A Compiler-Assisted Approac h to SPMD Execution

Ron Cytron

�

Jim Lipkis y

Edith Schonb erg z

Abstract

T o day

, two styles of scienti�c parallel programming

prev ail. In the SPMD style, all pro cessors execute

the same program, with sequential co de executed

redundantly and parallel co de executed co op eratively .

In the fork-join style, a sequential thread of control

spawns multiple threads to execute a p ortion of the

co de concurrently

. In this pap er we describ e an

automatic metho d for approaching the e�ciency of

SPMD-style execution for programs written in the

more structured fork-join style.

1 In tro duction

In literature and in common practice, two mo dels have

evolved for the expression of parallelism in source-parallel

programs. As an example, consider the same program

expressed in each of these mo dels in Figures 1 and 2.

F ork-Join In this mo del, an instruction stream (or thr e ad)

executes sequentially until a parallel construct is en-

countered. In the program of Figure 1, the doall

construct causes the otherwise sequential control to

fork into P pro cesses that execute the N iterations

of the lo op, allo cating any priv ate v ariables declared

in the lo op. The endall acts as a join p oint for the P

pro cesses: a single pro cessor pro ceeds past the endall

after all P pro cesses are �nished with the lo op.

Other parallel constructs are admissible, as long as the

b eginning and end of the construct are lexically visible,

and the construct is entered only at its o�cial lexical

entry (no jumps are allowed into the construct).

�

IBM Research Division, T. J. W atson Research Center, Y orktown

Heights, NY 10598.

y

Ultracomputer Research Lab oratory

, New Y ork University

, 715

Broadway

, 10th Flo or, New Y ork, NY 10003. This research was

supp orted in part by the Applied Mathematical Science subprogram

of the o�ce of Energy Research, U.S. Department of Energy under

contract numb er DE-FG02-88ER25052. Author’s current address is

Chorus syst� emes, 6, Avenue Gustave Ei�el, 78182 Saint-Quentin-En-

Yvelines CEDEX, F rance.

z

IBM Research Division, T. J. W atson Research Center, Y orktown

Heights, NY 10598.

doall i=1 to N

A(i) = B(i) + C(i)

if (i .eq. N) x = 0

endall

x = x + 25

call foo(x)

doall i=1 to N

A(i) = A(i) + x

endall

Figure 1. F ork-Join-style program.

SPMD In this mo del [7, 8], all pro cessors execute the

same instruction stream. During \sequential" p ortions

of a program, computations are actually p erformed

redundantly

, with each pro cessor computing the same

result. When a \parallel" construct is encountered,

the pro cessors’ execution ceases to b e redundant, with

each pro cessor co op erating on a p ortion of the parallel

work.

F or example, consider the program shown in Figure 2.

As pro cessors encounter the dopar lo op, the iterations

are distributed to achieve parallel execution. The next

assignment statement is protected by a serbegin and

serend pair, so that the increment of x is p erformed

just once, rather than once by each pro cessor. Finally ,

the pro cedure call is executed redundantly by all

pro cessors, and the iterations of the next dopar are

again distributed.

The fork-join mo del has many app ealing characteris-

tics; the semantics are clear and the parallel constructs

nest in a straightforward manner. Because the lexical

scop e of v ariables corresp onds to the fork-join structure,

a compiler can more easily determine the liveness of

v ariables than in the less restrictive SPMD mo del. If

e�ciency were not an issue, fork-join would b e the mo del

of choice. Unfortunately

, a naive translation of programs

written in this mo del could result in ine�cient parallel

execution. F or example, consider the program shown in

Figure 3. The trace for the program would show a pattern

in which a join op eration is followed immediately by a

fork. If executed naively

, the overhead of releasing and

reallo cating pro cessors in b etween the parallel constructs

b ecomes excessive. Even when very \light-weight" threads

are used as virtual pro cessors, this scheduling typically

entails swapping registers, allo cating control structures and

/* x is a shared variable */

dopar i=1 to N

A(i) = B(i) + C(i)

if (i .eq. N) x = 0

endpar

serbegin

x = x + 25

serend

call foo(x)

dopar i=1 to N

A(i) = A(i) + x

endpar

Figure 2. SPMD-style program.

doall i = 1, N

stuff

endall

doall i = 1, N

stuff

endall

doall i = 1, N

stuff

endall

Figure 3. An ine�cient fork-join program.

storage, and copying context. This overhead is mostly

eliminated with SPMD, b ecause pro cessors do not really

disapp ear at the end of a parallel construct. Instead, they

execute redundantly until the next parallel (or serializing)

construct.

