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Abstract

In this paper, we propose a systematic approach to
retime a general class of Digital Signal Processing
(DSP) applications modeled in Cyclo-Static Data
Flows (CSDF).
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1. Introduction

One of the hardest challenges in designing real-time
DSP systems is on the hardware design productivity
demanded to meet the ever-increasing complexity of
DSP algorithms. Because DSP algorithms are
complicate, there are many dataflow models having
been proposed to represent, analyze and design
different DSP applications with some particular
features, including Single-rate Dataflow (SRDF).
[13][14][15][9][16], Multirate Dataflow (MRDF) [13],
Synchronous Data Flow graphs (SDF) [2][9], Cyclo-
static SDF (CSDF)[3], Multidimensional SDF
(MDSDF) [4], Boolean dataflow (BDF) [17], Integer
controlled dataflow [18][19], Dynamic dataflow
(DDF) [20][21], Cyclo-dynamic Dataflow (CDDF)
[22], etc. All models in [13]-[15] and [17]-[22] have
been used mainly for scheduling in general-purpose
multi-processor design environment.

In literature, there are reports on exploiting
fine-grained parallelism based on models with simple
but large size dataflow graphs. For example, with
respect to same multirate system, the dataflow graph
models used in [2][4][8] are much simpler with fewer
weights associated with nodes and edges than the
dataflow graphs in [24][25], and the size of graph will
be very different for the same DSP algorithm since
nodes in [24][25] are arithmetic units but in [2][4][8]
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have to be powerful processors or even computers.
The design target of these works in [24] [25] is ASIC
or a dedicated chipset, instead of a compile-time
scheduling software or a run-time operating system for
general-purpose multi-processors. Among the efforts
in [5][6][9][16], retiming is a successful technique to
help optimize hardware and increase the design
productivity.

This paper is motivated by the following
question: Can complex dataflow graph models in [13]-
[15] and [17-[22] be used, with minor modification, to
help ASIC or dedicated hardware design to exploit
fine-grained parallelism in DSP? This question is
partially answered by Sha etal in [9] where the
authors took effort to apply retiming to the complex
graph model SDF. Because previous graph models for
retiming in [5][6] are simple and can only model
particular classes of DSP with special algorithms of
computation structures, their applications are strictly
limited. In [9], Sha et al extended retiming to SDF and
got positive results in designing and optimizing
dedicated hardware (not scheduling software).
However, even the application of SDF model itself is
limited and that is why there are many extensions
[13]-[15] and [17]-[22] based on SDF. In this paper,
we have made contribution in applying the retiming to
a typical extension model for SDF, i.e. CSDF for
ASIC hardware design and optimization. The CSDF is
used to model typical single-rate or multirate DSP
systems that have multiplexed cyclic behaviors, i.e.
functional units completely changing behaviors from
period to period. The CSDF is a very important model
because the cyclically changing behaviors are normal
in DSP when hardware is multiplexed with several



different data flows, such as in many systems for
[26],
interleaving [27], or channel coding in wireless

wavelet transforms audio/video  signals

communications [12].

2. Retiming operations on CSDF

Equivalent Homogenous Graph (EHG) is an
expansion of SDF into single-rate data flow graph in
such a manner that every edge carries at most one unit
of token. If there is no zero delay edge cycle, the graph
is alive; otherwise, the graph is deadlocked [9]. If
there are g, copies of node A and p (e) is the number
of the tokens produced during first firing, then q,*p (e)
is the number of edges produced. Similarly, on the
consumption side the number of edges required is
qv*c (e).

