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Abstract

Dynamic reconfiguration in digital systems provides valadtexibility and
opportunities for enhanced efficiency, but also leads toegmed complexity in
terms of design analysis and optimization. Existing apginea focus primarily on
either abstract models with the capability of expressingaayic reconfiguration at
a high level or techniques for low-level, platform-specifiplementation. While
both of these areas of advancement are important, thereirecgasing need to
bridge the gap between them in order to better realize thengiat of dynamic
reconfiguration technology.

In this paper, we provide background on relevant methodsdplication mod-
eling, and platform-based implementation of dynamicaiganfigurable signal
processing systems. To help bridge the gap between theapgyod methods,
we develop new methods based on an application modelingafcam calledpa-
rameterized datafloyjalong with techniques for mapping parameterized dataflow
specifications onto FPGA architectures.

Our proposed parameterized dataflow approach for designnapldmenta-
tion of dynamically reconfigurable signal processing syst@rovides a compre-
hensive framework that encompasses application modehsg,scheduling, and
hardware mapping. We demonstrate our methods using cadiesia the do-
mains of wireless communication and computer vision.

Keywords:



Dataflow graphs, dynamic reconfiguration, FPGA design, mbdsed design,
parameterized dataflow, scheduling.

1. Introduction

As the speed and logic capacity of field programmable gatyarfFPGAS)
have been improving steadily, FPGAs have become incregsatigactive for a
wide variety of signal processing systems. FPGAs are isangly employed
in the form ofplatform FPGAs which are integrated circuits that combine sig-
nificant amounts of configurable logic fabric along with daboial subsystems,
such as application-specific accelerators, processos,caremory blocks, and
input/output interfaces, to facilitate FPGA-based, systs-chip design [54].
FPGA fabric is also integrated into application specifiegrated circuits (ASICs)
to allow implementations that provide a mix of programmadiié custom hard-
ware (e.g., see [60]).

Through support for dynamic reconfiguration, modern FPQlsvacustomiza-
tion of hardware structures both statically and at run-tithas allowing stream-
lining of processing configurations in response to appbcatequirements or data
characteristics that are not known at design time. In aoliliid allowing for dy-
namic changes in system functionality, dynamic reconfigomawhen carried out
effectively, can enhance performance, resource utibpatand energy efficiency
(e.g., see [22]).

However, in addition to such potential for improved opematiincorporat-
ing dynamic reconfiguration into the digital system desigace also brings in-
creased design complexity. Model-based design methowsbgve been evolv-
ing steadily over the years to help address issues of desigiplexity in em-
bedded systems [28]. In model-based design, applicatimnsepresented and
analyzed in terms of formal models of computation, whichnpote analysis of
functionality as well as hardware and software structura atgh level of ab-
straction. In the domain of signal processing, model-baselniques based on
dataflow models of computation are particularly populad are employed in a
growing variety of design tools [7].

While dataflow techniques allow for high level reasoninguttamd manipula-
tion of application dynamics, there are important chalesnign mapping dataflow
models into FPGA platforms in ways that systematically affieicéively exploit
the dynamic reconfiguration capabilities of the platforiikis paper provides a
review of state-of-the-art model-based design techniguesFPGA implemen-
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tation techniques for signal processing systems, and eegplbe challenges in-
volved in effectively mapping high level application mosi@ito efficient imple-
mentations on dynamically reconfigurable FPGA platforms.

The exploration presented in this paper on mapping modasiimplemen-
tations builds on our earlier work in this area, which wasspreed in prelimi-
nary form in [55]. The reconfiguration-aware mapping tegoes presented in
this paper (Sections 4-5) go beyond the developments of ifb% number of
ways. Specifically, this extended paper enhances the hegdwehitecture map-
ping methodology of [55] and provides two alternative pergjwes on schedul-
ing. These two perspectives affect important trade-offasben performance and
modularity. An important new aspect integrated into oneéheke scheduling per-
spectives involves integration of the recently-develogathflow schedule graph
model [57] into processes for FPGA mapping of dynamicalbordigurable sig-
nal processing systems.

2. Background

2.1. FPGA Technology

As shown in Figure 1, an FPGA can be viewed as a matrix of aghig;h can
encapsulate various kinds of hardware structures, suchaaggmmable logic
subsystems, memories, special purpose hardware subsy@smn multipliers or
higher level signal processing accelerators), and emlaeddecessor cores. A
ring of /O (input/output) modules is placed along the peery for connection to
the outside world, and routing channels, driven througHigarable switches, are
used for communication among cells.

Although the details of how programmable logic subsysterasanstructed
varies among different vendors, their basic structuresitated in Figure 2(a),
comprisesV/-input look up tables (LUTs) and D flip-flops (DFFs), which ame
tegrated into programmable logic blocks. Collections afslogic blocks can be
programmed to implement digital logic functions of arbigr@omplexity. Fig-
ure 2(b) illustrates, in simplified form, the structure ofjilo blocks that are em-
ployed in FPGA devices made by Xilinx and Altera. These b$oc&ntain sub-
structures for arithmetic and carry logic to support theifiexconstruction of
computational building blocks.

To connect logic blocks, flexible routing architecturesamavided to accom-
modate different kinds of interconnection patterns. Tiand-stylerouting ar-
chitecture is widely adopted in commercial FPGA devicesistand-style global
routing architecture involves routing channels on all feides of the logic blocks.
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Figure 1: Basic architecture of an FPGA.

The numbers of wires contained in a channel is set to a candtaturing fab-
rication, and is one of the key design decisions made in ti@A-Rrchitecture
design. Island-style routing architectures generally lesnwire segments of dif-
ferent lengths in each channel to allow optimized seleatidangths based on the
specific connections that are made. The end points of win@eets are typically
staggered so that logic blocks can be connected at the entspudfiwires that
have appropriate lengths.

Figure 3 illustrates channels and switches in an islani-$tl?GA architec-
ture, and also shows a routing example. The figure shows arcartnection that
starts from logic block 5, and goes through logic block 4 tgiddblock 2. Two
switch nodes, sl and s2, are used. To connect logic block &gio block 4,
programmable switcl in switch node 2 is configured. Similarly, programmable
switch B in switch node 1 is configured for the connection betweerclbotpck 4
and logic block 2.

There are six possible connections for a programmable Bwéig illustrated
in Figure 4, which is why six switches (A through F) are degicin Figure 3.

The island-style architecture facilitates optimizatidritee physical layout of
logic blocks and their surrounding routing channels, asdegularity facilitates
efficient delay estimation (e.g., see [33]).
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Figure 2: Programmable logic blocks.

2.2. Model-based Design of Signal Processing Systems

As described in Section 1, model-based techniques basedtafiodtv mod-
els of computation are used widely in the design of signat@ssing systems.
Dataflow can be viewed as a special case of Kahn process hat(#d?Ns), which
are composed of processes that communicate through unbdgndmunication
channels [21]. Each communication channel is a first-in-Gtgt (FIFO) queue
of tokens where tokens encapsulate data values as they pass betmeesges.
FIFO communication channels in KPNs can be written to and ogdy from the
processes that are connected to them in the enclosing KPnpaertant restric-
tion on execution of KPNs is that processes can access adatarficident FIFOs
only through blocking read operations, which effectivelisgend the processes
if requested data is not available, and allow the processessume only after
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Figure 3: Island-style routing architecture.

the associate read operations are completed. This restriotlps to ensure de-
terminacy of KPN-based representations. Variations onnk@aiocess networks
have been explored in recent years, such as polyhedralggroetworks and re-
active process networks, which provide useful new capadslfor modeling and
analysis of process and network execution [52, 36, 12].

