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Abstract — In this paper, we propose an approach based on

dataflow techniques for modeling application-specific, globally
asynchronous, locally synchronous (GALS) architectures for
digital signal processing (DSP) applications, and analyzing the
performance of such architectures. Dataflow-based techniques
are attractive for DSP applications because they allow applica-
tion behavior to be represented formally, analyzed at a high
level of abstraction, and synthesized to software/hardware
implementations through an optimized, automated process. In
our proposed methodology, we employ dataflow-based compu-
tational models to expose relevant structure in the targeted
applications, and facilitate the manual or automatic derivation
of efficient implementations. We demonstrate the utility of our
modeling and analysis techniques by applying them as core
parts of a novel clustering algorithm that is geared towards
optimizing the throughput of GALS-based DSP architectures. 

I. INTRODUCTION AND RELATED WORK

Globally asynchronous, locally synchronous (GALS) [3]
design is a general, hybrid approach to digital system design
that combines the benefits of both the synchronous and asyn-
chronous digital design methodologies. Key features of a
GALS system are the absence of a global timing reference,
and the use of distinct local clocks that are in general inde-
pendent (e.g., the clocks can have different frequencies and
relative phases). In a typical configuration of a GALS sys-
tem, a GALS module (or so-called synchronous island) con-
sists of a synchronous module, an asynchronous wrapper,
and a local clock generator, where the synchronous module is
encapsulated by the asynchronous wrapper. GALS modules
communicate with each other via pre-defined asynchronous
interfaces. On-chip ring oscillators are commonly used to
implement the local clock generators that are used in syn-
chronous islands (e.g., see [13]).

Dataflow is a well known computational model and is
widely used for expressing the functionality of   digital signal
processing (DSP) applications, such as audio, digital com-
munications, and video data stream processing (e.g., see [1],
[12]). These applications usually require real-time processing
capabilities, and therefore, system performance becomes
critical. Dataflow provides a formal mechanism for describ-
ing specifications of DSP applications, imposes minimal
data-dependency constraints in specifications, and is effec-
tive in exposing and exploiting concurrency. In dataflow
specifications, computational processes communicate via
first-in-first-out (FIFO) channels. This semantic behavior is
similar to the specification of a GALS system, where the pro-
cesses can be seen as synchronous components, and asyn-
chronous FIFOs can be used as asynchronous interfaces. 

For example, the authors in [18] introduce the idea of
using the dataflow model of computation for designing
GALS systems and discuss advantages and disadvantages
associated with different GALS-based dataflow architec-

tures. We refer to the dataflow architectures discussed in [18]
as isomorphic GALS configurations for a given application.
More specifically, by an isomorphic GALS configuration for
a dataflow graph, we mean a configuration in which there is
a one-to-one correspondence between hardware resources in
the architecture and functional modules (dataflow graph ver-
tices or “actors”) in the dataflow graph.

In this paper, we propose a design and evaluation frame-
work for modeling application-specific GALS-based data-
flow architectures for DSP applications, and analyzing the
associated system performance (or throughput). Dataflow
modeling and analysis for DSP applications is attractive
because the application behavior can be modeled formally,
analyzed at high level, and synthesized to software/hardware
implementations through an optimized, automated process.
Our proposed framework incorporates dataflow-based mod-
eling, design analysis, and explores optimization opportuni-
ties for such an automatic, DSP-oriented synthesis process.

Most previous research on GALS-based design is focused
on circuit-level design of system components, such as
designs for asynchronous interfaces (e.g., see [4], [19]), and
analysis of different architectural design styles (e.g., see
[18]). 

A smaller proportion of the previous research has explored
system-level optimization trade-offs — e.g., among power,
area, and performance — and development of design auto-
mation support. For example, Hemani et al. proposed a
GALS design method for partitioning a system into an opti-
mal configuration of synchronous blocks, and explored rela-
tionships between power consumption and the number of
synchronous blocks (i.e., the granularity of the derived con-
figurations) [6]. Hemani’s method is useful for large, high
performance VLSI systems, where clock trees are a major
source of power consumption. Two limitations of Hemani’s
approach are that the fixed sizes for synchronous blocks limit
flexibility for any subsequent optimization steps, and the
approach does not take system performance into account in
the optimization process.

