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Abstract

In this article we describe a framework for par-

allelism extraction and partitioning in acyclic code

regions. This framework is an extension of Milind

Girkar's work on functional parallelism, using a Petri

net model to represent parallel code, and applying mod-

i�ed optimization techniques to minimize the over-

heads of explicit synchronization. The modi�cations

introduced are directed towards the generation of e�-

cient multi-threaded code. We also describe a simple

partitioning technique that can be used to arti�cially

increase the granularity of the extracted parallelism up

to a desired level.

1 Introduction

Most research in parallelizing compilers is directed

towards loop parallelisation ([2]), however, non-loop

parallelism (sometimes called functional parallelism)

can be worthy of exploration in some applications

([8]). As this kind of parallelism is usually �ne-

grained, most work done in this area considers low

level mechanisms for e�cient scheduling ([12]).

As more operating systems start to support multi-

threaded programmingmodels at the application level

promising to take advantage of parallel hardware when

available (usually when hardware supports symmetric

multiprocessing), we have tried to develop a set of al-

gorithms that would allow parallelism extracted from

acyclic code regions to be exploited on these systems

with adequate granularity.

The framework described here is essentially based

on Girkar's work on functional parallelism ([6],[7]).

We use a Petri net model to represent parallel code

with di�erent optimization techniques to minimize the

use of explicit synchronization mechanisms directed

towards producing e�cient multi-threaded code. The

techniques described here can be viewed as separate

stages of a larger algorithm for parallelism extraction

and partitioning in acyclic code regions.

We introduce the basics of our framework in sec-

tions 2 through 4. Section 5 introduces a \code se-

quencing" optimization technique which is performed

before the application of Girkar's algorithm for de-

termining essential data dependences, as described in

section 6. Section 7 describes the mechanism used

to implement explicit synchronization, and �nally, in

section 8 we introduce a partitioning algorithm that

takes advantage of this framework.

An actual implementation of this algorithm is being

used on a paralleliser (see [10] and [3]) for the ANDF

(Architecture Neutral Distribution Format) program

distribution format (see [11]).

2 Input Data

We extract implicit parallelism from an acyclic code

region characterized by a Control Flow Graph (CFG)

and a Data Dependence Graph (DDG). We shall ex-

plain some details of the algorithm through the use of

an example. Figure 1(a) and 1(b) show the CFG and

DDG used in this example.

2.1 Control Flow Graph

The CFG of an acyclic code region is an acyclic

directed graph de�ned by a set of vertices V

CFG

and

a set of directed edges E

CFG

. There are two unique

vertices Entry; eXit 2 V

CFG

such that all vertices are

reachable from Entry and eXit is reachable from all

vertices. We say that a vertex j is reachable from a

vertex i if there is a non-null path from i to j or if

i = j.

CFG = hV

CFG

; E

CFG

i

V

CFG

= fEntry; 1; 2; 3; :::; n; eXitg

E

CFG

= fhi; ji j there is an edge from i tojg

We identify each vertex by an integer number. The

numbering order is calculated such that for any pair

of vertices hi; ji, if i < j (where \<" is the usual to-

tal ordering less-than relation) then the execution of

i always precedes the execution of j for all possible

sequential executions of the CFG where both i and j

are executed. Note that there may be more then one

possible numbering order that will satisfy this condi-

tion.

2.2 Data Dependence Graph

The DDG is also an acyclic directed graph de�ned

as follows:

DDG = hV

DDG

; E

DDG

i

V

DDG

= V

CFG

E

DDG

= fhi; ji j i �

d

jg
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Figure 1: Graphs used by the algorithm

We write i �

d

j to say that vertex j is data dependent

on vertex i. In this framework, i �

d

j only exists if

i 6= j, j is reachable from i, and the code represented

by these vertices has a memory con
ict. A memory

con
ict occurs when two blocks of code access a com-

mon memory location with at least one access modi-

fying it.

1

Note that if j is not reachable from i (on the

CFG) then there must not be any edge from i to j

on the DDG. Any memory con
icts will not matter

as i and j will never be executed together.

2.3 Arti�cial Data Dependences

The Entry and eXit vertices have the particular

role of delimiting the parallel execution of this block

of code. This is useful when decomposing a parallel

program into hierarchical code regions, so that each

code region can have a single entry and a single exit

point for control 
ow.

