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Abstract

OpenMP cannot handle some very common programming

idioms like recursive control and list or tree data structures.

We present the Workqueuing model and show it as a nat-

ural, 
exible, and easy to use extension of OpenMP that

is available in a commercially shipping product. A detailed

description of Workqueuing is presented, together with per-

formance results and pointers to the source code used.

1 Introduction

Over the last decade, scientists, engineers, and indepen-
dent software vendors have used directive based parallel
programming models to parallelize applications on shared
memory parallel (SMP) computers. In the last two years,
this programming experience has been codi�ed, and an in-
dustry sponsored consortium, OpenMP, has adopted new
speci�cations. The OpenMP Fortran API [OMPF] and the
OpenMP C/C++ API [OMPC] were announced at Super-
computing 97 and Supercomputing 98, respectively.

The practical success of the directive based program-
ming model has largely been due to its applicability to array
based Fortran applications. In this case, the identi�cation
of the computationally intensive loops has been straightfor-
ward, and in many important cases, scalable multiprocessor
performance improvement is readily obtained.

The use of directive based parallelism for C/C++ and
non-array based Fortran codes has been much less wide
spread. Although important C/C++ applications have
been parallelized by this method, these applications are typ-
ically array based, and many of these cases are essentially
translation of Fortran array based algorithms into C/C++.

The OpenMP parallel programming model is based on
array based computation. Its evident success in the com-
puting community can be attributed to a number of simple
factors: it is simple and easy to use; it preserves the original
sequential program; and it can be programmed incremen-
tally. Although the OpenMP model satis�es the needs of
many array based applications, it is generally understood
that many programs exist in C/C++ which do not �t the
underlying array based model, such as those with list or

tree structured data or recursive control structures.
We present here simple extensions to the OpenMP

model to support C/C++ and Fortran codes that have non-
array based data structures or recursive control structures.
We show that these extensions are consistent with the
OpenMP language and enable programmers to parallelize,
without destroying the original sequential program, a large
class of programs that previously required vast amounts of
restructuring.

Many proposals for parallel C/C++ extensions have
been discussed and even implemented by the research com-
munity. Our goal has been to engineer an implementation
consistent with OpenMP using this body of knowledge and
provide this software to developers and researchers in a sup-
ported, commercial software package. Kuck & Associates
has presented the workqueuing model to the OpenMP work-
ing group as an extension to the OpenMP speci�cations.

In this paper, we review the two basic OpenMP
worksharing constructs, the OpenMP for pragma and the
OpenMP sections pragma, and illustrate the diÆculty of
programming important cases with these constructs. We
then show that the addition of two new pragmas, one to
generate queues of independent tasks and another to en-
capsulate independent tasks, solves these problems. We
call this addition to OpenMP the workqueuing model. Fi-
nally, experimental measurements of parallel speedup are
presented for several benchmark programs on three di�er-
ent hardware platforms.

1.1 Limitations of OpenMP

OpenMP currently supports two kinds of worksharing con-
structs to speed up parallel programs: the OpenMP for

pragma and the OpenMP sections pragma. Unfortu-
nately, neither of these constructs can be utilized to par-
allelize access to list or tree structured data or to fully par-
allelize codes with recursive control structures.

1.1.1 The OpenMP for Pragma

The OpenMP for pragma is the source of parallelism in
most OpenMP programs and provides potentially unlim-
ited parallelism. It indicates that iterations of the for loop



#pragma omp for

for( int i=0; i<n; i++ ) process( data[i] );

Figure 1: The OpenMP for Pragma

nodeptr list, p;

...

for( p=list; p!=NULL; p=p->next )

process(p->data);

Figure 2: Simple Pointer Chasing Loop

nodeptr list, p;

...

// Count the number of iterations

int n=0;

for( p=list; p!=NULL; p=p->next ) n++;

// compute the data pointer for each iteration

nodeptr* q = new nodeptr[ n ];

int i=0;

for( p=list; p!=NULL; p=p->next ) q[i++] = p;

#pragma omp parallel for

for( int i=0; i<n; i++ ) process( q[i] );

Figure 3: Parallelization with OpenMP for Pragma

can be run on di�erent threads and provides up to n-way
parallelism for an n-iteration loop. (See �gure 1 for an ex-
ample using OpenMP for.)

The limitations of this pragma become obvious when
you consider the requirements on the for loop: The num-
ber of iterations of the for loop must be computable on
entry to the loop. An additional restriction is that all it-
erations must be more or less independent, (i.e., the data
they operate on must be accessible as a function of the loop
index). This restriction e�ectively rules out all while loops
and linked data structures for which the only way to pre-
compute the number of iterations is to walk the entire struc-
ture, and the only way to access the data for each iteration
independently is to allocate an auxiliary data structure.

For example, the simple pointer-chasing loop in �g-
ure 2 can be parallelized with OpenMP constructs as shown
in �gure 3. The �rst loop in �gure 3 can be eliminated by
modifying the linked list data structure to keep a count of
the number of elements in the list, but the second loop as
well as the new and delete cannot be eliminated. There ex-
ist many other ways to parallelize the loop in �gure 2 using
OpenMP constructs just as there should be in any general
purpose parallel language, but not one method is concise,
scalable and portable. The OpenMP APIs simply were not
designed to parallelize such loops.

