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1. Abstract

|
The companion paper [7] introduced the concept of resynchronization, a post-optimization

for static multiprocessor schedules in which extraneous synchronization operations are introduced
in such a way that the number of original synchronizations that consequently bhedomzant
significantly exceeds the number of additional synchronizations. Redundant synchronizations are
synchronization operations whose corresponding sequencing requirements are enforced com-
pletely by other synchronizations in the system. The amount of run-time overhead required for
synchronization can be reduced significantly by eliminating redundant synchronizations [5, 32].
Thus, effective resynchronization reduces the net synchronization overhead in the implementation
of a multiprocessor schedule, and improves the overall throughput.

However, since additional serialization is imposed by the new synchronizations, resyn-
chronization can produce significant increase in latency. The companion paper [7] develops fun-
damental properties of resynchronization and studies the problem of optimal resynchronization
under the assumption that arbitrary increases in latency can be tolerated (“unbounded-latency
resynchronization”). Such an assumption is valid, for example, in a wide variety of simulation
applications. This paper addresses the problem of computing an optimal resynchronization among
all resynchronizations that do not increase the latency beyond a prespecified upper hgund
Our study is based in the context of self-timed execution of iterative dataflow programs, which is

an implementation model that has been applied extensively for digital signal processing systems.

2. Introduction

In a shared-memory multiprocessor system, it is possible that certain synchronization



operations areedundantwhich means that their sequencing requirements are enforced entirely
by other synchronizations in the system. It has been demonstrated that the amount of run-time
overhead required for synchronization can be reduced significantly by detecting and eliminating
redundant synchronizations [5, 32].

The objective of resynchronization is to introduce new synchronizations in such a way that
the number of original synchronizations that consequently become redundant is significantly
greater that the number of new synchronizations. Thus, effective resynchronization improves the
overall throughput of a multiprocessor implementation by decreasing the average rate at which
synchronization operations are performed. However, since additional serialization is imposed by
the new synchronizations, resynchronization can produce significant increase in latency. This
paper addresses the problem of computing an optimal resynchronization among all resynchroni-
zations that do not increase the latency beyond a prespecified uppeihoynd . We address this
problem in the context aferative synchronous dataflq®1] programs. An iterative dataflow
program consists of a dataflow representation of the body of a loop that is to be iterated infinitely.
Iterative synchronous dataflow programming is used extensively for the implementation of digital
signal processing)SP) systems. Examples of commercial design environments that use this
model are COSSAP by Synopsys, the Signal Processing Worksystem (SPW) by Cadence, and
Virtuoso Synchro by Eonic Systems. Examples of research tools developed at various universities
that use synchronous dataflow or closely related dataflow models are DESCARTES [31], GRAPE
[19], Ptolemy, [11] and the Warp compiler [29].

Our implementation model involvessalf-timedscheduling strategy [22]. Each processor
executes the tasks assigned to it in a fixed order that is specified at compile time. Before firing an
actor, a processor waits for the data needed by that actor to become available. Thus, processors are
required to perform run-time synchronization only when they communicate data. This provides
robustness when the execution times of tasks are not known precisely or when then they may
exhibit occasional deviations from their estimates.

Interprocessor communicatioiPC) and synchronization are assumed to take place



through shared memory, which could be global memory between all processors, or it could be dis-
tributed between pairs of processors. Details on the assumed synchronization protocols are given
in Section 3.1. Thus, in our context, resynchronization achieves its benefit by reducing the rate of

accesses to shared memory for the purpose of synchronization.

3. Background on synchronization optimization for iterative dataflow
graphs
|

In synchronous dataflofSDF), a program is represented as a directed graph in which

vertices @ctors) represent computational tasks, edges specify data dependences, and the number
of data valuest¢kens) produced and consumed by each actor is fixed. Actors can be of arbitrary
complexity. In DSP design environments, they typically range in complexity from basic opera-
tions such as addition or subtraction to signal processing subsystems such as FFT units and adap-
tive filters.

Delayson SDF edges represent initial tokens, and specify dependencies between iterations
of the actors in iterative execution. For example, if tokens produced ky the th invocation of actor
A are consumed by thé& + 2)  th invocation of addor , then the EAgB) contains two
delays. We assume that the input SDF gralomsogeneoysvhich means that the numbers of
tokens produced and consumed are identically unity. However, since efficient techniques have
been developed to convert general SDF graphs into homogeneous graphs [21], our techniques can
easily be adapted to general SDF graphs. We refer to a homogeneous SDF g2t ashe
techniques developed in this paper can be used as a post-processing step to improve the perfor-
mance of any static multiprocessor scheduling technique for iterative DFGs, such as those
described in [1, 2, 12, 16, 17, 23, 27, 29, 33, 34].

A path in a DFG is a finite, nonempty sequerfeg, e,, ..., €,) , Where

snk(e;) = src(e), snk(e,) = src(g), ..., snk(e,_4) = src(e) .

If p = (e,e,, ...,&,) isapathinaDFG, then we define theth delay of p, denoted
Delay(p), by



n
Delay(p) = z delay(e). 1)
i=1

Since the delays on all DFG edges are restricted to be non-negative, it is easily seen that between
any two verticex, y[OV , either there is no path directed fromy to , or there exists a (not nec-
essarily uniqueininimum-delay path betweenx ang . Given a DFG , and vertizey in
G, we defineps(x, y) to be equalto if there is no path foom y to , and equal to the path
delay of a minimum-delay path fromm Y0 if there exist one or more paths{drony tds . If s
understood, then we may drop the subscript and simply wite “ " in plaggof “ .

A strongly connected compone®¢C) of a directed graph is a maximal subgraph in
which there is a path from each vertex to every other vertéxedforward edgeis an edge that
is not contained in an SCC, anfeadback edgas an edge that is contained in at least one SCC.
The source and sink actors of an SDF eelge are desmigs) snia®) , and the @elay on
is denoteddelay(e) . An edge isself loop edgaf src(e) = snk(€). We defined (X, y) to
represent an SDF edge whose source and sink vertices arey and , respectively, and whose delay
is n (assumed non-negative).

An SDF representation of an application is called@plication DFG. For each task in
a given application DF& , we assume that an estitfaje (a positive integer) of the execution
time is available. Given a multiprocessor scheduleor , we derive a data structure called the
IPC graph, denotedG;, , by instantiating a vertex for each task, connecting an edge from each
task to the task that succeeds it on the same processor, and adding an edge that has unit delay from
the last task on each processor to the first task on the same processor. Also, for eaglyedge in
G that connects tasks that execute on different processdRCadgehaving identical delay is
instantiated inGj,.  fromx ty . Figure 1(c) shows the IPC graph that corresponds to the applica-
tion DFG of Figure 1(a) and the processor assignment / actor ordering of Figure 1(b).

