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Preface

OpenMP is a widely accepted, standard application programming interface (APT)
for high-level shared-memory parallel programming in Fortran, C, and C++.
Since its introduction in 1997, OpenMP has gained support from most high-
performance compiler and hardware vendors. Under the direction of the OpenMP
Architecture Review Board (ARB), the OpenMP specification has evolved up
to the recent release of version 4.0. This version includes several new features
like accelerator support for heterogeneous hardware environments, an enhanced
tasking model, user defined reductions, and thread affinity to support binding
for performance improvements on non-uniform memory architectures.

The evolution of the standard would be impossible without active research
in OpenMP compilers, runtime systems, tools, and environments. OpenMP is
both an important programming model for single multicore processors and as
part of a hybrid programming model for massively parallel, distributed memory
systems built from multicore or manycore processors. In fact, most of the growth
in parallelism of the upcoming Exascale systems is expected to be coming from
an increased parallelism within a node. OpenMP offers important features that
can improve the scalability of applications on such systems.

The community of OpenMP researchers and developers in academia and
industry is united under cOMPunity (www.compunity.org). This organization
has held workshops on OpenMP around the world since 1999: the European
Workshop on OpenMP (EWOMP), the North American Workshop on OpenMP
Applications and Tools (WOMPAT), and the Asian Workshop on OpenMP
Experiences and Implementation (WOMPEI) attracted annual audiences from
academia and industry. The International Workshop on OpenMP (IWOMP)
consolidated these three workshop series into a single annual international event
that rotates across Asia, Europe, and the Americas. The first IWOMP work-
shop was organized under the auspices of cOMPunity. Since that workshop, the
IWOMP Steering Committee has organized these events and guided development
of the series. The first IWOMP meeting was held in 2005, in Eugene, Oregon,
USA. Since then, meetings have been held each year, in Reims, France, Bei-
jing, China, West Lafayette, USA, Dresden, Germany, Tsukuba, Japan, Chicago,
USA, Rome, Italy, and Canberra, Australia. Each workshop has drawn partici-
pants from research and industry throughout the world. IWOMP 2014 contin-
ues the series with technical papers, tutorials, and OpenMP status reports. The
IWOMP meetings have been successful in large part due to the generous support
from numerous sponsors.

The cOMPunity website (www.compunity.org) provides access to the talks
given at the meetings and to photos of the activities. The IWOMP website
(www.iwomp.org) provides information on the latest event. This book contains
proceedings of IWOMP 2014. The workshop program included 16 technical



VI Preface

papers, two keynote talks, a tutorial on OpenMP, an invited talk, and a sponsor
talk. The paper by Artur Podobas, Mats Brorsson and Vladimir Vlassov was
selected for the Best Paper Award. All technical papers were peer reviewed by
at least three different members of the Program Committee.

In a special way, the OpenMP community remembers Ricky Kendall, former
member of the IWOMP Steering Committee. He passed away March 18, 2014
and is greatly missed.

September 2014 Luiz DeRose
Bronis R. de Supinski
Stephen L. Olivier
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Task-Parallel Reductions in OpenMP and OmpSs
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Abstract. The wide adoption of parallel processing hardware in main-
stream computing as well as the raising interest for efficient parallel pro-
gramming in the developer community increase the demand for parallel
programming model support for common algorithmic patterns. In this
work we present an extension to the OpenMP task construct to add
support for reductions in while-loops and general-recursive algorithms.
Further we discuss implications on the OpenMP standard and present a
prototype implementation in OmpSs. Benchmark results confirm appli-
cability of this approach and scalability on current SMP systems.

Keywords: OpenMP, Task, Reduction, Recursion, OmpSs.

1 Introduction

Reductions are a reoccurring algorithmic pattern in many scientific, technical
and mainstream applications. Their characteristic non-atomic update operation
over arbitrary data types makes their execution computationally expensive and
parallelization challenging.
In programming, a reduction occurs when a variable, var, is updated itera-
tively as
iter : var = op(var, expression),

where op is a commutative and associative operator performing an update on
var and where var does not occur in expression. In case of parallel execution,
mutual exclusive access is required to ensure data consistency.

Taking a broader look at usage patterns across applications reveals three com-
mon types of reductions: for-loop (bounded loop), while-loop (unbounded loop)
and recursive. For-loop reductions enclose a reduction in a for-loop body. They
are often used in scientific applications to update large arrays of simulation data
in each simulation step (such as updating particle positions by a displacement

L. DeRose (Eds.): IWOMP 2014, LNCS 8766, pp. 1-15, 2014.
© Springer International Publishing Switzerland 2014



2 J. Ciesko et al.

corresponding to a time slice) or in numerical solvers where values are accumu-
lated over a scalar to indicate convergence behavior and break conditions [7].
They are often referred to as array or scalar reductions.

For-loops represent the class of primitive-recursive algorithms where the itera-
tion space is computable and where control structures of no greater generality are
allowed. The iterative formulation of primitive-recursive functions is currently
supported in OpenMP [9].

While-loop reductions represent another usage pattern and define the class of
general-recursive functions. They appear in algorithms where the iteration space
is unknown such as in graph search algorithms.

The last occurrence represents recursions. Recursive reductions can be found
in backtracking algorithms used in combinatorial optimization. Even though
one could argue that for each recursion an iterative formulation exists (either
as a for-loop or a while-loop), recursions often allow very compact and readable
formulations. Examples of a recursive and while-loop reduction are shown in
Figure 1.

1int nqueens (...){ 1.,
2 if (condl(...)) return 1; 2int red = 0;
3 int count = 0; 3int foo(node t node,...){
4 for (int row = 0; row < n; row+-+){ 4  while(node—>next) {
5 if (cond2(...))) 5 red+=bar (node—>value);
6 count += nqueens (...); 6 node=node—>next ;
7} 7}
8 return count; 8 }
9} 9 ...
(a) (b)

Fig. 1. The recursive, schematic implementation of n-Queens (a) and a graph algorithm
(b) show the different occurrences of reductions in applications

In this work we propose an extension to the OpenMP standard by adding
support for while-loop and recursive reductions through the task reduction di-
rective. Formally, this extends the existing support for primitive-recursive, iter-
ative algorithms by the class of general-recursive algorithms for both, iterative
and recursive formulations. In terms of parallel programming, the proposed task
reduction allows the expression of so called task-parallel reductions. Further we
propose a compliant integration into OpenMP and present a prototype imple-
mentation based on OmpSs [1].

The rest of the paper is structured as follows. Chapter 2 introduces the lan-
guage construct. In Chapter 3 we introduce OmpSs, discuss compiler transforma-
tions and runtime implementation. Benchmark results are shown in Chapter 4.
Finally we discuss related work in Chapter 5 and conclude this work in Chapter 6
with a summary and outlook on future work.
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2 Task-Parallel Reductions with OpenMP

The idea to support task-parallel reductions builds on top of the conceptual
framework introduced with explicit tasking in OpenMP. Since tasking allows to
express concurrent while-loops and recursions, it represents a convenient mech-
anism to support task-parallel reductions as well. For its definition we use the
current standard specification [9] as a baseline and add a set of rules describing
data consistency and nesting. While this work is written with a certain formalism
in mind, it does not represent a language specification.

2.1 Definition

The task reduction directive! is defined as:

1#pragma omp task [clauses| reduction (identifier : list)
2 structured —block

The reduction clause in the task construct declares an asynchronous reduction
task over a list of items. Each item is considered as if declared shared and for
each item a private copy is assigned for each implicit task participating in the
reduction. At implicit or explicit barriers or task synchronization, the original list
item is updated with the values of the private copies by applying the combiner
associated with the reduction-identifier. Consequently, the scope of a reduction
over a list item begins at the first encounter of a reduction task and ends at an
implicit or explicit barrier or task synchronization point. We call this region a
reduction domain. Implications on synchronization in case of domain nesting is
conforming to the OpenMP specification.

We would like to point out that the provided definition is generic and does
not restrict the usage of task-parallel reductions to any particular enclosing con-
struct. However, as in this case the scope of a task-parallel reduction is defined
by both task synchronization as well as by barriers, its support would require to
modify their current implementations. In particular they would need to check
for outstanding private copies and reduce them. A solution to minimize the im-
pact on unrelated programming constructs is to restrict the use of task-parallel
reductions to the context of a taskgroup.

In the rest of this Chapter we discuss implications of this proposal on taskwait
and taskgroup directives, reductions on data dependencies and nesting.

2.2 Reductions on Taskwait

The taskwait construct specifies a wait on the completion of child tasks in the
context of the current task and combines all privately allocated list items of all
child tasks associated with the current reduction domain. A taskwait therefore
represents the end of a domain scope. The previous example shown in Figure 1b
can be easily parallelized as shown in Figure 2.

1 Shown in C and C++ syntax.
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1.
2 int red=0;

3 while (node—>next) {

#pragma omp task reduction (+:red)

'S

5

6 red+=bar (node—>value);
7

8 node=node—>next ;

9}

10 #pragma omp taskwait
11 return red;

Fig. 2. A concurrent reduction using a taskwait to ensure data consistency so a function
would return a correct value of red

2.3 Support in Taskgroups

The taskgroup construct specifies a deep wait on all child tasks and their de-
scendent tasks. After the end of the taskgroup construct, all enclosed reduction
domains are ended and original list items are updated with the values of the pri-
vate copies. Similarly to a taskwait construct, task-parallel reductions require to
extend their role of task synchronization to actively perform a memory operation
to restore consistency. Figure 3 shows an example where a reduction domain is
ended implicitly at the end of a taskgroup construct.

1.
2int red=0;
3#pragma omp taskgroup

4

5{ while (condition (){

6 #pragma omp task reduction (+:red)
7 red += foo ();

8 }

o}

10 return red;

Fig. 3. A concurrent reduction within the taskgroup performs a wait on all children
and their descendant tasks (this is often referred to as deep wait)

2.4 Reductions on Data Dependencies

Data-flow based task execution allows a streamline work scheduling that in cer-
tain cases results in higher hardware utilization with relatively small develop-
ment effort. Task-parallel reductions can be easily integrated into this execution
model but require the following assumption. A list item declared in the task re-
duction directive is considered as if declared inout by the depend clause. As this
would effectively serialize the execution of reduction tasks due to the "inout"
operation over the same variable, dependencies between reduction tasks of the
same domain need to be overridden.
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An example, where a reduction domain begins with the first occurrence of
a participating task and is ended implicitly by a dependency introduced by a
successor task, is shown is Figure 4. In this example the actual reduction of
private copies can by overlapped by the asynchronous execution of bar which
again might improve hardware utilization.

1.
2 int red=0;
3 for(int i=0; i<SIZE; i+=BLOCK){

4 #pragma omp task shared(array) reduction (+:red)
5 for (int j=i; j< i+BLOCK; ++j){

6 red += array|[]|;

7 }

!

o#pragma omp task

10 bar ();

11#pragma omp task shared(red) depend(in:red)
12 printf ("%i\n" ,red);
13 ...

Fig. 4. The reduction domain over the variable red is ended by a task dependency

2.5 Nesting Support

Nested task constructs typically occur in two cases. In the first, each task at each
nesting level declares a reduction over the same variable. This is called multi-
level reduction. In this case, a taskwait at each nesting level is not mandatory as
long as a deep wait ensures proper synchronization later on. It is important to
point out that only task synchronization that occurs at the same nesting level at
which a reduction scope was created (that is the nesting level that first encounter
a reduction task for a list item), ends the scope and reduces private copies.
Within the reduction domain, the value of the reduction variable is unspecified.
An example for a multi-level domain reduction is shown in Figure 5.

1.
2int red = 0;

3 for (int 1=0; i<SIZE; i+=BLOCK){

#pragma omp task shared(array) reduction (+:red)

'S

5 for (int j=i; j< i+BLOCK; ++j){

6 #pragma omp task shared(array) reduction (+:red)
7 red += array[j]| + bar(/xlong computationx/);
s}

9 #pragma omp taskwait

10 printf("Unspecified value of red:%i\n",red);

11 }

12#pragma omp taskwait
13 ...

Fig.5. A multi-level domain reduction is computed over the same variable by tasks
participating at different nesting levels
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In the second occurrence each nesting level reduces over a different reduction
variable. This happens for example if a nested task performs a reduction on task-
local data. In this case a taskwait at the end of each nesting level is required.
We call this occurrence a nested-domain reduction. Figure 6 shows an example
of an element-wise matrix summation, where inner tasks iterate over rows and
compute partial results that are then reduced by outer tasks to compute the final
value. Since in this example the nested domain is ended by the inner taskwait,
accessing red_local returns a correct value.

...
2int red = 0;
sfor(int i = 0; i < SIZE_Y; i++){

4 #pragma omp task shared(array) reduction(+:red)
6 int red local = 0;

7 for(int j = 0; j < SIZE_X; j+=BLOCK X) {

8 #pragma omp task reduction(+4:red local)
9 for (int k = j; k < j + BLOCK_X; ++k){
10 red local 4= array|[i][k];

11 }

12 }

13 #pragma omp taskwait

14 printf("Correct value of red_local:%i\n",red_local);
15 red += red_local;

16 }

17 }

18#pragma omp taskwait
19 ...

Fig. 6. Element-wise matrix sum implemented as a nested-domain reduction, where
each dimension is processed in a different nesting level over a different variable

General Nesting Support. The general support for nesting requires to in-
spect scenarios where a task-parallel reduction is nested within the parallel and
worksharing constructs.

An example for such a scenario where a reduction is computed over a shared
variable in a parallel for construct on one level and reduction tasks on the second
level is shown in Figure 7. This example represents a multi-domain reduction
because even though both directives declare a reduction over the same variable
(similarly to Figure 5), the inner reduction is performed on private copies that
were created for each implicit task of the parallel region. In this case the outer
reduction domain starts at the encounter of the first reduction task (implicit
in this case) and ends at the implicit barrier at the end of the parallel region.
The inner reduction domain starts on each thread with the encounter of the first
explicit task and ends at the taskwait.

In case the reduction variable in the work-sharing construct would be declared
shared instead, each implicit task would perform a reduction on the shared vari-
able by its nested reduction tasks. Here the scopes of the inner reductions would
end at implicit synchronization points within the implicit tasks and the runtime
would need to make sure to update the shared variable atomically.
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...
2int red = 0;

3#pragma omp parallel for shared(array) reduction (+:red)
4 for (int 1=0; i<SIZE; i+=BLOCK){

5 for (int j=i; j< i+BLOCK; ++j){

6 #pragma omp task shared(array) reduction (+:red)
7 red += array[j] + bar(/xlong computationx/);

s )

9 #pragma omp taskwait

10 }

11

Fig. 7. Nested task-parallel reduction in a worksharing construct performs a reduction
over the shared variable red

Currently OpenMP does not support nesting data-parallel and task-parallel
reductions because of the following restriction.

— A list item that appears in a reduction clause of the innermost enclosing
worksharing or parallel construct may not be accessed in an explicit task.

Adjusting this restriction as shown below, would add support for the gen-
eral nesting support while maintaining the afford of discouraging programming
errors.

— A list item that appears in a reduction clause of the innermost enclosing
worksharing or parallel construct may not be accessed in an explicit task
unless it appears in its reduction clause.

— Nested reductions over the same list item must perform the same reduction
operation.

If a general support of task-parallel reductions as discussed in this sections
is desirable depends on its necessity. Currently task-parallel reductions enclosed
in the taskgroup construct represent a satisfactory approach that reduces the
impact of tasking on barriers.

Figure 8 shows two implementations of the n-Queens application from Chapter
1, that compute a reduction over a global (a) and local (b) variable.

3 Implementation in OmpSs

To evaluate requirements for compilers as well as for runtime support we imple-
mented the presented proposal in the OmpSs programming model. OmpSs is a
high-level, task-based, parallel programming model supporting SMPs, heteroge-
neous systems (like GPGPU systems) and clusters.

OmpSs consists of a language specification, a source-to-source compiler for C,
C++ and Fortran [2] and a runtime [3]. The language defines a set of directives
that allow a descriptive expression of tasks. With this information the runtime is
capable of dependency-aware task scheduling. While this is similar to OpenMP,
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1int count = 0; 1int nqueens (...){
2int nqueens (...){ 2 if (condl(...))
3 if (condl (...)) 3 return 1;
4 return 1; 4 int count = 0;
5 for(int row=0;row<n;row-+-+){ 5 for (int row=0;row<n;row--+){
6 if (cond2(...))) 6 if (cond2(...)))
7 #pragma omp task) 7 #pragma omp task)
8 reduction(+:count) 8 reduction(+:count)
9 count += nqueens (...); 9 count += nqueens (...);
0} 0}
11 #pragma omp taskwait 11 #pragma omp taskwait
12 return 0; //neutral element 12 return count;
13 } 13 }
(a) (b)

Fig. 8. A concurrent implementation of N-Queens as a multi-level (a) and nested-level
domain (b) reduction over the variable count

the OmpSs runtime implements a different execution model. In OmpSs, an ap-
plication is launched as a single implicit task in an implicit parallel region over
all available threads. Therefore nor the parallel construct nor barriers are needed
and memory consistency is ensured through data dependencies and task synchro-
nization directives. Even though these differences exist, OmpSs is suited to serve
as a reference implementation for the specific use-cases presented in Chapter 2.

3.1 Runtime Support

The runtime implementation is based on the idea of privatization. In order to
avoid the need for mutual exclusive access to the reduction variable, a thread-
private copy (TPRS) is created and used as a temporal reduction target. Since
its creation, initialization and processing later on are expensive operations, it is
important to maximize the life span and reuse of a TPRS.

Therefore we introduce a thread-team private reduction manager object that
tracks privatized memories and assigns them to requesting tasks. Consequently
all tasks that are executed on the same thread and belong to the same reduc-
tion domain always receive the same allocated thread-private memory. Once the
domain ends, one of the participating threads reduces all corresponding TPRSs
serially.

Allocation Strategies and Storage Handling. To evaluate memory alloca-
tion we implemented two strategies called static and dynamic allocation.

Static allocation preallocates and initializes an array of thread-private reduc-
tion storages for all threads of a team (as defined by omp_ get num_ threads())
at the moment when the first reduction task is created. This marks the beginning
of a reduction domain. During execution, the runtime provides previously allo-
cated TPRS objects according to a domain and thread identifier to requesting
child tasks.
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Fig. 9. Static (a) and dynamic (b) allocation differs in when and where thread-private
memory is requested (req), allocated (alloc) and reduced (red)

With dynamic allocation, memory is allocated and initialized on demand at
task execution. Once a task requests a thread-private storage, the runtime per-
forms an allocation, registers the storage in the reduction manager and returns
a TPRS. An allocation is performed for each first execution of a reduction task
of a domain on a participating thread. In this case a reduction domain begins at
the execution of the first reduction task. This allocation strategy does not create
any work for the encountering thread as the allocation is called at execution
time of child tasks in parallel.

An execution diagram of an application where a parent task P creates four
reduction tasks R1-4 running on two threads (TID 1, 2) is shown in Figure 11.
In this scenario a following task T has an input dependency on the reduction
variable and expects a correct value in memory at the moment of its execution.
In OmpSs, finding the right point in time to reduce TPRSs is implemented via
data dependencies. TPRSs are reduced in the moment when data dependencies
are satisfied, or in other words, when the last task of a dependency domain has
finished execution. In this example, reduction task R3 is the task that satisfies
the dependency requirements for task T and once completed it instructs the
current thread TID 1 to reduce all private storages of the reduction domain.

The advantage of static allocation is that it allows to allocate memory in a
single call (to malloc for example) and its implementation is lock free once all
TPRSs have been allocated. On the other hand, allocation is in the critical path
and potentially can result in allocating unused storage in case not all threads
participate in the computation. Further this approach does not adapt to changing
numbers of participating threads.

Dynamic allocation allocates and initializes memory in parallel and avoids
unnecessary allocation for busy threads that will not participate in the reduction
computation. Since the number of registered TPRS storages changes over time,
this implementation requires a lock in the global manager which can potentially
introduce lock contention for fine grained tasks. This approach corresponds to
the idea of dynamic parallelism where problem size nor thread counts are known.
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Nesting Support. In case of nesting, synchronization constructs might occur
at any nesting level. In this case the runtime must be able identify storage
locations that correspond to an ending domain.

For this purpose the reduction manager object implements a list of TPRSs
and two maps that point to individual items in that list. One map uses task
identifiers while the other one uses target addresses (pointers to the original
reduction variable) as primary keys.

At the first execution of a task of new reduction domain, a new TPRS is
allocated and initialized for the current thread and the parent work descriptor
identifier as well as the address of the reduction variable are stored in the corre-
sponding maps. Each successive task running on that thread and reducing over
same variable will receive the same TPRS because of matching addresses. Once
tasks finish, and the recursion starts to collapse, only those tasks that have a
matching task identifier stored in the map are allowed to reduce TPRS storages.
This corresponds exactly to those tasks that created a new reduction domain.

3.2 Compiler Support

The goal of the Mercurium compiler is to generate code transformations accord-
ing to OmpSs annotations provided by the programmer. In case of encountering
a task reduction, the compiler replaces all occurrences of the original reduction
variable within the task by a reference to a previously requested thread-private
reduction store, called TPRS. This transformation includes the following steps.

— Generate call to the runtime to obtain a TPRS. The runtime serves a TPRS
corresponding to the current thread that is executing the task

— Replace all references to the original reduction variable within the task by a
reference to the TPRS

— Apply the above transformation on the final task code block (code that is
executed in the final task region).

The final task code block represents the original user written code without
runtime calls and is invoked when the task’s final clause evaluates to true. The
final clause in the task construct is typically used to set a cut-off value for task
generation in order to control task granularity. In this way recursive functions
can be stopped from task generation in order to avoid large runtime overheads.

In case of task reductions, multiple tasks can invoke the final code block that is
performing a reduction over a global reduction variable in parallel. Consequently
in order to avoid race conditions, accesses to the reduction variable within the
final code block need to be redirected to the thread-private storage as well.
Since requesting a TPRS is typically implemented as a runtime call, careful
implementation is needed to minimize its impact on performance. Alternatively
an additional final code block can be generated and invoked that accepts a TPRS
pointer as an additional parameter. This would make the runtime call to request
a TPRS obsolete.

Compiler transformations applied to Figure 5 are shown in Figure 10.
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1 void outline taskl(struct ArgsTaskl args);
2 void outline task2(struct ArgsTask2 args);
3int foo () {

4

5 for (int i=0; i<SIZE; i+=BLOCK)

6 rt_create task ({array, i, &red}, &outline taskl);

7 rt  taskwait ();

8 return red;

0}

10 void outline taskl(struct ArgsTaskl args) {

11 int xtp red = rt_get thread storage(args.red);

12 for (int j=i; j< args.i + BLOCK; ++j)

13 rt create task({array, j, tp_red}, &outline task2);
14 rt_taskwait ();

15 }

16 void outline task2(struct ArgsTask2 args) {

17 int «tp tp red = rt_ get thread storage(args.tp red);

18 (xtp_tp_red) += args.array|args.j] + bar(/+*long_ computationx*/);
19 }

Fig. 10. Transformations applied by the compiler redirecting accesses to a thread-
private reduction store

4 Evaluation

The evaluation of the presented runtime support is based on four application ker-
nels that include while-loop and recursive reductions. The first two applications,
n-Queens and Knight’s tour, represents the satisfiability problem in numerical
combinatorics. They compute in one case the maximum number of different con-
figurations of n queens, in the other, the number of knight’s paths covering all
fields on a chess board of size n. These applications are implemented as recur-
sive backtracking algorithms in two versions. In one version the reduction is
performed over a task-local variable (nested-domain reduction) and in the other
over a global variable (multi-level domain reduction). The schematic concurrent
code for n-Queens is shown in Figure 8. Execution traces obtained from the n-
Queens application running on 16 threads are shown in Figure 11 and illustrate
task execution and lifetimes of TPRSs for both implementations. In these exe-
cutions, task granularity was set to an optimum by using the final clause in the
task construct. As visible in the execution trace, a multi-level domain reduction
allows high reuse rates of thread-private memory across nesting levels.

Max-height, another application, computes the longest path over a directed,
unbalanced and acyclic graph. This application represent a while-loop reduction.
Due to its frequent, irregular memory accesses, its scalability is limited by mem-
ory bandwidth when running on 16 processor cores. The Powerset benchmark
computes the number of all possible sets over a given number of elements. This
application is implemented recursively where unlike the n-Queens application,
each recursive branch is of the same length.

Figure 12 shows application scalability for the aforementioned applications
implemented as nested-domain (a) and multi-level domain (b) reduction as well
as their implementations with tasking and atomic updates (using built-in atomics
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e

time time

(a) ()

Fig.11. An execution trace for the n-Queens application (n=15 and creating tasks in
two nesting levels) shows tasks (a) and allocation (1), reuse (2) and reduction (3) of
thread-private reduction storages over a task-local(b) and global variable(c) as shown
in Figure 8

thread
thread
thread

where possible). For each benchmark we have selected the best task granular-
ity and the following problem sizes: n-Queens with n=15, Knight’s tour with
board size 5x5; Max-height with a graph height 15, 7 edges per node and Pow-
erset over 32 items. Results show that all benchmarks benefit from reduction
support, especially in cases where lock contention and atomic updates degrade
performance.

While all applications were executed with both allocation strategies, they
did not exhibit significant performance differences. Allocation and initialization
strategies are relevant especially in case of user-defined reductions over larger
data types and array reductions where the cost of memory allocation and ini-
tialization becomes expensive. As a more detailed analysis exceeds the scope of
this paper, we defer it to future work.

Inspecting overheads of the current implementation for both allocation strate-
gies revealed that the additional time introduced by runtime calls specific to
reduction support did not exceed 1% of total time spent in the runtime irregard-
less of granularity or problem size. We expect that this behavior will change in
case of user-defined and array-type reductions.

4.1 Environment

All benchmark results presented in this work were obtained from the MareNos-
trum 3 supercomputer located at the Barcelona Supercomputing Center. Each
system node contains two 8-core Intel Xeon E5-2670 CPUs running at 2.6 GHz
with 20MB L3 cache and 32GB of main memory. Applications were compiled
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Fig. 12. Application speed-up over serial execution implemented with nested (a) and
multi-level domain (b) reductions as well as with regular tasking using atomics

using Mercurium compiler v1.99.1 and GCC v4.8.2 back-end/native compiler
with -O3. The runtime is based on the Nanos+-+ RTL v0.7a.

5 Related Work

OpenMP has allowed concurrent reductions in work-sharing constructs since its
first specification (OpenMP 1.0) in 1997. The supported clauses allow the use
of a reduction operator and a list of scalar, shared locations. During parallel
execution, the runtime creates private copies for each list item and thread in the
team. The result variable is initialized with the identity value according to the
operator that is declared in the clause. In successive versions of the OpenMP
specification, additional features have been added to the standard. These include
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min- and max-operators for C/C++ in version OpenMP 3.1, extended reduc-
tion support to Fortran Allocatable Arrays (OpenMP 3.0) and User Defined
Reduction (OpenMP 4.0). Aside from small incremental updates, the OpenMP
specification has never allowed OpenMP tasking in reductions. In fact it explic-
itly forbids the use of reduction symbols in combination with tasks: "A list item
that appears in a reduction clause of the innermost enclosing work-sharing or
parallel construct may not be accessed in an explicit task." [9] This restriction
reduces flexibilities achieved by dynamic parallelism in many algorithms.

Other programming models, such as the Cilk++ [8], introduce different types
of linguistic mechanisms, so called hyperobjects [6], that are coordinating local
views of the same variable. Based on a cilk_spawn mechanism that starts par-
allel execution, the parent creates a private copy of the original view initialized
with the identity value, while the child receives the original view of the symbol.
These two views join just before synchronization occurs (cilk_sync). In the
first step, the child view is updated with the value of the parent view accord-
ing to a reducer function. Then the parent view is discarded, and replaced by
the view of the child. Unlike lazy-reduction implemented in OmpSs that is able
to reuse storage across nesting levels, in this case an allocation, reduction and
deallocation always occur.

X10 [4], another popular programming model, introduces a phaser-accumulator
[10,11] construct for dynamic parallelism. A X10-phaser is a coordination con-
struct allowing to unify point-to-point synchronization among different X10-tasks
(activities). The phaser-accumulators support two logical operations. It sends a
value for accumulation that has been produced in the current phase or it receives
the accumulated value from the previous phase. This implementation entirely
eliminates race conditions through the accumulator object that handles read and
write accesses. This encapsulation of functionality allows to define implementation
strategies that differ as to when the reduction itself is performed. That is either
when data is supplied or when a synchronization point is reached. In this respect
this implementation is comparable to OmpSs.

6 Conclusions and Future Work

In this paper we presented an extension to OpenMP tasking to support re-
ductions in while-loops and general-recursive functions. In turned out that the
OpenMP taskgroup is suited to support task-parallel reductions as it minimizes
implications on unrelated constructs. A general support in OpenMP is possible
but requires further analysis of deep task synchronization and of implementa-
tion and performance implications on barriers. This effort should be made in
the future if applications exist that render the taskgroup construct insufficient.
The presented runtime implementation offers two different allocation strategies
and maximizes storage reuse. Dynamic allocation follows the idea of dynamic
parallelism where neither the amount of work nor the number of participating
threads are known beforehand. Results show that task granularity is important
and in case of recursive algorithms can be efficiently controlled by the final
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clause. In the case of while-loops, task granularity needs to be taken into ac-
count by the programmer through appropriate application design. Performance
results obtained on a MareNostrum 3 system node show a near-linear speed-up
for test cases with optimal granularity. Future work includes runtime support for
efficient array reductions through software caching [5], user-defined reductions
and execution on accelerators.
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Abstract. The recent introduction of task dependencies in the OpenMP specifi-
cation provides new ways of synchronizing tasks. Application programmers can
now describe the data a task will read as input and write as output, letting the
runtime system resolve fine-grain dependencies between tasks to decide which
task should execute next. Such an approach should scale better than the excessive
global synchronization found in most OpenMP 3.0 applications. As promising as
it looks however, any new feature needs proper evaluation to encourage applica-
tion programmers to embrace it. This paper introduces the KASTORS benchmark
suite designed to evaluate OpenMP tasks dependencies. We modified state-of-the-
art OpenMP 3.0 benchmarks and data-flow parallel linear algebra kernels to make
use of tasks dependencies. Learning from this experience, we propose extensions
to the current OpenMP specification to improve the expressiveness of dependen-
cies. We eventually evaluate both the GCC/libGOMP and the CLANG/libIOMP
implementations of OpenMP 4.0 on our KASTORS suite, demonstrating the in-
terest of task dependencies compared to taskwait-based approaches.

Keywords: OpenMP, task dependencies, benchmarks, runtime systems,
KASTORS.

1 Introduction

HPC architectures evolved so rapidly that it is now common to build shared-memory
configurations with several dozens of cores. The recent appearance of technologies such
as the Intel Xeon Phi co-processor makes affordable configurations with thousands of
cores a not-so-far reality. Efficiently programming such large-scale platforms requires
to express more and more fine-grain parallelism.

Standard parallel programming environments such as OpenMP have evolved to ad-
dress this requirement, introducing new ways of designing highly parallel programs.
Extending OpenMP to support task parallelism stands as a first step to improve the
scalability of OpenMP applications on large-scale platforms. Indeed, task parallelism

L. DeRose (Eds.): IWOMP 2014, LNCS 8766, pp. 16-29, 2014.
(© Springer International Publishing Switzerland 2014
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usually comes with lower runtime-related overhead than thread-based approaches, al-
lowing OpenMP programmers to create a large amount of tasks at low cost. Task paral-
lelism also promotes the runtime system to a central role, as having more units of work
to execute requires smarter scheduling decisions and load balancing capabilities.

OpenMP was recently extended to support task dependencies. Instead of explicitly
synchronizing all the tasks of a parallel region at once, the application programmer
can now specify a list of variables a task will read as input or write as output instead.
This information is transmitted to the task scheduling runtime system. The runtime then
marks a task as ready for execution only once all its dependencies have been resolved.
Dependencies therefore provide a way to define finer synchronizations between tasks,
able to scale better than global synchronizations on large-scale platforms. Dependencies
also give the runtime system more options to efficiently schedule tasks, as these become
ready for execution as soon as the data they access has been updated.

As promising as it looks however, any new feature needs proper evaluation to en-
courage application programmers to embrace it. While several compilers and runtime
systems are now beginning to support OpenMP 4.0 task dependencies, no benchmark
suite currently exists to evaluate their respective benefits and compare them to tradi-
tional task parallelism.

This paper highlights two major contributions. We first introduce a new bench-
mark suite to experiment with OpenMP 4.0 task dependencies. We present performance
results for both the GCC/libGOMP and the CLANG'/libIOMP compilers and their run-
time systems, comparing kernels involving either dependent or independent tasks. Sec-
ondly, we comment on the issues we met while implementing these benchmarks along
the lines of current 4.0 revision of the OpenMP specification. Building on this experi-
ence, we contribute some extension proposals to the existing OpenMP specification, to
improve the expressiveness of the task dependency support.

The remainder of this paper is organized as follows. Section 2 describes the task de-
pendency programming model in OpenMP 4.0. It then analyzes the strategies adopted
by GCC/libGOMP and CLANG/1ibIOMP to implement this model. Section 3 intro-
duces the KASTORS benchmark suite we have designed to evaluate OpenMP 4.0’s task
model implementations. Section 4 presents the performance results of KASTORS using
two different hardware configurations. We identify and discuss practical issues with the
current OpenMP specification, and we propose extensions in section 5 to address these
issues. We finally present some related works in section 6 before concluding.

2 The Way OpenMP Specifies Dependencies between Tasks

The OpenMP Architecture Review Board recently introduced a new way of expressing
task parallelism using OpenMP, through the task dependencies extension that comes
with revision 4.0 of the specification. This section gives some insight into how program-
mers can use task dependencies to advantageously replace the often excessive global
task synchronizations found in many OpenMP 3.0 applications. We also study the way
the development teams of GCC/libGOMP and CLANG/libIOMP choose to implement
this new OpenMP task model within their compilers and associated runtime systems.

! Intel branch with support for OpenMP: http://clang-omp.github.io/
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2.1 Task Dependencies by the Example

OpenMP 4.0 introduces the depend keyword to specify the access mode of each
shared variable a task will access during its execution. Access modes can be set to
either in, out or inout whether the corresponding variable is respectively read as in-
put, written as output or both read and written by the considered task. This information
is then processed by the underlying runtime system to decide whether a task is ready
for execution or should first wait for the completion of other ones.

Listing 1.1 shows the implementation of a LU factorization. It is inspired by the
SparseLLU kernel from the BOTS [5] benchmark suite, which generates OpenMP inde-
pendent tasks. The matrix being factorized is divided into a set of smaller sub-matrices
on which are applied three computation kernels, called £wd, bdiv and bmod. At it-
eration k, the update of sub-matrix (i,j) by the bmod function requires an update of
both sub-matrices (k,j) and (i,k) from the £wd and bdiv functions respectively. For
each iteration, we make sure no bmod task starts executing before tasks £wd and bdiv
have completed using the broad range, explicit taskwait synchronization keyword
on line 11. This keyword indiscriminately waits for the completion of every task created
by the parallel section so far.

While respecting the algorithm semantics, this solution limits the potential paral-
lelism that can be generated out of such an application. Listing 1.2 shows the same
algorithm implemented with OpenMP task dependencies. Instead of waiting for the ter-
mination of all previous tasks before executing bmod tasks, we specify dependencies
to make sure bmod tasks can execute as soon as the data they access has been updated
by the corresponding £wd and bdiv tasks. Running this depend version of the pro-
gram leads to the creation of a dependency graph. When an OpenMP thread turns idle,

Listing 1.1. LU with independent tasks Listing 1.2. LU with task dependencies
1 for (k=0; k<NB; k++) { 1 for (k=0; k<NB; k++) {
2 1u0 (M[k*NB+k]) ; 2 #pragma omp task untied shared(M)\
3 for (j=k+1; Jj<NB; j++) 3 depend (inout: M[kx*NB+k:BS*BS])
4 #pragma omp task untied shared (M) 4 1u0 (M[k*NB+k]) ;
5 fwd (M[k+NB+k], M[k+NB+3]); 5 for (j=k+l; J<NB; j++)
6 6 #pragma omp task untied shared (M) \
7 for (i=k+1; 1<NB; 1i++) 7 depend (in: M[k*NB+k:BS*BS])\
8 #pragma omp task untied shared (M) 8 depend (inout: M[k*NB+j:BS*BS])
9 bdiv (M[k*NB+k], M[ix*NB+k]) ; 9 fwd (M[k*NB+k], M[k*NB+j]);
10 10
11 #pragma omp taskwait 11 for (i=k+1; 1i<NB; 1i++)
12 12 #pragma omp task untied shared (M) \
13 for (i=k+1; i<NB; i++) 13 depend (in: M[k*NB+k:BS*BS])\
14 for (j=k+1; Jj<NB; j++) 14 depend (inout: M[ix*NB+k:BS*BS])
15 #pragma omp task untied shared (M) 15 bdiv (M[k*NB+k], M[ix*NB+k]) ;
16 bmod (M[1+NB+k], 16
17 M[k*NB+3j 1, 17 for (i=k+1; i<NB; i++)
18 M[ixNB+3]); 18 for (j=k+1; F<NB; Jj++)
19 #pragma omp taskwait 19 #ipragma omp task untied shared (M) \
20 } 20 depend (in: M[ix*NB+k:BS*BS])\

21 depend (in: M[kxNB+3j:BS*BS])\

22 depend (inout: M[i*NB+j:BS*BS])

23 bmod (M[i*NB+k] ,M[k*NB+j],M[i+NB+j
1)
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the runtime system browses this graph to decide which task should be executed next,
according to tasks’ current state and resolved dependencies.

