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duces an optimal result if  has only one source SCC or only one sink SCC; in

other cases, the algorithm must be viewed as a heuristic.

Fig. 5.12 outlines the restricted version of our algorithm that applies when

the synchronization graph  has exactly one source SCC. Here,BellmanFord is

assumed to be an algorithm that takes a synchronization graph  as input, and

repeatedly applies the Bellman-Ford algorithm discussed in pp. 94-97 of [Law76]

to return the cycle mean of the critical cycle in ; if one or more cycles exist that

have zero path delay, thenBellmanFord returns . Details of this procedure can

be found in [Bhat95a].

Fig. 5.13 illustrates a solution obtained fromDetermineDelays. Here we

assume that  for each vertex , and we assume that the set of communi-

cation edges are  and . The grey dashed edges are the edges added byCon-

vert-to-SC-graph. We see that  is determined by the cycle in the sink SCC of

the original graph, and inspection of this cycle yields . The solution

determined byDetermineDelays for Fig. 5.13 is one delay on  and one delay on

 ( ); the resulting self-timed buffer bounds of  and  are, respec-

tively,  and ; the total buffer sizes for the communication edges is thus 3 (sum

of the self-timed buffer bounds).

DetermineDelays can be extended to yield heuristics for the general case in

which the original synchronization graph  contains more than one source SCC

Gs

Gs

Z

Z

∞

Figure 5.13.An example used to illustrate a solution obtained by algorithm
DetermineDelays.
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Function DetermineDelays

Input : Synchronization graphs  and , where  is the graph

computed by Convert-to-SC-graph when applied to . The ordering of source

SCCs generated in Step 2 of Convert-to-SC-graph is denoted . For

,  denotes the edge instantiated by Convert-to-SC-graph from

a vertex in  to a vertex in . The sink-source edge instantiated by Convert-

to-SC-graph is denoted .

Output : Non-negative integers  such that the estimated through-

put when , , equals estimated throughput of .

 /* set delays on each edge to be infinite */

BellmanFord( ) /* compute the max. cycle mean of  */

/* an upper bound on the delay required for any

 */

For

/* fix the delay on  to be  */

End For
Return .

Function MinDelay( )

Input : A synchronization graph , an edge  in , a positive real number ,

and a positive integer .

Output : Assuming  has estimated throughput no less than , deter-

mine the minimum  such that the estimated throughput of

 is no less than .

Perform a binary search in the range  to find the minimum value of

 such that BellmanFord( ) returns a value less than or

equal to . Return this minimum value of .

Gs V E,( )= Gs
ˆ Gs

ˆ

Gs

C1 C2 … Cm, , ,

i 1 2 …m 1–, ,= ei

Ci Ci 1+

e0

do d1 … dm 1–, , ,

ei( )delay di= 0 i m 1–≤ ≤ Gs

X0 Gs
ˆ e0 ∞→ … em 1– ∞→, ,[ ]=

λmax= X0 Gs

dub t x( )
x V∈
∑ 

  MCM⁄=

ei

i 0 1 … m 1–, , ,=

δi MinDelay Xi ei MCM dub, , ,( )=

Xi 1+ Xi ei δi→[ ]= ei δi

δo δ1 … δm 1–, , ,

X e λ B, , ,
X e X λ

B

X e B→[ ] λ 1–

d 0 1 … B, , ,{ }∈

X e d→[ ] λ 1–

0 1 … B, , ,[ ]
r 0 1 … B, , ,{ }∈ X e r→[ ]

λ r

Figure 5.12.An algorithm for determining the delays on the edges introduced by
algorithm Convert-to-SC-graph.
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and more than one sink SCC. For example, if  denote edges that

were instantiated byConvert-to-SC-graph “between” the source SCCs — with

each  representing the th edge created — and similarly,  denote

the sequence of edges instantiated between the sink SCCs, then algorithmDeter-

mineDelays can be applied with the modification that , and

, where  is the sink-

source edge fromConvert-to-SC-graph. Further details related to these issues can

be found in [Bhat95a].

DetermineDelays and its variations have complexity

 [Bhat95a]. It is also easily verified that the time complex-

ity of DetermineDelays dominates that ofConvert-to-SC-graph,so the time com-

plexity of applyingConvert-to-SC-graph and DetermineDelays in succession is

again .

Although the issue of deadlock does not explicitly arise in algorithmDeter-

mineDelays,the algorithm does guarantee that the output graph is not deadlocked,

assuming that the input graph is not deadlocked. This is because (from Lemma

4.1) deadlock is equivalent to the existence of a cycle that has zero path delay, and

is thus equivalent to an infinite maximum cycle mean. SinceDetermineDelays

does not increase the maximum cycle mean, it follows that the algorithm cannot

convert a graph that is not deadlocked into a deadlocked graph.

Converting a mixed grain HSDFG that contains feedforward edges into a

strongly connected graph has been studied by Zivojnovic [Zivo94b] in the context

of retiming when the assignment of actors to processors is fixed beforehand. In this

case, the objective is to retime the input graph so that the number of communica-

tion edges that have nonzero delay is maximized, and the conversion is performed

to constrain the set of possible retimings in such a way that an integer linear pro-

gramming formulation can be developed. The technique generates two dummy

vertices that are connected by an edge; the sink vertices of the original graph are

connected to one of the dummy vertices, while the other dummy vertex is con-

nected to each source. It is easily verified that in a self-timed execution, this

a1 a2 … ak, , ,( )

ai i b1 b2 … bl, , ,( )

m k l 1+ +=

e0 e1 … em 1–, , ,( ) es a1 a2 … ak bl bl 1– … b1, , , , , , , ,( )≡ es

O V
4

log2 V( )( ) 2
 
 

O V
4

log2 V( )( ) 2
 
 
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scheme requires at least four more synchronization accesses per graph iteration

than the method that we have proposed. We can obtain further relative savings if

we succeed in detecting one or more beneficial resynchronization opportunities.