In the context of design and implementation of signal prsices systems,
dataflowis a restricted form of KPN in which processes (caketorsin the con-
text of dataflow representations) execute in terms of welirg:d, discrete units of
execution, calledirings, of the associated actors [27]. Such a discrete approach
to process firing can be enforced, for example, throeigdible-invokesemantics,
where fireability (availability of sufficient input data) fislly separated from pro-
cess executiorirfvoking functionality [43].

Model-based design methods based on dataflow models of ¢atigguhave
provided designers of signal processing systems with septations of intuitive
correspondence to signal processing block diagrams. Ih sejaresentations,
DSP applications are modeled as directed graphs, wheneegdorrespond to
dataflow actors and represent computational modules fauéixg (orfiring) the
corresponding tasks, and edges represent inter-actor €iB@nels, as in KPNs.
Actors produce and consume tokens from their input and éowpges, respec-
tively, as they are fired. In enable-invoke dataflow, an afitoryg cannot begin
execution until all of the input data required by the firingpresent on the relevant
input edges, and thus blocking reads are not employed [43].

Scheduling is a critical issue when implementing dataflopresentations of



Figure 4: Six possible connections for a programmable $witc

signal processing systems. Scheduling is the process straoting aschedule
which assigns each actor firing to a processing resourcedatedmines the or-
dering of firings that share the same resource. In additioaffecting overall
system functionality (a schedule that is not constructegp@ry can cause devia-
tions from expected functionality), scheduling generalis significant effect on
performance, resource utilization, and memory requirdsmen

Synchronous dataflow (SDF), proposed in [26], is a resttifdem of dataflow
in which each actor firing consumes and produces constantsisof data from
each of its input and output edges, respectively. The SOFiaign is orthogonal
to enable-invoke dataflow. In an enable-invoke context,@R firing can execute
only after all of the required input data has arrived at thiramputs. On the
other hand, if enable-invoke semantics is not enforcea, ¢élven though the firing
consumes constant amounts of data, it can begin executien wily part of its
input data is available, and employ blocking reads to readdit of the data —
in a manner that is interleaved with the computations aasediwith the firing
— until the firing is complete. An important advantage of SBRt$ support for
static scheduling, and a wide variety of scheduling teaesghave evolved that
exploit this support (e.g., see [26, 14, 13, 39, 20, 49]).

Cyclo-static dataflow (CSDF) [9] is one of the most populateasions of
SDF. CSDF generalizes SDF by allowing the consumption odystion rate of
an actor port to vary as long as the pattern of variations $ameriodic sequence



that is statically known.

An example of an SDF actor is illustrated in Figure 5(a). HaatorD rep-
resents a downsampler that consumes three tokens genératedctor A and
transfers one among them onto the edge that is directeddo ActAn example
of a schedule for this graph i = (3A)DB. This schedule is expressedaoped
schedulenotation, where each parenthesized term represesulsexdule loophat
is iterated a number of times specified by a positive intetgeaiion count that is
given as the first item in the term [8]. Thus, the schedijl€orresponds to the
firing sequencéA, A, A, D, B).

A CSDF version of this downsampler-based example is showdigiare 5(b).
Here, firings of actorD execute based on a periodic sequence of three distinct
phasesand the inputs and outputs of the actor are annotated wathdimbers of
tokens consumed and produced in these phases. Thesnsumes one token on
each phase and produces one token on every third phasegteith the second
phase. This CSDF graph can be executed with the schéduwe ADADBAD,
which differs fromS; in that less buffer space (one unit of storage versus thsee) i
needed for the edged, D). Indeed, the potential for improved memory require-
ments is a useful feature of the CSDF model. A detailed commganf SDF and
CSDF is developed in [41]. In addition, CSDF can be integtatgh parameter-
ized dataflow (this will be discussed in the following senjioand the resulting
model is called parameterized cyclo-static dataflow (PCOSBEch integration,
explored in [15, 45], provides further flexibility in the melthg of application
dynamics compared to PSDF.

1 3/ ~\1 1
(Aot e
schedule:3A) DB

(a) SDF specification and a corresponding
schedule.

@1 (1, 1,@ 0,1,0) 1@

schedule:ADADBAD

(b) CSDF specification and a corresponding
schedule.

Figure 5: Alternative dataflow models for a simple multirsignal processing example.



2.3. Parameterized Dataflow

Parameterized dataflow is a meta-modeling technique ttegristes dynamic
parameterization into dataflow modeling in a systematicgamneral (applicable
to different dataflow models) manner.

In parameterized dataflow, sets of actor parameters, denraiwhich such
parameters can “reside”, and configurations for such setdi(igs to actual val-
ues within the respective parameter domains) are impaatpects of application
models in addition to more conventional forms of dataflowoinfation, such as
specifications on token production and consumption ratescéted with actor
firings.

Settings or updates to parameter configurations can beglisshed as hap-
pening statically, pre-execution, or dynamically. Statmfigurations are deter-
mined at compile time — i.e., when the code for an implemémat derived.
Pre-execution configuration refers to configuration thauog after compile time
but before a given execution of the application. In dynanaoicfiguration or dy-
namic reconfiguration, parameter values can be initialaedpdated while the
application is executing.

For example, in an FPGA implementation, an addition compbean be con-
figured by instantiating a look-ahead adder or a ripple cadger, depending on
a trade-off assessment in terms of relevant area and pexrfmeconstraints, and
such an assessment-configuration sequence can in geneaatied out statically,
pre-execution or dynamically depending on factors suctheoverhead of per-
forming the configuration, and the degree to which this ogadhs amortized by
the benefits of applying the selected configuration.

In this paper, we focus on methods for dynamic reconfigunatwehich are
increasingly important in the development of signal preges systems that can
adapt in response to dynamically changing applicationtcaimss, data character-
istics, and other operating conditions [7].

The organization of the rest of this paper is summarized lésafs. We first
review hardware methods for dynamic reconfiguration. Wa gi®w how param-
eterized dataflow techniques integrated with the SDF modebmputation can
be applied as an abstract model for design and implementafidynamically
reconfigurable signal processing systems. This integraiadkl, calledparam-
eterized synchronous dataflqiRSDF), has been studied in a variety of useful
design contexts before (e.g., see [3, 7]); in this paper, wesgnt novel meth-
ods for applying this model to the systematic hardware mappf dynamically
reconfigurable signal processing systems.



Next, to represent adaptive schedules efficiently, we app$ghedule rep-
resentation called thdataflow schedule grap(bSGQ), which provides a formal
approach for representing dynamic interactions betwegticapions and the ar-
chitectures on which they execute. We show that using the D8@el, hardware
mapping of PSDF can be interpreted naturally, and a stredtpath to efficient
implementation can be achieved. Using our methods basetieoparameter-
ized dataflow, SDF and DSG representations, conventiodatoa methods for
dynamic reconfiguration can be replaced by formally-ropteddel-based tech-
niques that promote efficiency, reliable integration, aradioiarity through a sys-
tematic, dataflow-based design flow.