Task dependency support comes with several benefits. First, task dependencies in-
volve decentralized, selective synchronization operations that should scale better than
the broad-range taskwait-based approaches. In some situations, this way of program-
ming unlocks more valid execution scenarios than explicitly synchronized tasks, which
provides the runtime system with many more valid task schedules to choose from. For
example, many instances of the fwd, bdiv and bmod computations can legally run
concurrently with the version of the LU factorization expressing task dependencies.
On the contrary, this level of concurrence is not possible with the taskwait version
because the lack of accurate dependency information leads to an over-conservative syn-
chronization scheme. As an added benefit, information about task dependencies also
enables the runtime system to optimize further, such as improving task and data place-
ment on NUMA systems.

In expressing dependencies, the programmer needs to strike the right balance how-
ever. Indeed, dependencies expressed too coarsely might limit the amount of available
parallelism. On the other hand, defining fine-grain dependencies may increase runtime-
related overheads, depending on the way the underlying runtime system keeps track of
the variables set inside a depend clause and the method it uses to enforce dependen-
cies.

2.2 Maturity of Compiler Support

Both the GCC (4.9) and CLANG? compilers now support most of the functionalities of
OpenMP 4.0. The GNU libGOMP runtime system is responsible for executing OpenMP
applications compiled with GCC, while the CLANG compiler generates calls to the In-
tel libIOMP library. Please note that support for OpenMP 4.0 dependent tasks is still
very recent in these compilers at the time of this writing. GCC 4.9 was released on
April 22, 2014. The CLANG branch with Intel OpenMP support is under active de-
velopment. However, even though both compilers are still maturing their support for
OpenMP dependent tasks, the tests that we conducted and that we present in Section 4
show that the OpenMP dependent task support in these compilers already favorably
compares to the legacy independent task support.

Compiler Support for the “depend” Clause. The GCC 4.9 compiler stores the en-
tire list of dependencies into a void« x array. This array is passed as argument to the
GOMP_task function call generated out of a #pragma omp task directive. It con-
tains the addresses of all the variables referenced in the depend clause.

The Clang 3.4 compiler also generates a list out of the depend clause, and passes it
to the __ _kmpc_omp_task_with_deps runtime function. This structure stores the
addresses of all the variables described inside the depend clause, as well the length
and flags of associated dependencies.

2 In this article, we designate as "CLANG" the branch developed and maintained by Intel to
integrate OpenMP support into the CLANG compiler. This branch is available there:
http://clang-omp.github.io/
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Runtime Support for Task Dependencies. The 1ibGOMP library that comes with
GCC 4.9 uses two data structures to manage task dependencies. The first data structure
is the depend variable list generated by the compiler for the newly created task, as
mentioned above. The second data structure is a hashtable located in the parent of the
created task, which keeps track of all the pending dependencies between all the already
created child tasks of the parent task. Upon creating the new child task, the runtime
walks the list of depend variables and looks every variable up in the pending depen-
dency table. If any unresolved dependency is found, the task creation enter the deferred
path. Otherwise, the task is fully instantiated immediately.

The 1ibIOMP used with Clang 3.4 has a very similar approach. Each par-
ent task maintains a hashtable containing the pending dependencies for its chil-
dren tasks. If a newly created task is found clear of any pending dependency,
the __ _kmpc_omp_task_with_deps runtime function immediately instantiates
it by calling the __ kmpc_omp_task function. Otherwise, the new task is
added as a successor to all tasks from which it expects some data, and the
__kmpc_omp_task_with_deps function returns a code indicating that the new
task has not yet been queued. The waiting new task will subsequently be woken up
upon completion of its last predecessor.

3 The KASTORS Suite Overview

We designed the KASTORS benchmark suite to evaluate implementations of the
OpenMP dependent task paradigm, introduced as part of the OpenMP 4.0 specifica-
tion [11]. This section introduces the different benchmarks and describes how we ex-
tended them to express task dependencies.

Cholesky and QR Decompositions from PLASMA. The PLASMA [9] library devel-
oped at ICL/UTK provides a large number of key linear algebra algorithms optimized
for multi-core architectures. Several implementations of each algorithm are available,
using either static or dynamic scheduling. Dynamic scheduled algorithms are built on
top of the QUARK [12] runtime system, which uses a data-flow dependency model to

Listing 1.3. Dynamic algorithm pattern Listing 1.4. OpenMP algorithm pattern

| wrapper_algorithm dynamic_call(...)

1 algorithm call(...) {
L . 2 // sequential work
2 // sequential work
3 for (...)
3 for (...) 4 #pragma omp task depend (inout
4 QUARK_Insert_Task( P B P °
. array[...])
wrapper_blas_function, .
5 blas_function(...);
packed_parameters) ; X
. . 6 // sequential work
// sequential work
for ( ) 7 for (...)
o 8 #ipragma omp task depend (inout:

QUARK_Insert_Task(

© 9 o v

. array[...])
wrapper_another_blas_function 9 another_blas_function(...)
9 acked_parameters) ; 7.
B P ) 10 // sequential work

10 // sequential work

"oy 1}
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schedule tasks. The two algorithms we selected are a Cholesky decomposition and a QR
decomposition, respectively known as DPOTRF and DGEQRF in PLASMA, which all
operate on double precision floating point matrices (double type).

The initial implementation uses multiple levels of wrappers, packing and unpack-
ing parameters at each level, which affects the readability of algorithms and can be
error prone. Listings 1.3 and 1.4 show the initial dynamic version and the transfor-
mations we made for the OpenMP 4.0 port respectively. On the original version the
wrapper_blas_function performs parameters unpacking before calling the ac-
tual BLAS/LAPACK routines it is built on. The OpenMP 4.0 modification led to the
removal of multiple wrapper levels, thus improving code readability and maintainabil-
ity, and removing the need for such parameter management.

Poisson2D. This algorithm solves the Poisson equation on the unit square [0,1]x[0,1],
which is divided into a grid of NxN evenly-spaced points. This benchmark relies on
a 5-point 2D stencil computational kernel that is repeatedly applied until convergence
is detected. We implemented two main blocked versions of this kernel, using either
independent tasks and tasks with dependencies.

SparseLU. This benchmark computes the LU decomposition of a sparse matrix. We
modified the original BOTS implementation to express task dependencies like described
on listings 1.1 and 1.2, except only non-NULL blocks are updated to adapt the tradi-
tional LU decomposition to sparse matrices.

Strassen. The Strassen algorithm uses matrix decompositions to compute the multi-
plication of large dense matrices. Similarly to SparseLU, we modified the BOTS im-
plementation to add parallelism to the addition part of the algorithm and express task
dependencies instead of using taskwait-based synchronizations.

4 Performance Evaluation

All experiments were performed with the libGOMP library distributed with GCC 4.9
(git-mirror commit 6ed3847{fd0), and the libIOMP library distributed with clang-omp
3.4 (Ilvm commit 233b1e3f034, clang-omp commit 7580e521e51f).We conducted our
experiments on two different NUMA configurations.

The first one holds 8 AMD Magny Cours processors for a total of 48 cores. Each
core has access to 64 KB of L1 cache, 512 KB of L2 cache. Both L1 and L2 caches are
private, while L3 cache is shared between the 6 cores of a processor. This configuration
provides a total of 256 GB (32 GB per NUMA node) of main memory. We will refer to
this configuration as AMD48.

The second one holds 4 Intel Xeon E5-4620 processors for a total of 32 cores. Each
core has access to 64 KB of L1 cache, 256 KB of L2 cache. Both L1 and L2 caches are
private, while L3 cache is shared between the 8 cores of a processor. This configuration
provides a total of 380 GB (95 GB per NUMA node) of main memory. We will refer to
this configuration as INTEL32.
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Fig. 1. Plasma on AMDA48

Plasma. The DPOTRF and DGEQRF algorithms from Plasma rely on the BLAS
library. We used different versions of optimized BLAS depending on the machine:
ATLAS 3.10.1 was used on INTEL32, and ATLAS 3.8.4 was used on AMD48. Mea-
surements were conducted using the maximum number of CPUs for each machine. The
performance results are expressed in gigaflops (the higher the better), from an average
of 10 runs, with an average standard deviation of 2 Gflops.

We compared four versions of these algorithms: The original PLASMA implementa-
tion with static scheduling (Plasma), the dynamic scheduling implementation on top of
Quark runtime (Plasma-Quark) and two KASTORS OpenMP versions compiled with
GCC/libGOMP (GCC-OMP) and CLANG/1ibIOMP (Clang-OMP), respectively. Each
version was run on the following matrix size (M) / block size (B) couples: (2048 / 128),
(4096 /128), (8192 /224).

For both algorithms the results are positive: On both machines the OpenMP versions
compete with the original versions. In several cases, the Clang-OMP version even leads
by a slight margin. The overall good results of the original static version can be ex-
plained by the fact that it does not have to pay the overhead of task creation. One can
also notice that QUARK-based versions always are slightly slower than both CLANG
and GCC implementations for small matrix sizes, which leads to the conclusion that the
libGOMP and 1ibIOMP runtimes induce less overhead and provide a better handling of
fine-grain tasks than QUARK. The conclusion is encouraging, as we were able to get
similar or better performance results using a portable OpenMP-based approach than
with a specifically designed runtime.

Poisson2D. The results are shown in figure 3 and the corresponding sequential times are
reported in table 1. The speedup of both independent tasks and dependent tasks versions
are low: Less than 14 on AMDA48 and 6 on INTEL32. The application is memory bound
with about the same number of arithmetic operations per load and store. The Poisson2D
code is an iterative computation in which tasks are created at each time-step to update
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Table 1. Sequential Poisson2D, Strassen and SparseLU execution time (s)

Platform Compiler Poisson2D SparseLU Strassen
8192 16384 128x64 64x128 4096 8192
AMD48 GCC 5.28 21.34 97.74 94.36 38.35 269.93
AMD48 CLANG 542 21.66 99.34 95.08 32.92 234.16
INTEL32 GCC 1.64 6.53 77.88 71.97 25.32 180.11
INTEL32 CLANG 1.77 6.79 76.74 71.58 20.12 142.54

the sub domain of the initial grid. One of the important problem is that tasks are not
bound to resources in order to take data locality into account. Typical scenario is that
tasks between successive iterations may be performed by different threads of the same
parallel region. Neither the CLANG or the GCC runtime tries to schedule tasks in order
to maximize data reuse. Moreover, tasks that access to same data (due to sharing of
frontiers between two sub-domains) may be better scheduled if they are mapped to
cores on the same NUMA node. It is challenging for OpenMP runtime developers to
take data dependencies into account in order to better schedule tasks to improve data
locality.

SparseLU. For this benchmark we used two matrices and sub-matrices sizes : 128x64
and 64x128. Speed up were measured from an average of 10 runs, with an average
standard deviation of 0.5. Results are shown on Figure 4 and reference sequential times
are listed in Table 1.

For every tested configuration, the dependent task version outperforms the indepen-
dent task version for both compilers. The best speed up is achieved using the 64x128
configuration. The OpenMP 4.0 version using dependencies performs slightly better in
most cases because it is able to exploit inter-iteration parallelism. The version using
independent tasks cannot exploit it, because of the global synchronization steps (see
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listings 1.1 and 1.2). It is therefore unable to provide enough parallelism to fully benefit
from the available number of cores. This confirms that using data-flow dependencies
can lead to a better use of CPUs.

Strassen. The Strassen matrix multiplication is typically performed in 3 steps: a matrix
add, a matrix multiply and a matrix add again. The most expensive part is the multiply,
but the first adds are not negligible. Thus we define dependences between these two
parts. We apply a recurse cutoff of 5, and for matrix smaller than 128x128, multiplies are
computed with the usual algorithm instead of Strassen. Experiments were made using
two matrix/blocksize combinations: 8192/128, 16384/128. Speed up were measured
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from an average of 10 runs. Results are shown on Figure 5 and reference sequential
times are listed on Table 1. The dependent task version very slightly outperforms the
independent task version for both compilers on most test cases. We can also notice
that these fine-grain dependency expressions are at the bleeding-edge of the OpenMP
4.0 implementation for both GCC and Clang, as some finer dependencies are not yet
supported by these compilers.

The general conclusion of these experiments with early implementations of the new
OpenMP 4.0’s data-flow paradigm is that there is little reason not to make use of it for
the benchmarked codes. Under the large majority of the cases tested, the new paradigm
incurs no performance regression. Moreover, the finer-grain synchronization scheme
it provides is able to deliver more parallelism to feed large multicore configurations,
usually leading to better performance results.

5 Extending OpenMP Dependency Expressiveness

5.1 Enabling Reductions for OpenMP Tasking: The Cumulative-Write Mode

OpenMP supports reduction for several directives such as section, parallel and
for. Since the introduction of task-based programming within OpenMP 3.0, programs
increasingly use loops to generate tasks, instead of performing computations directly
within an omp for loop. OpenMP 4.0’s task dependencies should strengthen this
tendency even further, to enable more load-balancing flexibility. Unfortunately, the
reduction clause is not available for the omp task directive, nor any alternative
mechanism, leaving programmers to build it by themselves.

The approach we propose is to extend the set of in,out and inout data access
modes with a new cumulative-write mode cw. This new mode indicates that several
tasks may contribute to a piece of data in any order (but not simultaneously). It is in-
spired by the reduction support implemented in runtime system Kaapi [7]. One might
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suggest to use the existing inout mode instead. However, the inout mode imposes
a strong ordering between tasks, that proves to be unnecessary in that case. The follow-
ing example illustrates this idea with a modified version of the LU decomposition code
from Fig. 1.2. Using a cumulative write mode cw for the bmod computation (line 23)
breaks the strong inter-iteration dependency that was caused by the inout mode, thus
enabling more parallelism.
#pragma omp task untied shared (M) \

depend (in: M[i*NB+k:BS*BS]) \

depend (in: M[k*MSIZE+j:BS*BS]) \

depend (cw: M[ix*NB+j:BS*BS])
bmod (M[1i+NB+k], M[k*NB+j], M[i*NB+j]);

woE W —

On the next input or inout dependency, or at the next synchronization point (taskwait,
explicit or implicit barrier), the runtime ensures that variables previously accessed using
the cw mode may then be read. The reduction operator can be a pre-defined operators
or a user defined reduction operator such as introduced with OpenMP-4.0. We plan
to extend reduction operators to enable non-commutative operators as well (such as
appends on a string or matrix multiplication) such as in [7] or [1].

5.2 [Expressing Dependencies on Non-contiguous Memory Areas

OpenMP 4.0 makes it possible to express task dependencies on the slice of an array, by
specifying the offset and the length of the dependent slice. These slices specifications
can be chained to express dependencies on 2D-subarrays.

| #pragma omp task depend(inout:array[offsetl:lengthl] [offset2:1length2])
2 blas_function(...);

Chained array slices are available only for constant arrays and variable length arrays,
however. The lack of leading dimension information makes them impractical for point-
ers, which strongly limits their interest. Temporarily copying data to constant arrays is
tedious and time consuming. Variable length arrays on the other hand, are passed by
value (copy) from a function to another, and only integrated the C language standard
since C99. However, VLA is an optional feature in C11. A possible workaround could
be to cast the pointer to a variable length array or constant array, such as this:
double *f_ = malloc(NX » NY * sizeof (double));
double (+f) [NX] [NY] = (double (+) [NX]I[NY])f_;

#pragma omp task depend(inout:f[offsetl:lengthl] [offset2:1length2])

blas_function(...);
free(f_);

(SR SRR

This solution is not very much elegant, however. Our proposal is thus to extend the
slice syntax to enable the specification of the missing leading dimension information.
Following this extension, 2D sub-arrays may be specified such as this:

1 double *f = malloc(NX * NY * sizeof (double));
2 #pragma omp task depend(inout:f[offsetl:lengthl:NX][offset2:length2])
3 blas_function(...);

4 free(f);
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6 Related Work

OpenMP Benchmarks. To the best of our knowledge, KASTORS is the only bench-
mark suite focusing on OpenMP task dependencies. This section describes existing
benchmarks evaluating other aspects of the OpenMP specification.

The Barcelona OpenMP Tasks Suite [5] evaluates the addition of tasking to the
OpenMP 3.0 specification, comparing several ways of generating tasks out of small
computing kernels. We adapted two of these kernels, SparseLU and Strassen, to ex-
press task dependencies, and we added the modified versions to our KASTORS suite.

Older OpenMP benchmark suites such as PARSEC [3], SPECOMP [10] and Ro-
dinia [4] could be extended to benefit from task parallelism, as well as the NAS Parallel
Benchmark suite [2] (NPB). NPB was originally introduced to evaluate the performance
of parallel supercomputers. It was later extended to provide OpenMP 2.5 compatible
versions of most kernels. We consider modifying some of them to exploit task paral-
lelism, especially the “multi-zone” ones [8] involving nested parallelism.

Compilers and Runtime Systems Supporting Task Dependencies. KAAPI [7]°,
StarPU [1]*, Quark [12] and OMPSs [6] are libraries that support task dependencies
in a different context than OpenMP. We present them here focusing on the different
access modes they propose, and the way application programmers can provide task de-
pendencies using these libraries.

The KAAPI and StarPU runtime systems were designed to improve the performance
of task-based parallel applications on large-scale heterogeneous platforms. Unlike the
current OpenMP specification, KAAPI and StarPU support the expression of depen-
dencies on multi-dimensional arrays. StarPU provides ways of splitting a data with
user-defined filters that can help to express dependencies on sub-matrices, for example.

The Quark runtime system that comes with the PLASMA library is responsible
for executing tasks created out of BLAS operators in a dynamic way. Unlike KAAPI
and StarPU, Quark only considers unidimensional arrays, but comes with an original
scratch access mode to reuse thread-specific temporary data.

OMPSs [6] is a programming model inspired by OpenMP with specific directives
to support task dependencies and heterogeneity. The OMPSs programming model in-
cludes the concurrent clause to express that tasks will perform reductions on the
listed variables. Similar access-modes also exist in KAAPI and StarPU.

7 Conclusion

The introduction of task dependencies in the revision 4.0 of the OpenMP specification
provides application programmers with a new, powerful way of describing synchro-
nizations in task-based parallel applications. OpenMP compilers and runtime systems
will play a key role in the adoption of such a new feature by the community, as they
are responsible for tracking and resolving variable dependencies before executing tasks.

3 http://kaapi.gforge.inria.fr
4 http://starpu.gforge.inria.fr
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The performance of OpenMP applications expressing task dependencies will be closely
related to how efficiently compilers and runtime systems implement this new feature.

We introduced a new benchmark suite, called KASTORS, composed with small ker-
nels ported on the OpenMP dependent task model. We then compared their performance
with taskwait-based versions of the same kernels for both the GCC/libGOMP and the
CLANG/1ibIOMP compilers and runtime systems. While the support for task dependen-
cies in these compilers is still very recent, experiments run on two different hardware
configurations show that the versions with task dependencies offer performances com-
parable and sometimes better to taskwait-based versions on most kernels. The results
obtained by rewriting some PLASMA kernels to use OpenMP task dependencies also
demonstrated that this model even outperforms dedicated data-flow solutions in some
situations, while improving portability.

In the near future, we plan to extend the KASTORS suite with new benchmarks com-
ing from either modified versions of existing benchmarks or small kernels inspired from
real-life scientific applications. Based on CLANG, we are also developing a source-to-
source compiler that generates direct calls to the KAAPI or StarPU runtime systems out
of C/C++ OpenMP programs. We are currently working on releasing this compiler with
a full support of the extensions proposed in section 5.

Acknowledgments. This work has been partially supported by the INRIA ADT
K’STAR Project, the ANR-11-BS02-013 HPAC Project and the IRSES2011-295217
HPC-GA Project.
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Abstract. We present METAFORK, a metalanguage for multithreaded
algorithms based on the fork-join concurrency model and targeting mul-
ticore architectures. METAFORK is implemented as a source-to-source
compilation framework allowing automatic translation of programs from
one concurrency platform to another. The current version of this frame-
work supports CILKPLUS and OPENMP. We evaluate the benefits of
the METAFORK framework through a series of experiments, such as nar-
rowing performance bottlenecks in multithreaded programs. Our experi-
ments show also that, if a native program, written either in CILKPLUS or
OPENMP, has little parallelism overhead, then the same property holds
for its OPENMP or CILKPLUS counterpart translated by METAFORK.

1 Introduction

In the past decade the pervasive ubiquity of multicore processors has stimulated
a constantly increasing effort in the development of concurrency platforms, such
as CILKPLUS, OPENMP and TBB. While those programming languages are all
based on the fork-join concurrency model, they largely differ in their way of
expressing parallel algorithms and scheduling the corresponding tasks. There-
fore, developing software code combining libraries written with several of those
languages is a challenge.

Nevertheless there is a real need for facilitating interoperability between con-
currency platforms. Consider for instance the field of symbolic computation. The
DMPMC library! provides sparse polynomial arithmetic and is entirely written
in OPENMP, meanwhile the BPAS library? provides dense polynomial arith-
metic and is entirely written in CILKPLUS. Polynomial system solvers require
both sparse and dense polynomial arithmetic and thus could take advantage of
a combination of the DMPMC and BPAS libraries. However, CILKPLUS and
OPENMP have different run-time systems. In order to achieve interoperability
between them, we propose an automatic source-to-source translation mechanism.

Another motivation for such a software tool is comparative implementation
with the objective of narrowing performance bottlenecks. The underlying ob-
servation is that the same multithreaded algorithm, based on the fork-join

! From the TRIP project www.imcce.fr/trip developed at the Observatoire de Paris.
2 From the Basic Polynomial Algebra Subprograms www.bpaslib.org developed at the
University of Western Ontario.
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parallelism model, implemented with two different concurrency platforms, say
CiLKPLUS and OPENMP, could result in very different performance, often very
hard to analyze and compare. If one code scales well while the other does not,
one may suspect an inefficient implementation of the latter as well as other
possible causes such as higher parallelism overheads. Translating the inefficient
code to the other language can help narrowing the problem. Indeed, if the trans-
lated code still does not scale, one can suspect an implementation issue (say the
programmer missed to parallelize one portion of the algorithm) whereas if the
translated code does scale, then one can suspect a parallelism overhead issue in
the original code (say the grain-size of a parallel for-loop is too small).

In this paper, we propose METAFORK, a metalanguage for multithreaded
algorithms based on the fork-join parallelism model [5] and targeting multi-
core architectures. By its parallel programming constructs, the METAFORK
language is currently a super-set of CILKPLUS [4, 13, 11] and offers coun-
terparts for the following widely used parallel constructs of OPENMP [16,
1]: #pragma omp parallel, #pragma omp task, #pragma omp sections,
#pragma omp section, #pragma omp for, #pragma omp taskwait, #pragma
omp barrier, #pragma omp single and #pragma omp master. However,
METAFORK does not make any assumptions about the run-time system, in par-
ticular about scheduling strategies (work sharing, work stealing [6]). In fact,
METAFORK is not designed to be a target language, but rather as the internal
intermediate representation (IR) of a source-to-source compiler framework for
multithreaded languages.

The syntax and the semantics of METAFORK’s parallel constructs are specified
in Sections 2, 3 and 4. Since METAFORK is a faithful extension of the C/C++
language, this is actually sufficient to completely define METAFORK.

Recall that a driving motivation of the METAFORK project is to facilitate au-
tomatic translation of programs between concurrency platforms. To date, our ex-
perimental framework includes translators between CILKPLUS and METAFORK
(both ways) and, between OPENMP and METAFORK (both ways). Hence,
through METAFORK, we perform program translations between CILKPLUS and
OPENMP (both ways). Integrating TBB in this framework is work in progress.

Despite of the fact that it does not support all features of OPENMP, the
METAFORK language is rich enough to capture the semantics of large bodies
of OPENMP code, such as the Barcelona OPENMP Tuasks Suite (BOTS) [10]
and translate faithfully to CILKPLUS each of the BOTS test cases. In the other
direction, we could translate the BPAS library to OPENMP.

In Section 5, we briefly explain how the translators of the METAFORK com-
pilation framework are implemented. In particular, we specify which OPENMP
data-sharing clauses are captured by the METAFORK translators. Simple exam-
ples of code translation are provided.

In Section 6, we evaluate the benefits of the METAFORK framework through a
series of experiments. First, we show that METAFORK can help narrow down per-
formance bottlenecks in multithreaded programs by means of comparative imple-
mentation, as discussed above. Secondly, we observe that, if a native CILKPLUS
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(resp. OPENMP) program has little parallelism overhead, then the same holds
for its OPENMP (resp. CILKPLUS) counterpart translated by METAFORK. We
tested more than 20 examples in total for which experimental results can be
found in the technical report [8] and for which code can be found on the web site
of the METAFORK project. Moreover, the source code of the METAFORK trans-
lators can be downloaded from the same web site at http://www.metafork.org.

Related work. While the well-developed source-to-source compiler framework
ROSE? has been used to support many programming languages, including
OPENMP and UPC, we are not aware of a ROSE-based platform similar
to METAFORK, that is, providing source-to-source translation between multi-
threaded languages. On the other hand, several projects offer automatic one-way
translation from a concurrency platform running on one hardware architecture
to another concurrency platform running on another hardware architecture, e.g.
OPENMP shared-memory code to MPI distributed-memory code as in the pa-
pers [2] [9] (HOMPI Project) or [15] (OPENMP Accelerator Model). Other
projects offer extension of a concurrency platform from one hardware architec-
ture to another hardware architecture, like HOMP [15] or OPENMPC [12] which
allow extended OPENMP code to run on NVIDIA GPUs. In contrast to these
two types of projects, METAFORK is currently dedicated to a single type of hard-
ware architecture, namely multicore processors. However, METAFORK offers au-
tomatic two-way translations. Moreover, the generated code is human-readable,
as illustrated by the examples available on the METAFORK web site.

2 Parallel Constructs and Execution Model of METAFORK

METAFORK extends both the C and C++ languages into a multithreaded lan-
guage based on the fork-join concurrency model. Thus, concurrent execution is
obtained by a parent thread creating and launching one or more child threads so
that the parent and its children execute a so-called parallel region. An important
example of parallel regions are for-loop bodies. METAFORK has the following
natural requirement regarding parallel regions: control flow cannot branch into
or out of a parallel region.

METAFORK has four parallel constructs: function call spawn, block spawn,
parallel for-loop and synchronization barrier. The first two use the keyword
meta fork while the other two use respectively the keywords meta for and
meta join. The parallel constructs of METAFORK grant permission for con-
current execution but do not command it. Hence, a METAFORK program can
execute on a single core machine. We emphasize the fact that meta fork al-
lows the programmer to spawn a function call (like in CILKPLUS) as well as a
block (like in OPENMP). Examples of METAFORK code with CILKPLUS and
OPENMP can be found through Figures 5, 6, 7, 8, 9, 10, 11, 12 and 13.

As mentioned, the keyword meta fork is used to express the fact that a func-
tion call or a block is executed by a child thread, concurrently to the execution

3 http://en.wikibooks.org/wiki/ROSE_Compiler_Framework
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of the parent thread. If the program is run by a single processor, the parent
thread is suspended during the execution of the child thread; when this latter
terminates, the parent thread resumes its execution after the function call (or
block) spawn.

If the program is run by multiple processors, the parent thread may continue
its execution? after the function call (or block) spawn, without being suspended,
meanwhile the child thread executes the function call (or block) spawn. In this
latter scenario, the parent thread waits for the completion of the execution of
the child thread, as soon as the parent thread reaches a synchronization point.

Spawning a function call with meta fork. Spawning a call to the function £, with
the argument sequence args, is done by meta fork f (args). The semantics is
similar to that of the CILKPLUS counterpart cilk spawn f (args). In particu-
lar, all the arguments in the sequence args are evaluated before spawning the
function call f(args). However, the execution of meta fork f(args) differs
from that of cilk spawn f(args) on one feature. While there is an implicit
cilk sync at the end of the Cilk block [11] surrounding this latter cilk spawn,
no such implicit barriers are assumed with meta fork. This feature is motivated
by the fact that, in addition to the fork-join parallelism, we plan to extend the
METAFORK language to other forms of parallelism such as parallel futures [17, 3].

Spawning a block with meta fork. The other usage of the meta fork construct is
for spawning a basic block B, which is done as follows: meta fork { B }. IfB
consists of a single instruction, then the surrounding curly braces can be omitted.
We also refer to this construction as a parallel region. There is no equivalent in
CILKPLUS while it is offered by OPENMP. Similarly to a function call spawn, this
parallel region is executed by a child thread (once the parent thread reaches the
meta fork construct) meanwhile the parent thread continues its execution after
the parallel region. Similarly also to a function call spawn, no implicit barrier
is assumed at the end of the surrounding region. Hence synchronization points
have to be added explicitly, using meta join. A variable v which is not local to
B may be shared by both the parent and child threads; alternatively, the child
thread may be granted a private copy of v. Precise rules about data attributes,
for both parallel regions and parallel for-loops, are stated in Section 3.

Parallel for-loops with meta for. Parallel for-loops in METAFORK have the fol-
lowing format meta for (I, C, S) { B } where I is the initialization expres-
sion of the loop, C is the condition expression of the loop, S is the stride of the
loop and B is the loop body. The specifications of C, S, B are standard and similar
to the initialization expression, condition expression and stride of a CILKPLUS
for-loop. We refer to the METAFORK specifications document [7] for details. The
parent thread will share the work of executing the iterations of the loop with

4 In fact, the parent thread does not participate to the execution of a function call
(or block) spawn, but will participate to the execution of the iterations of a parallel
for-loop.



34 X. Chen et al.

the child threads. An implicit synchronization point is assumed after the loop
body. That is, the execution of the parent thread is suspended when it reaches
meta for and resumes when all children threads (executing the loop body it-
erations) have completed their execution. As one can expect, the iterations of
the parallel loop meta for (I, C, S) { B } must execute independently of
each other in order to guarantee that this parallel loop is semantically equivalent
to its serial version for (I, C, 8) { B }.

Synchronization point with meta join. The construct meta join indicates a
synchronization point (or barrier) for a parent thread and its children tasks.
More precisely, a parent thread reaching this point must wait for the completion
of its children tasks but not for those of the subsequent descendant tasks.

3 Variable Attribute Rules

Variables that are non-local to the block of a parallel region may be either shared
by or private to the threads executing the code paths where those variables are
defined. After a terminology review, we specify the rules that METAFORK uses
in order to decide whether such a non-local variable is shared or private.

Shared and private variables. Consider a parallel region with block ¥ (or a
parallel for-loop with loop body Y). X denotes the immediate outer scope of Y.
We say that X is the parent region of Y and that Y is a child region of X. A
variable v which is defined in Y is said to be local to Y'; otherwise we call v a non-
local variable for Y. Let v be a non-local variable for Y. Assume v gives access
to a block of storage before reaching Y. (Thus, v cannot be a non-initialized
pointer.) We say that v is shared by X and Y if its name gives access to the
same block of storage in both X and Y'; otherwise we say that v is private to Y.
In particular, if Y is a parallel for-loop we say that a local variable w is shared
by Y whenever the name of w gives access to the same block of storage in any
loop iteration of Y, which means that all the threads that execute this parallel
for-loop share the same variable w; otherwise we say that w is private to Y.

Value-type and reference-type wvariables. In the C programming language, a
value-type variable contains its data directly as opposed to a reference-type vari-
able, which contains a reference to its data. Value-type variables are either of
primitive types (char, float, int, double, void) or user-defined types (enum,
struct, union). Reference-type variables are pointers, arrays and functions.

static and const type variables. In the C programming language, a static vari-
able is a variable that has been allocated statically and whose lifetime extends
across the entire run of the program. This is in contrast to automatic variables
(local variables are generally automatic) whose storage is allocated and deallo-
cated on the call stack and, other variables (such as objects) whose storage is
dynamically allocated in heap memory. When a variable is declared with the
qualifier const, the value of that variable cannot typically be altered by the
program during its execution.
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/* This file starts here ... */ /* ... and continues here ... %/
#include<stdio.h> void subcall(int *a,int *b){
#include<time.h> for(int i=0;i<10;i++)
#include<stdlib.h> printf ("%d %d\n",ali],b[il);
int a; }
long par_region(long n){ int main(int argc,char **argv){

int b; long n=10;

int *c = (int *)malloc(sizeof (int)*10); par_region(n) ;

int d4[10]; return 0;

const int £=0; ¥

static int g=0; /* ... and finishes here. */

meta_fork{

int e = b;

subcall(c,d);
}

Fig. 1. Various variable attributes in a parallel region

Variable attribute rules of meta fork. A non-local variable v which gives access
to a block of storage before reaching Y is shared between the parent X and
the child Y whenever v is: (1) a global variable, (2) a file scope variable, (3) a
reference-type variable, (4) declared static or const, or (5) qualified shared.
In all other cases, the variable v is private to the child. In particular, value-type
variables (that are not declared static or const, or qualified shared ,and that
are not global or file scope variables) are private to the child. In Figure 1, the
variables a, c, d, f and g are shared, meanwhile the b and e are private.

/* To illustrate variable attributes, three /* This file is b.cpp*/
files (a headerfile "a.h" and two source #include<stdio.h>
files "a.cpp" and "b.cpp") are used. #include<stdlib.h>
This file is a.cpp */ #include<time.h>
#include<stdio.h> #include"a.h"
extern int var; int var = 100;
void test(int *array) int main(int argc,char **argv)
{ {
int basecase = 100; int *a=(int*)malloc(sizeof (int)*10);
meta_for(int j = 0; j < 10; j++) srand ((unsigned)time (NULL)) ;
{ for(int i=0;i<10;i++)
static int vari1=0; alil=rand();
int i = arrayl[j]; test(a);
if( i < basecase ) return 0;
array[jl+=var; ¥
b /* This file is a.hx*/
3 void test(int *a);

Fig. 2. Example of shared and private variables with meta for

Variable attribute rules of meta for. A non-local variable which gives access to a
block of storage before reaching Y is shared between parent and child. A variable
local to Y is shared by Y whenever it is declared static, otherwise it is private
to Y. In particular, loop control variables are private to Y. In the example of
Figure 2, the variables array, basecase, var and var1l, are shared by all threads
while the variables i and j are private. In the example of Figure 9, the variable
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long fib_parallel(long n) long fib_parallel(long n)
long x, y; long x, y;
if (n < 2) if (n < 2)
return n; return n;
else{ elseq
x = meta_fork fib_parallel(n-1); meta_fork shared(x)
y = fib_parallel(n-2); {
meta_join; x = fib_parallel(n-1);
return (x+y);} 3
3 y = fib_parallel(n-2);

meta_join;
return (x+y);}

Fig. 3. Parallel fib code using a function Fig. 4. Parallel fib code using a block
spawn spawn

b is private, thus the OPENMP, METAFORK, CILKPLUS codes of Figures 8, 9
and 10 are semantically equivalent.

The shared keyword. Programmers can explicitly qualify a given variable as
shared by using the shared keyword. In the example of Figure 3, the variable n
is private to £ib parallel(n-1).In Figure 4, we specify the variable x as shared
and the variable n is still private. Notice that the programs in Figures 3 and 4 are
semantically equivalent. In the parallel regions of the example of Figure 12, the
variables sum a and sum b are qualified shared. Hence the OPENMP, METAFORK
and CILKPLUS programs of Figure 11, 12 and 13 are semantically equivalent.

4 Semantics of the Parallel Constructs in METAFORK

In order to formally define the semantics of each of the parallel constructs in
METAFORK, we introduce the serial C-elision of a METAFORK program M:
this is a program C expressed in the C-language and with the same semantics
as M. In [7], we obtain such a serial C-elision C from the program M by means
of a series of rewriting rules. Due to space consideration, we cannot include this
algorithmic definition here. However, we believe that sketching its principle is
sufficient for understanding the rest of this paper.

As mentioned before, spawning a function call in METAFORK has the same
semantics as spawning a function call in CILKPLUS. More precisely: meta fork
f(args) and cilk spawn f(args) are semantically equivalent.

A meta for loop allows iterations of the loop body to be executed in par-
allel. By default, each iteration of the loop body is executed by a separate
thread. However, using the grainsize compilation directive, one can specify
the number of loop iterations executed per thread®: #pragma meta grainsize
= expression. Nevertheless, in order to obtain the serial C-elision of a
METAFORK for-loop, we require that the meta for construct could be replaced

® The loop iterations of a thread are then executed one after another by that thread.
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by the C-language for - whatever is the grainsize of this METAFORK for loop -
without changing the initialization expression, condition expression and stride.
(Of course, the loop-body must be replaced with its serial C-elision.)

Specifying the semantics of the spawning of a block in METAFORK is the
difficult part. We do it in [7] in an algorithmic fashion, using rewriting rules,
that are similar to a LEX-YACC program. The main idea is to use outlining, a
widely used technique in the OPENMP community, see [14]. To have a taste of
that transformation, one should observe how the METAFORK code of Figure 12
is transformed into the CILKPLUS code of Figure 13. Obtaining the serial elision
of that latter code is easy and one can finally derive a serial C-elision for our
input METAFORK code.

5 Translation

In this section, we briefly explain how the translators of the METAFORK compila-
tion framework are implemented. Obviously, for each translator, the semantics of
each input program are preserved into the output program. However, scheduling
strategies (like an OPENMP clause schedule(static, chuksize)) are ignored
by our translators. Retaining them (at least as structured comments) will be
explored in a future release of METAFORK.

From CILKPLUS code to METAFORK code. Translating code from CILKPLUS
to METAFORK is easy in principle since, up to the vectorization constructs of
CiLKPLUS, the METAFORK language is a superset of CILKPLUS. However, im-
plicit CILKPLUS barriers need to be explicitly inserted in the target METAFORK
code. This implies that, during translation, it is necessary to trace the instruc-
tion stream DAG of the CILKPLUS program in order to properly insert barriers
in the generated METAFORK code.

