
Beyond Single-Appearance Schedules:
Efficient DSP Software Synthesis Using
Nested Procedure Calls

MING-YUNG KO

University of Maryland

PRAVEEN K. MURTHY

Fujitsu Labs of America

and

SHUVRA S. BHATTACHARYYA

University of Maryland

Synthesis of digital signal-processing (DSP) software from dataflow-based formal models is an

effective approach for tackling the complexity of modern DSP applications. In this paper, an effi-

cient method is proposed for applying subroutine call instantiation of module functionality when

synthesizing embedded software from a dataflow specification. The technique is based on a novel

recursive decomposition of subgraphs in a cluster hierarchy that is optimized for low buffer size.

Applying this technique, one can achieve significantly lower buffer sizes than what is available

for minimum code size inlined schedules, which have been the emphasis of prior work on software

synthesis. Furthermore, it is guaranteed that the number of procedure calls in the synthesized

program is polynomially bounded in the size of the input dataflow graph, even though the number

of module invocations may increase exponentially. This recursive decomposition approach provides

an efficient means for integrating subroutine-based module instantiation into the design space of

DSP software synthesis. The experimental results demonstrate a significant improvement in buffer

cost, especially for more irregular multirate DSP applications, with moderate code and execution

time overhead.
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1. INTRODUCTION AND RELATED WORK

As a result of the growing complexity of DSP applications, the use of dataflow-
based, block diagram programming environments is becoming increasingly pop-
ular for DSP system design. The advantages of such environments include
intuitive appeal; promotion of useful software engineering practices, such as
modularity and code reuse; and improved quality of synthesized code through
automatic code generation. Examples of commercial DSP design tools that in-
corporate dataflow semantics include System Canvas from Angeles Design Sys-
tems [Murthy et al. 2001], SPW from Cadence Design Systems, ADS from Ag-
ilent, Cocentric System Studio from Synopsys [Buck and Vaidyanathan 2000],
GEDAE from Lockheed, and the Autocoding Toolset from Management, Com-
munications, and Control, Inc. [Robbins 2002]. Research-oriented tools and
languages related to dataflow-based DSP design include Ptolemy from U. C.
Berkeley [Eker et al. 2003], GRAPE from K. U. Leuven [Lauwereins et al. 1995],
Compaan from Leiden University [Stefanov et al. 2004], and StreamIt from MIT
[Thies et al. 2002].

A significant body of theory and algorithms has been developed for synthe-
sis of software from dataflow-based block diagram representations. Many of
these techniques pertain to the synchronous dataflow (SDF) model [Lee and
Messerschmitt 1987], which can be viewed as an important common denomi-
nator across a wide variety of DSP design tools. The major advantage of SDF
is the potential for static analysis and optimization. In Bhattacharyya et al.
[1996], algorithms are developed to optimize buffer space while obeying the
constraint of minimal code space. A multiple objective optimization is proposed
in Zitzler et al. [2000] to compute the full range of pareto-optimal solutions in
trading off code size, data space, and execution time. Vectorization can be incor-
porated into SDF graphs to reduce the rate of context switching and enhance
execution performance [Lalgudi et al. 2000; Ritz et al. 1993].

In this paper, an efficient method is proposed for applying subroutine call in-
stantiation of module functionality to minimize buffering requirements when
synthesizing embedded software from SDF specifications. The technique is
based on a novel recursive decomposition of subgraphs in a cluster hierarchy
that is optimized for low buffer size. Applying this technique, one can achieve
significantly lower buffer sizes than what is available for minimum code size
inlined schedules, which have been the emphasis of prior software synthesis
work. Furthermore, it is guaranteed that the number of procedure calls in the
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synthesized program is polynomially bounded in the size of the input dataflow
graph, thereby bounding the code size overhead. Having such a bound is par-
ticularly important because the number of module invocations may increase
exponentially in an SDF graph. Our recursive decomposition approach pro-
vides an efficient means for integrating subroutine-based module instantiation
into the design space of DSP software synthesis.

In Sung and Ha [2000], an alternative buffer minimization technique
through transforming looped schedules is investigated. The transformation
works on a certain schedule tree data structure, and the computational com-
plexity of the transformation is shown to be polynomial in the number of leaf
nodes in this schedule tree. However, since leaf nodes in the schedule tree corre-
spond to actor appearances in the schedule, there is, in general, no polynomial
bound in terms of the size of the SDF graph on the number of these leaf nodes.
Therefore, no polynomial bound emerges on the complexity of the transforma-
tion technique in terms of SDF graph size. In contrast, our graph decomposition
strategy extends and hierarchically applies a two-actor SDF graph scheduling
theory that guarantees achieving minimal buffer requirements [Bhattacharyya
et al. 1996] and a number of theorems are developed in this paper to ensure
that the complexity of our approach is polynomially bounded in the size of the
SDF graph.

Buffer minimization and use of subroutine calls during code synthesis have
also been explored in the phased-scheduling technique [Karczmarek et al.
2003]. This work is part of the StreamIt language [Thies et al. 2002] for de-
veloping streaming applications. Phased scheduling applies to a restricted sub-
set of SDF graphs, in particular, each basic computation unit (called a filter
in StreamIt) allows only a single input and output. In contrast, the recur-
sive graph-decomposition approach applies to all SDF graphs that have single-
appearance schedules (this class includes all properly constructed, acyclic SDF
graphs) and, furthermore, can be applied outside the tightly interdependent
components of SDF graphs that do not have single-appearance schedules.
Tightly interdependent components are unique, maximal subgraphs that ex-
hibit a certain form of data dependency [Bhattacharyya et al. 1996]. Through
extensive experiments with single-appearance scheduling, it has been observed
that tightly interdependent components arise only very infrequently, in prac-
tice [Bhattacharyya et al. 1996]. Integrating phased-scheduling concepts with
the decomposition approach, presented in this paper, is an interesting direction
for further work.