Although e�cient, programming in the SPMD mo del

is cumb ersome. In Figure 2, the serbegin section must end

b efore the call to proc, if any parallelism is to b e exploited

within proc. If the pro cedure call app eared within the

serbegin..serend pair, then only one pro cessor would

actually invoke proc, and no co op erative execution could

b e achieved until proc returned. F urthermore, redundant

execution is conceptually di�cult for programmers and

writing co de that is executed redundantly can b e error-

prone.

Current literature exhibits prop onents for each mo del.

F or hand-translation of sequential co de to parallel co de,

some b elieve the SPMD mo del is easier, b ecause when all

pro cessors execute the same co de, only synchronization in-

structions must b e executed [7]. However, this style of pro-

gramming may b e more prone to race conditions, and users

must b e aware of overheads and pro cess tra�c through

the co de. Analysis and further automatic translation is

simpler for fork-join programs, but SPMD undeniably has

the lower overhead. Because of these con icting needs, the emerging F ortran standard [10] supp orts b oth mo dels:

nested fork-join constructs are av ailable, as well as a closed

nestable p ar al lel r e gion construct that encapsulates SPMD

execution.

W e do not address the issue of which mo del is b est,

b ecause such judgement is largely a matter of taste. W e

seek to eliminate the argument that parallel programs

should b e constructed in the SPMD mo del for reasons

of e�ciency

. Our approach is to accept a fork-join

program and automatic al ly intro duce SPMD regions into

the program where appropriate. Because such decisions

require intimate knowledge of run-time, op erating system,

and architecture overheads, we b elieve that programs will

b ecome more p ortable when written in a general fork-join

mo del. It then falls on the compiler to restructure certain

regions into SPMD style for e�ciency .

2 F ramew ork

W e assume as input a fork-join program structure, either

originally supplied by a programmer and subsequently an-

alyzed, or generated from a program parallelization system

such as PTRAN [1, 4]. In such programs, parallelism

can b e created and terminated by closed, nestable parallel

constructs. W e call the b eginning of a parallel construct

the fork p oint and the end of the parallel construct the

join p oint. W e assume that the execution of parallel lo ops

is deterministic: there are no data dep endences among the

parallel threads, so that no race conditions are present. F or

simplicity

, we assume there are no other synchronization

primitives; however, our algorithm can b e extended to

handle other primitives such as DOACROSS.

Priv ate v ariables may b e de�ned within a parallel

construct, declared by the keyword private. Semantically ,

a separate copy of a priv ate v ariable exists for each thread of

a parallel construct. Standard blo ck structure rules apply

to priv ate v ariables: an inner construct may reference a

priv ate v ariable de�ned in the scop e of an outer construct,

in which case it is shared with resp ect to the inner

construct. Figure 4 illustrates the use of a priv ate v ariable

Z.

Our goal is to automatically intro duce SPMD exe-

cution where pro�table without violating the semantics

of the original fork-join program. More sp eci�cally

, we

insert pro cessor entry p oints and exit p oints that delimit

r e dundant exe cution r e gions, such that:

� Parallelism is created at entry p oints and terminated

at exit p oints rather than at parallel constructs;

� Co de b etween an entry and exit p oint is executed in

SPMD mo de.

Pro�tability of this transformation is obtained by the

following considerations:

� T o ensure that pro cessor allo cation/deallo cation is in

fact reduced, our algorithm attempts to maximize the

numb er of parallel constructs executed in the same

redundant region.

� F urther savings can b e obtained within redundant

regions through the privatization of computations to

exploit target architecture memory hierarchies. By converting shared v ariables into v ariables that are

priv ate p er pro cessor, a single computation of a shared

v alue is replaced by multiple lo cal computations.

Figures 4 and 5 show a fork-join program b efore

and after b eing transformed for SPMD execution.

1

In

do I = 1, N

X = I * pi

doall J = 1, N

private Z

Z = X ...

if (J .eq. N) Y = ..Z..

endall J

= Y

end do I

doall K = 1, M

...

endall K

Figure 4. F ork-Join program b efore SPMD

transformation.

processor-entry

private I, X, Z

do I = 1, N

X = I * pi

dopar J = 1, N

Z = X ...

if (J .eq. N) Y = ..Z..

endpar J

= Y

end do I

dopar K = 1, M

...

endpar K

processor-exit

Figure 5. SPMD Program with Priv ate V ariables.

