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Abstract

Six versions of a parallel program for multiplication are presented, and compared in

terms of their e�ciencies. They illustrate the bottom up and top down methods of pro-

gram structure design, and the use of tuplespace and speculative processing in parallel

programming. The ideas are also applicable to general AND/OR parallel problems.

1 Introduction

We wish to consider the problem of multiplying a number of factors, each of which takes some
time to compute, and it is desirable to have them evaluated in separate tasks. The multiplication
program would thus have to generate the tasks, receive their results and combine these. This
re
ects the divide and conquer approach for general problem solving, the fundamental technique
in algorithm design [1], and in exploitation of parallelism in a multiprocessor system [6].

In our study, we shall use the language BaLinda Pascal, which derives from our research
project on BIDDLE architecture [11] and BaLinda Lisp language [12]. BaLinda Pascal provides
the EXEC construct for programmers to indicate the parallelism, and Linda [4] constructs for
interaction among parallel modules. However, most of the examples can be readily recoded into
other parallel languages.

To show our starting example, supposing there are N+1 factors, and each could be computed

by the calling function Factor(0), ..., Factor(N) respectively:

Parallel Multiplication Version 1 (with O(N) tuple time)

PROCEDURE PMultiply (I: INTEGER);

VAR X, Product: REAL;

BEGIN

X := Factor (I);

IN ('Product' ? Product);

OUT ('Product', Product * X)

END;
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...

OUT ('Product', 1);

FOR I := 0 TO N DO

EXEC PMultiply (I) ENDOFTASK;

SYNCHRONIZE (N + 1);

IN ('Product' ? Product);

...

Here, the EXEC keyword is used to identify independently executable parts of a program.

ENDOFTASK ends a parallel task, SYNCHRONIZE allows a task to wait for the termination of its

most recent subtask. EXEC is analogous to the fork in UNIX C [2], ENDOFTASK to exit, and

SYNCHRONIZE to wait, but with the following di�erences:

1. EXEC does not cause a second copy of the environment to be created for the new task on

a shared memory system. The two tasks share the same environment where possible. In

a distributed system, the part of the environment lexically accessible to the new task may

be duplicated, except for those items declared as SHARING.

2. SYNCHRONIZE waits for the most recent subtask to terminate. If a parameter n is provided,
then it waits for the n most recent tasks to terminate.

3. EXEC and SYNCHRONIZE do not return any task identity or other system information. This
is the consequence of the previous point.

The OUT and IN are Linda commands which operate on a logically shared data space (called
tuplespace) containing multi-�eld records (called tuples). A task puts a tuple into the tuplespace
using an OUT command:

OUT (hexp1i hexp2i : : : hexpni)

where each expression de�nes a value of any type, whether numerical, logical, character, string
or even array/list. Tuples are not accessed by name or address, but by content, using the IN

command:

IN (hexp1i hexp2i : : : hexpmi ? hvar1i hvar2i : : : hvarn�mi)

This will retrieve from the tuplespace an n-�eld tuple whose �rst m �elds match the result of

the m expressions in the IN, and then store the values of the last n �m �elds into the n �m

variables speci�ed in the IN. If no matching tuple can be found, the task executing the IN is

suspended until another task OUTs the required tuple.1

In the above program, the main task �rst initializes the product tuple, then spawns N+1

parallel tasks, each of which computes one factor and multiplies the result with the partial

product in the product tuple. The main task waits for all the N+1 tasks to end by a SYNCHRONIZE
before it fetches the �nal product in the product tuple.

1In Linda, besides OUT and IN, there is an RD command which behaves the same as IN except IN causes the

tuple to be removed from the tuplespace, while RD leaves it for others to access. We will not use the RD command

in all the examples here, but it is provided in BaLinda Pascal.
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2 Optimizing Tuple Operations

The �rst version is simple, but there is a problem that the time taken to obtain the product

tuple and change it increases with N because the product tuple could be INed by only one task

at any time. Thus, the tuple interaction time is O(N), which would become the bottleneck if N

is very large. We have therefore coded the following method in which the tuple operations take

in O(logN) time:

Parallel Multiplication Version 2 (with O(logN) tuple time)

PROCEDURE PMultiply (I, Max: INTEGER);

VAR X, Y: REAL;

EXIT: BOOLEAN;

BEGIN

X := Factor (I);

Exit := FALSE;

REPEAT IF ODD (I)

THEN BEGIN

OUT (Max, X);

Exit := TRUE

END

ELSE IF (Max > 0)

THEN BEGIN

IF (I <> Max)

THEN BEGIN

IN (Max ? Y);

X := X * Y

END;

I := I DIV 2;

Max := Max DIV 2

END

ELSE BEGIN

OUT ('Product', X);

Exit := TRUE

END

UNTIL Exit

END;

...