3. Dynamic Reconfiguration Techniques in FPGAs

FPGAs are widely employed as signal processing platform$doh rapid
prototyping and optimized implementation. Because thiymatustomization of
digital hardware structures with significantly higher flakty, lower cost, and
lower turnaround time, they provide a valuable alternatovéSIC implemen-
tations when key application subsystems can be mappedeetficinto FPGA
structures.

Hybrid architectures that integrate FPGA fabric within a8I& have been
explored to provide a wider range of trade-offs betweeniefiy and flexibility
(e.g., see [60]). When applying such a hybrid approach, keyienges include
the partitioning of designs into ASIC and FPGA parts, andgnating the ASIC
and FPGA design flows. For example, the ASIC/FPGA partitietednines the
size (area) of the required FPGA subsystem, which in turfectsf the FPGA
placement. Furthermore, timing characteristics betwé&enboundaries of the
FPGA and custom logic subsystems complicate timing clogtoe more details
on such challenges and proposed solutions, we refer thereafl4].

Using modern FPGAs, designers can exploit high speetial reconfigu-
ration technology (e.g., reconfiguration involving relatively ahsubsets of the
blocks shown in Figure 1) to incorporate dynamic hardwaceméguration into
practical implementations. Our approach to applying dyicamconfiguration
involves careful selection of FPGA components that will beanfigured at run
time. The reconfigured circuits must satisfy the given arehteming constraints.
Thatis, the FPGA logic block and routing channel structilhestrated in Figure 2
and Figure 3 need to be taken into account when determinengitbuits that will
be loaded in and out during run-time reconfiguration. WhiR&GA design flows
for static configuration perform a full configuration thangarogram the entire
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target FPGApartial reconfigurationpreserves the programming in some regions
of the FPGA, and makes changes to other regions.

Commercial tools are available that provide support foradgit reconfigura-
tion. For example, PlanAhead, a tool from Xilinx, allows st specify regions
of a target FPGA that can be configured dynamically [59]. Camication be-
tween such regions and statically- or pre-execution-cardig) regions relies on
the insertion of certain kinds of bus macros. In terms of thsigh hierarchy,
regions set up for dynamic reconfiguration must be represdehtrough top-level
design modules.

Software programmable reconfiguratiasma methodology that provides dy-
namic reconfiguration capabilities for FPGAs in a more safevoriented way —
i.e., through interfacing with a soft-core processor [1]csdynamic reconfigura-
tion is achieved, in a manner analogous to software convaxtlsing, by chang-
ing routing paths at run-time through control of the asgecdaoft-core processor.

JBits SDK, another tool developed by Xilinx, contains a getajtware mod-
ules and application programming interfaces to createnXiWirtex bitstreams
from Java code [58]. Two tools for partial and remote recamégon that apply
JBits SDK are presented in [37]. One is tbiecuit customization toglwhich
helps to create an interface to configure parameters of aitcirdhe other is
the core unifier tooJ which allows designers to manipulate connections between
cores using partial reconfiguration. When applying thesIBDK, there are two
types of cores calledontroller andslavecores. Controller cores are downloaded
statically on to an FPGA, and can communicate with slaves;oshich can be
loaded dynamically. During execution, controllers cantstwbetween slave cores
or replace existing slave cores by downloading new ones.

To facilitate simulation of designs that employ dynamicorgtguration, sim-
ulation techniques developed in [50] have been integratedtraditional FPGA
design flow. This allows dynamic reconfiguration capaletitio be integrated into
simulations that employ existing simulation tools, suciN&Verilog and Mod-
elSim. In such simulations, circuits that are to be recoméidureconfiguration
circuits) need to be specified and encapsulated up front. Such desigure for
reconfiguration circuits helps to specifyeconfiguration schedulevhich defines
the conditions under which each reconfiguration circuithe system is loaded
or replaced. Specialized components, such as isolatiottises and schedule
control modules, are typically applied for the encapsatatand reconfiguration,
respectively.

Building on platform-based tools for dynamic reconfiguativarious design
approaches have been developed for FPGA system design x&opke, meth-
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ods for real-time and power-aware implementation are d@esl in [2]. The
application of dynamic instruction sets in soft-core mpmaressors is explored
in [53]. In this approach, if an FPGA cannot accommodate fithe relevant
instructions with their associated hardware support, sttdpr selected instruc-
tions can be configured dynamically as needed by the apipiicaln [31, 32], a
design methodology calledynamic hardware/software partitionirig proposed
in which FPGAs are employed as coprocessors to acceleratputationally-
intensive loops. In [48, 18], an architecture is developed tontains a processor,
bit-level reconfigurable part (similar to conventional FR@&bric), and compo-
nents files) for composing a novel form of reconfigurable subsystenedadfield
programmable function arragFPFA). Such tiles can be viewed as word-level, re-
configurable building blocks that are composed of ALUs arukip tables. An
FPFA is constructed from FPFA tiles to accelerate intensegularly-structured
computations, such as linear interpolation or fast Fourarsforms. A class of
heterogeneous processing arrays that integrate signeg¢gsors and FPGA sub-
systems, and are amenable to dataflow-based design andngaephniques, is
explored in [56].

Development of applications on platform FPGAs, FPGAs timpley soft
core processors, and host-FPGA combinations often ingdteedware/software
co-design as a key aspect. Sophisticated algorithms hase teveloped for
optimization of timing, area and energy in HW/SW systemsr é&ample, the
work presented in [47] takes as input a library containingegal purpose pro-
cessors, dynamically reconfigurable FPGAs, communicdiinds, and memory
modules, and applies an evolutionary algorithm to insta@thardware resources,
and assign tasks and communication events to the resodxabsamic priority
multirate scheduling algorithm determines the times attiine tasks and com-
munication events in the system occur. A framework caN@ableis presented
in [30]. This framework takes as input application spectfaas in C, and maps
them into implementations on a heterogeneous platformitichides a general-
purpose processor, an FPGA, and a memory hierarchy. An ievenf various
hardware/software co-synthesis approaches for signakpsing systems is pre-
sented in [6].

Various methods have also been developed to help minimedhead associ-
ated with dynamic reconfiguration. For example, in [16], moels are developed
for evaluating the degree of computation-reconfiguratieeriap in dynamically
reconfigurable systems. These methods are based on modélihg dynamic
reconfiguration process, and identification of functiormhemonality between re-
configuration circuits. In another approach, an incremei&boration model is
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applied to streamline requests for new reconfigurationaipmers by using set the-
oretic techniques to leverage known characteristics dftiexj (currently active)
configurations [11].

In this section, we have provided a brief overview of platiebased technolo-
gies and tools for dynamic reconfiguration in FPGAs. For nu@tails on design
flows for dynamically reconfigurable FPGA system implem#ata we refer the
reader to [35] and [44]. Methods for consistency analysyofamic reconfigura-
tion functionality in dataflow graphs are discussed in [3, F&r comprehensive
reviews of FPGA technology and system design methods, vex tbé reader
to [54, 46].

4. Modeling Dynamic Reconfiguration using PSDF Techniques

In the remainder of this paper, we develop methods for systiermapping
of model-based signal processing application representainto efficient imple-
mentations on dynamically reconfigurable hardware.