The effect of Zivojnovic’s retiming algorithm on synchronization overhead is

unpredictable since one hand a communication edge becomes “easier to make

redundant” when its delay increases, while on the other hand, the edge becomes

less useful in making other communication edges redundant since the path delay of

all paths that contain the edge increase.

5.8 Computing buffer bounds from Gs and Gipc

After all the optimizations are complete we have a final synchronization

graph  that preserves . Since the synchronization edges

in  are the ones that are finally implemented, it is advantageous to calculate the

self-timed buffer bound  as a final step after all the transformations on  are

complete, instead of using  itself to calculate these bounds. This is because

addition of the edges in theConvert-to-SC-graph andResynchronize steps may

reduce these buffer bounds. It is easily verified that removal of edges cannot

change the buffer bounds in Eqn. 5-1 as long as the synchronizations in  are

preserved. Thus, in the interest of obtaining minimum possible shared buffer sizes,

we compute the bounds using the optimized synchronization graph. The following

theorem tells us how to compute the self-timed buffer bounds from .

Theorem 5.4: If  preserves  and the synchronization edges in  are

implemented, then for each feedback communication edge  in , the self-

timed buffer bound of  ( )— an upper bound on the number of data

tokens that can be present on— is given by:

,

Proof: By Lemma 5.1, if there is a path  from  to  in , then

Gs V Eint Es∪,( )= Gipc

Gs

Bfb Gs

Gipc

Gipc

Gs

Gs Gipc Gs

e Gipc

e Bfb e( )

e

Bfb e( ) ρGs
snk e( ) src e( ),( ) e( )delay+=

p snk e( ) src e( ) Gs
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.

Taking  to be an arbitrary minimum-delay path from  to  in ,

we get

.

That is,  cannot be more that  iterations “ahead” of

. Thus there can never be more that  tokens more

than the initial number of tokens on— . Since the initial number of

tokens on  was , the size of the buffer corresponding to  is bounded

above by .QED.

The quantities  can be computed using Dijkstra’s

algorithm [Corm92] to solve the all-pairs shortest path problem on the synchroni-

zation graph in time .

5.9 Resynchronization

It is sometimes possible to reduce the total number of synchronization

edges  by adding new synchronization edges to a synchronization graph. We

refer to the process of adding one or more new synchronization edges and remov-

ing the redundant edges that result asresynchronization; Fig. 5.14(a) illustrates

this concept, where the dashed edges represent synchronization edges. Observe

that if we insert the new synchronization edge , then two of the original

synchronization edges —  and  — become redundant, and the net

effect is that we require one less synchronization edge to be implemented. In Fig.

5.14(b), we show the synchronization graph that results from inserting theresyn-

chronization edge  (grey edge) into Fig. 5.14(a), and then removing the

redundant synchronization edges that result.

We refer to the problem of finding a resynchronization with the fewest

number of final synchronization edges as theresynchronization problem. In

start e( )src k,( ) end e( )snk k p( )Delay–,( )≥

p snk e( ) src e( ) Gs

start e( )src k,( ) end e( )snk k ρGs
snk e( ) src e( ),( )–,( )≥

e( )src ρGs
snk e( ) src e( ),( )

e( )snk ρGs
snk e( ) src e( ),( )

e e( )delay

e e( )delay e

Bfb e( ) ρGs
snk e( ) src e( ),( ) e( )delay+=

ρGs
snk e( ) src e( ),( )

O V
3

 
 
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[Bhat95a] we formally establish that the resynchronization problem is NP-hard by

deriving a polynomial time reduction from the classicminimal set covering prob-

lem, which is known to be NP-hard [Garey79], to the pair-wise resynchronization

problem. The complexity remains the same whether we consider a general resyn-

chronization problem that also attempts to insert edges within SCCs, or a restricted

version that only adds feed-forward edges between SCCs (theResynchronize pro-

cedure in [Bhat95a] restricts itself to the latter, because in this case it is simpler to

ensure that the estimated throughput is unaffected by the added edges).

Although the correspondence that we establish between the resynchroniza-

tion problem and set covering shows that the resynchronization problem probably

cannot be attacked optimally with a polynomial-time algorithm, the correspon-

dence allows any heuristic for set covering to be adapted easily into a heuristic for

the pair-wise resynchronization problem, and applying such a heuristic to each pair

of SCCs in a general synchronization graph yields a heuristic for the general (not

just pair-wise) resynchronization problem [Bhat95a]. This is fortunate since the set

covering problem has been studied in great depth, and efficient heuristic methods

CB

A

FE

D

HG JI

CB

A

FE

D

(a) (b)

HG JI

Figure 5.14.An example of resynchronization.

synch. edges
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have been devised for it [Corm92].

For a certain class of IPC graphs (formally defined in [Bhat95b]) a prov-

ably optimum resynchronization can be obtained, using a procedure similar to

pipelining. This procedure, however, leads to an implementation that in general

has a larger latency than the implementation we start out with. The resynchroniza-

tion procedure as outlined in [Bhat95a] in general can lead to implementations

with increased latency. Latency is measured as the time delay between when an

input data sample is available and when the corresponding output is generated. In

[Bhat95b] we show how we can modify the resynchronization procedure to trade

off synchronization cost with latency. An optimal latency constrained synchroniza-

tion, however, is again shown to be NP-hard.

The work on resynchronization is very much ongoing research, a brief out-

line of which we have presented in this section.