Figure 5, the dopar J and dopar K lo ops are contained

in a single redundant region, in which the do I lo op and

statement X = I * pi are executed redundantly

. There is

only one pro cessor allo cation and deallo cation p oint instead

of N + 1 as in the original program. Since X and I are

priv ate, the numb er of shared v ariable accesses is decreased.

F urthermore, storage allo cation for all priv ate v ariables,

including Z is only p erformed once at the entry p oint.

1

W e use doall for fork/join parallel lo ops and dopar for SPMD

parallel lo ops.

V ariable Y, on the other hand, is not made into a priv ate

v ariable. Since its up dated v alue must b e accessed by all

pro cessors after endpar J, there is no signi�cant savings in

making Y priv ate.

SPMD execution enables other low level implemen-

tation optimizations. In this example, it is p ossible to

keep the v alue of N in a register throughout the entire

redundant region. Similarly

, SPMD enables more extensive

co de motion making inner lo ops more e�cient.

Although the b eginning and end of a dopar construct

are not true fork and join p oints, pro cessor synchronization

is still necessary for enforcing data dep endences and for

co ordinating execution of pardo lo ops. Placing a b arrier

synchr onization at the start and end of a dopar construct

is always safe. However, often the compiler can determine

that it is p ossible to omit either of these barriers. F or

example, by omitting the start barrier, some pro cessors

can b egin executing a dopar while other pro cessors are

still executing the parent co de of the dopar. Safety issues

p ertaining to barrier placement are discussed in Section 4.

3 Algorithm Ov erview

Let R

1 and R

2 b e parallel constructs. W e call a program

path C b etween the join p oint of R

1 and the fork p oint of

R

2 a c onne cting p ath if R

1 and R

2 are at the same parallel

construct nesting level, are nested within the same outer

parallel construct, and there is no other parallel construct

along the path C . F or example, in Figure 4 there is a

connecting path from endall J to doall J and endall J

to doall K. The constructs R

1 and R

2 can b e merged in

the same SPMD region by considering all connecting paths

from R

1 to R

2 for safety and pro�tability .

More precisely

, the algorithm consists of the following

steps:

1. Construct the fork-join gr aph, which is an abstract

graph containing F (fork) no des, J (join) no des, and

edges b etween them representing connecting paths of

sequential co de. Accordingly

, each pro cedure b egins

with a J no de and ends with an F no de. Our goal is

to merge, where p ossible and pro�table, a J no de with

a subsequent F no de, causing the contained sequential

co de to b e executed redundantly .

2. Construct the depth-�rst spanning tree and numb ering

of this graph. W e will consider no des in their reverse

p ostorder listing, so that a J no de is considered b efore

any F no de on a connecting path from J to F. (The

tree and numb ering provide a top ological ordering for

the no des, without having to sort. Reverse p ostorder

allows for more accurate cost estimates (see Section 6),

since v ariables already priv atized in the same region

are known.)

F or each J no de in this order, and for every connecting

path b etween this no de and an F no de,

(a) Flag v ariables as priv atizable, according to

whether priv atization increases safety and prof-

itability .

(b) Determine whether redundant execution of each

connecting path is safe and pro�table. If so, merge priv ate v ariables into a single storage frame.

Issues of safety and priv atization are discussed in

Sections 4 and 5. The decision to transform co de

into SPMD is guided by a cost function, discussed in

Section 6.

3. Insert pro cessor entry and exit p oints (discussed in

Section 7) and declarations of priv ate v ariables.

4 Safet y Conditions

Redundant execution of a section of co de C is safe only

if it pro duces the same result as non-redundant execution

of C . More sp eci�cally

, we de�ne the P-tr ac e of C to b e

the sequence of v alues assigned to shared v ariables by a

pro cessor P executing C . Redundant execution of C is safe

if the P -trace of C is the same for all pro cessors P that

execute C redundantly for all execution interleavings, and

the P -trace is indep endent of the numb er of pro cessors that

execute C .

F or example, consider the following co de fragment

executed redundantly by pro cessors P

1 and P

2

:

S = X * 2

X = A + Y

R = S

If P

1

�nishes execution b efore P

2 starts, then the v alues

assigned to S by P

1 and P

2 are di�erent. This is b ecause P

1

mo di�es X b efore P

2 uses it. On the other hand, supp ose

we remove the assignment to X. Then redundant execution

is safe, b ecause the v alues assigned to S and R are the same

for all pro cessors executing the two remaining assignments,

for all p ossible interleavings.