We apply a specific form of dataflow modeling referred tqpasameterized
synchronous dataflo?SDF), which offers valuable properties in terms of model-
ing systems with dynamic parameters, supporting efficieméduling techniques,
and natural integration with popular SDF modeling techag#]. Compared to
enable-invoke dataflow [43], PSDF has lower expressive pdwe is equipped
with streamlined scheduling techniques for the subclasapplication models
that are amenable to PSDF semantics. Compared to scemare-dataflow [51],
PSDF can be viewed as having a more strict separation betstarand param-
eters, which facilitates symbolic scheduling techniquaselol on parameterized
looped schedules.

As described in Section 2.3, PSDF is based on parameteratatiav, which
is a meta-modeling technique that can significantly impitbesexpressive power
of an arbitrary dataflow model that possesses a well-defioedapt of a graph it-
eration [3]. Parameterized dataflow provides a method ttesyetically integrate
dynamic parameter reconfiguration into such models, whiésgrving many of
the original properties and intuitive characteristicshaf briginal models. The in-
tegration of the parameterized dataflow meta-model with Siokides the model
of computation that we refer to as parameterized synchiodataflow (PSDF).

Efficient quasi-static scheduling techniques have beenodstrated previ-
ously for PSDF specifications [4]. Here, by quasi-statiesithing, we refer to a
general approach to scheduling in which significant pogioischedule structure
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are fixed at compile time, while some amount of run-time saleddjustment
can be made in response to input data or changes in opelaggu@ements.

4.1. Execution of PSDF Graphs

The PSDF model allows the behavior of subsystems to be disattoy sets of
parameters that can be configured dynamically. Such paearoentrol is mod-
eled by mapping selected dataflow graph outputs of certaphg, which are
dedicated to computing parameter updates, to parameténe gfaphs that they
control. This coordination between parameter update coatipus and parame-
ter reconfiguration operates under a carefully structuraaéwork that promotes
predictability and efficiency. Basic concepts associatgd RSDF modeling and
execution are outlined as follows.

e A PSDF subsystermonsists three distinct PSDF graphs, called ithig
subinitandbodygraphs.

e The interface dataflow behavior of a PSDF subsystem (i eraties of token
production and consumption at the subsystem inputs andis)tpan only
be changed only by the init graph.

e The init graph can configure both the subinit and body graphs.

e The subinit graph is allowed to configure the body graph btiaitowed to
change the interface dataflow behavior of its enclosingysibm.

e The body graph is executed immediately after the executidheosubinit
graph.

e A hierarchical PSDF actor encapsulates a PSDF subsystemngsting in
terms of PSDFsemantic hierarchyan be arbitrarily deep based on how a
design is constructed.

We use the downsampler shown in Figure 6 to illustrate theseepts. Here,
nodeH represents a PSDF downsampler (i.e., a subsystem), whictwioapa-
rameters, théactor andphase These parameters represent the consumption rate
F and the indexP of the token that is selected (for transfer to the output)port
among theF' tokens that are consumed in a single execution of the dowpisam
Thus, for example, iff" = 5 and P = 2, then downsampling by a factor &f
is performed, and on each execution, the downsampler cutpetsecond token
from among the window of tokens that it consumes.
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The consumption or production rate associated with a stésyisiput or out-
put port is viewed as interface dataflow behavior, and cap balconfigured by
the init graph (or kept fixed at a statically configured va)@s) described above.
Thus, thefactor £ is configured by the init graph only whereas the phdsan be
configured either by the init or subinit graph since it doelsam@ange the interface
dataflow behavior.

In this example,P is configured by the subinit graph to allow a finer gran-
ularity of (more frequent) control compared to configuratlwy the init graph.
Initially, actor £ configuresF’ to the value3, which yields an SDF graph that
maintains its given SDF properties while the paramétaemains fixed at this
value. To execute the graph in tlB®F configurationwe can apply any valid SDF
schedule for the configuration — one such schedu(84§ BH C'. This schedule
is repeated some number of times before the downsamplez i&lthanged. In
particular, changes must occur between iterations of ttiedule, as governed by
PSDF semantics so that within any given iteration the grgggraies as an SDF
graph, while the SDF graph configuration can be changed leetiterations.

® )

H
@—’ G init subinit; 1
downsampler H @ @
body
@ 1 ‘ F @ 1 1 @

Figure 6: A PSDF-based downsampler example.

PSDF-based design and implementation is supported by abdeesl PSDF
simulator, calledPSDFsim[55], which provides modeling and functional sim-
ulation capabilities for PSDF specifications as part of daéaflow interchange
format(DIF) environment [19].
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4.2. PSDF Design Methodology

PSDF-semantics can be applied for model-based design ditatiteend of
the FPGA/ASIC design flow shown in Figure 7. Such an approaokiges a
structured framework for modeling adaptive behaviors aynthdhic reconfigura-
tion, and deriving corresponding adaptations to schedudlirategies and resource
allocations (e.g., see [4, 55]).

Our PSDF-based approach for FPGA system design involvegéwphases
— high level modeling and validatiom(deling and hardware architecture map-
ping (Mapping. These two phases can in general be applied iterativelypbe-
ment and experimentally refine dataflow based parallel g=iog structures for
FPGA- or ASIC-based signal processing systems.

The modeling phase ensures correct application funcityred well as the
correct formulation of the functionality in terms of datafl@and PSDF princi-
ples. Through its direct connection to the concurrency riegeapabilities of
dataflow, this phase helps provide a framework for efficienglementation even
though the focus on this phase is on functional validatidgherathan detailed
hardware mapping. In this phase, procedural software dsed to specify the
internal functionality of the actors, while a dataflow laage is used to specify
the high-level (inter-actor) application model. In PSDfsthe Java and DIF lan-
guages are used for these purposes of intra-actor andaicti@r-modeling-phase
specification, respectively.

In the mapping phase, the designer applies the individiat atodels as func-
tional references to derive corresponding hardware imeigations using a hard-
ware description language (HDL). The functionality of thébardware actors”
can be validated using the same testbenches as those ukedmodeling phase.
Use of the formal dataflow methodology to encapsulate desigmponents (ac-
tors) facilitates this reuse of testbenches. Similarlgesdin the DIF-based ap-
plication model are mapped into corresponding FIFO implaiat@ns using the
targeted HDL and associated design library.

By developing the actors based on PSDF principles, and ctingethem
through standard FIFO semantics, functional correctnbe@verall, application-
level hardware implementation follows directly from carrgess of the original
PSDF application model, and correct mappings of the ind&idctor models into
hardware. Additionally, the application level model fronetmodeling phase can
be used as a testbench to begin application-level testinigeolhardware, where
both functional and timing constraints must be taken intwoaat. Insight from
timing analysis of the hardware implementation can thends&l do optimize the
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hardware actors and possibly to iterate back to the modglhase to explore
refinements or alternatives to the high level dataflow aechitre.
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Figure 7: FPGA/ASIC design flow overview.

The simulation and implementation tools discussed in 8e&ifocus on map-
ping hardware description language (HDL) programs into AR@plementa-
tions. In contrast, our proposed methods show how to mapehilgivel, model
based specifications into monolithic, FPGA-targeted, HRagpams, which can
then be further processed by tools such as those discus&=tion 3. In our
experiments, we have not integrated the tools discusseddtid® 3 in this way
(i.e., as a back end to our proposed methods); this is a udiedation for further
study.