Each edge(vj, Vi) IG5 represents gy:nchronization constraint

start( v, k) = end( v, k—delay((vj,vi))), (2)
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wherestart(v, K andend v B respectively represent the time at which invocktion ofactor
begins execution and completes execution.

Initially, an IPC edge irGj,.  represents two functions — reading and writing of tokens
into the corresponding buffer, and synchronization between the sender and the receiver. To differ-
entiate these functions, we define another graph callesytiodaronization graph, in which
edges between tasks assigned to different processors,syallddonization edgesrepresent
synchronization constraints onlxn execution sourceof a synchronization graph is any actor
that has nonzero delay on each input edge.

Initially, the synchronization graph is identical®,. . However, resynchronization mod-
ifies the synchronization graph by adding and deleting synchronization edges. After resynchroni-
zation, the IPC edges @,  represent buffer activity, and must be implemented as buffers in
shared memory, whereas the synchronization edges represent synchronization constraints, and are
implemented by updating and testing flags in shared memory as described in Section 3.1 below. If
there is an IPC edge as well as a synchronization edge between the same pair of actors, then the
synchronization protocol is executed before the buffer corresponding to the IPC edge is accessed
S0 as to ensure sender-receiver synchronization. On the other hand, if there is an IPC edge
between two actors in the IPC graph, but there is no synchronization edge between the two, then
no synchronization needs to be done before accessing the shared buffer. If there is a synchroniza-

tion edge between two actors but no IPC edge, then no shared buffer is allocated between the two

actors; only the corresponding synchronization protocol is invoked.

@ ° (b)

Processor| Actor ordering
Proc. 1 B,D, F

9 G Proc. 2 A C E
©E ®

Figure 1. Part (c) shows the IPC graph that corresponds to the DFG of part (a) and the proces-
sor assignment / actor ordering of part (b). A “D” on top of an edge represents a unit delay.



3.1 Synchronization protocols

Given a synchronization gragh, E) , and a synchronizationedge e ,if is a feed-
forward edge then we apply a synchronization protocol ctledforward synchronization
(FFS), which guarantees thahk(e)  never attempts to read data from an empty buffer (to prevent
underflow), andsrc(e) never attempts to write data into the buffer unless the number of tokens
already in the buffer is less than some pre-specified limit, which is the amount of memory allo-
cated to that buffer (to prevent overflow). This involves maintaining a count of the number of
tokens currently in the buffer in a shared memory location. This count must be examined and
updated by each invocation sfc(e)  asdk(e)

If eis a feedback edge, then we use a more efficient protocol, éadldldack synchroni-
zation (FBS) that only explicitly ensures that underflow does not occur. Such a simplified proto-
col is possible because each feedback edge has a buffer requirement that is bounded by a constant,
called theself-timed buffer bound of the edge. The self-timed buffer bound of a feedback edge
can be computed efficiently from the synchronization graph topology [5]. In the FBS protocol we
allocate a shared memory buffer of size equal to the self-timed buffer boend of , and rather than
maintaining the token count in shared memory, we maintain a copy wfiteeointerinto the
buffer (of the source actor). After each invocatiorsaf(e) , the write pointer is updated locally
(on the processor that executgs(e) ), and the new value is written to shared memory. It is eas-
ily verified that to prevent underflow, it suffices to block each invocation of the sink actor until the
read pointer(maintained locally on the processor that execstdg¢e) ) is found to be not equal
to the current value of the write pointer. For a more detailed discussion of the FFS and FBS proto-

cols, the reader is referred to [9].

3.2 Estimated throughput

If the execution time of each acter is a fixed constiafw) for all invocations of , and
the time required for IPC is ignored (assumed to be zero), then as a consequence of Reiter’'s anal-

ysis in [30], the throughput (number of DFG iterations per unit time) of a synchronization graph



G is given by

U []
min  ODelay(C) O

T = el 3)
cycleCin G g t(v) O
e O

Since in our problem context, we only have execution time estimates available instead of
exact values, we replate(v)  with the corresponding estittea)e in (3) to obtastithe
mated throughput. The objective of resynchronization is to increaseattigal throughpuby
reducing the rate at which synchronization operations must be performed, while making sure that

the estimated throughput is not degraded.

3.3 Synchronization redundancy and resynchronization

Any transformation that we perform on the synchronization graph must respect the syn-
chronization constraints implied i, . If we ensure this, then we only need to implement the
synchronization edges of the optimized synchronization grag. ¥ (V, E;) and
G, = (V, E,) are synchronization graphs with the same vertex-set and the same set of intrapro-
cessor edges (edges that are not synchronization edges), we €ay finaservesG, if for all
el E, suchthae E;, ,we havpel(src(e), snk(€) < delay(e) . The following theorem,
developed in [9], underlies the validity of resynchronization.

Theorem 1: The synchronization constraints (as specified by (233 of imply the constraints

of G, if G, preservess, .

Intuitively, Theorem 1 is true becausedf  preser@gs , then for every synchronization
edgee inG, ,thereis apath@®, that enforces the synchronization constraint specédied by

A synchronization edge redundant in a synchronization grap@  if its removal yields a
graph that preserves . For example, in Figure 1(c), the synchronizatio(&dge is redun-
dant due to the paf(C, E), (E, D), (D, F)) .In[5],itis shown that if all redundant edges in a
synchronization graph are removed, then the resulting graph preserves the original synchroniza-

tion graph.



Given a synchronization gragh , a synchronization €agex,) G in , and an ordered

pair of actoryy,, y,) inG , we say théy,, y,) subsumes(x,, X,) in G if

Pa(Xy, Y1) + P (Yo Xp) < delay((Xy, X,)) -
Thus, intuitively,(y,, y,) subsumes,, X,) if and only if a zero-delay synchronization edge
directed fromy, toy, make§x,, X,) redundantSf is the set of synchronization ed@es in
andp is an ordered pair of actorsGn , thegp) ={s §p subsumes}

If G = (V, E) is a synchronization graph artd is the set of feedforward edgés in
then aresynchronizationof G isaseR={ ¢/, e/, ...,e,'} of edges that are not necessarily
contained inE , but whose source and sink vertices ave in , suahy they, ..., e,/ are feed-
forward edges in the DFGU= (V, (E-F)+R) ,a®- preser@s .Each memiser of that
is notinE is aesynchronization edge GU is called theesynchronized graphassociated with
R, and this graph is denoted B{(R, G)

For exampleR = {(E B)} is aresynchronization of the synchronization graph shown in
Figure 1(c).

Our concept of resynchronization considers the rearrangement of synchronizations only
across feedforward edges. We impose this restriction so that the serialization imposed by resyn-
chronization does not degrade the estimated throughput. Rearrangement of feedforward edges
does not reduce the estimated throughput because such edges do not affect the value derived from
(3).