This stage will introduce an arti�cial set of depen-

dences to force the algorithm to produce a parallel

solution where the eXit vertex will be the last one to

be executed (after all other vertices have �nished exe-

cution). If this is not needed, then this preprocessing

step can be dropped.

The eXit vertex is arti�cially considered data de-

pendent on all other vertices (with the exception of

Entry and itself). Figure 1(c) represents these arti�-

cial dependences.

8x 2 (V

DDG

n fEntry; eXitg) ; x �

d

eXit

3 Control Dependence

We say that j post-dominates i if every path on

the CFG from i to eXit (not including i) contains

1

Other algorithms (such as memory renaming) can be ap-

plied to minimize memory con
icts before extracting paral-

lelism.

j. Note that a vertex does not post-dominates itself.

The post-dominance relation can be represented by

a tree where an edge from the parent vertex j to a

child vertex i indicates that j post-dominates i and

there is no other vertex that post-dominates i that

doesn't post-dominates j also (j is called the immedi-

ate post-dominator of i). Figure 1(e) shows the post-

dominance tree for the modi�ed CFG of �gure 1(d) in

this example.

2

We say that a vertex j is control dependent on a

vertex i with label i � k if j does not post-dominates

i and there is a non-null path from i to j such that j

post-dominates all the vertices on that path excluding

i and j.

We will represent the control dependence relation

using a Control Dependence Graph (CDG). We write

j �

c

i with label i � k to indicate that j is control de-

pendent on i with label i� k:

CDG = hV

CDG

; E

CDG

i

V

CDG

= V

CFG

E

CDG

= fhi; ji j j �

c

ig

We use the algorithm of �gure 2 to build the CDG.

Before building the post-dominance tree and the

CDG, a temporary modi�cation is made to the CFG.

The Colector vertex and the edge hEntry; Colectori

are arti�cially added to the CFG (as shown in �g-

ure 1(d)) so that the CDG will have all vertices (ex-

cluding Colector) transitively control dependent on

2

An e�cient algorithm for building a dominance tree from

a CFG is presented in [9]. The post-dominance tree can be

obtained using the same algorithmby reversing the edges of the

CFG and exchanging the roles of the Entry and eXit vertices.



1 FORALL edges in the CFG, hi; ji 2 E

CFG

DO:

2 IF j is an ancestor of i in the post-dominance

tree THEN

3 this edge of the CFG does not introduce any

control dependences.

4 ELSE

3 all vertices in the only possible path on the

post-dominance tree from the parent of i to

j are control dependent on i (including j and

excluding i itself) with label i� j.

Figure 2: Algorithm used to build the labelled CDG

Entry. Assuring that all vertices are transitively con-

trol dependent on the Entry vertex will assure that

the execution of Entry will precede the execution of

the other vertices. This arti�cial vertex and edge will

be ignored for all purposes other than the building

of the CDG.

Figure 1(d), 1(e) and 1(f) show the modi�ed CFG,

the post-dominance tree, and the CDG for this exam-

ple.

3.1 Upper Limit for Parallelism

The CDG is used as the basis for parallelismextrac-

tion. In the absence of data dependences, the informa-

tion contained in the CDG can be used for scheduling

the code in a parallel execution using the scheduling

algorithm described in �gure 3.

1 Every vertex that is not control dependent on

another vertex begins execution.

2 DO FOREVER:

3 When a vertex �nishes execution, all vertices

control dependent on that vertex with the la-

bel corresponding to the branch that would

have been taken in the CFG begin execution.

Figure 3: Scheduling code for parallel execution based

on the CDG

In this example, step 1 of this scheduling algorithm

will start the execution only of the Entry vertex (due

to the use of the arti�cial edge hEntry; Colectori when

building the CDG). When Entry �nishes executing,

vertex 1 and 10 start executing. When vertex 1 �n-

ishes execution, if the branch 1!2 is taken, then the

vertices 2 and 9 begin executing in parallel, otherwise

if the branch 1!3 is taken, then vertices 3 and 4 begin

executing in parallel and so on...

The algorithmdescribed in this section executes the

same vertices that would have been executed on an

equivalent sequential execution of the CFG. This is

demonstrated in [6].

4 Petri Net Representation

Formally, the Petri net (which we call R) is com-

posed of a set of places P , a set of transitions T , an

input function I and an output function O:

R = hP; T; I;Oi

The set of places P is in direct correspondence with

the set of vertices and the set of transitions T is in di-

rect correspondence with the set of edges in the CFG.