As another example, Wuu [21] presents a method for auto-
matic synthesis of asynchronous digital systems from high-
level dataflow specifications. The authors present an
extended dataflow model that accurately reflects the behav-
ior of the employed asynchronous components so that the
dataflow specification can be directly mapped into a hard-
ware realization. Data transfers between pairs of communi-
cating blocks rely on a handshaking protocol, and the
asynchronous signals are bundled with the data signals to
ensure proper operation. Wuu’s approach is developed for
fine-grained dataflow graphs — that is, graphs in which the
dataflow graph vertices (actors) correspond to primitive,
combinational functions, such as addition and multiplication.
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In contrast to Wuu’s approach, the system-level optimiza-
tion methodology that we present in this paper applies to the
more general class of mixed-grain dataflow graphs, where
actors can have arbitrary complexity — in our context of
DSP system design, the actors typically range in complexity
from primitive operations to complete signal processing
modules, such as digital filters and fast Fourier transform
units. Furthermore, our methods consider both combina-
tional and sequential actors, and opportunities to pipeline
combinational actors to increase their levels of throughput.

In the proposed GALS-based dataflow framework, we
introduce a systematic technique aimed at analyzing the per-
formance of an application-specific GALS-based system at a
high level of abstraction. We employ dataflow-based compu-
tational models to expose relevant structure in our targeted
applications, and facilitate the manual or automatic deriva-
tion of efficient implementations.

The rest of paper is organized as follows. Section II pro-
vides relevant background on dataflow modeling. Section III
introduces a novel clustering methodology for optimized
implementation of GALS-based dataflow architectures. Sec-
tion IV develops methods for modeling the timing of GALS-
-based dataflow actors, and corresponding methods for ana-
lyzing the performance of systems that are composed of such
actors. DSP application examples and experimental results
are presented in Section V. Finally, Section VI concludes the
paper and discusses useful directions for future work.

II. BACKGROUND

A. Dataflow Modeling
 Dataflow models of computation are widely used for

modeling DSP applications. Dataflow graphs are often used
to represent computational behavior for such systems due to
the intuitive match with signal processing block diagrams or
signal flow graphs. At the same time, dataflow models of
computation provide formal semantics that are valuable for
effective system design and analysis (e.g., see [1]). There is
wide variety of development environments that utilize data-
flow models to aid in the design and implementation of DSP
applications (e.g., see [5], [8], [10], [15]). In these tools, an
application designer is able to develop and describe the func-
tionality of an actor, and capabilities are provided for auto-
mated system simulation or synthesis.

Synchronous dataflow (SDF) [12] is a restricted form of
dataflow that is useful for an important class of DSP applica-
tions, and is used in a variety of commercial design tools.
SDF in its pure form can only represent applications in
which actors produce and consume constant amounts of data
with respect to their input and output ports — that is, data-
dependent or otherwise dynamic data rates are not supported
in SDF. By using SDF, we can efficiently check conditions
such as whether a given SDF graph deadlocks, and whether
it can be implemented using a finite amount of memory (e.g.,
see [17]).

An SDF graph, , is a directed graph in which
each vertex (actor)  represents a computational module
for executing a given task, and each directed edge, ,
represents a first-in-first-out (FIFO) buffer for holding data
values (tokens) and imposing data dependencies. SDF graphs
represent computations that are executed iteratively on data
streams that typically contain large, often unbounded num-

bers of data samples. Each SDF actor therefore executes
through a sequence of executions (invocations) as the enclos-
ing SDF graph operates. 

An actor is enabled to execute its computational task (i.e.,
its next invocation) only if sufficient numbers of tokens are
available on its input edges. An actor produces certain num-
bers of tokens on its output edges as it executes. For proper
operation, the output edges onto which an actor invocation
produces data must have sufficient numbers of “empty
spaces” (vacant positions in the corresponding FIFO buf-
fers). 