Panda surveys data memory optimization techniques for compiling high-
level languages (HLLs), such as C, including techniques, such as code transfor-
mation, register allocation, and address generation [Panda et al. 2001]. Because
of the instruction-level parallelism capability found in many DSP processors,
the study of independent register transfers is also a useful subject. The work of
Leupers and Marwedel [1997] investigates an integer programming approach
for code compaction that obeys exact timing constraints and saves code space
as well. Since code for individual actors is often specified by HLLs, several such
techniques are complementary to the techniques developed in this paper. In
particular, HLL compilation techniques can be used for performing intraactor

ACM Transactions on Embedded Computing Systems, Vol. 6, No. 2, Article 14, Publication date: May 2007.



4 • M.-Y. Ko et al.

optimization in conjunction with the interactor, SDF-based optimizations de-
veloped in this paper.

2. BACKGROUND AND NOTATION

An SDF program specification is a directed graph where vertices represent
functional blocks (actors) and edges represent data dependencies. Actors are
activated when sufficient inputs are available and FIFO queues (or buffers)
are usually allocated to buffer data transferred between actors. In addition, for
each edge e, the numbers of data values produced prd(e) and consumed cns(e)
are fixed at compile time for each invocation of the source actor src(e) and sink
actor snk(e), respectively.

A schedule is a sequence of actor executions (or firings). We compile an SDF
graph by first constructing a valid schedule, a finite schedule that fires each
actor at least once, and does not lead to unbounded buffer accumulation (if the
schedule is repeated indefinitely) nor buffer underflow on any edge. To avoid
buffer over- and underflow problems, the total amount of data produced and
consumed is required to be matched on all edges. In Lee and Messerschmitt
[1987], efficient algorithms are presented to determine whether or not a valid
schedule exists for an SDF graph, and to determine the minimum number of
firings of each actor in a valid schedule. We denote the repetitions of an actor
as this minimum number of firings and collect the repetitions for all actors in
the repetitions vector. Therefore, given an edge e and repetitions vector q, the
balance equation for e is written as q(src(e))prd(e) = q(snk(e))cns(e).

To save code space, actor firings can be incorporated within loop constructs
to form looped schedules, which group sequential firings into schedule loops;
each such loop is composed of a loop iteration count and one or more iterands.
In addition to being firings, iterands also can be schedules and, therefore, it is
possible to form nested looped schedules. The notation we use for a schedule
loop L is L = (nI1 I2 · · · Im), where n denotes the iteration count and I1, I2, . . . , Im

denote the iterands of L. Single-appearance schedules (SAS) refer to schedules
where each actor appears only once. In inlined code implementation, an SAS
contains a single copy of code for every actor and results in minimal code space
requirements. For an acyclic SDF graph, an SAS can easily be derived from a
topological sorting of the actors. However, such an SAS often requires relatively
high buffer cost. A more memory-efficient method of SAS construction is to
perform a certain form of dynamic programming optimization (called DPPO
for dynamic programming postoptimization) over a topological sort to generate
a buffer-efficient, nested-looped schedule [Bhattacharyya et al. 1996]. In this
paper, we employ the acyclic pairwise grouping for adjacent nodes (APGAN)
algorithm [Bhattacharyya et al. 1996] for the generation of topological sorts
and the DPPO method described above for the optimization of these topological
sorts into more buffer-efficient form.

3. RECURSIVE DECOMPOSITION OF A TWO-ACTOR SDF GRAPH

Given a two-actor SDF graph as shown on the left in Figure 1, we can recursively
generate a schedule that has a buffer memory requirement of the least amount
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Fig. 1. A two-actor SDF graph and its reduced version.

Fig. 2. A hierarchical procedural implementation of a minimum buffer schedule for the SDF graph

on the left.

possible. The scheduling technique works in the following way: given the edge
AB, and prd (AB) = n > cns(AB) = m, we derive the new graph, shown on the
right in Figure 1, where the actor set is {A1, B1} and prd (A1 B1) = n mod m. The
actor A1 is a hierarchical actor that represents the schedule A(�n/m�B), and B1

just represents B. Consider a minimum buffer schedule for the reduced graph,
where we replace occurrences of A1 by A(�n/m�B) and occurrences of B1 are
replaced by B. For example, suppose that n = 3 and m = 2. Then 3 mod 2 = 1,
the minimum buffer schedule for the reduced graph would be A1 A1 B1, and this
would result in the schedule ABABB after the replacement. As can be verified,
this later schedule is valid for the original graph, and is also a minimum buffer
schedule for it, having a buffer memory requirement of n + m − 1, as expected.