From METAFORK code to CILKPLUS code. Since CILKPLUS has no constructs
for spawning a block of code, we naturally use the outlining technique to: (1) wrap
the parallel region as a function, and then (2) call that function concurrently. In
fact, the problem of translating code from METAFORK to CILKPLUS is equivalent
to that of defining the serial elision of a METAFORK program.

From OPENMP code to METAFORK code. We first consider the translation of
an OPENMP task directive: if it is a function call spawn, as in Figure 7, we
use the METAFORK construct for spawning a function call. Otherwise, we use
the METAFORK construct for spawning a block. Currently, we translate faith-
fully the following OPENMP optional clause directives: shared, private and
firstprivate. For the translation of OPENMP sections to the METAFORK
parallel regions we only support the default variable attribute and note that
this case leads us to insert extra synchronization points. Finally, for the trans-
lation of an OPENMP parallel for-loop to METAFORK, we note that: (1) the
private and firstprivate optional clause directives are faithfully translated,
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(2) every variable specified private is re-declared in the parallel for-loop of the
METAFORK translation, (3) the loop control variables are initialized inside the
loop, and (4) scheduling strategies of OPENMP parallel for loops are ignored,

From METAFORK code to OPENMP code. This is easy in principle, since the
METAFORK language can be regarded as a subset of the OPENMP language. We
note that function calls spawned with the meta fork construct are translated
using the task constructs of OPENMP.

long fib(long n)
long fib(long n) long fib(long n) {
{ {
long x, y;
if (n<2) return n;
else if (n<BASE)

long x, y;
if (n<2) return n;
else if (n<BASE)
return fib_serial(n);

long x, ¥;
if (n<2) return n;
else if (n<BASE)

return fib_serial(n); return fib_serial(n); else

else else {

{ { #pragma omp task shared(x)
x = cilk_spawn fib(n-1); x = meta_fork fib(n-1); x = fib(n-1);
y = fib(n-2); y = fib(n-2); y = fib(n-2);
cilk_sync; meta_join; #pragma omp taskwait
return (x+y); return (x+y); return (x+y);

¥ ¥ }

} ¥ }

Fig.5. CiLKPLUS code Fig.6. METAFORK code Fig. 7. OPENMP code

int main() int main() int main()

{ { {

int a[N]; int a[N];
int b = 0; int b = 0;
#pragma omp parallel

#pragma omp for private(b) meta_for(int i=0; i<N; i++)

int a[N];
int b = 0;

cilk_for(int i=0; i<N; i++)

for(int i=0; i<N; i++) { {

{ int b; int b;
b=1i; b=1i; b=1i;
a[i] = b; alil = b; alil = b;

¥ ¥ ¥

} } }

Fig. 10. CiLkPLUS code

Fig. 8. OPENMP code Fig. 9. METAFORK code

6 Experimentation

In this section, we evaluate the performance and the usefulness of the four
METAFORK translators (METAFORK to CILKPLUS, CILKPLUS to METAFORK,
METAFORK to OPENMP, OPENMP to METAFORK). To this end, we run these
translators on various input programs written either in CILKPLUS or OPENMP,
or both.

We emphasize the fact that our purpose is not to compare the performance of
the CILKPLUS or OPENMP run-time systems. The reader should notice that the
codes used in this study were written by different persons with different levels
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int main(){ int main() void fork_funcO(int* sum_a,int* a)
int sum_a=0, sum_b=0; { {
int a[5] = {0,1,2,3,4}; int sum_a=0, sum_b=0; for(int i=0; i<5; i++)
int b[5] = {0,1,2,3,4}; int a[5] = {0,1,2,3,4}; (*sum_a) += al[il;
#pragma omp parallel int b[6] = {0,1,2,3,4}; }
void fork_funcil(int* sum_b,int* b)
#pragma omp sections meta_fork shared(sum_a){ {
for(int i=0; i<5; i++) for(int i=0; i<5; i++)
#pragma omp section sum_a += al[il; (ksum_b) += b[il;
¥ ¥
for(int i=0; i<5; i++) int main()
sum_a += a[i]; meta_fork shared(sum_b){ {
} for(int i=0; i<5; i++) int sum_a=0, sum_b=0;
#pragma omp section sum_b += b[i]; int a[5] = {0,1,2,3,4};
{ } int b[5] = {0,1,2,3,4};
for(int i=0; i<5; i++) cilk_spawn fork_funcO(&sum_a,a);
sum_b += b[i]; meta_join; cilk_spawn fork_funcl(&sum_b,b);
}r o} ¥ cilk_sync;
¥ ¥
Fig.11. OPENMP Fig.12. METAFORK Fig. 13. CiLKPLUS code
code code

of expertise. In addition, the reported experimentation is essentially limited to
one architecture (AMD Opteron) and one compiler (GCC). Therefore, it would
be delicate to draw any clear conclusions comparing CILKPLUS and OPENMP.
We conducted three sets of experiments:

— In the first one, we compared the performance of hand-written codes. The
motivation, specified in the introduction, is comparative implementation.

— In the second one, we translated large portions of the BPAS library from
CIiLKPLUS to OPENMP, motivated by the interoperability question raised in
the introduction.

— In the last experiment, we compared the parallelism overheads measured the
original codes (either CILKPLUS or OPENMP) and their translated counter-
parts.

Before reporting on these three sets of experiments:

— we describe the setup (hardware, software) in which they were conducted
and,

— we explain how we verified the correctness of the multithreaded code gener-
ated by our translators.

Ezxperimentation setup. For all experiments, apart from student’s code, we use
codes from the following sources:

— The BPAS library http://www.bpaslib.org,

— John Burkardt’s Home Page

http://people.sc.fsu.edu/~%20jburkardt/c_src/openmp/openmp.html,

— the BOTS [10] and

— the CILK distribution examples http://sourceforge.net/projects/cilk/.
The source code of those test cases was compiled as follows:

- CiLkPLus code with GCC 4.8 using -02 -g -lcilkrts -fcilkplus

- OPENMP code with GCC 4.8 using -02 -g -fopenmp


http://www.bpaslib.org
http://people.sc.fsu.edu/~%20jburkardt/c_src/openmp/openmp.html
http://sourceforge.net/projects/cilk/
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We run all our programs on AMD Opteron 6168 48-core nodes (with 256GB
RAM and 12MB L3) and Intel Xeon 2.66GHz/6.4GT with 12-cores nodes.

Correctness. Validating the correctness of our translators was a major require-
ment of our work. Depending on the test-case, we could use one of the following
strategies.

- Assume that the original program, say P, contains both a parallel code and
its serial elision (manually written). When program P is executed, both codes
run and compare their results. Let us call Q the translated version of P. Since
serial elisions are unchanged by our translation procedures, then Q can be
verified by the same process used for program P. This first strategy applies
to the Cilk++ distribution examples and the BOTS (Barcelona OpenMP
Tasks Suite) examples.

- If the original program P does not include a serial elision of the parallel
code, then the translated program @Q is verified by comparing the output of
P and Q. This second strategy had to be applied to the FSU (Florida State
University) examples.

Comparative implementation. For this first purpose, we use a series of test-
cases, each of them consisting of a pair of hand-written programs: one written
in OPENMP and the other in CILKPLUS. Within each pair, a program S, writ-
ten by a student, has a performance bottleneck; meanwhile its counterpart F,
written by an expert does not. For each pair, we translate one program (ei-
ther S or E) to the other language. For these two programs (expressed in the
same concurrency platform) we measure the running time on p processors, for
1 < p < 48, and compare the resulting data so as to narrow down the per-
formance bottleneck in the inefficient program. Figures 14 and 15 illustrate two
test-cases: Parallel mergesort, Matrixz inversion. More test-cases can be found in
this technical report [8].
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Table 1. BPAS timings with 1 and 16 workers: original CILKPLUS code and translated
OPENMP code

Test Input size CILKPLUS OPENMP
T T T T
8-way 2048 0.423 0.231 0.421 0.213

Toom-Cook 4096 1.849 0.76 1.831 0.644
8192 9.646  2.742 9.241 2.774
16384 39.597 9477  39.051 8.805
32768 174.365 34.863 172.562 33.032
DnC 2048 0.874  0.259 0.867 0.299
Plain 4096 3.95 1.264 3.925 1.123
Polynomial 8192 18.196 3.335 18.154 4.428
Multiplication 16384 77.867 12.778 75.885 12.674
32768 331.351 55.841 332.126 55.925

Table 2. Timings on AMD 48-core: underlined timings refer to original code and
non-underlined timings to translated code

Test Input size CILKPLUS OPENMP
Serial T Serial T

Protein alignment (for) 100 568.07 566.10 568.79 568.16

quicksort 5-108 94.42  96.23 94.15 97.20
prefixsum 1-10° 27.06 28.48  27.14  28.42
Fibonacci 1-10° 96.24  96.26 97.56  97.69
DnC MM 1-10° 752.04 752.74 751.79 750.34
Mandelbrot 500 x 500  0.64 0.64 0.64 0.65

— For Parallel mergesort, the original OPENMP code (written by a student)
misses to parallelize the merge phase (and simply spawns the two recursive
calls using OPENMP sections) while the original CILKPLUS code (written by
an expert) does parallelize the merge phase. On Figure 14, the running time
curve of the translated OPENMP code is as theoretically expected while
the curve of the original OPENMP code shows a limited scalability. This
suggests that the original hand-written OPENMP code should expose more
parallelism.

— For Matriz inversion, the two original parallel programs are based on dif-
ferent serial algorithms for inverting a dense matrix. The original OPENMP
code uses Gauss-Jordan elimination while the original CILKPLUS code uses a
divide-and-conquer approach based on Schur’s complement. Figure 15 shows
that the code translated from CILKPLUS to OPENMP is more appropriate
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for fork-join multithreaded languages targeting multicores. In other words
the Schur’s complement approach should be prefered in this context.

Interoperability. Our second experiment is dedicated to automatic translation of
highly optimized libraries. The motivation, presented in the introduction, is to
facilitate interoperability between libraries developed for different concurrency
platforms, namely CILKPLUS and OPENMP. For this question, we want to de-
termine whether or not the translated programs have similar serial and parallel
running times as their hand-written-and-optimized counterparts. For this exper-
iment, we have used the BPAS library which counts more than 150,000 lines of
CILKPLUS code. Half of those lines are dedicated to polynomial multiplication
and we translated those to OPENMP. In Table 1, we report on timings of two
of the main algorithms for polynomial multiplication, namely 8-way Toom-Cook
and divide-and-conquer plain multiplication. One can see that the original and
translated codes have similar running times on 1 and 16 cores, for all input data
sizes that we tested. Therefore, the OPENMP version of the BPAS library retains
the good performance of the original version written in CILKPLUS.

Parallelism overheads. Our third experiment is devoted to the following ques-
tion: do the METAFORK translators add extra parallelism overheads to the gen-
erated code w.r.t. the original code? We focus here on work overhead. By work
overhead, we mean the time ratio between a multithreaded program run on
one core and its serial elision. For this experiment, we have considered original
programs using different parallelism patterns (divide-and-conquer, parallel for-
loops) and written in both OPENMP and CILKPLUS. Our results are collected
in Table 2. For all the examples that we tested, we could observe that, if the
original program has little work overhead, then the same holds for the translated
program.

7 Concluding Remarks

METAFORK allows for rapidly mapping algorithms written for one concurrency
platform to another. As we have seen in Section 6, METAFORK can be applied for
(1) comparing algorithms written with different concurrency platforms and (2)
porting more programs to systems that may have a highly optimized run-time
for one paradigm (say divide-and-conquer algorithms, or producer-consumer).

The METAFORK translation framework may also avoid the negative inter-
ferences of having multiple interfaces between the different components of a
large solver written with various concurrency platforms. Along the same idea,
the METAFORK translators can be used to transform legacy code into a more
adequate concurrency platform.

Last but not least, we think that a great benefit of METAFORK is the abstrac-
tion that it provides. It can be useful for parallel language design (for example in
designing parallel extensions to C/C++) as well as a good tool to teach parallel
programming.
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In the future work, as discussed in the METAFORK specifications document [7],
we will consider parallel reduction as an important extension and include other
parallel computing models like pipelining.

Acknowledgments. This work was supported in part by NSERC of Canada and
in part by an IBM CAS Fellowship in 2013 and 2014. We are also grateful to
Abdoul-Kader Keita (IBM Toronto Lab) for his advice and technical support.

l

www.metafork.org

References

[1]

2]

3]

[4]

[5]
[6]
[7]
8]

[9]

[10]

[11]

Ayguadé, E., Copty, N., Duran, A., Hoeflinger, J., Lin, Y., Massaioli, F., Teruel,
X., Unnikrishnan, P., Zhang, G.: The design of OpenMP Tasks. IEEE Trans.
Parallel Distrib. Syst. 20(3), 404-418 (2009)

Basumallik, A., Eigenmann, R.: Towards automatic translation of OpenMP to
MPI. In: Proceedings of the 19th Annual International Conference on Supercom-
puting, ICS 2005, pp. 189-198. ACM, New York (2005)

Blelloch, G.E., Reid-Miller, M.: Pipelining with futures. Theory Comput.
Syst. 32(3), 213-239 (1999)

Blumofe, R.D., Joerg, C.F., Kuszmaul, B.C., Leiserson, C.E., Randall, K.H., Zhou,
Y.: Cilk: An efficient multithreaded runtime system. In: Proceedings of the Fifth
ACM SIGPLAN Symposium on Principles and Practice of Parallel Programming,
PPOPP 1995, pp. 207-216. ACM, New York (1995)

Blumofe, R.D., Leiserson, C.E.: Space-efficient scheduling of multithreaded com-
putations. SIAM J. Comput. 27(1), 202-229 (1998)

Blumofe, R.D., Leiserson, C.E.: Scheduling multithreaded computations by work
stealing. J. ACM 46(5), 720-748 (1999)

Chen, X., Moreno Maza, M.: MetaFork: A metalanguage for concurrency plat-
forms targeting multicores. Technical report, U. of Western Ontario (2013)
Chen, X., Moreno Maza, M., Shekar, S.: Experimenting with the MetaFork frame-
work targeting multicores. Technical report, U. of Western Ontario (2013)
Dimakopoulos, V.V., Hadjidoukas, P.E.: HOMPI: A hybrid programming frame-
work for expressing and deploying task-based parallelism. In: Jeannot, E., Namyst,
R., Roman, J. (eds.) Euro-Par 2011, Part II. LNCS, vol. 6853, pp. 14-26. Springer,
Heidelberg (2011)

Duran, A., Teruel, X., Ferrer, R., Martorell, X., Ayguade, E.: Barcelona OpenMP
Tasks Suite: A set of benchmarks targeting the exploitation of task parallelism in
OpenMP. In: Proc. of the 2009 International Conference on Parallel Processing,
ICPP 2009, pp. 124-131. IEEE Computer Society, Washington, DC (2009)

Intel Corporation. Intel CilkPlus language specification, version 0.9 (2013)


www.metafork.org

44

[12]

[13]

[14]

[15]

[16]

[17]

X. Chen et al.

Lee, S., Eigenmann, R.: OpenMPC: Extended OpenMP programming and tuning
for GPUs. In: Proceedings of the 2010 ACM/IEEE International Conference for
High Performance Computing, Networking, Storage and Analysis, SC 2010, pp.
1-11. IEEE Computer Society (2010)

Leiserson, C.E.: The Cilk++ concurrency platform. The Journal of Supercomput-
ing 51(3), 244-257 (2010)

Liao, C., Hernandez, O., Chapman, B., Chen, W., Zheng, W.: OpenUH: An opti-
mizing, portable OpenMP compiler: Research articles. Concurr. Comput.: Pract.
Exper. 19(18), 23172332 (2007)

Liao, C., Yan, Y., de Supinski, B.R., Quinlan, D.J., Chapman, B.: Early expe-
riences with the OpenMP accelerator model. In: Rendell, A.P., Chapman, B.M.,
Miiller, M.S. (eds.) IWOMP 2013. LNCS, vol. 8122, pp. 84-98. Springer, Heidel-
berg (2013)

OpenMP Architecture Review Board. OpenMP application program interface,
version 4.0 (2013)

Spoonhower, D., Blelloch, G.E., Gibbons, P.B., Harper, R.: Beyond nested par-
allelism: Tight bounds on work-stealing overheads for parallel futures. In: Meyer
auf der Heide, F., Bender, M.A., (ed.) SPAA, pp. 91-100. ACM (2009)



TurboBLYSK: Scheduling for Improved
Data-Driven Task Performance with Fast
Dependency Resolution

Artur Podobas, Mats Brorsson, and Vladimir Vlassov

KTH, Royal Institute of Technology
Stockholm, Sweden
{podobas,matsbror,vladv}@kth.se

Abstract. Data-driven task-parallelism is attracting growing interest
and has now been added to OpenMP (4.0). This paradigm simplifies the
writing of parallel applications, extracting parallelism, and facilitates the
use of distributed memory architectures. While the programming model
itself is becoming mature, a problem with current run-time scheduler im-
plementations is that they require a very large task granularity in order
to scale. This limitation goes at odds with the idea of task-parallel pro-
graming where programmers should be able to concentrate on exposing
parallelism with little regard to the task granularity. To mitigate this
limitation, we have designed and implemented TurboBLYSK, a highly
efficient run-time scheduler of tasks with explicit data-dependence an-
notations. We propose a novel mechanism based on pattern-saving that
allows the scheduler to re-use previously resolved dependency patterns,
based on programmer annotations, enabling programs to use even the
smallest of tasks and scale well. We experimentally show that our tech-
niques in TurboBLYSK enable achieving nearly twice the peak perfor-
mance compared with other run-time schedulers. Our techniques are not
OpenMP specific and can be implemented in other task-parallel frame-
works.

1 Introduction

The idea behind data-driven task-parallelism is to automatically derive inter-
task dependencies based on the use of data-regions by tasks. Data-driven
task-parallelism extends the fork-join model (for example Cilk [7]) by allowing
out-of-order execution of tasks, conceptually similar to instruction-level paral-
lelism in out-of-order processors. There is, however, one significant problem with
current state-of-the-art data-driven solutions: the granularity of tasks must be
large in order to amortize the cost of automatically solving inter-task dependen-
cies. Workloads where parallelism is composed of fine-grained tasks thus becomes
harder to manage, and can sometimes lead to sub-serial performance. Some run-
time systems reduce the overhead cost by forcing the programmer to specify
dependencies manually (see for instance OpenSTREAM [14] and OpenUH [9])
but at the same time reducing user-friendliness.

L. DeRose (Eds.): IWOMP 2014, LNCS 8766, pp. 45-57, 2014.
© Springer International Publishing Switzerland 2014
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Some major benefits of task-based parallel programming is the promise of com-
posability, i.e. a task-parallel program component can be arbitrarily composed
with other task-parallel program components, and decoupling the expression of
concurrency from the mapping onto available cores (threads). The latter is im-
portant as it enables the possibility to write programs that automatically can
benefit from new hardware generations with more cores. Both of these encour-
age programmers to create tasks without considering the available resources or
scheduling overhead, something current task schedulers cannot handle well.

We present novel techniques that improve the possibility to use fine-grained
tasks. While we show results from an OpenMP run-time system, the tech-
niques are general and can be used in any task-based framework supporting
data-dependences among tasks. We had a hypothesis that many task-parallel
programs exhibit static data dependency patterns that reoccur frequently and
which could be exploited in the task scheduler. Our novel techniques allow the
programmer to specify which tasks are known to have static iterative dependen-
cies. The tasks still undergo the automatic dynamic dependency resolver for the
first invocation and maintain all benefits of dynamic data-driven parallelism,
but when the dependencies have been resolved once, they are optimized and
re-applied at a smaller cost for subsequent invocations.

Our contributions are as follows.

— TurboBLYSK: a compiler and highly efficient run-time task scheduler capa-
ble of handling OpenMP 4.0 tasks;

— an evaluation of TurboBLYSK against state-of-the-art frameworks support-
ing data-driven task parallelism;

— a proposed extension of OpenMP 4.0 tasks to support dep patterns that
enable the run-time system to conserve task dependencies between iterations;

— adetailed overview of the design decisions in TurboBE YSK that explains why
TurboBEL YSK performs better than similar state-of-the-art implementations
for fine-grained parallelism.

On the same hardware platform we nearly double the performance for fine-
grained task-parallel programs compared to current state-of-the-art alternative
implementations. We will now further motivate the need for this work before
describing the implementation in more detail.

2 Motivation

It is computationally expensive to resolve data dependencies dynamically at
run-time. In order to quantify this overhead we modified gec’s OpenMP 4.0
run-time system (libgomp in gce 4.9 snapshot 20131103) to measure the time
spent handling dependencies and compared it with the time consumed in other
parts of the execution. We have created a benchmark that performs Gauss-Seidel
computations over a 2048x2048 matrix and executed it with two block-sizes:
128x128 block size for coarse-grained tasks with 6k dependencies to solve, and
24x24 for fine-grained task execution with 180k dependencies to solve.
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The performance results were striking; the time consumed managing depen-
dencies in the coarse-grained case was only 1.2% of the total execution time while
the time consumed for dependency resolution in the fine-grained case exceeded
40%. The execution time of the fine-grained execution was even slower than the
serial version.

Practically this means that there is no benefit of using multiple cores for ex-
ecuting a Gauss-Seidel on a 256x256 matrix. Other applications behaved in a
similar fashion. Our opinion is that programmers should not need to concern
themselves with decomposition granularities of tasks. The task scheduler should
work with as fine granularities as possible. Some applications really require tasks
to be fine-grained in order to exploit parallelism. While we realize that it is un-
realistic to completely ignore task granularity, we strive to do as best as possible
to relieve the programmers from task granularities constraints.

In the next section we explain what we do to significantly improve on current
state-of-the-art.

3 TurboBLYSK: A Framework for Fast-Dependency
Resolution

This section describes the TurboBLYSK framework which implements
OpenMP 4.0 and consists of a transcompiler (BlyskCC) and a run-time system
(TurboBLYSK). Our framework includes support for the depend-clause that al-
lows for data-driven task execution of disjoint data-regions. BlyskC'C' is a source-
to-source compiler which transforms the OpenMP code to run-time system API
calls; a hand-written recursive-descend parser converts the source code into an
Abstract-Syntax-Tree (AST) where the OpenMP pragmas are transformed and
tasks outlined (similar to Mercurium [2]).

3.1 Automatic Dependency Resolution

Task dependencies are extracted by keeping track of each task that will work on
a specific data-region(s). A data-region is defined by its virtual address coming
from the application such as an address of a variable or parts of an array, and
the size of that region. Each known data-region is inserted into a dependency-
structure that keeps track of all tasks that use this particular data-region. There
are private dependency-structures for each parent task, allowing hierarchical de-
composition of dependent tasks. When a new task is submitted from the appli-
cation to the run-time system, each data-region to be used is looked up given its
virtual address, obtaining the dependency-structure for that data-region. If the
obtained dependency-structure is empty, then the task claims that data-region.

If the new task and existing tasks using that data-region only read from
it, then the dependency is marked as resolved (Read-After-Read). Only Flow-
(Read-After-Write), Anti- (Write-After-Read) and Output- (Write-After-Write)
dependencies are considered. Note that even if a Read-after-Read dependency is
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Fig. 1. Flow-chart representing the steps required to solve a task’s dependencies in-
cluding the steps performed when a task finishes executing

encountered, the task will still need to be entered into the dependency-structure
for subsequent tasks.

Fig. 1 shows actions performed by our run-time system when a task is created
and we will refer to this figure in the following text.

Task Creation. When the application creates a task (Fig. 1:a) a run-time sys-
tem call is performed to submit the task. At this point, if the run-time system
finds that the task does not use the depend clause it will immediately sched-
ule the task for execution (Fig. 1:g); otherwise, it will proceed to analyze the
dependencies (Fig. 1:b).

The run-time system needs to locate the dependency-structure that is associ-
ated with the task’s data-regions. This search (Fig. 1:c) is the most computa-
tionally intensive part in resolving dependencies. Multiple threads can be using
the dependency-structures, hence they need to be protected by a lock. In many
run-time systems (for example GCC’s libgomp) this lock is global, preventing
concurrent access to the dependency-structure. In TurboBLYSK, we allow par-
tial concurrent access. We keep each dependency-structure sorted in a bitwise trie
— a binary tree where searching for a dependency-structure is done by travers-
ing all bits in the data-region’s virtual address. To allow concurrent access, the
root-node for our trie contains 64 independent entries; each of the 64 entries is
protected by a lock. The lock is internally represented as a 64-bit variable where
each bit represents a lock for one of the 64 entries. Mapping from a data-region
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to the required lock is done by examining the six least-significant bits of the
data-region’s word address; we found that when task-granularities are fine, tasks
tend to work on data-regions whose virtual addresses are close to each other and
will therefore use different locks (different value in the least-significant six bits).
When a lock has been calculated for each data-region a task will use, the locks are
acquired and the search in the trie begins. The search is an O(log(n)) operation
that results in either a found data-region’s dependency-structure or the creation
of a new dependency-structure. The lock and the found dependency-structure
are saved in the task-structure for later use.

Inside the Dependency-Structure. When the dependency structure
(Fig. 1:d,e) has been found for a particular data-region, the run-time system will
insert the task into the end of a list. The list contains all previous tasks wait-
ing for/or currently using the data-region. The dependency structure contains
a variable we call the dependency ¢ position(queuing position). The ¢ position
is increased when we detect a Flow-, Anti- or Output- dependence. The type
of dependency is determined by comparing the current task with the previ-
ously inserted tasks (for that data-region). We also maintain a state variable
called a position (active position) which corresponds to the position that is cur-
rently executing. When all tasks for a given a position finish executing, the
run-time system releases subsequently dependent tasks. If a new task enters
a dependency region, and the a position is the same as the ¢ position (ac-
tive position==queue position) and both the tail-task and the new task will
Read from the data region, then there are no dependencies on other previous
tasks using the data-region.

When the Dependencies-Analysis Is Complete. When a task’s data-
regions have had their dependencies detected, the run-time system checks if any
dependencies were found (Fig. 1:f). If none were found then the task is sched-
uled for execution (Fig. 1:g), otherwise the run-time system returns control to
the application.

When Task Finishes Executing. When a processor finishes executing a task
(Fig. 1:h), the previously saved lock will be re-acquired in order to lock-on to the
dependency-structures associated with the finished task (Fig. 1:1,j). The run-time
system goes through each of the recently completed task’s dependency structures
and reduce the number of tasks in the a position (Fig. 1:k). If the tasks in the
a position reaches zero, the processor increments the a position and remove the
dependency of subsequent tasks in the list until it detects anything other than a
Read-After-Read dependency. If, when clearing dependencies of tasks, a task has
no other dependencies in other data-regions then it is scheduled for execution
(Fig. 1:1).

3.2 Dependency Pattern

Data-driven parallelism allows the programmer to be oblivious towards depen-
dencies between tasks as they are transparently derived by the run-time system.
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We can relax this model by allowing the programmer to specify whether a task’s
sub-graph is static or not. Should a task’s sub-graph be static, the run-time
system can dynamically extract task dependencies from the first run of the task
and re-use them in later invocations. Note that the programmer still does not
need to know the dependencies between tasks — she only specifies whether the
tasks will have static dependencies.

We propose a new OpenMP keyword called dep pattern, which together with
a unique tag enables the run-time system to extract task-graph dependencies for
that tag and re-apply them on the next invocation of the tagged task. Consider
the following code:

void matmul(float A float *B, float *C,int DIM) {
for (int i=0;i<DIM;i4+=4)
for (int j=0;j<DIM;j+=4)
for (int k=0;k<DIM;k+=4)
#pragma omp task depend(in:A[k+(j*DIM)],B[k+(j*DIM)]) \
depend(inout: C[i+(j*DIM)]
matmul block( &A[k+(j*DIM],...);

#pragma omp task dep pattern(”matmul 16x16”) depend(in:A,B) depend
(inout:C)
matmul(A,B,C,16);

The above example code is a standard blocked matrix multiplication. We create
a top-level task to perform the matrix multiplication and specify the data-regions
that will be used; in addition, we tell the compiler that this task will contain
tasks whose dependencies are static regardless of which virtual addresses they
use. When the run-time system encounters a dep pattern clause it will first try
to determine if the dependencies are known for the tag from previous invocations.
If the run-time system fails to locate the tag ("matmul 16x16” in the example
above), it will use the automatic dependency manager to derive the (static)
dependencies and sample them. It is up to the programmer to chose the tag’s
name and use it consistently with the dep pattern-clause— a tag for a wavefront
pattern will not work on a e.g. matrix-multiplication and will yield data-races.
Sampling is performed by renaming dependency structures which we refer
to as reservation stations to further the analogy with out-of-order execution
of instructions. Recall that TurboBLYSK uses a bitwise trie to keep track of
all dependency structures. The difference when sampling is that each of the
dependency structures is given a unique integer ID and that the run-time system
saves what dependency IDs each data-region in each sequentially spawned task
used. This information is saved in a stream where each task is represented as:
[int]#ID [int]#deps [int]depl [intJmodifierl. The modifier specifies how the task
will access the reservation station (Read,Write or both). When the task has
finished, the raw stream will be processed (optimized). Information in the stream
will be losslessly encoded and each integer can potentially be reduced to a nibble
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in size. Similarly, the modifiers for the reservation stations are encoded in the
least significant bits of the static reservation station used with the dependency.
To further increase the compression and improve performance, the run-time
system will perform the following when compressing the stream.

— It will simulate all tasks’ dependencies. If a reservation station (data-region)
will only be read from, it will be completely removed. As an example, a
matrix multiplication will always read from two matrices and produce results
into a third. The dependencies on the two first matrices will thus be removed
when analyzing the stream which results in a 66% reduction in amount
of dependencies and reservation stations. It can be argued that those two
dependencies can be removed from the source code; doing so would however
remove information required to use distributed memory architectures or to
improve scheduling [11].

— For each task, and its reservation station usage, a lock will be mapped. We
look at the histogram of reservation stations that are used the most, and con-
struct the locks such that the most intensively used reservation stations can
be worked on concurrently. This results in a better lock mapping compared
with the heuristic used in the automatic dependency phase.

Access
. modifier for
Reservation first
station for dependency
first Third
dependency dependency

[11]fodjo1]/o0][1000][1110][00101000101100...]

Next task has L L Rest of

three Stream

; Second
dependencies dependency
Compression type:

“00” - Nibble Access modifiers:

“01” - Byte “00” - Read

“10” - Short “01" - Write

“11" - Integer “10” - Read/Write
“11” - Unused

Fig. 2. Example showing a task, its dependencies and the modifiers encoded in the bit
stream

An example encoding can be seen in Fig. 2. Here, since the reservation sta-
tions used by each dependency fits into a nibble (4-bit), the stream will start
with b1100 indicating three dependencies to follow (b11=3) and that the depen-
dencies will be represented in a nibble form specified by the b00 prefix- other
prefixes indicate other compressions schemes. What follows are 12 bits (3 x 4-bit)
that represent each dependency of the task; the least-significant two bits express
the type of dependency (read/write/read-write) and the two most-significant
bits represents the reservation station to be used.
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Using the Stream. The stream is now encoded and ready to be used. On the
next invocation of a task with a "matmul 16x16” tag, the encoded stream will
be used to apply the dependencies. The run-time system, knowing that a tag-
stream pair exists, will proceed to create a set of reservation stations rather than
a trie. When tasks start spawning, the stream is parsed and the dependency-
structure is quickly (O(1) instead O(logN)) found in a reservation station —
unlike the automatic dependency resolver, the locks and addresses need not be
analyzed and the cost of searching for a dependency structure in the bitwise trie
is completely removed.

Note that using the dep pattern keyword does not remove the ability to know
the different data-regions (address ranges) a task uses, nor does it remove the
ability to offload tasks onto distributed devices (such as GPUs). It only indi-
cates that the dependencies are static. Our approach also allows for other static
analyzing techniques to be used on task-graphs, helping the scheduler’s deci-
sion making. We allow mixing tasks marked with dep pattern (i.e., tasks with
static dependencies) with tasks whose dependencies are dynamic in a hierarchi-
cal manner. Finally, the streams could also be saved to persistent storage for use
in future executions.

4 Evaluation Methodology

System Architecture. We used a shared memory NUMA multiprocessor with
four AMD Opteron 6172 processors totalling 48 cores and 64 GB DRAM. All
48 cores were used in our evaluations. The Operating System used is Red Hat
version 6.5 (kernel version 2.6.32).

Comparison. We compared our implementation against OmpSs [6] using Mer-
curium 1.3.5.8 (OmpSs’s compiler) and Nanos++ (OmpSs’s run-time system)
version 0.7a. We also compared against gcc’s OpenMP implementation libgomp,
taken from the gecc 4.9 snapshot archive version 3.455. OmpSs is a well-known
task-library that, arguably, is one of the pioneers of data-driven computing in
the task-based paradigm, which is why we chose to compare against it.

Benchmarks. We used five different benchmarks in our performance evalua-
tion. We executed each benchmark/input pair ten times, using the median to
eliminate extreme corner cases. Resilience to fine-grained parallelism was eval-
uated by varying the amount of concurrency exposed, typically by altering the
block-size each task works on. The benchmarks are:

— Matrix Multiplication Parallel blocked Matrix Multiplication where each
task handles a blocked region. We used the ATLAS BLAS [4] library for the
multiplication.

— SparseLU Parallel LU matrix factorization. Original code from BOTS [5]
which we converted to OpenMP v4 and OmpSs.
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— Gauss-Seidel Parallel, blocked and iterative Gauss-Seidel calculation de-
rived from previous studies [14,13].

— Cholesky factorization based on the ATLAS BLAS library [4].

— N-Body a parallel version of this classical problem.

Schedulers. To ensure fairness, both TurboBLYSK and OmpSs used the same
work-stealing baseline scheduler. Each processor has its own queue into which
tasks are spawned. Processors unable to find work in their own queue will at-
tempt to steal work from other processors. Victim selection is pseudo-random.
The libgomp scheduler uses a global task queue.

Speedup Calculations. We calculated the speedup when running our eval-
uated run-time systems by normalizing it against the fastest serial version we
found: Speedup =tsr / tpar Where tgep is the time taken for the serial version,
and ¢pq, is the parallel makespan (time taken for the parallel region). Initializa-
tion phases (e.g. memory allocation or dep pattern! stream encoding) were not
included in the evaluation.

5 Results

5.1 Resilience to Fine-Grained Parallelism

We constructed a micro-benchmark where we simulate a wave-front pattern of
dependencies. Each task has a read dependency on the north and west elements
in a matrix. The benchmark iterates five times over the matrix. We first evaluated
the task-overheads (Fig. 3:a). This was done by creating empty tasks and thus
isolating the run-time system’s management of the tasks and their dependen-
dencies. As we gradually increased the wave-front matrix (increasing the number
of dependencies), we found that TurboBLYSK has a 1.88us task-overhead com-
pared to gee’s 7.38us and OmpSs’s 19.26us. The dep pattern clause had an even
smaller average overhead of 1.21us, where 0.42us task-overheads could also be
observed. Also note that the overhead in TurboBLYSK remains fairly constant
independent (1.88+0.21us) of how many dependencies the application has.

We also simulated an artificial work-load in each task to make it possible
to vary task granularity while keeping the same number of tasks. The pur-
pose is to see at what granularity each framework starts to scale efficiently.
We fixed the micro-benchmark to have 245,760 dependencies to solve. We found
(Fig. 3:b) that TurboBLYSK started to scale already with 6 long tasks. Both
the automatic-dependency solver and the dep pattern-clause outperformed all
other implementations, reaching peak-performance much earlier than the other
implementations. Gnu C’s libgomp starts scaling when the task granularities
reach 3bus, but the performance is not very stable until granularities of 42us or
longer. OmpSs requires granularities that are larger than 300us to scale well.

! Which is fair, since the stream is encoded once and can be used forever.
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Fig.3. (a): Average task-overhead with different implementations. Lower is better.
(b): Speedup with different controlled granularities on tasks. Higher is better.

5.2 Experimental Results

Fig. 4 shows speedup profiles for all the evaluated benchmarks. Overall, our run-
time system performs consistently better than both OmpSs and gcc’s libgomp.
TurboBLYSK starts to scale at much lower granularities and to a higher number
of cores in most cases; the reason for this increase in scalability is that there
simply is not enough parallelism exposed at the granularities required by the
other run-time systems.

For example, SparseLU (Fig. 4:c) using the dep pattern clause allows scaling
already with a block-size of 18x18 while gcc’s libgomp and OmpSs require a
block-size of 30x30 and 25x25 respectively — a similar behaviour is seen for all the
benchmarks. The results for Cholesky (Fig. 4:d) show that the peak-performance
of our run-time system is nearly twice as high as for the other run-time systems,
and four times as high using the dep pattern-clause.

Many of the evaluations showed a trend where the automatic dependency-
manager (TurboBLYSK) and the dep pattern-clause (TurboBLYSK
(Dep Pattern)) had equal performance, diverging only when the granular-
ity of tasks was so small that even our fast automatic dependency-manager
failed to handle them. Using the dep pattern clause, performance could be
maintained or even increased at these fine granularities (Fig. 4:a,b,c,e).

6 Related Work

Vandierendonck et. al [16] compared different methods of dependency-analysis.
Our implementation of the dependency-management is very similar to their Hy-
pergraph scheme, with minor implementation differences. The evaluation took
place in SWAN and their prototype run-time system based on data-driven par-
allelism but which does not focus on automatic dependency management on
virtual addresses (which we do). Our dep pattern clause receive the same level
of algorithm complexity as their algorithm, while still conveying information to
the run-time system regarding virtual addresses.



