divisions between modules can occur
at the natural boundaries between different computations. This stage permits the designer

to identify parallelism and concurrency in the design. While other projects automate this



32

partitioning as well, a designer familiar with the application will likely be better at extract-
ing high-level, coarse-grained parallelism than an algorithm. The high-speed, low-latency
FIFO-based communication between modules simplify this partitioning and permit the de-
signer to easily repartition without redesigning a communication scheme. Similarly, the CSP
communication model ensures correct synchronization between the modules regardless of the

partitioning chosen.

Hardware / Software partitioning is performed under direct designer control. In spite
of years of research [40], no commercially successful automated partitioning tools exist.
Additionally, streaming applications, unlike HPC applications, can be straightforward to
partition. The computational datapath is generally placed in hardware with control and
interface functions placed in software. For applications where the division between hardware
and software is less apparent, any software profiling tool may be used to assist the designer

in locating code appropriate for hardware implementation.

While a high-level design specification greatly simplifies application development, it also
reduces performance compared to hand-crafted hardware. For those cases where performance
is paramount, the hardware generated by the HLS tools may be augmented with hand-crafted
code in the implementation phase, with a simple behavioral model of the custom hardware
utilized for high-level simulation. The RTR Control Specification file can be easily edited to

add HDL or netlists generated from other sources.

3.2.2 Simulation

High-level simulation of an integrated HW / SW RTR application is an ability found only
in relatively few research projects, notably Janus [4]. By simulating the entire design early
in the design cycle functionality can be quickly verified and any integration issues identified.
Furthermore, behavioral simulations run much faster than gate-level simulations, permitting

more thorough tests to be run.
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The proposed design flow specifies that high-level simulation be performed prior to HLS.
Many commercially available design environments facilitate this simulation. In Impulse C, for
example, simulation is performed by compiling the design with special simulation libraries.
When the result is executed, each CSP process is started as a separate thread communicating

via blocking reads and writes to shared memory.

In order for any simulation to be effective, the simulation must accurately model the real
world. For the case of RTL simulations this is accomplished by simulating the hardware
design at the register level. For high-level simulations, however, no hardware details are
present and only the functionality is modeled. The lack of lower-level details prevents any
high-level simulation from matching actual hardware on a clock cycle basis, as the simulator
in this case knows nothing about the clock. The best that a high-level simulation can

accomplish is to correctly model the system’s output for a given input.

Designs based on the KPN and CSP computational domains can, with a few restrictions,
be completely deterministic in nature. The rendezvous nature of communication provides
synchronization in the absence of a clock. Determinism ensures that any simulation or im-
plementation of the design will produce the same output for a given input. Unfortunately,
the addition of reconfiguration can destroy this determinism if no mechanism exists to syn-

chronize reconfiguration with communication.

Consider, for example, a dynamic hardware design with a dedicated configuration con-
troller. This controller will initiate reconfiguration if the system’s output exceeds some
threshold. As the controller must take some finite amount of time to determine if this
threshold has been crossed, the system’s output depends on when the controller decides that
the threshold has been crossed. The results of a high-level simulation would likely differ from

that of a hardware implementation.

The proposed research will investigate ways to reintroduce determinism into high-level
dynamic hardware simulation. It is envisioned that the addition of a communication scheme

that synchronizes reconfiguration to communication will provide the desired determinism.
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However, for many applications the fast implementation time this approach provides may
negate the requirement for deterministic high-level simulations as the design can simply be

placed in hardware.

3.3 Implementation Flow

RTR modifications to the frontend design flow enable high-level simulation of designs. How-
ever, a backend implementation flow is required to actually create the architecture-specific
partial bitstreams required for RTR. Numerous previous projects have attempted to produce
a usable RTR implementation flow with limited success. These projects generally have taken
one of two forms: a modification of the Xilinx Modular Design Flow [68] or extension of the

low-level JBits tools [22].

Design flows based on JBits, while significantly more powerful than those using the Mod-
ular Design Flow, are limited to the older Xilinx devices that JBits supports. Because JBits

functions at such a low level, development time is significantly increased.