However, the advantage of the reduced graph is depicted in Figure 2: the
schedule for the reduced graph can be implemented using procedure calls in
a way that is more parsimonious than simply replacing each occurrence of A
and B in ABABB by procedure calls. This latter approach would require five
procedure calls, whereas the hierarchical implementation depicted in Figure 2
requires only three procedure calls. The top-most procedure implements the
SAS A1 A1 B1 = (2A1)B1, where A1 is really a procedure call; this procedure call
implements the SAS AB, which, in turn, call the actors A and B. A procedure
B1 for actor B is also needed, because it is called more than once: A1 and
the topmost procedure. Of course, we could implement the schedule ABABB
more efficiently than simply using five procedure calls; for example, we could
generate inline code for the schedule (2AB)B; this would have three blocks of
code: two for B, and one for A. We would have to do a trade-off analysis to
see whether the overhead of the three procedure calls would be less than the
code-size increase of using three appearances (instead of two). We would also
like to clarify that procedure calls in this paper refer to procedure instantiation
in software synthesis, rather than runtime procedure invocation.

We first state an important theorem from Bhattacharyya et al. [1996]:

THEOREM 1. For the two-actor SDF graph depicted on the left in Figure 1, the
minimum buffer requirement over all schedules is given by n + m − gcd (n, m).
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PROOF. (See Bhattacharyya et al. [1996]).
We denote n + m − ged (n, m) for a two-actor SDF graph depicted on the

left in Figure 1 as the VBMLB (the buffer memory lower bound over all valid
schedules). The definition of VBMLB also applies to an SDF edge. Similarly, for
arbitrary SDF graphs, the VBMLB for a graph can be defined as the sum of
VBMLBs over all edges.

Theorem 2 shows that the preservation of the minimum buffer schedule in
the reduced graph in the above example is not a coincidence.

THEOREM 2. The minimum buffer schedule for the reduced graph on the right
in Figure 1 yields a minimum buffer schedule for the graph on the left when the
appropriate substitutions of the actors are made.

PROOF. Let gcd (n, m) = g . The equation gcd (n mod m, m) = g must hold
since a fundamental property of the gcd is that gcd (n, m) = gcd (n mod m, m).
Thus, the minimum buffer requirement for the reduced graph is given by
n mod m + m − g , from Theorem 1. When A1 is replaced by A(�n/m�B) to
get a schedule for the original graph, we see that the maximum number of to-
kens is going to be reached after a firing of A, since firings of B consume tokens.
Since the maximum number of tokens reached in the reduced graph on edge
A1 B1 is n mod m + m − g , the maximum number reached on AB, when we
replace A1 by A(�n/m�B), will be

n mod m + m − g +
⌊ n

m

⌋
m = n + m − g

Hence, the theorem is proved.

THEOREM 3. An SAS for a two-actor graph satisfies the VBMLB if, and only
if, either n | m (n is dividable by m) or m | n.

PROOF. (Forward direction) Assume WLOG that n > m. Then, the SAS is
going to be ((m/(gcd(n, m)))A)((n/(gcd(n, m)))B). The buffering requirement of
this schedule is mn/gcd (n, m). Since this satisfies the VBMLB, we have

m
gcd (n, m)

n = m + n − gcd (n, m) (1)

Since n > m, we have to show that Eq. (1) implies m | n. The contrapositive
is that if m | n does not hold, then Eq. (1) does not hold. Indeed, if m | n does
not hold, then gcd (n, m) < m, and m/(gcd (n, m)) ≥ 2. In the R.H.S. of Eq. (1),
we have m − gcd (n, m) < m < n, meaning that the R.H.S. is <2n. This shows
that Eq. (1) cannot hold.

The reverse direction follows easily since if m | n, then the L.H.S. is n, and
the R.H.S. is m + n − m = n.

A two-actor SDF graph, where either n | m or m | n is called a perfect SDF
graph (PSG) in this paper.

THEOREM 4. A minimum buffer schedule for a two-actor SDF graph can
be generated in the recursive hierarchical manner by reducing the graph until
either n | m or m | n.
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Fig. 3. An SAS showing how an SDF graph can be decomposed into a series of two-actor subgraphs.

PROOF. This follows by Theorems 2 and 3, since reduction until n | m or
m | n is necessary for the terminal schedule to be an SAS by Theorem 3 and
the back-substitution process preserves the VBMLB by Theorem 2.

THEOREM 5. The number of reductions needed to reduce a two-actor SDF
graph to a PSG is polynomial in the size of the SDF graph and is bounded by
O(log n + log m).

PROOF. This follows by Lame’s theorem that the Euclidean GCD algorithm
runs in polynomial time. A complete proof is given in Ko et al. [2004].

Thus, we can implement the minimum buffer schedule in a nested, hier-
archical manner, where the number of subroutine calls is guaranteed to be
polynomially bounded in the size of the original two-actor SDF graph.

4. EXTENSION TO ARBITRARY SAS

Any SAS can be represented as an R-schedule,

S = (iLSL)(iR SR)

where SL is the schedule for a “left” portion of the graph and SR is the schedule
for the corresponding “right” portion [Bhattacharyya et al. 1996]. The schedules
SL, SR can be recursively decomposed this way until we obtain schedules for
two-actor graphs. In fact, the decomposition above can be represented as a
clustered graph where the top-level graph has two hierarchical actors and one
or more edges between them. Each hierarchical actor, in turn, contains two-
actor graphs with hierarchical actors until we reach two-actor graphs with
nonhierarchical actors. Figure 3 shows an SDF graph, with an SAS, and the
resulting cluster hierarchy.

This suggests that the hierarchical implementation of the minimum buffer
schedule can be applied naturally to an arbitrary SAS starting at the top-most
level. In Figure 3, the graph in (d) is a PSG and has the SAS (2W2)W3. We
then decompose the actors W2 and W3. For W3, the graph is also a PSG, and
has the schedule E(5D). Similarly, the graph for W2 is also a PSG with the
schedule W1(2C). Finally, the graph for W1 is also a PSG, and has the schedule
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Fig. 4. An algorithm overview for arbitrary SDF graphs.