#pragma omp sections

f
#pragma omp section

process( a );

#pragma omp section

process( b );

g

Figure 4: The OpenMP sections Pragma

1.1.2 The OpenMP sections Pragma

The OpenMP sections pragma is used in conjunction with
the OpenMP section pragma to indicate static regions of
computation that can be simultaneously executed on di�er-
ent threads. The section pragma speci�es each such region
of computation, such that the use of n section pragmas
enables n-way parallelism.

One of the requirements for the section pragma is
that it appear immediately inside the sections pragma.
This requirement limits the parallelism to be static in na-
ture, in that the parallelism limit is the same as the number
of static section pragmas appearing in the code, which is
two in �gure 4. This parallelism limit in turn limits parallel
scalability.

1.2 The Workqueuing Model

This paper proposes a model of explicit parallelization,
called the workqueuing model, that addresses the limita-
tions of the OpenMP APIs as discussed in section 1.1.

The basic syntax of the workqueuing model pragmas
is as follows:

#pragma omp taskq [ clauses ]

#pragma omp task [ clauses ]

Logically, a taskq pragma causes an empty queue
of tasks to be created. The code inside a taskq block is
executed single-threaded. Any task pragmas encountered
while executing a taskq block specify that the enclosed
work is associated with the queue and can be assigned to
any thread, and the unit of work is logically enqueued for
subsequent execution.

Taskq pragmas may be nested within either a taskq

block or a task block, and in both cases a subordinate
queue is formed. The queues logically form an n-ary tree
that mirrors the dynamic nesting relationships of the taskq
pragmas.

Figure 5 illustrates how workqueuing overcomes the
OpenMP limitations exposed in �gures 2 and 3 by utiliz-
ing the workqueuing taskq and task pragmas to achieve
dynamic task creation. Since there is no restriction on the
type of code that can appear inside a taskq block or a task
block, the workqueuing constructs do not su�er from the
for and sections pragma limitations. Assuming the list
in �gure 5 has n elments, 2n-way parallelism is feasible. The

exibility of creating tasks anywhere within the taskq block



nodeptr list;

...

#pragma omp parallel taskq

for( nodeptr p=list; p!=NULL; p=p->next ) f
#pragma omp task

process( p->data );

#pragma omp task

process( p->more data );

g

Figure 5: Pointer Chasing Parallelization with Workqueu-
ing

makes workqueuing a powerful, general-purpose model for
parallelism.

2 Workqueuing Target Programs

Most modern programs utilize complex data structures that
are not limited to arrays. Computations involving lists and
tree-based data structures usually occur within while loops
and recursive functions. It should not be necessary to in-
troduce auxiliary structures to parallelize such applications.
To demonstrate the e�ectiveness of the workqueuing model,
we show how it can be used to parallelize eÆciently hierar-
chical linked lists and recursive control and data structures.

2.1 Hierarchical Linked Lists

When hierarchical data structures are present, parallelism
may exist at multiple levels of the hierarchy. Parallelization
at di�erent levels may be desirable depending on the tasks
being performed. Figure 6 demonstrates how workqueu-
ing can be used to create tasks dynamically at run time. In
contrast, the number of OpenMP section pragmas appear-
ing in the sections block determines a statically speci�ed
number of tasks. The corresponding sequential program for
the code in Figure 6 is obtained by simply disregarding the
pragmas entirely.

2.2 Recursive Control/Data Structures

When presented with tree structured data, the computation
usually involves recursive routines. A model that claims to
enable parallelization of general purpose programs must be
able to represent parallelism in recursive routines concisely.
In Figure 7, the processing that happens on each node is
independent and can be executed in parallel.

In �gure 8, each level of the recursion creates a queue
and starts a task to process that node while recursing to the
left subchild and then the right subchild. The processing of
the data in each node occurs in parallel, with no ordering
constraints amongst nodes.

3 Related Work

forestptr forests, f;

treeptr t;

branchptr b;

...

#pragma omp taskq

for( f=forests; f!=NULL; f=f->next ) f
if( destroying rainforests ) f

#pragma omp task

destroy forest( f );

g else for( t=f->trees; t!=NULL; t=t->next )

if( logging trees ) f
#pragma omp task

log tree( t );

g else for( b=t->branches; b!=NULL; b=b->next ) f
if( trimming branches ) f

#pragma omp task

trim branch( b );

g
g

g
g

Figure 6: Hierarchical Linked List Code Example

void traverse( Node& node ) f
process( node.data );

if ( node.has left )

traverse( node.left );

if ( node.has right )

traverse( node.right );

g

Figure 7: Sequential Tree Traversal Code

void traverse( Node& node ) f
#pragma omp taskq

f
#pragma omp task

process( node.data );

if ( node.has left )

traverse( node.left );

if ( node.has right )

traverse( node.right );

g
g

Figure 8: Workqueuing Parallelized Traversal Code



OpenMP, X3H5, and PCF Work on the PCF
speci�cation by the Parallel Computing Forum led to
the standardization e�ort of the ANSI X3H5 Commit-
tee [PCF] [X3H5]. Although the ANSI X3H5 Committee
did not produce a �nal speci�cation, it laid the ground work
for the current OpenMPAPIs [OMPF, OMPC]. Workqueu-
ing extends the OpenMP API by targeting a larger class of
applications than any of the previous attempts.

