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Abstract

Parameterized Synchronous Dataflow (PSDF) has been
used previously for abstract scheduling and as a model
for architecting embedded software and FPGA implemen-
tations. PSDF has been shown to be attractive for these
purposes due to its support for flexible dynamic reconfigu-
ration, and efficient quasi-static scheduling. To apply PSDF
techniques more deeply into the design flow, support for
comprehensive functional simulation and efficient hardware
mapping is important. By building on the DIF (Dataflow
Interchange Format), which is a design language and as-
sociated software package for developing and experiment-
ing with dataflow-based design techniques for signal pro-
cessing systems, we have developed a tool for functional
simulation of PSDF specifications. This simulation tool al-
lows designers to model applications in PSDF and simulate
their functionality, including use of the dynamic parame-
ter reconfiguration capabilities offered by PSDF. Based on
this simulation tool, we also present a systematic design
methodology for applying PSDF to the design and imple-
mentation of digital signal processing systems, with em-
phasis on FPGA-based systems for signal processing. We
demonstrate capabilities for rapid and accurate prototyping
offered by our proposed design methodology, along with its
novel support for PSDF-based FPGA system implementa-
tion.

1 Introduction

Dataflow modeling is widely used in the design and
implementation of signal processing systems. A dataflow
graph is composed of actors (nodes) and edges, which
represent computational tasks and data dependencies, re-
spectively. The complexity of computations represented as
dataflow actors can have arbitrary granularity — e.g., rang-
ing from a few lines of code in a high level language to

hundreds or thousands of lines.

As a distributed model of computation, dataflow involves
local control through the “firings” (discrete units of execu-
tion) of individual actors. An actor starts a firing when an
enclosing scheduler or hardware controller dispatches it for
execution, and sufficient data is available at its input ports.
Such an asynchronous, concurrent model of computation
allows naturally for simultaneously execution of multiple
actors if sufficient input data and sufficient resources are
available [1].

As the complexity of digital signal processing (DSP) sys-
tems increases, we see a steadily increasing demand for
more powerful dataflow models and associated techniques
for analysis and optimization. Synchronous Dataflow
(SDF), proposed in [2], is the first dataflow-based model of
computation to gain broad acceptance in DSP design tools,
and many useful techniques such as efficient scheduling and
buffer size optimization are developed in the context of SDF
(e.g.,see [3]).

Although an important class of useful DSP applications
can be modeled efficiently in SDF, the expressive power of
SDF is restricted since SDF imposes a restriction of static
communication behavior, which actors must adhere to. In
particular, for any given input port p; of an SDF actor, the
number of data values (tokens) consumed from p; is con-
stant across all firings of the actor, and similarly, the number
of tokens produced by the actor on each of its output ports
is constant. In other words, SDF actors cannot produce and
consume varying amounts of tokens on their output and in-
put ports.

As the need to model dynamic communication behavior
has increased, due to the increasing levels of flexibility and
dynamics in signal processing applications, many exten-
sions or alternatives to the SDF model have been proposed.
In general, an important objective for these models is to ac-
commodate a broader range of applications while maintain-
ing a significant part of the compile-time predictability that
is offered by SDF.

Cyclo-static dataflow [4], scenario-aware dataflow [5],



and enable-invoke dataflow [6] are examples signal process-
ing oriented dataflow models of computation that have been
designed for increased expressive power. An extensive sur-
vey of such modeling techniques and their associated trade-
offs is provided in [7]. In this paper we target a specific
form of dataflow modeling referred to as parameterized syn-
chronous dataflow (PSDF), which offers valuable proper-
ties in terms of modeling systems with dynamic parame-
ters, supporting efficient scheduling techniques, and natural
integration with popular SDF modeling techniques [8].

PSDF can represent cyclo-static dataflow with the re-
striction that parameter values assocaited with cyclo-static
dataflow rates should be changed periodically. Compared to
enable-invoke dataflow, PSDF has lower expressive power
overall, but is equipped with streamlined scheduling tech-
niques for the subclass of application models that are
amenable to PSDF semantics. Compared to scenario-aware
dataflow, PSDF can be viewed as having a more strict sepa-
ration between data and parameters, which facilitates sym-
bolic scheduling techniques based on parameterized looped
schedules.