(3A)B. Hence, in this example, no reductions are needed at any stage in the
hierarchy, and the overall buffering requirement is 20 + 2 = 22 for the graph
in (d), 10 for W3, 8 for W2, and 3 for W1, for a total requirement of 43. The
VBMLB for this graph is 29. The reason that even the hierarchical decomposi-
tion does not yield the VBMLB is that the clustering process amplifies the pro-
duced/consumed parameters on edges and inflates the VBMLB costs on those
edges.

The extension to an arbitrary SDF graph, in other words, is to compute the
VBMLB of the cluster hierarchy that underlies the given R-schedule. That is
the goal the graph decomposition achieves; an algorithm overview is illustrated
in Figure 4. In Figure 4, our approach is termed as NEPS (NEsted Procedure
Schedule). The VBMLB of the cluster hierarchy is calculated through sum-
mation over the VBMLB of all edges at each hierarchical level (e.g., W1, W2,
W3, and the top-most level comprising W2 and W3 in Figure 3). We denote
this cost as the VBMLB for a graph cluster hierarchy and, for the example
of Figure 3, the cluster hierarchy VBMLB is 43 as computed in the previous
paragraph.

To obtain an R-schedule, DPPO is a useful algorithm to start with. As dis-
cussed in Section 2, DPPO is a dynamic programming approach to generating
an SAS with minimal buffering cost. Because the original DPPO algorithm per-
tains to direct implementation in SAS form, the cost function in the dynamic
programming approach is based on a buffering requirement calculation that as-
sumes such implementation as an SAS. If, however, the SAS is to be processed
using the decomposition techniques developed in this section, the VBMLB value
for an edge e,

prd (e) + cns(e) − gcd (prd (e), cns(e))

is a more appropriate cost criterion for the dynamic programming formulation.
This modified DPPO approach will evaluate a VBMLB-optimized R-schedule,
which provides a hierarchical clustering suitable for our recursive graph de-
composition.

Although we have shown that the number of decompositions required to
reach a PSG is polynomial for a two-actor SDF graph, it is not obvious from
this that the complexity of our recursive decomposition approach for arbitrary
graphs is also polynomial. For arbitrary graphs, the clustering process ex-
pands the produced/consumed numbers; in fact, these numbers can increase
multiplicatively. Because of the nature of the logarithm operator, however, the
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Fig. 5. A two-actor SDF multigraph.

Fig. 6. Two two-actor graphs with the same repetitions vector.

multiplicatively increased rates still keep the decomposition process of polyno-
mial complexity in the size of the input SDF graph. Full details on this com-
plexity result can be found in Ko et al. [2004].

Notice that we had to deal with multiple edges between actors in the above
example. It is not immediately obvious whether there exists a schedule for a
two-actor graph with multiple edges between the two actors that will simulta-
neously yield the VBMLB on each edge individually. We prove several results
below that guarantee that there does exist such a schedule and that a sched-
ule that yields the VBMLB on any one edge yields the VBMLB on all edges
simultaneously.

Consider the consistent two-actor graph shown in Figure 5. The repetitions
vector satisfies the following equations:

q(W1)pi = q(W2)ci ∀i = 1, . . . , k. (2)

The fact that the graph is consistent means that (2) has a valid, nonzero solu-
tion.

LEMMA 1. Suppose that p1 ≤ · · · ≤ pk. Then c1 ≤ · · · ≤ ck.

PROOF. Suppose this is not true. Suppose that for some i and j , we have
pi ≤ pj , but ci > c j . Equation (2) implies that ci/pi = c j /pj . However, pi ≤ pj

and ci > c j implies ci/pi > c j /pj , contradicting Eq. (2).

Now consider the two graphs shown in Figure 6. Let these graphs have the
same repetitions vector. Thus, we have

q(A)p1 = q(B)c1 and q(A)p2 = q(B)c2 (3)

THEOREM 6. The two graphs in Figure 6 (I) and (II) have the same set of
valid schedules.

PROOF. Suppose that this is not the case. Suppose there is a schedule for (I)
that is not valid for (II). Let σ be the firing sequence X 1 X 2 · · · X q(A)+q(B), where
X i ∈ {A, B}. Since σ is not valid for (II), there is some point at which a negative
state would be reached in this firing sequence in graph (II). By a negative state,
we mean a state in which at least one buffer has had more tokens consumed
from it than the number of tokens that have been produced into it. That is,
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after nA, nB firings of A and B, respectively, we have nA p2 − nBc2 < 0, while
nA p1 − nBc1 ≥ 0. Thus,

0 ≤ nA p1 − nBc1 < nB
c2

p2

p1 − nBc1

By Eq. (3), we have c1/p1 = c2/p2. Thus nB(c2/p2)p1 − nBc1 = 0, giving a
contradiction.

THEOREM 7. The schedule that yields the VBMLB for (I) also yields the same
VBMLB for (II).