POSIX Threads POSIX threads o�er an API for an ex-
tremely general purpose model of parallelism [PThreads].
Just like general purpose assembly language, it can repre-
sent all forms of shared memory parallelism including the
programs that workqueuing targets.

The representation of parallelism with POSIX
threads, however, is not as concise as directive/pragma-
based parallel models. Programs written for POSIX threads
often have no sequential counterpart, and the principles of
sequential programming that all programmers are familiar
with no longer apply. This model often results in bugs that
are diÆcult to detect and programs that are diÆcult to
maintain. Workqueuing is a more concise model that also
preserves the sequential program semantics.

Cilk Although the workqueuing model was designed in-
dependently of Cilk, the two models show some similari-
ties including abstractions like queues of tasks and work-
stealing [Cilk]. A major design di�erence is that Cilk uses
unstructured control 
ow, while workqueuing is designed
to have a precise block structure. Workqueuing allows
the delineation of any block of code as a task using the
task pragma, while Cilk requires that a task be de�ned by
routine boundaries. Finally, unstructured synchronization
(sync constructs) may cause divergence from sequential se-
mantics.

Lambda Blocks in Lisp In the workqueuing model, the
creation of a task that can be migrated to any thread for
execution requires that the task construct's execution en-
vironment be encapsulated. This notion is similar to the
lambda block that most lisp variants employ [LISP].

Futures Futures allow speci�cation of independent work,
the status of which is checked sometime into the fu-
ture [Futures]. Futures are unstructured constructs whereas
the workqueuing model has a very de�nite block structure.

Compositional C++ Compositional C++ (CC++) is a
task parallel dialect of C++, which allows the user to cre-
ate both structured and unstructured task graphs [CC++].
The major enhacement of workqueuing over CC++ is the
introduction of 
exible control 
ow. CC++ provides two
task parallel control constructs, the par block and the
parfor block. The par block executes each statement in the
block in a separate task. The parfor block executes each

iteration of the following for loop in a separate task. In con-
trast, the taskq/task pair in workqueuing allows the user
to parallelize a much greater range of control-
ow struc-
tures.

Sthreads Sthreads (Structured Threads) is a library and
pragma-based notation for parallel programming using the
C/C++ programming language [Sthreads]. The Sthreads
approach shows some similarities to OpenMP and to the
nesting features of the workqueuing model. Sthreads lacks
the concept of a parallel region like OpenMP has, so redun-
dant execution of code is not possible. Sthreads o�ers con-
structs for a fork-join model, but the dynamic creation of
tasks is missing. These factors combine to make workqueu-
ing more general and 
exible than Sthreads.

4 Workqueuing Model Concepts

The workqueue programming model is designed to be sim-
ilar to the OpenMP model. As a result, major bene�ts of
the model are that a programmer can easily write parallel
programs that are consistent with the sequential code. In
this case consistency implies the following:

� Parallel programs that get the same answers (within
roundo� tolerance) as the sequential programs.

� Parallel programs that are identical to the sequential
program when the pragmas are ignored.

These same bene�ts that most attract most software ven-
dors to OpenMP, and should attract them to workqueuing
also.

4.1 Workqueuing Pragmas

The workqueue programming model introduces two new
pragmas to OpenMP: taskq and task. Semantically,
workqueuing is very similar to OpenMP's worksharing. The
major di�erence is that taskq constructs may be nested in-
side each other. Besides this di�erence, the binding and
nesting rules of worksharing constructs apply to workqueu-
ing constructs.

To take the analogy one step further, the workqueuing
taskq pragma is akin to the OpenMP sections pragma,
and the workqueuing task pragma is akin to the OpenMP
section pragma. Furthermore, like the OpenMP section

and sections pragmas, the task pragma must be lexically
enclosed by the taskq pragma. The di�erence, however,
is that task can appear anywhere inside taskq, whereas
section must be at the top level inside sections.

Logically, a taskq pragma causes an empty queue (of
tasks) to be created. The code inside a taskq block is
executed single-threaded. Any task pragmas encountered
while executing the taskq block specify that the enclosed
unit of work is associated with the enclosing taskq block
and can be executed by any thread. This unit of work is



logically enqueued on the queue created by the enclosing
taskq block and is logically dequeued and executed by any
thread.

Taskq pragmas encountered when executing either a
taskq block or a task block form a subordinate queue. The
whole structure of queues resembles a logical tree of queues,
where the root of the tree corresponds to the outermost
taskq block, and the internal nodes are taskq blocks en-
countered dynamically inside a taskq or task block. This
nesting 
exibility is explored further in section 6.

4.2 Workqueuing Synchronization

Synchronization constructs for workqueuing behave sim-
ilarly to OpenMP's synchronization constructs for work-
sharing. In fact, the OpenMP critical pragma and the
OpenMP lock run-time library work exactly the same inside
workqueuing constructs.