Projects that have targeted the Modular Design Flow have seen a limited lifetime as Xil-
inx’s support for partial reconfiguration has varied significantly with each version of their
implementation tools. Recent market trends towards SDR have prompted FPGA vendors to
finally support RTR as an integral part of their tools, simplifying development of reconfig-
urable hardware [8]. To mitigate the affects of modifications to the configuration architecture
or development tools, this project clearly separates frontend design from backend implemen-
tation, permitting any RTR-capable backend implementation flow to be used with only minor

modifications to parse the RCSF file.

The backend implementation flow, shown in Figure 3.6, accepts HDL and software from
the frontend design phase. Commercial synthesis tools convert the RTL HDL into a gate-
level netlist. Based on the size of the resulting modules, the design is area constrained and, if

a multi-FPGA system, partitioned across the devices using tools developed for this project.
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Vendor-supplied place and route and timing analysis tools are then run to determine the
maximum clock frequency for each module. From these numbers and RTL simulation results,
the throughput of the final design can be calculated. If this performance is unacceptable
three options exist. The implementation flow can be repeated after reconstraining the design
to provide critical modules with more area or better placement. Alternatively, additional
tasks may be moved into hardware by repeating HW /SW partitioning in the frontend design

flow. Finally, different implementations of the application, from an algorithmic level, may
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3.3.1 Reconfigurable Computing Specification Format

In any domain a methodology is required for capturing the design. This methodology must
include a format for specifying all aspects of the design. In traditional static hardware design,
several formats may be used, depending on which stage of design is being performed. HDLs,
such as Verilog and VHDL, capture the behavior of the design and the flow of data between
registers. Other formats, such as EDIF, may be used to describe the gate-level netlists.
Finally, an architecture-specific bitstream file stores the configuration data for the device.
Additional files are required for implementation. At the very least the design’s inputs and

outputs must be constrained to specific pins on the actual device.

For an RTR application, there are aspects to the design that cannot be specified easily
using these traditional formats. The HDL-focused methodologies, with their ASIC roots,
treat the hardware as static and include no provisions for describing dynamic modules or
connections. The Xilinx partial reconfiguration flow [68] uses HDLs to capture the design of
each module and the connections between them. To describe dynamic hardware the Xilinx
implementation flow permits multiple modules, each with the same name and connections,

to be created in such a way that there are interchangeable in the final design.

There are several severe limitations with the Xilinx approach. No format exists for cap-
turing the list of dynamic modules. Configuration management is completely unspecified,
with the designer forced to develop his or her own scheme. These omissions force designers
to develop their own implementation methodologies and design capture formats. Increas-
ing design effort and inhibiting the exchange of designs. Finally, dynamic modification of
wiring cannot be specified. As the Xilinx flow provides no method for modifying connec-
tions between modules, this is not a big limitation, though research is attempting to change

this [69] [70].

Previous projects have created their own methods for capturing the RTR-specific require-
ments. In general these formats have not been published or, where they are available, are

not suited to other development environments. This project will address the deficiencies in
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existing work by developing a flexible file format, the RCSF. To facilitate acceptance of the
format it is being developed with assistance from a related research project. The intention is
to not tie the designer to a specific development environment or device architecture. Addi-
tionally, releasing the format to the public with implementation scripts and tools targeting

the Xilinx partial reconfiguration flow should improve acceptance.

The RCSF will serve as the interface between the frontend design flow and the backend
implementation flow. As the format should permit exchange of designs across different

devices and architectures some board-level requirements will also be captured.

The following design information that is currently not captured in other files will be

specified by the RCSF":

e List of dynamic modules, including connections.

Location of files describing each module, along with the file format.

List of embedded processors, including connections to other modules.

Location of software for each processor, and a link to its compiler.

List of external resources required (memories, I/0, etc.)

Architecture-independent configuration control information.

Much effort will go into capturing the configuration manager, as this is an important
design component that has been neglected by others. Depending on the method of config-
uration management, this may be as simple as providing a listing to software that handles

reconfiguration or as involved as specifying the FSM for the controller.

3.3.2 Configuration Management

The configuration architecture of Xilinx FPGAs is shown in Figure 3.7. The device is

configured by the loading of configuration data in segments called frames. A frame runs
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Figure 3.7: Xilinx Virtex configuration architecture.

vertically the entire height of the device for older Xilinx FPGAs. The newer Virtex-4 devices
consist of multiple, independent frames per column. To program the device these frames must
be loaded into the FPGA from the bitstream through one of several interfaces. One or two
Internal Configuration Access Ports (ICAPs) exist inside the device to permit the device
to control its own configuration. Using the ICAP, the FPGA may load in new modules
stored as partial bitstreams in an external storage medium such as memory. Additional
external configuration interfaces permit another device, such as a processor, to manage the

configuration.