PROOF. Let σ be the firing sequence X 1 X 2 · · · X q(A)+q(B), where X i ∈ {A, B},
that yields the VBMLB for (I). By Theorem 6, σ is valid for (II) also. Since σ

is the VBMLB schedule for (I), at some point, after n∗
A, n∗

B firings of A and B;
respectively, we have

n∗
A p1 − n∗

Bc1 = p1 + c1 − gcd (p1, c1)

and for all other nA and nB in σ ,

nA p1 − nBc1 ≤ n∗
A p1 − n∗

Bc1 (4)

We have that

n∗
A p2 − n∗

Bc2 = n∗
A p2 − n∗

B
p2

p1

c1

= p2

(
n∗

A − c1

p1

n∗
B

)

= p2

(
n∗

A + p1 + c1 − gcd(p1, c1) − n∗
A p1

p1

)

= p2

(
1 + c1

p1

− gcd(p1, c1)

p1

)

= p2 + c2 − gcd(p1, c1)

p1

p2

= p2 + c2 − gcd
(

p1

p2

p1

,
c1 p2

p1

)

= p2 + c2 − gcd(p2, c2)

By Eq. (4), we have

nA ≤ nB
c1

p1

+ 1 + c1

p1

− gcd (p1, c1)

p1

Thus,

nA p2 − nBc2 ≤
(

nB
c1

p1

+ 1 + c1

p1

− gcd (p1, c1)

p1

)
p2 − nBc2

= p2 + c2 − gcd(p2, c2)

Hence, this shows that yields the VBMLB for (II) also.
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Fig. 7. A CD-DAT sample rate converter example.

Fig. 8. The recursive decomposition of the CD-DAT graph.

THEOREM 8. For the graph in Figure 5, there is a schedule that yields the
VBMLB on every edge simultaneously.

PROOF. Follows from the above results.

5. CD-DAT EXAMPLE

Given the CD-DAT example in Figure 7, the DPPO algorithm returns the SAS
(7(7(3AB)(2C))(4D))(32E(5F )). This schedule can be decomposed into two-actor
clustered graphs as shown in Figure 8. The complete procedure call sequence
is shown in Figure 9, where each vertex represents a subroutine, and the edges
represent caller–callee relationships. The generated C style code is shown in
Figures 10 with 11 procedure calls. The number of required procedure calls is
the code cost of the NEPS, while the buffer cost of the NEPS is the amount of
buffer space required.

Definition 1. The number of procedure calls required for an NEPS imple-
mentation is the number of nodes in the procedure call dependence graph, as
in Figure 9.
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Fig. 9. Procedure call sequence for the CD-DAT example.

Fig. 10. Generated C code for the CD-DAT example.

The total buffer memory requirement of the CD-DAT is

(32 + 7 − 1) + (4 + 7 − 1) + (2 + 3 − 1) + 5 + 1 = 58

This is a 72% improvement over the best requirement of 205 obtained for a
strictly inlined implementation of a SAS. The requirement of 205 is obtained
by using a buffer-merging technique [Murthy and Bhattacharyya 2004].

6. EXTENSION TO GRAPHS WITH CYCLES

To deal with cycles, the loose interdependence algorithm framework (LIAF)
[Bhattacharyya et al. 1996] is a systematic approach to collaborate with NEPS.
LIAF is basically a recursive strategy in deriving and scheduling (generating
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Fig. 11. Flow chart of LIAF approach.

SAS) new graph topologies where nodes may be the original nodes (called atomic
nodes) or subgraphs of the previous graph (called composite nodes). Compos-
ite nodes are solved in the same fashion until atomic nodes are reached or
such a recursion is infeasible. In LIAF, derivation of new graph topologies be-
gins with breaking data dependences of certain edges as if they were removed,
particularly those on cycles and with sufficient delays. Such delay sufficiency
is determined by the requirement to make a cycle deadlock free and, there-
fore, schedulable. When all the dependences bearing enough delays are bro-
ken, strongly connected component (SCC) decomposition is then applied to the
graph. A new acyclic graph can be formed from newly created composite nodes
in place of the SCCs and acyclic schedules can be, hence, efficiently computed.
Loose interdependence refers to the situation that an acyclic structure can be
transformed from a cycle in this way. It is tight interdependence, otherwise. We
call a graph a tightly interdependent component if tight interdependence exists
in that graph. A summary of LIAF is sketched in Figure 11.

An example of LIAF scheduling is given in Figure 12. The SDF graph G in
(a) is strongly connected and has three simple cycles. According to LIAF, the
criterion to break a data dependence is

delay(e) ≥ prdG(e) · qG(src(e)) (5)

where G is the associated graph containing e. The rationale behind the delay
sufficiency is that snk(e) can always obtain enough tokens to consume in an SAS
scheduling and the associated data dependence does not impose any restriction
on the firing sequence of src(e) and snk(e) anymore. Therefore, the dependence
of B from C in the original graph G, C from E in SCCY can be broken because
of

12 = delay(CB) ≥ prdG(CB) · qG(C) = 1.12

After dependence breaking, SCC decomposition is performed and nontrivial
SCCs (SCCX and SCCY ) can be replaced with newly created composite nodes
(X and Y ). The new graph G in (c) is then acyclic and the SAS is (2X )(3Y ). To
complete the synthesis, each SCC is treated as an independent graph so that
data dependence breaking, SCC decomposition, and acyclic scheduling can be
applied recursively until stop condition is reached. In (e), the dependence of C
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Fig. 12. An example demonstrating LIAF. Repetitions vectors are also given next tot the associated

graphs. The graph of (d) has tight interdependence.

from E can be broken because of

12 = delay(EC) ≥ prdSCCY
(CB) · qSCCY (C) = 4.3

Once again, acyclic structure is encountered in (f) and we can obtain the SAS
(2(2C)D)3E) through the combination of APGAN and DPPO, which is efficient
in deriving minimum buffer cost SAS. Unfortunately, the graph in (d) (also
SCCX ) does not satisfy Eq. (5),

13 = delay(BA) < (prdSCCX
(B) · qSCCX (B)) = 11.3 = 33

and is, thus, a tightly interdependent component. Since there is no effi-
cient tight interdependence SAS scheduling thus, the LIAF will give us
(2X )(3(2(2C)D)3E)) with X unresolved.