W e refer to standard de�nitions of data dep endence for

a v ariable X [9]:

Flow: A ow dep endence exists if X is mo di�ed and

subsequently accessed.

Storage-Related: A storage-related dep endence exists if

X is accessed and subsequently mo di�ed (an anti-

dep endence), or if X is mo di�ed and subsequently

mo di�ed (an output dep endence).

The safety of redundant execution is given by the

following theorem:

Theorem 1: Redundant execution of a sequential co de

segment C is safe if there are no storage-related

dep endences in C .

Pro of: Supp ose there are no storage-related dep endences

in C , but redundant execution is not safe. Then some

P

1

-trace and P

2

-trace for C are di�erent. Let F b e

the �rst statement that assigns a v ariable X where P

1

-

trace and P

2

-trace are di�erent. Then some v ariable

Y used in F has a di�erent v alue when P

1 accesses it

than when P

2 accesses it. Supp ose P

1 accesses Y �rst.

There must b e an assignment to Y after P

1 accesses Y

in F and b efore P

2 accesses Y in F . If the assignment

to Y is p erformed by P

1

, then there is a storage-related

dep endence. If the assignment to Y is p erformed by

P

2

, then this assignment precedes F , and computes a

di�erent v alue for Y in b oth P

1 and P

2

. Therefore,

redundant execution must b e safe.

A barrier at the b eginning or end of a parallel construct

in a redundant region can hurt p erformance. Dep endence

analysis can also determine when barrier synchronization

is not needed. F or example, if C is a connecting path ter-

minating at R

2

, and there is a storage-related dep endence

from C to R

2

, then redundant execution of C is not safe

if there is no barrier at the b eginning of R

2

. However, a

processor-entry

do I = ...

= A(I)....

dopar J = /* barrier */

if (foo) A(I) = ...

endpar /* no-barrier */

enddo

processor-exit

Figure 6. Storage Dep endence That Requires Barrier

barrier at the b eginning of a parallel construct R

2 might

obviate the need for a barrier at the end of the previous

parallel construct R

1

. F or example, in Figure 6, a barrier

is required at the dopar to break the storage dep endence

for A(I), but consequently no barrier is required at the

corresp onding endpar.

While storage-related dep endences are unsafe, ow

dep endences do not cause safety problems for redundant

execution. F ortunately

, storage-related dep endences can

always b e removed by using additional storage [5]. Making

redundant execution safe via privatization is describ ed in

the next section.

5 Priv atization

While the lifetime and scop e of a priv ate v ariable in a fork-

join parallel construct is semantically p er thr e ad, within an

SPMD execution region, each priv ate v ariable is allo cated

once p er pro cessor at the time a pro cessor enters the region

and deallo cated when a pro cessor exits the region.

2

In

Figure 7, the priv ate v ariable Z is allo cated at the pro cessor

entry p oint, In each iterate of the dopar, X is assigned to

the v ariable Z that is priv ate to the pro cessor executing the

iterate.

Privatization is a transformation, similar to renam-

ing [5], that replaces a shared v ariable by a priv ate v ari-

able [3]. In Figure 8, the assignment to the shared v ariable X

is replaced by an assignment to the priv ate v ariable X, which

eliminates all shared references in the redundant region.

Priv atizing a shared v ariable X used in a connecting

path C is always p ossible. However, it is not always

2

It is unsafe to allo cate a priv ate v ariable in a fork-join program

once p er-pro cessor in this manner only if threads are allowed to blo ck

and context switch. Otherwise, a given lo cation can b e reused in each

thread executed by the same pro cessor.

processor-entry /* Private Z allocated */

private Z

...

X = /* Shared X */

dopar i =

Z = X /* Private Z = Shared X */

...

endpar

processor-exit /* Private Z deallocated */

Figure 7. Per pro cessor priv ate v ariable Z.

processor-entry /* X, Z allocated */

private X, Z

...

X = /* Private X */

dopar i =

Z = X /* Private Z = Private X */

...

endpar

processor-exit /* X, Z deallocated */

Figure 8. Per pro cessor priv ate v ariables X and Z.

pro�table. Copying is sometimes necessary from shared

v ariables to the priv ate v ariables, and vice versa, to preserve

the original program semantics. F or example, if there is

an upwardly exp osed use of a priv atized v ariable X in a

redundant region, then the priv ate v ariable X must b e

initialized b efore it is used. F or this reason, it is often

not pro�table to priv atize arrays: the cost of copying an

entire array is to o high. Unless it is p ossible to determine

that all array elements are needed in the redundant region,

or that copying of the array is not necessary

, arrays are not

priv atized.