5.10 Summary

We have addressed the problem of minimizing synchronization overhead in

self-timed multiprocessor implementations. The metric we use to measure syn-

chronization cost is the number of accesses made to shared memory for the pur-

pose of synchronization, per schedule period. We used the IPC graph framework

introduced in the previous chapter to extend an existing technique — detection of

redundant synchronization edges — for noniterative programs to the iterative case.

We presented a method for the conversion of the synchronization graph into a

strongly connected graph, which again results in reduced synchronization over-

head. Also, we briefly outlined the resynchronization procedure, which involves

adding synchronization points in the schedule such that the overall synchroniza-

tion costs are reduced. Details of resynchronization can be found in [Bhat95a] and

[Bhat95b]. We demonstrated the relevance of our techniques through practical

examples.

The input to our algorithm is an HSDFG and a parallel schedule for it. The
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output is an IPC graph , which represents buffers as communica-

tion edges; a strongly connected synchronization graph ,

which represents synchronization constraints; and a set of shared-memory buffer

sizes . Fig. 5.15 specifies the complete algo-

rithm.

A code generator can then accept  and , allocate a buffer in shared

memory for each communication edge  specified by  of size , and

generate synchronization code for the synchronization edges represented in .

These synchronizations may be implemented using the BBS protocol. The result-

ing synchronization cost is , where  is the number of synchronization edges

in the synchronization graph  that is obtained after all optimizations are com-

Gipc V Eipc,( )=

Gs V Eint Es∪,( )=

Function MinimizeSynchCost
Input:  An HSDFG  and a self-timed schedule  for this HSDFG.
Output: , , and .

1. Extract  from  and

2. /* Each communication edge is also a synchronization
edge to begin with */

3.

4.

5.

6.

7. Calculate the buffer size  for each communication edge  in
.

a) Compute

b)

G S

Gipc Gs Bfb e( ) e is an IPC edge inGipc{ }

Gipc G S

Gs Gipc←

Gs Resynchronize Gs( )←

Gs Convert-to-SC-graph Gs( )←

Gs DetermineDelays Gs( )←

Gs RemoveRedundantSynchs Gs( )←

Bfb e( ) e

Gipc

ρGs
e( ) e( )snk,src( )

Bfb e( ) ρGs
e( ) e( )snk,src( ) e( )delay+←

Figure 5.15.The complete synchronization optimization algorithm.
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6

EXTENSIONS

The techniques of the previous chapters apply compile time analysis to

static schedules for HSDF graphs that have no decision making at the dataflow

graph level. In this chapter we consider graphs with data dependent control flow.

Recall that atomic actors in an HSDF graph are allowed to perform data-dependent

decision making within their body, as long as their input/output behaviour respects

SDF semantics. We show how some of the ideas we explored previously can still

be applied to dataflow graphs containing actors that display data-dependent firing

patterns, and therefore are not SDF actors.

6.1 The Boolean Dataflow model

The Boolean Dataflow (BDF)model was proposed by Lee [Lee91] and

was further developed by Buck [Buck93] for extending the SDF model to allow

data-dependent control actors in the dataflow graph. BDF actors are allowed to

contain acontrol input, and the number of tokens consumed and produced on the

arcs of a BDF actors can be a two-valued function of a token consumed at the con-

trol input. Actors that follow SDF semantics, i.e. that consume and produce fixed

number of tokens on their arcs, are clearly a subset of the set of allowed BDF

actors (SDF actors simply do not have any control inputs). Two basic dynamic
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actors in the token flow model are the SWITCH and SELECT actors shown in Fig.

6.1. The switch actor consumes one Boolean-valued control token and another

input token; if the control token is TRUE, the input token is copied to the output

labelled T, otherwise it is copied to the output labelled F. The SELECT actor per-

forms the complementary operation; it reads an input token from its T input if the

control token is TRUE, otherwise it reads from its F input; in either case, it copies

the token to its output. Constructs such as conditionals and data-dependent itera-

tions can easily be represented in a BDF graph, as illustrated in Fig. 6.2. The verti-

ces A, B, C, etc. in Fig. 6.2 need not be atomic actors; they could also be arbitrary

SDF graphs. A BDF graph allows SWITCH and SELECT actors to be connected

in arbitrary topologies. Buck [Buck93] in fact shows that any Turing machine can

be expressed as a BDF graph, and therefore the problems of determining whether

such a graph deadlocks and whether it uses bounded memory are undecidable.

Buck proposes heuristic solutions to these problems based on extensions of the

techniques for SDF graphs to BDF model.

6.1.1 Scheduling

Buck presents techniques for statically scheduling BDF graphs on a single

processor; his methods attempt to generate a sequential program without a

dynamic scheduling mechanism, usingif-then-else  anddo-while control

constructs where required. Because of the inherent undecidability of determining

deadlock behaviour and bounded memory usage, these techniques are not always

SWITCH

T F SELECT

T F

control control

Figure 6.1.BDF actors SWITCH and SELECT
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guaranteed to generate a static schedule, even if one exists; a dynamically sched-

uled implementation, where a run time kernel decides which actors to fire, can be

used when a static schedule cannot be found in a reasonable amount of time.

Automatic parallel scheduling of general BDF graphs is still an unsolved

problem. Anaive mechanism for scheduling graphs that contain SWITCH and

SELECT actors is to generate an Acyclic Precedence Graph (APG), similar to the

APG generated for SDF graphs discussed in section 1.2.1, for every possible

assignment of the Boolean valued control tokens in the BDF graph. For example,

the if-then-else graph in Fig. 6.2(a) could have two different APGs, shown in Fig.