We will use the following lemma, which is established [7].

Lemma 1: Suppose thaG is a synchronization graRh; is a resynchronizat®n of ; and
(X, y) is aresynchronization edge such thafx, y) = 0 . Thery) is redund&t(tRn G)
Thus, a minimal resynchronization (fewest number of elements) has the property that

ps(X',y'") >0 for each resynchronization ed@e€, y')

4. Elimination of synchronization edges
|

In this section, we introduce a number of useful properties that pertain to the process by
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which resynchronization can make certain synchronization edges in the original synchronization

graph become redundant. The following definition is fundamental to these properties.

Definition 1: Suppose thak is a synchronization graphRnd is a resynchronizaGon o . If
is a synchronization edge &8 that is not contained in , we saRRtbAminatess. If R elim-
inatess ,s' R , and there isa path fram(s) stk(s) WYWIR G) suchphat congains

and Delay(p) < delay( 9 , then we say that contributes to the elimination of s.

A synchronization edge can be eliminated if a resynchronization createsm path  from
src(s) to snk(s) such thaDelay(p) < delay(9 . In general, the pgth may contain more than
one resynchronization edge, and thus, it is possible that none of the resynchronization edges
allows us to eliminats  “by itself”. In such cases, it is the contribution of all of the resynchroniza-
tion edges within the path  that enables the eliminatia of . This motivates the our choice of

terminology in Definition 1. An example is shown in Figure 2.
The following two facts follow immediately from Definition 1.

Fact 1: Suppose tha is a synchronization graRh, is a resynchronizatién of r,and isa
resynchronization edge R .if does not contribute to the elimination of any synchronization
edges, theR—-{r}) is also a resynchronizatio@of r.If contributes to the elimination of one

and only one synchronization edge , tif@+{ r} +{s}) is a resynchronizati@Gn of

(@)

Figure 2. An illustration of Definition 1. Here each processor executes a single actor. A resyn-
chronization of the synchronization graph in (a) is illustrated in (b). In this resynchronization,
the resynchronization edges (V, X) and (X, W) both contribute to the elimination of (V, W).
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Fact 2: Suppose tha is a synchronization graRh, is a resynchronizatén®f , isasyn-
chronization edge i , ar&l is a resynchronization edfe in  sucHdle(s') > delay( 9

Thens' does not contribute to the eliminatiorsof

For example, leG denote the synchronization graph in Figure 3(a). Figure 3(b) shows a
resynchronizatiolR o6 . In the resynchronized graph of Figure 3(b), the resynchronization
edge(x,, y3) does not contribute to the elimination of any of the synchronization edges of
and thus Fact 1 guarantees tRaE R—{ (X, Y3)} , illustrated in Figure 3(c), is also a resynchro-
nization of G . In Figure 3(c), it is easily verified that, y,) contributes to the elimination of
exactly one synchronization edge — the e(iggys) , and from Fact 1, we have that

R"=R —{(Xs Y4)} +{ (X5 ¥5)} , illustrated in Figure 3(d), is a also resynchronizatio of

Figure 3. Properties of resynchronization.
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5. Latency-constrained resynchronization
|
As discussed in Section 3.3, resynchronization cannot decrease the estimated throughput

since it manipulates only the feedforward edges of a synchronization graph. Frequently in real-
time DSP systems, latency is also an important issue, and although resynchronization does not
degrade the estimated throughput, it generally does increase the latency. In this section we define

thelatency-constrained resynchronization probleanmself-timed multiprocessor systems.

Definition 2: Suppose5,, is an application DFG, is a synchronization graph that results from
a multiprocessor schedule f&; x, is an execution sourG in yand isan&storin  other
thanx , then we define thatency from x toy byLs(x,y)=end y 1+ pGO(x, y) 1 We refer to

x as thdatency input associated with this measure of latency, and we referto  &dehey

output.

Intuitively, the latency is the time required for the first invocation of the latency input to
influence the associated latency output. Thus, our measure of latency is explicitly concerned only
with the time that it takes for tHigst input to propagate to the output, and does not in general give
an upper bound on the time for subsequent inputs to influence subsequent outputs. Extending our
latency measure to maximize over all pairs of “related” input and output invocations would yield

the alternative measutg;’  defined by
Lg'(xy) = max{end(y k+pg (xy))-start(x K|(k=1,2 ...)}). (4)

Currently, there are no known tight upper bound$ gh that can be computed efficiently from

the synchronization graph for any useful subclass of graphs, and thus, we use the lower bound
approximationL 5 , which corresponds to the critical path, when attempting to analyze and opti-
mize the input-output propagation delay of a self-timed system. The heuristic that we present in

Section 9 for latency-constrained resynchronization can easily be adapted to handle arbitrary

1. Recall thasstart(v, k) anéndv, k) denote the time at which invocation of actor commences and
completes execution. Also, note tisaart(x 1) = 0 simce is an execution source.
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latency measures; however, the efficiency of the heuristic depends on the existence of an algo-
rithm to efficiently compute the change in latency that arises from inserting a single new synchro-
nization edge. The exploration of incorporating alternative measures — or estimates — of latency
in this heuristic framework, would be a useful area for further study.

In our study of latency-constrained resynchronization, we restrict our attention to a class
of synchronization graphs for which the latency can be computed efficiently. This is the class of
synchronization graphs in which the first invocation of the latency output is influenced by the first
invocation of the latency input. Equivalently, it is the class of graphs that contain at least one
delayless path in the corresponding application DFG directed from the latency input to the latency

output.

Definition 3: Suppose thaG, is an application DEG, is a source acBpin  yand isan
actor inG,, that is not identical to .p‘GO(x, y) = 0 ,then we say t3gt trassparent with
respect to latency input  and latency output GIf is a synchronization graph that corresponds

to a multiprocessor schedule 16, , we also say @at tramsparent.

If a synchronization graph is transparent with respect to a latency input/output pair, then
the latency can be computed efficiently using longest path calculationsaoyciiograph that is
derived from the input synchronization gra@h . This acyclic graph, which we célisthiger-
ation graph of G, denotedi (G) , is constructed by removing all edges f@®m  that have non-
zero-delay; adding a vertex , which represents the beginning of execution; get)ing O ;
and adding delayless edges from  to each source actor (other than ) of the partial construction
until the only source actor that remain®is . Figure 4 illustrates the derivatid pf

Given two verticex ang if(G) such that there is a pafl{®) ftomy to , we

B—DB O ® Q)
Iy 0 n‘ n‘ A (E) i
® © ® O, & g

Figure 4. An example used to illustrate the construction of fi(G). The graph on the right is
i(G) when G is the left-side graph.
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denote the sum of the execution times along a pathfromy to that has maximum cumulative

execution time b)ﬂ'ﬁ(G)(x, y) . Thatis,

Tic) (X% y) = max% z t(z)|(p is a path fronx to y in ﬁ(G))E. (5)

p traverses z

If there is no path fromx  tg , then we defl‘ﬁﬁG)(x, ) toHoe . Note that fog, sl
Tﬁ(G)(x, y) < +o0, sincefi (G) is acyclic. The valuds (G)(x, y)  for all paxsy can be com-
puted inO(nS) time, wher@ is the number of actor&in , by using a simple adaptation of the
Floyd-Warshall algorithm specified in [14].