More precisely for each v ariable X that o ccurs in a

connecting path C , X is agged privatizable when either:

� Priv atization eliminates storage dep endences so that

connecting paths can b e executed redundantly safely .

� Priv atization eliminates the need for a barrier at the

b eginning of a parallel construct.

� Priv atization improves the e�ciency of redundant

execution, (as describ ed in Section 6).

When pro cessor entry and exit p oints are added

(step 3 in Section 3), v ariables agged priv atizable are

made priv ate. T o preserve correctness, declarations and

statements are added to copy v alues to and from shared

v ariables, according to the following rules. Let X b e a use

or de�nition on a connecting path C in a redundant region

D :

1. If X is an upwardly exp osed use in D then X must b e

copied in from shared memory at the pro cessor entry

p oint.

2. If X is a de�nition that is live on exit from D , then X

must b e copied out to shared memory at the pro cessor

exit p oint.

3. If there is already a de�nition of a private v ariable X

in a parallel construct R that reaches a use of X in

C , then a renaming transformation must b e applied to

the existing priv ate v ariable.

4. If there is a de�nition of X in a parallel construct R

that reaches a use of X in C , then the v alue assigned to

X in R must b e transmitted to all pro cessors executing

C .

The �rst three rules are illustrated by Figures 9 and

10, which show a program b efore and after applying the

algorithm. V ariables Y and the outer X are priv atized.

X = Y ...

doall J = 1,N

private X

X =

... = X

if (J .eq. N) Y = ...

endall

...

print X, Y

Figure 9. Original fork-join program.

V ariable Y is priv atized to break the anti-dep endence, so

that no barrier synchronization is needed at the dopar J.

1. Since Y is upwardly exp osed in the region, Y must b e

initialized from shared memory

. This is indicated by

the declaration keyword copyin.

2. V ariables X and Y are live on exit from the redundant

region, so that they must b e copied out to shared

memory at the exit p oint. This is indicated by the

declaration keyword copyout. Since all pro cessors

exiting the redundant region have the same v alue of X ,

only one pro cessor need p erform the actual copying.

F or Y, the pro cessor that executed the last J-lo op

iterate must copy Y to shared memory .

3. The priv ate v ariable X in the doall J lo op in Figure 9

must remain distinct from the priv atized outer v ariable

X. Therefore, it is renamed as Z in Figure 10.

Priv atizing shared v ariables that are mo di�ed in par-

allel constructs p ose a sp ecial problem (Rule 4). Consider

Figure 11, in which Y is used in the connecting path

from endall J to doall K. It is still desirable to priv atize

Y to break the anti-dep endence. However, since the

assignment to Y inside the doall J lo op is p erformed by

only one pro cessor, the �nal v alue must b e transmitted to

all pro cessors executing the subsequent co de redundantly .

This is accomplished in Figure 12 by storing back into the

shared v ariable SY, and using SY to reinitialize the priv ate

v ariables Y after the dopar.

processor-entry

private Z

private Y (copyin, copyout)

private X (copyout)

X = Y ...

dopar J = 1,N

Z =

... = Z

if (J .eq. N) Y =

endpar

...

processor-exit

print X, Y

Figure 10. Final SPMD program.

= Y ...

doall J = 1,N

if (J .eq. N) Y =

endall

...

= Y

...

doall K ...

endall

Figure 11. Program with T ransmission Problem

processor-entry

private Y (copyin)

= Y ...

dopar J = 1,N

if (J .eq. N)

Y =

SY = Y /* Update shared variable */

endif

endpar

Y = SY /* Transmit to private variables */

...

= Y

...

dopar K ...

endpar

processor-exit

Figure 12. Program with broadcast.

6 Pro�tabilit y

Let C b e a connecting path from R

1 to R

2

. The pro�tability

of SPMD execution is a function of:

� I (C ) - the cost of executing redundantly from R

1 to

R

2

, and

� C S (R

2

) - the cost of a true fork (creating parallelism)

if the start of R

2 is a pro cessor entry p oint.

Redundant execution is pro�table if I (C ) < C S (R

2

). In

other words, for a pro cessor leaving R

1 we compare the

cost of executing C redundantly vs. exiting and reentering

at R

2

.