PSDF is based on parameterized dataflow, which is a
meta-modeling technique that can significantly improve the
expressive power of an arbitrary dataflow model that pos-
sesses a well-defined concept of a graph iteration [9]. Pa-
rameterized dataflow provides a method to systematically
integrate dynamic parameter reconfiguration into such mod-
els, while preserving many of the original properties and
intuitive characteristics of the original models.

The integration of the parameterized dataflow meta-
model with SDF provides the model of computation that we
refer to as parameterized synchronous dataflow (PSDF). Ef-
ficient quasi-static scheduling techniques have been demon-
strated previously for PSDF specifications [8]. Here, by
quasi-static scheduling, we refer to a general approach to
scheduling in which significant portions of schedule struc-
ture are fixed at compile time, while some amount of run-
time schedule adjustment can be made in response to input
data or changes in operational requirements.

Functional DIF is a functional simulation environment,
with useful applications to rapid prototyping, for DSP-
oriented dataflow models of computation [6]. Functional
DIF is based on a general (Turing complete) dataflow model
of computation called enable-invoke dataflow (EIDF).
Functional DIF allows actors whose internals are pro-
grammed in Java to be integrated with EIDF-based dataflow
graphs that are specified in the dataflow interchange format
(DIF). DIF is a textual language for specifying dataflow
graphs in terms of arbitrary dataflow models of computa-
tion [10].

In this paper, we present a novel simulation tool that
integrates the Java-based actor programming capability of
Functional DIF with PSDF-based graph specification in the

DIF language. This provides the first implementation of
a comprehensive simulation environment for PSDF. Such
an environment is useful for exploring the capabilities of
dynamically reconfigurable SDF modeling and quasi-static
scheduling offered by PSDF, and applying these methods
more deeply into design flows for FPGA and digital system
implementation.

Building on our newly developed PSDF simulator, which
we refer to as PSDFsim, we propose a comprehensive
PSDF-based design methodology that covers modeling of
the target application, simulation of functionality, and hard-
ware architecture mapping. PSDFsim is applied as a core
part of this methodology to help validate the high-level
PSDF modeling architecture before committing to lower-
level implementation decisions, and later on, to help vali-
date derived hardware description language (HDL) imple-
mentations.

2 PSDF Background
2.1 PSDF Operational Semantics

The PSDF operational semantics allows subsystem be-
havior to be controlled by sets of parameters that can be
configured dynamically. Some basic concepts and termi-
nology associated with PSDF modeling and semantics are
described as follows. For more details, we refer the reader
to [8].

1. A PSDF specification is composed of three cooper-
ating PSDF graphs, which are referred to as the init,
subinit, and body graphs of the specification. Actors
and edges in PSDF graphs can be parameterized with
arbitrary parameters that can be changed at run-time.
For any fixed setting of parameters, the PSDF graph
yields an SDF graph.

2. A PSDF specification can be nested within a higher
level PSDF graph. Such nesting is achieved by encap-
sulating the specification as a hierarchical PSDF actor
in the higher level graph.

3. Parameters of actors and edges in a PSDF graph can
only change between iferations of the graph. The pre-
cise boundaries between iterations can in general be
user-defined; typically, in PSDF they correspond to
boundaries between periodic schedules of the underly-
ing SDF graph. A periodic schedule of an SDF graph
is a sequence of actor firings that executes each actor
at least once, and returns the graph to its initial state
(the initial set of token populations on the edges) [2].

4. The interface dataflow behavior (IDB) of a nested
PSDF subsystem (i.e., the numbers of tokens produced
or consumed at input and ports of the subsystem) can
only be changed by the init graph of the subsystem.



The init graph executes once during each iteration of
the parent (hierarchically enclosing graph). In general,
the init graph is allowed to configure (change param-
eters in) the corresponding subinit and body graphs.
Such parameter changes are achieved by mapping the
associated parameters to appropriate actor output ports
in the init graph.