As is the case for the OpenMP worksharing con-
structs, the taskq construct contains an implicit, but op-
tional, barrier at the end of its block. Inclusion of the
nowait clause on the taskq pragma implies that any thread
may proceed past the end of the taskq block before all
the work associated with that taskq has been completed;
conversely, the exclusion of a nowait clause prevents the
threads from thus proceeding. Because of the nesting abil-
ity of taskq constructs, this implied barrier at the end of
the taskq block applies only to the threads that encoun-
tered a particular instance of the taskq construct.

An ordered construct is executed in the order that
the enclosing task was logically enqueued, relative to the
other tasks that bind to the same taskq construct. This
order is the same as the original sequential order of execu-
tion. The taskq pragma associated with the enclosed task

construct must include the ordered clause. An ordered

pragma must be enclosed in a task block if it occurs any-
where inside a taskq block.

Section 6 describes the syntax and semantics of
workqueuing constructs in more detail, together with the
allowed clauses.

5 Simple Workqueuing Examples

The basic description in section 4 provides enough context
to study simple workqueuing examples. Nested taskq ex-
amples are examined here, since non-nested examples (like
the one presented in section 2.1) are typically straightfor-
ward.

The theme of the examples in this section is paral-
lelization of operations on tree structured data. Figure 8
in section 2.2 shows the workqueuing parallelization of tree
structured data such that all the nodes can be processed in
parallel.

At �rst glance, it appears as if there is little paral-
lelism in the example, because only one task is enqueued
on each task queue. Immediately after the �rst task is en-
queued, however, the left subchild is visited, and the pro-

cessing for that node is enqueued on a new queue. In the
meantime, one of the worker threads dequeues the task from
the top level task queue and executes it.

In this way, a tree of queues mirroring the original
data structure is built, and the task at each node of the
tree is dequeued and executed by a thread. Practically, the
entire data structure should not be mirrored with a tree
of task queues; instead, only enough task queues to yield
suÆcient parallelism should be created at the top levels of
the tree.

The workqueuing model presented here could be ex-
tended to accommodate limiting the number of task queues
in the tree by any of the following methods:

� An if clause on the taskq pragma could be added. A
true value means that the tasks in that task queue are
executed in parallel. A false value indicates that the
tasks in that task queue are executed sequentially by
a single thread.

� A qdepth(d) clause on the taskq pragma could be
added. If the depth of the particular task queue is
less than d, the tasks enqueued on that task queue are
executed in parallel. Otherwise, the tasks are executed
squentially by a single thread.

� A maxqs(n) clause on the taskq pragma could be
added. If fewer than n task queues exist in the tree
when a particular taskq pragma is �rst encountered,
the tasks enqueued on that task queue are executed on
multiple threads. Otherwise, the tasks are executed
sequentially by a single thread.

In the current implementation of the workqueuing model,
a particular method of limiting the task queue tree depth
has not yet been chosen because the alternatives warrant
further study. Currently, if statements around the entire
taskq block are employed to limit the tree depth.

The examples in this section do not try to limit the
depth of the task queue tree to keep them simple. Most
practical applications would require a depth limiting mech-
anism to obtain scalable performance.

5.1 Parallel Preorder Tree Traversal

The preorder traversal in �gure 9 assumes that the binary
tree computation has a dependence that requires process-
ing a parent node before either child can be processed.
The preorder traversal restrictions are honored because the
process function call must complete before the left and
right subtree tasks are queued.

At �rst glance, maximum parallelism may seem to be
limited to two for the preorder traversal code. But as the
recursion of the preorder routine is expanded during the
tree walk, a tree of task queues is built with two tasks in
each queue. The maximum parallelism is only limited by
the number of leaves in the tree.

The situations that would prevent good parallel
speedup in this case are a highly imbalanced load such that



void preorder( Node& node ) f
#pragma omp taskq

f
process( node.data );

if ( node.has left )

#pragma omp task

preorder( node.left );

if ( node.has right )

#pragma omp task

preorder( node.right );

g
g

Figure 9: Preorder Traversal of Binary Tree

void postorder( Node& node ) f
#pragma omp taskq

f
if ( node.has left )

#pragma omp task

postorder( node.left );

if ( node.has right )

#pragma omp task

postorder( node.right );

g
process( node.data );

g

Figure 10: Postorder Traversal of Binary Tree

processing the top node takes much more time than pro-
cessing the rest of the tree and a tree that doesn't have
enough nodes to keep all of the available threads busy.

5.2 Parallel Postorder Tree Traversal

The postorder traversal code in �gure 10 assumes that the
binary tree has a dependence that requires processing a
parent node after both children have been processed. The
implicit barrier at the end of the taskq construct ensures
that the children have been processed before the current
node is processed. The parallelism constraints are similar
to those discussed in section 5.2.