The following theorem gives an efficient means for computing the lalegcy for trans-

parent synchronization graphs.

Theorem 2: Suppose thaG is a synchronization graph that is transparent with respect to

latency inputx and latency outpyt . Thea(x, y) = Tﬂ(G)(u,y)

Proof: By induction, we show that for every actor fi(G)
end wl) = Tﬁ(G)(UaW)1 (6)

which clearly implies the desired result.

First, letmt(w) denote the maximum number of actors that are traversed by a path in
i(G) (over all paths iri (G) ) that startsat and terminates at mi(iv) = 1 , then clearly
w = U . Since both the LHS and RHS of (6) are identically equiud = O whenu , we
have that (6) holds whenevert(w) = 1

Now suppose that (6) holds whenewet(w) <k , for sdreel , and consider the sce-
nariomt(w) = k+ 1. Clearly, in the self-timed (ASAP) execution®f , invocatmn , the first
invocation ofw , commences as soon as all invocations in the set

Z = {z|(z0P,)}

have completed execution, wherg  denotes the first invocation ofzactor P,and  is the set of

predecessors af  ifi(G) .Allmembers] P, satisfy(2) <k , since othermitev)

13



would exceedk + 1) . Thus, from the induction hypothesis, we have
start(w, 1) = maxend(z1)|(zU R,) = max( Tjg,(v, z)|(zD Py)

which implies that
end w1) = max(Ts)(V,2)|(z0 R,)) + (W. (7)

But, by definition oﬂ'ﬁ(G) , the RHS of (7) is clearly equarl“tRG)(u, w) , and thus we have that
endwl) = Tﬁ(G)(U,w).

We have shown that (6) holds fort((w) = 1 , and that whenever it holds for
mt(w) = k=1, it must hold foomt(w) = (k+ 1) . Thus, (6) holds for all valuesmof( w)

QEDD

Theorem 2 shows that latency can be computed efficiently for transparent synchronization
graphs. A further benefit of transparent synchronization graphs is that the change in latency
induced by adding a new synchronization edge (a “resynchronization operation”) can be com-
puted inO(1) time, giverT; (G)(a, b) for all actor paifa, b) . We will discuss this further, as

well as its application to developing an efficient resynchronization heuristic, in Section 9.

Definition 4. An instance of théatency-constrained synchronization problenconsists of a
transparent synchronization gra@h  with latency input  and latency qutput Jaterdey
constraintL .= Ls(X, ¥) . A solution to such an instance is a resynchronizé®on  such that 1)

Ly(r (X% ¥) < Lnax @nd 2) no resynchronization G that results in a latency less than or

equal toL .., has smaller cardinality thRn

X

Given a transparent synchronization gr&ph  with latency irput  and latency putput
and a latency constraiht,., , we say that a resynchronizRtionG of latisrgy-constrained

max- 1hus, the latency-constrained resynchroniza-

resynchronization (LCR) if Ly G)(x, y)<L

tion problem is the problem of determining a minimal LCR.
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6. Related work
|
In [5], a simple, efficient algorithm, callébnvert-to-SC-graphs described for introduc-

ing new synchronization edges so that the synchronization graph becomes strongly connected,
which allows all synchronization edges to be implemented with the more efficient FBS protocol.
A supplementary algorithm is also given for determining an optimal placement of delays on the
new edges so that the estimated throughput is not degraded and the increase in shared memory
buffer sizes is minimized. It is shown that the overhead required to implement the new edges that
are added bZonvert-to-SC-graplan be significantly less than the net overhead that is elimi-
nated by converting all uses of FFS to FBS. However, this technique may increase the latency.

Generally, resynchronization can be viewed as complementary @otivert-to-SC-
graph optimization: resynchronization is performed first, followeddmnvert-to-SC-graph
Under severe latency constraints, it may not be possible to accept the solution comg@gded by
vert-to-SC-graphin which case the feedforward edges that emerge from the resynchronized solu-
tion must be implemented with FFS. In such a situa@amvert-to-SC-graplean be attempted
on the original (before resynchronization) graph to see if it achieves a better result than resynchro-
nization withoutConvert-to-SC-graphHowever, for synchronization graphs that have only one
source SC@ndonly one sink SCC, the latency is not affectebyvert-to-SC-graphand thus,
for such systems resynchronization &whvert-to-SC-graplare fully complementary. This is
fortunate since such systems arise frequently in practice.

Shaffer presented an algorithm that removes redundant synchronizations in the self-timed
execution of a non-iterative DFG [32]. This technique was subsequently extended to handle itera-
tive execution and DFG edges that have delay [5]. These approaches differ from the techniques of
this paper in that they only consider the redundancy induced loyitiieal synchronizations;
they do not consider the addition of new synchronizations.

Resynchronization has been studied earlier in the context of hardware synthesis [15].
However in this work, the scheduling model and implementation model are significantly different

from the structure of self-timed multiprocessor implementations, and as a consequence, the analy-
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sis techniques and algorithmic solutions do not apply to our context, and vice-versa [7].
Partial summaries of the material in this paper and the companion paper have been pre-

sented in [4] and [8], respectively.

7. Intractability of LCR
|
In this section we show that latency-constrained resynchronization problem is NP-hard

even for the very restricted subclass of synchronization graphs in which each SCC corresponds to
a single actor, and all synchronization edges have zero delay.

As with the unbounded-latency resynchronization problem [7], the intractability of this
special case of latency-constrained resynchronization can be established by a reduction from set
covering. To illustrate this reduction, we suppose that we are given tike sef X, X5, X3, X4} ,
and the family of subsefs = {t;,t,,t;} ,whetre= {x3, X3} t,,= {X;, X} ,and

t; = {X,, X4} . Figure 5 illustrates the instance of latency-constrained resynchronization that we

in 1

100
1
ex,
exn\ EX>™_ex3
Lmax = 103

Figure 5. An instance of latency-constrained resynchronization that is derived from an
instance of the set covering problem.
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derive from the instance of set covering specifiedXyT) . Here, each actor corresponds to a
single processor and the self loop edge for each actor is not shown. The numbers beside the actors
specify the actor execution times, and the latency constraintjs= 103 . In the graph of Fig-
ure 5, which we denote i , the edges labebgdex,, ex;, ex, correspond respectively to the
membersx,, X,, X3, X, ofthe s& in the set covering instance, and the vertex pairs (resynchroni-
zation candidateq)y, st;), (v, st,), (v, st;)  correspond to the membefis of . For each relation
x Otj, an edge exists that is directed frenp sto . The latency input and latency output are
defined to ben andut respectively, and it is assumed3hat is transparent.