5. The subinit graph executes once during each execu-
tion of the corresponding PSDF subsystem (each fir-
ing of the enclosing PSDF actor if the subsystem is
nested). During such an execution, the subinit graph
executes; new parameter values computed at outputs
of the subinit graph are propagated to corresponding
parameters in the body graph; and then the body graph
executes based on the updated set of parameters.

6. Parameter changes that are computed by the subinit
graph cannot modify the IDB of the body graph or en-
closing PSDF actor. This ensures that any parent graph
has a consistent view of the subsystem throughout an
iteration of the parent graph. Such a consistent view
facilitates efficient quasi-static scheduling and associ-
ated analysis [8, 11].

7. Based on 4, 5 and 6, parameter changes produced by
the subinit graph can generally be viewed as more fre-
quent, but more restricted compared to those computed
by the init graph.

We use the downsampler example shown in Figure 1 to
illustrate these concepts. Here, actor H is a hierarchical
PSDF actor that encapsulates a PSDF representation (sub-
system) of a dynamically reconfigurable downsampler. Ac-
tor D in the body graph of the subsystem represents the
core downsampling functionality. This actor is parameter-
ized by the factor and phase parameters, which represent,
respectively, the downsampling ratio /' and the phase P of
the downsampler (P < F'). In each firing, D consumes
F tokens from its input edge, and produces a single token,
which is a copy of the (P + 1)th token consumed during the
firing.

Since the input of D is connected as input of the enclos-
ing subsystem, changes to the factor parameter in general
affect the consumption rate of the subsystem and therefore
its IDB. Thus, the factor parameter can be configured by the
init graph, but not the subinit graph. On the other other hand
the phase parameter does not affect the IDB, and therefore,
this parameter can be configured by either the init graph, the
subinit graph, or both.

Actors A, B, and C' in Figure 1 represent SDF actors.
The production rates of A and B and the consumption rate
of C are statically fixed at unity. These actors represent data
sources and a data sink, respectively, which can be used, for
example, to drive the subsystem with test data and collect
the corresponding test output for subsequent validation.

As part of the init graph, actor E executes once before
each iteration of the parent graph of the PSDF subsystem
corresponding to /1. Thus, I can be used to perform ini-
tialization of the factor parameter, as well as to perform pe-
riodic updates to this parameter.

For a more elaborate tutorial discussion of PSDF seman-
tics, we refer the reader to [8].
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Figure 1. A PSDF Downsampler.

3 PSDFsim

In this section, we introduce PSDFsim, which to our
knowledge is the first comprehensive functional simulator
for PSDF-based application modeling and design. PSDF-
sim generates the schedule (simulation sequence) whenever
the init graph determines the dataflow behavior that it con-
trols, and then simulation starts. Using PSDFsim, one can
validate and test the PSDF modeling architecture at a high
level of abstraction before committing to lower-level design
decisions, such as detailed hardware-level modeling for the
actor internals. Such a two-phase approach to PSDF-based
implementation helps to separate the high-level (inter-actor)
dataflow architecture design (in terms of PSDF semantics)
from the fine grained control and dataflow structures in-
volved in the individual actor implementations, and to al-
low the former to be applied systematically as a testbench
for the latter. More details on this PSDF-based implemen-
tation approach are described in Section 4.

PSDFsim supports two different forms of parameter
propagation — internal and hierarchical propagation — for
dynamic parameter changes to actors and edges. For exam-
ple, consider Figure 2. Each dashed edge in this figure rep-
resents a parameter propagation path. Edges (A4, a), (B,b),
and (C, ¢) correspond to internal propagation paths, which
are explained further in Section 2.1. On the other hand,
edges (D, d) and (F,e) in Figure 2 represent paths for hi-
erarchical parameter propagation. Such hierarchical propa-
gation paths provide channels to update parameters based
on new parameter values that are computed from higher
level subsystems. Based on properties derived from PSDF
semantics, updates through hierarchical propagation over-



ride any corresponding configurations that have been made
through internal propagation.