TurboBLYSK 55

Gauss-Seidel (2048x2048; 5 Iterations) Matrix Multiplication (2048x2048)

Speedup

200 250

0 50 100 150 200 250 0 50 0 150
Block Size

Block Size
(a) (b)
SparselLU (2400x2400) 1 Cholesky (2700x2700)
8
30
a 6
a
ER 3
g ?
w g
w
10
2
20 40 60 80 100 120
Block size Block size
(c) (d)

NBody (4096 bodies; 100 iterations)

GCC

OmpSs

——o—— TurboBLYSK

TurboBLYSK (Dep_Pattern-clause)

50 100 150 200 250
Bodies per task

(e) ()

Fig. 4. Experimental evaluation of TurboBLYSK, gcc’s OpenMP 4.0 implementation
and OmpSs. We increase the task granularity (reducing parallelism) moving from left
to right on the x-axis. Speedup—how much faster parallel execution is over the serial—
is seen on the y-axis.

The OSCAR compiler [12] supports a similar concept to our, but in the
fork-join paradigm. During compilation, static tasks are identified and statically
scheduled to optimize cache behavior. However, our work has two differences:
we use dynamic dependencies to figure out static properties of a Direct-Acyclic-
Graph and our method uses a different paradigm (data-driven) where compiler
detected strategies are significantly harder (if possible).

OmpSs [6] is an OpenMP based run-time system and compiler framework
targeting data-driven parallelism. OmpSs is a merge between a data-driven
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model, StarSs [10], and OpenMP. OmpSs supports both region based [13] and
address-based (as in the present study) data-driven parallelism, and also has
GPU-support.

OpenUH [9] supports task dependencies using IDs/TAGs [9] that are used to
specify dependencies between tasks and removes the overhead of dynamically
finding the dependencies, but expects more from the programmer. Conceptually
our dep pattern clause converts a dynamic data-driven task graph to a graph
such as OpenUHs.

X-Kaapi [8] is a OpenMP-like parallel model supporting multiple paradigms,
amongst others data driven parallelism. Similar to OmpSs and the OpenMPv4
specification, the user conveys information regarding the use of memory regions
to the run-time system, which inserts dependencies between different tasks. X-
Kaapi also supports the removal of WAR-dependencies by renaming regions.
X-Kaapi is used in the libKOMP [3] run-time system, featuring OpenMP like
execution.

OpenSTREAM [14] is a run-time system featuring streams in which data
flows between different tasks. It uses the streams to detect producer-consumer
patterns between tasks (dependencies). OpenSTREAM was evaluated against
StarSs, showing what a large impact the dependency management had on the
execution time of fine-grained parallel application.

StarPU [1] is a framework for both accelerators and homogeneous general-
purpose systems. It supports the notion of data-regions which the run-time sys-
tem exploits to provide efficient multi-GPU performance. It uses a variant of the
HEFT [15] to schedule workloads on resources using a model based on the size
of the input regions.

7 Conclusions

We presented TurboBLYSK: an OpenMP4.0 tasking framework for data-driven
parallelism, which we used to show that even the finest of granularities can
scale well. We experimentally showed that our techniques in TurboBLYSK en-
able achieving nearly twice the peak performance compared with other run-time
schedulers. The techniques are not OpenMP specific and can be implemented in
other task-parallel frameworks. We also introduced the dep pattern-clause; a
novel and intuitive method of re-using dependency patterns commonly found in
task-based application. Using the dep pattern-clause programmers can further
leverage the performance. Our experimental evaluation verified all our methods,
which we compared to existing state-of-the-art models.
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Abstract. With the increased core count in current HPC systems, node level
parallelization has become more important even on distributed memory systems.
The evolution of HPC therefore requires programming models to be capable of
not only reacting to errors, but also resolving them. We derive a classification of
common OpenMP usage errors and evaluate them in terms of automatic detection
by correctness-checking tools, the OpenMP runtime and debuggers. After a short
overview of the new features that were introduced in the OpenMP 4.0 standard,
we discuss in more detail individual error cases that emerged due to the task
construct of OpenMP 3.0 and the target construct of OpenMP 4.0. We further
propose a default behavior to resolve the situation if the runtime is capable of
handling the usage error. Besides the specific cases of error we discuss in this
work, others can be distinctly integrated into our classification.

1 Introduction

With the advent of multi- and manycore architectures, node-level parallelization has be-
come increasingly important in the field of high performance computing (HPC). In fact,
OpenMP has emerged as the most widely used standard for shared memory parallel pro-
gramming in HPC. Although the nature of OpenMP programming greatly enhances the
development of parallel applications, parallel programming with OpenMP is still error
prone to generic mistakes in parallel programming and those specific to OpenMP. In
addition, resilience capabilities will become of greater importance with the availability
of exascale supercomputers. Parallel programs must be able to detect and respond to
certain events that may lead to program termination or incorrect results, e.g., runtime
failures. In this context, the development of an error model is a high priority in the
OpenMP language committee.

In this work, we propose a classification for OpenMP usage errors (defects) to
summarize known types of syntactic and semantic mistakes. We further distinguish
these from performance issues. Particularly, this includes defect classes that involve the
OpenMP 3.0 task and OpenMP 4.0 target constructs. This classification may serve tool
developers and the OpenMP community as a framework and overview of the common
defects introduced when parallelizing with OpenMP.

L. DeRose (Eds.): IWOMP 2014, LNCS 8766, pp. 58-72, 2014.
(© Springer International Publishing Switzerland 2014
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Additionally, our examples provide input for test suites that evaluate the correct op-
eration of OpenMP compilers and runtimes. We also investigate the failures that these
defects may induce on an application, the possibilities towards automatic detection,
and the correctness-checking tools that are capable of detecting them. This classifica-
tion extends and incorporates existing studies [8,10] and our long term experience in
application developer support.

Our investigation first discusses related work (Section 2) and an overview of the latest
standard specification released by the OpenMP language committee — OpenMP 4.0 [4]
(Section 3).

In Section 4 we discuss our classification of defects, with respect to syntax, semantics
and performance. Sections 4.1, 4.2 and 4.3 discuss the individual defect classes in detail
and the possibilities for tool developers to detect them automatically. Finally we draw
our conclusions in sec. 6.

2 Related Work

Suess et al. discussed common mistakes in OpenMP [10]. They conducted a study over
two years and observed which mistakes their students made when parallelizing with
OpenMP. A classification and coarse relationship between correctness and performance
achievement is made in the paper, and best practices into avoiding common mistakes
are presented. Additionally, different compilers and tools are evaluated for their ability
to detect certain defects. At the time of this study, OpenMP 2.5 was the most recent
standard specification. Thus, it does not include the defect classes that we introduce for
the task and target constructs of later OpenMP versions.

Our classification subsumes the defect classes of this study and extends them by
syntactic as well as semantic defects the students did not encounter, besides covering
newer OpenMP constructs.

P. Petersen and S. Shah also published a classification of threading errors [8] (Sec-
tion 4, Figure 1). In contrast to our classification, they further distinguish the class of
semantic defects, especially the logical defects, into stalls and live-locks. As we do not
see an increased potential of detection out of this differentiation, we summarize these
defects in a class of Conceptual defects. Apart from that, we subsumed this classifica-
tion and extend it by classes for syntactic defects and performance issues.

A. Duran et al. proposed an error handling clause [7]. Their proposal draws a callback
based mechanism that defines a set of different failure severities and predefines actions
to handle specific failures. In case of a failure, the predefined action, or a specified
callback is executed and may decide how to handle the failure. This callback can re-
ceive additional information about the region- or source code location where the failure
occurred. The proposal was evaluated using a modified NANOS [2] OpenMP runtime
library. Two benchmark suites, the EPCC micro-benchmarks [6] and the NAS paral-
lel benchmarks [3] (v3.0) are further evaluated to determine which overhead the error
handling functionality adds to the OpenMP runtime.

Another work from Wong et al. [11] evaluates three different possibilities to make
the OpenMP standard capable of handling erroneous situations. The proposal moti-
vates extended error handling capabilities by demonstrating how C++ exception based
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error handling can be used to catch unexpected failures within the OpenMP runtime.
Wong et al. then discuss requirements that proposed error handling addition to the
standard should conform to. They introduce three different approaches for error han-
dling in OpenMP: a done construct, which was included (see cancellation points) in
the latest OpenMP standard: an error-code dependent approach that would be com-
patible with languages that are exception unaware; and a callback based approach
which slightly extends the one proposed by Duran et al. [7]. For the failure class
”SIMD aligned with unaligned data” we present in the following, the error handling
approaches with error-codes and the done construct would be insufficient, the latter at
least in exception unaware languages.

Motivated by these works [7][11] there are efforts in the OpenMP language com-
mittee to establish error handling capabilities in the OpenMP standard. To support the
work of the OpenMP language committee we provide a classification of defects and
evaluate possibilities for their automatic detection as shown in several examples. When
appropriate, we also include a recommendation on how the failure should be handled
by the OpenMP runtime.

3 Overview of OpenMP 4.0

The OpenMP standard is a directive based approach to express parallelism. It uses a
strict fork-join model in which multiple threads process fasks, which can be either im-
plicit or explicit. The terms implicit and explicit are used to distinguish between a task
originating from programmer effort by using the task directive, and a task created
implicitly when a parallel region is encountered.

Every OpenMP program can be compiled either as a parallel program by interpreting
the OpenMP directives and clauses, or as purely sequential by ignoring all OpenMP
directives.

The standard does not impose requirements on the behavior of an OpenMP applica-
tion if it is compiled as a sequential program. The execution results of such a binary
can deviate from the parallel results. In other respects there are several requirements to
applications that are parallelized with OpenMP, e.g., OpenMP strictly holds on to the
Single Entry, Single Exit principle, which means no branch or jump statements from the
base language may be used to enter or leave OpenMP regions. Programs which do not
adhere to the OpenMP standard’s requirements are called nonconforming. An OpenMP
program starts with one thread that executes the main program on the host and sub-
sequently is able to spawn other threads using the corresponding OpenMP directives.
Several worksharing constructs then distribute workload among multiple threads, e.g.,
the do, and for-loop, and sections constructs assign workloads. Whenever a thread
is not idle, it can process a task.

In version 4.0, the OpenMP standard distinguishes between host and farget devices.
The two terms correspond to host computer and accelerators respectively. Code that
is enclosed in a target region, is compiled to be executed on accelerators. This ex-
tension enables OpenMP to reach out to heterogeneous architectures that previously
required different programming models like CUDA, OpenCL, or OpenACC. The new
simd construct controls execution in the vector units. Other additions to the standard
include user defined reductions, task dependency and thread affinity control.
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Currently the Intel compiler, the Cray compiler, and the GNU Compiler Collection
(GCC) support OpenMP 4.0, although GCC has no functionality implemented yet for
the target directive and always executes this code on the host.

4 Error Classification

We collected common defects in OpenMP applications from our own experiences, long
lasting support activities from various HPC users and our projects, and summarized
them in a classification. Figure 1 presents this classification in which we distinguish be-
tween syntactic and semantic defects, as well as performance issues. The latter covers
performance flaws that do not actually lead to wrong results or nonconforming applica-
tions, but affect the efficiency of the application. We will discuss the defects and failure
handling, as well as tools that are able to detect them below.

We carefully assembled this classification based on our experiences and available
studies [8,10], in order to incorporate all types of defects that we are aware of, as well
as novel defects that extensions of OpenMP 3.0 and OpenMP 4.0 introduced. This clas-
sification provides a framework for common OpenMP programming defects and forms
a basis for future extension.

The naming error is ambiguous; therefore we use the notion from [12]:

— defect to address programming errors, i.e., incorrect source code, and
— failure to address error manifestation, e.g., execution abortion or deadlocks.

To remove a failure from a program a trace-back is needed to the defect in the source
code. But there is no distinct correlation between classes of failures and defects, and
an error could be assigned to both a failure and a defect class. Compilers and static
analysis tools typically detect defects. Runtime analysis tools typically spot failures,
but may also spot defects. The same holds for debuggers. When we expect an error to
be spotted as a defect we assign it to a defect class. We assign an error to a failure class
if we think that this error is only detectable as a failure.

4.1 Syntactic Defects

A syntactic defect in general is code that is not compliant by the grammar of a pro-
gramming language. With respect to OpenMP parallelization we limit syntactic de-
fects to OpenMP compiler directives. We distinguish between mistyped and correct
OpenMP prefixes (e.g. #pragma omp in C++); mistyped prefixes are not recognized
as OpenMP compiler directives, the compiler will ignore them by default. We do not
classify syntactic errors caught by compilers, and refrain from examining them fur-
ther here. For misspellings, the compiler could recommend similar keywords from the
OpenMP grammar.

4.2 Semantic Defects

We recognize programming mistakes that are semantic defects. These are compiled into
executable code, but otherwise cause failures within the OpenMP runtime, which may



62 J.F. Miinchhalfen et al.

Performance

Issue

] l

Wrong com- Wrong clause to
piler directive compiler directive

Vomororre ) | ! )

Qutside the scope
of this work

iolation of the
standard/Non- ( Conceptual defect ) ( Race condition ) ( Deadlock )
conforming program i i i
- Uninitialized lock - Parallel instead of - On the host side ~ Deadlock with multi-
- Barrier w.o. all parallel for - On the accelerator ple locks
threads - Single producer w.o. side - Deadlock with a
— Violation of SESE worksharing — btw. host/accelerator single lock
— Worksharing con- — Incorrect assump-
struct w.o. all threads tion about number of
- Invalid nesting of threads
regions - Unallocated memory
- Thread unlocks lock — Missing data map-
w.0. ownership ping
- SIMD aligned w.
unaligned data

Fig. 1. Classification of Common Issues in OpenMP Applications

manifest themselves as execution aborts, deadlocks, or incorrect results. Most impor-
tantly, the exact behavior of a semantic defect depends on the runtime at hand. Thus
these defects may introduce portability problems that only become visible with spe-
cific runtimes. Semantic defects form the biggest class of possible mistakes — not only
when parallelizing with OpenMP — but with programming in general. In the follow-
ing, we will discuss the four sub-classes of semantic defects in Figure 1. Some of these
sub-classes involve additional child classes.

Violations of the Standard/Nonconforming Program: In this class we integrate de-
fects that are a clear violation to one or more of the definitions of the OpenMP standard.
The standard strictly prohibits developers from using certain combinations of OpenMP
compiler directives or the usage of runtime functions in specific contexts. We do not
claim completeness at this point. The amount of possible standard violations simply
exceeds the scope of this work, thus we focus on a smaller, respresentative portion of
defects.

Uninitialized locks: OpenMP offers different mechanisms to synchronize threads. The
most commonly used are barriers and critical sections. It is more difficult to induce
a defect using the latter two high level approaches than doing so with locks. Locks
are a low level mechanism for synchronization and enable the programmer to coordi-
nate threads with finer and increased control, but also with increased potential to create
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defects. OpenMP features two types of locks: regular and nested locks. The difference
between the two types is that nested locks may be locked repeatedly by the same thread
without blocking, while regular locks would block if the thread that currently owns
them tries to acquire the lock again. In both cases a lock needs to be released the same
number of times it was locked. Additionally, locks, need to be initialized before they are
used. The standard does not specify how programs will behave if programmers make
use of an uninitialized lock. Detection of this is either possible in the OpenMP runtime,
or by keeping track of initialized locks, e.g., in a correctness tool. The OpenMP runtime
could issue a mild severity level, i.e., a warning and handle the failure appropriately by
e.g. just initializing the lock to resolve the situation without terminating the application.
We do not propose to terminate the application in this case, despite this being a viola-
tion to the standard, because the defect is a minor violation and can be resolved quite
easily. In our experiments the defect could be found by using Valgrind (memcheck), the
Intel Inspector XE or a debugger.

Barriers not reached by all threads of a team: As mentioned previously, barriers are less
error prone than locks. Nevertheless they still offer potential for defects as barriers must
always be encountered by all threads of a team. Some OpenMP regions have implicit
barriers at their end unless a nowait clause is present. Thus, this defect may or may
not be a special case of Violation of the Single Entry, Single Exit principle (SESE). It is
possible to induce this situation by using barriers inside conditional statements which
depend on a condition that is special to a thread, or by implementing irregular execution
patterns using statements such as goto. An example of this situation for a barrier inside
a conditional statement, is given in code Example 1.

If the code is of low complexity and only includes a few conditional statements
that determine if a thread reaches a barrier or not, the defects of this class may be
detectable by static code analysis. In more complex codes, e.g., where the barrier is
hidden in a third party library, the detection proves far more difficult. A runtime analyzer
may identify this situation if the waiting states of all threads are clearly known, e.g. if
all threads wait at different barriers. More exhaustive approaches could utilize model
checking techniques to detect defects of this class. If this situation can be detected, a
runtime may decide to terminate the application, since the program exhibits a serious
nonconformance to the standard.

Violation of the Single Entry, Single Exit principle (SESE): The OpenMP execution
model requires each thread encountering an OpenMP region to also exit the region in
a regular fashion (without skipping the end of the region). A team of threads that is
spawned at the start of a parallel region must correctly exit the parallel region.
Parallel execution in OpenMP strictly follows a fork-join-model and consequently the
generated team threads must join at the end of a parallel region. Any deviation from this
principle violates the OpenMP standard and will cause undefined behavior ranging from
program termination to deadlock, as well as partially executed worksharing directives.
Detection is possible through static code analysis or by keeping track of individual
threads and their paths of execution during runtime. The default behavior of the runtime
should be immediate termination of the application or cancellation of all parallel
regions because the program behavior is undefined from this point on.
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Worksharing constructs not reached by all threads of a team: Special constructs like
worksharing constructs must be encountered by all threads of a team or none at all. As
described in Violation of the Single Entry, Single Exit principle (SESE), these situations
are created by using the goto keyword or by placing worksharing constructs inside
conditional code paths. An example is given in code Example 1. The most promising
approach to detect this kind of defect is static code analysis. If the runtime is able to
detect this automatically, it should terminate the innermost parallel region with an
appropriate error level because the successful parallel execution of this region is then
rendered impossible. This would enable developers to implement different strategies
and, if necessary, rely on (possibly serial) fallback algorithms to deliver correct results.

#pragma omp parallel
if ( omp_get_thread_num() % 2 ){
#pragma omp for
for( int 1=0; 1 < N; ++1 )

#pragma omp barrier
telse{
#pragma omp barrier

O 00NN —

}

Example 1. Worksharing construct/barrier is not reached by all threads of a team

double a[N], b[N], c[N];

#pragma omp parallel
for(int i=0; 1 < N; i++)
ali] = bli] * c[il];

[ R S

Example 2. Parallel for should be used

Invalid nesting of regions: The current OpenMP standard [4] covers the nesting of re-
gions and places a set of restrictions on which regions may not be directly nested. For
example it is strictly forbidden to directly nest worksharing constructs, because each
worksharing construct requires the context of a single parallel region. Any viola-
tion to this restriction fits into this defect class. The compiler is in many cases able to
identify this kind of defect. An exception to this is when OpenMP regions are orphaned
and hidden inside third-party libraries or subroutines in other source files. This effec-
tively prevents some compilers from identifying a relationship between the OpenMP
region and its parent region. In this case, identifying the violation to the standard is
far more difficult and requires more sophisticated approaches such as modifications to
the OpenMP runtime to keep track of which regions are reached by individual threads.
Termination of the innermost parallel region may in some cases suffice to handle the
failure, but that depends on the combination of regions which violate the standard and
it may as well be required to terminate the application if e.g. critical regions of
the same name are nested (see Deadlocks). While this would render further execution
impossible, termination of the innermost parallel region on the other hand may enable
developers to implement recovery mechanisms, e.g., a fallback approach. Compilers
with interprocedural analysis capabilities will most probably be able to even detect in-
valid nesting of orphaned constructs properly.
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Unlocking locks that are not owned by the current task: The OpenMP standard states
that calls to omp unset lockand omp unset nest lock with alock as argument
that is neither locked nor owned by the current task is nonconforming. It is easy to
avoid this kind of situation when using OpenMP locks: Using higher level approaches,
e.g., C++ classes that lock in the constructor and unlock in the destructor, or always
placing the lock and unlock in pairs, and near to each other in the source code. When
tasks are tied to threads in OpenMP (default behaviour), the constraint that the lock
needs to be owned by the current task is equivalent to the constraint of lower-level
mechanisms like pthreads, that the current threads need to own the lock. So far, none
of the major compilers mentioned in Section. 3 have implemented this clause, but this
possibly might create problems when locks are used inside untied tasks. Unlocking
attempts by threads/tasks which don’t own the lock can easily be detected by keeping
track of the locking and unlocking operations in the runtime. As the program state is
undefined after this operation, the runtime should either terminate the program if this
failure occurs or exit all parallel regions with a descriptive error code.

SIMD aligned with unaligned data: OpenMP 4.0 includes a STMD directive that enables
programmers to manually instruct the compiler to translate a loop into vectorized code.
An aligned clause can be used to specify the alignment of loop data in bytes. This
may be beneficial because some instruction sets, e.g., the x64 instruction set, include
SIMD instructions for aligned and unaligned data, of which the former generally needs
less loads to complete. The developer can align data either by using special malloc-
variants like posix memalign or by manually allocating (N -+ alignment) bytes and
then adjusting the pointer appropriately.

The task of detecting the incorrect use of the aligned clause can be very difficult
at compile time as it is not known then how the data will be aligned when the program
is run. A debugger will certainly detect this (after execution) as the CPU will raise an
interrupt when this defect occurs. Because the runtime will most probably not be able
to detect this kind of defect before an interrupt occurs, we do not propose a default
behavior here.

Conceptual Defect: A conceptual defect occurs when code does not explicitly violate
the OpenMP standard and may as such be called a conforming OpenMP program, but
nevertheless results in unwanted or unintended program behavior. Cases of this class
represent correct applications in terms of the restrictions of the OpenMP standard, but
fail to meet intended specifications, due to another software defect or due to an incor-
rect specification. As an example, an application meant to calculate 7 could be correctly
parallelized, but simply have a defect in its formulas or logic. It may be either caused by
a program condition that only occurs under specific circumstances that were not consid-
ered by the developer or simply by lack of knowledge on the developer. We explicitly
exclude race conditions (see Race Conditions) and deadlocks (see Deadlocks) from this
class.

Parallel instead of parallel for: The mistake of using a parallel directive when
aparallel for directive was intended is quite common and can lead to different
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failures, depending on the pre-parallized code. This defect may not have any impact on
compilation at all and thus go unnoticed. This is the case, e.g., when all threads execute
the same code in parallel, without any worksharing or data races. The result will be
correct, but there will be no benefit in runtime because each thread does the same work
as the serial program. See Example 2 for this case. Because there are situations where it
actually may make sense to use parallel over parallel for, this defectis hard
to detect. If data races occur during execution of this defect, the defect is detectable
by applying detection methods for race conditions (see Race Conditions). If no race
conditions occur during execution of this defect we do not think a tool would be able to
detect it.

Single producer without worksharing: An often used concept in parallel programming
is the single producer. In the single producer pattern one thread creates one or multiple
tasks inside a single construct. Subsequently those tasks are processed by the threads
of the underlying parallel region. Because the absence of the single construct does not
violate the standard or renders the code syntactically incorrect, it is easily overlooked.
Another well known design pattern is the parallel producer. As the name suggest, here
tasks are created in parallel and possibly without a single construct. Hence it is not
easy to determine the correctness of applications which utilize these parallel program-
ming patterns. They might however trigger other defects which are covered in this work,
e.g. Race Conditions. We do not consider this sort of mistake to be detectable by cor-
rectness checking tools because the intention of the application remains ambiguous
without deeper insight.

Locks as barriers: An OpenMP lock that was locked by one thread will block all other
threads that call omp set lock until the thread which owns the lock executes a call to
omp unset lock. Therefore, a programmer with a lack of understanding of OpenMP
constructs might try to use locks as a concept for barriers, unaware of the barrier
directive and assuming that a single call to omp unset lock enables the continuation
of all threads. We do not expect that the intention to create a barrier is detectable by a
tool when this situation is encountered. Potentially, a deadlock or a possible deadlock
can be detected and does not differ from the situation in the subsequent deadlock defect
class.

Incorrect assumptions about the number of threads: The OMP DYNAMIC environment
variable may raise unexpected situations in OpenMP programs if set to true and the
developer relies on the number of threads being set by other methods, such as a pre-
vious argument to omp set num threads or the value of the environment vari-
able OMP NUM THREADS. While this situation does not interfere with dynamic loop
scheduling, it is probably best to allow the runtime to choose the number of threads
arbitrarily to optimize the utilization of system resources. Therefore the programmer
may not rely on the number of threads being equal to what was requested. Even if a cer-
tain number of threads was requested and the value of OMP DYNAMIC equals to false,
a different number of threads may be provided by the runtime, e.g., if less threads are
available than what was requested. This kind of defect is logical nature and thus very
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difficult to spot automatically because an analyzing application needs to know what is
to be accomplished in the first place. The runtime therefore cannot detect it.

Unallocated memory (host/accelerator): If an OpenMP application fails to allocate
memory and thus uses a NULL-pointer in a subsequent OpenMP clause, the behavior of
the runtime library is undefined. This sort of defect could be handled by a mechanism
like the one proposed in [7,11]. The runtime should take care of the error handling in
this case. To resolve the failure, the region should either be completely skipped with
an adequate error code given back to the application developer — or transfer execution
to a callback function that could be specified by the developer. While NULL-pointers
are quite easy to detect, a pointer to a memory region that is not allocated or only
partially allocated may prove more difficult to spot. To achieve this, the runtime would
need to track the application heap, or all calls to malloc. This erroneous situation is
also detectable using a debugger: An application raises a SEGFAULT-interrupt when
it accesses unallocated memory in any way. The proposed way to handle this failure
is either program termination or termination of the innermost parallel region with a
suitable error code.

Missing data mapping to accelerator: In OpenMP 4.0 the target and target
data directives were introduced to that enable the programmer to offload computa-
tions to accelerator devices. The directives support a map clause that is responsible for
the mapping (or migration) of data from the host to the accelerator and vice versa. The
developer has to name each variable that was declared outside the scope of the target
region in a corresponding map clause. Depending on the type of accelerator, host and
device may either share their memory, portions of their memory or have separate mem-
ories. Therefore it is important to specify the type of mapping in the map clause which
may eitherbe alloc, to, fromor tofrom. Global variables inside a target region
must be declared with the declare target directive. If the accelerator and host do
not share a common memory, on the device side the data will be allocated, received
from the host and copied back, corresponding to their mapping. If a data mapping for
the target region is missing, the compiler will raise an error and most likely interrupt
the compilation process.

Race Conditions: A race condition is defined as a situation during program runtime in
which two or more executing units, usually threads, access a shared resource simulta-
neously in such a way that at least one unit is modifying the resource. This may lead to
failures, if the resource does not provide sufficient internal synchronization to allow for
multiple executing units/threads accessing it at the same time, e.g. a memory location.
This usually requires the programmer to employ suitable synchronization. To this class
we assign all defects which can lead to race conditions. Detecting this class of defects
usually induces a significant overhead on application runs. We therefore do not consider
this class recommendable to be handled by the OpenMP runtime automatically.
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Race conditions on the host side: Race conditions are a problem not only specific to
OpenMP but to parallel programming in general. OpenMP parallelized applications
which do not make use of the target directive to offload data for computation to an
accelerator, may execute with false assumptions about the default data sharing behavior
of OpenMP or forgotten data sharing clauses when entering a parallel region. There are
several works in progress on the detection of data races on the host side, e.g. the thread
sanitizer that is part of the latest version of GCC [9] and commercial tools like the Intel
Inspector XE [1] and Oracle Solaris Studio Thread Analyzer [5]. Most of them are able
to properly detect those types of data races.

Race conditions on the accelerator side: If an application with target directives is com-
piled to offload code to an accelerator, OpenMP directives and runtime functions may
be utilized on the device as well as on the host with few limitations [4]. The developer
may spawn a team of threads on the accelerator using the parallel directive — same
as on the host side — and forget to specify adequate data sharing clauses for the vari-
ables used inside the parallel region. In principal the problem is very similar to the one
described in Race conditions on the host side, but its detection can be much more com-
plicated because not all accelerator systems offer the same repertoire of debugging/trac-
ing capabilities as most host processors. Additionally, detecting race conditions usually
requires a lot of device memory because each memory access needs to be traced for
later analysis. On accelerator devices this may prove challenging, as memory is gener-
ally very limited. An approach for GPGPU accelerators [13] provides insight into such
data race detection capabilities, but has not yet been applied to OpenMP applications.

Race conditions between host/accelerator: With the introduction of the target di-
rective it is possible to offload computations to an accelerator device. As explained in
Missing data mapping to accelerator it is further possible that the host and the accel-
erator truly share memory. In this case, race conditions will occur if both the host and
the accelerator device operate on the same data without synchronization. As a con-
sequence, data is copied from and to the accelerator as target or target data
regions are encountered. While the OpenMP runtime should take care that no data is
overwritten when data is copied to the accelerator, it is very well possible that the host
changed the data that was transferred to the accelerator in the meantime. A copy-back
operation from the accelerator may overwrite this data and lead to a data race if the
user has not synchronized the access. If host and accelerator share a common memory,
the detection of this requires tracing both host and device memory accesses because
both can modify the same memory transparently. If host and accelerator have seperate
memories, it is sufficient to trace only host memory accesses because one thread will
always block until the target region is completed and only then, copy back data (see
Race conditions on the host side).

Deadlocks: A deadlock is a situation in which a program is in a waiting state for an
indefinite amount of time. In this class we categorize defects which can lead to dead-
locks. If the OpenMP runtime is able to identify a deadlock situation, it should handle
the failure by either terminating the application or, more preferably, by terminating all
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parallel regions with an error code. Unfortunately, not all deadlock situations will
be detectable by the runtime. OpenMP 4.0 introduced the feature of task dependen-
cies which we evaluated with regard to their potential of introducing deadlocks. Task
dependencies by design prevent programmers from creating circular dependencies and
therefore it is effectively impossible to run into a deadlock by only using task depen-
dencies.

Deadlock with multiple locks: The explicit use of the locking API is in general error-
prone and susceptible to deadlocks. Especially when more than one lock is involved,
deadlocks can occur if locking operations overlap. In a real world application this may
be difficult to detect at compile time if calls to omp set lock and omp unset lock
are concealed in subroutines (orphaned). If all threads are blocked due to a call to
omp set lock, the deadlock situation is clear and can be identified by the OpenMP
runtime or correctness-checking tools.

Deadlock with a single lock: This type of defect describes a situation where a dead-
lock occurs due to the order in which locks are accessed. The deadlock situation might
not always occur but only under specific circumstances, e.g., specific scheduling of
threads/tasks. In Example 3 it very much depends on the scheduling of tasks if the
application will deadlock or not. If two or more tasks operate on locks concurrently
and there is a task scheduling point after a call to omp set lock without a preceding
omp unset lock, a deadlock might occur. This situation is also called a potential
deadlock. A tool could spot this situation via a model checking approach or at run-
time by keeping track of locks and their owners and taskwait constructs. We are not
aware of any tools which are currently able to spot such failures.

omp_lock_t lock; omp_init_lock( &lock );

1

2 #pragma omp parallel

3 #pragma omp master

4 #pragma omp task

5 {

6 #pragma omp task

7 {

8 omp_set_lock( &lock );
9 omp_unset_lock( &lock );
10 }

11 omp_set_lock( &lock );

12 #pragma omp taskwait

13 omp_unset_lock( &lock );
14 }

15 omp_destroy_lock( &lock );

Example 3. Possible deadlock due to a race on a lock.

4.3 Performance Issues

Because the performance issues named in Figure 1 are not specific to OpenMP pro-
gramming, we will not include a more detailed specification of them in this work. We
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do not discourage the usage of critical sections and locks, but recommend that devel-
opers consider the amount of work that is done inside synchronization constructs. De-
pending on this, the other threads will be blocked during that time, or the overhead of
synchronization might have a significant impact on the overall runtime. Furthermore,
pointless flushing, as well as memory access patterns which will lead to cache trashing
or false sharing, will probably lead to bad application performance and are thus best to
avoid.

S Summary

We evaluated each error class in terms of detectability in the above table (2). In this
evaluation we distinguished between different methods to detect defects, such as com-
pilers, compiler based static analysis (involving interprocedural analysis), the OpenMP
runtime, debuggers and tools which conduct correctness checks at runtime. A cross ( e )

marks that the tool class is able to detect the defect, a cross in round brackets ( (o) )
means that the tool class is able to detect the error under special circumstances.

# Mistake Compiler Static Analysis Runtime Debuggers Tools
Syntactic mistakes

1. wrong directive

2. wrong clause °

Semantic mistakes

Violation of the standard

uninitialized locks ° °

barrier wo all threads

violation sese (o)

worksharing wo all threads

invalid nesting (o) . . (o)
lock unlock nonowner ° ° °
simd aligned (o) °
Conceptual defect

10. parallel inst parallel for

11. single prod wo worksharing

12. number of threads

A I A

13. unallocated memory (o) ° ° ° °

14. missing data mapping (o) . (o)
Race condition

15. host (o) °

16. accelerator (o) .

17. host accelerator (o)
Deadlock

18. multiple locks (o)

19. single lock (o)

Fig. 2. Defects and their detectability
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6 Conclusion

We developed a classification of OpenMP defects for the OpenMP 4.0 standard. In this
classification we distinguished errors by both the defect and the failure. We further
summarized many defects we consider common to OpenMP programming and evalu-
ated them in terms of their potential for automatic detection by analysis tools. If we
considered the runtime able of handling a failure, we propose a default error handling
mechanism that is to be executed when application developers do not specify error han-
dlers of their own. We found that the number of common defects in OpenMP did not
decrease with newer versions of the standard, but slowly increased due to new features
that were added to the standard. An example of this is the target construct which was
introduced with OpenMP 4.0.

Future work will explore possible collaborations with developers of specific scien-
tific domains to collect their mistakes and to quantify the frequency of the error classes
we listed in this work.
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Abstract. The OpenMP specification requires that all threads in a team
execute the same sequence of worksharing and barrier regions. An im-
proper use of such directive may lead to deadlocks. In this paper we pro-
pose a static analysis to ensure this property is verified. The well-defined
semantic of OpenMP programs makes compiler analysis more effective.
We propose a new compile-time method to identify in OpenMP codes the
potential improper uses of barriers and worksharing constructs, and the
execution paths that are responsible for these issues. We implemented
our method in a GCC compiler plugin and show the small impact of our
analysis on performance for NAS-OMP benchmarks and a test case for
a production industrial code.

1 Introduction

OpenMP is a popular parallel programming model for shared memory machines.
While OpenMP aims at making parallel programming easier, there are a number
of improper uses of worksharing constructs and barriers that are not statically
detected by compilers and may lead to deadlock or unspecified behavior. Indeed,
the OpenMP specification requires that all threads of a team must execute the
same sequence of worksharing constructs and barriers [16]. However in practice
no error occurs when all threads of a team do not execute exactly the same bar-
rier. That is why we authorize threads synchronizations with different barriers
and defined two verbosity levels (0 and 1) defining soft and hard barriers verifi-
cations. Throughout the rest of the paper, examples are presented with verbosity
level 0.

To show the difficulty to enforce this constraint in OpenMP codes, consider
the motivating examples in Figure 1. In function £ of Listing 1.1, each thread may
or may not encounter the single construct line 9, depending on the control flow
(line 6). According to the OpenMP specification, all threads in a team should
encounter the same single, or none of them. However, compiling this code and
executing it does not lead to a syntactic error but to a deadlock. Indeed, if the
result of the conditional is not the same among all threads, the first barrier
executed will be for some threads the implicit barrier line 12 (end of single)
while for others, it will be the explicit barrier line 14. Then the first group of

L. DeRose (Eds.): IWOMP 2014, LNCS 8766, pp. 73-86, 2014.
© Springer International Publishing Switzerland 2014
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Listing 1.1. Listing 1.2.
1 void f£( ){ 1 wvoid £() {
2 if (...) 2 EE Y
3 { 3 #pragma omp barrier
4 #pragma omp parallel 4 return ;
5 5 }
6 if (...) 6
7 7 int main( ) {
8 [*.x/ 8 int r;
9 #pragma omp single 9 #pragma omp parallel private(r)
10 10
11 Y 11 r=...;
12 } 12 if(r=20)
13 } 13 £();
14 #pragma omp barrier 14
15 Y 15 exit (0);
16 } 16
17 }
18 }

Fig. 1. Examples with Deadlock Situations

threads will stop at the explicit barrier line 14 while the second group will stop
at the barrier related to the end of the parallel region. Finally, the first set of
threads will be released and eventually deadlock at this last barrier. Note that if
we modify this example by adding an else statement with another single, the
code is still potentially erroneous since all threads should encounter the same
single. A more complex case appears Listing 1.2. A deadlock can occur at the
end of the parallel region of function main because of the conditional line 12.
Depending on the control flow the barrier in £ may be not encountered by all
threads. The error is more difficult to detect and an interprocedural analysis is
required. This illustrates the fact that the machine state does not help to identify
the cause of deadlocks (in these two examples, conditionals).

This paper proposes a new compile-time technique to detect potential im-
proper uses of worksharing constructs and barriers in applications parallelized
with OpenMP. The main advantage of our method is to highlight the state-
ments responsible for the execution path potentially leading to future deadlocks
or unspecified behaviors. This contribution is an adaptation and transposition
of the work presented in [12] for checking MPI applications with respect to
barriers. The OpenMP application is checked function per function, using intra-
procedural analysis. Each function of a program is said to be correct if all threads
of the same team (entering the function or created in the function) have the same
sequence of worksharing regions and depending of the verbosity level, the same
sequence of barriers (verbosity 1) or the same number of barriers (verbosity 0).
An inter-procedural analysis complements the analysis for checking the whole
application. This paper makes the following contributions:

— Analysis of barriers and worksharing constructs that may lead to deadlocks,
identification of the control-flow that may be responsible for these situations;

— Consideration of the OpenMP specification and the practice through two
verbosity levels;
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— Full implementation inside a production compiler; experimental results on
different benchmarks and applications.