The synchronization graph that results from an optimal resynchronizat®n of  is shown
in Figure 6, with redundant resynchronization edges removed. Since the resynchronization candi-
dates(v, st;), (v, st;) were chosen to obtain the solution shown in Figure 6, this solution corre-
sponds to the solution ¢X, T)  that consists of the subfafiilyt;}

A correspondence between the set covering inst@RceE) and the instance of latency-

Figure 6.  The synchronization graph that results from a solution to the instance of
latency-constrained resynchronization shown in Figure 5.
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constrained resynchronization defined by Figure 5 arises from two properties of our construction:
Observation 1: (x; O't; in the set covering instange= ((v, st;) subsumex in G).

Observation 2: If Ris an optimal LCR ofG , then each resynchronization edge in  is of the

form
(v,st),i0{1, 2 3}, orof the form(stj, sx), x, U t . (8)

The first observation is immediately apparent from inspection of Figure 5.

Proof of Observation Ve must show that no other resynchronization edges can be contained in
an optimal LCR ofG . Figure 7 specifies arguments with which we can discard all possibilities
other than those given in (8). In the matrix shown in Figure 7, the entry correspondingrto row
and columnc specifies an index into the list of arguments on the right side of the figure. For each
of the six categories of arguments, except for #6, the reasoning is either obvious or easily under-
stood from inspection of Figure 5. A proof of argument #6 can be found in Appendix A of [6].

For example, edgév, z)  cannot be a resynchronization edge in  because the edge

already exists in the original synchronization graph; an edge of the(k)fjnw) cannd be in
vV |w | z |in |out] st | sx
Vv 5 3 1 2 4 OK 1 1. Exists inG .
W 3 5 6 2 4 1 4 2. Introduces a cycle.
z 2 3 5 2 1 3 3 3. Increases the latency beyoalng],,
in 1 1 4 5 4 4 4 4.pg(a;, @) = 0 (Lemma 1).
outf| 2 2 2 2 5 2 2 5. Introduces a delayless self loop.
st || 3 2 3 2 | 4| 35 OR 6. See Appendix A in [6].
sX || 2 2 3 2 1| 23| 35

a. Assuming thal(j 0 t; ; otherwise 1 applies.

Figure 7. Arguments that support Observation 2.
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because there is a path@t fream to eagh (z W) OR since otherwise there would be a
path fromin toout that traversesz w st,sx , and thus, the latency would be increased to at
least204 ;(in, z) O R from Lemma 1 singeg(in,z) = 0 ;afd v) DR  since otherwise there
would be a delayless self loop. Three of the entries in Figure 7 point to multiple argument catego-
ries. For example, ikj ot thefsxj, st) introduces a cycle, anql il t, (pr st) can-
not be contained iR because it would increase the latency béyopd

The entries in Figure 7 mark€K are simply those that correspond to (8), and thus we
have justified Observation QEDL]

The following observation, which is proven in Appendix B of [6], states that a resynchro-
nization edge of the forr(st;, sx)  contributes to the elimination of exactly one synchronization

edge, which is the edgex

Observation 3: Suppose thaR is an optimal LCR@Gf and supposeethat(sg, SX%) isa
resynchronization edge R ,forsome{1,2 3 4,j0{1, 2 3} such that t; . Tehen

contributes to the elimination of one and only one synchronization edge —

Now, suppose that we are given an optimal LIERR Gof . From Observation 3 and Fact 1,
we have that for each resynchronization eckg:g sx) Rin , we can replace this resynchroniza-
tion edge withex and obtain another optimal LCR. Thus from Observation 2, we can efficiently
obtain an optimal LCRR'  such that all resynchronization edg& in  are of th¢\fosty)

For eachx; 0 X such that

Etj|((xi Ot;) and ((v, stj) OR')), 9
we have thaex OO R" . This is becauBe is assumed to be optimal, ant’(iR)sG) contains
no redundant synchronization edges. For eachX for which (9) does not hold, we can replace

ex with any (v, stj) that satisfies, [ t and since such a replacement does not affect the
latency, we know that the result will be another optimal LCRJor . In this manner, if we repeat-

edly replace eachx that does not satisfy (9) then we obtain an optimaRLCR such that
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each resynchronization edgeRY is of the fgnmst) , and (20)

for eachx; U X', there exists a resynchronization gdge)  R'in suchy;that, . (11)

It is easily verified that the set of synchronization edges eliminat& by { e>qip<i O X} . Thus,
the sefl’ ={ tj|(v, t.) is a resynchronization edgeRi'} is a cover foX , and the cost (number
of synchronization edges) of the resynchronizaBSn (Nis-|X| +|T'|) , WNere is the number
of synchronization edges in the original synchronization graph. Now, it is also easily verified

(from Figure 5) that given an arbitrary covey ~ ¥r , the resynchronization defined by
R.=(R"={(v, t))|(t; DT)}) +{(v, t})|(t; D T,)} (12)

is also a valid LCR o, and that the associated cdtis|X| +|T,|) . Thus, it follows from

the optimality ofR” thafl’ must be a minimal cover ¥r , given the family of sulisets

To summarize, we have shown how from the particular instgXce) of set covering,
we can construct a synchronization gr&ph  such that from a solution to the latency-constrained
resynchronization problem instance defineddy , we can efficiently derive a solutdnTip
This example of the reduction from set covering to latency-constrained resynchronization is easily
generalized to an arbitrary set covering instaf¥XeT') . The generalized construction of the ini-
tial synchronization grapts is specified by the steps listed in Figure 8.

The main task in establishing our general correspondence between latency-constrained
resynchronization and set covering is generalizing Observation 2 to apply to all constructions that
follow the steps in Figure 8. This generalization is not conceptually difficult (although it is rather
tedious) since it is easily verified that all of the arguments in Figure 8 hold for the general con-
struction. Similarly, the reasoning that justifies converting an optimal LCR for the construction
into an optimal LCR of the form implied by (10) and (11) extends in a straightforward fashion to

the general construction.
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8. Two-processor systems
|

In this section, we show that although latency-constrained resynchronization for transpar-
ent synchronization graphs is NP-hard, the problem becomes tractable for systems that consist of
only two processors — that is, synchronization graphs in which there are two SCCs and each SCC
is a simple cycle. This reveals a pattern of complexity that is analogous to the classic nhonpreemp-
tive processor scheduling problem with deterministic execution times, in which the problem is
also intractable for general systems, but an efficient greedy algorithm suffices to yield optimal
solutions for two-processor systems in which the execution times of all tasks are identical [13,
18]. However, for latency-constrained resynchronization, the tractability for two-processor sys-
tems does not depend on any constraints on the task (actor) execution times. Two processor opti-
mality results in multiprocessor scheduling have also been reported in the context of a stochastic
model for parallel computation in which tasks have random execution times and communication
patterns [24].