A control mechanism is required to manage reconfiguration as none is present on an
FPGA. This controller must determine when to reconfigure the device, fetch the appropriate
bitstreams from external storage, and interface with the ICAP to perform the reconfigura-
tion. During reconfiguration the logic under reconfiguration will be in an unknown state,
potentially producing bogus outputs that may affect active logic. A mechanism for isolating
the modules as they undergo reconfiguration must exist. For more ambitious reconfigurations

this controller may need to perform bitstream manipulations to reposition existing partial
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bitstreams or to dynamically modify inter-module connections.

For simple RTR applications this configuration management may be performed by a FSM.
For more complex designs it may need to be managed by software. As the configuration ar-
chitecture varies across FPGA families, an architecture-independent method for describing
configuration management is required to permit easy porting of applications. A key con-
tribution of this project is the development of a design specification methodology that is

independent of the FPGA family or design capture environment used.



Chapter 4

Plan of Work and Preliminary Results

4.1 Plan of Work

This project will leverage existing partial reconfiguration implementation tools and tech-
niques developed by other projects in Virginia Tech’s Configurable Computing Machine
(CCM) Laboratory whenever possible. Collaboration with several of the CCM Lab’s projects
will be explored, particularly in defining the RCSF. These interactions will increase the rel-

evance and visibility of this research.

As described in the following section, initial simulation and design capabilities have been
added to a high-level development environment. The remaining tasks in the proposed re-

search include:

e Design Flow

— Stmulation Libraries Additional functionality is required to support the operating
mode abstraction. This involves further modifications to the Impulse C simulation

libraries.

— Controller Specification The methods for specifying the configuration manager

40
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must be codified.

— RCSF The exact format of the RCSF will be finalized with input from other
related projects. Support scripts must be created to parse Impulse C code to

generate the RCSF and perform HLS.
e Implementation Flow

— Implementation Constraint Generation FPGA implementation flows require place-
ment constraints for reconfigurable regions and timing constraints for all logic.
Automated tools will be developed to examine the HDL produced from the Im-
pulse C synthesizer and apply appropriate constraints. Existing work in area

estimation and optimum placement will be leveraged.

— Configuration Manager Utilizing existing ICAP controllers, if possible, the con-
figuration manager will be automatically created from the RCSF specification.
In the simplest case this involves the automated instantiation of an embedded
processor connected to external memory and the ICAP. Additional supported
configuration schemes will involve the generation of an FSM in HDL to imple-

ment the controller.

— System Integration Once created, the partial bitstreams must be stored externally
to the FPGA and their location must be made known to the configuration man-
ager. Furthermore, the initial bitstream and partial bitstreams must be packaged

in a loadable format.
e Benchmark Applications

— Benchmark Creation Through coordination with related projects, a set of bench-
marks will be identified to quantify performance, taking into account reconfigu-

ration time, throughput, and development time.

— Application Development Using the identified benchmarks, applications will be
created to quantify the performance benefit of partial RTR and the development
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Task MName Duration Mov [Dec |Jan [Feb [Mar [Apr [May [Jun [Jul
Simulation Libraries 4 ks
Controller Specification 2wk
RCSF A wiks
Implementation Constraint Generation 4 ks
Configuration Manager Generator Sowils
System Integration Sowils
Eenchmarlk Creation 2 ks
Application Development 5wk

Dissertation WWriting 8 ks

Figure 4.1: Estimated project timeline.

time reduction of HLS.

Several of the required tasks related to partial bitstream creation may benefit from col-
laboration with other projects in the CCM Lab, complicating the creation of an accurate
project schedule. Figure 4.1 presents an aggressive timeline, completing the work within
seven months with an additional two months spent on the dissertation. Unforeseen issues
and opportunities may likely extend this by several months. Nonetheless, the figure demon-

strates a rough estimate of the relative effort required for each task.