SWITCH

T F

SELECT

A

CD

E

B

T F

Figure 6.2.(a) Conditional (if-then-else) dataflow graph. The branch outcome
is determined at run time by actor B. (b) Graph representing data-dependent
iteration. The termination condition for the loop is determined by actor D.
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6.3, and APGs thus obtained can be scheduled individually using a self-timed

strategy; each processor now gets several lists of actors, one list for each possible

assignment of the control tokens. The problem with this approach is that for a

graph with  different control tokens, there are  possible distinct APGs, each

corresponding to each execution path in the graph. Such a set of APGs can be com-

pactly represented using the so called Annotated Acyclic Precedence Graph

(AAPG) of [Buck93] in which actors and arcs are annotated with conditions under

which they exist in the graph. Buck uses the AAPG construct to determine whether

a bounded-length uniprocessor schedule exists. In the case of multiprocessor

scheduling, it is not clear how such an AAPG could be used to explore scheduling

options for the different values that the control tokens could take, without explic-

itly enumerating all possible execution paths.

The main work in parallel scheduling of dataflow graphs that have dynamic

actors has been theQuasi-static scheduling approach, first proposed by Lee

[Lee88b] and extended by Ha [Ha92]. In this work, techniques have been devel-

oped that statically schedule standard dynamic constructs such as data-dependent

conditionals, data-dependent iterations, and recursion. These constructs must be

identified in a given dataflow graph, either manually or automatically, before Ha’s

techniques can be applied. These techniques make the simplifying assumption that

the control tokens for different dynamic actors are independent of one another, and
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Figure 6.3.Acyclic precedence graphs corresponding to the if-then-else graph of
Fig. 6.2. (a) corresponds to the TRUE assignment of the control token, (b) to the
FALSE assignment.
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that each control stream consists of tokens that take TRUE or FALSE values ran-

domly and are independent and identically distributed (i.i.d.) according to statistics

known at compile time. Such a quasi-static scheduling approach clearly does not

handle a general BDF graph, although it is a good starting point for doing so.

Ha’s quasi-static approach constructs a blocked schedule for one iteration

of the dataflow graph. The dynamic constructs are scheduled in a hierarchical fash-

ion; each dynamic construct is scheduled on a certain number of processors, and is

then converted into a single node in the graph and is assigned a certainexecution

profile. A profile of a dynamic construct consists of the number of processors

assigned to it, and the schedule of that construct on the assigned processors; the

profile essentially defines the shape that a dynamic actor takes in the processor-

time plane. When scheduling the remainder of the graph, the dynamic construct is

treated as an atomic block, and its profile is used to determine how to schedule the

remaining actors around it; the profile helps tiling actors in the processor-time

plane with the objective of minimizing the overall schedule length. Such a hierar-

chical scheme effectively handles nested control constructs, e.g. nested condition-

als.

One important aspect of quasi-static scheduling is determining execution

profiles of dynamic constructs. Ha [Ha92] studies this problem in detail and shows

how one can determine optimal profiles for constructs such as conditionals, data-

dependent iteration constructs, and recursion, assuming certain statistics are

known about the run time behaviour of these constructs.

We will consider only the conditional and the iteration construct here. We

will assume that we are given a quasi-static schedule, obtained either manually or

using Ha’s techniques. We then explore how the techniques proposed in the previ-

ous chapters for multiprocessors that utilize a self-timed scheduling strategy apply

when we implement a quasi-static schedule on a multiprocessor. First we propose

an implementation of a quasi-static schedule on a shared memory multiprocessor,

and then we show how we can implement the same program on the OMA architec-

ture, using the hardware support provided in the OMA prototype for such an
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implementation

6.2 Parallel implementation on shared memory machines

6.2.1 General strategy

A quasi-static schedule ensures that the pattern of processor availability is

identical regardless of how the data-dependent construct executes at runtime; in

the case of the conditional construct this means that irrespective of which branch is

actually taken, the pattern of processor availability after the construct completes

execution is the same. This has to be ensured by inserting idle time on processors

when necessary. Fig. 6.4 shows a quasi-static schedule for a conditional construct.

Maintaining the same pattern of processor availability allows static scheduling to

proceed after the execution of the conditional; the data-dependent nature of the

control construct can be ignored at that point. In Fig. 6.4 for example, the schedul-

ing of subgraph-1 can proceed independent of the conditional construct because

f(•) g(•)

SWITCH

subgraph-1

SELECT

c
proc 1

proc 2

proc 3

CODE FOR f(•)

CODE FOR g(•)

NO-OPS

proc 1

proc 2

proc 3

Figure 6.4.Quasi-static schedule for a conditional construct (adapted
from [Lee88b])
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the pattern of processor availability after this construct is the same independent of

the branch outcome; note that “nops” (idle processor cycles) have been inserted to

ensure this.

Multiprocessor implementation of a quasi-static schedule directly, how-

ever, implies enforcing global synchronization after each dynamic construct in

order to ensure a particular pattern of processor availability. We therefore use a

mechanism similar to the self-timed strategy; we first determine a quasi-static

schedule using the methods of Lee and Ha, and then discard the timing informa-

tion and the restrictions of maintaining a processor availability profile. Instead, we

only retain the assignment of actors to processors, the order in which they execute,

and also under what conditions on the Boolean tokens in the system the actor

should execute. Synchronization between processors is done at run time whenever

processors communicate. This scheme is analogous to constructing a self-timed

schedule from a fully-static schedule, as discussed in section 1.2.2. Thus the quasi-

static schedule of Fig. 6.4 can be implemented by the set of programs in Fig. 6.5,

for the three processors. Here,  are the receive actors, and

 are the send actors. The subscript “c” refers to actors that communi-

Proc 1
A
receive c (rc1)
if (c) {

E
receive (r1)
F

} else {
I
receive (r2)
J

}
<code for subgraph-1>

Proc 2
B
send c (sc1)
C
if (c)

send (s1)
G

else
K

<code for subgraph-1>

Proc 3
D
receive c (rc2)
if (c) {

H
} else

L
send (s2)

<code for subgraph-1>

Figure 6.5.Programs on three processors for the quasi-static schedule
of Fig. 6.4

rc1 rc2 r, 1 r2, ,{ }

sc1 s1 s2, ,{ }
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cate control tokens.