The outline of the paper is the following. Section 2 provides a summary of
existing debugging tools for OpenMP programs. Section 3 defines the prob-
lem statement, describes the program representation we use and presents our
compile-time analysis. Section 4 details experimental results before concluding
in Section 5.

2 Related Work

OpenMP applications are prone to concurrency errors such as data races and
deadlocks. Debugging tools generally check the correctness of OpenMP programs
either at compile-time or during execution of a program, both methods having
advantages and inconveniences. This section summarizes some existing tools to
detect data races and deadlocks in OpenMP applications.

The well-defined semantics of OpenMP makes static analyses common to
check the correctness of OpenMP applications. Several static approaches exist:
First we can mention the OpenMP Analysis Toolkit [9] (OAT) that uses symbolic
analysis to detect concurrency errors. It relies on the ROSE compiler infrastruc-
ture to encode every parallel region into Satisfiability Modulo Theories (SMT)
formulae. Those formulae are then solved with a SMT-solver like Yices [17]. OAT
terminates its analysis by instrumenting the source code with fault injection tech-
nique to confirm the reported errors. OmpVerify [1] is a static tool integrated in
Eclipse IDE using the polyhedral model to detect data races in OpenMP parallel
loops. This tool is restricted to program fragments called Affine Control Loops
but it has the advantage of reporting accurate errors to the user. Lin [8] de-
scribes a concurrency analysis technique to detect whether two statements will
not be executed concurrently by different threads in a team. The method is an
intra-procedural analysis based on phase partioning using an OpenMP Control
Flow Graph (OMPCFG) that models the transfer of control flow in an OpenMP
program. Similarly, Zhang et al. [18] use a concurrency analysis to detect un-
aligned barriers in OpenMP C programs. This inter-procedural method consists
in four phases: A CFG construction to model the various OpenMP constructs,
a barrier matching to find threads barriers that synchronize together, a pro-
gram division into phases (sequence of basic blocks separated by barriers) and
an aggregation of phases with matching barriers. Any two basic blocks from the
same aggregated phase are said to be concurrent. Although quite close to our
analysis this work differs from us in several points. Unlike Zhang et al., our anal-
ysis is language independent and verifies woksharing-construct placements in a
program. To detect possible deadlocks we use the graph representation defined
in [8]. Potential errors are automatically returned to the user with the line of
the erroneous conditionals by a simple analysis of the OMPCFG. Thus the user
knows exactly what can cause a deadlock and correct it. For the verification of
the whole program Zhang et al. export a barrier tree when we only need an inte-
ger defining the minimal number of possible barriers encountered in a function.
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Then a simple callgraph traversal points out the possible sources of deadlocks
in the whole program. However both methods could complement each other.
Detection can also be done by compilers like GCC when lowering the OpenMP
constructs to GOMP function calls [14]. Indeed, GCC issues a warning for wrong
nested parallelism, typically a barrier in a single region. Like all static tools, our
method has the advantage of not requiring execution of the program but can
produce false positives.

Among dynamic tools we can mention the Adaptative Dynamic Analysis
Tool [6] (ADAT) and RaceStand [5,10] for focused data races detection and
Intel Thread Checker [11,4] and Sun Thread Analyzer [13] for both data races
and deadlocks detection. ADAT is a data races detection tool using classification
and adaptation mechanisms. The tool creates a pseudo-instrumented source code
and an Engine Code Property Selector (ECPS) table and then transforms the
pseudo-instrumented source code into an executable by using the ECPS table
information. With a C compiler supporting OpenMP, the instrumented source
code is compiled and executed to detect data races. RaceStand by GNU utilizes
an on-the-fly dynamic monitoring approach to detect data races and has recently
improved its check with a dynamic binary instrumentation technique based on
Pin software framework. This tool detects the existence of races and locates races
between two accesses not causally preceded by other accesses also involved in
races (first races) for each shared variable in a program. Intel Thread Checker
and Sun Thread Analyzer both require an application instrumentation and trace
references to memory and synchronization operations during the application ex-
ecution. Sun Thread Analyzer necessicates program recompilation with the Sun
compilers. To find data races the program must be executed with two or more
threads. Unlike Sun Thread Analyzer, Intel Thread Checker does not depend on
the number of threads used. It dynamically detects data races using a projection
technology which exploits relaxed OpenMP programs. More precisely, the pro-
jection technology checks the data dependency of accesses to shared variables
using sequentially traced information. But Intel Thread Checker does not con-
sider OpenMP programs specifications and can therefore report false positives.
Li et al. present in [7] an online-offline model to test the correctness of every
OpenMP parallel region. The online correctness testing model is used to find
parallel regions with incorrect execution results (not corresponding to serial exe-
cution results), identify all places that caused errors (directives used improperly
or located wrongly) and correct them. Then the offline correctness testing model
tests the correctness of regions with corrected directives. Compared to dynamic
tools that detect a deadlock when it occurs, our static analysis prevents pro-
grams from deadlocking (the program is stopped whenever a deadlock situation
is detected). Moreover our method is not limited to the input dataset of a run.
Indeed, even if dynamic tools return no false positive, they can miss errors as
they are correlated to one execution of a program.

We proposed in [12] a combining method to detect misuse of MPI collec-
tive operations in MPI programs. MPI processes must have the same sequence
of collective operations otherwise a deadlock may occur. Restriction on MPI
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collective operations is the same as restrictions on barriers and worksharing
regions in OpenMP programs. Thus we adapted this work to detect potential
deadlocks in OpenMP programs. Potential deadlocks due to wrong synchroniza-
tions as well as worksharing regions are automatically detected in each function
of a program and then errors considering the whole program are reported by
an inter-procedural analysis. To our knowledge our analysis is the first intra-
and inter-procedural analysis that verifies that all OpenMP tasks encounter the
same worksharing regions.

3 Checking OpenMP Directives and Control Flow

In OpenMP programs, the threads of a team can synchronize through the
#pragma omp barrier directive or at an implicit barrier at the end of work-
sharing regions (unless a nowait clause is specified). Worksharing constructs dis-
tribute the execution of the associated region among the threads of a team [16].
Worksharing constructs are loop, sections, single and workshare constructs. The
OpenMP specification gives some restrictions to barriers and worksharing con-
structs. Indeed, each barrier/worksharing region must be encountered by all
threads in a team or by none at all, unless cancellation has been requested for
the innermost enclosing parallel region ([16] Sections 2.7, p.53 and 2.12.3, p.124).
However, due to the control flow inside an OpenMP program, the threads may
execute different execution paths with different numbers of barriers and work-
sharing regions. Such behavior can lead to a deadlock or unspecified behaviors.

The principle of the static analysis we propose is the following. For each func-
tion of the code, we check that for all threads entering the function and for
all teams created within it, the same number of barriers are executed, what-
ever the execution path taken by the threads. If the number of barriers may
depend on the control flow, the control structures responsible for this are shown
with a warning. This is a conservative approach, since we do not check that
the conditional of an if statement for instance is dependent on the ID of the
threads. Moreover, we check that worksharing constructs may not be condition-
ally executed, potentially leading to unspecified behaviors. This intra-procedural
analysis on barriers and worksharing constructs is complemented by a simple
inter-procedural analysis: User-defined functions are subsumed by the number
of worksharing constructs and barriers executed by the entering threads. This
captures all potential improper uses of barriers and worksharing constructs.

The program to analyze is represented using the OMPCFG intermediate rep-
resentation, briefly described in the following section. Then the intra- and inter-
analyses are presented.

3.1 Intermediate Representation: OMPCFG

The control-flow graph (CFG) is an intermediate representation of code, used by
almost all compilers. The CFG is a directed graph where nodes are basic blocks
(straight sequence of code) and edges are potential flow of control between nodes.
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Lin [8] extended the notion of CFG to a representation for parallel OpenMP
programs, called OMPCFG. Each node of the OMPCFG represents a basic block
(basic nodes) or an individual block containing an OpenMP directive (directive
nodes). In the OMPCFG, implicit barriers are made explicit and each combined
parallel worksharing construct is separated into a nowait worksharing construct
nested in a parallel region. Moreover the OMPCFG has a single Entry and single
Ezit nodes. New edges are inserted between basic nodes and directive nodes
according to OpenMP semantics. As a result, the master directive is represented
as a conditional. Table 1 lists the OpenMP directives and their corresponding
directive node in the OMPCFG. Note that Lin also adds edges from the end
construct directive to the begin construct directive nodes denoted as construct
edges. These edges are not considered here as they do not reflect any control
flow.

Table 1. Directive nodes in the OMPCFG

Directive name Control flow Worksharing
construct
parallel, critical, atomic, section, barrier, ordered, linear
task, taskwait, taskyield
master if /else
for, single if /else *
sections, workshare switch/case *

Figure 2 shows examples of OMPCFG. All directive nodes containing a
barrier are represented as thick nodes and all directive nodes containing a
worksharing construct are colored in gray. Directive nodes containing a parallel
construct are considered as barriers but are not considered in our Algorithms.
Out of clarity, implicit barriers at the end of worksharing and parallel regions
are not designated by barriers but by region-name end.

This representation is the base of our compiler analysis. GCC uses a graph
representation similar to the OMPCFG from version 4.2.

3.2 Intra-procedural Analysis

This section details the static verification of barriers and worksharing constructs
for each function of a program. We define two levels of verbosity for barriers ver-
ification: level 0 that returns warnings only if there may be an execution error
and level 1 that returns warnings in strict accordance with the specification.
For the verbosity level 0, we identify barrier statements that synchronize to-
gether. To that purpose, we introduce a number, the sequential order, counting
the number of barriers traversed before reaching a barrier. This number is as-
signed to each node in the OMPCFG. Two nodes with different sequential order
are sequentially ordered thanks to barriers. This number is 0 for nodes before
the first barrier (including the node with the first barrier), 1 for nodes reached
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2 - parallel begin

2 - parallel begin
3 - single begin

void £()
{
#pragma omp parallel

{

[ 3-barrier ) (4 - barrier )

#pragma omp single
{
VAV
’
/*..0%/ L L
}
)
(a) Source code (b) OMPCFG (c) OMPCFG with
barriers

Fig. 2. Example of a simple code (a) with its corresponding OMPCFG (b) and an
OMPCFG containing barriers (c)

after one barrier and so on. When multiple paths exist, nodes can have multiple
numbers, at most the number of barriers in the function. Loop backedges are
removed to have a finite numbering. A function is not correct if there are nodes
with multiple orders. These nodes correspond to possible control-flow divergence
leading to deadlocks. In Zhang et al. [18], this notion of sequential order corre-
sponds to phases, computed through an inter-procedural liveness analysis and
a barrier aggregation step. While both methods can be used for our goal, our
approach is simpler, more adapted to the verification of barriers. The compu-
tation of the execution order uses an algorithm adapted from the algorithm 1
in our previous work [12] on MPI verification. This algorithm detects possible
control-flow divergence leading to a deadlock in a MPI barrier. MPI barriers
are numbered by so-called ezecution ranks (similar to sequential order here).
MPI barriers of same execution rank r are put into a set C,. . as matching MPI
barriers. ¢ is used to differenciate MPI collective operations names. In our case,
only barriers are considered so the c is useless and only C, sets are created.
Algorithm 1 is an adaptation of this method for OpenMP barriers, from line 6
to line 12. Barriers with multiple sequential orders are put in the set C, with
r corresponding to their maximal sequential order. For example the OMPCFG
Figure 2(c) contains three explicit barriers nodes 3, 4 and 6 and one implicit
barrier node 8. The sequential order for nodes 3 and 4 is 0, for node 6 , 1 and
for node 8, 2. The algorithm computes Cy = {3,4}, C1 = {6} and Cy = {8}.

For the verbosity level 1, we verify each barrier is encountered by all threads
of a team. This is described from line 14 to line 16 in Algorithm 1.
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Algorithm 1. OpenMP Intra-procedural Control-flow Analysis

1: function FUNCTION VERIFICATION(f,v) > f: a function of the application
2: > v: level of verbosity
3: Compute G = (V, E) the OMPCFG of f

4: S+ 0,8 «+0 > Output sets: Conditional nodes
5: if v =0 then > level 0 of verbosity
6: Remove loop backedges in G and Compute sequential order of all nodes
7 for n = 0.. max( sequential order (G)) do
8: for barriers of sequential order n do
9: Cn < {u € V|u of order n}

10: S+ SUPDF™(Cy)

11: end for

12: end for

13: else > level 1 of verbosity
14: for u € V s.t. u contains an explicit barrier do

15: S+ SUPDF™(u)

16: end for

17: end if

18:

19: for u € V s.t. u contains a worksharing construct do

20: S' «+ S"UPDF™*(u)

21: end for

22: Output nodes in S” and S as warnings

23: end function

The algorithm takes the OMPCFG of the current function and the verbosity
level as input parameters and outputs a message error for conditional nodes
that may lead to a deadlock in a barrier (set S). The core of the algorithm is
based on the postdominance frontier [2], used in a previous paper in the context
of MPI collectives verification [12]: The postdominance frontier of a node u
of the OMPCFG (denoted as PDF(u)) is the set of all nodes v such that u
postdominates a successor of v but does not strictly postdominate v. If > denotes
the postdominance relation, PDF(u) = {v | 3 w € SUCC(v),u>w and u »
v}. In other words all paths from w to the exit node go through u. On the
contrary v is not postdominated by u so there exists a path from v to the exit
node that does not go through u. This concept is extended to a set of nodes
N: PDF(N) = Uuen PDF(u) and to the notion of iterated postdominance
frontier PDEFT defined as the transitive closure of PDF, when considered as
a relation [2]. If barriers with the same sequential order n have a non-empty
PDF™ set, then some threads may not perform the n** synchronization. Due to
the representation of all worksharing constructs (as if/else or switch), barriers
inside these worksharing constructs are detected as incorrect.

The lines 19 to 21 of the algorithm detect if worksharing constructs may not
be executed by all threads of a team. For each node u containing a worksharing
construct, we compute the iterated postdominance frontier of u. If the PDF™ (u)
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is not empty then some threads may execute the construct while others may
avoid it. The set of nodes detected are put in the set S’ for warnings.

Lemma 1. Algorithm 1 is correct if it detects all deadlock situations due to
barrier and worksharing regions.

Proof. The levels of verbosity enable a strict verification of barriers in compliance
with the specification. In that purpose Algorithm 1 detects if all threads of a team
have strictly the same sequence of barriers. A soft verification is also possible.
The algorithm then verifies all threads of a team encounter the same number of
barriers. The proof has been done in [12]. Then Algorithm 1 computes the set
S’ of control-flow nodes that have execution paths with different number or type
of worksharing constructs from the node to the Ezit node. We prove that nodes
in S’ correspond exactly to the nodes that lead to a deadlock.

As an example, the first OMPCFG Figure 3 contains one explicit barrier (node
8), two implicit barriers (nodes 7 and 10) and one worksharing construct: single
(node 5). Algorithm 1 computes sequential orders. Node 7 is of sequential order
0, node 8 is of sequential orders 0 and 1 and finally node 10 is of sequential orders

3 - parallel begin
5 - single begin l
7 - single end

8 - barrier

2 - parallel begin

10 - parallel end

—
o
N

Fig. 3. Function f OMPCFG of the motivating examples ((a) and (b)) and an example
of an OMPCFG with a loop ((c))
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1 and 2. Thus we have Cy = {7}, C1 = {8} (node 8 is in C; as it has multiple
sequential orders) and Cy = {10}. PDF*(Cy) = @ and PDF*(C2) = 0 but
PDF*(Cy) = {4}. Node 4 is the only node in the iterated postdominance fron-
tier of node 7 as the conditional node 2 is outside the parallel region. Then the
conditional node 4 is returned as the possible cause of a deadlock in a barrier.
For node 5, PDF*(5) = 4. To sum up for Listing 1.1, a warning is issued for
the conditional located in node 4 as potentially leading to different barriers and
worksharing constructs sequence among threads. The OMPCFG Figure3(b) con-
tains one explicit barrier node 5 and one implicit barrier node 7. The algorithm
computes Co = {5}, C; = {7} and PDF*(Cy) = {4}. Last, the OMPCFG Fig-
ure 3(c) contains one worksharing construct node 4, one explicit barrier node
5, two implicit barriers nodes 7 and 9 and a loop (composed of nodes 4, 5, 6,
7). First Algorithm 1 removes the loop backedge from node 7 to node 4. Then
sequential orders are computed: Cy = {5}, C1 = {7} and Cy = {9}. A warning
is issued for the conditional node 4 as PDF*(Cy) = {4}. For the loop construct
node 4, the iterated postdominance frontier is empty.

3.3 Inter-procedural Analysis

This section describes the analysis for the whole application code. We assume
the application is not using recursion, meaning the callgraph of the application
has no cycle.

The method iterates through the callgraph, in reverse topological order. It
starts with functions that do not call other functions in the code, then callers
of these functions, and so forth. After the previous analysis of Algorithm 1,
each function retains the minimal number of barriers executed by the team of
threads entering the function (excluding the barriers executed by teams created
inside the function), as well as the number of worksharing constructs executed by
this same team. These numbers are denoted Nparrier for the number of barriers,
ng for worksharing constructs (among for, worksharing, sections, single).
They are obtained through a simple traversal of the OMPCFG of the function.
When a function g is called from a function f, g is replaced by as many barriers
and worksharing constructs as these values. For worksharing constructs, only
the number of constructs matters for the analysis. Indeed, we verify each callee
function with worksharing constructs are not depending on the control flow in
caller functions. Then the analysis Function verificationis called on f. These
steps are described in Algorithm 2.

Figure 4 shows callgraphs of Listing 1.2 and BT from the NAS parallel
benchmarks OpenMP. Nodes colored in gray are first nodes considered by Al-
gorithm 2. In the example of the Listing 1.2 callgraph, Algorithm 2 computes
Nworksharing(f) = 0 and Npgrrier (f) = 0 which are the minimal numbers of bar-
riers and worksharing constructs in function f. Function f is then replaced by
these numbers in main.
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Algorithm 2. OpenMP Inter-Procedural Analysis
1: function CODE VERIFICATION(CG,v) © CG: call graph © v: level of verbosity

2: Sort CG in reverse topological order

3: for f € CG do

4: for g a callee in f do

5 Compute nq4(g) for d =barrier and worksharing constructs > ng:
minimal number of directives d executed by entering threads

6: Replace g in f by nq(g) empty worksharing constructs and nparrier (9)
barriers.

7 end for

8: Compute Function verification(f, v)

9: end for

10: end function

Fig. 4. Callgraph of Listing 1.2 (a) and BT from NASPB-OMP (b)

4 Experimental Results

Our analysis is implemented in a GCC 4.7.0 plugin, avoiding the whole com-
piler recompilation. An adaptation of the plugin is required to work with newer
version of GCC. The plugin is located in the middle of the compilation chain as
a new pass inserted inside the compiler pass manager after generating CFG in-
formations and before OpenMP directives transformation. The location has the
advantage of being language independent allowing a verification of applications
written in C, C++ and Fortran. The pass applies Algorithm 1. The implementa-
tion of Algorithm 2 is currently under development. This section presents exper-
imental results on the NAS parallel Benchmarks OpenMP (NASPB-OMP) [15]
v3.2 using class B and HERA [3], a large multi-physics 2D/3D AMR hydrocode
platform. Even if the test case used by HERA is parallelized with MPI4+OpenMP,
only the correctness of OpenMP barriers and worksharing constructs have been
checked. The number of lines and the language of each benchmark is presented
Table 2. All experiments were conducted on Tera 100, a supercomputer with
a peak performance of 1.2 PetaFlops. Tera 100 hosts 4,370 compute nodes for
a total of 140,000 cores. Each compute node gathers four eight-core Nehalem
EX processors at 2.27 GHz and 64 GB of RAM. All performance results were
computed and averaged with BullxkMPT 1.1.16.5.
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Our analysis issues warnings for barriers and worksharing constructs poten-
tially not encountered by all threads of a team. The name of the OpenMP direc-
tive with potential improper use and the line of the conditional leading to this
situation are returned to the programmer. The following example shows what a
user can read on stderr when compiling Listing 1.1 with our plugin.

in function ’f’:

example.c: warning: STATIC-CHECK: #pragma omp single line 9 is

possibly not called by all threads because of the condition line 6

Table 2 shows the number of barriers and worksharing constructs found in
each benchmark and the number of nodes in the sets S and S’ generated by
Algorithm 1 with the two verbosity levels. For all these nodes, the control flow
does not depend on thread ID and therefore functions are correct. A data-flow
analysis could be done to complement our analysis to reduce the number of false
positives. Indeed, a check on the conditionals in S U S’ could help the plugin to
detect control flow not depending on threads ID and avoid false positives. This is
left for future work. The table also presents first results for the inter-procedural
analysis by giving the number of functions executed in parallel with a non null

Table 2. Static Results for each benchmark (F=FORTRAN)

NASPB-OMP

Benchmark BT CG DC EP FT IS LU LU-HP MG SP UA HERA
Language F F ¢c F F C F F F F F C++
# lines 3,835 1,204 3,295 294 1,336 940 3,921 3,875 1,497 3,309 8,375 827,739
# explicit barriers 0 0 0 0 0 2 3 0 0 0 0 92

# worksharing 31 18 o 1 8 5 37 37 15 35 77 1,622
Verbosity 0

# nodes in 0 0 0 0 0 0 0 0 0 0 0 564
Ssus’ Verbosity 1
0 0 0 0 0 0 0 0 0 0 0 587

# functions with

(n na) £0 3 3 0o o 0 0 8 4 2 3 15 398
barrier d

Overhead in %

0.1

0.01
BT CG DC EP FT IS LULU-HPMG SP UA HERA

Fig. 5. Overhead of average compilation time for NASPB-OMP and HERA
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minimal number of barriers or worksharing constructs. These functions may be
replaced by their callee functions in the source code to report errors considering
the entire program.

The compile-time overhead obtained when compiling the applications and
activating our plugin is shown Figure 5. The overhead remains acceptable as it
does not exceed 0.25% for NASPB-OMP and 10% for HERA (caused by the size
of the code, it takes 52,3 minutes to compile HERA with the plugin).

5 Conclusion and Future Work

In this paper we propose an adaptation of our previous work on MPI to detect
improper uses of barriers and worksharing constructs in OpenMP applications.
The method we propose statically detects if all threads entering a function and
created in it have the same sequence of barriers (or the same number of barriers)
and worksharing constructs. It issues warnings for the statements responsible
for the execution path leading to possible deadlocks or unspecified behaviors.
Compared to existing work, in particular the method of Zhang et al. [18], our
technique is fast (introducing little overhead) and able to scale to large appli-
cations. For future work, we plan to complement our method by a data-flow
analysis, reducing the number of false positives detected by our approach.

Acknowledgments. This work is (integrated and) supported by the PERF-
CLOUD project. A French FSN (Fond pour la Société Numérique) cooperative
project that associates academics and industrials partners in order to design
then provide building blocks for a new generation of HPC datacenters.
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Abstract. Data dependence analysis is a very difficult task, mainly due
to the limitations imposed by pointer aliasing, and by the overhead of
dynamic data dependence analysis. Despite the huge effort to devise im-
proved data dependence analysis techniques, the problem is still far from
solved. Efficient methods to reduce memory and time overhead imposed
by dynamic instrumentation are thus required to enable fast and cor-
rect program parallelization. This paper presents a novel dynamic loop-
carried dependence checker integrated as a new extension to OpenMP,
the parallel for check construct, which can be used to help program-
mers identify the existence of loop-carried dependences in parallel for
constructs.

Keywords: Parallel programming, checking, OpenMP, loop-carried de-
pendences, dynamic data dependence analysis, parallelization.

1 Introduction

Tools to support programming correctness are central in any programming model,
particularly in parallel programming, in which bugs are typically very hard to
detect and reproduce [1].

A fairly common source of bugs in OpenMP and many other parallel program-
ming models shows up when programmers need to evaluate if loops can have their
iterations parallelized. In order to do so, programmers have to perform a careful
and complex evaluation of the dependence of the loop-body variables across iter-
ations. If such dependences are not present, loops are called DOALL [1], and its
iterations can be easily parallelized. Otherwise, they are called DOACROSS [1]
loops, which are harder to parallelize and to extract good speedups.

Given that loop-bodies can have complex nested function calls, and pointer
aliasing, dynamic cross-iteration dependences can occur at runtime, making the
work of the programmer much harder and error prone. Complex loop-bodies can
easily produce intricate runtime dependences which cannot be easily detected
by the typical programmer at compile time. For this reason, effectively detecting
dynamic loop cross-iteration violations is a relevant tool to support parallel
programming. In this section we detail the problem of detecting loop cross-
iteration violations, and motivate the need to come up with a solution this
problem.

L. DeRose (Eds.): IWOMP 2014, LNCS 8766, pp. 87-102, 2014.
© Springer International Publishing Switzerland 2014
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A loop (as shown in Fig. 1) has a loop-carried dependence if there is a state-
ment A dependent on B and both statements are executed in different iterations.
As mentioned before, loop-carried dependences limit loop iteration paralleliza-
tion.

#pragma omp parallel for
for (i...) {
if (rand() % 2)a=b; //A
If (rand() % 2)b=1i; //B

Fig. 1. Loop-carried dependence example

Data-dependence analysis is an important technique to detect loop-carried
dependences and to exploit parallelism in programs. It works by detecting if
two instructions access the same memory location, and at least one of them
is a write operation. A loop-carried dependence occurs when these instructions
execute in different iterations; otherwise they are called loop-independent [1]. As
discussed previously, if two instructions are loop-independent, the iterations can
be safely executed in parallel without the need of synchronization. Otherwise, if
they define a loop-carried dependence, this can not be achieved.

For example, Fig. 2 shows an incorrect execution of the previous loop (Fig. 1),
as iteration 2 is executed before iteration 1, so it does not respect the loop-carried
dependence between instruction A and B. Specifically, the read of variable b
in iteration 2 is incorrect as variable b has a loop-carried dependence to the
execution of statement B in the previous iteration.

One potential source of bugs, while programming in OpenMP, shows up if a
programmer incorrectly evaluates this as a DOALL loop, and thus parallelizes it
using a parallel for construct. By using the parallel for check construct, proposed
herein, this error could be detected at runtime.

In this paper, we present parallel for check (check), a new construct to
OpenMP, which enables the seamless integration of loop dynamic data
dependence verification in OpenMP. This construct makes possible the detec-
tion of loop-carried dependences at runtime in OpenMP programs, thus help-
ing programmers to identify potential violations resulting from hard to detect
loop-carried dependences. Checker was implemented in Pin/GCC-OpenMP and
LLVM/Clang-OpenMP. This paper offers the following contributions:

e It presents a novel OpenMP parallel for check construct, also named check or
checker, which enables the dynamic detection of loop-carried dependences.

e It does on-the-fly dynamic loop-carried dependence analysis of multithreaded
applications, making it possible to detect loop-carried dependences which can
not be detected by means of serial or per-thread analysis, as in [3,4,6,7,9].
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Time Thread X Thread Y
t0
1
#pragma omp parallel for
t2 for (i...) {
3 if (rand() % 2)a="b; // A
If (rand() % 2)b=i; //B
t4 }
t5
t6 Incorrect results
caused by
t7 loop-carried
dependencies
t8
\

Fig. 2. Possible execution flow of the loop of Fig. 1

This paper is organized as follows. Section 2 analyzes well-known loop-carried
dependence checkers and evaluates their disadvantages when compared to our
work. Section 3 motivates and describes our check construct. Section 4 describes
the implementation of checker in GCC/Pin and Clang/LLVM. Section 5 shows
experimental results, and finally Section 6 concludes the work.

2 Related Work

This section analyzes two techniques used to detect loop-carried dependences.
The first one is the Pairwise method, which was used in [5]; the second technique
is the Stride-based method, which was implemented in the SD? profiler [4,6,7].

Static dependence analysis techniques have been extensively studied in the
literature. Approaches like the GCD Test [2] and Banerjee’s equality test [17]
have been used, for a long time, in the design of parallelizing compiler. These
techniques analyze data dependences in array-based memory accesses, and thus
are not effective when used in languages which allow pointers and dynamic allo-
cation. Besides, static analysis can become complex in situations when: (a) the
bounds of the loop are not known, (b) dynamically created arrays are passed
through deep procedure call chains, or (c) the loop-body has a complicated
control-flow. In such cases, dynamic loop dependence analysis is an alternative
as all memory addresses are resolved at runtime.
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2.1 Pairwise Method

The Pairwise Method is still considered the state-of-the-art for loop-carried de-
pendence testing. The basic idea of this method is to store, into a hash table
(pending table), all memory references (pending references) occurring during the
current iteration of a loop. When an iteration finishes, the pending table is
compared against the history table, which stores all memory references (history
references) of all previous iterations. This method solves nested loops depen-
dences, by having a pending and a history table for each loop. It is important
to highlight that our OpenMP checker does not target nested loops (yet).

The Pairwise algorithm works as follows. First, memory references are stored
into the pending table during an iteration. After of finishing the iteration, the
pending table is checked against the history table to discover loop-carried de-
pendences. Before of continuing with the next iteration, the pending references
are copied to the history. This process is repeated until the end of all iterations
for this loop. If this loop is nested within another loop, the history table of the
inner loop is propagated to the pending table of the outer loop. Afterwards,
this pending table is checked against the history table of the outer loop (that
is initialized empty) to discover loop-carried dependences. This process for the
outer loop continues until the end of all its iterations.

Loop-independent dependence does not prevent parallelization; thus, any
dependence analyzer must distinguish if a dependence is loop-carried or loop-
independent. The Pairwise algorithm, as described in [3, 6, 7], detects loop-
independent dependence by implementing kill addresses (a technique similar
to the notion of kill sets in data-flow analysis), which marks a memory address
as killed once it is written in an iteration. Then all memory references within the
same iteration to the killed address are ignored. However, this technique could
lead to incorrect results in multithreaded program executions not reporting ex-
isting violations of loop-carried dependences between threads as it only works
in serial executions or per-thread analysis.

To demonstrate kill addresses effectiveness, SD? authors analyze the following
code from SPEC 179.art [6].

Listing 1. Dependence in pass flag in 179.art

void match() {
if (condition)
pass_flag=1;
}
void scan_recognize(...) {
for (j = starty; j < endy; j += stride)
for (i = startx; i < endx; i += stride){

[ e I N A

pass_flag = 0;

match();

if (pass_flag == 1)
do_something() ;

T T
DGk W N O ©
-

-
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Assuming that pass flag is a global variable, they argue that a loop-
independent flow dependence exists on pass flag as this variable is always ini-
tialized at line 9 before any use on every iteration, which should not prevent
parallelization, and it is true in a serial execution context. However, in a mul-
tithreaded execution this code could have the following problem. Thread X
executes line 9 after the same thread executes line 3. Before this thread executes
line 11, another thread Y executes line 9. Thus, when thread X reads variable
pass flag at line 11, it will be incorrect as the execution does not respect the
loop-carried WAR dependence between the write reference at line 9 (executed
by thread Y') and the read reference at line 11 (executed by thread X). Thread
X will not execute do something when it had to do so.

This problem can be solved with privatization as SD® authors argue in [4,6,7].
On the other hand, according to our approach, all violations of loop-carried
dependences must be informed to force not omitting corrections of renaming of
variables that avoid WAR and WAW loop-carried dependences.

Killed addresses technique is also used by SD? [4,6,7] so it could lead to inac-
curate results due to multithreaded program executions. Our OpenMP checker
deals with this problem by storing the thread identifier (thread ID) for each
memory event within the loop body.

Other problems of Pairwise Method are the time and memory overhead it re-
quires to store all memory references within a loop. These problems can be more
complicated when considering nested loops, as the Pairwise Method propagates
history references of inner loops to pending tables of outer loops. As explained
earlier, nested loops have not been considered in this first implementation of
checker as we focused on the functionality of the new check construct and the
integration with GCC and LLVM. On the other hand, we partially addressed the
time overhead using pipeline-parallelization of the stages of our implementation.

2.2 Stride-Based Method

This method was proposed in [4,6,7] and has the Pairwise Method as a base-
line algorithm. It tries to solve the problem of memory overhead by means of
compression, and to solve the time overhead by using data-level parallelism.

The compression is achieved by using stride formats. For example, array ref-
erence A[d * i + b] generates an address stream that has a stride composed by
a base (b), a distance (d), and an induction variable (i). SD? [4,6,7] discovers
strides dynamically and uses them directly to check loop-carried dependences.
Strides are detected by a detector assigned to each PC. If a memory reference is
not part of a stride, it is called a point.

Stride-based method is implemented using an extension of the Pairwise al-
gorithm defining pending and history stride tables. To detect dependences in
strides they first do an interval test employing interval trees based on red-black
trees [11]. They then perform Dynamic-GCD test, as described in [4]. Notice
that SD? focuses on reducing the memory overhead due to deep nested loops,
contrary to this work, which does not consider nested loops as it is more focused



92 J. Salamanca, L. Mattos, and G. Araujo

on the integration with OpenMP, and to solve the problems with multithreaded
executions.

SD? solves the problem of time overhead by exploiting data-level parallelism
contrary to the task-level parallelism approaches adopted in previous works [12].
It distributes memory references into tasks that perform data-dependence check-
ing with a subset of the entire input. The address space is divided at every 2*
bytes and the subsets are mapped to M tasks on N cores.

As in the previous Pairwise algorithm, this method maintains killed addresses
to distinguish between loop-carried and independent dependences. However, as
discussed in the previous Section 2.1, this technique could lead to incorrect
results for multithreaded application executions. Therefore, SD® method can
ignore some violations of loop-carried dependences for multithreaded executions
as SD? analysis is performed sequentially or on a per-thread basis. As explained
before, checker deals with this problem.

Another problem with SD? is that it is more effective for profiling inner loops
than outer loops. As data-dependence analysis proceeds to outer loops, irregular
strides are more frequent (the compression method will not work), making the
cost of detecting dependences extremely expensive. Also, this method requires
additional static analysis to recover control flows and loop structures from a
binary executable, which is complicated to implement [6]; thus, the selection of
loops to analyze is also complicated.

Our solution to these problems is to limit the analyzed loops according to the
programmer instructions, while storing memory references in a memory/time
efficient data structure as Multilevel Hash Table [11].

3 Check Construct in OpenMP

This section presents the new check construct, a novel OpenMP construct which
can detect loop-carried dependences in OpenMP. It capitalizes on some advan-
tages of both, Pairwise and Stride-based methods; while it tries to minimize their
deficiencies.

3.1 Overview of the Algorithm

Pairwise and Stride methods use, for each instrumented loop of the program, one
pending table that is flushed at each new iteration of the loop, and one big history
table to store all dynamic memory references seen so far along the loop execution.
In the case of Stride method, it duplicates the number of tables for managing
strides and points. By contrast, our approach uses a single memory efficient data
structure per-loop. This implementation feature of check considerably reduces
the time and memory overhead caused by instrumentation.

To store memory references in check, we use a Multilevel Hash Table (MHT)
[11] which maps references to one bit (Indicator Function Hash Table, as shown in
Fig. 4). By doing so, the size of the memory footprint required to store iteration
addresses is considerably reduced. MHT has a three-level key composed by the
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#pragma omp parallel for check

for (i...) {
if (rand() % 2) a = b; // A ((Checkeractivaied
If (rand() % 2) b =1i; //B

Fig. 3. Usage of check construct in the program of Fig. 1

memory address, the thread ID, and the number of iteration, mapping one bit

that indicates if this address was written or read in that iteration by that thread.

On the average case, search time in this kind of structure is O(k) where k is the

number of levels. In our case, k = 3 and thus search time is O(1) on average [11].
The detailed algorithm is described in Listing 2 as follows.

Listing 2. OpenMP checker Algorithm

1. When a loop with check directive, L, starts, the checker is
activated.

2. On a memory address, R, of L’s i-th iteration done by thread X,
store 0 (read) or 1 (write) into the bit of the key composed by R,
X and ¢ on the Multilevel Hash Table.

3. If the memory reference in R is a read instruction, the checker
looks for if there is a memory write on this address R, in another
thread different from X, from current max iteration (the maximum
number of iteration stored due to a memory reference by any thread
at this moment) down to iteration i+ 1. If this memory write exists,
the checker reports a violation of WAR loop-carried dependence. If
warning option is activated, the checker also looks for if there is
a memory write on this address R, in any thread from
current min iteration (the minimum number of iteration stored due to
a memory reference by any thread at this moment) to iteration i — 1.
If this memory write exists, the checker reports a warning of WAR
loop-carried dependence.

4. If the memory reference in R is a write instruction, the checker
looks for if there is a memory write or read on this address R, in
another thread different from X, from current max iteration down to
iteration 1+ 1. If a memory write exists, the checker reports a
violation of WAW loop-carried dependence. If a memory read exists,
it reports a violation of RAW loop-carried dependence. If
warning option is activated, the checker also looks for if there is
a memory write or read on this address R, in any thread from
current min iteration to iteration i — 1. If a memory write exists, the
checker reports a warning of WAW loop-carried dependence. If a
memory read exists, it reports a warning of RAW loop-carried
dependence.

5. When L finishes, we flush the Multilevel Hash Table.
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The algorithm focuses on detecting violations of loop-carried dependences.
Some loop-carried dependences do not cause violations, as the order of execution
is respected, and thus checker does not report such errors. Nevertheless, in some
specific cases the programmer might want to be informed of all existing loop-
carried dependences as this information could be useful to understand the causes
of violations in future program runs. In order to enable the detection of all loop-
carried dependences in checker, the programmer should activate an optional
parameter called warning option.