For this example we have:

3

:

P = fp

E

; p

1

; p

2

; p

3

; p

4

; p

5

; p

6

; p

7

; p

8

; p

9

; p

10

; p

X

g

T = ft

E�1

; t

1�2

; t

1�3

; t

2�9

; t

3�4

; t

4�5

; t

4�10

;

t

5�6

; t

6�7

; t

6�8

; t

7�9

; t

8�9

; t

9�10

; t

10�X

g

The topology of the net is de�ned by the input and

output functions (I and O respectively).

4.1 Initial Net Topology

Initially the Petri net topology is built to model the

parallel execution of the code as described previously

in section 3.1.

The function O maps every place p

i

on to the set of

its output transitions, O : P ! T . Its initial mapping

is obtained from set of transitions corresponding to

the outgoing edges of vertex i in the CFG.

O(p

i

) = ft

i�j

j hi; ji 2 E

GFC

g

The function O also maps every transition t

i�j

on

to the set of its output places, O : T ! P . Initially,

this is the set of of places that correspond to the ver-

tices that have at least one incoming edge in the CDG

labelled with the branch i� j.

O(t

i�j

) = fp

k

j hi; ki 2 E

CDG

with label i� jg

The function I maps every place on to the set of

its input transitions, I : P ! T , and every transition

on to the set of its input places, I : T ! P . As

the function I provides redundant information, we will

just de�ne it using function O.

I(p

i

) = ft

j�k

j p

i

2 O(t

j�k

)g

I(t

i�j

) = fp

k

j t

i�j

2 O(p

k

)g

For this example, the initial net topology can be

de�ned by table 1. The net can be represented graph-

ically as shown in �gure 4.

4.2 Marking and Evolution

The parallel execution in the Petri net model is

initiated by depositing a mark in the p

E

place. At

any time, to say that a place is marked is equivalent

to say that the correspondent block of code is being

executed. We say for short that the place is being

executed. When a place �nishes execution, only one

output transition of that place will �re depending on

which control 
ow path is chosen. For example, after

the execution of p

1

, transition t

1�2

�res if the branch

1!2 is taken in an equivalent sequential execution of

the CFG. When a transition �res, a mark is removed

from each one of its input places, and a mark is de-

posited in each one of its output places.

3

We have abbreviated the Entry and eXit vertex names to

E and X respectively when talking about Petri net places, so

p

E

is the place that corresponds to the Entry vertex and p

X

is

the place that corresponds to the eXit vertex.



p

i

O(p

i

) I(p

i

)

p

E

ft

E�1

g fg

p

1

ft

1�2

; t

1�3

g ft

E�1

g

p

2

ft

2�9

g ft

1�2

g

p

3

ft

3�4

g ft

1�3

g

p

4

ft

4�5

; t

4�10

g ft

1�3

g

p

5

ft

5�6

g ft

4�5

g

p

6

ft

6�7

; t

6�8

g ft

4�5

g

p

7

ft

7�9

g ft

6�7

g

p

8

ft

8�9

g ft

6�8

g

p

9

ft

9�10

g ft

1�2

; t

4�5

g

p

10

ft

10�X

g ft

E�1

g

p

X

fg ft

E�1

g

(a)

t

i�j

O(t

i�j

) I(t

i�j

)

t

E�1

fp

1

; p

10

; p

X

g fp

E

g

t

1�2

fp

2

; p

9

g fp

1

g

t

1�3

fp

3

; p

4

g fp

1

g

t

2�9

fg fp

2

g

t

3�4

fg fp

3

g

t

4�5

fp

5

; p

6

; p

9

g fp

4

g

t

4�10

fg fp

4

g

t

5�6

fg fp

5

g

t

6�7

fp

7

g fp

6

g

t

6�8

fp

8

g fp

6

g

t

7�9

fg fp

7

g

t

8�9

fg fp

8

g

t

9�10

fg fp

9

g

t

10�X

fg fp

10

g

(b)

Table 1: Net topology
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Figure 4: The Petri net R represented graphically

Given that the Petri net models the parallel execu-

tion of the acyclic code based on control dependences

and due to the properties of acyclic CFGs and de-

rived CDGs (see [4] and [6]), the Petri nets used by

this algorithm present a number of properties. The

net is 1-safe (ie. there will be at most one mark on

any place in the net at any time). During a parallel ex-

ecution every transition �res at most once, every place

will not be executed more than once and the parallel

execution always �nishes with a single mark deposited

in p

X

which has no output transitions (as the sequen-

tial execution always �nishes in the eXit vertex). The

Petri net doesn't have any transitions with multiple

input places (ie. it doesn't contain any joins, just

forks). There are no arcs in the net with multiplic-

ity greater than 1 (ie. for any pair htransition; placei

or hplace; transitioni there is at most one arc connect-

ing them, which is enforced by the de�nition of the O

function as a set and not as a collection as usual).