5. Hardware Mapping

In this section, we present two hardware architecture nmgppiethods that
apply PSDF modeling, and support dynamic reconfiguratigh two useful ob-
jectives — modularity and performance optimization. Bothhese methods ex-
ploit the modular design representation format facilaty PSDF, which is dis-
cussed in Section 5.1. We present a novel form of co-desiyvelem PSDF appli-
cationmodelingandschedulingn Section 5.2, and we demonstrate the utility of
this approach in deriving efficient, model-based impleragohs of dynamically
reconfigurable signal processing systems.
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5.1. Modular Mapping

We develop a systematic approach for mapping PSDF spemfisanto hard-
ware implementations. Because of natural correspondéhatare used between
dataflow design objects (actors and edges) and corresgphdirdware struc-
tures, as well as between specialized PSDF modeling fesature their imple-
mentations, the approach provides a high degree of motuldn this modu-
lar approach, implementations are composed in terms oflentalilding blocks
that can be tested independently and integrated precis@ydh our mapping of
PSDF semantics into hardware control.

Previous work on mapping dataflow structures into hardwarkeide the work
on VLSI dataflow arrays [23], multidimensional arrayed dlata [34], and Sys-
temC [17]. The methods developed in this paper are diffefmh these ap-
proaches in their support for parameterized dataflow mogeéind the novel fea-
tures of dynamic parameter reconfiguration and reconfigeiddtaflow modeling
that are provided by PSDF semantics [4, 3]. Due to the patkfoti applying pa-
rameterized dataflow semantics with arbitrary dataflow redé computation
(subject to suitable definitions of graph iterations), theegration of the tech-
niques presented in this paper with the models used in therantioned works
is an interesting direction for further study.

PSDF and PSDFsim modeling constructs — in particular, PSibdts, edges,
schedules, parameter propagation paths, and operatiemalgics — map natu-
rally into corresponding hardware structures. Table 1 sanmas our methodol-
ogy for deriving such mappings.

Table 1: Mapping PSDF constructs to hardware.

PSDF Modeling ComponentsHardware Components
actor circuit block
edge buffer (e.g., FIFO)
schedule graph controller
parameter propagation path wire
operational semantics subsystem controller

Although the complexity of circuit blocks can vary wideliettop-down appli-
cation of PSDF principles provides a standardized desiga &ir the interaction
between different circuit blocks and for the interactiotween circuit blocks and
the associated control for scheduling and parameter mamagefor the blocks.
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This allows for significant reuse of parameterized HDL “ghezle”, as well as
corresponding streamlining of verification effort.

We employ self-timed scheduling and control of dataflow escigthin a PSDF
context. In a such a self-timed approach, actors can fireasaothey have suffi-
cient data on their input ports, have access to sufficientgbifer slots on their
output ports, and have their current parameter valuesadtajlas determined by
the associated subinit and init graphs. Such self-timedviare mapping is natu-
ral for signal processing oriented dataflow models of comfan (e.g., see [7]).
The modularity of the approach is enhanced because theotlerdrfor individ-
ual actors are structured independently of any global sdivegicontrol, which
allows scheduling strategies to be changed efficientlyyeoiently, and reliably.
In this approach, only loop counts associated with actotrobumary with changes
in the schedule control, and such adaptation of loop cowmtde carried out nat-
urally as actor parameter updates through the overall frameof parameterized
dataflow.

Figure 8 illustrates the architecture of a standard wrappePSDF-based
interfacing of actor circuit blocks. Here, the blocks lagbtounter controller,
andloop counthandle control and iteration management within the fumetio
unit of the actor, which can be of arbitrary complexity. THedks labeledcons
circuit andprod circuithandle input and output interfacing of the actor based on
dataflow rates that may be parameterized and dynamicalljgeoad.

The structure of hardware mapping at the PSDF subsysternidailastrated
in Figure 9. The controllers associated with the structafésgure 8 and Figure 9
are illustrated in Figure 10. In comparison with the cirdudck, the other hard-
ware components are relatively less complicated, and wigdlexibility, we do
not constrain the implementations of these componentsy@articular styles.
For example, FIFOs can be implemented using D Flip-FlopR¥I8s. The sub-
system controllers and graph controllers (i.e., the cdlen®for the init, subinit
and body graphs) follow PSDF operational semantics andehergted schedule
to guide execution of the graph controllers and the circlatks, respectively.
These two types of controllers are finite state machines iehlwtontrol remains
in a given state while there is no triggering input. For ins& a graph controller
remains in theEXE state until the corresponding circuit block completes axec
tion.

The circuit block control, illustrated in Figure 10(a), ikey part of our pro-
posed method for self-timed, PSDF hardware implementati®ach a circuit
block control structure provides control for an individlREDF actor. At the
beginning of a control iteration (the state labeR&RAM), the circuit block con-
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figures any dynamically managed parameters based on thentwgettings and
attempts to consume data from the actor input port. The cbbetiwill block in

the CONS state until all data has arrived from the corresimgnproducer actor,
and has been consumed for processing by the circuit blockn Tiie controller
enters theEXE state and activates the encapsulated functional unit toegsothe
input data and generate any output values. When the outpatislaeady, the
prod circuit pushes the output data onto the corresponding output edgée i
PRODstate. Finally, after all output data has been written, ihetroller enters
theDONEstate. In the DONE state, if the firing count within the cutieop exe-

cution matches the loop count, then the controller tramsstback to the PARAM
state and waits for another circuit block iteration beforeceeding; otherwise,
the controller transitions to the CONS state to consume®kar the next firing.

Circuit Block

counter controller

function
cons prod
[ ] circuit unit circuit L]

Figure 8: Interface and control architecture for a circloich.

Based on the modularity of our hardware mapping approadtyited earlier,
the control structures for actors need to be configured onkelting their respec-
tive loop counts. Such loop counts can be derived and validefficiently at the
functional prototyping stage, using the PSDFsim tool injenation with tech-
niques to determineepetitions vectoref specific SDF configurations [55]. The
repetitions vector of an SDF graph gives the number of tinaes @ctor needs to
be fired in a periodic schedule for the graph [26].

Thus, the overall design flow involves applying PSDFsim fordtional pro-
totyping, performing systematic hardware mapping usimgaibproach described
in this section, and then synthesizing and deploying theltiag self-timed im-
plementation on the target FPGA.

5.2. Schedule-Based Mapping
Effective scheduling is important in deriving efficient ilepentations of dy-
namically reconfigurable signal processing systems. Hewecheduling in the
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Figure 10: Finite state machines for (a) a circuit block glgraph controller, (c) consumption and

production circuits, and (d) a subsystem controller.

21



presence of dynamic reconfiguration is challenging becatiiee increased dy-
namics in the scheduling process, as well as the increaffenlity in modeling
and manipulating schedules whose structures change dexeuytion.

The dataflow schedule grap{DSGQ), proposed in [57], is a dataflow based
schedule representation that helps to address theserdesleThe DSG can be
viewed as a model for representing schedules of dataflowhgrépat is itself
rooted in dataflow semantics. This allows an integrated mmoglapproach among
applications, schedules, and their interactions.