The v alue of I (C ) dep ends on

� the cost of executing the path C ,

� additional bus/network contention for redundant exe-

cution of C , and

� shared v ariable accesses in R

2

, assuming SPMD exe-

cution.

These costs can b e estimated by analysing instruction

sequences [11] and by counting the numb er of shared

memory accesses in C and R

2

. Even when the connecting

path C is short, redundant execution may increase the

bus/network contention signi�cantly if there are to o many

shared memory references. F or example, consider the co de

sequence:

A = 5

X = A + B * C + D

doall i = ...

= X

endall

If A, B, C, D, and X are all shared v ariables, memory

contention for redundant execution is going to b e a prob-

lem.

The v alue of C S (R

2

) dep ends on

� the cost of saving and loading lo cal context for R

2

,

� fork and synchronization overhead (e.g. queue op era-

tions), and

� shared v ariable accesses in R

2

, assuming no SPMD

execution.

Both costs I (C ) and C S (R

2

) are generally architecture

and implementation dep endent, according to, for example,

whether pro cessors have lo cal memory

, caches, or can access

the lo cal memory of other pro cessors.

Priv atization can b e used to reduce the cost function

I (C ). F or example, it is generally b ene�cial to priv atize

a v ariable that is de�ned in C and subsequently used

in either C or R

2

, reducing the overhead of multiple

pro cessors accessing the same shared memory lo cation. In

the example ab ove, the cost function I (C ) is improved by

priv atizing A and X, assuming each pro cessor has a cache.

However, nothing is saved by priv atizing v ariables that are

upwardly exp osed, such as B, C and D. If these v ariables

are priv atized, their initial v alue will have to b e copied from

shared memory anyway .

7 Determining En try and Exit

P oin ts

With resp ect to the fork-join graph describ ed in Section 3,

our analysis has determined which F no des may b e merged

with a given J no de. However, analysis may not allow all

connecting paths from a given J no de to b ecome redundant.

Consider the example shown in Figure 13. Supp ose the

dopar I

endpar I

if ( )....

dopar J

endpar J

else

...

...

dopar K

endpar K

end if

Figure 13. Before analysis.

dopar I and dopar J are mergable, but dopar I and

dopar K are not.

W e must place \instructions" in the co de to allow pro-

cessors to exit a given region of SPMD-style execution, as

shown in Figure 14, so that pro cessors do not exit until the

else branch is chosen. Now, we sketch a simple algorithm

processor-entry

dopar I

endpar I

if ( )....

dopar J

endpar J

processor-exit

else

processor-exit

...

...

dopar K

endpar K

end if

Figure 14. After analysis.

that determines placement of the processor-entry and

processor-exit instructions.

W e have thus far describ ed how to determine mergings

of J and F no des in the abstract fork-join graph describ ed

in Section 3. Supp ose that initially

, each F-J pair is colored distinctly

. Subsequently

, whenever a J no de is merged with

an F no de, the F no de (and its closing J no de) assume the

color of the merged J no de. So, in the ab ove example, the

dopar J lo op assumes the same color as the dopar I lo op,

while the dopar K lo op retains a distinct color.

With resp ect to the fork-join graph, processor-exit

instructions should b e placed as early as p ossible on

connecting paths b etween J and F no des of di�ering color.

(Processor-entry instructions should b e placed as late

as p ossible.) This problem is mappable to the placement

of post instructions for software-controllable caches, which

has a simple ow solution [6].

8 Issues in Pro cessor Sc heduling

Under the SPMD execution mo del, every pro cessor entering

a redundant-execution region at a pro cessor entry p oint

executes all the way to the next exit p oint. Hence a

pro cessor never enters or exits a region at an individual

parallel construct. It is this requirement which makes it

p ossible to minimize co ordination overhead in the initiation

and termination of parallel constructs. Many systems that

supp ort SPMD execution further avoid problems of pro ces-

sor scheduling by supp orting only single-level parallelism.