To handle tight interdependence, strategies other than SAS scheduling are
needed. One effective approach is the buffer cost minimization heuristic of
Bhattacharyya et al. [1996], which gives us a multiple appearance schedule
(MAS) (AAAABAAAABAAAB) for SCCX . The MAS can be compressed by
CDDPO (discussions in Section 7.1) and we obtain (2(4A)B)((3A)B), which is
still a MAS for this case. Inlined implementation for MAS is costly because of
multiple copies of code and procedural implementation is favored. Two ways
of synthesizing SCCX in procedures are presented in Figure 13: (a) is the im-
plementation of (2(4A)B)((3A)B) and (b) is our NEPS approach. Compared to
a total of five procedures required in (a), our NEPS needs only four procedures
while achieving the same buffer cost minimum of 13.

The example shown in Figure 12d suggests less delays required by NEPS
to break the dependence of A from B. To break the dependence, a minimum
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Fig. 13. Two procedural implementations of SCCX (a) minimum buffer cost heuristic plus CDDPO

compression; (b) our NEPS approach.

of 33 delays are required by LIAF, according to Eq. (5). In contrast, our NEPS
demands a much lower minimum of only 13 delays. Further more, it is observed
that 13 = 11 + 3 − gcd (11, 3). In other words, the NEPS delays requirement is
equivalent to the VBMLB in this example. However, the truth of the lower de-
lays requirement, in general cases, needs careful verification and is, therefore,
left as future work.

In summary, NEPS fits into the LIAF framework neatly, and enables superior
scheduling to be done for arbitrary SDF graphs. While tightly interdependent
components have been problematic for previous techniques, NEPS provides a
way of scheduling these more efficiently as well.

7. EXPERIMENTAL RESULTS

Our optimization algorithm is particularly beneficial to a certain class of ap-
plications. The statement of Theorem 3 tells us that no reduction is needed for
edges with production and consumption rates that are multiples of one another.
We call such edges uniform edges. Precisely, if an edge e has production and con-
sumption rates m and n, respectively, then e is uniform if either m|n or n|m.
Our proposed strategy can improve buffering cost for nonuniform edges and
generate the same buffering cost as existing SAS techniques for uniform edges.

We define two metrics for measuring this form of uniformity for a given
SDF graph G = (V , E) and an associated R-schedule S. For this purpose, we
denote Ec as the set of edges in the cluster hierarchy associated with S. Thus,
|Ec| = |E|, since every e ∈ E has a corresponding edge in one of the clustered
two-actor subgraphs associated with S. The set Ec can be partitioned into two
sets: the uniform edge set Eu, which consists of the uniform edges, and the
nonuniform edge set Enu, which consists of the remaining edges.
Metric 1: Uniformity based on edge count:

U1(G, S) = |Eu|
|E|

Metric 2: Uniformity based on buffer cost:

U2(G, S) =

∑
e∈Eu

b(e)

∑
e∈E

b(e)

where b(e) is the buffer cost on edge e for the given graph and schedule.
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Table I. Experimental Results for Real Applications

Actors Count Edges Count U1(%) U2(%) Buffer Cost Ratio (%)

aqmf235 2d 20 22 90 88 88

aqmf235 3d 44 50 76 70 76

aqmf23 2d 20 22 90 86 93

aqmf23 3d 44 50 80 70 87

nqmf23 32 35 82 84 86

cd2dat 8 7 42 4 9

cd2dat2 6 5 40 10 21

dat2cd 5 4 50 17 14

filtBankNu 26 28 82 83 90

cdma2k rev 143 157 96 77 90

Our procedural implementation technique produces no improvement in
buffering cost when uniformity is 100% (note that 100% uniformity for Metric 1
is equivalent to 100% uniformity for Metric 2). This is because if uniformity is
100%, then the two-actor graphs in the cluster hierarchy do not require any
decomposition to achieve their associated VBMLB values.

We examined several SDF applications that exhibit uniformity values be-
low 100%; the results are listed in Table I. The first three columns give the
benchmark names and graph sizes. Uniformity is measured by the proposed
metrics and is listed in the fourth and fifth columns. The R-schedule in the
uniformity computation is generated by the combination of APGAN and DPPO
[Bhattacharyya et al. 1996]. The last column is the buffer cost ratio of our pro-
cedural implementation over an R-schedule calculated by the combination of
APGAN and DPPO. A lower ratio means that our procedural implementation
consumes less buffer cost. The first five qmf benchmarks are multirate filter
bank systems with different depths and low- and high-pass components. Fol-
lowing those are three sample rate converters: cd2dat, cd2dat2, and dat2cd. The
function of cd2dat2 is equivalent to cd2dat, except for an alternative breakdown
into multiple stages. A two-channel nonuniform filter bank with depth of two
is given in filtBankNu. The last benchmark cdma2k rev is a CDMA example of
a reverse link using HPSK modulation and demodulation under SR3.

Uniformity and buffer cost ratio are roughly in a linear relationship in
Table I. To further explore this relationship between buffer cost ratio and uni-
formity, we experimented with a large set of randomly generated SDF graphs;
the results are illustrated in Figure 14. Both charts in the figure exhibit an ap-
proximately proportional relationship between uniformity and buffer cost ratio.
The lower the uniformity, the lower the buffer cost ratio.