DSG-based modeling of actors centers around two specidkkifi actors,
calledschedule control actor6SCA3 andreference actor¢RA9. A DSG for a
given processor (i.e., the DSG-based schedule model forea girocessor) can
have at most one token at any given time within the graph. Wdken serves
to enable the next actor to be executed on the processor.estrection that the
total token count be bounded by 1 enforces the constraimtatmocessor can
execute at most one task at any given time. Here, a “procesanrrepresent
any computational resource that executes actors in a dedi¢axactly one actor
assigned to the resource) or time-multiplexed manner.

In contrast to conventional dataflow actors, which reprefamctional com-
ponents from the original application specificatiaplication actory, SCAs are
dataflow actors that are dedicated to coordinating contal fh derived sched-
ules. On the other hand, RAs can be viewed as “pointers” tticghipn actors.
These pointers are equipped with optional auxiliary corapoms. Intuitively, an
RA represents a scheduling “wrapper” that specifies the coatipn that is ex-
ecuted when the corresponding actor is “visited” duringesittle execution. A
basic form of RA is one that simply performs a guarded exeoutif the actor
that it points to. Aguarded executioonf an actor does nothing if the actor does
not have sufficient data on its inputs to complete its nextdiriif sufficient in-
put data is available, a guarded execution executes a dingig of the actor.
However, more capabilities — beyond just performing gudrebeecutions — can
be incorporated into RAs using the optional auxiliary cotagions mentioned
above.

Table 2 gives examples of several types of SCAs and summsgripperties
of these actors. Th&op actor has two pairs of inputs and outputs. One pair is
used to perform computations within the loop repeatedlyilexthe other pair is
used for conditionally branching into and exiting the lo@séd on certain control
conditions. Since there is only one token in the enclosin@P&ecution always
proceeds unambiguously either inside or outside the loop.

SCA actors can be paired with other SCA actors to provideiapeontrol
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functions that involve their coordination. For exampl@se and endcase provide
DSGs with the capability of selecting computations cowdidlly. The number
of outputs for a givertase actor must match the number of inputs to the corre-
spondingendcase actor to provide conditional selection of the computatithre
are enclosed by the matchirgse andendcase pair.

Table 2: Examples of SCAs.

SCA | #of inputs| # of outputs

loop 2 2

case 1 > 2
endcase >2 1

As described earlier, tokens that flow along edges of the D&S@&4go0 enable
actors for execution (as it becomes their turn to execut&G@okens can also
contain values that are manipulated and queried duringuéecof the DSG to
achieve various forms of data- or parameter-dependentdatheontrol.

The execution of a PSDF specification involves careful cimaitibn, based on
details of PSDF semantics, among the init, subinit, and lgpdghs within the re-
configurable subsystems that are enclosed by the spedfic&y modeling this
PSDF-driven coordination in terms of DSGs, we can precisgyesent PSDF
execution (i.e., the operational semantics of PSDF) in$esfipure dataflow con-
cepts, thereby enabling analysis and manipulation of adbedbased on dataflow
techniques rather than having to rely on specialized PS&¥edb methods. More-
over, such a PSDF to DSG transformation allows PSDF grapbe itmplemented
through reuse of dataflow techniques rather than througtiaped implemen-
tation structures that are derived for PSDF. Such a tramsfbon thus combines
the high level modeling flexibility and analysis potentidfleoed by PSDF with
streamlined paths to implementation offered through the afshe DSG as an
intermediate representation.

A general DSG model for PSDF execution is illustrated in Féglil. Param-
eter reconfiguration is achieved through communicatioween RAs and appli-
cation actors through DSG tokens that encapsulate updatadeter values. For
example, if the init graph changes the value of a paramesecaged with a body
graph actor4, the DSG token can “carry” this value (e.g., within a list eingling
parameter updates) té for reconfiguration. Once the body graph is executed,
and the DSG token “reaches” the RA that encapsuldtethe parameter update
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can be “unpacked” from the DSG token and applieditbefore A executes. A
similar approach can be used to achieve parameter contitoé aubinit graph by
the init graph, and of the body graph by the subinit graph.

Thus, using the DSG model, processes associated with dgrraconfigura-
tion can be abstracted in a way that precisely and flexiblyesgnts the relevant
functionality while hiding platform-specific implemenia details about how the
reconfiguration is achieved. For example, whether the naiply stores parameter
values in registers or memory, and how the DSG token “ponitsuch storage
locations to reference the associated configuration gettare left as implemen-
tation details that can be refined from the DSG-based model.

®)

1
1

init | | subinit

- e

subsystem

DSG for
the subinit graph

DSG for
the body graph

the init graph

Figure 11: Modeling PSDF execution using DSGs.

DSGs can be applied not only as a target for automated sahgéduakration
techniques, but also as a model in which designers spegifgrenent with, and
iteratively refine schedules. Because they are rooted imiéardataflow princi-
ples, rather than specialized or esoteric scheduling inogtdesigners can work
with DSG representations using well understood modelingcepts. In such a
way, designers can experiment flexibly with schedules titatact with applica-
tion actors, and apply platform-based features for dynaegonfiguration. By
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providing such flexibility and facilitating such experintation, DSG-based hard-
ware mapping of PSDF graphs can help designers explore eardpbkign spaces
associated with dynamically reconfigurable signal praogssystems, and tai-
lor implementations based on the specific implementatioisiraints for a given
application.

In the following section, we explore this integrated PSDRd ®SG-driven
design methodology using two case studies that involveaelesignal processing
applications.

6. Case Studies

In this section, we present two case studies with which wermtaly demon-
strate our proposed methods for model-based implementatidynamically re-
configurable signal processing systems.

6.1. Reconfigurable Phase-shift Keying

First, we demonstrate our PSDF-based design methodolabgyadular hard-
ware mapping techniques using a reconfigurgblase-shift keyingPSK) appli-
cation that can be configured as binary PSK (BPSK), quadrd®@8K (QPSK)
or 8PSK. We construct PSDF models of the modulator and delatmatdor this
system, and develop Java-based functional DIF code tofggheiinternal func-
tionality of each actor. The resulting PSDF program is sated and tested using
PSDFsim, and then hardware mapping is applied to the mantutaterive a Ver-
ilog implementation. HDL simulation and synthesis is thppleed to validate the
derived hardware.

Figure 12 illustrates our PSDF model of the targeted systemetonfigurable
PSK. Here,D represents an input interface that injects samples fronmtizening
data stream into the dataflow graghand P are parameterized lookup tabl€s;
is an actor that configures the consumption rate (baset pof 7'; S2 and S}
provide trigonometric functions that are selected based dgnamic parameter
setting; /3 configures the production rate &f, A is an adder; X172 and X3/
are constant multipliers whose associated constantsr(gdattors) are managed
as dynamic parameters; ari#lis an output interface for the storing or further
processing of the resulting binary sequence. The inputfate D makes two
copies of each input token on its output since two separatépiications are
required for each input sample.

Our PSDF model involves a parametdr, which determines which form of
PSK to employ. Foi/ = 1,2, 3, an SDF graph associated with BPSK, QPSK and
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Figure 12: PSDF-based models of PSK modulator and demadulat
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8PSK, respectively, is effectively activated. After thetgyn model is constructed,
we use PSDFsim to simulate the system and validate the @unadiiy for the
different values of\/. This initial simulation is performed assuming no distonti
of data in the channel.