In an instance of thevo-processor latency-constrained resynchronization (2LCR)
problem, we are given a set gburce processor actors;, X,, ..., X, With associated execution

times{t(x;)} , suchthateach isthe th actor scheduled on the processor that corresponds to

* Instantiate actors v, w, z in out, with execution times 1, 1, 100, 1, and 1, respectively,
and instantiate all of the edges in Figure 5 that are contained in the subgraph associated
with these five actors.

* For each t O T', instantiate an actor labeled st that has execution time 40.
e Foreach xO X

Instantiate an actor labeled sx that has execution time 60.

Instantiate the edge ex= dy(v, sX .

Instantiate the edge d,(sx oud .
eForeachtO T

Instantiate the edge dy(w, st) .

For each x O t, instantiate the edge dg(st, sX .

* Set L,,,, = 103.

Figure 8. A procedure for constructing an instance |, of latency-constrained resynchroniza-
tion from an instance | . of set covering such that a solution to I, yields a solution to I ..
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the source SCC of the synchronization graph; a s&hkfprocessor actorg,, y,, ..., Yq» with
associated execution timés(y;)} , such that gach is the th actor scheduled on the processor
that corresponds to the sink SCC of the synchronization graph; a set of non-redundant synchroni-
zation edges = { s, s,, ..., s,}  such that for eagh sr¢(s;) U { X, X5, ..., X} and
snk(s) O{ W, Y, .-, yq} , and a latency constraint,,, , which is a positive integer. A solution
to such an instance is a minimal resynchronizaflon  that safisfiesc) (X1, Yq) < Lmax .Inthe
remainder of this section, we denote the synchronization graph corresponding to our generic
instance of 2LCR bﬁa

We assume thalelay(s;)) = 0 forad| , and we refer to the subproblem that results from
this restriction aslelayless 2LCR In this section we present an algorithm that solves the delay-
less 2LCR problem i|®(N2) time, whei  is the number of vertic& in . An extension of this
algorithm to the general 2LCR problem (arbitrary delays can be present) can be found in [6].

An efficient polynomial-time solution to delayless 2LCR can be derived by reducing the
problem to a special case of set covering cafiegtval covering, in which we are given an
orderingw,, W, ..., Wy of the members f  (the set that must be covered), such that the collec-

tion of subsetd”  consists entirely of subsets of the forp w aWpt,1<as<bs< N

a+1r -
Thus, while general set covering involves covering a set from a collection of subsets, interval cov-
ering amounts to covering an interval from a collection of subintervals.
Interval covering can be solved @(|X||T|)  time by a simple procedure that first selects
the subsefw,, wy, ..., wy, } , where
b, = max({b|(w;, w, Ot) forsomet I T});
then selects any subset of the fofm, , w, ,,....,W,} a,sb;+1 , where
b, = max({ bl(Wb1+ 1 W, Ot) for somet 0 T});

then selects any subset of the fofm, , w oWy} agsb,+1 , where

ag+1l -
by = max({ b|(w,02+ 1 W, Ot) for somet 0 T});
and so on untib, = N

To reduce delayless 2LCR to interval covering, we start with the following observations.
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Observation 4: Suppose thaR is a resynchronizatiorf?ofr OR , and  contributes to the
elimination of synchronization edge . Then subsumes . Thus, the set of synchronization
edges that contributes to the elimination of is simply the set of synchronization edges that are

subsumed by

Proof: This follows immediately from the restriction that there can be no resynchronization edges
directed from & toaw (feedforward resynchronization), and thdig iy é) , there can be at

most one synchronization edge in any path directed Bags) snkts) QEDLI

Observation 5: If R is a resynchronization o |, then

Lw(R, ~G)(x1, Yg) = maxX({tyeq(sre(s')) +tsucc(snk(s’))|s' OR}), where
tored(Xi) = Z t(x;) fori = 1,2 ..., p, andtg,.{y;) = Zt(yj) fori = 1,2 ...,q .

=i j =i

Proof. Given a synchronization edd&,, y,) L R , there is exactly one delayless pa(lﬁs)n
from x; to Yq that containgx,, y,) and the set of vertices traversed by this path is
{X1, X9, s Xas Yp Yo + 15 -5 Yt - The desired result follows immediateQyE DU

Now, corresponding to each of the source processor actors  that satisfies

tpred(xi) + t(yq) < L,ax We define an ordered pair of actors (a “resynchronization candidate”) by

Vi = (X, y;), wherej = min({k|(tpeq(%) + tsycd Vi) < Lmax}) - (13)
Consider the example shown in Figure 9. Here, we assumigzhat 1 for each actor
andL,,, = 10 . From (13), we have

Vi = (X0 Y1) Vo = (X9, Y1), V3 = (X3, Y5), Vg = (X4, Y3) S
V5 = (X51 y4)’ V6 = (X61 y5)’ V7 = (X7’ y6)’ V8 = (X8’ y7) ' (14)
If v, exists for a giverx; , thed,(v;) can be viewed as the best resynchronization edge
that hasx, as the source actor, and thus, to construct an optimal LCR, we can select the set of

resynchronization edges entirely from amongwhe s. This is established by the following two

observations.

23



Observation 6: Suppose thaR is an LCR & , and suppose (katy,) is a delayless syn-
chronization edge iR such th@at,, y,) #v, . ThER—{(X, y,)} +{dy(va)}) is an LCR of
R.

Proof: Letv, = (X, Y.) andR = (R—={(x, y,)} +{dy(v,)}) , and observe tha;  exists,
since

((Xa Yb) O R) O (thred(Xa) + tsucdYb) S Lmax U (tpred(Xa) +1(Yg) S Lmay -
From Observation 4 and the assumption {xaty,) is delayless, the set of synchronization
edges tha(x,, y,,) contributes to the elimination of is simply the set of synchronization edges
that are subsumed K{x,, y,) . Nowsif is a synchronization edge that is subsurfreg 3y

then

pé(src(s), X)) + pé(yb, snk(s)) < delay(s). (15)

X
%)
X3
Xy
X5
Xs)
X
&)

Lyax = 10 (a) (b)

Figure 9. An instance of delayless, two-processor latency-constrained resynchronization.
In this example, the execution times of all actors are identically equal to unity.