A non-negative-integer delay is associated with each data-
flow edge. Each unit of delay corresponds to an initial token
that is stored in the associated buffer. An SDF graph in which
every actor consumes and produces only one token from
each of its inputs and outputs is called a homogeneous SDF
graph (HSDF graph). 

In this paper, we assume that the given application repre-
sentation is in the form of an HSDF graph. A general SDF
graph that is not an HSDF graph can always be converted
into an equivalent HSDF graph (e.g., see [12], [17]). 

In addition to using HSDF for modeling application
behavior, we also use HSDF to represent application-spe-
cific, GALS-based dataflow architectures. In this architec-
tural representation, each actor  corresponds to a GALS
synchronous island that implements the functionality corre-
sponding to . Similarly, each edge  corresponds to an
asynchronous FIFO that implements a communication chan-
nel between a pair of synchronous islands.

In a practical sense, there is some loss of generality in
restricting ourselves to HSDF representations as we do in
this paper. This is because the conversion from an SDF graph
to its equivalent HSDF graph can require running time that
scales exponentially with the number of actors in the input
SDF graph. Therefore, the conversion may become infeasi-
bly time-consuming for some applications (e.g., for heavily
multirate applications, such as those explored in [7]). GALS-
based techniques that operate directly on general SDF
graphs, and avoid conversion to HSDF representations are a
useful direction for further study.

B. Dataflow Interchange Format
The Dataflow Interchange Format (DIF), and the associ-

ated design language called The DIF Language (TDL) [8]
provide a standard language for specifying mixed-grain data-
flow models of DSP systems. TDL provides a unified textual
language for expressing different kinds of dataflow seman-
tics. The associated DIF package is a software package that
provides representations and utilities for analyzing dataflow
graphs that are captured using TDL. By using the TDL, a
DSP application can be described and modeled as a dataflow
graph at a coarse-grained level. With the support of module
libraries for the dataflow actors, an efficient software imple-
mentation for such an application can be automatically syn-
thesized through a software synthesis process that has been
demonstrated in [9]. This synthesis process is capable of
exploring a wide range of useful implementation trade-offs
that are exposed effectively through TDL-based, mixed grain
dataflow representations [9].

In this paper, we employ TDL as a design language for
specifying and analyzing DSP applications for GALS-based
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implementation. In TDL specifications, each dataflow actor
is allowed to have a set of attributes, which can involve any
combination of built-in (supported through TDL keywords)
or user-defined attributes. This feature provides a convenient
way to annotate a dataflow design with platform-specific
properties (e.g., power consumption, timing information,
etc.) of actors when a specific hardware platform is targeted
for implementation.

III. TOPOLOGICAL SORTING CLUSTERING FOR GALS
Graph clustering refers to the grouping together of verti-

ces in a graph so that they can be treated together as a single
unit in subsequent stages of a given design flow. Thus, clus-
tering provides a conceptual framework for incrementally
constraining the solution space for a graph. Clustering tech-
niques have been discussed for many application domains
(e.g., see [11]). In order to take into account relevant topo-
logical properties associated with GALS-based dataflow
architectures, we propose a novel clustering methodology
called topological sorting clustering (or TS clustering). TS
clustering is geared towards transforming a given application
dataflow graph into a clustered dataflow graph that repre-
sents the GALS structure of a dataflow architecture. In TS
clustering, each cluster (grouped set of actors) corresponds to
a synchronous island in the targeted implementation.

TS clustering is based on guiding the clustering process
with a specific topological sort. Given an acyclic directed
graph, a topological sort is an ordering of the graph vertices,
such that for every edge  in the graph,  occurs earlier
in the ordering than . A topological sort can be computed
efficiently, e.g. using depth-first-search (DFS) techniques.
Different topological sorts can be mapped into different can-
didate clusterings using our concept of TS clustering; this
provides a flexible means for design space exploration since
a variety of strategies can be selected and configured to gen-
erate topological sorts (e.g, randomized DFS or evolutionary
algorithms) based on the time budget allowed for explora-
tion. Moreover, the “best” solution chosen from these clus-
tering candidates depends entirely on the given evaluation
metrics. Arbitrary collections of relevant metrics can be inte-
grated with our clustering methodology to provide for single-
or multi-objective optimization processes. For example, in
the prototyping stage, a simple deterministic DFS might be
used to generate a functionally correct solution, while late
stages of the design process might encode topological sort-
ings into an evolutionary algorithm to derive highly opti-
mized clustering results.