Since channel quality is critical to the choice of PSK, we eerdify actorC' to
model the noise in the channel, and analyze the simulatsritseunder different
PSK configurations. PSDFsim enables such multi-mode agitsimulation to
be executed in an integrated manner — i.e., as a single dioutaat includes all
PSK configurations along with simulation control functibtyathat dynamically
changes the configuration.

Our hardware mapping of the modulator is illustrated in Fégli3. Here, the
filler block represents an actor that is inserted to help maintaDHoperational
semantics. Since the init and subinit graphs here both toote node each, their
associated graph controllers can be removed. Note alsdhbatircuit blocks
associated with blocks and X712 are parameterized and receive parameter value
updates from circuit blocké! andS2.

Subsystem
Controller

filler circuit block

Graph

Controller

Figure 13: Hardware mapping for modulator.

To provide an area comparison, we instantiate three sepR&K circuits that
support BPSK, QPSK and 8PSK individually using SDF-basedeatso We com-
pare this pure-SDF-based implementation with our PSDFemphtation, which
is derived using PSDFsim and our proposed design methoglognthesis re-
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sults generated by the Cadence Encounter RTL Compiler anersin Table 3.
Although there is some area overhead in the PSDF implementhie to the con-
trollers and auxiliary circuits used for the init and subgriaphs, this overhead is
more than compensated for by the hardware reuse that igdgemil by the flexible,
dynamic parameterization capabilities of PSDF.

Table 3: Comparisons for PSK modulator system.

Area of PSDF design and SDF design
(modular hardware mapping)
PSDF (cell)| SDF (cell) Reduction
20004 33602 | 40.47% (1.68X)

This modular hardware mapping approach is readily appliegtd its gener-
ality, and is also useful as it provides a standard methodabze hardware im-
plementations of PSDF graphs. Our schedule-based har@sergecture map-
ping approach using DSGs provides a complementary methudhwan be used
(e.g., in later stages of the design process) to specidlezbdrdware mapping for
a specific application, and capture the structure of suchigimed mappings in

an abstract form that can be targeted subsequently to ptapecific, hardware
control structures.

H1

@ subinit
2 init @
@ 1 M@ 2 1@ 1 2@1@

Figure 14: Reconfigurable PSK modulator.

From its formal, dataflow-based structure, the DSG is wallesl for transfor-
mation into optimized finite state machine (FSM) structuheg provide control
logic for hardware implementation of the associated sclesduFigure 15(b) il-
lustrates a DSG representation for the reconfigurable P$Kcagion, along with
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an FSM that is derived from the DSG. Most of the states mapstingt RAs, and
execute the functionality associated with the associatssl Bince the loop iter-
ation count ofloop, is fixed, the staté?g, is designed to implement loop control
as well as firing the acta$,.

In our experiments with schedule-based hardware mappiagargeted ASIC
implementation using the Cadence Encounter RTL Compilebé&xk-end syn-
thesis. The results reported here are synthesis resuitgtbel design was tested
thoroughly but not actually fabricated). Table 4 shows therovement in area
that is achieved by the streamlined DSG representation atedo the modular
PSDF-to-hardware mapping approach of Section 5.1. Thisaugment is ac-
companied by a formal, dataflow based representation ofdsidéogic, which
can be retargeted systematically to other types of plagdonrapid prototyping
and experimentation with platform-specific implementati@de-offs.

Table 4: Area comparison for reconfigurable PSK modulatoienconstant speed (100 MHz).

Hardware mapping
schedule-basegdmodular| Reduction
Area (cell) 18949 20004 5.27%

6.2. Foreground/Background Extraction

Video surveillance is widely used for security enhancermaedtenvironmental
monitoring. As the demand for video surveillance increaties volume of data
that must be analyzed for surveillance applications irsgsa@ramatically as well.
Pattern recognition helps to incorporate automation ig #malysis process, and
make it practical with limited human resources for monigrsurveillance data.

To be effective, pattern recognition techniques are otisk specific with sig-
nificant fine tuning of system configurations and algorithmap@eters in terms of
the kinds of data being analyzed and the objectives of thiysisa At the same
time, the vast amount of data that needs to be processedaaltgpplications can
make software-based implementation (e.g., using MATLAB @) impractical.

Considering these two issues — the need for task-specifioguemd high
performance — PSDF mapping to FPGAs provides a potentiatisal method,
where both parameter adaptation and high performance haedwapping can be
supported and optimized through an integrated design psoce
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(a) A DSG for the reconfiguration PSK modulator of Figure 14.
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(b) An FSM for the DSG in Figure 15(a).

Figure 15: Hardware architecture mapping for a DSG.
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In a workload analysis study of video surveillance systetigs been shown
that the most expensive computation is foreground/backgtdFG/BG) extrac-
tion [10]. We demonstrate a general PSDF model of FG/BG etitna that can
accommodate a variety of FG/BG extraction algorithms. Timislel is shown in
Figure 16.

The FG/BG extraction algorithms represented by this moeeégally involve
two phases — training and differentiating. In the trainitgpe, the construction
of the BG model is based on features extracted from a setiofriggframes. This
model construction process involves determining appab@threshold values for
pixels. Then, in the differentiating phase, the BG modepi@d to recognize the
foreground — if a given pixel of the current frame exceedsassociated thresh-
old value, it is recognized as a foreground pixel; otherwiisis recognized as a
background pixel. The training methods and threshold walaey with different
algorithms and applications, and careful tuning of thesedspects is typically
important to achieve high accuracy [42].

Our PSDF model shown in Figure 16 contains two subsystemihvdre
used to specify algorithms for video preprocessing and BGé&traction. The
video preprocessing subsystem here can be viewed as amgusilibsystem,
which processes raw data, and transforms it into a form sheppropriate for the
extraction algorithms and the underlying processing ptatf. In subsystem 2,
actorswi t ch passes video frames to ac®G _nodel andcurrent frane
in the training phase. At that point, actbG_ext r act or produces no fore-
ground. In the differentiating phase, actos t ch stops sending frames to ac-
tor BG_nodel , and continues to send frames to aatarr rent _frane. If
a pixel of the current frame exceeds the corresponding libtésvalue, actor
FG_ext r act or indicates that the pixel is part of the foreground.

subsystem 2

subinit @

subsystem 1

init
init® subinit @

body

body model \
i video .
ng%gr preprocessin switch |

Figure 16: A general PSDF model for FG/BG extraction.
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We apply a specific FG/BG extraction algorithm — the runningrage al-
gorithm — using the general PSDF model of Figure 16. The mm@iverage
algorithm averages the values of the pixels in the trainiages to create the BG
model. The target implementation platform for our expeniseavith the running
average algorithm is the Xilinx Spartan 3E Starter (XC3E0R®S232 and VGA
ports are selected as the input and output interfaces,atbsgy.

Since the total capacity of block RAM (BRAM) on the targettfdam is only
360K bits, only one monochrome 640X480 (307,200 bits) fraeue be accom-
modated. Here, every bit represents one pixel and the @ifter between the same
pixel of two frames is either O or 1. For natural mapping fromn general PSDF
model of FG/BG extraction, we need one storage subsysteniméoBG model
and another other one for the current frame.