24



From the definition of, , we have thak b , and thus, ﬂge(tyc, Yp) = 0 . It follows from (15)
that

pg(sre(s), x;) + ps(Ye snk(s)) < delay(s), (16)

and thus, thav, subsumss .Henge, subsumes all synchronization edges that con-
tributes to the elimination of, and we can conclude Riat  is a valid resynchronizafﬁon of
From the definition o, , we know thaf, . 4(X,) +tg,cdYc) S Lmax - andthus siRce s

an LCR, we have from Observation 5 tikit  is an LQRD.

From Fact 2 and the assumption that the membe$s of are all delayless, an optimal LCR
of G consists only of delayless synchronization edges. Thus from Observation 6, we know that
there exists an optimal LCR that consists only of members of thedgivp) . Furthermore, from
Observation 5, we know that a collection wf sis an LCR if and only if

O X = {515 5},
wherex(v) is the set of synchronization edges that are subsumed by . The following observa-

tion completes the correspondence between 2LCR and interval covering.

Observation 7: Lets;', s, ..., s," be the ordering od,, s, ..., s, specified by

n

(X4 = sre(s'), Xp = src(sj'), a<b)O (i<j). a7

That is thes' 's are ordered according to the order in which their respective source actors execute
on the source processor. Suppose that for gomegl, 2, ..., p} , soRie , and some
id{1,2...,.n—m}, we haves;' [ x(vj) and, ., O x(vj) . Then
Si+11S42 1 Siam—1 HX(Vj).

In Figure 9(a), the ordering specified by (17) is

S = (X1, ¥2), S = (X5, ¥4), 83" = (X3, ¥6): 4 = (X5, ¥7), S5' = (X7, Vg) (18)

and thus from (14), we have
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X(Vl) = {S]_'}! X(VZ) = {81'! S2'}! X(VS) = {81'! 82" S3'}’ X(V4) = {32" S3'}
X(VS) = {32’! 53" S4'}’ X(VG) = {53" S4'}’ X(V7) = {53" S4" S5’}’ X(VS) = {54" S5'} ’ (19)
which is clearly consistent with Observation 7.

Proof of Observation 7et v; = (xj, y,;) ,» and supposk is a positive integer such that
i <k <i+m. Then from (17), we know thatz (src(s,’), src(§,,')) = 0 . Thus, since

S+m U x(vj), we have that
pé(src(sk'), x) = 0. (20)
Now clearly
ps(snk(s’), snk(§)) = O, (21)

since otherwisepé(snk(sk’), snk(s;')) = 0 and thus (from 1) subsusyes , which contra-
dicts the assumption that the member§of are not redundant. FinallysiSige(vj) , we

know thatpé(yl, snk(s;')) = 0 . Combining this with (21) yields
pé(yh Snk(sk')) = 01 (22)
and (20) and (22) together yield thsgt [ x(vj) QED

From Observation 7 and the preceding discussion, we conclude that an optimal GCR of
can be obtained by the following steps.
(a) Construct the ordering}’, s,’, ..., s,”  specified by (17).
(b) Fori = 1,2 ..., p, determine whether or ngt  exists, and if it exists, compute
(c) Computex(vj) for each value pf such tklgt exists.
(d) Find a minimal cove€ fo% given the family of subs[ej(ivj)|vj existg

(e) Define the resynchronizatiéh = { v; |x(vj) OC}

The time-complexity of this optimal algorithm for delayless 2LC($\I2) , Where is
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the number of vertices i6 [6].

From (19), we see that there are two possible solutions that can result if we apply Steps
(a)-(e) to Figure 9(a) and use the technique described earlier for interval covering. These solutions
correspond to the interval covels = {X(v3), X(Vv7)} angl = {x(v3), Xx(vg)} . The synchro-

nization graph that results from the interval colgr is shown in Figure 9(b).

9. A heuristic for general transparent synchronization graphs
|
The companion paper [7] presents a heuristic called Global-resynchronize for the

unbounded-latency resynchronization problem, which is the problem of determining an optimal
resynchronization under the assumption that arbitrary increases in latency can be tolerated. In this
section, we extend Algorithm Global-resynchronize to derive an efficient heuristic that addresses
the latency-constrained resynchronization problem for general, transparent synchronization
graphs. Given an input synchronization gr&ph , Algorithm Global-resynchronize operates by

first computing the family of subsets
T ={X(vy, Vo) |((vy, v, O V) and (pg (Vo V) = @)} (23)

The second constraint in (23)g(Vv,, v4) = © , ensures that inserting the candidate resyn-
chronization edg¢v,, v,) does not introduce a cycle, and thus that it does not reduce the esti-
mated throughput or produce deadlock.

After computing the family of subsets specified by (23), Algorithm Global-resynchronize
chooses a member of this family that has maximum cardinality, inserts the corresponding delay-
less resynchronization edge, and removes all synchronization edges that become redundant as a
result of inserting this resynchronization edge.

To extend this technique for unbounded-latency resynchronization to the latency-con-

strained resynchronization problem, we replace the subset computation in (23) with

T ={X(vy, V) |((vy, Vo O V) and (pg (Vo Vq) = ) and (L' (v, V5) < Liya))} (24)
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whereL’ is the latency of the synchronization gréygh{ E+ {(v;, v,)}}) that results from add-
ing the resynchronization edge;, v,) @ . Assuming ﬂf‘hqg)(x, ) has been determined for

all x, ydOV, L' can be computed from
L' (vy, Vo) = max({(T5 (v, V1) + Tj)(V2, 0)). L), (25)

whereuv is the source actorfifG) o, s the latency outputland is the late@cy of

A pseudocode specification of our extension of Global-resynchronize to the latency-con-
strained resynchronization problem, called Algorithm Global-LCR is shown in Figure 9.

In the companion paper [7], we showed that Algorithm Global-resynchronim(mé)
time-complexity, whera is the number of actors in the input synchronization graph, and is the
number of feedforward synchronization edges. Since the longest path qui@(gif(é,* ) can
be computed irO(n3) time and updatecﬂl(mz) time, it is easily verified th&D([he4)
bound also applies to our extension to latency-constrained resynchronization; that is, the time
complexity of Algorithm Global-LCR i@(sn4)

Figure 11 shows the synchronization graph that results from a six-processor schedule of a
synthesizer for plucked-string musical instruments in 11 voices based on the Karplus-Strong tech-
nique. Heregxc represents the excitation input, aach  represents the computation for the th
voice, and the actors marked with “+” signs specify adders. Execution time estimates for the
actors are shown in the table at the bottom of the figure. In this exaawple, outind are respec-
tively the latency input and latency output, and the latenty @s . There are ten synchronization
edges shown, and none of these are redundant.