Our approach does not need a sophisticated compression algorithm as de-
scribed in [4,6,7], given that we perform dependence verification for single loops.
By combining this with the possibility of selecting the specific loop to analyze
and the MHT data structure, we managed to reduce the memory and time over-
heads of the methods described in Section 2.

As explained in Sections 2.1 and 2.2, previous solutions could have problems
with multithreaded executions as they mark an address as killed once the mem-
ory address is written in an iteration; besides, they only report dependences
per-thread. Thus, they can omit possible violations of loop-carried dependences.
Our approach identifies these ignored violations given the analysis is not done
on a thread basis but for the whole program. As explained before, we do not
use the killed addresses method, as in our approach all violations of loop-carried
dependences must be informed to force not omitting corrections of renaming of
variables (that avoids WAR and WAW loop-carried dependences). These cor-
rections can generate privatized variables. We solve the multithreaded execution
problem by using the thread ID to do the verification of dependences.

3.2 Parallelization of the Algorithm

Instrumentation is a very time-consuming task because all memory writes and
reads are instrumented for each loop as proposed by the Pairwise and Stride

Memory Address Threads Iterations
h(Y)= 1
hﬁﬂ =0 0 itert
1 lter2
2 Iter3

h(3)=2

Itert
lter?2
Iter3

Fig. 4. Multilevel Hash Table mapping to a read in memory address a, iteration 3 by
thread Y
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D R

Stage 1 Stage 2 Stage 3

Fig.5. OpenMP checker exploits pipeline level parallelism (3 stages)

methods. SD? [4,6, 7] uses data-level parallelism and pipelining to reduce the
time overhead. In contrast, our approach uses only pipeline-level parallelism.
Check is composed by the following stages as shown in the Fig. 5:

e Fetching loop events. This stage provides information about the beginning
and termination of a loop and corresponds to the Pass 1 of the algorithm
shown in Listing 2.

e Fetching memory events and storing memory references. At this stage infor-
mation about memory addresses, thread ID, number of iteration, and pro-
gram counter is collected and stored into the MHT. This stage corresponds
to the Pass 2 of the Listing 2.

o Checking loop-carried dependences. Here dependence violations are verified
as described in Passes 3, 4 and 5 of the Listing 2.

With pipeline parallelism [13] we parallelize a single task by dividing it into a
series of sequential stages as shown in Fig. 5. Parallelism is achieved by pushing
succeeding data elements through a consumer-producer pipeline, where stages
run simultaneously on different cores [13]. This approach has considerably re-
duced latency compared to data-level parallelism. However, it introduces extra
synchronization, because producers and consumers must be tightly coupled; also,
it is limited by inter-stage dependences and the duration of the longest stage.
In our case, the third stage is the most time consuming stage, and thus it will
determine the overall speedup of the pipeline; however, we can still hide the
latencies of stages 1 and 2 from pipelining.

4 Implementation

In this section we describe both implementations of checker using GCC/Pin and
LLVM. First, we present the basic structure of our checker and then we detail
each implementation.

4.1 Basic Structure

The basic structure of checker consists of two modules, a tracer (stages 1 and 2 of
the pipeline shown in Fig. 5) and an analyzer (stage 3 of the pipeline). The first
stage instruments the program, fetches loop and memory events at runtime, and
stores memory references in a shared memory MHT. The second verifies, on-the-
fly, the existence of loop-carried dependences. As checker is an online construct,
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it cannot afford to have large costs of instrumenting all loads and stores of
program thus it is very useful an implementation where the programmer chooses
which loop wants to verify.

4.2 GCC/Pin

This section describes how the check construct was integrated into the GCC
compiler. First, we adapted the GCC source code to recognize the parallel for
check directive into the #pragma annotation. This implementation was very
challenging as we had to adjust some very critical source files of GCC compiler
(e.g. c-parser.c) to allow it to accept the new directive and also to delimit which
loop will be analyzed.

Basically, when the check directive is inserted, the compiler recognizes it as
a token and as part of a correct grammar expression, then inserts two function
calls into the IR code: (a) iterCount, at the beginning of the chosen loop, which
receives the number of the current iteration as parameter and is responsible for
marking the beginning of an iteration annotation; and (b) iterFinish, at the end
of the loop body, which marks the end of the instrumentation region. Finally,
the compiler produces an executable file with the identified loops to be analyzed.

The Fig. 6 shows the modifications inserted by the compiler when reflected
into the source code.

#pragma omp parallel for check
#pragma omp parallel for check for (i...) {

for (i...) {

iterCount(i); =

i 0, — h- - s
::“anj();z)?)‘_t" ”’; if (rand() % 2) a = b; // A
URERIGHISER SSh i If (rand() % 2) b=1i; //B
¥ IterFinish();
}

Fig. 6. Imaginary source file with the check construct

Tracer module was implemented on top of Pin [14], which is a dynamic in-
strumentation framework that enables the creation of dynamic program analysis
tools. The advantage of using Pin to implement our tracer is that it does not re-
quire recompilation for doing the verification, and could be applied to executable
files from different compilers. The disadvantages of the Pin tracer, as explained
in [7], are: (a) the need of the static analysis to recover control flow graphs and
loop structures, and (b) the difficulty of filtering useless loads and stores. In our
case, we discriminate loads and stores within a loop by inserting function calls
(iterCount and iterFinish).

The instrumentation is performed at runtime on the compiled binary files.
Pin allows a tool to insert code in arbitrary places of the executable, the code
is added dynamically while the executable is running. Thus, our tracer walks
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through the executable files, when it finds an iterCount function call, it inserts
instrumentation code to store the current iteration. Also, it inserts instrumen-
tation code after every memory reference, be it a read or write, until finding an
iterFinish function call, after which the instrumentation finishes. At runtime,
for every memory reference, the tracer fetches the memory address, the number
of the current iteration, and the ID of the thread making the memory refer-
ence. Finally, it stores the memory reference into the MHT indexed by memory
address, thread ID, and the number of the iteration.

Analyzer module implements the passes 3, 4, and 5 of Listing 2 and could
be used by different tracers (e.g. Pin and LLVM). During its implementation,
it was necessary to use many efficient programming techniques and customized
data structures to improve the efficiency of the analysis of checker. Fig. 7 shows
the execution flow of checker when implemented using Pin and GCC.

$ gcc myProgram.c -o myProgram -fopenmp —

Compilation

$ OmpCheck myProgram

Instrumentation

Instructions at line 3, thread 2, Iteration 4, read and at line 5,
thread 1, iteration 2, write. Error: RAW.

Instructions at line 6, thread 0, Iteration 3, read and at line 7,
thread 2, iteration 1, write. Error: RAW. Execution and analysi

Fig. 7. Flow overview of the OpenMP checker with GCC/Pin

4.3 LLVM

As in the previous implementation of checker using GCC, we had to adapt the
Clang front-end to accept the new check directive. The main ideas involved in
this implementation are analogous to those used in GCC. We modify the Lexer
and Parser files to insert function calls iterCount and iterFinish. Afterwards,
the main issues involved in the LLVM tracer implementation are similar to those
used in the Pin Tracer. The GCC/Pin analyzer can be used in LLVM as well.

We implemented the tracer in LLVM by creating an LLVM pass, which pro-
vides a very good static-analysis infrastructure. In contrast to Pin, LLVM pro-
vided an infrastructure which simplified the task of building control flow and
loop structures. Besides, previous LLVM static-analysis passes can considerably
decrease instrumentation and analysis overhead by identifying loop-carried de-
pendences, at compile-time, and then ignoring them in the dynamic loop-carried
verification, as is described in [10]. On the other hand, the main disadvantage
of using an LLVM tracer is the recompilation for each analysis.
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5 Experimental Results

This section evaluates the performance of checker, when compared to serial and
OpenMP executions, using groups of experiments. Our experimental results were
obtained on machines with Ubuntu 13.10 (64-bit), Intel i7 4-core with hyper-
threading technology, and 8 GB main memory. We use 8 Parboil benchmarks
[16] to report time and memory overheads by running the most executed loops
(hottest loops) one at a time with check.! 2 3

Fig. 8 and Fig. 9 show the memory footprint for serial, OpenMP, and checker
executions of the hottest loops of 8 Parboil benchmarks using the Parboil
Datasets. As shown in Fig. 8 and Fig. 9, the memory overhead of checker is
considerably smaller for most selected programs. The OpenMP checker verified
all the benchmarks successfully as shown in Fig. 10, requiring not more than 400
MB of memory. Thus, selection of loops by the programmer and the data struc-
ture used in checker are effective techniques to avoid large memory overheads.

Fig. 10 shows the verification results of executing 8 Parboil benchmarks with
checker. The checker reports 4 loops with violations of loop-carried dependences,
and the column Verified explains the reasons. Notice that, if the operation in-
volves updating a shared variable by means of a commutative operation the
violation does not correspond to an error.

The time overhead results are presented in the Fig. 11 and Fig. 12. As shown,
some executions with check are still faster than serial, with speedups of about
1.6x. This indicates that, although check adds instrumentation overhead it can,
for some cases, still keep part of the performance resulting to the parallel for
parallelization.

The largest slowdowns against OpenMP execution are about 20z and 8z as
shown in Fig. 13, corresponding respectively to the cutcpl loop of Cutep bench-
mark and the kernelsl loop of Stencil benchmark. The largest slowdowns against
serial execution are about 56x and 36x, corresponding to the mainl loop of the
Histo benchmark and the modell loop of the Tpacf benchmark respectively.
However, the OpenMP time executions are larger than the serial executions, as
this two benchmarks have been poorly parallelized in the original distribution.
Thus, only the slowdowns against OpenMP are valid (OpenMP execution times
would be smaller than serial using methods as privatization). We can conclude
that check offers a reasonably smaller overhead when compared to the serial and
OpenMP executions. This has been achieved due to the pipeline parallelization
and the OpenMP checker algorithm described in Section 3.

! Our results are from GCC/Pin, but LLVM shows a similar performance.

2 The remaining three benchmarks of Parboil were ignored as they do not have
OpenMP parallel for constructs, or they were not programmed in C.

3 The charts shown below are for different loops for each benchmark. For example,
lbm1 is the lbm parboil benchmark but with its loop! modified to use the checker.
Thus, all variants of lbm have the same serial and OpenMP time/memory overhead.
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Fig. 8. Memory footprint of 3 Parboil Benchmarks (Cutcp, Histo and Lbm) executed
serially, with OpenMP, and with check modifying different hottest loops
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Fig. 9. Memory footprint of 5 Parboil Benchmarks (Mri-gridding, Mri-q, Spmuv, Stencil
and Tpacf) executed serially, with OpenMP, and with check modifying different hottest
loops

Benchmark Program Loop Violation Verified
Cutcp cutcp.c 1 v Ok. + is commutative on pg.
excl.c 1 v Ok. All threads writing the
same value on pg.
Histo main.c 1 v Ok. + is commutative on
histo.
Lbm Ibm.c 1 Ok.
2 Ok.
3 Ok.
4 Ok.
5 Ok.
6 Ok.
Mri-gridding CPU_kernels.c 1 Ok.
2 Ok.
Mri-q ComputeQ.c 1 Ok.
main.c 1 Ok.
Spmv main.c 1 Ok.
Stencil kernels.c 1 OK.
Tpacf model_comput 1 v Ok. + is commutative on
e_cpu.c data_bins.

Fig. 10. Verification of 8 Parboil executed with check modifying different hottest loops
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6 Conclusions and Future Work

This paper proposes the check OpenMP extension (i.e. parallel for check con-
struct), a novel implementation of a dynamic loop-carried dependence checker
in OpenMP. It enables on-the-fly dynamic loop-carried dependence analysis of
multithreaded applications, making it possible to detect hidden loop-carried de-
pendences which can result in hard to detect parallel execution bugs. Some of
these bugs can not be detected even by means of serial analysis or per-thread
analysis as in previous works [4,6,7] described in Section 2. In order to reduce
memory overhead, OpenMP checker analyzes only the loops that the program-
mer wants and uses a memory/time efficient data structure (Multilevel Hash
Table) to store 1 bit per memory address. To reduce the time overhead, we
used a three-stage Pipeline: (1) fetching loop events; (2) fetching memory events
and storing memory references; and (3) checking loop-carried dependences. Fur-
thermore, we showed how to integrate the check construct into GCC/Pin and
LLVM.

As next steps in our work, we are going to research novel efficient techniques to
deal with the overhead problem in nested loops. Also, we are going to consider
static analysis to decrease the number of memory address candidates which
require verification. Finally, we are going to use other benchmark suites such as
SPEC OMP2001 or SPEC OMP2012.

Acknowledgments. We thank the IWOMP 2014 referees for their very con-
structive comments. We also would like to thank Samsung and CNPq for their
support to this work.
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Abstract. OpenMP 4.0 extended affinity support to allow pinning of threads to
places. Places are an abstraction of machine locations which in many cases do
not require extensive hardware knowledge by the user. For memory affinity, i.e.
data initialization and migration on NUMA systems, support is still missing in
OpenMP. In this work we present an extension library for OpenMP which imple-
ments round-robin memory initialization over places and memory migration, ei-
ther explicitly or implicitly. The latter is presented with an implementation based
on a next-touch algorithm for Linux. We study the overhead of our methods with
a simple model that allows to predict if migration is beneficial or not for a certain
use case and we demonstrate the correctness of the migration methods and the
correctness of our model prediction with the STREAM benchmark and an im-
plementation of a CG method. Finally, we discuss how memory affinity could be
integrated in future OpenMP versions.

1 Introduction

Non uniform memory access (NUMA) architectures are the standard system architec-
ture even for commodity servers, nowadays. In shared memory programming for High
Performance Computing (HPC) this needs to be taken into account in order to reach
good scalability on such a system. OpenMP, the most widely used standard for shared
memory parallel programming in HPC, recently improved the affinity support by adding
easy-to-use thread placement mechanisms. These facilities provide an abstraction layer,
called place list, as a model of the system topology, and strategies to pin threads to
the places, where a place is a set of execution units, see [12]. This basic support can
help to write efficient programs for NUMA architectures if the data placement can be
performed in an optimal manner at the time when the data is initialized, by using the
first-touch data placement policy of the operating system. If the data is badly placed
at the beginning or if the data access pattern changes over runtime, data migration is
needed to adjust the data placement with the intent to maximize local memory accesses
over all threads. Data migration mechanisms exist for many operating systems, includ-
ing Linux, but they are complex to use and require detailed knowledge of the hardware
and the thread placement, which contradicts the idea of OpenMP to have an abstract
hardware description with the place list.

In this work we will investigate the usefulness and overhead of standard mechanism
for explicit memory migration under the Linux operating system, as well as self de-
veloped semi-automatic memory migration, where data is migrated to the thread that

L. DeRose (Eds.): IWOMP 2014, LNCS 8766, pp. 103-114, 2014.
(© Springer International Publishing Switzerland 2014
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touches the data next. Furthermore we provide an easy mechanism for round robin
memory allocation based on OpenMP places. Round robin memory allocation can be
a good compromise for memory allocation, if the data access pattern is random which
prevents local memory placement in advance. We implement these functionality in the
RWTH OpenMP extension library 1ibr ompx.

We compare the performance of these mechanisms to each other and to serial and
parallel memory allocation on a standard 2- and 4-socket server equipped with Intel
processors. Through measurements of the overhead and access time we will predict
break-even points indicating for how many memory accesses migration is beneficial in
advance and when accepting the remote accesses results in better performance.

The rest of this work is structured as follows: After we discuss related work and the
current status of affinity support in OpenMP in sec. 2, we introduce the functionality of
our RWTH OpenMP extension library in sec. 3. In sec. 4 we analyze the overhead of
these mechanisms and introduce a simple model to understand when the migration is
useful and when not, before we show examples in which these optimizations have been
applied in sec. 5. Afterwards we discuss how memory affinity could be integrated in
future OpenMP versions in sec. 6 and finally draw our conclusion in sec. 7.

2 Related Work

OpenMP 4.0 [12] introduced the concept of places and thread binding strategies. A
place is defined as a set of hardware execution units that is targeted by OpenMP as
one unit of location when dealing with thread binding. The place list is defined as an
ordered list of places, specified by the user of an OpenMP program either as an abstract
name (i.e. cores: each place corresponds to a single core) or as an explicit list of places
described by logical processor IDs as they are used in the operating system. The thread
affinity policies (i.e. close and spread) are used to control the binding of threads over
the places in the place list. With spread, the user requests to spread the threads evenly
within the places of the system, while with close, the runtime should pack the threads
close together.

Beside the placement of threads the placement of data is as well important for op-
timal performance on NUMA systems. Therefore, memory affinity and migration for
shared memory programming has been investigated in several studies before. Already
in early NUMA machines, hardware and operating system support for automatic page
migration was provided [7,11]. Here the operating system of the SGI Origin uses TLB
miss statistics and remote memory reference counters to identify pages for an automatic
migration [7], while the Sun WildFire tracks the number of times that cache lines from a
given page are retrieved in the same sharing state [11]. For the Linux operating system
kernel patches for automatic page migration mechanisms exist, like AutoNUMA [4],
where statistics on remote accesses are collected and threads, processes or data is mi-
grated to establish a good thread to data locality. Nikolopoulos et al. [10] presented
an integrated compiler / runtime / OS migration framework for user-level dynamic page
migration. They use compiler instrumentation and a sampling approach which improves
the locality of the memory pages.

None of these mechanisms works well for all sorts of applications and that is why
other approaches try to allow users to initiate data migration. The advantage is that
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a user can have more insight knowledge of the application which can help to make
better migration decisions. An extension of OpenMP for memory migration on NUMA
machines was implemented in Compaq’s OpenMP compiler in [1]. With the help of a set
of additional OpenMP Fortran directives the programmer had the possibility to specify
user-directed page migration and user-directed data layout. In our library we provide
a similar compiler independent functionality for today’s standard Linux distributions.
Another study about future OpenMP runtime perspectives was made in [2]. Their results
suggest that there is a need to extend OpenMP for mixed solutions (thread and data
migration) to transmit affinity relations to the underlying runtime. An application-driven
study for the benefit of affinity-on-next-touch mechanisms in user space was done by
Lofer et al. [8].

While the idea to migrate data in this way has already been implemented under the
Solaris operating system before, no operating system support for migration on next
touch exists for Linux. In our previous work [13] we already sketched a mechanism
for affinity-on-next-touch for the Linux operating system. A kernel-level implementa-
tion for the same purpose with a higher bandwidth is presented by Lankes et. al. [6],
the downside is that a kernel patch is required, so this approach cannot be used on
arbitrary HPC production systems. In addition, Goglin and Furmento [3] compared a
similar memory migration mechanism in user space with an approach in kernel space.
Furthermore, they improved the move pages call for big memory chunks. We benefit
from this improvement as well since it is included in the kernel we used for our tests.
Although the kernel-based implementation is 30 % faster than the user-space model
we think our extended OpenMP library is an adequate tool to evaluate affinity-on-next-
touch support for future OpenMP runtime implementations.

3 The RWTH OpenMP Extension Library

In this section we describe the functionality of our OpenMP extension library named
libr ompx. The purpose of this library is to provide easy-to-use functionality to im-
prove the memory affinity of programs. The implementation is based on libnuma [5]
which provides NUMA support for the Linux operating system, therefore at the time of
this writing our library is limited to Linux as well.

The most-common way to handle NUMA machines in OpenMP programs is to use
the first-touch memory initialization strategy provided by all operating systems to the
extent of our knowledge, to place memory pages at the NUMA node where the page
is first used. During computation the data then should be used in the same way as
the initialization was done, otherwise local memory access is not guaranteed. If this
approach is applicable because the data access pattern is known a priori, does not change
over time and initialization is done in the user code and not in any non NUMA-aware
library, OpenMP programs can reach good performance on NUMA machines with this
simple strategy.

Our library aims to improve cases, in which these preconditions are not fulfilled,
meaning the data access pattern is unknown or unpredictable, changes over time or
the memory initialization is not in the hand of the user. We therefore implemented the
following four functions with the interface shown in listing 1.
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voidx r ompx interleave alloc(size t size);

int r ompx migrate(voidx addr, size t size, int node);
int r ompx fetch(voidx addr, size t size);

int r ompx next touch(void* addr, size t size);

Listing 1. Interface of all functions of the r ompx library

r ompx interleave alloc. If the memory access pattern of an application is unpre-
dictable, it is impossible to place the data in advance on the NUMA-node where it is
used later on. In such cases distributing the data evenly across the NUMA-nodes of
the system in a round-robin fashion does not reduce the average number of remote ac-
cesses. However, it distributes these accesses evenly over all NUMA-nodes, which is
still better than when all remote accesses occur on a single NUMA-node. The func-
tions numa alloc interleave and numa alloc interleave subset pro-
vided by 1 ibnuma allow to allocate data in a round-robin fashion already. In contrast to
those functions r ompx interleave alloc distributes the data round robin across
all places specified in the OpenMP place list. In this way the user only uses the memory
attached to the NUMA-nodes used by the program without the need to manually figure
out which nodes actually were chosen by the OpenMP runtime system for execution.

r ompx migrate and r ompx fetch. If the memory is badly placed because of dy-
namically changing access patterns or because the allocation was done by a library not
respecting the NUMA architecture, memory migration is a way to re-establish good
thread to memory affinity. The function r ompx migrate provides functionality to
migrate a chunk of memory to a specified node and the function r ompx fetch mi-
grates data to the node where the calling thread is currently running. The first function
allows a master thread to distribute data for a team of threads in advance, whereas the
latter function allows all threads to fetch data to the local NUMA-node. This can be
done without the need to find out which cores and NUMA-nodes have been chosen
by the OpenMP runtime for which thread. A migration mechanism to OpenMP places
would be desirable as well but since OpenMP does not provide an API function to
identify the currently used places from within a program, this is not possible.

r ompx next touch. This function is useful when the data access pattern is repetitive
but not known exactly in advance or when it is hard to divide the data into consecutive
chunks, e.g. when the data is accessed indirectly through pointers. One thread can flag
a chunk of memory to be moved when it is accessed the next time. The page is then
moved to the thread which tried to access the page. This allows to distribute pages
during computation without the need to explicitly specify the distribution pattern.

We already provided a sketch of an algorithm for next touch migration working
in user space under Linux in [13]. Although implementations in kernel space exist
with lower overhead, as discussed in sec. 2, we used the user level approach in or-
der to run on standard HPC installations without kernel patches. Our algorithm is fully
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1 function r ompx next touch (addr,size)

2 foreach page p from addr to (addr+size)
3 lock p for read and write access;
4 end foreach

5 install sigh() as signal handler for SIGSEGV;
6 end function

7

8 function sigh ()

9 p = page causing the SIGSEGV;

10 n = NUMA-node of the current thread;

11 migrate p to n;

12 release the read/write lock on p;

13 end function

Listing 1.2. Pseudo-Code illustrating the next touch algorithm

implemented in the RWTH OpenMP Extension Library and can be used on any Linux
kernel supporting 1 ibnuma.

The algorithm, outlined in code 1.2, works in two phases. First, all pages of the user
specified memory chunk are protected for read/write access and a signal handler for
the signal SIGSEGV is installed. Second, when a SIGSEGV signal occurs this means
a thread has tried to access the page. The installed signal handler then migrates the
page to the NUMA-node of this particular thread and releases the read/write lock on
the page. Then the library returns to the user program where the page is now accessible
and located on the local NUMA-node.

4 Overhead Analysis

After the migration methods have been presented, we will analyze the overhead of these
methods and compare it to the benefit of the improved memory access pattern. For our
tests we used a 2-socket system equipped with 3.07 GHz Intel Westmere processors
and a 4-socket system with 2.20 GHz Intel SandyBridge processors. Both machines
run Linux kernel 2.6.32 and we used 4k pages for all test. The tests perform a daxpy
operation on three vectors and measure the access time of all threads and then compute
a per page average access time for all threads. The tests use one thread per core on both
systems. We further investigate the following cases:

— serial init: The data is initialized by a single thread (in serial) and thus all data is
placed on only one of the NUMA-nodes.

— parallel init: The data is initialized in parallel so that the data is distributed across
all NUMA-nodes and the daxpy operation works on local data.

— interleaved init: The data is distributed round robin across the NUMA-nodes using
r ompx interleave alloc. During the daxpy operation the data is still used
with a static schedule, so the number of remote accesses is not reduced compared
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to serial init. However, the advantage is that the remote accesses are now evenly
distributed across the nodes.

— migrate: Here the data is initialized serially and then the data is migrated to the
thread that will use it later on. We use the function r ompx fetch for this pur-
pose, but r ompx migrate has similar overhead, since it uses the same mecha-
nism internally.

— next touch: The data is also initialized serially and then migrated, but in contrast
to the former case, the function r ompx next touch is used to flag the data for
migration and to move it in the first iteration of the daxpy kernel.

Table 1. Average page access time and overhead to migrate a page in s on the 2-socket Westmere
and 4-socket SandyBridge system

Strategy serial init parallel init interleaved init migrate next touch
2-socket Westmere
Access time 0.204 0.102 0.141 - -
Migration Overhead - - - 1.295 15.593
Access time after migration - - - 0.102 0.102
4-socket SandyBridge
Access time 0.334 0.048 0.095 - -
Migration Overhead - - - 14.458 73.939
Access time after migration - - - 0.047 0.047

Table 1 shows the average time to access all variables of a complete page as well
as the overhead for the migration of a page. In the serial init case all pages lay on one
NUMA-node whereas they lay perfectly distributed across both NUMA-nodes in the
parallel init case. In the latter case on the Westmere system this leads to an average
access time of about 0.1 us which is 2x faster than the 0.2 pus when the data is serially
initialized. Since two memory controllers are used instead of one this is as expected.
When the pages are initialized interleaved, the access time is 0.141 us. Both migration
strategies deliver the same good access time as the parallel init strategy after migration,
but they introduce overhead of 1.3 us for explicit migration and 15.6 s for next touch.

Since the overhead is much higher than a single remote access of the data, it is
only useful if the data is needed multiple times. Given the overhead (O) and access
time (A) of table 1 the total access time for x memory accesses (T) can be calculated
as T = O + x x A. Figure 1 shows the access time for the investigated memory
initialization and migration mechanisms. The intersection points of the straight lines
indicate the break-even point where the migration starts to be beneficial. For example
on the Westmere system the lines of serial init and migrate intersect at 12.7
(50 on SandyBridge). This means if the data is initialized serially it is beneficial to
migrate it in advance if all the data of the complete page is used 13 (50) or more times.
Migration with the next touch mechanism is beneficial for 154+ or 258+ accesses
on the Westmere system or SandyBridge system, respectively. If only a fraction of the
data on a page is used, e.g. only one variable, migration will of course pay off only for
a higher number of accesses.
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Fig. 1. Access time for different numbers of accesses of a complete page for different initial-
ization and migration strategies on the 2-socket Westmere a) and 4-socket SandyBridge b) sys-
tem. The points of intersection indicate when migration is beneficial over serial init or
interleaved init.

5 Evaluation

In this section we will show that the presented mechanisms deliver the expected behav-
ior in practice. First, we look at the STREAM benchmark to investigate the achievable
memory bandwidth for all mechanism. Second, we take an implementation of an itera-
tive conjugate gradient method to verify our predictions when migration is useful.

5.1 STREAM

The STREAM benchmark [9] is a standard benchmark to investigate the memory band-
width of a system. It runs several vector-vector operations, measures the time and cal-
culates the achieved bandwidth. We modified the data allocation and initialization and
added our migration mechanisms to the code in different versions in order to prove that
the presented data migration strategies lead to a good data distribution. Table 2 shows
the achieved bandwidth for all investigated methods. As for the tests in section 4 we
initialized the data serially before the migration strategies were applied in the cases
migration and next touch. The benchmark ignores the first iteration to avoid
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Table 2. Bandwidth in GB/s measured with the stream benchmark after different memory alloca-
tion or migration strategies on the 2-socket Westmere and 4-socket SandyBridge system

serial init parallel init interleaved init migration next touch
2-socket Westmere

Copy 18 40 27 40 40
Scale 19 40 25 40 40
Add 18 40 29 40 40
Triad 18 40 29 40 40
4-socket SandyBridge
Copy 11 83 41 83 83
Scale 11 80 41 80 80
Add 12 86 43 87 86
Triad 12 86 43 87 85

measuring warm-up phases for caches. Since our next touch mechanism happens in the
very first iteration it is ignored as well.

On the 2-socket (4-socket) system we reach 18 to 19 GB/s (11 to 12 GB/s) bandwidth
if one local memory is used by serial initialization and about 40 GB/s (80 GB/s) in
the parallel initialization case. On both systems the interleaved initialization delivers
performance roughly in the middle between these two mechanisms with 25 - 29 GB/s
and 41 - 43 GB/s respectively. Both migration strategies deliver basically the same good
performance as the parallel initialization strategy on both systems. This shows that the
memory distribution after migration is as good as with optimal manual initialization.

5.2 Conjugate Gradient Method

We did further tests with an implementation of a conjugate gradient method (CG) for
sparse linear equation systems. The CG algorithm is an iterative method which allows
us to stop after a certain number of iterations for our performance measurements. The
algorithm is dominated by exactly one sparse matrix vector multiplication per iteration.
The matrix used is about 3.2 GB in size (in memory) and is stored in compressed row
storage (CRS) format. A matrix in CRS format is stored in three vectors, the first vec-
tor containing all values, the second one containing all column indices and the third
one with the start index of every row of the matrix. It follows from this storage format,
that the memory access pattern is consecutive for the matrix vector product since all of
these vectors are accessed consecutively. We again implemented several versions with
serial, parallel and interleaved allocation as well as with serial initialization followed
by explicit migration and next touch migration. At the boundary between two thread a
page might contain data for more than one thread. In this case the page is migrated to
the lower numbered thread in the case of explicit migration. In the next touch case the
page is migrated to the thread accessing the page first. Most probably this is the thread
with the higher number, because it is the first page for this thread whereas it is the
last page for the thread with the lower thread number. Figure 2 shows the average run-
time of an iteration for different numbers of total iterations. The different initialization
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strategies have some warm-up effects, so a very small number of iterations is slightly
slower but after 5-10 iterations they reach a constant time per iteration. The parallel ini-
tialization is the fastest, followed by interleaved allocation with the serial initialization
being the slowest version as expected, since the kernel is known to be memory bound.
The migrate and next touch version have a much higher runtime for one itera-
tion, since the migration overhead is completely mapped to this iteration if only one
iteration is done. For more iterations the overhead is still the same, but the algorithm
profits from the higher bandwidth after migration for all following iterations. On the
Westmere system the serial init curve intersects the migrate curve between 10
and 20 and the next touch curve at about 160. We predicted the migration strategies
to be beneficial for 12.7 and 154 memory accesses, so the CG fits well into these pre-
dictions. The interleaved init curveis intersected at about 40 and 400 iterations,
where 33.5 and 404 were predicted, so the model also works fine for this case.
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Fig. 2. Average runtime of an iteration of a conjugate gradient method with increasing numbers
of iterations on a) the 2-socket Westmere and b) the 4-socket SandyBridge system

We conclude that memory migration with r ompx is beneficial if enough accesses
occur after the migration. On the investigated systems these were about 10 - 30 accesses
for explicit migration whereas the overhead was larger for next touch where 150 -
260 accesses were necessary to reach the break-even point.
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6 Possible Integration into OpenMP

The previous sections presented the necessary concepts to support memory affinity in
OpenMP as well as our library-based implementation for Linux. Our library and the
corresponding source code will soon be made publically available' under FreeBSD li-
cense. The intent of this release is to make the functionality available to an interested
audience of HPC developers and to gather usage experiences with a broader application
range, and hopefully to demonstrate the general suitability of our proposed concepts.
If sufficient interest is shown, there are various options of integrating this functional-
ity into OpenMP, ranging from memory access advice constructs to extensions to the
(target) data construct, which would then be discussed within the OpenMP Language
Committee.

6.1 Consideration of OpenMP Tasks

As already discussed in Section 3 the first touch mechanism can be used in OpenMP
worksharing constructs if the data access pattern is known, predictable or does not
change over time. For the OpenMP tasking model additional aspects have to be consid-
ered. When the data is allocated inside the task during its execution, locality is achieved
automatically due to the first-touch strategy of the operating system, because the data
is allocated by the thread executing the task. Only untied tasks can be migrated be-
tween different threads during execution, which might lead to remote data accesses. To
the best of our knowledge no production runtime implements migration of untied tasks
during execution, which makes this issue negligible in practice. However, if the data is
allocated outside the task region locality behavior is undefined, because the OpenMP
runtime selects a thread for executing of the particular tasks without considering data
affinity. Hence, tasks might be scheduled to threads far away from where the data has
been allocated.

In [14,15] we showed that for some implementations it is beneficial to use a parallel-
producer pattern. This means that the loop worksharing construct is used to generate the
tasks in parallel. The Intel OpenMP runtime, which is available as open source, allows
to examine the implementation details. Tasks are managed in per-thread task queues,
newly created tasks are enqueued at the tail of these queues while task processing and
task stealing is performed from the head. Task stealing is only performed, if the thread
local task queue is empty. Consequently, generating tasks with the parallel-producer
pattern reduces overhead incurred by per-thread locks and also allows to achieve data
locality, if the same thread allocated the data and then generates and executes the cor-
responding tasks.

However, if tasks are employed to avoid load imbalances at some point in time
threads have to steal tasks from a remote thread’s task queue, remote data accesses
might be unavoidable. Then, data locality and load balancing are conflicting optimiza-
tion goals. In this case it would be an opportunity for an OpenMP runtime to not only
steal tasks, but also to migrate the corresponding data. As seen in Section 4 migrating
data is only beneficial if the data is accessed often enough. Since neither the compiler

1https://bitbucket.org/rwth—itc—hpc/ompx
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nor an OpenMP runtime can reliably analyze and predict the data access within a task,
a specification of the data access by the programmer is necessary.

7 Conclusion

We have shown different methods for memory allocation and memory migration which
work well together with the current OpenMP support for affinity. All methods were
implemented in r ompx, an extension library for memory affinity support in OpenMP.
Our implemented initialization or migration strategies provide easy-to-use support for
cases where data locality cannot easily be established at initialization time, e.g. because
the memory access changes over runtime or is unpredictable. We measured basic per-
formance results for good and bad memory accesses and overhead for migration and
formed a simple model to calculate break-even points which indicate when memory al-
location is beneficial on modern HPC systems. If the data is local on one socket explicit
migration is useful if the data is used 13 or more times on the 2-socket Intel Westmere
system. Our presented algorithm for migration on next touch is more expensive
(154+ accesses needed) but it is very user friendly because it can be applied without
any explicit description of how to distribute the memory which is hard to figure out and
specify for some algorithms.

We have proven with the STREAM benchmark, that the distribution of memory
after our migration strategies is as good as the standard parallel initialization within
STREAM. This means that we can achieve good memory locality even in cases were
parallel initialization is not possible or where the data access pattern changes over run-
time, e.g. in adaptive algorithms. For the iterative CG algorithm we have proven, that
our model predictions hold in real applications, since the migration strategies were ben-
eficial nearly after the predicted number of memory accesses. Finally we discussed
ideas and challenges about how to integrate memory affinity support in OpenMP.
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Abstract. In this paper we analyze the effects of using different OpenMP syn-
chronization mechanisms in iterative mesh optimization algorithms run on the
IBM Blue Gene/Q system. We perform a systematic study of a threaded Lapla-
cian mesh smoothing method on Cartesian meshes of different sizes that have
been initially perturbed by a factor that is random, but within a controlled range.
We consider three different run modes, two of which are OpenMP synchroniza-
tion mechanisms: (hardware) transactional memory (TM), OpenMP critical, and
“none”. We find that TM typically outperforms the other two modes in terms of
its convergence characteristics. Because of the algorithmic simplicity and light
operation count, the raw runtime performance was not our focus in this work;
however, we present some results on TM scaling. We also show the TM rollback
and conflict probabilities, and conclude that mesh optimization codes are good
candidates for using TM when the more general “time-to-convergence” criterion
is considered.

1 Introduction

Transactional memory (TM) [9] has long promised ease of use similar to coarse-grained
locks, complemented by scaling comparable to fine-grained locks. TM also provides
composability, leading to safe and scalable composition of software modules that can
overcome the potential incomposability of locks. However, TM has suffered from being
viewed as a panacea that can reduce the complexity in programming multicore systems
and even to reduce energy consumption, especially for embedded devices.

TM has passed through the typical Gartner hype cycle for emerging technology [1].
Previously, TM reached a peak of inflated expectations that it would solve all diffi-
culties of locked-based programming because of its usability promise. Subsequently, it
descended into a trough of disillusionment as many realized that it cannot be used in all
cases; like any promising technology, it has its inappropriate use cases. Recently, TM
has risen through a slope of enlightenment with realization that it provides benefits for
some use cases. Soon, it should approach a plateau of productivity, with hardware im-
plementations on IBM’s BG/Q, Power 8 and Intel’s Haswell. Over the past two decades,
TM has become progressively more efficient under the primary metric of runtime per-
formance compared to serial code as well as other synchronization mechanisms such as
OpenMP atomic and critical.