Although we intro duce SPMD execution over p ortions

of a fork-join program, we still wish to maintain some

asp ects of the more exible fork-join runtime environment,

nested parallelism and doalls outside of redundant regions

at runtime [2]. If the strict SPMD execution mo del is

adhered to, p erformance will su�er in some cases b ecause

of di�culties in scheduling pro cessors to the av ailable

work within a program. Figure 15 demonstrates a load-

balancing problem that can o ccur with nested parallelism

under standard SPMD. Supp ose P pro cessors are executing

processor-entry

...

dopar i = 1,3

...

doall j = 1,200000

...

endall j

...

endpar i

...

processor-exit

Figure 15. SPMD program with nesting.

redundantly b efore the dopar i statement. By the stan-

dard SPMD rules, at most 3 of these pro cessors execute

separate iterates of the dopar i lo op, and the remaining

P � 3 pro cessors wait at the barrier at the endpar i.

Although work is av ailable at the inner doall j lo op, these

P � 3 pro cessors are not used to help execute that lo op.

Ideally

, only 3 pro cessors should enter at the pro cessor

entry p oint, so that the other pro cessors could enter at the doall. However, detection of that constraint would require

analysis of all of the parallel constructs reachable from this

entry p oint. It is not always p ossible to tell at compile

time how many pro cessors will b e needed for any parallel

construct, esp ecially when the lo op b ounds are calculated

at execution time.

A second scheduling anomaly is referred to as the

\catch-up" problem. This problem arises when an extra

pro cessor b ecomes av ailable and joins in a redundant region

relatively late in its computation. In Figure 16, a pro cessor

processor-entry

do I = 1,IBOUND

...

dopar J = ...

...

endpar

...

end do

processor-exit

Figure 16. Program with catch-up problem.

might enter the region after K iterations of the serial

do I lo op (K < IBOUND) have b een completed by other

pro cessors. This new pro cessor b egins execution with the I

= 1 iteration of the DO lo op, rep eatedly bypassing already-

completed instances of the dopar J lo op. Eventually ,

it may reach an I = L iteration (K � L � IBOUND )

in which the doall J lo op has not completed and thus

has work av ailable. The catch-up pro cess delays and

reduces the useful contribution to b e made by the late-

arriving pro cessor. F urthermore, the entire do I lo op could

complete, and the other pro cessors exit the region, while

the new pro cessor is still catching up. In this case the

new pro cessor would serve only to delay the program, since

the co de after the processor-exit cannot execute until all

pro cessors in the region have exited.

In the remainder of this section we consider mo difying

the SPMD execution mo del to reduce or eliminate these

anomalies in scheduling. Any resulting increase in run-

time co ordination overhead must b e justi�ed in terms of

the overall p erformance improvement gained.

Our goal is to allow a dopar or endpar statement

within a redundant region to function as a conditional or

adaptive fork/join. Thus, while it is assumed at each dopar

that pro cessors are already executing within the region,

we may want to make provision for new pro cessors to

enter. Likewise, a pro cessor completing its assigned work

(or �nding no av ailable work) in a parallel construct might

go elsewhere in the program to lo ok for further work rather

than resuming redundant execution in the current region.

Thus in each pro cessor, a decision is required whether to

execute a fork (i.e., save lo cal context and advertise new

parallelism through a broadcast or queue manipulation) at

each dopar, and whether to exit the current region at each

endpar.

T o b e practical, however, pro cessor allo cation decisions at dopar and endpar p oints must make use of only a

small amount of global state information, and incur a small

overhead. W e describ e some general heuristics.

The additional cost of adaptive forking at dopar p oints

is mitigated by the fact that only one pro cessor need pay

this cost when the b eginning of a dopar lo op is not a

barrier. Other pro cessors entering the lo op may pro ceed

immediately with useful work. Nonetheless the fork should

b e executed only when it could have b ene�cial e�ect, i.e.,

when new pro cessors are likely to b e av ailable. Similarly ,

a pro cessor should exit a region prematurely only when

useful work is likely to b e av ailable earlier elsewhere in the

program than in the current region. V arious mechanisms

are p ossible:

� The run-time system can maintain counts of b oth

the pro cessors in the current team (executing in the

current redundant section) and the pro cessors assigned

to the job. Along with information on the maximum

degree of parallelism in a particular construct, these

counts can b e used to determine whether a fork is

p otentially worthwhile. If the current team already

includes all av ailable pro cessors, or su�cient pro ces-

sors for the current parallel construct, the fork should

b e suppressed.

� A pro cessor arriving at a barrier should remain in its

current region until (1) it can observe that work is

av ailable elsewhere (e.g. by examining a queue head);

and (2) it has waited for a minimum p erio d at the

barrier (so as to reduce context switching that is not

clearly b ene�cial).