4.2 Design Flow Progress

Impulse C [46] is an ANSI C-based language utilizing the same stream and process abstrac-
tions as Los Alamos National Lab’s Streams-C work [43]. Utilizing the CSP model, Impulse
C permits the application developer to describe hardware using a large subset of standard
C. The developer first decomposes the application into concurrent processes connected by
high-throughput low-latency streams implemented as FIFO connections. In Impulse C these
processes are defined as standard C functions accepting a special stream data type as argu-
ments. When compiling the code for high-level simulation, each process becomes a concur-
rently running thread with synchronization occurring through blocking reads and writes to

the connecting streams. Processes selected for software implementation may utilize all ANSI
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C functionality while those marked for hardware must obey certain language limitations. An

example program is present in the Appendix.

While the Impulse C simulation and implementation tools provide an excellent high-level
development environment for FPGA applications, no provisions exist for describing dynamic
hardware. Through the addition of new functions and slight modifications to the behavior
of the existing tools, the Impulse C language becomes a powerful development framework

for dynamic reconfiguration of FPGA hardware.

Through an agreement with Impulse Accelerated Technologies, Inc., the CoDeveloper
Impulse C application development environment has been obtained, along with the source
code to the Impulse C simulation libraries. Preliminary modifications to the simulation
libraries have been performed that permit dynamic hardware to be simulated at a high level
using the Impulse C design tools. This modified language is referred to as DR Impulse C,
highlighting its Dynamic Reconfiguration (DR) ability.

The simulation library stores all information concerning the system’s architecture in a
data structure called the_arch. The modifications to the simulation library involve extend-
ing this data structure to include information about the reconfigurable processes. Impulse C
simulations are multi-threaded in nature. Each concurrently-running CSP process occupies a
separate thread. Communication occurs through writes and reads to shared circular buffers
in memory. Semaphores are used to correctly synchronize the communicating threads. To
describe dynamic hardware a method for stopping running threads was developed that in-
volves status flags added to the data structure describing each process. When a process
attempts communication via Impulse C co_streamread and co_streamwrite functions, the
modified functions first check the process’s status flag to verify that the process is still ac-
tive. If the process has been stopped, the modified code safely kills the thread. Otherwise,

communication proceeds as normal.

To describe RTR applications in DR Impulse C, the programmer defines sets of mutually

exclusive Impulse C processes. At run-time, a configuration controller process can reconfigure
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the hardware, swapping one process in the reconfigurable set for another. New functions
create these reconfiguration sets (co_reconfig create) and select a new dynamic process

to execute in hardware (co_architecture_config).

The following steps provide an overview of the application description process by ex-
panding the “HelloWorld” example from the Appendix (see Figure A.1) to include dynamic
hardware modules. Two dynamic modules exist in this example. The default DoText mod-
ule merely acts as a pass through, streaming the input characters out without modification.

DoText may be dynamically replaced by a case-swapping ModText module.
Step 1) Create processes.

Process declaration and creation occur in the architecture’s configuration function as
before, with the exception that multiple processes can source and sink the same streams
as long as they are mutually exclusive (i.e. only one process driving a stream is active
in hardware at a time). Figure 4.2, below, presents the configuration function for this

application.
Step 2) Assign processes to reconfigurable sets or hardware.

Processes created in Step 1 can be implemented in static hardware, dynamic hardware,
or in software on an embedded microcontroller. Static hardware implementation is indicated
by placing a co_loc attribute on the process through the co_process_config function.
Dynamic hardware implementation is specified by passing the process as an argument to
the co_reconfig create function. Processes not assigned to hardware are implemented in
software in an embedded processor. The configuration function code required to define a

mutually exclusive set of processes is presented in Figure 4.3, below.
Step 3) Create DR controller.