These two forms of parameter propagation facilitate
code reuse by allowing arbitrary actors to be applied and
adapted in different kinds of contexts through different
forms parameter initialization and reconfiguration struc-
tures.

subsystem E

Figure 2. An illustration of parameter propagation in
PSDFsim.

4 PSDF-based Design Methodology

PSDF-semantics can be applied for model-based design
in the front end of the FPGA/ASIC design flow shown in
Figure 3. Such an approach can provide a structured frame-
work to control dynamic functionality and make corre-
sponding adaptations to scheduling strategies and resource
allocations. Such a PSDF-based approach involves two
phases — high level modeling and validation (modeling)
and hardware architecture mapping (mapping). These two
phases can in general be applied iteratively to implement
dataflow based parallel processing structures for FPGA- or
ASIC-based signal processing systems.

The modeling phase ensures correct application func-
tionality as well as the correct formulation of the function-
ality in terms of dataflow and PSDF principles. Through its
direct connection to the concurrency modeling capabilities
of dataflow, this phase helps provide a framework for effi-
cient implementation even though the focus on this phase is
on functional validation rather than detailed hardware map-
ping. In this phase, procedural software is used to spec-
ify the internal functionality of the actors, while a dataflow
language is used to specify the high-level (inter-actor) ap-
plication model. In PSDFsim the Java and DIF languages
are used for these purposes of intra-actor and inter-actor,
modeling-phase specification, respectively.

In the mapping phase, the designer applies the individual
actor models as functional references to derive correspond-
ing hardware implementations using a hardware description

language (HDL). The functionality of these “hardware ac-
tors” can be validated using the same testbenches as those
used in the modeling phase. Similarly, edges in the DIF-
based application (application graph) model are mapped
into corresponding FIFO implementations using the tar-
geted HDL and associated design library.

By developing the actors based on PSDF principles, and
connecting them through standard FIFO semantics, func-
tional correctness of the overall, application-level hardware
implementation follows directly from correctness of the
original PSDF application model, and correct mappings of
the individual actor models into hardware. Additionally,
the application level model from the modeling phase can
be used as a testbench to begin application-level testing of
the hardware, where both functional and timing constraints
must be taken into account. Insight from timing analysis of
the hardware implementation can then be used to optimize
the hardware actors and possibly to iterate back to the mod-
eling phase to explore refinements or alternatives to the high
level dataflow architecture.
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Figure 3. FPGA/ASIC design flow overview.

5 Hardware architecture mapping

In this section, we present details on the mapping phase
of our proposed design methodology, including the steps
involved in hardware architecture mapping of PSDF ac-
tors, graphs, and specifications. Previous work on map-
ping dataflow structures into hardware include the work on
VLSI dataflow arrays [12], SystemC [13], and multidimen-
sional arrayed dataflow [14]. The methods developed in
this paper are different from these approaches in their sup-
port for parameterized dataflow modeling, and the novel
features of dynamic parameter reconfiguration and recon-
figurable dataflow modeling that are provided by PSDF se-
mantics [8]. Due to the potential for applying parameter-
ized dataflow semantics with arbitrary dataflow models of
computation (subject to suitable definitions of graph itera-
tions, as described in Section 1), the integration of the tech-
niques presented in this paper with the models used in the



aforementioned works is an interesting direction for further
study.

PSDF and PSDFsim modeling constructs — in partic-
ular, PSDF actors, edges, schedules, parameter propaga-
tion paths, and operational semantics — map naturally into
corresponding hardware structures. The buffer sizes can
be determined by the schedule used in the hardware, and
other hardware components are generic and reusable (not
application-specific). Table 1 summarizes this mapping.

Table 1. Mapping PSDF constructs to hardware.

PSDF Model Hardware 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
widely, the top-down application of PSDF principles pro-
vides a standardized design style for the interaction between
different circuit blocks and for the interaction between cir-
cuit blocks and the associated PSDF control for scheduling
and parameter management for the blocks. This allows for
significant reuse of parameterized HDL “glue code”, as well
as corresponding streamlining of verification effort.