Fig. 1 outlines the TS clustering approach. Here,
 represents a topological sort for the given data-

flow graph . The core of the clustering process is
a loop that instantiates a new cluster only when it finds an
adjacent pair of vertices (actors in ) in the topological sort
that are not connected by an edge in . Each group of actors
that lies between successive boundaries of “non-connected
adjacent pairs” is consolidated as a distinct cluster. 

The result of this clustering process is a clustered graph
, where each vertex  represents a cluster,

and each edge  corresponds to an edge in  that
connects a vertex in cluster  to a vertex in cluster . Multi-
ple edges between the same pair of clustered subsets in 

result in multiple edges between the corresponding pair of
vertices in , and thus, technically,  can be viewed as a

directed multigraph. As implied earlier, each vertex 
corresponds to a synchronous island (asynchronous FIFO) in
the candidate GALS implementation being evaluated.

Since a clustered graph is also a dataflow graph (repre-
senting “inter-cluster” or “inter-island” dataflow), we can
extend certain well-developed forms of dataflow graph anal-
ysis to analyze clustered graphs, and the GALS implementa-
tions that they represent. For example, performance analysis
for self-timed multiprocessor implementation (e.g., see [2,
17]) is applied in this paper to evaluate the system perfor-
mance associated with a clustering solution. This form of
performance analysis is discussed further in Section IV.

Based on our introduced clustered graph representation,
we can identify two special cases of clustering results that
correspond, respectively, to fully synchronous implementa-
tion and “uniformly-primitive” (single-actor-islands) GALS
implementation. More specifically, a clustered graph that
consists of only one vertex (i.e., all actors in the application
graph are clustered into a single cluster) represents a fully
synchronous configuration. In such a case, all actor imple-
mentations share the same clock source, and no asynchro-
nous FIFOs are used in the final implementation.
Conversely, a clustered graph in which each application
graph actor is mapped to its own separate cluster corresponds
to a primitive GALS configuration, where asynchronous
interfacing is associated with every edge in the application
graph.

Our proposed clustering methodology, when integrated
with the performance analysis methods described in the fol-
lowing section, provides an efficient approach for exploring
GALS implementation trade-offs between these conven-
tional special cases or “extremes” of fully-synchronous and
uniformly-primitive configurations. Such exploration is use-
ful for performance-critical applications because in general
both of these extremes may be significantly outperformed by
solutions that exhibit intermediate levels of granularity in the
constructed synchronous islands.

IV. SYSTEM-LEVEL TIMING AND PERFORMANCE ANALYSIS

A. Timing Analysis
We develop a system-level timing analysis model based on
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the following timing attributes that are defined for an imple-
mentation of a given actor . Here, we consider the compu-
tation time (i.e., the time to complete the required processing
of data) and assume that setup time and hold time of registers
are negligible compared to the computation time of each
actor . The timing attributes for an implementation of an
actor  are defined as follows. Here, path lengths are inter-
preted in terms of the cumulative computational delays. In
our experiments, we have calculated the computational delay
of a path as the cumulative gate delay, but these models and
our analysis can easily be extended to use path lengths that
are in terms of cumulative gate and interconnect delays. 
• Maximum input combinational latency ( ): the com-
putational latency of a longest combinational path between
an input and a register in . If there is no combinational path
between an input and a register, then . Note when
such a combinational path exists, there is not necessarily a
unique longest combinational path.
• Maximum inter-register latency ( ): the computational
latency of a longest combinational path between any two
registers in . If there is no pair of registers that is connected
by a combinational path, then .
• Maximum output combinational latency ( ): the com-
putational latency of a longest combinational path between a
register and an output in . If no such combinational path
exists, then .
• Maximum input/output combinational latency ( ): the
computational latency of a longest combinational path
between an input and an output in . If there is no such com-
binational path, then .
Fig. 2 shows an example for defining these timing attributes
for an implementation of a 4-tap finite impulse response
(FIR) filter actor. In this example, there are three registers
(each register is labeled with an “R” in the figure).