In this implementation of the model in Figure 16, act®S nodel and
current _frame “own” their associated image storage and are controlled by
actorswi t ch. Actor FG_ext r act or takes two frames from act®G_nodel
andcur r ent _f r ane for differentiation and determines which parts of the frame
are foreground. A non-uniform array of threshold valuesvahin Figure 17, is
derived from the training processes. The actual threshaldes represented in
Figure 17 are regarded as parameters, which can be adagtatidravideo stream
characteristics.

In this thresholding approach, multiple pixels are groupéalindividual blocks,
and the sum (number of 1-valued pixels) in a block is comptecharacterize
the block and compare it with the corresponding block-bakeeshold. These
block-based thresholds characterize entire blocks withglesoperations — that
is, the entire block is characterized as foreground anddrackd based on the
associated threshold comparison. For example, if the gl associated with
bl ock 2 islarger thart,, the block is classified as being part of the foreground.
For more detailed background on this thresholding approaelrefer the reader
to [25].

In our experiments, the threshold values are derived franptiocess of BG
model training and stored in actBG _nodel . One block is composed of eight
pixels. The parameters of subsystem 2 are summarized aw$oll

e Init graph:

1. baud rate of RS232 receiver,
2. number of frames foBG_nodel training;

e subinit graph:
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1. switching on/off the path from actemi t ch to BG_nodel ,
2. threshold value of discrimination between FG and BG.

t, t, t,
\ f /

block 1 | block 2 | block 3

differentiate

block 2 <> || block 4 | block 5 | block §

current frame

block 7 | block 8 | block 9

BG model

Figure 17: A non-uniform array of threshold values.

The overall implementation involves heterogeneous ddaigguages and plat-
forms — subsystem 1 is implemented in MATLAB and executes dwost PC,
subsystem 2 is implemented in Verilog and executes on tigetedt FPGA, and
the dataflow edge between thedeo_pr epr ocessi ng andswi t ch compo-
nents represents the RS232 channel, where the transmmitteéeeeiver are in the
vi deo_preprocessi ng andswi t ch components, respectively. The baud
rates of the transmitter and receiver should be consistent.The
vi deo_pr eprocessi ng component selects frames and converts them into
monochrome format based on luminance levels. The modutdnlaae mapping
process developed in Section 5 is adopted throughout thieimgmtation process.
The parameters of subsystem 1 are summarized as follows.

e Init graph:

1. baud rate of RS232 transmitter,
2. luminance level;

e subinit graph:

1. frame selection.

Figure 18 shows our experimental setup. We use MATLAB to teads/ideo
from files on the host platform, and divide the video data innes. To reduce

33



the level of serial communication, we select every tentm&and convert it to
monochrome format based on a luminance level threshold3ofThe threshold
value is set to 4, which was the value that we obtained frontrtieing process
described in Section 6.

Foreground

Background model
extraction result 9

Xilinx FPGA
Spartan 3E

Starter VGA output

COM1 (RS232)

Figure 18: Foreground/background extraction on FPGA, asda@ated experimental setup.

Results from our experimentation are illustrated in Figl®eand Figure 20.
Figure 19 shows six frames from a video sequence. Figure)kh¢avs the com-
mon background scene for the sequence, while Figures 1psftiefv frames in
which a man runs from left to right. These six frames, aftercpssing by our
implementation of foreground/background extraction anERGA, are shown in
Figures 20 (a-f), respectively. Here, the red rectanglécatds the subtracted
foreground. The existence of black pixels outside of thersigbed foreground is
due to the perturbation of trees caused from ambient brégeortion from this
phenomenon can be reduced by a sophisticated algorithm@28]results shown
in Figures 20 (a-f) demonstrate that the image of the runmag can be extracted
correctly as foreground.

Table 5 summarizes synthesis results obtained when dgtivelFPGA imple-
mentation. The maximum frequency is 84.062MHz. By the maxinfrequency,
we mean the clock frequency that the FPGA logic can execuigtlaodut violat-
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(a) (b)

(d) (e) ®

Figure 19: Selected frames from a video sequence.

ing the timing constraints. The video frame rate is set in@yreriments to 30
frames/second. The utilization of block RAMS (BRAMS) is higince they are
used to store the video frames, whereas the utilization &A-Blices is relatively
low because the running average algorithm does not requin@lex computation.

Table 5: Device utilization summary.

Selected Device: 3s500efg320-4

Number of slices: 133 outof 4656 2%
Number of Slice Flip Flops: 90 outof 9312 0%
Number of 4 input LUTSs: 245 outof 9312 2%
Number of 10s: 16

Number of bonded IOBs: 11 outof 232| 4%
Number of BRAMSs: 16 outof 20 | 80%
Number of MULT18X18SIOs] 1 outof 20 | 5%
Number of GCLKSs: 1 outof 24 | 4%

In summary our experiments involving foreground/backgibextraction on
an FPGA demonstrate the correctness and completeness pfapaosed PSDF-
based approach for FPGA mapping on a practical video prioaesgstem. Tun-
ing application parameters at run-time is an importanufiesator advanced image
processing applications, which we seek to support in thikwidowever, conven-
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@ (b) (c)
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(d) (e) ®

Figure 20: Results for Figure 19 after processing by our FR@sed implementation of fore-
ground/background extraction.

tional dataflow approaches, including SDF, do not allow sucihtime parameter
tuning. For this reason, we have focused in our experimente@PSDF model,
and novel application of this model to dynamically parameés image process-
ing on FPGAs. The experiments demonstrate the capabilitheoPSDF model
to express the behavior of this application, and show treathstract properties
of PSDF, which provide formal, model-based manipulatioadfeduling and dy-
namic reconfiguration, can be integrated with platformesfjedetails required to
achieve a fully operational implementation.

7. Conclusions

In this paper, we have motivated the use of dynamically régorable hard-
ware platforms for signal processing systems, and havepted background on
hardware methods for dynamic reconfiguration. We have thativated how pa-
rameterized dataflow techniques integrated with the symaius dataflow model
of computation, which results in the parameterized synobws dataflow (PSDF)
modeling approach, can be applied as an abstract modeldmgrdand implemen-
tation of dynamically reconfigurable signal processingeays.
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We have demonstrated a PSDF-based design methodologysaidsd sim-
ulation tool, called PSDFsim, for design and implementatibsignal processing
systems on dynamically reconfigurable platforms. We hase @émonstrated the
use of dataflow schedule graphs as a formal model for repiegesmd manip-
ulating hardware mappings of PSDF graphs throughout thigni@socess. We
have discussed the use of these methods to help streandipedtesses of rapid
prototyping, heterogeneous system design, hardware mgpgnd implementa-
tion. Our experiments show improvements in simulation ifficy and in the
quality of synthesized solutions. Furthermore, in conttasad-hoc techniques
for applying dynamic parameter control to SDF graphs or rokireds of design
subsystems, the PSDF-based approach that we have prepemtetks for well-
structured integration of parameter management into thié s@mework. This
leads to more efficient and reliable techniques for appboadf dynamically re-
configurable platforms.

Important directions for further work include exploratioh hardware map-
ping techniques for more general forms of parameterizedfldat, such as pa-
rameterized cyclo-static dataflow and parameterizedifragk rate dataflow [40,
9, 45], and techniques for mapping parameterized dataflewhgrinto platform
FPGAs considering more thoroughly the available sets @rbgeneous resource
groups (e.g., hard and soft core processors and appliegpiecific accelerators).
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