Dynamic reconfiguration must be controlled by a single process in simulation. The new
function co_architecture reconfig initiates reconfiguration, as shown in Figure 4.4, block-

ing until completion. Behind the scenes, co_architecture_reconfig loads the selected
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void config HelloWorldReconfig(void *arg)

DoText_process = co_process_create("DoText", (co_function)DoText,
2,
Streaml,
StreamB) ;

producer_process = co_process_create("Producer", (co_function)Producer,
1,
StreamA) ;

ModText _process = co_process_create("ModTextA", (co_function)ModText,
2,
StreamA,
StreamB) ;

consumer _process = co_process_create("Consumer", (co_function)Consumer,

1,
StreamB) ;

Figure 4.2: DR Impulse C Configuration Function.

void config_HelloWorldReconfig(void *arg)
{

// Declare reconfigurable set of modules
co_reconfig Set;

// Define which processes are dynamically swappable

// First process listed is default process
Set = co,reconfig,create("test reconfig set", 2, DoText_process, ModText_process);

Figure 4.3: DR Impulse C reconfigurable set declaration.
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void Producer(co_stream Streaml)

{

// Reconfigure hardware to use ModText in place of default DoText
co_architecture_reconfig("test reconfig set A", "ModTextA");

Figure 4.4: DR Impulse C configuration control.

process’s partial bitstream from memory, streaming it to the ICAP.



Chapter 5

Conclusion

Configurable logic devices are routinely used to create custom computational hardware, im-
proving performance beyond that of processors without requiring the lengthy design, manu-
facturing, and testing cycle of a dedicated integrated circuit. A domain that frequently em-
ploys configurable logic devices, and FPGAs in particular, is that of streaming, or dataflow,
applications, such as found in DSP, cryptography, or network applications. While impressive
results are obtained by treating an FPGA as static hardware, multiple projects have demon-
strated additional performance enhancements when the hardware is dynamically modified
during operation. RTR permits a small device to emulate a much larger one, with the active

logic tailored to the conditions at hand.

In spite of the great potential of RTR, existing design methods require significant low-level
and manual work, severely hindering the utility and thus the adoption of this technology.
Several projects have addressed the issue, describing environments that capture design intent
at a much higher level. Recent advances in configurable computing have highlighted omis-
sions in these previous works, including obsolete design entry methods, lack of comprehensive
abstractions and models, inability to describe partial reconfiguration, and requirement of a

dedicated external host.
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Capitalizing on recent FPGA architectural advances, the proposed research defines a
comprehensive approach to dynamic hardware application development. Models of compu-
tation, communication, and reconfiguration are specified appropriate to streaming applica-
tions. Through the creation of configuration management functions, the low-level details of
partial reconfiguration are hidden from a designer. The specified design flow is independent
of a specific language and design environment, permitting the development environment to
fit the application. As HDLs cannot describe the dynamic modification of communication
or computation structures, a special specification format augments the HDL, describing the
configuration controller, dynamic hardware, and other design aspects not captured elsewhere.
This RTR computing specification links the frontend design flow to the backend implemen-
tation flow. By separating the design from the implementation, applications can be easily

ported across different architectures.

The proposed research will create an end-to-end design and implementation environment,
permitting, for the first time, the high-level development of autonomous, partially recon-
figurable applications. The applications created using this environment will serve as much
needed benchmarks, quantifying the benefits of partial reconfiguration on modern archi-
tectures and the development time reductions of HLS. Furthermore, the open nature of
the design and implementation flows will empower other researchers to extend this work
to encompass additional high-level design capture environments, FPGA architectures, and

reconfiguration strategies.
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Appendix A

Impulse C Sample Application

While a simple Hello World application can be represented in a variety of ways using Impulse
C, Figure A.1 below illustrates one such implementation. Producer is a process that streams
the ASCII characters of “HelloWorld!” to the DoText process. In this example DoText
merely acts as a pass-through, streaming the characters out to the Consumer process for

display.

The Impulse C code describing this application consists of three process functions (Pro-
ducer, DoText, and Consumer), a main function, and two configuration functions. The

main function, presented along with the configuration functions in Figure A.2, first initial-
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s2

s1

Producer

“Hello World"” Consumer

PassThru

_—
hardware

software software

streams

Figure A.1: CSP structure for “Hello World!”.
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izes the architecture with a call to co_initialize before starting simulation with a call
to co_execute. The co_initialize function calls an architecture creation function that is
passed the name of the users configuration function, a special function describes the pro-
cesses and their connections. These functions are only used for simulation and architecture

creation and are not represented in an implemented design.