We employ self-timed scheduling and control of
dataflow actors, where actors can fire as soon as they have
sufficient data on their input buffers; sufficient empty spaces
on their output buffers; and up-to-date values available for
their parameters, as determined by the associated subinit
and init graphs. Such self-timed hardware mapping is natu-
ral for signal processing oriented dataflow models of com-
putation, and avoids bottlenecks and scheduling restric-
tions due to the alternative of fully static (globally clocked)
scheduling (e.g., see [7]).

Figure 4 illustrates the architecture of a standard wrap-
per for PSDF-based interfacing of actor circuit blocks.
Here, the blocks labeled counter, controller, and loop count
handle control and iteration management within the func-
tional unit of the actor, which can be of arbitrary complex-
ity. The blocks labeled cons circuit and prd circuit handle
input and output interfacing of the actor based on dataflow
rates that may be parameterized and dynamically config-
ured.

The structure of hardware mapping at the PSDF subsys-
tem level is illustrated in Figure 5. The dashed lines indicate
wires for parameter configuration, and the circuit blocks B
and D are parameterized by the init and subinit graph, re-
spectively. The controllers associated with the structures of
Figure 4 and Figure 5 are illustrated in Figure 6.

The circuit block control, illustrated in Figure 6(a), is

a key part of self-timed, PSDF hardware implementation.
At the beginning of a control iteration (the state labeled
PARAM), the circuit block configures any dynamically man-
aged parameters based on the current settings and tries to
consume data from the buffer (CONS state). The controller
will block in the CONS state until all data has arrived from
the corresponding producer actor, and has been consumed
for processing by the circuit block. Then the controller en-
ters the EXFE state and activates the function unit to process
the input data and generate any output values. When the
output data is ready, the prd circuit pushes it onto the corre-
sponding output edges during the PRD state. Finally, after
all output data has been written, the controller enters the
DONE state. In the DONE state, if the firing count within
the current loop execution matches the loop count, then the
controller goes back to the PARAM state and waits for an-
other circuit block iteration before proceeding; otherwise,
the controller goes to the CONS state to consume tokens
for the next firing.

Circuit Block

Buffer

Figure 4. Interface and control architecture for a cir-
cuit block.

top level

Graph
Controller

Figure 5. An illustration of subsystem-level hard-
ware mapping.

6 Case Study: Phase-Shift Keying

In this section, we demonstrate our PSDF-based de-
sign methodology using a reconfigurable phase-shift key-
ing (PSK) application that can be configured as binary PSK
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Figure 6. Finite state machines for (a) a circuit block,
(b) a graph controller, (c) consumption and produc-
tion circuits, and (d) a subsystem controller.

(BPSK), quadrature PSK (QPSK) or 8PSK. We construct
PSDF models of the modulator and demodulator for this
system, and develop Java-based functional DIF code to
specify the internal functionality of each actor. The result-
ing PSDF program is then simulated and tested using PS-
DFsim, and then hardware mapping is applied to the mod-
ulator to derive a Verilog implementation. HDL simulation
and synthesis is then applied to validate the evaluate the de-
rived hardware.

Figure 7 illustrates our PSDF model of the targeted sys-
tem for reconfigurable PSK. Here, D represents an input in-
terface that injects samples from the incoming data stream
into the dataflow graph; 7" and P are parameterized lookup
tables; /1 is an actor that configures the consumption rate
(based on M) of T'; S2 and S4 provide trigonometric func-
tions that are selected based on a dynamic parameter set-
ting; 13 configures the production rate of P; A is an adder;
X12 and X34 are constant multipliers whose associated
constants (scaling factors) are managed as dynamic param-
eters; and B is an output interface for the storing or further
processing of the resulting binary sequence. The input in-
terface D makes two copies of each input token on its out-
put since two separate multiplications are required for each
input sample.
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Figure 7. PSDF-based model of PSK modulator and
demodulator.

Our PSDF model involves a parameter M, which deter-

mines which form of PSK to employ. For M = 1,2, 3,
an SDF graph associated with BPSK, QPSK and 8PSK, re-
spectively, is effectively activated. After the system model
is constructed, we use a PSDFsim to simulate the system
and validate the functionality for the different values of M.
This initial simulation is performed assuming no distortion
of data in the channel.