Figure 12 shows how the number of synchronization edges in the result computed by our
heuristic changes as the latency constraint varies. If justa@ver  units of latency can be tolerated
beyond the original latency of 170, then the heuristic is able to eliminate a single synchronization
edge. No further improvement can be obtained unless roughly a@her  units are allowed, at
which point the number of synchronization edges dro@ to , and then ddwn to  for an addi-

tional 8 time units of allowable latency. If the latency constraint is weaken@gto , just over
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twice the original latency, then the heuristic is able to reduce the number of synchronization edges
to 6. No further improvement is achieved over the relatively long ran@@83— 644 . When

L hax= 645, the minimal cost 06 synchronization edges for this system is attained, which is half

that of the original synchronization graph.

function Global-LCR
input : a synchronization graph G = (V, E)
output : an alternative synchronization graph that preserves G.

compute pg(x,y) for all actor pairs x, yI'V
compute Tjg)(X, y) for all actor pairs x, yO (V O {v})
complete= FALSE
while not (completé
best= NULL M =0
for x, yaVv
if ((Pg(Y, X) = ) and (L'(X, y) < La)
X* = x((xy))
it (Ix*|>M)
M = |x*|
best= (x Yy
end if

end if
end for

if (best= NULD
complete= TRUE

else
E = E-X(bes) +{dy(bes?}
G =(V,b
for x, yd(V O{v}) /* update Ty gy */
ThewX ¥) = max({Tjg)(X ¥), Tsc)(X src(bes)) + Ty g)(snkbes), Y})
end for
for x, ydVv [* update pg */
PreukX ¥) = min({pg(X, Y), pg(X, src(bes)) + pg(snk(besd, Y})
end for
P = Pnew: Tﬁ(G) = Tnew
end if
end while
return G

end function
Figure 10. A heuristic for latency-constrained resynchronization.
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Figure 13 illustrates how the placement of synchronization edges changes as the heuristic
is able to attain lower synchronization costs. Each of the four topologies corresponds to a break-
point in the plot of Figure 12. For example Figure 13(a) shows the synchronization graph com-
puted by the heuristic for the lowest latency constraint value for which it computes a solution that

has9 synchronization edges.

10. Conclusions

This paper has addressed the problem of latency-constrained resynchronization for self-
timed implementation of iterative dataflow programs.
We have focused on a restricted class of dataflow graphs, talsgarentgraphs, that

permits efficient computation of latency, and efficient evaluation of the change in latency that

execufion fime
32

.y Vi1 51

16

04

Figure 11. The synchronization graph that results from a six processor schedule
of a music synthesizer based on the Karplus-Strong technique.
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arises from the insertion of a new synchronization operation. A transparent dataflow graph is an
application graph that contains at least one delay-free path from the input to the output.

Given an upper bound on the allowable latency, the objective of latency-constrained

max
resynchronization is to insert extraneous synchronization operations in such a way that a) the
number of original synchronizations that consequently become redundant significant exceeds the
number of new synchronizations, and b) the serialization imposed by the new synchronizations
does not increase the latency beyand . To ensure that the serialization imposed by resynchro-
nization does not degrade the throughput, the new synchronizations are restricted to lie outside of
all cycles in the final synchronization graph.

We have established that optimal latency-constrained resynchronization is NP-hard even

g
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Figure 12. Performance of the heuristic on the example of Figure 11. The vertical axis gives the
number of synchronization edges; the horizontal axis corresponds to the latency constraint.
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for a very restricted class of transparent graphs; we have derived an efficient, polynomial-time

Lo = 221 Loax = 268
(a) (b)
x \ \ \
\
Loax = 276 Lnax = 382
() (d)

Figure 13. Synchronization graphs computed by the heuristic for different values of L.
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algorithm that computes optimal latency-constrained resynchronizations for two-processor sys-
tems; and we have extended the heuristic presented in the companion paper [7] for unbounded-
latency resynchronization to address the problem of latency-constrained resynchronization for
generah-processor systems. Through an example, of a music synthesis system, we have illus-
trated the ability of this extended heuristic to systematically trade-off between synchronization
overhead and latency.

The techniques developed in this paper can be used as a post-processing step to improve
the performance of any of the large number of static multiprocessors scheduling techniques for

iterative dataflow programs, such as those described in [1, 2, 12, 16, 17, 23, 27, 29, 33, 34].
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12. Glossary
|
EE The number of members in the finite Set

p(X, y): Same ap; withthe DFG  understood from context.

Pe(X y): If there is no path il from  tg , them(X,y) = © ; otherwise,

p(X, y) = Delay(p), wherep is any minimum-delay path from yo

delay(e): The delay on a DFG edge

Delay(p): The sum of the edge delays over all edges in theppath

d,(u, v): An edge whose source and sink verticestare vand |, respectively, and

whose delay is equal 1o
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X(p):

2LCR

The set of synchronization edges that are subsumed by the ordered pair of
actorsp .

Two-processor latency-constrained resynchronization.

contributes to the elimination

eliminates

execution source

If G is a synchronization grapls, is a synchronization eddge iR , isa
resynchronization o6 s'[0R § #s , andthereis a ppth frem(s)

to snk(s) in W(R, G) suchthap contains aridelay(p) <delay(y ,
then we say that’ contributes to the eliminatios of

If G is a synchronization grapl® is a resynchronizatio®of ,sand isa
synchronization edge i , we say tiat  eliminatess [if R

In a synchronization graph, any actor that has no input edges or has non-
zero delay on all input edges is called an execution source.

estimated throughput:

FBS

feedback edge
feedforward edge

FFS

LCR

The maximum over all cycleS ina DFGDRElay(C)/ T ,whdre isthe
sum of the execution times of all vertices traverse@by

Feedback synchronization. A synchronization protocol that may be used
for feedback edges in a synchronization graph.

An edge that is contained in at least one cycle.
An edge that is not contained in a cycle.

Feedforward synchronization. A synchronization protocol that may be used
for feedforward edges in a synchronization graph.

Latency-constrained resynchronization. Given a synchronization @aph
a resynchronizatioR db is an LCR if the latencydéfR, G) is less
than or equal to the latency constrdinf,

resynchronization edge

Y(R G):

SCC
self loop:

subsumes

Given a synchronization gragh  and a resynchroniz&ion , a resynchro-
nization edge oR is any memberiRf that is not containgsl in

If G is a synchronization graph airl is a resynchronizatid@ of , then
Y(R, G) denotes the graph that results from the resynchronizRtion

Strongly connected component.
An edge whose source and sink vertices are identical.

Given a synchronization edd&,, Xx,)  and an ordered pair of actors
(Y1, ¥2) s (Y1, Yo) subsumegx,, x,) if

P(Xq, Y1) + P(Ya X5) < delay((Xq, X5)) .
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t(v): The execution time or estimated execution time of actor

Tﬁ(G)(x, y): The sum of the actor execution times along a path fomy to in the first
iteration graph of5 that has maximum cumulative execution time.
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