5.3 Parallel Ordered Tree Traversal

The code in �gure 11 executes the process function on the
left and the current node of the tree in parallel, but exe-
cutes the process in order function on each node of the
tree in the original sequential order. This feat is accom-
plished by wrapping the entire processing of the left and
right subtrees in an ordered construct and by wrapping
only the necessary part of the current node in an ordered

construct.
The processing of node.data for the entire tree can be

visualized as a left to right wavefront, where the wavefront

void ordered( Node& node ) f
#pragma omp taskq ordered

f
if ( node.has left )

#pragma omp task

#pragma omp ordered

ordered( node.left );

#pragma omp task

f
process( node.data );

#pragma omp ordered

process in order( node.inorder data );

g

if ( node.has right )

#pragma omp task

#pragma omp ordered

ordered( node.right );

g
g

Figure 11: Inorder Processing of Some Data

is parallel to the left edge of the tree.

6 Workqueuing Model Details

6.1 Syntax of Workqueuing Pragmas

The syntax and allowed clauses are designed to resemble
OpenMP worksharing constructs. Most of the clauses al-
lowed on OpenMP worksharing constructs have a reason-
able meaning when applied to the workqueuing pragmas.

#pragma omp taskq [ clause [ clause ] ... ]

where clause can be any of the following:

private( list ) { create a private, default-
constructed version of the list objects for each
task.

firstprivate( list ) { create a private, copy-
constructed version of the list objects for each
task.

lastprivate( list ) { create a private, default-
constructed version of the list objects for each
task, with object in outer scope copy-assigned
from the object in the last enqueued task.

reduction( operator:list ) { perform a reduction
operation in enclosed tasks on the list objects with
the given operator. Operator and list are de�ned
the same as in the OpenMP APIs.

ordered { perform ordered constructs in enclosed
tasks in original sequential order.

nowait { remove implied barrier at the end of the
taskq.



#pragma omp task [ clause [ clause ] ... ]

where clause can be any of the following:

private( list ) { create a private, default-
constructed version of the list objects for this
task.

firstprivate( list ) { create a private, copy-
constructed version of the list objects for this task.

Notice that a private and a firstprivate clause
are permitted on the task pragma, whereas the similar
section does not permit either. There are two primary
reasons for this: Some users of OpenMP have found the
absence of these clauses on the section pragma lacking,
and deferred execution of a task requires encapsulation of
its execution environment. These clauses permit this en-
capsulation to be performed eÆciently. Encapsulation is
discussed in more detail in the section 6.2.2.

6.2 Workqueuing Pragma Semantics

6.2.1 Taskq Pragma Semantics

The description of taskq constructs is broken into two
parts, one for the normal case where they resemble work-
sharing constructs and one for the nested case where taskq
constructs are encountered inside taskq or task constructs.

Normal case: multiple threads encounter taskq

A taskq construct encountered inside a parallel re-
gion creates a logical queue of tasks on which the work
represented by enclosed task constructs is enqueued.
Such a taskq construct is executed single threaded by
one of the threads that encounters it. Other threads
that encounter the construct wait to dequeue and exe-
cute work from the queue.

Nested case: single thread encounters taskq

A taskq construct encountered inside another taskq or
task construct also creates a logical queue of tasks on
which the units of work represented by enclosed task

constructs are enqueued. This new queue is a child of
its outer queue. The hiearchical relationship of queues
built in this nested way forms a tree of queues, which
mirrors the hierarchical control and/or data structures
of the program. A small di�erence between the nested
and the normal case is that each thread that encounters
a nested taskq construct executes it, whereas only one
thread that encounters a normal (non-nested) taskq

construct executes it.

Objects on the private, firstprivate, and
reduction lists of the taskq pragma have their normal
meaning, as listed in section 6.1. The ordered clause on
the taskq pragma indicates that enclosed task constructs
contain ordered constructs that must be executed in the
order in which the tasks were enqueued (i.e., the order is
the same as in the original sequential program).

The absence of a nowait clause means that no thread
may proceed past the end of the construct until the current
taskq construct and all the enclosed task and taskq con-
structs have �nished. Notice that this says nothing about
previously encountered taskq constructs | they may still
be un�nished. To guarantee that taskq constructs A, B, and
C and their associated tasks have completed before point X
in a program, simply enclose A, B, and C in a taskq con-
struct that ends before point X.

The presence of a nowait clause means that a thread
may proceed past the end of the taskq construct once all
enclosed task constructs have been dequeued.

Objects listed in the lastprivate clause of the taskq
pragma have the original global object copy-assigned from
the object in the task that was enqueued last. Note that
the lastprivate clause is for communication of a last value
from a task to the context outside the taskq; it is not in-
tended for any other communication. This clause is very
similar to the lastprivate clause on an OpenMP for

pragma or sections pragma. In both of the cases above,
the body of the taskq construct, outside any enclosed task

or taskq constructs, is executed single-threaded, but not
necessarily by the same thread during the entire lifetime of
the construct.

Requiring a taskq construct to be executed by a single
thread during its entire lifetime imposes performance lim-
itations and/or large memory requirements on the model.
For example, if a taskq generates a large number of tasks,
the memory needed to store all the tasks is very large. If,
on the other hand, a �xed size queue is used, a perfor-
mance problem surfaces: The taskq construct has to wait
for the queue to have an available slot before generating
more tasks. If the thread executing the taskq construct
participates in the execution of tasks to alleviate this per-
formance problem, it may end up with a particularly long
task, which could lead to starvation of the other threads.