The main difference between such an implementation and the self-timed

implementation we discussed in earlier chapters are the control tokens. Whenever

a conditional construct is partitioned across more than one processor, the control

token(s) that determine its behaviour must be broadcast to all the processors that

execute that construct. Thus in Fig. 6.4 the value , which is computed by Proces-

sor 2 (since the actor that produces  is assigned to Processor 2), must be broad-

cast to the other two processors. In a shared memory machine this broadcast can be

implemented by allowing the processor that evaluates the control token (Processor

2 in our example) to write its value to a particular shared memory location preas-

signed at compile time; the processor will then update this location once for each

iteration of the graph. Processors that require the value of a particular control token

simply read that value from shared memory, and the processor that writes the value

of the control token needs to do so only once. In this way actor executions can be

conditioned upon the value of control tokens evaluated at run time. In the previous

chapters we discussed synchronization associated with data transfer between pro-

cessors. Synchronization checks must also be performed for the control tokens; the

processor that writes the value of a token must not overwrite the shared memory

location unless all processors requiring the value of that token have in fact read the

shared memory location, and processors reading a control token must ascertain

that the value they read corresponds to the current iteration rather than a previous

iteration.

The need for broadcast of control tokens creates additional communication

overhead that should ideally be taken into account during scheduling. The methods

of Lee and Ha, and also prior research related to quasi-static scheduling that they

refer to in their work, do not take this cost into account. Static multiprocessor

scheduling applied to graphs with dynamic constructs taking costs of distributing

control tokens into account is thus an interesting problem for further study.

c

c
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6.2.2 Implementation on the OMA

Recall that the OMA architecture imposes an order in which shared mem-

ory is accessed by processors in the machine. This is done to implement the OT

strategy, and is feasible because the pattern of processor communications in a self-

timed schedule of an HSDF graph is in fact predictable. What happens when we

want to run a program derived from a quasi-static schedule, such as the parallel

program in Fig. 6.5, which was derived from the schedule in Fig. 6.4? Clearly, the

order of processor accesses to shared memory is no longer predictable; it depends

on the outcome of run time evaluation of the control token . The quasi-static

schedule of Fig. 6.4 specifies the schedules for the TRUE and FALSE branches of

the conditional. If the value of  were always TRUE, then we can determine from

the quasi-static schedule that the transaction order would be

, and if the value of  were

always FALSE, the transaction order would be

. Note that writing the con-

trol token  once to shared memory is enough since the same shared location can

c

c

sc1 rc1 rc2 s, 1 r1 <access order for subgraph-1>, , , ,( ) c

proc 1

proc 2

proc 3
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proc 3
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Branch
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Figure 6.6.Transaction order corresponding to the TRUE and FALSE
branches
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be read by all processors requiring the value of .

For the OMA architecture, our proposed strategy is to switch between these

two access orders at run time. This is enabled by the preset feature of the transac-

tion controller (Chapter 3, section 3.4.2). Recall that the transaction controller is

implemented as a presettable schedule counter that addresses memory containing

the processor IDs corresponding to the bus access order. To handle conditional

constructs, we derive two bus access lists corresponding to each path in the pro-

gram, and the processor that determines the branch condition (processor 2 in our

example) forces the controller to switch between the access lists by loading the

schedule counter with the appropriate value (address “7” in the bus access sched-

ule of Fig. 6.7). Note from Fig. 6.7 that there are two points where the schedule

counter can be set; one is at the completion of the TRUE branch, and the other is a

jump into the FALSE branch. The branch into the FALSE path is best taken care of

by processor 2, since it computes the value of the control token , whereas the

branch after the TRUE path (which bypasses the access list of the FALSE branch)

is best taken care of by processor 1, since processor 1 already possesses the bus at

the time when the counter needs to be loaded. The schedule counter load opera-

tions are easily incorporated into the sequential programs of processors 1 and 2.

The mechanism of switching between bus access orders works well when

the number of control tokens is small. But if the number of such tokens is large,

then this mechanisms breaks down, even if we can efficiently compute a quasi-

static schedule for the graph. To see why this is so, consider the graph in Fig. 6.8,

which contains  conditional constructs in parallel paths going from the input to

the output. The functions “fi” and “gi” are assumed to be subgraphs that are

assigned to more than one processor. In Ha’s hierarchical scheduling approach,

each conditional is scheduled independently; once scheduled, it is converted into

an atomic node in the hierarchy, and a profile is assigned to it. Scheduling of the

other conditional constructs can then proceed based on these profiles. Thus the

scheduling complexity in terms of the number of parallel paths is  if there

are  parallel paths. If we implement the resulting quasi-static schedule in the

c

c

k

O k( )

k
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manner stated in the previous section, and employ the OMA mechanism above, we

would need one bus access list for every combination of the Booleansb1,..., bk.

This is because eachfi andgi will have its own associated bus access list, which

then has to be combined with the bus access lists of all the other branches to yield

one list. For example, if all Booleansbi are true, then all thefi’s are executed, and

we get one access list. Ifb1 is TRUE, andb2 throughbk are FALSE, theng1 is exe-

cuted, andf2 throughfk are executed. This corresponds to another bus access list.

This implies  bus access lists for each of the combination offi andgi that exe-

cute, i.e. for each possible execution path in the graph.