Since channel quality is critical to the choice of PSK,
we can modify actor C' to model the noise in the chan-
nel and analyze the simulation results under different PSK
configurations. PSDFsim enables such multi-mode appli-
cation simulation to be executed in an integrated manner
— i.e., as a single simulation that includes all PSK con-
figurations along with simulation control functionality that
dynamically changes the configuration.

Our hardware mapping of the modulator is illustrated in
Figure 8. Here, the filler block represents an actor that is in-
serted to help maintain PSDF operational semantics. Since
the init and subinit graphs here both contain one node each,
their associated graph controllers can be removed. Note
also that the circuit blocks associated with blocks 7" and
X12 are parameterized and receive parameter value updates
from circuit blocks /7 and S2. This case is implemented
manually; however, the implementation is such that all con-
trollers can be reused easily in future designs.

Subsys
Controller

filler circuit block

Graph
Controller

Figure 8. Hardware mapping for modulator.

A comparison of the simulation time for the PSK mod-
ulator between PSDFsim and ModelSim SE 6.5 is shown
in Table 2. The time required by PSDFsim to compute the
dataflow graph schedule is not included in the time reported
here for PSDFsim. This is because this schedule computa-
tion is not specific to a single simulation — the schedule can
be reused across multiple simulations for the same dataflow
graph. The derived schedule is also an important part of the
hardware mapping process, and is used (without any recom-
putation effort) by the lower level, ModelSim simulation.
The time taken by PSDFsim in our experiments to compute
the schedule for the PSK system is 125 ms.

The improvements in simulation time using PSDFsim



help to demonstrate the utility of using PSDF for rapid pro-
totyping and early-stage design. In particular, PSDF allows
for faster simulation and design exploration early in the de-
sign phase when the high level dataflow architecture is be-
ing developed, and detailed HDL simulation (e.g., that pro-
vided by ModelSim) is not needed.

Note that these experiments are based on an initial Java-
based implementation of PSDFsim that has not been op-
timized for speed. We expect that with optimization for
speed, the simulation time speedup achieved using PSDF-
sim can be improved significantly.

To provide an area comparison, we instantiate three sep-
arate PSK circuits that support BPSK, QPSK and 8PSK in-
dividually using SDF-based models. We compare this pure-
SDF-based implementation with our PSDF implementation
that is derived using PSDFsim and our proposed design
methodology. Synthesis results generated by the Cadence
Encounter RTL Compiler are shown in Table 2. Although
there is some area overhead in the PSDF implementation
due to the controllers and auxiliary circuits used for the init
and subinit graphs, this overhead is more than compensated
for by the hardware reuse that is facilitated by the flexible,
dynamic parameterization capabilities of PSDF.

Table 2. Comparisons for PSK modulator system.

Simulation time of PSDFsim and ModelSim
PSDFsim (ms) | ModelSim (ms) Speedup
47 93 1.98X
Area of PSDF design and SDF design (100 MHz)
PSDF (cell) SDF (cell) Reduction
20004 33602 44.67% (1.68X)

7 Conclusion

We have demonstrated a design methodology and asso-
ciated simulation tool, PSDFsim, for design and implemen-
tation of reconfigurable signal processing systems. We have
demonstrate the use of these methods to help streamline
the processes of rapid prototyping, design exploration, and
implementation. Our experiments show improvements in
simulation efficiency and in the quality of synthesized so-
lutions. Furthermore, in contrast to ad-hoc techniques for
applying dynamic parameter control to SDF graphs or other
kinds of design subsystems, the PSDF-based approach that
we present provides for well-structured integration of pa-
rameter management into the SDF framework. This leads
to more efficient and reliable techniques for hardware de-
sign and implementation.

We plan to release PSDFsim as part of the DIF
project [10, 15], which provides open-access tools — pri-
marily in the form of Java-based jar files — that can be

used for compiling, analyzing, and extending specifications
in the dataflow interchange format (the DIF language).
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