L. DeRose (Eds.): IWOMP 2014, LNCS 8766, pp. 115-129, 2014.
(© Springer International Publishing Switzerland 2014
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The first available hardware transactional memory (HTM), in IBM®)’s Blue Gene/Q
(BG/Q) [8,4], provided real evidence of significant gains in performance over software
transactional memory (STM). For the first time, elegance, scalability and speed ap-
peared to be within reach for OpenMP threaded code [15,16,4,20]. However, TM con-
tinues to be a non-standard OpenMP extension on the IBM Blue Gene/Q system. Other
software language implementations exist for Intel’s STM compiler [10], as well as an
older IBM’s Alphaworks STM compiler [17] . More recently, GNU 4.7 [5] included
STM support based on the Draft C++ Software Transactional Memory Specification [7].
While C++ is likely to adopt TM as a non-normative specification [18], TM is unlikely
to be part of C++ officially for at least another five years. Even then, it would not be
available for Fortran or C.

While experimentation continues, to our knowledge no major scientific code has
adopted TM, partly because it is still considered a new and exotic feature of many-core
systems that takes time to take hold in industrial grade codes which are unlikely to adopt
techniques that are not widely supported. However, commercially TM’s use has taken
off especially, in the Haskell community [14]. We expect TM usage to become much
more common with the commercial availability of Intel’s Haswell and IBM’s Power8
support of HTM.

This paper explores a different aspect of synchronization or data sharing at thread
boundaries. In our prior work [20,2,4,3], we used well-defined and exact measures of
what happens when synchronization is absent and what the “right” answer should be. In
the current work, however, we have an iterative scheme that will most likely converge
to the correct answer even with no synchronization. Thus, we explore three synchro-
nization choices in order to achieve the fastest overall solution of a simple Laplacian
mesh smoothing algorithm. We use different mesh sizes and two different synchroniza-
tion methods (TM and OpenMP critical) as well as not using any synchronization
at all. We also vary the number of threads between 1 and 64. While the current pro-
totype code does not have sufficient operation count to allow for a fair evaluation of
raw performance, our preliminary studies are quite encouraging for TM when success
is measured in terms of “time-to-quality” or “time-to-convergence.”

The rest of this paper is organized as follows. Section 2 provides a status update on
and general motivation for TM, while Section 3 gives a brief overview of the relatively
unchartered territory of TM for scientific computing. Section 4 presents the algorithm
that we use in this study, and Section 5 details our experimental results, including sev-
eral runs that contrast existing OpenMP constructs with our proposed solution, with
emphasis on our new performance measurement. Finally, Section 6 reviews our results
and points to future possibilities for applying the ideas described in this work.

2 Why High-Level TM Support Is Needed

A transaction is an atomic sequence of steps that is intended to replace locks and
condition variables. In contrast with compare-and-swap (CAS) and load-linked
store-conditional (LL/SC), which at best can access contiguous memory atomically,
transactions can operate on non-contiguous memory and, thus, better suit lock-free data
structures and algorithms. Transactions also offer the promise of software composabil-
ity to parallel programming, which is functionality that libraries require. TM will clearly
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be supported in some form by most of the major systems manufacturers in the near
future.

TM has recently become more than research. Significant development has occurred
in commercial HTM, from IBM’s BG/Q (2011), to Intel’s TSX code named Haswell
(2012) and IBM’s Power8 (2013). Production compilers that support this hardware
include:

— IBM Alphaworks STM for BG
— IBM xIC z/OS V1R13 compiler,

while others provide a pure software implementation:

— Intel STM C/C++ compiler V12.2
- GNU4.7.

Most of these compilers use their own high-level language to create TM regions, or
supply low-level built-in functions to access TM directly.

Similar to the birth of OpenMP, unified high-level language support for TM is clearly
needed, given the many incompatible attempts by multiple vendors to supply it. In 2008,
IBM, Intel, and Sun started joint teleconference discussions every other week to design
this common support. This group has since been joined by HP, RedHat and academia.
In 2009, a Version 1.0 of this support was released and was followed by version 1.1
in 2011, which added support for exceptions for C++. C++ was chosen as the base
language because it has the most complex language features, in terms of polymorphism,
exceptions, and memory model.

In 2012, this proposal was brought to the C++ Standard, which agreed to prepare for
its adoption after examining many of the use cases, usability and performance claims.
Thus, the C++ Standard formed Study Group 5 (SGS), led by one of our co-authors, to
develop a complete proposal. In 2014, after two more years of collaboration to improve
TM’s fit into the C++ language, an official New Proposal (NP) has started and official
Standard wording will soon follow. However, even with this progress, official TM lan-
guage support in C++ will likely arrive at least five years from now. Support in C or
Fortran is even further off. In fact, the ISO process still requires two years for an NP
to become a Technical Specification then another 2-5 years for it to become a Standard.
OpenMP could provide TM support much sooner because it can move much faster and
get implementation status even earlier as it is moving toward a two-year ratification
cycle with technical reports issued during the interim years.

OpenMP currently includes four synchronization mechanisms that serve as TM al-
ternatives: locks, barriers, atomics and critical sections. However, they are limited in
their performance and applicability or are difficult to use correctly in large and realistic
programs such as a Quake server or a multi-physics simulation.. TM provides greater
flexibility and ease of use. Our results show it can also provide performance advantages.

Using locks for synchronization on a per construct basis leads to fine-grained locking
that can produce complex associations between data and synchronization as multiple
locks are held and released through intersecting lifetimes. A failure to acquire and re-
lease these locks in the correct order can lead to deadlocks and data races. They are not
composable and, thus, break modular programming. Alternatively, developers can use
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coarse-grained locking strategies. However, using few locks can lead to unnecessary
convoying of execution and loss of performance. Developers can synthesize more di-
rected synchronization mechanisms from OpenMP atomics. However, these techniques
usually remain low level and suffer from problems similar to locks. Thus, we must use
more advanced abstractions as OpenMP programs increase in size and complexity.

OpenMP barriers and critical sections provide higher level abstractions. However,
barriers enforce synchronization across all threads in a team, which is frequently a much
larger scope than the programmer requires. OpenMP critical sections provide a directed,
high-level synchronization mechanism. However, the OpenMP specification precludes
nesting of critical sections. Further, named critical sections allow additional complexity
that is often unnecessary and undesirable. Overall, a shortcoming of the OpenMP spec-
ification is that it lacks a composable concurrency mechanism. None of the existing TM
alternatives, or even lock elision, can offer composability without potential deadlocks.

Parallel programming is complex, whether it is developing the program, reason-
ing about the program or looking for bugs. TM provides a higher level of abstraction
than existing OpenMP synchronization mechanisms without unnecessary restrictions or
complexities. TM results in simpler design, simpler reasoning, and maintenance, while
allowing specialized synchronization support for different platforms. Above all, it en-
ables simple lexical or dynamic nesting and is composable across library interfaces.

This paper uses the IBM XL TM compiler for BG/Q, which is described extensively
in various manuals such as [6] as well as studied in papers (see e.g. [4], [15], [16],
among others). Since in our current work we are using the BG/Q hardware exclusively,
we provide a brief summary here of its salient features. Each BG/Q compute node (A2
chip) has 16 cores, each of which can execute up to four hardware threads. The trans-
actional memory conflict detection itself is implemented in hardware through the L2
cache which consists of 16 banks of 2MB each across a full crossbar from all the cores.
Final synchronization is therefore achieved in the L2 cache. Conflict resolution, on the
other hand, is achieved through the TM software stack which has several tuning param-
eters all described in [6]. This is a sophisticated piece of code that handles numerous
fall-back scenarios with heuristics that aim to guarantee progress among all threads —
if necessary, by serialization — while optimizing performance subject to user inputs via
environmental variables. This is a unique strategy which is different from, for exam-
ple, that of Intel’s Haswell processor (see e.g. [21]). While the latter also uses a form
of cache coherence protocol to detect conflicts, there is no inherent guarantee that the
transaction will ever commit successfully. In fact, applications must actually provide
a non-transactional fall-back mechanism which usually reverts to locks. It would cer-
tainly be a worthwhile exercise to compare IBM’s and Intel’s approaches in terms of
convergence, scaling, as well as performance and user effort, but it is, at least for now,
beyond the scope of the current work which focuses largely on a new proposed way to
rethink performance itself for a class of numerical algorithms.

3 Transactional Memory for Scientific Computing

The arrival of multi- and many-core computer architectures brought about a renewed
interest in TM as a possible avenue for threading new, and retrofitting legacy codes in
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the scientific computing arena. Indeed, the promise of simplicity, efficiency and guar-
antee of correctness was quite appealing. Our prior work in this area [2,15,4,3] as well
as most of [16,21] emphasized a rigorous measure of correctness. In fact, we are not
aware of any published bodies of work that even studied the applicability of TM to large
scale high-performance numerical simulations; therefore existing definitions of correct-
ness, beyond the obvious, are difficult to find. As a consequence, one typically reverts
to the classic rigor of the “ACID” test as described by [13] and others. Of course, even
this well-defined test is not always satisfied by most TM implementations, but at least
it provides a baseline against which one may compare and contrast.

For BUSTM [2.4,3], for example, we clearly defined what “correct” meant, to which
we could compare the results in both the deterministic and probabilistic running modes.
We could precisely measure the difference between “correct” and “incorrect” either by
a mathematical norm or by counting the wrong number of updates. Such comparisons
turned out to be useful when we analyzed the TM statistics and the performance in
both the TM and unsynchronized modes, as well as when using the OMP atomic and
critical constructs.

However, several large classes of scientific computing problems have a steady-state
to which the goal is to converge rather than to compute a one-step final answer or a
multi-step time-accurate solution. These iterative schemes typically work on a compu-
tational domain discretized by a mesh, or a matrix, or some other finite list of computa-
tional elements that are ordered in some way. Threading iterative schemes is known to
be non-trivial because of possible data dependencies as well as order-dependence. One
of the greatest challenges is the non-reproducibility or non-serializability of the results
in the exact sense. However, most of these schemes still converge, albeit at possibly very
different rates. On the other hand, depending on the method, the “correctness” problem
may still be present: sometimes in insidious ways and possibly leading to convergence
to the wrong answer or even divergence. In any case, correctness now becomes a more
difficult concept to quantify.

In the current work we consider a relatively large class of iterative problems: mesh
optimization (e.g. [11,12]). Within this realm, much work has been done over the past
couple of decades, but almost all codes step through some type of an iterative process,
even if for only a few steps. Many codes exist for both structured and unstructured
meshes and many different strategies are used for meshes of all types. These methods
almost always try to use the “latest” information in a Gauss-Seidel fashion, versus “old”
data that would correspond to a Jacobi iteration (analogies and terminology borrowed
from iterative matrix methods). Therefore, the ordering of the mesh points or elements
can make a huge difference, since that will also dictate the direction in which the infor-
mation propagates. Reverting to a Jacobi iteration would remove this dependence, but
would also double the memory requirements and greatly slow convergence due to stale
neighbor information.

One can now quickly see the challenge of parallelizing such a highly order-dependent
algorithm. First, the effect (positive or negative) of the parallelization on the ordering
itself is unclear. Also, if threading is used either by itself or in addition to domain
decomposition, the effect of how and when the mesh point updates are done is unclear
and can be highly unpredictable. To our knowledge, TM has never been used in this
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1

2 #pragma omp parallel for

3 for(int i=0; i < numFreeVerts; i++) {

4 int vertexID = freeVertexIDs[i];

5

6 // get attached vertex ids:

7 std :: vector<Point2D*> &myAttachedVertices = attachedVertices[vertexID];
8

9 Point2D newX={0.0,0.0};

10 size t numAttachedVertices = myAttachedVertices.size ();

11
12 #pragma tm atomic

15 // Step 1: take average of neighbors

16 for (int j=0;j<numAttachedVertices;j++){
17 newX.x += myAttachedVertices|[jl—>x;
18 newX.y += myAttachedVertices[jl—>y;
19 } // end for (over neighbor vertices)
20 newX.x = newX.x/numAttachedVertices;
21 newX.y = newX.y/numAttachedVertices;

23 // Step 2: update current coordinates:

24 x[vertexID ].x = newX.x/numAttachedVertices;
25 x[vertexID].y = newX.y/numAttachedVertices;
26 } // end tm atomic

27 } /I end for (over all vertices)

Fig. 1. Simple Laplacian mesh smoothing algorithm

context. In order to determine its effects, we use a relatively simple mesh smoothing
code that currently works on 2-D unstructured meshes that have been converted from
their corresponding structured Cartesian counterparts, as explained in the next section.

4 The Laplacian Mesh Smoother

4.1 The Algorithm

The code that we use in our experiments is a relatively simple C++ mesh smoothing
algorithm that takes an initial (input) mesh and produces a final mesh as its output.
The main for-loop visits each of the non-boundary interior mesh points and replaces its
coordinates with the average of the coordinates of its neighbors:

1
(" = O (1)
L)

where x is a 2- or 3-D vector, n is the current (old) iterate, n + 1 is the latest (new)
iterate, [V; is the number of connected vertices for grid point ¢, and m can refer to either
n or n + 1 depending on whether or not that point has already been updated or not.
Figure 1 shows the relevant code section.

The #pragma tm atomic directive is a non-standard OpenMP extension that is
specific to the compiler used in our experiments. The associated brackets delimit a
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transaction. In our comparative experiments, we comment out this directive ( the unsync
mode) or replace it with an OpenMP critical construct (the critical mode).

If we restrict the “transaction” in Figure 1 to the coordinate update in “Step 27,
no conflicts exist since each thread only updates the points that it owns. However, the
neighboring coordinates might change during “Step 1" so the result could depend sig-
nificantly on whether old or new data is used. In other words, we have a write-after-read
(WAR) transaction for which we cannot use #pragma omp atomic. Thus, we will
not compare TM to atomic as we did in our prior experiments of [4]. As alluded to in
Section 2, atomics may be faster, but are not as versatile and composable as TM is.

4.2 The Role of Transactional Memory

While the algorithm of the previous section appears to be quite simple, the WAR-type
update makes it unique in the way transactions are typically used. Often times the same
variable is read from and written to within the same transaction, which is a simpler
model than WAR, and which, at least for a single variable, is equivalent to the already
existing #pragma omp atomic OpenMP standard and against which we compared,
for example, in [4] where this was possible. In this code section, however, this is not
possible. On the other hand, in theory it should be possible to use an array of locks,
atomic reads and writes, domain decomposition for threads, various coloring schemes
or cell-renumbering to achieve the same effect as TM offers. However, each of these
alternatives would require a substantial amount of coding or even research to accom-
plish. When it comes to a comparable“human effort,” #pragma omp critical is
the only real alternative in this case.

Indeed, the way the TM hardware detects memory access conflicts has a profound
influence on its overall behavior; the hardware is briefly reviewed in Section 4. For-
tunately, the BG/Q implementation of TM offers two detection schemes: “eager” and
“lazy.” Among the many tuning parameters offered by the system in the form of envi-
ronmental variables, the runtime variable TM ENABLE INTERRUPT ON CONFLICT
informs the system whether or not threads receive interrupts immediately upon WAW,
WAR, and RAW conflicts. Conflict arbitration is then based upon the age of the trans-
actions and favors the survival of the older one. The default mode is lazy, which can be
overwritten by setting this environmental variable rendering it an eager-type detection,
which is precisely what we had to do in all subsequent numerical experiments to get the
desired results. With this configuration, transactional memory will play a key role in al-
tering the convergence characteristics of the mesh smoothing scheme itself and adding
algorithmic aspects of its own to the overall performance of the method.

4.3 The Test Mesh

We keep the test mesh for our experiments simple as well. We start with an equal spaced,
2-D Cartesian-like mesh which is then distorted by a random, but bounded factor at each
mesh point. Figure 2 shows an example where the original, randomized, and smoothed
(converged) meshes are put in sequence. Relatively large disturbances are allowed as
long as the mesh remains untangled (all elements have positive volume/areas). We then
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(a) (b) (©)

Fig. 2. (a) Original, (b) randomly distorted (input), and (c) converged (output) 10 x 10 mesh

apply the smoothing algorithm to this synthetically randomized mesh with the expec-
tation that after a sufficient number of cycles the smoothed mesh will converge to the
undistorted regular Cartesian grid, which is, in essence the same as the “original” mesh
in Figure 2. That is, we know the “exact” solution precisely, so we can measure con-
vergence. For convergent methods (and infinite series in a mathematical context) the
residual and error, defined as “distance-to-exact”, are equivalent measures in the sense
that both either converge or diverge. However, the actual numerical values of these error
functions will not necessarily decrease at the same rate. When the solution is known, as
in the present case, the actual errors are more accurate and are therefore what we use in
all subsequent figures.

5 Experimental Results

We now present several sets of computational experiments for our algorithm and test
mesh. In each case, the original Cartesian mesh cells were 1 x 1 non-dimensional units
in size, which are then disturbed by a random factor in the range of (—0.5,0.5) which
is the largest distortion that still guarantees positive cell-areas as an initial condition.
During the runs we vary the number of threads (1, 2, 4, 8, 16, 32, and 64) and use the
two coarse-grain synchronization modes TM and critical, as well as unsync. Strictly
speaking, the latter is not a valid OpenMP synchronization protocol, but nevertheless is
very useful for comparison purposes. All run-modes start from the same initial condi-
tions (i.e. same random seed); therefore, the sensitivity of convergence to this random
parameter does not have to be taken into account.

We now analyze the convergence, the scaling, as well as the TM-specific character-
istics of the results.

5.1 Convergence

We compute the [; norm of the distance between the current mesh point iterate and the
ideal (exact) solution via:
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where (n) denotes the current iterate, M is the number of interior (non-boundary) ver-
tices, and x; is the coordinate vector of point i. The (exact) supersript denotes the
solution of the mesh optimization problem, which is known for our simple problem and
which is the leftmost mesh on Figure 2. In all cases and run-modes we show next the
mesh converged to the exact solution (to machine zero.)

As expected, on one thread all three modes yield identical answers to that of the serial
version. We use that result as our reference solution in all plots. Figure 3 shows that
convergence rates with 2 threads exhibit little difference, an expected result. However,
Figures 4, 5 and 6 reveal that while with 4, 8 and 16 threads TM and unsync are still
very close to each other, we can already see some differences showing between them
and the critical versions. It may not be obvious at first, but the serial version should have
the least error since each grid point has the most recent information from its neighbor.
With more than one thread, the smoothing process starts from more than one grid point,
each of which will have older information, on the average. In the limiting case with as
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many threads as interior mesh points (say a 10 x 10 mesh with 64 interior points run on
64 threads), the mesh smoother would be identical to a Jacobi iteration assuming that
they would all be synchronized at the beginning of the outer for-loop of Figure 1 so
they would all proceed in lock-step.

As we increase the thread count to 32 (Figure 7) and 64 (Figure 8), we find an inter-
esting trend: TM has much lower error than critical, which, in turn, has lower error than
unsync. This difference arises from how TM and OpenMP critical synchronize
threads: TM uses WAR type conflict resolution (as explained briefly in Section 4.2),
and thereby has “fresher” information than critical, which, on a large number of threads,
makes a significant difference.

5.2 Transactional Memory Statistics

We now present results obtained from the tm print stats () utility provided by the
TM runtime on the BG/Q. At each iteration we observe the number of rollbacks that
have occurred, as well as the total at the end of the run, including on a per-thread basis.
In Figure 9, we see a relatively large (one order of magnitude) spread in the number of
conflicts from iteration to iteration on low to moderate thread counts (2 to 8 threads).
This range gradually decreases as we increase the thread count to 64 threads, which
shows a high volatility (non-reproducability) in terms of TM rollbacks with low thread
count. The volatility probably arises because the subdomain (loop index set) “owned”
by each thread becomes smaller as we increase the number of threads. Thus, the chance
of new collisions occuring at the iterate that did not occur at the previous one is reduced.
We also find that on larger meshes the convergence trends are very similar, thus the
results are not shown separately.

The results for conflict-prone threaded code in general, and with TM in particular,
are always timing-sensitive. The number of rollbacks depends on the iteration or time
step. Therefore, as in all of our previous work where we analyzed the behavior of TM
for different representative workloads (e.g. [2,4,3], we typically repeat the same outer
loop hundred(s) of times, both to get some statistical average, as well as to get an idea
of the variation from iteration to iteration, as in Figure 9.
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Fig. 9. Rollbacks per iteration on a 200 x 200 mesh on 2 through 64 threads

As we break down the total number of rollbacks for each thread (reported when
the run ends) in Figure 11, the number of conflicts per specific threads is within the
same order of magnitude when we run on a different number of threads, except for 64
threads, for which it is much lower. The cause of this exception may have to do with the
unique, and quite regular mesh topology since the mesh was converted to unstructured
bookkeeping from its structured counterpart. At 64 threads we may have also fallen
below a threshold of “false conflicts” which may have been triggered with lower thread
counts. False conflicts can occassionally be caused by many of the memory reads/writes
falling on the same L2 cache line of 128 Bytes. The lower conflict volatility at 64 threads
mentioned earlier may also play a role in the overall lower number of conflicts at the
highest thread count.

Figure 10 shows the total number of conflicts for all thread counts. We observe a
monotonic increase in the number of total conflicts (over all iterations) as the number
of threads increases to 32, with a significant drop at 64 threads. The overall number
of conflicts per transactions was between 0.27% — 4.1%, attaining its maximum at
32 threads (see Figure 10); this satisfies the requirement of non-zero but low conflict
probabilities that we typically pose for algorithms that are good use cases for TM.

5.3 A New Measure of Performance

As a recurring theme throughout this paper, performance of transactional memory has
had varying levels of success. While our small test code and mesh are not intended to
measure raw timings, they do provide an efficient tool to perform a systematic study
for scaling, and, more importantly, to introduce another concept of performance: that
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defined by the (run) time it takes to get an answer of a certain quality. Since iterative
schemes are expected to yield successively “better” solutions at each iterate, we should
not only measure the runtime to get to a certain iterate, but also the “quality”” obtained
by iterating a given number of steps. If we define quality ¢(™) at iterate n as the inverse

of the error (") defined in equation ( 2), then the “run time per quality” t,g") becomes:

t(n)
— 4(n)o(n)
¢ =t"™el™, 3)

tim) =
For purposes of comparison with this new measure, we first show (Figure 12) the
traditional timing performance on a seconds vs. number of threads log-log plot for 1
through 64 threads for all modes: TM, critical and unsync. We stopped and timed the
entire calculation at iteration 20; as shown on all of Figures 4 - 8 the salient iteration
number appeared to be 20 where most calculations were about to converge, but the
errors where still non-zero.
The message of Figure 12 is simple and expected. Not being burdened by any over-
head or locking bottlenecks, unsync outperforms the other two in terms of runtime,
as well as scaling. TM stops improving past 4 threads, and on fewer than 4 threads it
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Time per (to) quality vs. number of threads
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Fig. 14. Time per quality on a 200 x 200 mesh on up to 64 threads

is slower than even critical. Given the small mesh and a code with few floating point
operations, this result is expected.

We demonstrate that the TM version can scale well by using a mesh that was two
orders of magnitude larger: 3200 x 3200. Figure 13 shows the results. The plots confirm
good scaling for both TM and unsync, with the latter being consistently faster by about
an order of magnitude. On the other hand, critical does not scale and it does not exhibit
any qualitative change from Figure 12. As before, critical becomes slightly worse as
the thread count increases, but it is, in absolute terms, faster than 7M on up to 4 threads.

However, when we actually weigh the total runtime spent by how much we gain in
terms of reducing the error and plot ¢, as defined in equation ( 3) instead of ¢, we find
that TM outperforms critical by several orders of magnitude on all except 2 threads, and
scales well all the way up to 64 threads (Figure 14). Moreover, TM yields significantly
better time-per-quality at 32 and 64 threads than even unsync. At the highest thread
count, TM is superior to even unsync at any thread count, probably because of its unique
synchronization method, which is typically more accurate than critical at all thread
counts and usually also faster at the higher thread counts. Note that the data in Figure 14
is, in some sense, a compilation of snapshots of Figures 4 - 8 convolved with those of
Figure 12.

It must also be re-emphasized that, while in this simple case all three modes of
running eventually converge to the right answer, the unsync version is, strictly speak-
ing, non-conforming OpenMP code since it completely ignores memory conflicts and
has data races. We include the unsynchronized results in this paper for the mere pur-
pose of a baseline performance comparison to the other two “correct” synchronization
mechanisms.
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6 Conclusions and Future Work

We studied different OpenMP synchronization mechanisms using an iterative Lapla-
cian mesh-smoothing algorithm on Cartesian-like meshes, but connected via unstruc-
tured bookkeeping. Since the exact solution was known, we could make quantitative
measurements of the error, or “distance to exact” and, in turn, use it to define a new
measure of performance, which takes into account not just the elapsed cpu-time but the
quality that is obtained by iterating during that time. By comparing TM to OpenMP
critical and a completely unsynchronized version of the code, we find that TM
always outperforms critical, and in some cases even the unsynchronized version.

While more studies are needed, this iterative mesh smoothing scenario appears to
be a good use case for TM, and along with [2,4,19] can be considered another small
step towards adoption of TM into the OpenMP standard. To this end, we plan to exper-
iment with more complicated unstructured mesh types as well as extend this work to
production quality mesh optimizers such as that of [12]. As different hardware imple-
mentations of TM become available from more commercial vendors, we also hope to
test our codes on the new and emerging TM platforms as well.
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Abstract. The OpenMP specification lacks a composable shared memory con-
currency mechanism: the current OpenMP concurrency mechanisms, such as
OMP critical, locks, or atomics, do not support composition. In this paper, we
motivate the need for transactional memory (TM) in OpenMP. The chief reason
is to support composition of realistic programs, but we also consider whether TM
is easier to program than locks, the use case for TM, and whether a software-only
TM can outperform traditional locking through a survey of recent publications.
This paper advances upon previous proposals of OpenMP TM by introducing a
new construct specifically to handle irrevocable actions, which is also compos-
able. It also proposes a pure atomic transaction construct as well as the concept
of transaction safety. Further, we examine how our proposed construct integrates
with current OpenMP constructs.

1 Introduction

Locks and atomics are often described as not being composable: using locks or atom-
ics to synchronize access to shared data makes it difficult to construct large programs
out of smaller pieces. Thus, these synchronization mechanisms do not support modu-
lar programming [1]. As multithreaded programs increase in size and complexity, more
advanced abstractions are needed to mitigate the programming complexity that arises
from frequent use of synchronization in large-scale software systems. We propose trans-
actional memory (TM) for OpenMP and show that TM provides stricter correctness
guarantees than other OpenMP concurrency techniques and may be easier to use.

2 Limitations of OpenMP Concurrency Techniques

OpenMP V4.0 [2] (the latest release) includes four synchronization mechanisms: locks,
barriers, atomics and critical sections [3]. These mechanisms synchronize objects in
shared memory but unnecessarily limit performance or can be challenging to use prop-
erly. TM provides greater flexibility and ease of use and in the case of template pro-
gramming, or callback-style programming, TM offers correctness, which none of the
other constructs offer.

L. DeRose (Eds.): IWOMP 2014, LNCS 8766, pp. 130-145, 2014.
(© Springer International Publishing Switzerland 2014
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Mutual exclusion, implemented as critical sections, is perhaps the most common
form of concurrency control for shared memory parallel programming. In general, mu-
tual exclusion ensures program correctness by limiting access to shared memory vari-
ables to one thread at a time. This restriction is achieved in OpenMP using mutually
exclusive locks, also known as OpenMP locks or critical sections. To access a shared
memory variable, a thread must first acquire the lock that protects the shared mem-
ory variable. When the thread has completed its access to the shared memory variable,
it releases the lock. Although mutual exclusion may seem to be straightforward and
easy to apply, it is notoriously challenging to write both correct and efficient large-scale
multithreaded software using mutual exclusion [4].

A less common way to synchronize access to shared data is to write nonblocking
algorithms using nonblocking atomic primitives, such as compare-and-swap (CAS), or
load-linked and store-conditional (LL/SC), or more recently, C++ and OpenMP atomic
types. This is how most OpenMP barriers or atomics are implemented. Although it
can often yield substantial concurrency, using these kinds of synchronization primitives
to correctly build even simple data structures, such as queues, can be challenging [4].
Thus, their nontrivial use is typically limited to expert parallel programmers.

Lock elision is another possible speculative technique that has been proposed [5], in
which locks are not acquired (i.e., they are elided) when there are no conflicts on the
data they protect. By reducing unnecessary synchronization, lock elision may increase
throughput without changing the programming interface. Although this is an advantage
for backward compatibility, it means that lock elision does not reduce the challenge of
writing multithreaded software: programmers must still write correct locking schemes
for their multithreaded software.

3 Motivation for Transactional Memory in OpenMP

The synchronization types available in OpenMP are OpenMP critical section, barrier,
mutex (or lock), and atomic, as discussed in prior work [6,7]. Locks and atomics are ba-
sic abstractions used to control the reading and writing of shared memory [4]. Threads
communicate using shared memory, which is synchronized using locks or atomics to
ensure the threads see a consistent view of such shared memory. However, locks and
atomics are notoriously difficult to use [8]. Simple coarse-grained locking strategies,
which protect all program data using one or few locks, lead to unnecessary serialization
of program execution and generally degrade performance. Sophisticated fine-grained
locking or the use of atomics usually results in a complex (and unenforced) association
between data and the synchronization constructs (e.g., locks) used to protect access to
that data. Because these associations are typically complex and unchecked, a program-
mer can easily use them incorrectly, leading to concurrency errors such as data races
and deadlocks. Moreover, synchronization strategies designed to work well on one plat-
form often perform poorly on a platform with a different number of hardware threads
or a different cost for synchronization primitives.

Another serious deficiency with current synchronization mechanisms is that they do
not support composition, that is, combining multiple operations into a single compound
operation. For example, in a system that uses locks to synchronize data access, when
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two functions, A() and B(), that acquire and release the appropriate locks internally
are called in sequence by one thread, other threads can generally observe A() and B()
as individual operations. To ensure that other threads observe A() and B() as a single
atomic operation, that is, to compose A() and B(), a programmer must use some kind
of external synchronization. Typically, the program acquires the locks of both A() and
B() before either is called, and holds these locks until both A() and B() complete.
This exposes the internals of these functions, violating modularity. Furthermore, this
approach may lead to deadlock. For example, one thread may acquire the locks for
A() and then attempt to acquire those for B(), while another thread acquires the locks
for B() and then attempts to acquire those for A(), resulting in deadlock. The usual
way to prevent deadlock is for all threads to agree on an order in which locks must be
acquired (i.e., a lock does not be acquired while a “later” lock is held). But enforcing
this order is difficult, if not impossible, in large software systems. In The Problem with
Threads [9], Edward Lee illustrates this problem with a simple practical example (the
observer pattern) in the context of Java; similar examples can be constructed in C++.
Implementing this pattern with locks turns out to be nearly impossible. The article’s title
notwithstanding, the problem lies not with threads, but with locks: With transactions,
this pattern can be written almost as easily for a multithreaded program as for a single-
threaded one.

When atomics are used to synchronize access to shared memory, the situation is no
better. Indeed, it is arguably worse: there is no simple generic technique (i.e., analo-
gous to two-phase locking) for composing functions that use atomics to perform shared
memory operations into a single large atomic operation.

In general, the use of fine-grain mechanisms makes concurrent programs more dif-
ficult to write, debug and reason about, and this increases exponentially with the com-
plexity of the program. On the other hand, traditional coarse-grain mutual exclusion
inhibits parallel execution, which is necessary to achieve good performance on modern
multiprocessors. Using transactions rather than locks avoids the need to associate shared
data with their metadata (e.g., the lock that protects each piece of data), remember this
association, and use it appropriately when accessing the data. By leaving these tasks to
the system, a programmer can write relatively simple code (akin to using coarse-grain
locks) while the system may use fine-grain mechanisms to achieve high performance.
The resulting programs are likely to be simpler, and thus easier to write, debug, maintain
and reason about, and the underlying systems can be specialized for different platforms,
and can be improved without requiring changes to application code.

For these reasons, we propose that OpenMP be extended to include transactional
language constructs, or for short, transactional memory (TM). Our proposal and its
integration into OpenMP are described in detail in Section 4. Some key benefits of TM
compared to locks are discussed in our paper [10] that motivated the C++ Standards
Committee to start a new Work Item and form Study Group 5 (i.e., SG5: Transactional
Memory). Extending OpenMP to include TM will improve the modularity of concurrent
libraries, make OpenMP easier to teach and learn, and supply a programming model for
architectures based on IBM’s Blue Gene/Q and Power8, and Intel’s Haswell RTM. This
is especially important as OpenMP moves further into the commercial development
space as well as remaining relevant for scientific workloads.
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3.1 Background

Several studies have investigated the trade-off between programmability and perfor-
mance with TM compared to locks, looking at programs for Delaunay triangulation [11],
minimum spanning forest of sparse graphs [12], Lee’s routing algorithm [13], and the
Quake game server, such as QuakeTM [14], Atomic Quake [15] (based on a lock-based
version of Quake [16]), and SynQuake [17], among others. Many of these works use
software implementations of transactional memory (STM), where TM is implemented
entirely in software, which tend to execute transactions more slowly than systems that
execute transactions in hardware (HTM) or that use hardware and software jointly (Hy-
brid TM, or HyTM for short). There has also been an effort to create benchmark suites
for STM, including STMBench7 [18], STAMP [19] and RMS-TM [20], all of which
include several applications that represent a variety of domains.

As several of these studies demonstrate, STM can be faster than locks in real world
applications, not just toy laboratory benchmarks. For example, SynQuake [17] reim-
plements a lock-based Quake game server using STM, to examine the performance
and scalability of TM without hardware support. Scaling a game server by parallelizing
multi-player game code is difficult because game code is typically complex and includes
the use of spatial data structures for collision detection, as well as other dynamic arti-
facts that require conservative synchronization. Player actions usually include dynami-
cally evolving sub-actions: a person may move while shifting items in their backpack,
throwing an object at a distance, grabbing a nearby object, and/or shooting, which to-
gether constitute a single player action. Since the terrain within the potentially affected
area may contain mutable objects, all sub-actions must be processed as an atomic, con-
sistent unit when detecting collision with other player actions. This code may induce
substantial contention due to both false and true sharing between threads, in a paral-
lel lock-based game implementation [16]. Thus, conservatively acquiring locks at the
beginning of the action and holding these locks until the end of the action induces un-
necessary conflicts by locking more objects, and holding these locks for longer, than
necessary. Fine-grain locking of the action sequence led to problems with deadlocks
and inconsistent views. In contrast, by implementing player actions with transactions,
the atomicity and consistency of the player action is provided by the underlying TM,
which tracks accesses to shared and private data and detects and resolves conflicts auto-
matically: the transaction simply commits if there is no conflict with another player, or
rolls back if conflict occurs. In this work, STM support reduced the number and duration
of conflicts due to false sharing. The result was that the STM-based implementation was
about 33% faster than the lock-based one with 4-8 threads under medium contention,
and it scales better in all cases of low, medium and high contention.

Other studies have investigated the usability of TM, trying to assess the claim that
concurrent programming with transactional memory is easier than using other alterna-
tives such as locks. For example, Rossbach et al. [21] asked students to program in three
different ways: with coarse-grain locks, fine-grain locks or TM. In this study, programs
using fine-grain locking were more likely to contain errors than those using coarse-
grain locks or TM. The most common error was acquiring a lock and never releasing
it. Students reported that TM was harder to program (in part because of the lack of
TM documentation) than coarse-grain locks but easier than fine-grain locks. Another
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study [22] created separate teams working on locks and on TM to implement a search
application. Although the average lines of code (LOC) for the whole program was not
strongly correlated with the use of locks or TM, the TM teams had fewer LOC with
parallel constructs. The TM teams spent more time thinking sequentially about their
code, and less time on parallelizing their code before moving on to performance test-
ing. Nonetheless, a TM team had the first working parallel version, even though they
subjectively believed they advanced slowly. By the project deadline, all of the teams
except for one TM team (the team with the least experience) had executable parallel
search engines, though only one (a lock team) was able to handle all the test queries,
and one of the TM teams was deemed to have the best overall performance. This mixed
result suggests that TM still is not a panacea for parallel programming: it still requires
good programmers. But it does suggest that TM has promise compared to fine-grain
locking for large and complex parallel programming tasks.

Two proposals for adding transactional memory support within the OpenMP pro-
gramming interface were presented around the same time in 2007 [23,7]. The topic
has reborn with a more recent proposal [3], presenting results using hardware trans-
actional memory, which can significantly reduce the complexity of shared memory
programming while retaining efficiency. This work extended a previous work [6] that
demonstrated that even with the relatively high overheads of software implementations,
transactions could outperform OpenMP critical sections.

Gottschlich and Boehm [24] demonstrate that locks are an insufficient synchro-
nization mechanism for generic (i.e., template) programming in C++. They argue that
because the locking order required by a client program cannot be known when a pro-
grammer is creating his or her template library, which may eventually call-back into
client code that uses locks, it is not possible to guarantee that any such program will not
deadlock. They then show that TM naturally solves this problem because transactions
do not impose ordering constraints and because they are composable.

In conclusion, they debunk the popular notion that an enforced lock ordering is guar-
anteed to avoid deadlock, showing that such an approach is essentially impossible in
C++ template programming. This is a form of callback-style programming that exists
in C and Fortran and ignores the question of whether TM is useful for performance
and programmability, and instead demonstrates that TM may actually be necessary for
correctness for multithreaded programs that use shared memory.

Gottschlich and Boehm further argue that what makes generic programming differ-
ent from prior examples is that many of the function and operator calls used within
C++ templates are type-dependent, and are likely to be user-defined, meaning, in many
cases, such calls are essentially callback functions. These callbacks may include oper-
ations like C++ assignment operators, constructors, and syntactically invisible destruc-
tors, and possibly even syntactically invisible constructors and destructors of expression
temporaries. In all cases, such operations are likely to acquire locks if, for example, an
object requires access to a shared resource, which is usually needed at least at construc-
tion, assignment, and destruction time. In order to enforce a lock ordering, the author
of any generic function acquiring locks (or that could possibly be called while holding
a lock) would have to reason about the locks that could potentially be acquired by any
of these operators, in any order, which appears thoroughly intractable as these types do
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not even exist when the generic programmer is writing his or her template code. With
all of this in mind, Gottschlich and Boehm conclude that locks should be forbidden in
templates and callbacks, and that transactions should be used instead.