To better understand the overheads of execution time and code size for pro-
cedural over inlined implementation, we examined the cd2dat and dat2cd ex-
amples in more detail. In the experiment for cd2dat, we obtained 0.75 and
10.85% execution time and code size overheads, respectively, compared to in-
lined implementations of the schedules returned by APGAN and GDPPO. In
the experiment for dat2cd, the overheads observed were 1.26 and 9.45%, re-
spectively. In these experiments, we used the Code Composer Studio by Texas
Instruments for the TMS320C67x series processors. In general, the overheads
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Fig. 14. Relationship between uniformity and buffer cost ratio for random graphs.

depend heavily on the granularity of the actors. In the applications of Table 1,
the actors are mostly of coarse granularity. However, in the presence of many
fine-grained (low complexity) actors, the relative overheads are likely to in-
crease; for such applications, the procedural implementation approach proposed
in this paper is less favorable, unless buffer memory constraints are especially
severe.

Employing VBMLB as the cost criterion for GDPPO gives better results than
employing the BMLB as the cost criterion for GDPPO. Previously, the BMLB
(buffer memory lower bound) has been used as the cost criteria for GDPPO in
deriving buffer optimal SAS [Bhattacharyya et al. 1996]. In the new formula-
tion here, as suggested in Section 4, we use the VBMLB as the cost criterion
for GDPPO in calculating R-schedules for NEPS implementations. Though the
R-schedules generated by GDPPO for the CD-DAT example in Figure 7 are
the same under either criterion, GDPPO with VBMLB as the cost criterion
can result in smaller buffer costs, as shown in Figure 15. We only show those
benchmarks in Figure 15 for which there is a buffer cost reduction; the other ex-
amples all have the same cost under both criteria and, hence, no reduction. The
buffer cost reduction caused by using VBMLB instead of BMLB is displayed in
percentage as the bars’ length. That is, the reduction is defined as

bufferCost(BMLB) − bufferCost(VBMLB)

bufferCost(BMLB)

where bufferCost(X ) means the buffer cost of NEPS taking DPPO results as the
input R-schedule with the associated cost criterion X . The figure shows that
there is a definite advantage in using VBMLB as the cost criterion for GDPPO
under NEPS implementations.

7.1 Comparison with Minimum Buffer Cost Schedules

Thus, we have compared the NEPS implementation to the SAS implementation
and shown that while the SAS has minimum overall code cost, it has consid-
erably higher buffer cost compared to NEPS. Here we compare NEPS with the
converse of SAS: schedules of minimum overall buffer cost that necessarily have
poor code costs.
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Fig. 15. Buffer cost reduction due to VBMLB as the GDPPO cost criterion compared to BMLB

criterion.

An arbitrary, raw schedule for an SDF graph is an admissible actor firing
sequence that does not have any form of schedule or code compression. For
instance, organizing loops in the schedule is a form of schedule compression.
For a raw schedule, the code cost is the sum of all actor firings counts (actors’
repetitions). The repetitions of an actor may be exponential in the size of an
SDF graph; hence, a raw schedule has exponential length in the size of the SDF
graph. Whether the raw schedule is inlined or implemented via procedure calls
does not matter; it will have very poor code cost. For example, the CD-DAT
system in Figure 7 has 612 actor firings in a valid raw schedule. Even if each
occurrence of a firing is replaced with a procedure call, the implementation will
still demand large code space because of the 612 procedure calls required.

All known heuristics for generating minimum buffer schedules for SDF
graphs generate them in raw form; see, for example, Bhattacharyya et al.
[1996] and Cubric and Panangaden [1993]. CDPPO [Bhattacharyya et al. 1995]
is an adaptation of GDPPO that minimizes schedule size for an arbitrary se-
quence of actor firings. Like GDPPO, CDPPO uses dynamic programming to
build nested loops to compress repeated firings optimally. To demonstrate the
effect of CDPPO, let us take the simple example in Figure 3a. The minimum
buffer schedule is given by

(AAABCAAABEDCDCDCDD)

CDPPO will organize loops in this schedule, thereby compressing it:

((3A)(B(C((3A)(B(E((3DC)(2D)))))))) (6)

Since CDPPO does not change the firing sequence of the schedule, the buffer cost
of the schedule is the same as before compression. Both of the above schedules
result in a buffer cost of 35, compared to 43 given by SAS and NEPS.

We now want to investigate how NEPS implementations compare to opti-
mally looped minimum buffer schedules returned by CDPPO applied to raw
minimum buffer schedules. The loop hierarchy of the looped schedule sug-
gests a natural way for a procedural implementation, where the loop nests be-
come procedures recursively. The procedure call sequence of Eq. (6) is shown in
Figure 16a. As can be seen in the figure, subschedules are implemented in pro-
cedures. Actors A, B, C, and D are implemented as procedures as well, because
they appear multiple times in the schedule. Actor E is not implemented as a pro-
cedure, but is inlined instead in procedure p6. This procedural implementation
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Fig. 16. Procedure call sequence for CDPPO and NEPS schedules of the SDF graph in Figure 3a.

is arguably the most code efficient realization of the looped minimum buffer
schedule. The code cost of this implementation is the number of nodes in the
procedure call graph.