Care is taken to ensure that these properties will

be preserved during the optimization stages, where

the net topology will be changed.

4.3 Topological Information

The reachability notion that we have de�ned for

directed graphs in section 2.1 cannot be extended in

general for Petri nets, but given the speci�c properties

of the net used by this algorithm, speci�cally the one

that states that every transition in the net has no more

than one incoming arc (only forks, no joins), we can

provide a recursive de�nition for a function that we

call REACH

p

based on the net topology:

REACH

p

: P [ T ! 2

P

REACH

p

(p

i

) = fp

i

g [

�

S

t

i�j

2O(p

i

)

REACH

p

(t

i�j

)

�

REACH

p

(t

i�j

) =

S

p

k

2O(t

i�j

)

REACH

p

(p

k

)

For the initial net topology in this example, this func-

tion would perform the mapping de�ned in table 2.

Note that (for this initial net topology), REACH

p

(p

i

)

gives the set of places that represent the vertices on

the CDG reachable from vertex i, andREACH

p

(t

i�j

)

gives the set of places represent the vertices reachable

on the CDG from the edge with label i� j.

Examining the CFG we �nd that (for all possible

sequential executions) when some branches are taken,

there are some vertices that de�nitely won't be ex-

ecuted. For example, when branch 1!2 is taken we

know that vertex 3 won't get to be executed. Adapting

this concept to the Petri net (for all possible parallel

executions), we de�ne the NEG

p

function to map ev-

ery place p

i

in the net to the set of transitions that

when �re avoid the execution of p

i

de�nitely.

NEG

p

: P ! 2

T

NEG

p

(p

i

) = ft

j�k

j p

i

6= p

j

^

p

i

2 REACH

p

(p

j

)^

p

i

62 REACH

p

(t

j�k

)g

(Note that t

j�k

is an output transition from p

j

). Ta-

ble 3 shows the NEG

p

function for this example.
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9
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fg
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t
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fp

5
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6

; p
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; p
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9

g

t

4�10

fg

t

5�6

fg

t

6�7

fp

7

g

t
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fp

8

g

t

7�9

fg

t
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fg

t

9�10

fg

t

10�X

fg
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Table 2: REACH

p

for the initial net topology

p

i

NEG

p

(p

i

)

p

E

fg

p

1

fg

p

2

ft

1�3

g

p

3

ft

1�2

g

p

4

ft
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g
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ft
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9

ft

4�10
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p

10

fg
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X

fg

Table 3: NEG

p

This means that during any parallel execution if

p

i

is not to be executed, there will be one (and just

one) transition in NEG

p

(p

i

) that �res. Otherwise p

i

is executed and no transition in NEG(p

i

) �res:

4

8p

i

2 P;

�

9

1

t

j�k

2 NEG

p

(p

i

) j t

j�k

�res

�

_

_ (p

i

is executed)

This property is demonstrated in [6] for Girkar's

framework based on the CFG and CDG properties

for acyclic code. This demonstration is valid in this

framework for the Petri net built from the CDG as

described in section 4.1. As the topology of the net

will be changed during the optimization stage, care

has been taken in order to preserve this property.