� Scheduling might b e further improved if a pro cessor

waiting at a barrier or executing in catch-up mo de

could solicit a new fork by sending a signal to the

pro cessors active in a parallel construct. In this

case the fork op eration might require no more than

an up date to the saved context asso ciated with an

existing pro cessor-entry p oint. This scheme relies on

the av ailability of a signalling mechanism that do es not

incur substantial overhead in the pro cessors already

active.

Adaptive fork/join op erations may also b e useful for

subroutines that contain parallel constructs and are invoked

from b oth redundant sections and ordinary sequential co de.

Without this facility

, it is necessary to create two copies of

the co de for these subroutines.

9 Conclusion

In this pap er we have describ ed how to unify two styles

of parallel programming, while retaining the adv antages of

b oth. Programs can b e sp eci�ed using convenient, well-

understo o d closed constructs. Analysis at compile-time and

prop er supp ort at run-time yield execution e�ciency that

approaches the SPMD mo del. Moreover, a greater degree of

p ortability is achieved by relegating the burden of deciding

what should b e in an SPMD parallel region to the compiler,

which is probably more familiar with architectural detail

than most programmers.

If our techniques are successful, then languages that

currently o�er b oth styles of expression can b e signi�cantly

simpli�ed. F uture work will certainly include exp erimenta-

tion with these metho ds in the PTRAN system, comparing

the results to hand-co ded SPMD-style programs. Other

future work includes extending the approach describ ed to

a more general mo del with explicit synchronization, and

relaxing the rule that sequential co de in SPMD regions is

always executed redundantly

. Additionally

, it is desirable

to automatically recognize and generate e�cient co de for

reductions.

Ac kno wledgemen ts

W e would like to thank F ran Allen, F rederica Darema,

Jeanne F errante, Vivek Sark ar, and Jan Stone for their

comments and suggestions concerning this work.

References

[1] F rances Allen, Michael Burke, Philipp e Charles, Ron

Cytron, and Jeanne F errante. An overview of the

ptran analysis system for multipro cessing. Pr o c e e dings

of the 1987 International Confer enc e on Sup er c omput-

ing, 1987. Also published in The Journal of Parallel

and Distributed Computing, Oct., 1988, V ol. 5, No. 5,

pp. 617-640.

[2] David Bernstein. PREF

ACE-2, Supp orting Neste d

Par al lelism in F ortr an. T echnical Rep ort, IBM Re-

search, 1988. Rep ort RC14160.

[3] Michael Burke, Ron Cytron, Jeanne F errante, and

Wilson Hsieh. Automatic Determination of Private

and Shar e d V ariables for Neste d Pr o c esses. T echnical

Rep ort, IBM T. J. W atson Research Center, 1987.

Research Rep ort RC13194.

[4] Michael Burke, Ron Cytron, Jeanne F errante, and

Wilson Hsieh. Automatic generation of nested, fork-

join parallelism. Journal of Sup er c omputing, 2(3):71{

88, July 1989.

[5] Ron Cytron and Jeanne F errante. What’s in a name?

or the v alue of renaming for parallelism detection

and storage allo cation. Pr o c e e dings of the 1987 In-

ternational Confer enc e on Par al lel Pr o c essing, 19{27,

August 1987.

[6] Ron Cytron, Steve Karlovsky

, and Kevin P

. McAuli�e.

Automatic management of programmable caches (ex-

tended abstract). Pr o c e e dings of the 1988 Inter-

national Confer enc e on Par al lel Pr o c essing, August

1988. Also av ailable as CSRD Rpt. No. 728 from

U. of Ill.-Center for Sup ercomputing Research and

Development.

[7] F. Darema, D. A. George, V. A. Norton, and G. F.

P�ster. A single-program-multiple-data computa-

tional mo del for ep ex/fortran. Par al lel Computing,

7:11{24, 1988.

[8] Harry F. Jordan. Structuring parallel algorithms

in an mimd, shared memory environment. Par al lel

Computing, 3(2):93{110, May 1986.

[9] David J. Kuck. The Structur e of Computers and

Computations. John Wiley and Sons, 1978.

[10] PCF. Par al lel Computing F orum, Final R ep ort.

T echnical Rep ort, Kuck and Asso ciates, Incorp orated,

1990. In preparation.

[11] Vivek Sark ar. Determining average program execution

times and their v ariance. Pr o c e e dings of the 1989 SIG-

PLAN Confer enc e on Pr o gr amming L anguage Design

and Implementation, 24(7):298{312, July 1989.