6.2.3 Improved mechanism

Although the idea of maintaining separate bus access lists is a simple

mechanism for handling control constructs, it can sometimes be impractical, as in

the example above. We propose an alternative mechanism based onmasking that

handles parallel conditional constructs more effectively.

Addr

0

1
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2
3

Proc 1 (rc1)

Proc 3 (rc2)

Proc 2 (s1)

Proc 2 (sc1)

Proc 1 (r1)

Proc 3 (s2)

Proc 1 (r2)

5
6

Proc 2

forces controller to jump
to the FALSE branch

if c is FALSE proc 2

if c is TRUE proc 1 forces
controller to bypass the
access list for the
FALSE branch

Proc 1

7

Access order for
subgraph-1

Access list for the
TRUE branch

Access list for the
FALSE branch

bus access list

8

Figure 6.7.Bus access list that is stored in the schedule RAM for the quasi-static
schedule of Fig. 6.6. Loading operation of the schedule counter conditioned on
value of c is also shown.

2
k
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The main idea behind masking is to store an ID of a Boolean variable along

with the processor ID in the bus access list. The Boolean ID determines whether a

particular bus grant is “enabled.” This allows us to combine the access lists of all

the nodesf1 throughfk andg1 throughgk. The bus grant corresponding to eachfi is

tagged with the boolean ID of the correspondingbi, and an additional bit indicates

that the bus grant is to be enabled whenbi is TRUE. Similarly, each bus grant cor-

responding to the access list ofgi is tagged with the ID ofbi, and an additional bit

indicates that the bus grant must be enabled only if the corresponding control

token has a FALSE value. At runtime, the controller steps through the bus access

list as before, but instead of simply granting the bus to the processor at the head of

the list, it first checks that the control token corresponding to the Boolean ID field

of the list is in its correct state. If it is in the correct state (i.e. it is TRUE for a bus

grant corresponding to an fi and FALSE for a bus grant corresponding to a gi), then

the bus grant is performed, otherwise it is masked. Thus the run time values of the

Booleans must be made available to the transaction controller for it to decide

whether to mask a particular bus grant or not.

More generally, a particular bus grant should be enabled by a product

Figure 6.8.Conditional constructs in parallel paths
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(AND) function of the Boolean variables in the dataflow graph, and the comple-

ment of these Booleans. Nested conditionals in parallel branches of the graph

necessitate bus grants that are enabled by a product function; a similar need arises

when bus grants must be reordered based on values of the Boolean variables. Thus,

in general we need to implement anannotated bus access list of the form

; each bus access is annotated with a Bool-

ean valued condition , indicating that the bus should be granted to the processor

corresponding to  when  evaluates to TRUE;  could be an arbitrary

product function of the Booleans ( ) in the system, and the comple-

ments of these Booleans (e.g. , where the bar over a variable indicates

its complement).

This scheme is implemented as shown in Fig. 6.9. The schedule memory

now contains two fields corresponding to each bus access: <Condition>:<ProcID>

c1( )ProcID1 c2( )ProcID2 …, ,{ }
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instead of the <ProcID> field alone that we had before. The <Condition> field

encodes a unique product  associated with that particular bus access. In the

OMA prototype, we can use 3 bits for <ProcID>, and 5 bits for the <Condition>

field. This would allow us to handle 8 processors and 32 product combinations of

Booleans. There can be up to  product terms in the worst case correspond-

ing to  Booleans in the system, because each Boolean  could appear in the

product term as itself, or its complement, or not at all (corresponding to a “don’t

care”). It is unlikely that all  possible product terms will be required in practice;

we therefore expect such a scheme to be practical. The necessary product terms

( ) can be implemented within the controller at compile time, based on the bus

access pattern of the particular dynamic dataflow graph to be executed.

In Fig. 6.9, the flags , are 1-bit memory elements (flip-flops)

that are memory mapped to the shared bus, and store the values of the Boolean

control tokens in the system. The processor that computes the value of each control

token updates the corresponding  by writing to the shared memory location that

maps to . The product combinations , are just AND functions of

the s and the complement of the s, e.g.  could be . As the schedule

counter steps through the bus access list, the bus grant is actually granted only if

the condition corresponding to that access evaluates to TRUE; thus if the entry

<c2><Proc1> appears at the head of the bus access list, and , then

processor 1 receives a bus grant only if the control tokenb2 is TRUE andb4 is

FALSE, otherwise the bus grant is masked and the schedule counter moves up to

the next entry in the list.

This scheme can be incorporated into the transaction controller in our

existing OMA architecture prototype, since the controller is implemented on an

FPGA. The product terms  may be programmed into the FPGA at

compile time; when we generate programs for the processors, we can also generate

theannotated bus access list (a sequence of <Condition><Proc ID> entries), and a

hardware description for the FPGA (in VHDL, say) that implements the required

product terms.
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6.2.4 Generating the annotated bus access list

Consider the problem of obtaining an annotated bus access list

, from which we can derive the sequence of

<Condition><Proc ID> entries for the mask-based transaction controller. A

straightforward, even if inefficient, mechanism for obtaining such a list is to use

enumeration; we simply enumerate all possible combinations of Booleans in the

system (  combinations for  Booleans), and determine the bus access sequence

(sequence of ProcID’s) for each combination. Each combination corresponds to an

execution path in the graph, and we can estimate the time of occurrence of bus

accesses corresponding to each combination from the quasi-static schedule. For

example, bus accesses corresponding to one schedule period of the two execution

paths in the quasi-static schedule of Fig. 6.6 may be marked along the time axis as

shown in Fig. 6.10 (we have ignored the bus access sequence corresponding to

subgraph-1 to keep the illustration simple).