Hence, the minimum buffer CDPPO schedule of Eq. (6) requires a total of
12 procedure calls, while our NEPS implementation requires 4 procedure calls,
as shown in Figure 6b. The buffer cost overhead of NEPS over the minimum
buffer CDPPO schedule is 23%, but there is a 67% reduction of procedure count
of NEPS over that of the minimum buffer CDPPO schedule.

Experiments on random graphs show that this advantage that NEPS has
over minimum buffer CDPPO schedules (of having a small buffer cost overhead
in return for a large code size savings), holds, in general. The results are sum-
marized in Figure 17. In the figure, buffer cost overhead is defined as

bufferCost(NEPS) − bufferCost(CDPPO)

bufferCost(CDPPO)

where bufferCost(X ) is the buffer cost computed by X and Y is either NEPS or
minimum buffer CDPPO schedule. Procedure count reduction is formulated as

procCount(CDPPO) − procCount(NEPS)

procCount(CDPPO)

where procCount(X ) is the procedure count of the schedule X . In Figure 17,
most of the points fall in the area of less than 30% buffer cost overhead and 70–
90% procedure count reduction. Thus, with minor buffer cost overhead, NEPS
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Fig. 17. Comparison of NEPS with the minimum buffer CDPPO.

can result in many fewer procedure calls and, therefore, a much smaller code
space requirement.

Because the problem of computing minimum buffer schedules is NP-complete
even for homogenous SDF graphs [Bhattacharyya et al. 1996], we have to rely
on heuristics for generating these schedules, in general (if we want efficiency)
[Ade et al. 1997; Bhattacharyya et al. 1996; Cubric and Panangaden 1993].
While some heuristics might produce optimal results for some subclasses of
graphs, like trees, they will necessarily be suboptimal, in general. Thus, there
does not appear to be a rigorous experimental evaluation of the quality of these
minimum buffer heuristics on general graphs. In our experiment with random
graphs, we observed that NEPS actually beats the minimum buffer heuristic of
Bhattacharyya et al. [1996], in many cases. While this is yet another advantage
for NEPS, in that it is apparently better than even a heuristic designed to purely
return minimum buffer schedules, we believe that further evaluation is needed
of minimum buffer heuristics before a more definitive claim is made of the
ability of NEPS to actually function as a minimum buffer heuristic. Hence, in
our comparison above, we have omitted the cases where NEPS outperformed
the minimum buffer heuristic and only compared it to cases where it was worse.
For future work we would like to do a thorough comparison of the heuristics
of Ade et al. [1997], Bhattacharyya et al. [1996], and Cubric and Panangaden
[1993] against NEPS and see where NEPS fits in.

A major advantage of NEPS is the polynomial-time computational complex-
ity. Though CDPPO is O(n4), where n is the number of actor firings [Bhat-
tacharyya et al. 1995], n is potentially exponential in the size of the SDF graph.
Thus, CDPPO computation is inefficient for large graphs while NEPS remains
efficient.

Some more experiments are conducted in order to compare the performance
of minimum buffer CDPPO schedules with NEPS and SAS. The results are
depicted in Figure 18. In the bar chart, where buffer costs are compared, buffer
costs are normalized by the cost of SAS (computed by APGAN and GDPPO),
because SAS has the worst buffer cost. That is, each bar has length

bufferCost(X )

bufferCost(SAS)
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Fig. 18. Comparison of minimum buffer schedule, NEPS, and SAS (APGAN + GDPPO).

in percentage, where bufferCost(X ) is the buffer cost of schedule X for the
particular benchmark. Similarly, procedure counts are also normalized by the
largest one, which are produced by the minimum buffer CDPPO schedule. Each
bar in the procedure count comparison chart has length

procCount(X )

procCount(MinBuff)

in percentage, where procCount(X ) is the number of procedure calls required in
the procedural implementation of schedule X for the particular benchmark. The
buffer cost chart in Figure 18 shows that NEPS is somewhere in between min-
imum buffer CDPPO and SAS, many times closer to minimum buffer CDPPO
than SAS. The procedure cost chart shows that NEPS is again between SAS
and minimum buffer CDPPO, but much closer to SAS, in all instances. Thus,
NEPS gives us a nice trade-off between code size and buffer size and gives
implementations where the overhead over the best possible for both metrics
is low. In the space of optimizing for two opposing criteria, namely, buffer
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size and code size, the NEPS implementation is a useful and efficient Pareto
point.

8. CONCLUSION

In this paper, we have developed an efficient method for applying subroutine
call instantiation of module functionality when synthesizing embedded soft-
ware from an SDF specification. This approach provides for significantly lower
buffer sizes, with polynomially bounded procedure call overhead, than what
is available for minimum code size, inlined schedules. This approach also pro-
vides for significantly lower code space requirements than efficiently looped
minimum buffer schedules with not much buffer cost overhead. This recur-
sive decomposition approach thus provides an efficient means for integrating
subroutine-based module instantiation into the design space of DSP software
synthesis. We develop metrics for characterizing a certain form of uniformity in
SDF schedules and show that the benefits of the proposed techniques increase
with decreasing uniformity.

Directions for future work include integrating the procedural implementa-
tion approach in this paper with existing techniques for inlined implementa-
tion. For example, different subgraphs in an SDF specification may be best
handled using different techniques, depending on application constraints and
subgraph characteristics (e.g., based on uniformity, as defined in this paper,
and actor granularity). Integration with other strategies for buffer optimiza-
tion, such as phased scheduling [Karczmarek et al. 2003] and buffer merging
[Murthy and Bhattacharyya 2004] are also useful directions for further inves-
tigation.
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