4.4 Execution Precedence

Let i and j be any two vertices in the CFG, which

are in direct correspondence with places p

i

and p

j

on

the net. We use j � i to denote that p

j

�nishes execu-

tion before p

i

begins, in all possible parallel executions

in which both places p

j

and p

i

are executed. The func-

tion PREC will be used to map a place p

i

onto the

set of places that are known to precede the execution

p

i

:

PREC : P ! 2

P

p

j

2 PREC(p

i

)) we know that j � i

Given the algorithm for parallel execution of the CDG

as modeled by the Petri net, it can be demonstrated

that

5

:

p

i

2 REACH

p

(p

j

)) j � i

This equivalence can be used to build the PREC table

as:

PREC(p

i

) = fp

j

j p

i

2 REACH

p

(p

j

) ^ p

i

6= p

j

g

Table 4 shows the PREC function resulting from the

net in �gure 4. This precedence relationship satis�es

control dependence constraints only.

p

i

PREC(p

i

)

p

E

fg

p

1

fp

E

g
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2

fp

E
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1
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E
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1

g
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E
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E
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1
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4

g
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fp
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1
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fp

E
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1
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4

; p

6

g

p

8

fp

E

; p

1

; p

4

; p

6

g

p

9

fp

E

; p

1

; p

4

g

p

10

fp

E

g

p

X

fp

E

g

Table 4: Initial precedence \�" relationship

4

Note that the \

_

_" denotes the logical exclusive-or opera-

tion, and \9

1

" means \exists one and just one".

5

i � j if i � j _ i = j



5 Sequencing Code

The existing net executes code satisfying control de-

pendence constraints (ie, only the places that would

be executed in an equivalent sequential execution of

the CFG are executed). Additionally, every data de-

pendence y �

d

x constraints the execution of p

x

to start

only after the execution of p

y

(if p

y

is executed).

In this stage, an optimization algorithm will at-

tempt to sequence code without loss of implicit paral-

lelism to satisfy data dependences (and thus avoiding

the use of explicit synchronization mechanisms when-

ever possible). The precedence relationship table will

be used to check if a given data dependence is already

enforced by the net topology or if it needs to be en-

forced in some other way.

The optimization algorithm is shown in �gure 5.

Figure 6 illustrates the incremental changes that the

algorithm performs on the net as it handles data de-

pendences on DDG. (Dashed arcs represent anno-

tated data dependences that might have to be enforced

by explicit synchronization.) Table 5 shows the prece-

dence relationship that results from this optimization.

p

i

PREC(p

i

)

p

E

fg

p

1

fp

E

g

p

2

fp

E

; p

1

g

p

3

fp

E

; p

1

g

p

4

fp

E

; p

1

; p

3

g

p

5

fp

E

; p

1

; p

3

; p

4

g

p

6

fp

E

; p

1

; p

3

; p

4

g

p

7

fp

E

; p

1

; p

3

; p

4

; p

6

g

p

8

fp

E

; p

1

; p

3

; p

4

; p

6

g

p

9

fp

E

; p

1

; p

2

; p

3

; p

4

; p

6

; p

7

; p

8

g

p

10

fp

E

g

p

X

fp

E

; p

10

g

Table 5: PREC table after code sequencing

6 Determining Essential Dependences

After sequencing code, unsatis�ed data depen-

dences will have to be enforced by explicit synchro-

nization, but by doing so for some data dependences,

other data dependences may be indirectly satis�ed

(thus avoiding the need for more explicit synchroniza-

tion mechanisms).

Figure 7 presents Girkar's algorithm (modi�ed to

suit our framework) for determining which depen-

dences are to be satis�ed by explicit synchronization

(called \essential dependences"). We annotate the

essential dependences found by this algorithm in the

SY NCH set:

SY NCH = fhp

j

; p

i

i j j �

d

i is essentialg

Girkar's algorithm steps through all pairs of places in

the net that can be both executed in a parallel ex-

ecution, determining the actual enforced precedence

relationships, and adding all unsatis�ed data depen-

dences to the SY NCH set.

Figure 8(a) shows the �nal annotated net, while

table 6 shows the �nal precedence relationship.
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i

PREC(p

i

)

p

E

fg

p

1

fp

E

g

p

2

fp

E

; p

1

g

p

3

fp

E

; p

1

g

p

4

fp

E

; p

1

; p

3

g

p

5

fp

E

; p

1

; p

3

; p

4

g

p

6

fp

E

; p

1

; p

3

; p

4

g

p

7

fp

E

; p

1

; p

3

; p

4

; p

6

g

p

8

fp

E

; p

1

; p

3

; p

4

; p

6

g

p

9

fp

E

; p

1

; p

2

; p

3

; p

4

; p

5

; p

6

; p

7

; p

8

g

p

10

fp

E

g

p

X

fp

E

; p

1

; p

2

; p

3

; p

4

; p

5

; p

6

; p

7

; p

8

; p

9

; p

10

g

Table 6: Final PREC table

7 Explicit Synchronization Mechanism

Considering any data dependence i �

d

j (j is data

dependent on i) the execution of p

i

must �nish before

p

j

begins to execute in order to satisfy the dependence.