The functionality of each process is captured by standard ANSI C functions accepting
Impulse C’s stream data type as arguments, illustrated by the HelloWorld example’s pro-
cess functions in Figure A.3, for software implemented processes, and in Figure A.4, for
hardware implemented processes. Calls to co_streamread and co_streamwrite read from
or write to a stream’s FIFO buffer, respectively. These are, by default, blocking calls in
sticking with the CSP computational model. While additional communication mechanisms
are available (non-blocking stream communication, registers, shared memory, and signals),
streaming applications described by Impulse C heavily utilize blocking stream communica-
tion. For hardware-implemented processes there are some C language restrictions - pointers
must resolve to addresses at compile-time, functions must be able to be in-lined, and shifting

is limited to constant shift values.

Comparing Figures A.3 and A.4 show little difference between the code written for soft-

ware implementation and that written for hardware implementation.

When the code in Figures A.2 through A.4 is compiled with the required libraries and
executed, the three processes begin concurrent execution as Windows threads. The result of

program execution is shown below in Figure A.5 for the first iteration.
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// Main function initializes architecture, starts simulation
int main(int argc, char xargv([]) {
int iterations = 10; // Number of "HelloWorld" to send
co_architecture my_arch;

printf ("Copyright 2003 Impulse Accelerated Technology, Inc.\n");
// Initialize architecture by calling function defined below.
my_arch = co_initialize(iterations);

// Begin execution of architecture.

co_execute(my_arch) ;

printf ("Application HelloWorld complete.\n");

return(0) ;

// Create architecture using users configuration function
co_architecture co_initialize(int iterations)
{
return(co_architecture_create("HelloWorldArch","generic", config_helloworld,
(void *)iterations));

// User-defined architecture configuration function
void config helloworld(void *arg)

{
int iterations = (int) arg;
// Declare streams to connect processes
co_stream sl1,s2;
co_process producer, consumer;
co_process dotext;
// Create streams, define FIFO buffer width (8) and size (2)
sl=co_stream_create("Streaml", 8, 2);
s2=co_stream_create("Stream2", 8, 2);
// Create processes and connect them to streams.
// producer is defined by the C function Producer and has 2 arguments: a stream (sl1) and tl
producer=co_process_create("Producer", (co_function)Producer, 2, sl, iterations);
dotext=co_process_create("DoText", (co_function) DoText, 2, sl, s2);
consumer=co_process_create("Consumer", (co_function) Consumer, 1, s2);
// Mark process dotext for hardware implementation in PEO
// Other processes execute in software by default
co_process_config(dotext, co_loc, "PE0");
}

Figure A.2: Impulse C configuration function for “Hello World!”.



void Producer(co_stream output_stream, co_parameter iparam)

{

int iterations=(int)iparam;

int32 i; // Specify 32 bit integer
static char HelloWorldString[] = "HelloWorld!";
char *p;

// Open stream for writing data of size 8-bits
co_stream_open(output_stream, 0_WRONLY, 8);
// Loop over string per requested # of iterations
for(i=0; i<iterations; i++) {

p = HelloWorldString;

// Write string out character-by-character

while (*p) {

co_stream_write(output_stream, p, sizeof(char));

pt+;
+
+
co_stream_close(output_stream) ;
}
void Consumer(co_stream input_stream)
{
char c;
// Open stream for readiong data of size 8-bits
co_stream_open(input_stream, O0_RDONLY, 8);
// While stream is open, read from it and display data
while ( co_stream_read(input_stream, &c,
sizeof (char)) == co_err_none ) {
printf ("Consumer read %c from stream: input_stream\n", c);
+
co_stream_close(input_stream) ;
}

Figure A.3: Impulse C process definition for software-implemented functions.



void DoText(co_stream input_stream, co_stream output_stream)

{

char

cs

// Forever loop

do {

// Open streams

co_stream_open(input_stream, 0_RDONLY, 8);
co_stream_open(output_stream, O0_WRONLY, 8);
while ( co_stream _read(input_stream, &c, sizeof (char))

// Pragma tells CoDeveloper synthesis tool to pipeline this loop
#pragma CO PIPELINE

} while (1);

// Text processing would occur here
co_stream_write (output_stream,&c,sizeof (char));

}

co_stream_close(input_stream);
co_stream_close(output_stream) ;

61

co_err_none ) {

Figure A.4: Impulse C process definition for the hardware-implemented function.
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Figure A.5: “HelloWorld” Impulse C simulation output.
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