The computational latency of an actor implementation is
limited by , , or , as well as the number of

pipeline stages in , which we denote as . That is,

, (1)

where, the term  can be viewed as the
length of a critical path in the given implementation of actor

.
Note that for an actor  that is implemented by combina-

tional circuits and without pipelining (i.e., ), we have

that . Thus, 

. (2)

On the other hand, for an actor  that is implemented by
pipelined combinational circuitry (i.e., ) and

), we have that

. (3)

In this case,  if  (a single pipeline stage);
otherwise, .

For an actor  that is implemented by sequential circuitry
or pipelining, the maximum frequency allowed for clocking
the registers in  is restricted to the critical path, and there-
fore is given by

. (4)

We integrate these timing models into our proposed TS
clustering framework by first assigning timing attributes to
all actors at design time. As discussed in Section III, a TS
clustering result obtained from an application graph

 forms a clustered graph , where

 represents a synchronous island that is based on a

subset of actors in . When mapping  into a GALS
implementation, pipelining registers can in general be instan-
tiated within synchronous islands of  in order to improve
performance after clustering. In other words, it may be possi-
ble to improve performance by inserting pipelining registers
along selected IAG (intra-cluster application graph) edges
(i.e., edges of the form , where  and  belong to
the same cluster  in ). Fig. 3 provides an algorithm for
determining, for each IAG, whether or not such a pipelining
register improves the overall system performance.

The algorithm shown in Fig. 3 ensures that the critical
path for any  depends on an actor clustered within 
that has maximal critical path among all actors clustered
within . Therefore, the maximum allowed clock frequency
for an instantiated synchronous island  is given by

, (5)

where  for .

Furthermore, the computational latency for  is

. (6)

Here,  denotes the total number of stages in a synchro-
nous island, which can be computed by summing the pipe-
line stage counts of the actors in the island plus the number
of registers that are inserted on IAG edges during the cluster
timing analysis process.

B. System Performance Analysis
We evaluate overall system performance by analyzing the
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Figure 2. Timing attributes for a 4-tap FIR filter actor.
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clustered graph after TS clustering and register insertion
(cluster timing analysis). Based on our method for cluster
(synchronous island) timing analysis, we first optimizing the
timing for each synchronous island (i.e., each ). Then
we estimate the overall system throughput (i.e., the perfor-
mance across all clusters) using maximum cycle mean analy-
sis for self-timed parallel computations (e.g., see [16], [17]). 

As we have discussed earlier, each cluster in a clustered
graph represents a separate synchronous island for GALS
implementation. Bounded buffers and unbounded buffers are
two general types of storage structures that can be synthe-
sized for implementing the asynchronous FIFOs (self-timed
communication) that connect communicating synchronous
islands. Bounded buffers are buffers for which guaranteed
upper bounds on storage requirements can be derived stati-
cally based on properties of the GALS architecture and its
underlying HSDF representation. In contrast, no such graph-
based guarantees are available for unbounded buffers, and
therefore, circuitry must be provided to prevent an actor
from writing into a buffer that is already full. The overhead
associated with such overflow checking can be avoided
entirely for bounded buffers. A detailed treatment of
bounded buffer optimizations for self-timed dataflow graph
implementation is developed in [2, 17].

We use the Convert-to-SC-graph and DetermineDelays
algorithms from [2] to bound and estimate the sizes of all
asynchronous FIFOs prior to synthesizing a GALS imple-
mentation from a clustered graph. The goal of applying Con-
vert-to-SC-graph in our context is to transform a clustered
graph that is not strongly connected into a strongly con-
nected graph. A strongly connected directed graph or multi-
graph is one in which there is a directed path from  to  for
any ordered pair  of distinct vertices. If the HSDF rep-
resentation of a GALS configuration is strongly connected,
then every edge  can be synthesized as a bounded buffer,
and furthermore, the buffer depth for each edge  can be
determined as

, (7)

where  represents the sum of all edge delays (num-
bers of initial tokens) over the edges in the cycle .