FOR I := 0 TO N DO

EXEC PMultiply (I, N) ENDOFTASK;

SYNCHRONIZE (N + 1);

IN ('Product' ? Product);

...

The basic idea is that pairs of tasks would synchronize with each other �rst, then groups
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of 4, 8, etc. That is, each odd-number task OUTs a tuple containing the computed factor, and

even-number task INs a tuple and multiplies with its own factor. Afterwards, the former task

simply exits, while the latter halves its index (i.e. I) and proceeds to the next level. If the

number of tasks is even, then each task has a partner; when the number of tasks is odd, the task

with the maximum index (i.e. Max), which is an even number, has no partner, and it skips this

level by halving its index and immediately proceeding to the next level. The number of tasks

(i.e. MAX+1) entering the higher level always decreases by half. This process continues until there

is only one task left (i.e. MAX = 0), at which point it issues the product tuple containing the

�nal product. Thus, multiplying n factors only requires dlog ne levels of tuple interaction. The

process is graphically described in Figure 1 for N = 6 (7 factors, or 7 tasks).

Task | 0 1 2 3 4 5 6

---------|--------------------------------------------------------------------

(I, Max) | (0, 6) (1, 6) (2, 6) (3, 6) (4, 6) (5, 6) (6, 6)

| | | | | | | |

Level 1 | IN <----- OUT IN <----- OUT IN <----- OUT |

| | | | | | | |

(I, Max) | (0, 3) ENDOFTASK (1, 3) ENDOFTASK (2, 3) ENDOFTASK (3, 3)

| | | | |

Level 2 | IN <--------------- OUT IN <--------------- OUT

| | | | |

(I, Max) | (0, 1) ENDOFTASK (1, 1) ENDOFTASK

| | |

Level 3 | IN <----------------------------------- OUT

| | |

(I, Max) | (0, 0) ENDOFTASK

| |

| OUT

| |

| ENDOFTASK

Figure 1: Parallel multiplication with O(logN) tuple time

3 Top Down Design

The second program evolved naturally from the �rst, but let us consider the way the structure

was arrived at: We �rst generate the tasks that compute the factors, then we try to re-integrate

their results. This is the bottom up approach. Obtaining results from the tasks requires tuples
to be used, but this is an expensive method for information sharing that should be minimized.

Although the tuple interaction time is reduced to O(logN), the time required to generate and
synchronize N+1 tasks is still O(N). This may be of little consequence when the computation of

a factor is time consuming and when N is small, but massively parallel applications are bound to
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su�er.

Let us re-consider the problem in the top down fashion: Given factors 0 to N to compute and

multiply, we can have two tasks to produce two smaller products, then combine them. Each

task can in turn generate two tasks for even smaller products, and so on. The following program

results:

Parallel Multiplication Version 3 (with top down design but without tuple)

FUNCTION PMultiply (Min, Max: INTEGER) : REAL;

VAR Middle: INTEGER;

X, Y: REAL;

BEGIN

IF (Min = Max)

THEN PMultiply := Factor (Min)

ELSE BEGIN

Middle := (Min + Max) DIV 2;

EXEC SHARING (X) X := PMultiply (Min, Middle) ENDOFTASK;

Y := PMultiply (Middle + 1, Max);

SYNCHRONIZE;

PMultiply := X * Y

END

END;

...

Product := PMultiply (0, N);

...

Note that X is declared as a SHARING variable to prevent its duplication because the main task
must receive the value produced by the subtask. If X is duplicated, then the new value produced
would only appear in the new task.

This program may not look as clever as the previous one, but actually works better because
of its elimination of all the tuple overheads. First, only N tasks will be spawned (not including

the main task) in total which is one less than the task number in the previous two versions.

Next, it allows N+1 tasks to be started in O(logN) time. This is actually the best that can
be expected of the EXEC construct because each EXEC splits a thread of computation into two.
Third, the N+1 tasks could also be synchronized in O(logN) time. We could expect that the

task creation and synchronization cost could be distributed more evenly than the previous two

versions where the main task takes all the responsibilities. It has clearly shown the importance
of considering problems top down, with the possibility of making a fresh start out of an existing

situation rather than merely evolving in a bottom up fashion.
The top down method has been adopted in structured programming [5] and software system

design [9]. It is argued in [5][7][10] that top down development is a superior approach because

it results in the creation of more readable and more reliable programs than those implemented
using bottom up techniques. The parallel multiplication program here shows that the top down

design also makes the parallel programs more e�cient.
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4 Speculative Processing

The above parallel multiplication process is also applicable to summation, AND, OR, and other

commutative and associative operations. However, an additional elaboration is relevant: If any

factor in a product is 0, then the result must be 0, and it is unnecessary to compute the other

factors. Similarly, in an AND any input being FALSE makes the result FALSE, and in OR any

TRUE input makes output TRUE. How can this process of simpli�cation be incorporated into the

program?