For these reasons, our current workqueuing implemen-
tation permits multiple threads to execute the taskq con-
struct, as long as only one of them executes it at any single
time. However, we permit the thread switch only at en-
closed task construct boundaries.

Because of the possibility that a taskq construct may
be executed by di�erent threads, referencing an OpenMP
threadprivate variable in this section of code may lead
to unexpected values. Similar surprises will occur if a
threadprivate variable is referenced in a taskq con-
struct as well as an enclosed task construct, because both
may be executed by the same thread. For these reasons,
threadprivate variables may not be referenced in the
taskq construct outside any task constructs.

6.2.2 Task Pragma Semantics

Task constructs encountered inside a taskq construct are
enqueued on the corresponding logical queue. Each task

construct represents a unit of work in the OpenMP sense
and is executed by a single thread.



Data Environment Encapsulation The enqueuing of
tasks on a logical queue and their deferred execution while
the taskq construct generates more tasks requires encapsu-
lation of the task's data environment, akin to what happens
with the OpenMP for pragma, where the value of the loop
index is encapsulated for each iteration of the for loop.

Variables that are private to the taskq have their ini-
tial values captured for each enqueued task. Notice this
means for n tasks and p threads, there are n + 1 copies of
taskq private variables, though not all are necessarily live
at the same time.

Work Stealing The workqueuing model is designed to
permit any thread to execute any task on any queue, which
is referred to as work stealing. Work stealing permits all
the threads started by the runtime system to stay busy
even when the tasks generated by the particular taskq that
they are executing have �nished. In a system that permits
dynamic creation and nesting of parallelism, the varying
amounts of dynamic parallelism available in di�erent parts
of the program and at di�erent levels of nesting make work
stealing very important.

In the workqueuing model, work stealing may occur in
the nested taskq case where a thread executing a particular
taskq construct runs out of tasks to execute in that queue
but �nds other tasks ready to execute in other queues (from
other parts of the taskq tree). Work stealing may also occur
in the non-nested case due to the presence of the nowait

clause.
It should be noted that the queues in the model are

merely logical entities. An implementation is free to do
away with all the queues, as long as it can satisfy the re-
quirements of all the clauses on the workqueuing pragmas.

7 Workqueuing Application

In this section, the background information and paralleliza-
tion details for Strassen's matrix multiply illustrate the ap-
plication of the workqueuing model.

7.1 Strassen's Matrix Multiply

Strassen's algorithm is well known among computational
scientists as an algorithm for fast multiplication of large,
dense matrices [FisPro]. For square matrices of size n� n,
Strassen's algorithm achieves a run time complexity of
�(nlg 7) = O(n2:807) [CLR]. The more familiar matrix mul-
tiplication, which we shall refer to as standard matrix mul-
tiplication here, has a runtime complexity of O(n3).

All variants of Strassen's algorithm use hierarchical
decomposition of matrix multiplication by dividing each di-
mension of the matrix into two equal sized sections.

The matrix multiplication

A[1 : 2n][1 : 2n]� B[1 : 2n][1 : 2n]) C[1 : 2n][1 : 2n]

may be decomposed as follows:�
A1;1 A1;2

A2;1 A2;2

�
�

�
B1;1 B1;2

B2;1 B2;2

�
)

�
C1;1 C1;2

C2;1 C2;2

�

such that
M1;1 �M[1 : n][1 : n] M1;2 �M[1 : n][n+ 1 : 2n]
M2;1 �M[n+ 1 : 2n][1 : n] M2;2 �M[n+ 1 : 2n][n+ 1 : 2n]:

Standard matrix multiplication is equivalent to the
following:

C1;1 = A1;1 � B1;1 +A1;2 � B2;1 C1;2 = A1;1 � B1;2 +A1;2 � B2;2

C2;1 = A2;1 � B1;1 +A2;2 � B2;1 C2;2 = A2;1 � B1;2 +A2;2 � B2;2:

Strassen's algorithm needs only seven submatrix multipli-
cations instead of eight:

P1 = (A1;1 + A2;2)� (B1;1 +B2;2)
P2 = (A2;1 + A2;2)�B1;1

P3 = A1;1 � (B1;2 �B2;2)
P4 = A2;2 � (B2;1 �B1;1)
P5 = (A1;1 + A1;2)�B2;2

P6 = (A2;1 � A1;1)� (B1;1 +B1;2)
P7 = (A1;2 � A2;2)� (B2;1 +B2;2)

C1;1 = P1 + P4 � P5 + P7 C1;2 = P3 + P5

C2;1 = P2 + P4 C2;2 = P1 + P3 � P2 + P6:

Each of these seven submatrix multiplications is then itself
decomposed and the algorithm is applied recursively.

Since Strassen's algorithm uses more submatrix ad-
ditions and subtractions than the standard matrix multi-
plication algorithm, it becomes more expensive after a few
steps of hierarchical decomposition when the matrices be-
come small. (The exact crossover point is dependent on the
hardware and software implementation and must be chosen
experimentally.) Below the performance crossover point in
the recursion, standard matrix multiply is employed with-
out further decomposition.