The DetermineDelays algorithm is applied here to prevent
any unexpected deadlock and lower estimated throughput
(higher maximum cycle mean) from using the Convert-to-
SC-graph algorithm for graph conversion. Due to page limi-
tations, we refer the reader to [17] for further details about
the Convert-to-SC-graph and DetermineDelays algorithms.

After applying Convert-to-SC-graph and DetermineDe-
lays on a clustered graph , the throughput of a GALS-

based implementation of  can be evaluated as 

, (8)

where the denominator represents the maximum cycle mean
of  [16]:

. (9)

Here,  represents the computational latency of the syn-
chronous island  in . The value of  for each  can
be derived efficiently based on the timing model presented in
Section IV.A, and our developed methods for cluster timing
analysis. Moreover,  here is estimated by consider-
ing the number of registers used in each IAG in the cycle 
in .

Our overall evaluation framework for GALS-based DSP
architectures is outlined in Fig. 4. Here AllTopologicalSorts
represents the set of all topological sorts to be considered in
the given design evaluation phase. This framework allows us
to optimize across a broad space of candidate GALS archi-
tectures, where each candidate corresponds to a set of clus-
ters, and each such cluster forms a synchronous island that
communicates with other synchronous islands through asyn-
chronous FIFOs.

V. EXPERIMENTS

We use a depth-1, uniform-tree filterbank in our experi-
ments. This kind of DSP application it is commonly used in
audio coding [20]. 

Fig. 5(a) and (b) show, respectively, the SDF graph and the
corresponding HSDF graph for the targeted filterbank appli-
cation. Fig. 6 shows specifications for all of the actors used
in the application. Here, all FIR actors have 18 taps, but have
varying pipelining configurations (i.e., either with 16 or 17
pipelining stages). The multipliers and adders used in the
FIR filters are assumed to have 4 time units and 2 time units,
respectively, as their computational latencies. These latency
values are taken from representative design examples in [14].

Two possible clustering results from applying TS cluster-
ing are illustrated in 5(c). The dashed edges represent edges
that are added by the post-processing step of Convert-to-SC-
graph. By applying our methods for cluster timing analysis,
we find that a pipeline register is instantiated on all IAG
edges.

Fig. 7 shows experimental results for evaluating system
performance using (8) and (9) on the uniformly-primitive
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SystemPerformanceEvaluation ( )
{ } = AllTopologicalSorts( );
{ } = TopClustering( , )
for  to 

 = Convert-to-SC-graph( );
 = DetermineDelays( );

 = EstimatePerformance( ); (based
on (8) and (9))

end
return system performance evaluation for all 
clustering results, i.e. 
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GALS configuration as well as on GALS configurations that
are derived from the selected clustering results. From the
results shown in Fig. 7, we observe that through our cluster-
ing approach, system performance can be improved by
approximately 8% compared to the primitive GALS configu-
ration.

VI. CONCLUSION AND FUTURE WORK

We have developed a framework for modeling the perfor-
mance of dataflow actors, and evaluating and optimizing the
overall system performance of GALS-based architectures for
DSP applications. We have also introduced a clustering tech-
nique called TS clustering. TS clustering is geared towards
exploring alternative GALS architectures for a given data-
flow-based application representation. Using our clustering
technique associated with our performance analysis methods,
we have demonstrated efficient, high-level exploration of
alternative GALS architectures, and potential for significant
performance improvement compared to conventional GALS-
based implementation methods.

Useful directions for future work including incorporating
automated hardware synthesis capabilities as a back-end to
the proposed methods. We are also expanding the proposed
evaluation framework by considering other important imple-
mentation metrics, such as communication latency, power
consumption, and area for a more comprehensive, multi-
objective optimization.
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Figure 5. (a) SDF graph; (b) HSDF graph; and (c) two alternative clustering results for the filterbank application.
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Figure 7. Evaluation results. 