If only data dependences were to be considered and if

it was assumed that both p

i

and p

j

would always be

both executed, it would su�ce to have p

j

to wait for

p

i

to �nish executing. As control dependences are also

considered, every time that p

j

is going to be executed

this wait must terminate if it is known that p

i

will not

be executed.

When any of the output transitions of p

i

�res, we

know that p

i

has �nished executing. When any of the

transitions of NEG

p

(p

i

) �res, we know that p

i

will

not be executed. Given this, we can de�ne a function

DDC that maps every place p

i

on to a set of tran-

sitions that, when any one of them �res it is known

that p

i

has �nished execution or that p

i

will not be

executed:

DDC : P ! 2

T

DDC(p

i

) = O(p

i

)

[

NEG

p

(p

i

)

Table 7 de�nes DDC for the current example.

p

i

DDC

p

(p

i

)

p

E

ft

E�1

g

p

1

ft

1�3

; t

1�2

g

p

2

ft

2�9

; t

1�3

g

p

3

ft

3�4

; t

1�2

g

p

4

ft

4�5

; t

4�10

; t

1�2

g

p

5

ft

5�6

; t

1�2

; t

4�10

g

p

6

ft

6�7

; t

6�8

; t

1�2

; t

4�10

g

p

7

ft

7�9

; t

1�2

; t

4�10

; t

6�8

g

p

8

ft

8�9

; t

1�2

; t

4�10

; t

6�7

g

p

9

ft

9�10

; t

4�10

g

p

10

fg

p

X

fg

Table 7: DDC function tabled for the current example

For every place p

i

such that there is at least

one annotation hp

j

; p

i

i 2 SY NCH we use Girkar's



1 FOR x = Entry; 1; 2; :::; eXit DO:

2 FOR y = x� 1; x� 2; :::; Entry DO:

3 IF y �

d

x THEN

/* this dependence will fall within one of the following three possibilities: */

4 IF p

x

2 REACH

p

(p

y

) THEN

/* This data dependence is already satis�ed due to control dependences or to previous code se-

quencing. Do nothing. */

5 ELSE IF 9t

i�j

j t

i�j

2 I(p

x

) ^ p

y

2 REACH

p

(t

i�j

) THEN

/* it is possible to solve this dependence by sequencing code. */

6 FORALL t

i�j

j t

i�j

2 I(p

x

) ^ p

y

2 REACH

p

(t

i�j

) DO:

7 CALL Delay(t

i�j

)

8 ELSE

/* This data dependence might have to be satis�ed by explicit synchronization. Leave it for the

next stage. */

PROCEDURE Delay(t

i�j

)

1 IF t

i�j

62 NEG

p

(p

y

) THEN

2 Remove the arc connecting t

i�j

to p

x

.

/* There exists one (and just one) exit place from t

i�j

(let it be called p

z

) from where p

y

is reachable.

Find that unique p

z

. */

3 9

1

p

z

j p

z

2 O(t

i�j

) ^ p

y

2 REACH

p

(p

z

)

4 FORALL t

z�k

j t

z�k

2 O(p

z

) DO:

5 IF t

z�k

is not yet connected to p

x

THEN

6 Connect t

z�k

to p

x

.

7 IF p

z

6= p

y

THEN

8 FORALL t

z�k

j t

z�k

2 O(p

z

) DO:

9 CALL Delay(t

z�k

)

Figure 5: Algorithm for sequencing code

method to determine a boolean expression that evalu-

ates to true when all conditions are met for p

i

to start

execution:

6

0

@

_

t

k�l

2I(p

i

)

t

k�l

1

A

^

2

4

^

hp

j

;p

i

i2SY NCH

0

@

_

t

m�n

2(DDC(p

j

)nNEG

p

(p

i

))

t

m�n

1

A

3

5

For this example, the SY NCH set is:

SY NCH = fhp

5

; p

9

i; hp

9

; p

X

ig

The resulting expressions for p

9

and p

X

are shown in

table 8.

p

i

Execution conditions for p

i

p

9

(t

2�9

_ t

7�9

_ t

8�9

) ^ [(t

5�6

_ t

1�2

)]

p

X

(t

10�X

) ^ [(t

9�10

_ t

4�10

)]

Table 8: Execution conditions for places dependent on

explicit synchronization

An explicit synchronization mechanism like the one

illustrated in �gure 9 can be used to implement the

6

In this boolean expression, net transitions are treated as

boolean variables that become true after �ring.

necessary synchronization for dependent places. The

resulting net (from replacing the input arcs of the de-

pendent places by the explicit synchronization mech-

anism) is shown in �gure 8(b). We designate the ex-

plicit synchronization mechanisms by synchronization

variables, and we refer to them as s

9

and s

X

in this

example.