The bus access schedules for each of the combinations can now be col-

lapsed into one annotated list, as in Fig. 6.10; the fact that accesses for each combi-

nation are ordered with respect to time allows us to enforce a global order on the
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accesses in the collapsed bus access list. The bus accesses in the collapsed list are

annotated with their respective Boolean condition.

The collapsed list obtained above can be used as is in the masked controller

scheme; however there is a potential for optimizing this list. Note, however, that

the same transaction may appear in the access list corresponding to different Bool-

ean combinations, because a particular Boolean token may be a “don’t care” for

that bus access. For example, the first three bus accesses in Fig. 6.10 appear in both

execution paths, because they are independent of the value of . In the worst case

a bus access that is independent of all Booleans will end up appearing in the bus

access lists of all the Boolean combinations. If these bus accesses appear contigu-

ously in the collapsed bus access sequence, we can combine them into one. For

example, “( ) Proc2, ( ) Proc2” in the annotated schedule of Fig. 6.10 can be

combined into a single “Proc 2” entry, which is not conditioned on any control

token. Consider another example: if we get contiguous entries “( ) Proc3”

and “( ) Proc3” in the collapsed list, we can replace the two entries with a

single entry “( ) Proc3”.

More generally, if the collapsed list contains a contiguous segment of the

form:

,

we can write each of the contiguous segments as:

,

where the bus grant condition is an expression , which is a sum

of products (SOP) function of the Booleans in the system. We can now apply 2-

level minimization to determine a minimal representation of each of these expres-

sions. Such 2-level minimization can be done by using a logic minimization tool

such as ESPRESSO [Bray84], which simplifies a given SOP expression into an

SOP representation with minimal number of product terms. Suppose the expres-

sion  can be minimized into another SOP expression

c

c c

b1 b2⋅

b1 b2⋅

b1

… c1( )ProcIDk c2( )ProcIDk c3( )ProcIDk … cl( )ProcIDk …, , , , , ,{ }
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, where . We can then replace the segment

of the annotated bus access list with an equivalent segment of the form:

.

We can thus obtain a minimal set of contiguous appearances of a bus grant

to the same processor.

Another optimization that can be performed is to combine annotated bus

access lists with the switching mechanism of section 6.2.1. Suppose we have the

following annotated bus access list:

.

Then, by “factoring”  out, we can equivalently write the above list as:

.

Now, we can skip over all the three accesses whenever the Boolean  is FALSE

by loading the schedule counter and forcing it to increment its count by three,

instead of evaluating each access separately, and skipping over each one individu-

ally. This strategy reduces overhead, because it costs an extra bus cycle to disable a

bus access when a condition corresponding to that bus access evaluates to FALSE;

by skipping over three bus accesses that we know are going to be disabled, we save

three idle bus cycles. There is an added cost of one cycle for loading the schedule

counter; the total savings in this example is therefore two bus cycles.

One of the problems with the above approach is that it involves explicit

enumeration of all possible combinations of Booleans, the complexity of which

limits the size of problems that can be tackled with this approach. An implicit

mechanism for representing all possible execution paths is therefore desirable. One

such mechanism is the use of Binary Decision Diagrams (BDDs), which have been

used to efficiently represent and manipulate Boolean functions for the purpose of

logic minimization [Bryant86]. BDDs have been used to compactly represent large

c1′ c2′ … cp′+ + +( ) p l<

… c1( )ProcIDk c2( )ProcIDk c3( )ProcIDk … cl( )ProcIDk …, , , , , ,{ }
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state spaces, and to perform operations implicitly over such state spaces when

methods based on explicit techniques are infeasible. One difficulty we encountered

in applying BDDs to our problem of representing execution paths is that it is not

obvious how precedence and ordering constraints can be encoded in a BDD repre-

sentation. The execution paths corresponding to the various Boolean combinations

can be represented using a BDD, but it isn’t clear how to represent the relative

order between bus accesses corresponding to the different execution paths. We

leave this as an area for future exploration.

6.3 Data-dependent iteration

A data-dependent iteration construct is shown in Fig. 6.2(b). A quasi-static

schedule for such a construct may look like the one in Fig. 6.11. We are assuming

that A, B, C, and D of Fig. 6.2(b) are subgraphs rather than atomic actors.

Such a quasi-static schedule can also be implemented in a straightforward

fashion on the OMA architecture, provided that the data-dependent construct spans

all the processors in the system. The bus access schedule corresponding to the iter-

ated subgraph is simply repeated until the iteration construct terminates. The pro-

cessor responsible for determining when the iteration terminates can be made to

force the schedule counter to loop back until the termination condition is reached.

proc 1

proc 2

proc 3

Subgraph A Subgraph C

k iterations of subgraphs B & D

Subgraphs B & D

Figure 6.11.Quasi-static schedule for the data-dependent iteration
graph of Fig. 6.2(b).
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This is shown in Fig. 6.12.

6.4 Summary

This chapter dealt with extensions of the ordered transactions approach to

graphs with data-dependent control flow. We briefly reviewed the Boolean Data-

flow model, and the quasi-static approach to scheduling conditional and data-

dependent iteration constructs. We then presented a scheme whereby the Ordered

Memory Access board could be used when such control constructs are included in

the dataflow graph. In this scheme, bus access schedules are computed for each set

of values that the control tokens in the graph evaluate to, and the bus access con-

troller is made to select between these lists at run time based on which set of values

the control tokens actually take at any given time. This was also shown to be appli-

cable to data-dependent iteration constructs. Such a scheme is feasible when the

number of execution paths in the graph is small. We proposed another mechanism

based on masking of bus accesses depending on run time values of control tokens,

for handling the case when there are multiple conditional constructs in “parallel.”

bus access
list for A

bus access
list for the
loop body
(B & D)

bus access
list for C

Processor that
determines termination
condition of the iteration
can also re-initialize
the schedule counter

Bus access list

Figure 6.12.A possible access order list corresponding to
the quasi-static schedule of Fig. 6.11.
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7

CONCLUSIONS AND FUTURE DIRECTIONS

In this thesis we explored techniques that minimize inter-processor com-

munication and synchronization costs in statically scheduled multiprocessors for

DSP. The main idea is that communication and synchronization in statically sched-

uled hardware is fairly predictable, and this predictability can be exploited to

achieve our aims of low overhead parallel implementation at low hardware cost.