7.2 Parallelizing Strassen's Algorithm

The hierarchical decomposition aspect of the multiplication
is straightforward to parallelize via the workqueuing model.
Figure 12 below shows pseudocode for a parallel version of
the recursive Strassen's multiply routine, strassen mul. It
takes two square matrices as input, A and B, and produces a
result square matrix, C. r is the current recursion depth, pd
is the maximum recursion depth for parallel decomposition,
and t is the matrix size threshold below which Strassen's
algorithm becomes more computationally expensive than
the standard multiplication algorithm.

Note that only the intermediate p matrices are com-
puted in parallel. The computation of the �nal C subma-
trices involves only matrix additions and subtractions and
takes negligible time compared to the multiplications per-
formed when computing the p matrices.

The desired parallelism depth, pd, is calculated by
taking into consideration the number of tasks at each level
of the recursive parallel decomposition as well as the num-
ber of available processors on the target machine. In gen-
eral, the total number of tasks at the bottom level of the
recursion should be a large enough multiple of the number
of processors to insure adequate load balancing. Choos-
ing a very large value for pd, however, may cause parallel
speedup to decrease if the tasks become small relative to
the overhead of workqueuing. Experimentation with a par-
ticular implementation is necessary to achieve the optimal
value.



strassen mul( A[1:2n][1:2n], B[1:2n][1:2n], C[1:2n][1:2n], r ) f
if ( n < t )

standard mul( A[1:2n][1:2n], B[1:2n][1:2n], C[1:2n][1:2n] );
else f

allocate p[1:7][1:n][1:n];
#pragma omp taskq if ( r <= pd )
f

#pragma omp task
strassen mul( A[1:n][1:n] + A[n+1:2n][n+1:2n],

B[1:n][1:n] + B[n+1:2n][n+1:2n],
p[1][1:n][1:n], r+1 );

#pragma omp task
strassen mul( A[n+1:2n][1:n] + A[n+1:2n][n+1:2n],

B[1:n][1:n],
p[2][1:n][1:n], r+1 );

#pragma omp task
strassen mul( A[1:n][1:n],

B[1:n][n+1:2n] - B[n+1:2n][n+1:2n],
p[3][1:n][1:n], r+1 );

#pragma omp task
strassen mul( A[n+1:2n][n+1:2n],

B[n+1:2n][1:n] + B[1:n][1:n],
p[4][1:n][1:n], r+1 );

#pragma omp task
strassen mul( A[1:n][1:n] + A[1:n][n+1:2n],

B[n+1:2n][n+1:2n],
p[5][1:n][1:n], r+1 );

#pragma omp task
strassen mul( A[n+1:2n][1:n] - A[1:n][1:n],

B[1:n][1:n] + B[1:n][n+1:2n],
p[6][1:n][1:n], r+1 );

#pragma omp task
strassen mul( A[1:n][n+1:2n] - A[n+1:2n][n+1:2n],

B[n+1:2n][1:n] + B[n+1:2n][n+1:2n],
p[7][1:n][1:n], r+1 );

g
C[1:n][1:n] = p[1] + p[4] - p[5] + p[7];
C[1:n][n+1:2n] = p[3] + p[5];
C[n+1:2n][1:n] = p[2] + p[4];
C[n+1:2n][n+1:2n] = p[1] + p[3] - p[2] + p[6];

g
g

Figure 12: Parallelized Strassen's Algorithm

8 Workqueuing Performance

To evaluate the performance of the workqueuing model,
parallel performance measurements were taken using four
benchmark programs on three di�erent SMP workstations.
In this section, we describe the benchmark programs, the
experimental methodology, and give parallel speedup re-
sults.

8.1 Benchmark Programs

The benchmark programs used for the performance evalu-
ation were chosen because they are diÆcult to parallelize
using traditional OpenMP techniques, and because they
represent a variety of application domains. This diÆculty
is usually caused by recursive control structures and
hierarchical data decomposition which is often diÆcult
to parallelize with the OpenMP for pragma. The source
code for all of the programs used in these experiments
can be obtained from our FTP site at the following URL:
ftp://ftp.kai.com/public/workqueuing examples.
Three of them originated from the Cilk distribution
from MIT and were parallelized using the workqueuing
pragmas. Unless otherwise speci�ed, the serial version of
each program used for experiments was obtained by simply

removing the pragmas from the parallel version.

Strassen's Matrix Multiply Strassen's algorithm for
multiplication of dense matrices and its workqueuing par-
allelization are described in detail in sections 7.1 and 7.2.
John Larson wrote the original Fortran version of this code
which was then translated to C. The program used in the
performance studies multiplies two n�n square matrices of
double precision 
oating-point numbers using hierarchical
decomposition of the matrix as shown in �gure 12.

Fast Fourier Transform This program, originally writ-
ten by Matteo Frigo, is a highly optimized version of
the classical Cooley-Tukey Fast Fourier Transform algo-
rithm [CoTu]. It calculates the one dimensional FFT of
a vector of n complex values and is included in the Cilk
version 5.1 distribution. The FFT works by hierarchically
decomposing the vector into FFTs of smaller vectors and is
highly optimized for subvectors for which the size is a small
power of two.