...

t0 t1
...... ...

tn
...

pi

(t0  t1  ... )   ...   (...  tn)

Figure 9: An explicit synchronization mechanismwith

its associated boolean expression.

Note that after placing the synchronization vari-

ables on the net, the conditions for the de�nition of

the function REACH

p

(and any other function de-

�ned in terms of REACH

p

) will no longer be valid.

For this reason, its placement on the net is delayed

until the optimizations based on such functions are

�nished.

In the code generated, we have implemented a syn-

chronization variable as a counter that is initialized
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Figure 6: Minimizing the need for explicit synchronization by sequencing code



1 SY NCH = fg

2 FOR x = Entry; 1; 2; :::; eXit DO:

3 FOR y = x� 1; x� 2; :::; Entry DO:

4 IF x is reachable from y in the CFG THEN

5 IF NOT cont path(p

y

; p

y

; p

x

) THEN

/* All paths from y to x on the CFG have at least one vertex z such that p

y

2 PREC(p

z

) ^ p

z

2

PREC(p

x

). This assures us that p

y

precedes p

x

. */

6 FORALL p

t

j p

x

2 REACH

p

(p

t

) DO:

7 Add p

t

to PREC(p

x

)

8 IF y �

d

x ^ p

y

62 PREC(p

x

) THEN

/* y �

d

x is an essential dependence that must be enforced by the use of explicit synchronization */

9 Add hp

y

; p

x

i to SY NCH

10 FORALL p

t

j p

x

2 REACH

p

(p

t

) DO:

11 Add p

t

to PREC(p

x

)

FUNCTION cont path (z)

/* There is a path from y to z on the CFG. Returns True if there is at least one path from z to x on the

CFG such that there is no vertex s on that path for which p

y

2 PREC(p

s

) ^ p

s

2 PREC(p

x

) */

1 IF p

z

has been visited before for the current hy; xi pair THEN RETURN False

2 IF p

y

2 PREC(p

z

) ^ p

z

2 PRECENDENTS(p

x

) THEN RETURN False

3 IF p

z

= p

x

THEN RETURN True

4 FORALL p

t

j hz; ti 2 E

CFG

DO:

5 IF cont path(p

y

; p

t

; p

x

) THEN RETURN True

6 RETURN False

Figure 7: Girkar's Algorithm for detecting essential dependences
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Figure 8: Output net



to zero and is incremented by one every time a mark

is deposited in any place inside the variable. When

the counter reaches the number of places inside that

variable, the place dependent on it begins execution.

This approach is also described in [5].

7

The necessary

code to atomically increment and test, and start the

execution of the dependent place if necessary, is gen-

erated for every transition in the net that is linked to

a synchronization variable.

To minimize updates to synchronization variables

we de�ne the IMP

t

function for the annotated net

(as in �gure 8(a)) recursively as follows:

IMP

t

: P [ T ! 2

T

IMP

t

(p

i

) =

T

t

i�j

2O(p

i

)

IMP

t

(t

i�j

)

IMP

t

(t

i�j

) = ft

i�j

g [

�

S

p

k

2O(t

i�j

)

IMP

t

(p

k

)

�

IMP

p

(p

i

) gives the set of transitions that will surely

�re after p

i

is executed. IMP

p

(t

i�j

) gives the set of

transitions that will surely �re after t

i�j

�res (includ-

ing t

i�j

itself). Table 9 shows the IMP

t

function for

this example.