The following three programs use a technique called speculative parallelism. Speculative par-

allelism is the initiation of parallel computation on the basis of speculation about the usefulness

of its result [3]. In other words, a task is spawned in the hope that its result will later be of

use. The speculative computation could be classi�ed into three types based on the way in which

resources are used for speculation [8]: multiple-approach, order-based and precomputing. The

parallel multiplication �ts into the �rst category in which the speculation is in pursuing multiple

approaches (i.e. computing the factors) simultaneously while not all approaches may be needed

at the end. It may reach a time in the future to abort irrelevant computation (i.e. whenever one

factor is founded as 0).
This speculation is expressed in BaLinda Pascal using the IF construct:

IF hbooleani
THEN hthen-parti
ELSE helse-parti

It may be useful to execute the hbooleani module in parallel with the other two modules (i.e.
hthen-parti and helse-parti) so that, when the hbooleani's TRUE/FALSE value is known, the wanted
result is already available or partially computed, and no or very little waiting is necessary. To
cause this, we place the EXEC in front of THEN or ELSE, or both, with a corresponding ENDOFTASK

after the THEN/ELSE module, together with a SYNCHRONIZE after the hbooleani module.2 For
example, if we intend to execute hthen-parti speculatively, then the construct is:

IF hbooleani SYNCHRONIZE

EXEC THEN hthen-parti
ELSE helse-parti

However, the THEN and ELSE modules should be executed at lower priority because we do

not know which will be selected. If the machine is already heavily loaded, we do not add to the
competition for resources because a lower priority task does not get selected for execution, but if
the machine has idle capacity, then even lower priority tasks can be executed without a�ecting

others. If the THEN and ELSE modules are still being executed when the hbooleani result is

returned, the selected module is con�rmed by raising its execution priority, while the unwanted
module is purged. We also impose the rule that the side e�ects (i.e. variable assignments and

tuple operations) of each speculative module are retained in its own data space until con�rmation.
Thus, a deleted task does not produce visible side e�ects.

2We do not have EXEC after the THEN or the ELSE because this might give the incorrect impression that parallel

tasking occurs only when the hbooleani is TRUE or FALSE.
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We now consider the use of this idea in the parallel multiplication program. It may be wasteful

to compute all of the factors at high priority, because if one turns out to be zero, then the rest

are not needed. Hence, we compute one at full priority, and the rest at lower priority, but if the

�rst one turns out to be non-zero, then the next task's priority is raised. If the second factor

also turns out to be non-zero, then the priority of the third factor rises. And so on.

The PMultiply(N) function call spawns N tasks by recursively calling itself, but only the task

computing the �rst factor (i.e. Factor(0)) is at normal priority as the others are enclosed in the

parallel hthen-parti of a conditional statement. PMultiply(I) returns 0 if PMultiply(I-1) has

returned 0, or if Factor(I) is 0; otherwise, it return a non-zero value. If the latter occurs before

PMultiply(I+1) completes, then PMultiply(I+1)'s execution priority rises. If PMultiply(I)

returns zero, then the computation of factors (I+1) and higher is abandoned.3

It is of course possible that, because the machine is lightly loaded, the higher factors have

already been computed even though they are not needed, but if there is competition for the

processor, then the higher factors do not get computed until they are con�rmed by the previous

tasks, computing at higher priority, returning TRUE. The waste would therefore not occur.

Parallel Multiplication Version 4 (with speculative processing and O(N) tuple time)

FUNCTION PMultiply (I: INTEGER) : REAL;

VAR X, Y: REAL;

BEGIN

IF (I = 0)

THEN BEGIN

X := Factor (0);

OUT ('Product', X);

PMultiply := X

END

ELSE IF (PMultiply (I - 1) <> 0) SYNCHRONIZE

EXEC THEN BEGIN

X := Factor (I);

IN ('Product' ? Y);

OUT ('Product', X * Y);

PMultiply := X

ENDOFTASK

END

ELSE PMultiply := 0

END;

...

IF (PMultiply (N) <> 0)

THEN IN ('Product' ? Product)

ELSE Product := 0;

...