The first technique we looked at was the ordered transactions strategy, where the

idea is to predict the order of processor accesses to shared resources and enforce

this order at run time. We applied this idea to a shared bus multiprocessor where

the sequence of accesses to shared memory is pre-determined at compile time and

enforced at run time by a controller implemented in hardware. We built a prototype

of this architecture called the ordered memory access architecture, and demon-

strated how we could achieve low overhead IPC at low hardware cost for the class

of DSP applications that can be specified as SDF graphs, and for which good com-

pile time estimates of execution times exist. We also introduced the IPC graph

model for modeling self-timed schedules. This model was used to show that we

can determine a particular transaction order such that enforcing this order at run

time does not sacrifice performance when actual execution times of tasks are close

to their compile time estimates. When actual running times differ from the compile

time estimates, the computation performed is still correct, but the performance
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(throughput) may be affected. We showed how such effects of run time variations

in execution times on the throughput of a given schedule can be quantified.

The ordered transactions approach also extends to graphs that include con-

structs with data-dependent firing behaviour. We discussed how conditional con-

structs and data-dependent iteration constructs can be mapped to the OMA

architecture, when the number of such control constructs is small — a reasonable

assumption for most DSP algorithms.

Finally, we presented techniques for minimizing synchronization costs in a

self-timed implementation that can be achieved by systematically manipulating the

synchronization points in a given schedule; the IPC graph construct was used for

this purpose. The techniques proposed include determining when certain synchro-

nization points are redundant, transforming the IPC graph into a strongly con-

nected graph, and then sizing buffers appropriately such that checks for buffer

overflow by the sender can be eliminated. We also outlined a technique we call

resynchronization, which introduces new synchronization points in the schedule

with the objective of minimizing the overall synchronization cost.

The work presented in this thesis leads to several open problems and direc-

tions for further research.

Mapping a general BDF graph onto the OMA to make best use of our abil-

ity to switch between bus access schedules at run time is a topic that requires fur-

ther study. Techniques for multiprocessor scheduling of BDF graphs could build

upon the quasi-static scheduling approach, which restricts itself to certain types of

dynamic constructs that need to be identified (for example as conditional con-

structs or data-dependent iterations) before scheduling can proceed. Assumptions

regarding statistics of the Boolean tokens (e.g. the proportion of TRUE values that

a control token assumes during the execution of the schedule) would be required

for determining multiprocessor schedules for BDF graphs.

The OMA architecture applies the ordered transactions strategy to a shared

bus multiprocessor. If the interprocessor communication bandwidth requirements

for an application are higher than what a single shared bus can support, a more
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elaborate interconnect, such as a crossbar or a mesh topology, may be required. If

the processors in such a system run a self-timed schedule, the communication pat-

tern is again periodic and we can predict this pattern at compile time. We can then

determine the states that the crossbar in such a system cycles through or we can

determine the sequence of settings for the switches in the mesh topology. The fact

that we can determine this information should make it possible to simplify the

hardware associated with these interconnect mechanisms, since the associated

switches need not be configured at run time. How exactly this compile time infor-

mation can be made use of for simplifying the hardware in such interconnects is an

interesting problem for further study.

In the techniques we proposed in Chapter 5 for minimizing synchroniza-

tion costs, no assumptions regarding bounds on execution times of actors in the

graph were made. A direction for further work is to incorporate timing guarantees

— for example, hard upper and lower execution time bounds, as Dietz, Zaafrani,

and O’Keefe use in [Dietz92]; and handling of a mix of actors some of which have

guaranteed execution time bounds, and some that have no such guarantees, as Filo,

Ku, Coelho Jr., and De Micheli do in [Filo93]. Such guarantees could be used to

detect situations in which data will always be available before it is needed for con-

sumption by another processor.

Also, execution time guarantees can be used to compute tighter buffer size

bounds. As a simple example, consider Fig. 7.1. Here, the analysis of section 5.8

Figure 7.1.An example of how execution time guarantees can be
used to reduce buffer size bounds.

A B

3
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yields a buffer size , since  is the minimum path delay of a

cycle that contains . However, if  and , the execution times of

actors  and , are guaranteed to be equal to the same constant, then it is easily

verified that a buffer size of  will suffice for . Systematically applying

execution time guarantees to derive lower buffer size bounds appears to be a prom-

ising direction for further work.

Another interesting problem is applying the synchronization minimization

techniques to graphs that contain dynamic constructs. Suppose we schedule a

graph that contains dynamic constructs using a quasi-static approach, or a more

general approach if one becomes available. Is it still possible to employ the syn-

chronization optimization techniques we discussed in Chapter 5? The first step to

take would be to obtain an IPC graph equivalent for the quasi-static schedule that

has a representation for the control constructs that a processor may execute as a

part of the quasi-static schedule. If we can show that the conditions we established

for a synchronization operation to be redundant (in section 5.6) holds for all execu-

tion paths in the quasi-static schedule, then we could identify redundant synchroni-

zation points in the schedule. It may also be possible to extend the strongly-

connect and resynchronization transformations to handle graphs containing condi-

tional constructs; these issues require further investigation.

Bfb A B,( )( ) 3= 3

A B,( ) t A( ) t B( )

A B

1 A B,( )
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