p

i

IMP

t

(p

i

)

p

E

ft

E�1

; t

10�X

g

p

1

fg

p

2

ft

2�9

; t

9�10

g

p

3

ft

3�4

g

p

4

fg

p

5

ft

5�6

g

p

6

ft

9�10

g

p

7

ft

7�9

; t

9�10

g

p

8

ft

8�9

; t

9�10

; g

p

9

ft

9�10

g

p

10

ft

10�X

g

p

X

fg

t

i�j

IMP

t

(t

i�j

)

t

E�1

ft

E�1

; t

10�X

g

t

1�2

ft

1�2

; t

2�9

; t

9�10

g

t

1�3

ft

1�3

; t

3�4

g

t

2�9

ft

2�9

; t

9�10

g

t

3�4

ft

3�4

g

t

4�5

ft

4�5

; t

5�6

; t

9�10

g

t

4�10

ft

4�10

g

t

5�6

ft

5�6

g

t

6�7

ft

6�7

; t

7�9

; t

9�10

g

t

6�8

ft

6�8

; t

8�9

; t

9�10

g

t

7�9

ft

7�9

; t

9�10

g

t

8�9

ft

8�9

; t

9�10

g

t

9�10

ft

9�10

g

t

10�X

ft

10�X

g

Table 9: IMP

t

function tabled for the current example

With this information, when calculating the expres-

sion of explicit synchronization for a place p

i

from the

set of its annotated data dependences we can substi-

tute any transition t

m�n

from (DDC(p

j

)nNEG

p

(p

i

))

by a transition from IMP

t

(t

m�n

) whenever this allows

any simpli�cation.

In this example, when calculating the synchro-

nization expression for p

9

we know that t

1�2

from

(DDC(p

5

) n NEG

p

(p

9

)) can be substituted by t

2�9

.

This allows the application of usual algebraic simpli-

�cation rules to simplify the expression from:

(t

2�9

_ t

7�9

_ t

8�9

) ^ [(t

5�6

_ t

1�2

)]

to:

t

2�9

_ [(t

7�9

_ t

8�9

) ^ [(t

5�6

)]]

7

Other approaches are also described in [12], but are, in our

opinion, less e�cient for implementation on conventional multi-

threaded systems.

Figure 8(c) illustrates the net with synchronization

variables placed after this optimization.

8 Partitioning

The �rst step in partitioning consists in identify-

ing sequential code in the net. This can be done by a

trivial algorithm (such as one described in [10]) that

gathers places into sequential regions. The net in �g-

ure 8(c) identi�es sequential regions composed of more

than one place by delimiting them with a dashed line.

These regions can be replaced on the net by a single

equivalent place.

Typically, as more data dependences are present in

the input data, larger regions of sequential code are

produced. By observing this property the following

empiric partitioning algorithm was designed for use

when the execution time of a sequential region (includ-

ing the execution time of its output transitions) can be

estimated relatively to the cost of thread management

operations: The partitioning algorithm tries to �nd

sequential regions that have an estimated execution

time too small to justify its parallel execution. If such

regions are found, arti�cial data dependences are in-

troduced between those regions and other regions that

are started in parallel with them. The parallelism ex-

traction and optimization stages are then re-executed

to produce a new solution with less parallel code.

In this example, if we consider that the sequen-

tial region fp

5

g has an estimated execution time that

is too small to justify the cost of having t

4�5

creat-

ing a new thread for executing fp

5

g or fp

6

; p

7

; p

8

g,

then the partitioning algorithm introduces arti�cial

data dependences between fp

5

g and other regions po-

tentially started by t

4�5

(fp

6

; p

7

; p

8

g in this example,

and always respecting that a data dependence i �

d

j is

only meaningful if j is reachable from i on the CFG)

and re-executes the parallelism extraction stages. Fig-

ure 10(a) illustrates the arti�cially introduced data de-

pendences while �gure 10(b) shows the resulting net.

9 Conclusion

In this paper we presented a framework for deter-

mining useful parallelism in acyclic code regions. We

showed, through the use of an example, the applica-

tion of techniques for parallelism extraction with opti-

mizations directed towards multi-threaded code gen-

eration.

By attempting to sequence code to satisfy data de-

pendences while preserving program correctness based

on information extracted from the net topology, com-

bined with Girkar's algorithm for determining essen-

tial data dependences, we are able to eliminate the

need for use of explicit synchronization to satisfy most

data dependences, achieving better results.

The behavior of this optimization technique allows

it to be used in a simple partitioning scheme to arti-

�cially increase the granularity of the parallelism ex-

tracted up to a desired level, which is essential when

using multi-threaded systems with high overheads in

thread management operations.
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