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ARTICLE INFO ABSTRACT
Artifle history_: We address a recently introduced static dataflow model: the Static Dataflow with Access
Available online 2 June 2014 Patterns (SDF-AP) model. For this model we present (1) a generalization of an existing reg-

ular periodic scheduling scheme to regular 1-periodic scheduling for flexibility to achieve a
smaller schedule period and additional room for optimization on communication storage;
(2) a method based on Integer Linear Programming (ILP) to minimize communication buf-
fers under periodic scheduling and user-specified throughput constraints. Experimental
results on a set of test cases show that buffer sizes using this approach can be reduced dra-
matically when compared to the traditional SDF models. The optimal sizing result may
serve as an important criterion to evaluate and fine-tune any heuristics-based buffer sizing
approach for the SDF-AP model of computation.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

In the Static (or Synchronous) Dataflow (SDF) model of computation [1], data are passed in the form of tokens among
actors. Actors perform computation on tokens and in the process they may create new tokens. This model of computation
is typically represented as a graph, in which nodes represent actors and edges denote inter-actor communication of data.
Edges are also commonly called “channels” connecting actor “ports”. SDF models require that the number of tokens con-
sumed and produced in a single firing (also known as consumption and production rates, respectively) be specified at design
time. For instance, a 2:1 decimation filter actor with one input port and one output port would consume two tokens from its
input port when firing and produce one result to its output port. When all the rates in an SDF graph are one, it is homoge-
neous; otherwise it is multi-rate.

Given that rates are specified statically, SDF models can be analyzed to verify properties such as consistency of production
and consumption rates [1] and to ensure that enough communication buffer space is allocated for correct execution (e.g.
deadlock freedom for self-timed execution). SDF is inherently an untimed model of computation. It is common, however,
to associate execution times with actors to enable static timing analysis. SDF models have been widely used for specifying
embedded real-time applications in the domains of multimedia and digital signal processing.
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Systems specified using SDF models can be implemented as either software [2,3] or hardware [4,5]. Schedule and
throughput vary with the amount of memory allocated for inter-actor communication. Analysis techniques for these models
generally overestimate communication storage requirements, which is detrimental for embedded real-time systems where
memory is at a premium. The Static Dataflow with Access Patterns (SDF-AP) model of computation was recently introduced
to address this deficiency [6]. SDF-AP models specify in addition to token rates the specific cycles (relative to the start of the
firing of an actor instance) in which individual tokens are produced or consumed. The potential of saving communication
storage using SDF-AP under the same throughput constraint as that of the corresponding SDF is also demonstrated in [6].

SDF models can be executed in a self-timed manner once the required number of tokens are available on its input chan-
nels and enough vacant space exists on its output channels to hold the tokens it will produce. FIFO (First In, First Out) buffers
are typically used for inter-actor communication. An actor reads its inputs from the respective FIFOs in the order in which
the input tokens were produced and outputs its tokens in order to its production FIFOs. Actors can use handshaking to imple-
ment the self-timing: an actor stalls until necessary resources (both input tokens and output space) are available, and its
neighbors inform it when necessary inputs have been produced or output space has been freed up. Self-timed implementa-
tions are common, but it is also possible to statically schedule SDF models.

Whether self-timed or statically scheduled, actors in an SDF model share one characteristic - they do not execute until all
necessary inputs are available and all required output space is free. Because it takes time to create tokens and fill output
FIFOs, actors are guaranteed to be stalled some portion of the time while one of those two processes is going on. One
way to speed up execution (and reduce memory requirements for FIFOs) is to exploit those gaps by pipelining actors’ com-
putation by starting work before all input tokens are available and all required output space is free. This is the idea behind
SDF-AP. By starting computation when some inputs are available, rather than waiting for all, and by producing tokens when
some output space is available, rather than waiting for all required space, actors can overlap computation and memory use
more effectively. However, they must also be careful not to consume tokens that are not yet ready or to overwrite previous
outputs before they have been consumed. This implies fine-grained scheduling techniques are needed for SDF-AP.

While both exact and approximate buffer size optimization techniques have been studied for SDF models, no detailed buf-
fer sizing technique for SDF-AP models has been reported in the literature. This paper addresses the following question:
“How much extra benefit in terms of schedule and buffer size can be gained by exploiting access pattern information?”.

This paper makes two contributions: (1) it demonstrates that access pattern can be used to enhance scheduling with
existing fine-grained regular periodic scheduling techniques and quantifies the benefits of the additional information; (2)
it proposes a new scheduling scheme - regular 1-periodic scheduling - to overcome some of the restrictions inherent in
the regular periodic scheduling scheme. The paper presents detailed derivation of scheduling precedence constraints and
buffer sizing constraints that guarantee a valid execution. It formulates communication buffer sizing for applications spec-
ified in SDF-AP as an optimization problem based on Integer Linear Programming (ILP) [7]. Finally experiments on a set of
benchmark applications are presented to illustrate how much communication storage reduction can be obtained when
leveraging access patterns. Our ILP-based exact approach can always find the optimal communication storage under a sched-
uling policy but it is obviously computationally challenging. We believe that fast heuristic buffer sizing techniques for SDF-
AP models can be derived and their results can be compared with the exact solution of our approach to evaluate their power
and quality.

The rest of the paper is organized as follows. Section 2 surveys existing scheduling and buffer sizing techniques for SDF
and SDF-like graphs. Then Section 3 reviews the SDF-AP model, followed by a discussion on throughput and communication
storage in Section 4. Next, Section 5 discusses scheduling constraints and buffer size requirements, and presents two periodic
scheduling schemes. Details of our exact approach based on ILP to optimize communication storage under throughput con-
straint for SDF-AP models are presented in Section 6, followed by experimental results in Section 7. Finally Section 8 con-
cludes the paper with conclusions and future work.

2. Background

Buffer sizing and throughput analysis for SDF and SDF-like models has been extensively researched. The system through-
put is known to be determined by the implemented schedule, which can be influenced by the amount of communication
storage available.

Lee and Messerschmitt [1] introduce Synchronous Dataflow to specify digital signal processing applications for concur-
rent implementation on parallel hardware. In an SDF model, the number of data samples/tokens produced or consumed on
each input and output port by each node on each invocation is specified a priori. Given sample rate information, SDF nodes
can be statically scheduled. The same authors present necessary conditions for statically scheduling programs described in
SDF graphs onto processors (single or multiple) in [8].

In order to exploit static scheduling and remove expressibility limitations of SDF models, Bilsen et al. [9] present Cyclo-
Static Dataflow (CSDF) as a model for system specification. The authors derive the necessary and sufficient conditions for the
existence of a static schedule of a CSDF graph and detail techniques for construction of a static schedule.

Stuijk et al. [2] propose a model checking-based approach to trade off throughput and buffer storage for SDF and CSDF
models. Based on the charted Pareto space, the minimal buffer space is determined to meet a user-specified throughput
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