CSDF is a more generalized model and SDF
is just a special case of CSDF in which every firing
cycle is replicated. Consider that the cyclically
changing behaviors in the CSDF nodes are expansion
of data flows and these should be reflected in the EHG
for the CSDF, after transformation into EHG, the total
number of edges in CSDF should be changed to

z=k e=k mn mn
Z_OZ_() pz (e)*CZ (e) (D

If every edge has at least one delay in
concurrent execution between multiprocessors, the
equation below should be satisfied:

S (d™ @+ p"©rA -c" ) * ()

22( p"@*c @)

3. Incremental approach for
determining retiming solutions

If we can retime our graph to give exactly the
same number of delays as the number of edges, this
solution is best. However, it is not always possible to
retime every graph in such a manner that every edge
has exactly one delay. Consider the following example
shown in Figure 1:
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Figure 1: Unrealizable Graph for retiming

If we try to retime this graph such that every edge has
exactly one delay, we derive the following results:

r (w) —1r(v) =-dr(e)
r (w)-r(v) = 1- dr(e)

It is obvious from the equations that we cannot find
the desired solution. The next best option is to achieve
an optimum retiming that is dependent on optimum
buffer size, i.e. any retiming that gives minimum
buffer length such that retiming is chosen. In this
section, we will show with our algorithm how
optimized retiming can be achieved. For a realizable
CSDF graph, we propose an algorithm below to obtain
retimed CSDF such that its buffer requirement is
optimum. Notations used are as follows:

\/ . =Node V
m
E rznn =Edge between Node M and N

d Zmn (e) =Number of initial tokens on Edge
between Node M and N

d rzm (r)=Number of Retimed delays on
Edge between Node M and N

pr:n (e) =Number of production tokens on
Edge between Node M and N

Crznn (e) =Number of consumption tokens on Edge
between Node M and N

Z = cycle number
mn
Input=G [Vm EZ" d2" Pz 2"

Output = G, [Retimed Graph)]



D = Total number of delays in a cycle =

e=

P @*c"®.

>

z
e

Algorithm:

1) Given a realizable CSDF with I/P as G, determine
which Z; has the maximum number of delays by
calculating D,.

2) Select this cycle to retime first. Determine the
critical path in this cycle. Retime the first node of

mn
the critical path of the cycle such that r (A) = 9z
is the initial retiming. Set all other node retiming
factors to zero.

3) After the first node is retimed with retiming value
r (A), cut off this node from the critical path of the
cycle and repeat step 2 to retime other nodes.

4) Go back to step 3 until there is no zero delay edge
in cycle Z,.

5) Validate all retiming values through the retiming
equation

r(A).cy"(e)-r(B).py"(e)<dP"(e)—a;"* p;"(e)

If it satisfies the equation, go to step 6. Otherwise go

back to step 3 and adjust retiming factors until they

satisfy the retiming equations.

6) Set these retiming values for nodes and apply
them to the next Z. Calculate the number of

delays dr on edge EZ" due to retiming calculated
in step 5. Validate the results with retiming
equations in step 5. If they are invalid, go back to
step 2.

7) Repeat Step 6 until all cycles are covered.

8) The output is an optimized retimed graph.

Theorem 5.1: Given a realizable CSDF with input G,
the above retiming algorithm will transform the Graph
G into a fully retimed graph Gr.

Proof: According to the definition of
retiming, the total number of delays is >

%" P2 ()

number of cycles. Then, the maximum numbers of

Assume there are Z,, Z,, Z;....Z,

delays are required in the cycle having the maximum
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number of edges. If we retime our basic graph by
considering the worst case (i.e. the cycle with the
maximum number of edges), the worst case will
retimed successfully. Once the retiming factor is fixed,
we cannot change the retiming factor for every
different cycle. Therefore, delays in every other cycle
other than the worst case should adjust among the
respective edges between nodes. If a cycle fails to
comply, the worst case should be retimed again. Since
we are interested in a minimum number of delays,
retiming factor should be incremented. After N
iteration graph will be fully retimed.

4. Conclusion

In this paper, we proposed a new technique for
determining the optimum retiming for cyclo-static data
flow graphs. The proposed methodology gives a
formalized approach for achieving full parallelism in
CSDF via retiming with a minimum cost of buffer
length. We presented our incremental retiming
algorithm to systematically obtain the full retiming
operations with minimum buffer size.
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