Queens The objective of the original N-queens problem
is to place n queens on an n � n chess board in such a
way that none of the queens can attack each other. To re-
move the scheduling indeterminacy in the original program
and provide meaningful performance results, the code was
rewritten to �nd and count the number of possible solutions
to the problem instead of quitting when any single solution
is found. Queens uses a backtracking search algorithm and
was originally written by Keith Randall and is included in
the Cilk version 5.1 distribution.

Multisort Multisort is a variation of ordinary merge-
sort [AkSa]. It implements fast parallel sorting by dividing
an array of elements in half, sorting each half recursively,
and then merging the sorted halves using a divide and con-
quer approach instead of the usual serial merge. Originally
written by Matteo Frigo and Andrew Stark, this program
sorts a random permutation of n 32-bit numbers and is in-
cluded in the Cilk version 5.1 distribution. As soon as the
workqueuing recursion reaches its lower limit, serial quick-
sort is used to sort the smaller arrays. Below a threshold of
twenty array elements, insertion sort is employed to avoid
the larger overhead of quicksort.

8.2 Experimental Methodology

The benchmark programs were all compiled using the Guide
C/C++ component of the KAP/Pro Toolset version 3.7
with default optimization (-O). Two executable versions of
each program were created, one with the workqueuing prag-
mas enabled (parallel) and the other with the pragmas dis-
abled (sequential). We ran each of these programs on three
dedicated SMP machines and measured the core algorithm
completion time only, since input generation times are sig-
ni�cant for some programs.



Program Platform Size TS
TS
T1

TS
T2

TS
T3

TS
T4

IBM 15362 59.2 1.02 1.97 2.88 3.71

Strassen Compaq 10242 26.5 1.01 1.99 2.92 3.78

SGI 12802 41.2 1.00 1.93 2.83 3.66

IBM 222 20.2 0.99 1.89 2.40 3.26

FFT Compaq 223 23.0 1.00 1.71 2.21 2.86

SGI 223 80.7 1.02 1.85 2.41 2.87

IBM 13 55.5 1.05 2.09 3.13 4.16

Queens Compaq 13 60.2 1.03 2.05 3.07 4.09

SGI 13 87.0 0.98 1.94 2.91 3.86

IBM 224 14.1 0.97 1.87 2.62 3.32

Multisort Compaq 224 14.0 0.95 1.54 1.88 2.44

SGI 224 18.9 0.97 1.82 2.56 3.31

Table 1: Workqueuing Performance Results

Three di�erent target platforms were used in these
experiments: an IBM F50 Model 7025 with four 333 Mhz
604e processors and 1 GB memory running AIX 4.3.2, a
Compaq AlphaServer 4100 with four 467 MHz EV56 Alpha
processors and 1 GB memory running Tru64 Unix version
4.0D, and an SGI Origin 200 with four 180 MHz R10000
processors and 512 MB memory running IRIX 6.5.

8.3 Performance Results

Performance results of the experiments are shown in ta-
ble 8. The Platform column indicates which of the three
SMP machines was used to obtain the corresponding row of
performance results, while Size denotes the size in elements
of the input to the program used on that platform. TS is the
time, in seconds, for the sequential program to run, and T1
through T4 designate completion time of the workqueuing
parallelized program run using one through four threads,
respectively. The columns marked TS=T1 through TS=T4
provide measurements of speedup, which is the run time of
the parallel code using one through four threads relative to
the run time of the sequential code.

The TS=T1 column indicates that Multisort is a bit
slower than the quicksort algorithm used for the sequential
time. The speedups in this column indicate memory system
e�ects that are diÆcult to predict and analyze.

Both Strassen and Queens exhibit near linear or
superlinear parallel speedup and, hence, good scalabil-
ity. Memory bandwidth limitations prevent Multisort from
achieving near linear speedup since the ratio of computa-
tion to memory access is relatively small when compared
to some of the other programs in this group. This e�ect
seems especially severe on the Compaq platform that re-
lies on a deep memory hierarchy to mask the larger gap
between memory access latency and processor speed. FFT
achieves reasonably good speedup on four processors, but
the reasons for sublinear speedup are not yet understood.

9 Conclusions

In this paper we have shown that the workqueuing model
forms a simple, natural extension to OpenMP that greatly
increases the class of algorithms that can be simply and ef-
fectively parallelized. In addition, the examination of the
benchmark programs' parallel speedup has shown that it is
easy to obtain good parallel performance on algorithms rep-
resentative of important calculations not easily parallelized
with OpenMP.

By the addition of the workqueuing model to the
OpenMP C/C++ and Fortran APIs, the domain of codes
amenable to e�ective SMP parallelism would be greatly in-
creased.

The computing community is naturally reluctant to
invest major programming e�orts in proprietary solu-
tions. Our goal is to encourage developers by making the
workqueuing extensions to OpenMP available as part of a
commercially supported software package. Kuck & Asso-
ciates has also proposed the workqueuing model as an ex-
tension to the OpenMP APIs, and has thus made it avail-
able for adoption and implementation by all vendors.
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