3It is, however, not possible for the discovery of factor I being zero to cause the abandonment of the earlier

tasks.
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We have left the product tuple access bottleneck, since only the highest priority task may

successfully retrieve the product tuple, while the other tasks would be blocked in their respective

INs due to the con�ned side e�ects of speculative tasks. However, the total tuple interaction

would take O(N) time.

The following program avoids the use of the product tuple, but is somewhat harder to un-

derstand: The trick lies in using the function NotZero to call PMultiply(I-1) and retain the

returned value in X, so that it can be used to compute the product, as well as to check whether

it is 0.

Parallel Multiplication Version 5 (with speculative processing but without tuple)

FUNCTION PMultiply (I: INTEGER) : REAL;

VAR X, Y: REAL;

FUNCTION NotZero: BOOLEAN;

BEGIN

X := PMultiply (I - 1);

NotZero := X <> 0.0

END;

BEGIN

IF (I = 0)

THEN PMultiply := Factor (0)

ELSE BEGIN

IF NotZero SYNCHRONIZE

EXEC THEN Y := Factor (I) ENDOFTASK

ELSE Y := 0;

PMultiply := X * Y

END

END;

...

Product := PMultiply (N);

...

Although the above program gets rid of any tuple operations, N speculative tasks are still
recursively generated by the main task in O(N) time (assuming there are enough processors to
handle the lower priority tasks). By the top down method, it is possible to reduce the task

spawning procedure into O(logN) time:

Parallel Multiplication Version 6 (with speculative processing and top down design but
without tuple)

FUNCTION PMultiply (Min, Max: INTEGER) : REAL;

VAR X, Y: REAL;

Middle: INTEGER;

FUNCTION NotZero: BOOLEAN;

BEGIN
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X := PMultiply (Min, Middle);

NotZero := X <> 0.0

END;

BEGIN

IF (Min = Max)

THEN PMultiply := Factor (Min)

ELSE BEGIN

Middle := (Min + Max) DIV 2;

IF NotZero SYNCHRONIZE

EXEC THEN Y := PMultiply (Middle + 1, Max) ENDOFTASK

ELSE Y := 0;

PMultiply := X * Y

END

END;

...

Product := PMultiply (0, N);

...

However, note that because of the nesting of parallel IF ... THEN ..., with IF on the left
node and THEN on the right node, the priorities of factors on right branches get progressively
lower as we go down the tree, and that the discovery of a 0 factor causes the abandonment of
computation on right nodes only.

The parallel multiplication program can also be generalized to handle the computation of
AND-parallel and OR-parallel expressions. In the former, if any term computes to FALSE, then
the remaining computation may be abandoned. Producing the program only requires replacing
multiplication by Boolean operation, and check TRUE/FALSE result instead checking for zero.
Below is the parallel AND program, in two versions:

Parallel AND Version 1 (with speculative processing and O(N) tuple time)

FUNCTION ParaAND (I: INTEGER) : BOOLEAN;

VAR X, Y: BOOLEAN;

BEGIN

IF (I = 0)

THEN BEGIN

X := Factor (0);

OUT ('Result', X);

ParaAND := X

END

ELSE IF ParaAND (I - 1) SYNCHRONIZE

EXEC THEN BEGIN

X := Factor (I);

IN ('Result' ? Y);

OUT ('Result', X AND Y);
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ParaAND := X

ENDOFTASK

END

ELSE ParaAND := FALSE

END;

...

Result := ParaAND (N);

...

Parallel AND Version 2 (with speculative processing but without tuple)

FUNCTION ParaAND (I: INTEGER) : BOOLEAN;

VAR X, Y: BOOLEAN;

FUNCTION NotFALSE: BOOLEAN;

BEGIN

X := ParaAND (I - 1);

NotFALSE := X

END;

BEGIN

IF (I = 0)

THEN ParaAND := Factor (0)

ELSE BEGIN

IF NotFALSE SYNCHRONIZE

EXEC THEN Y := Factor (I) ENDOFTASK

ELSE Y := FALSE;

ParaAND := X AND Y

END

END;

...

Result := ParaAND (N);

...

The top down version and the parallel OR programs could be developed similarly.

5 Conclusions

We have shown six versions of a parallel multiplication program, evolving from the simplest case
to the sophisticated one reducing tuplespace operations and task initiation time. They illustrate

the merit of the top down technique in the problem solving and the advantage of speculative

processing to cater for di�erent processing requirement and produce e�cient parallelism. These

ideas are applicable to large problems usually solved by the divide and conquer technique.
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