3.2 Transactional Language Constructs and C++

In 2008, IBM, Intel, and Sun Microsystems (later acquired by Oracle) began work on
“The Draft Specification of Transactional Language Constructs for C++” which aimed
to design a set of language interfaces for TM in C++ [25]. In August 2009, version 1.0
of their specification was released to the public. The group subsequently expanded its
membership to include representatives from HP and Red Hat and, in February 2012,
released version 1.1 of their specification, which included support for exceptions. In
February of 2012, they presented their specification to the Standard C++ Committee.
In July of 2012, after several months of examining use cases, usability, and perfor-
mance claims of TM, the Standard C++ Committee requested that the TM group form
a Standard C++ Study Group, called Study Group 5: Transactional Memory (SGS, for
short) [26], which is now working with the C++ Standards Committee with the goal of
creating an acceptable set of transactional language constructs for Standard C++.

SGS5 chose the C++ Programming Language for a variety of reasons. Firstly, In-
tel and Sun Microsystems were, at the time, working on adding TM support to their
respective C++ compilers and wanted to enable cross-compiler support for TM. Sec-
ondly, the group wanted to add TM support to a language that was used by a large,
active community where its integration into the language would naturally align with
the language’s future direction. C++11 was on the horizon when the C++ TM group
formed in 2008, and it was well known that multithreaded support for C++ was being
seriously considered; in this sense, C++ was nearly an ideal fit for TM. Moreover, C++
was a language where the majority of members of the TM group were comfortable, if
not extremely well versed.

The proposal we present in this paper lifts certain aspects from the C++ SGS5 pro-
posal [27], merges with the BSC OpenMP proposal [7], while using the experience
from IBM’s BG/Q HTM design [28] and adapts it to the existing OpenMP Language to
offer an initial design for TM in OpenMP for the future integration with C, C++, and
Fortran.

4 A Proposal for an OpenMP Transactional Memory Technical
Report

We introduce two kinds of blocks to exploit transactional memory: synchronized blocks
in Section 4.2 and atomic blocks called OMP transaction (as a keyword placeholder) in
Section 4.1. Synchronized blocks behave as if all synchronized blocks were protected
by a single global recursive mutex. Atomic blocks (also called atomic transactions, or
just transactions) appear to execute atomically and not concurrently with any synchro-
nized block (unless the atomic block is executed within the synchronized block).
Some operations are prohibited within atomic blocks because it may be impossible,
difficult, or expensive to support executing them in atomic blocks; such operations are
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called transaction-unsafe. An atomic block also specifies how to handle an exception
thrown but not caught within the atomic block. User cancellation can be supported
through the OpenMP cancellation feature.

Some noteworthy points about synchronized and atomic blocks:

Data races. Operations executed within synchronized or atomic blocks do not form
data races with each other. However, they may form data races with operations not
executed within any synchronized or atomic block. As usual, programs with data
races have undefined semantics.

Exceptions. When an exception is thrown but not caught within an atomic block, the
effects of operations executed within the block may take effect or be discarded, or
terminate may be called. This behavior is specified by an additional keyword in the
atomic block statement, as described in Section 4.1. An atomic block whose effects
are discarded is said to be canceled. An atomic block that completes without its
effects being discarded, and without calling terminate, is said to be committed.

Transaction-safety. As mentioned above, transaction-unsafe operations are prohibited
within an atomic block. As a practical matter, some code is considered transaction-
unsafe because we do not know effective ways to execute it atomically without
special hardware support. This restriction applies not only to code in the body of
an atomic block, but also to code in the body of functions called (directly or indi-
rectly) within the atomic block. To support static checking of this restriction, we
introduce pragmas to declare that a function or function pointer is transaction-safe,
and augment the type of a function or function pointer to specify whether it is
transaction-safe. We also introduce a pragma to explicitly declare that a function is
not transaction-safe.

To reduce the burden of declaring functions transaction-safe, a function is as-
sumed to be transaction-safe if its definition does not contain any transaction-unsafe
code and it is not explicitly declared transaction-unsafe. Furthermore, unless de-
clared otherwise, a non-virtual function whose definition is unavailable is assumed
to be transaction-safe. (This assumption does not apply to virtual functions be-
cause the callee is not generally known statically to the caller.) These assumptions
are checked at link time.

4.1 Atomic Blocks

This is a pure form of a transaction and is based on combining the C++ SGS5 [29]
proposal and BSC’s OpenMP TM extension proposal [7].
An atomic block can be written in one of the following forms:

#pragma omp transaction [clause[[,] clause]...] { body }

The clause following transaction can specify the atomic block’s exception specifier. It
specifies the behavior when an exception escapes the transaction or an OpenMP cancel
occurs within the TM region:

— noexcept: This is undefined behavior and is not allowed; no side effects of the
transaction can be observed.
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— commitonesc: The transaction is committed and the exception is thrown.

— cancelonesc: If the exception is transaction-safe (defined below), the transaction
is canceled and the exception is thrown. Otherwise, it is undefined behavior. In
either case, no side effects of the transaction can be observed.

Code within the body of a transaction must be transaction-safe (i.e. it must not be
transaction-unsafe). Code is transaction-unsafe if:

— it contains an initialization of, assignment to, or a read from a volatile object;

— itis a transaction-unsafe asm declaration (the definition of a transaction-unsafe asm
declaration is implementation-defined); or

— it contains a call to a transaction-unsafe function, or through a function pointer that
is not transaction-safe

While we have pragma syntax to allow declaring and defining functions for transaction
safety, we do not show it here due to space constraints.

Synchronization via locks and atomic objects is not allowed within atomic blocks
(operations on these objects are calls to transaction-unsafe functions in the current pro-
posal).

Jumping into the body of an atomic block using goto or switch is prohibited.

The body of an atomic block appears to take effect atomically: no other thread sees
any intermediate state of an atomic block, nor does the thread executing an atomic block
see the effects of any operation of other threads interleaved between the steps within the
atomic block.

The evaluation of any atomic block synchronizes with every evaluation of any atomic
or synchronized block by another thread, so that the evaluations of non-nested atomic
and synchronized blocks across all threads are totally ordered by the synchronizes-with
relation. Thus, a memory access within an atomic block does not race with any other
memory access in an atomic or synchronized block. However, a memory access within
an atomic block may race with conflicting memory accesses not within any atomic or
synchronized block. The exact rules for defining data races are defined by the memory
model Section 4.5.

As usual, programs with data races have undefined semantics.

Although it has no observable effects, a canceled atomic block may still participate
in data races.

This proposal provides “closed nesting” semantics for nested atomic blocks.

Use of atomic blocks. Atomic blocks are intended in part to replace many uses of
mutexes for synchronizing memory access, simplifying the code and avoiding many
problems introduced by mutexes (e.g., deadlock). We expect that some implementa-
tions of atomic blocks will exploit hardware and software transactional memory mech-
anisms to improve performance relative to mutex-based synchronization. Nonetheless,
programmers should still endeavor to reduce the size of atomic blocks and the con-
flicts among atomic blocks and with synchronized blocks: poor performance is likely if
atomic blocks are too large or concurrent conflicting executions of atomic and synchro-
nized blocks are common.

The following code illustrates with a bank account example the atomicity of atomic
blocks.
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class Account {

1
2 int bal;

3 public:

4 Account(int initbal) { bal = initbal; };
5

6 void deposit(int x) {

7 #pragma omp transaction noexcept {

8 this.bal += x;

9 }

10 }s

1

12 void withdraw (int x) {

13 deposit(—x);

14 }s

15

16 int balance () { return bal; }

17 }

18

19 void transfer (Account al, a2; int x;) {
20 #pragma omp transaction noexcept {
21 al.withdraw(x);

22 a2.deposit(x);

23

2 };

25

26 Account al (0), a2(100);

27

28 Thread 1 Thread 2
29— e

31 transfer (al, a2, 50); #pragma omp transaction noexcept {
32 rl = al.balance () + a2.balance ();

34 assert(rl == 100);

The assert cannot fire, because the transfer happens atomically and the two calls to
balance happen atomically.

Example demonstrating need for transaction cancelonesc. Here, we extend the above
example slightly so that transactions are logged by a function that may throw an excep-
tion, for example due to allocation failure.

1 void deposit(int x) {
> #pragma omp transaction cancelonesc {

3 log deposit(x); // might throw
4 this.bal += x;

s

6}

;

8 void withdraw (int x) {
9 deposit(—x);

12 void transfer(account al, a2; int x;) {

13 try {

14 #pragma omp transaction cancelonesc {
15 al.withdraw(x);

16 a2.deposit(x);

17 } catch (...) {

18 printf ("Transfer failed");

19

20}
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If the call from transfer () to a2.deposit () throws an exception, we should not
simply commit the transaction, because the withdrawal has happened but the deposit
has not. Canceling the transaction provides an easy way to recover to a good state,
without violating the invariant the transaction in transfer () is intended to preserve.
In this simple example, an error message is printed indicating that the transfer did not
happen.

Default behavior. The default for atomic transactions without any of the three clauses
(noexcept, commitonesc, cancelonesc)is as if the user wrote cancelonesc. This
offers a pure transaction that rolls back. The other two optional clauses (noexcept and
commitonesc) do not rollback and therefore offer no invariance protection. But they
do still offer advanced synchronization ability. However, they are still limited in that
they cannot have any transaction unsafe actions. We show in the next section how to
handle transactions with transaction unsafe actions.

4.2 Synchronized Blocks

The synchronized blocks variant is a simple replacement for locks that is composable
and offers only a synchronization ability with no invariance protection. Furthermore,
synchronized blocks can become irrevocable in the presence of unsafe actions and that
distinguishes it from an atomic transaction.

A synchronized block has the following form:

#pragma omp synchronized { body }

The evaluation of any synchronized block synchronizes with every evaluation of any
synchronized block (whether it is an evaluation of the same block or a different one)
by another thread, so that the evaluations of non-nested synchronized blocks across all
threads are totally ordered by the synchronizes-with relation as defined by C++ and
Java memory model. That is, the semantics of a synchronized block is equivalent to
having a single global recursive mutex that is acquired before executing the body and
released after the body is executed (unless the synchronized block is nested within
another synchronized block). Thus, an operation within a synchronized block never
forms a data race with any other operation within a synchronized block (the same block
or a different one).

Entering and exiting a nested synchronized block (i.e., a synchronized block within
another synchronized block) has no effect.

Jumping into the body of a synchronized block using goto or switch is prohibited.

Use of synchronized blocks. Synchronized blocks are intended in part to address some
of the difficulties with using mutexes for synchronizing memory access by raising the
level of abstraction and providing greater implementation flexibility [24] With synchro-
nized blocks, a programmer need not associate locks with memory locations, nor obey
a locking discipline to avoid deadlock: Deadlock cannot occur if synchronized blocks
are the only synchronization mechanism used in a program.

Although synchronized blocks can be implemented using a single global mutex, we
expect that some implementations of synchronized blocks will exploit recent hardware
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and software mechanisms for transactional memory to improve performance relative
to mutex-based synchronization. For example, threads may use speculation and con-
flict detection to evaluate synchronized blocks concurrently, discarding speculative out-
comes if conflict is detected. Programmers should still endeavor to reduce the size of
synchronized blocks and the conflicts between synchronized blocks: poor performance
is likely if synchronized blocks are too large or concurrent conflicting evaluations of
synchronized blocks are common. In addition, certain operations, such as I/O, cannot be
executed speculatively, so their use within synchronized blocks may hurt performance.

Example

The following example illustrates synchronized blocks and non-races between accesses
within transactions (including synchronized blocks). Suppose we add the following
method to the Account class shown in Section 4.1.

1void print balances and total (account al, a2) {

2 #pragma omp synchronized {

3 printf ("First account balance: %1d", al.balance ());
4 printf ("Second account balance: %1d", a2.balance ());
5 printf ("Total: %1d", al.balance () + a2.balance ());
o}
7}

Observations:

This program is data-race-free: all concurrent accesses are within transactions.

The synchronized block cannot be replaced with an atomic block, as I/O is not
transaction-safe (due to calls to print £, which is a transaction-unsafe function).
Balances will be consistent and total will equal sum of balances displayed.

If we eliminate the synchronized block from this example (so the calls to balance ()
in print balances and total () are not in transactions), then this program is
racy.

4.3 Nesting of OpenMP Parallel Regions and Transaction Blocks

In the common case of a TM region nested inside an OpenMP parallel region, the outer
OpenMP region is run in parallel and the TM region is run speculatively. In the opposite
case where an OpenMP parallel region is nested inside a TM region, there are several
choices which needs to be debated within the community.

Currently on IBM’s Blue Gene/Q system [28], an OpenMP region running in parallel
inside the speculative TM region causes the TM region to be stopped. The stopped
transaction is then rolled back and run nonspeculatively. The inner OpenMP region
is run nonspeculatively by multiple threads. This is considered to be quite restrictive
and heavy weight. An alternative is where the transaction could be executed as if the
OpenMP portion was serialized. This could have complication with hardware and if the
user create a race condition inside the transaction, it would be caveat emptor.

Another choice is that the parallel region inside the TM region can be executed with
one thread. This solution will often be better than restarting the transaction and running
it non-speculatively. There will be complication if the OpenMP region do some undesir-
able action such as checking for the number of threads being more than one. But these
are details that can be worked out in committee.
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4.4 Interaction between OpenMP Worksharing/Tasking Constructs and
Transaction Blocks

We also intend to introduce interaction of TM with existing OpenMP constructs. These
are now called composite constructs as they enable additional semantics. Starting with
the workshare constructs, we propose the following where each iteration of the loop
constitutes an atomic transaction with the usual clauses available.

| #pragma omp for transaction

2 for ( ; H )

Similar for an OpenMP section construct where each section is an atomic transaction.

| #pragma omp sections transaction
2 #pragma omp section

4 #pragma omp section

s

We also plan to support TM with OpenMP tasks. Tasks are defined as deferrable
units of work that can be executed by any thread in the thread team associated to the
active parallel region. Task can create new tasks and can also be nested inside work-
sharing constructs. In this scenario, data access ordering and synchronization based on
locks will be even more difficult to express, so transactions appear as an easy way to ex-
press intent and leave the mechanisms to the TM implementation. For tasks we propose
tagging a task as a transaction, using the same clause specified above.

| #pragma omp task transaction

2{

We will also need consideration of the interaction with cancellation constructs. These
are details to be explored in future proposals and in committee.

4.5 Memory Model and Race Free Semantics

Transactions impose ordering constraints on the execution of the program. In this re-
gard, they act as synchronization operations similar to the synchronization mechanisms
defined in the C++11 standard [30] (i.e., locks and C++11 atomic variables). The C++11
standard defines the rules that determine what values can be seen by the reads in a multi-
threaded program. Transactions affect these rules by introducing additional ordering
constraints between operations of different threads.

In C++11, an execution of a program consists of the execution of all of its threads.
The operations of each thread are ordered by the sequenced before relationship that is
consistent with each thread’s single threaded semantics. The C++11 library defines a
number of operations that are specifically identified as synchronization operations. Syn-
chronization operations include operations on locks and certain atomic operations (that
is, operations on C++11 atomic variables). In addition, there are memory order relaxed
atomic operations that are not synchronization operations. Certain synchronization oper-
ations synchronize with other synchronization operations performed by another thread.
(For example, a lock release synchronizes with the next lock acquire on the same lock.)
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The sequenced before and synchronizes with relationships contribute to the happens
before relationship. The happens before relationship is defined by the following rules:

1. If an operation A is sequenced before an operation B then A happens before B.

2. If an operation A synchronizes with an operation B then A happens before B.

3. If there exists an operation B such that an operation A happens before B and B
happens before an operation C' then A happens before C'.

Two operations conflict if one of them modifies a memory location and the other one
accesses or modifies the same memory location. The execution of a program contains
a data race if it contains two conflicting operations in different threads, at least one of
which is not an atomic operation, and neither happens before the other. Any such data
race results in undefined behavior. A program is race-free if none of its executions con-
tain a data race. In a race-free program each read from a non-atomic memory location
sees the value written by the last write ordered before it by the happens before relation-
ship. It follows that a race-free program that uses no atomic operations with memory
ordering other than the default memory order seq cst behaves according to one of its
sequentially consistent executions.

Outermost transactions (that is, transactions that are not dynamically nested within
other transactions) appear to execute sequentially in some total global order that con-
tributes to the synchronizes with relationship. Conceptually, every outermost transaction
is associated with StartTransaction and EndTransaction operations, which mark the be-
ginning and end of the transaction. A StartTransaction operation is sequenced before
all other operations of its transaction. All operations of a transaction are sequenced be-
fore its EndTransaction operation. Given a transaction 7, any operation that is not part
of T" and is sequenced before some operation of T' is sequenced before T"s StartTrans-
action operation. Given a transaction T', T’s EndTransaction operation is sequenced
before any operation A that is not part of 7" and has an operation in T that is sequenced
before A.

There exists a total order over all StartTransaction and EndTransaction operations
called the transactional synchronizaton order, which is consistent with the sequenced
before relationship. In this order, transactions executed by different threads do not in-
terleave. In other words, transactional synchronization order is such that a StartTrans-
action operation executed by one thread does not occur in between a matching pair of
StartTransaction and EndTransaction operations executed by another thread.

The transactional synchronization order contributes to the synchronizes with rela-
tionship defined in the C++11 standard. In particular, each EndTransaction operation
synchronizes with the next StartTransaction operation in the transactional synchroniza-
tion order executed by a different thread.

The definition of the synchronizes with relation affects all other parts of the mem-
ory model, including the definition of the happens before relationship, visibility rules
that specify what values can be seen by the reads, and the definition of data race free-
dom. Consequently, including transactions in the synchronizes with relation is the only
change to the memory model that is necessary to account for transaction statements.
With this extension, the C++11 memory model fully describes the behavior of programs
with transaction statements.
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The C++11 memory model has consequences for compiler optimizations. Sequen-
tially valid source-to-source compiler transformations that transform only code between
synchronization operations (which include StartTransaction and EndTransaction oper-
ations), and which do not introduce data races, remain valid. Source-to-source compiler
transformations that introduce data races (e.g., hoisting load operations outside of a
transaction) may be invalid depending on a particular implementation.

5 Future OpenMP Recommendation

We propose an OpenMP Transactional Memory Technical Report (TR), to enable early
implementation experience and obtain feedbacks from the community. Transactional
Memory forms a key cornerstone of tools for synchronization that enables compos-
ability whereas critical sections, mutexes, locks, atomics, even lock elision cannot. It
enables functional correctness in C and Fortran call back programming style and C++
generic programming. Recent surveys have some data point showing it is easier to use
than fine-grained locks, and some real-world tests have shown even an STM imple-
mentation can scale and perform better than fine-grained locks. As such, it enables and
simplifies support for large scale programs that contain complex locking semantics.

This proposal is agnostic to hardware and can be entirely implemented in software,
hardware, some hybrid or adaptive form of TM.

Our next goal is to provide an implementation using BSC’s Mercurium OpenMP
compiler [7] or GNU compiler (which already has a reduced form of this proposal in
4.7) to demonstrate the concept and confirm the performance capability.
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Abstract. The ability to measure the performance of OpenMP pro-
grams portably across shared memory platforms and across OpenMP
compilers is a challenge due to the lack of a widely-implemented perfor-
mance interface standard. While the OpenMP community is currently
evaluating a tools interface specification called OMPT, at present there
are different instrumentation methods possible at different levels of obser-
vation and with different system and compiler dependencies. This paper
describes how support for four mechanisms for OpenMP measurement
has been integrated into the TAU performance system. These include
source-level instrumentation (Opari), a runtime “collector” API (called
ORA) built into an OpenMP compiler (OpenUH), a wrapped OpenMP
runtime library (GOMP using ORA), and an OpenMP runtime library
supporting an OMPT prototype (Intel). The capabilities of these ap-
proaches are evaluated with respect to observation visibility, portability,
and measurement overhead for OpenMP benchmarks from the NAS par-
allel benchmarks, Barcelona OpenMP Task Suite, and SPEC 2012. The
integrated OpenMP measurement support is also demonstrated on a sci-
entific application, MPAS-Ocean.

1 Introduction

Any parallel language system based on compiler interpretation of parallel syn-
tax, code transformation, and runtime systems support introduces the question
of how external tools can observe the execution-time performance of the gener-
ated program code. In general, the parallel language observability problem is one
of performance visibility coupled with semantic context. Performance visibility
is the means by which a tool can gain access to and can acquire information
about the parallel execution performance. Because the parallel program is be-
ing transformed during compilation and is utilizing a runtime environment for
execution, there are different levels where visibility can be made operative. How-
ever, it is precisely for this reason that performance data must be augmented
with semantic information about the context in which the data was acquired,
in order to understand its relevance and be able to link performance behavior
across levels. The coupling between visibility and context can be implicit (e.g.,
an instrumented event could carry semantics) or explicit (e.g., the compiler or
runtime allows certain state to be queried). The key point is that observing par-
allel language performance requires both types of capabilities and with support
across different levels of program generation and execution.
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OpenMP [2] is a widely supported and commonly used programming spec-
ification for multi-threaded parallelism in which performance observability has
been an important consideration as well as a challenge to provide in a portable
manner. It is a pragma-based language extension for C/C++ and Fortran plus
a user-level library that relieves the programmer from the burden of creating,
scheduling, managing, and destroying threads explicitly. Compilers supporting
OpenMP hide this complexity by generating code that supports the (user facing)
concurrency semantics in the OpenMP language, but interfaces with a runtime
environment that is free to build (system facing) thread-level operation in what-
ever way is desired. Thus, available OpenMP compilers, both open source (e.g.,
GNU, OpenUH/Open64) and vendor supplied (e.g., IBM, Microsoft, Intel, PGI,
Cray), offer alternative implementations on different platforms.

How can portable OpenMP performance measurement and analysis be pro-
vided across compilers and platforms given this situation? The OpenMP commu-
nity discussed performance observability requirements early on in its history and
there has been a strong interest in defining a tools API as part of the OpenMP
standard. Efforts are underway by the OpenMP Tools Working Group in this
regard. In the meantime, various techniques have been created to enable Open-
MP performance analysis. This paper presents the present landscape and looks
at the integration of different OpenMP observation techniques with a common
measurement infrastructure, the TAU Performance System® [31].

The main contribution of this work is the creation of a robust, cross-platform
OpenMP performance measurement system that utilizes the available support
for observing OpenMP runtime system behavior. Four different approaches were
integrated with TAU serving as the core measurement framework, including a
portable tool for GCC OpenMP performance analysis. The overall goal is to
provide significant coverage across OpenMP environments and parallel systems
to allow portable performance evaluation of OpenMP applications.

2 Background

As described by Mohsen et al. [24], several performance tools can perform thread-
specific measurement of an OpenMP application. In some cases, vendor-supplied
tools such as the Intel Thread Profiler [12] provide specific details about one par-
ticular OpenMP compiler by utilizing proprietary instrumentation in the Open-
MP runtime. On the other hand, portable performance tools such as TAU [31],
ompP [5], Kojak [23], Scalasca [6] and Vampir [14] provide thread-specific mea-
surements that can include the OpenMP static and runtime context, such as the
parallel region location or synchronization operation (barrier, lock, atomic, crit-
ical), but only if that information is available. Typically, to access the OpenMP
context these performance tools rely on either instrumentation of the application
code or the OpenMP runtime itself, if it is available.

Two early efforts to define a tools interface for OpenMP performance observa-
tion were POMP [22] and the Sun/Oracle OpenMP Runtime API (ORA), better
known as the Collector API [13]. The POMP interface was intended to be used
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by a source code instrumentation system which would insert POMP calls with-
in an application that was rewritten to expose OpenMP execution events. The
Opari [22] OpenMP rewriting tool supported the POMP interface. In contrast,
the Collector API was intended to be implemented by an OpenMP runtime. It
exposed certain runtime events and information about OpenMP state to mea-
surement tools.

Neither of these two approaches gained enough traction to be widely adopted,
resulting in various approaches being used in both portable and proprietary
compilers. Recently, there has been a resurgence of effort by the OpenMP Tools
Working Group towards an OpenMP API standard for tools, called OMPT [3].
This work shows strong signs of a broader commitment from multiple compiler
vendors and has a good chance of being included in the OpenMP standard.
The availability of the GCC OpenMP runtime library (GOMP) [9] and the
recent open-sourcing of the Intel OpenMP runtime system [11] makes other
performance observability support possible.

The integration of all of these methods can significantly extend the coverage
and cross-platform portability of an OpenMP measurement and analysis tool.
What is necessary is a parallel performance system robust enough to imple-
ment the different techniques being used and already portable across parallel
programming environments and platforms. TAU is an example of a portable
profiling and tracing toolkit for performance analysis of parallel programs writ-
ten in languages supporting OpenMP and running on a variety of shared and
distributed memory parallel architectures. TAU provides different means for in-
strumentation (source, library, binary) and is capable of gathering performance
information (time, hardware counters) about functions, methods, basic blocks
and statements as well as periodic sampling. TAU is distributed with profile and
trace analysis tools, a performance database, and a data mining package.

Given a performance system like TAU, the opportunity is there to integrate
multiple OpenMP observation techniques with a common measurement and
analysis infrastructure. Doing so will enable both cross-platform performance
analysis coverage and means to evaluate OpenMP performance for different com-
piler and system environments.

3 Approach

Our strategy to integrate different
approaches for performance observa-
tion of OpenMP runtime behavior has
the goal of cross-compiler / cross- ‘
platform performance analysis and 3;;’;‘;}'/‘
evaluation. Figure 1 shows how each

approach is integrated with the TAU Fig. 1. Instrumentation flow for OpenMP
system. First, source code instru- programs with different measurement ap-
mentation uses the POMP interface proaches

and the Opari [22] tool. Second, the
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OpenMP Collector APT [13], as implemented in the OpenUH [17] compiler and
associated runtime, is interfaced with TAU. The third approach wraps the GNU
OpenMP runtime library, GOMP [9], with a measurement interface that imple-
ments the Collector API. Finally, the proposed OpenMP Tools API (OMPT) [3]
is supported in TAU and we tested it with a modified version of the recently
open-sourced Intel OpenMP runtime combined with the Intel compiler suite.

3.1 POMP and Opari

The OpenMP Pragma And Region Instrumentor (Opari) [22] is a source-to-source
code transformation utility to parse C/C++ and Fortran source code, locate Open-
MP pragmas, insert instrumentation via the POMP [21] interface, and write out
instrumented application code. Opari has been the OpenMP instrumentation tool
for TAU [31], Kojak [23], and Scalasca [6] for several years. However, because
Opari relies entirely on source transformation and instrumentation, by choice it
constrains what can be observed of runtime operations. Instead, it attempts to
provide a performance view with respect to program semantics only, including
raising the awareness of certain runtime behavior (e.g., synchronization) to a high-
er level for observation. Interestingly, in doing so, Opari is able to potentially pro-
vide more context for performance events, but with no insight into the OpenMP
runtime implementation or uninstrumented OpenMP libraries.

Opari is highly portable and compatible with all OpenMP compilers and run-
times. Unfortunately, there are some drawbacks. First, the user application must
be passed through the Opari instrumentor, which modifies the original source
code. Automated source instrumentation can be problematic if the source code
includes complex preprocessor macros or language features that are not well
supported by the parser in the instrumentation framework. In addition, the in-
strumentation of lightweight work sharing and tasking regions at the source
level can introduce significant overhead in performance measurements. Source
instrumentation can also prevent compiler and/or runtime optimizations. Sec-
ondly, applications typically rely on uninstrumented libraries that cannot be
re-compiled. These libraries may have OpenMP parallel regions in them, but are
a blind spot to any performance measurement. In fact, the OpenMP runtime
itself is also a blind spot. Lastly, there are some OpenMP features that are hard
to support with a purely source rewriting approach, such as untied tasks.

3.2 OpenMP Runtime API (Collector API)

In an attempt to encourage OpenMP compiler developers to integrate a perfor-
mance tool interface into their runtime systems, Itzkowitz et al. [13] proposed
an OpenMP Runtime API (ORA) for profiling, commonly known as the Col-
lector API. The external API consists of a single function call to interact with
the runtime system, whose purpose is to manage the collector (initialize, pause,
resume, terminate), register a callback function for a predefined set of significant
event transitions in the runtime, or query an executing thread’s state through a
signal safe request. The callback function is particularly useful for profiling and
tracing tools that use timer probes for measurement. The state query feature
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provides support for sampling-based performance tools. Altogether, the API
provides relatively good coverage of the internal performance of an OpenMP
runtime implementation. In the original specification, there are 11 mutually ex-
clusive states (for sampling support) and 22 defined callback events, representing
the entry and exit for OpenMP 2.0 pragmas. additional events and states have
been proposed [27] to include task support in OpenMP 3.0. For a performance
measurement library to take advantage of ORA, only a few features need to be
implemented. The measurement library needs to implement and register one or
more event handlers to process the events as they are encountered. Alternative-
ly, a sampling measurement library can request the state of a thread when the
execution is interrupted and sampled by the measurement library. The TAU im-
plementation provides full support for ORA; including both events and states.
For sampling, when an application thread is interrupted, the OpenMP runtime
is queried using the API to get the state of the thread after the thread source
code location is determined using libbfd [8] and optionally, libunwind [33].

However, encouragement of a performance tool API and actual adoption are
two different things. Even though the OpenMP ARB sanctioned the Collector
API interface specification, it has only been implemented in the the OpenUH
compiler [18] and the Oracle Solaris Studio compiler [26]. While there have been
several evaluations of the Collector APT as implemented in the OpenMP runtimes
of OpenUH [10,1] and Solaris Studio [19], previously only Oracle’s Solaris Studio
Performance Tool and OpenUH’s profiling tool use ORA.

3.3 GOMP Wrapper

The GNU Compiler Collection (GCC) [7] is a widely used open-source compiler
suite for C/C++ and Fortran that has provided support for OpenMP since
version 4.2. The runtime library for GCC is called libgomp, or more commonly,
GOMP. GOMP consists of approximately 60 API calls which GCC compilers,
other compilers, or source transformation tools can use to implement an OpenMP
runtime. For instance, the Rose transformation tool [28,29] uses GOMP as one of
its OpenMP runtime targets. The open source availability of GOMP provides us
with a means to interpose performance instrumentation at the library interface.
TAU includes a utility for generating a measurement wrapper around external
libraries that cannot be or simply are not instrumented [32]. Using the function
declarations for the library (in the form of one or more header files), TAU will
generate a new shared object library which replaces the wrapped symbols with
proxy functions that provide ORA support and call the real library functions
during execution. The wrapper interposition library can be preloaded before
application execution. For statically linked executables (which do not support
dynamic symbol loading), a similar functionality is also available at link time.
The result of our work is that TAU now has Collector API runtime support for
all GCC compilers and the GOMP runtime. Our wrapper library will work with
any GCC compiled OpenMP application on any platform where it is supported.
However, a library wrapping approach comes with certain limitations, namely
none of the GOMP internals are visible for performance measurement. As we
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shall see in the next section, though, visibility within the runtime is key to
understanding cause-and-effect relationships within threading synchronization.

3.4 OpenMP Tools API

Based on experiences with Opari and ORA, a broader group of interested parties
has been working on extending the OpenMP specification to include a formal
performance and debugging tool interface. The proposed specification is called
OMPT: OpenMP Tools Application Programming Interfaces for Performance
Analysis [4]. Like ORA, OMPT includes support for events and states. Un-
like ORA, OMPT has broad support from several compiler vendors as well as
tool developers. The OMPT draft specification is complete and is available as
a Proposed Draft Technical Report at the OpenMP Forum website [25]. The
key OMPT design objectives are to provide low overhead observation of Open-
MP applications and the runtime in order to collect performance measurements,
provide stack frame support for sampling tools and incur minimal (near zero)
overhead when not in use. OMPT specifies support for a larger set of events
and states, and can therefore be considered a superset of ORA. In addition,
OMPT specifies additional insight into the OpenMP runtime in the form of da-
ta structures populated by the runtime itself. These data structures include the
parallel region and task identifiers, wait identifiers and stack frame data. Finally,
OMPT specifies interfaces for applying blame shifting logic to resource synchro-
nization [20]. From a tool developer perspective, the broad support and large set
of events and states makes OMPT the most attractive approach of those tested.

There are two known OMPT runtime implementations. In April 2013, In-
tel open-sourced their OpenMP runtime[11] and members of the OMPT draft
committee implemented a first version of support for Intel compilers. We have
contributed to this effort, adding the event callbacks to key locations in the Intel
runtime. In addition, IBM has prototyped support in an experimental limited re-
lease version of the XL compilers. There are plans to implement OMPT support
within the GOMP library for the GNU compiler runtime as well.

Support for OMPT in TAU is similar to that for ORA, with some key differ-
ences. First, each event in OMPT is registered to different handlers, and not all
events are fully supported yet. All OMPT states are supported, but TAU does
not yet take advantage of the blame shifting support. However, because ORA
and OMPT are conceptually very similar, the integration of OMPT support in
TAU reuses much of the ORA infrastructure, including the use of libbfd.

3.5 Comparison of Measurement Support

Table 1 shows the coverage for the different OpenMP measurement approaches.
We have separated ORA into three columns: the specified support, the extended
task support in the OpenUH compiler, and the support provided by our GOMP
wrapper. Note that because the GOMP wrapper and Opari have no access to the
runtime internals, they cannot report on all implicit barriers or task preemption.
Task preemption is somewhat of a moot point for the GOMP runtime — as of
v4.8.2 it does not perform any preemption or migration of tasks.
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Table 1. OpenMP pragma / event coverage using different measurement techniques

OpenMP Feature Opari ORA OpenUH ORA GOMP ORA OMPT
Parallel Region enter/exit, begin/end Yes Yes Yes Yes
Thread create/exit pthread create/exit No No No Yes
Work Sharing enter/exit, begin/end Yes Yes Yes Yes
Atomics enter /exit waiting state waiting state waiting state Yes
Barriers explicit only Yes Yes explicit, some implicit Yes
Critical enter/exit, begin/end waiting state waiting state waiting state Yes
Master begin/end Yes Yes Yes Yes
Ordered enter/exit, begin/end Yes, wait state wait state wait state Yes
Sections enter/exit, begin/end No No No Yes
Single begin/end Yes Yes Yes Yes
Locks lock wrappers waiting state waiting state waiting state Yes
Task Creation begin/end Yes Yes Yes Yes
Task Schedule No No Yes No Yes
Task Wait begin/end Yes Yes Yes Yes
Task Execution begin/end Yes Yes Yes Yes
Task Completion No No Yes No Yes
Task Yield No No Yes No Yes

Table 2. OpenMP profile timer events captured by each method for the cfft1l function
in the NPB 3.2.1 FT.B benchmark. GOMP ORA and OpenUH ORA are similar.

Opal‘l 0.898 [ paralleldo (loop body) [OpenMP location: file:FT /ft.f <556, S75>]

0.073 [] paralleldo (barrier enter/exit) [OpenMP location: file:FT/ft.f <556, 575>]
\1E-4 | paralleldo (parallel fork/join) [OpenMP location: file:FT/ft.f <556, 575>]
.4E-4 | paralleldo (parallel begin/end) [OpenMP location: file:FT/ft.f <556, 575>]

[

ORA 0.89 [ ] OpenMP_PARALLEL_REGION: [OPENMP] cffts 1_ [[FT/ft.f} {557}]
0.098 [ OpenMP_IMPLICIT_BARRIER: [OPENMP] cffts1_ [{FT/ft.fl {557}]

OMPT 3579 Open\P_LOOP: [OPENMP] cifts L [{FT L.} {55611
0.013 | OpenMP_BARRIER: [OPENMP] cffisl [[FT/ft.f} {556}
6.5E-4 | OpenMP_PARALLEL_REGION: [OPENMP] cfftsl [{FT/ft.f} {556}

Table 2 shows a selection of profile timers from each of the event-based mea-
surement methods for benchmark code. The profile views are from ParaProf,
the interactive TAU profile visualization and analysis tool. All methods show
the parallel region and barrier timers in the cffts1 function. The Opari mea-
surements refer to code locations only by source code line numbers rather than by
function name. The Opari measurement adds more timers to the profile, which
can potentially increase measurement overhead, as we shall see in Section 4. The
GOMP and OpenUH measurements are very similar, as they both use the same
ORA support in TAU. It should be noted that like Opari, OMPT provides sep-
arate events for work sharing loops, whereas ORA attributes productive time in
those loops to the enclosing parallel region.

4 Experiments

4.1 Benchmark Measurements

In order to evaluate the OpenMP measurement methods and the TAU inte-
gration, we first compared the measurement capability and overhead added to
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applications under different scenarios. We used three compilers in our study,
GNU GCC versions 4.4.7 and 4.8.0, OpenUH 3.0.26 with prototype extensions
to the Collector API for task events, and Intel 13.1.2. As described in Section 3,
OpenUH includes Collector API support built-in. Collector API support for
libGOMP is provided by our wrapper library. The Intel-compiled experiments
replaced the standard OpenMP runtime library with the modified open-source
version with OMPT support. It should be strongly noted that our experiments
are not intended to demonstrate the comparative performance differences be-
tween compilers and runtimes with benchmark applications. Rather, our experi-
ments are intended to show broad measurement coverage with various compilers
under various scenarios, and measure the overhead of performance measurement
with TAU linked in. The main purpose of the experiments is to demonstrate that
using various OpenMP performance measurement techniques is possible with a
single measurement system.

For each compiler, we generated baseline executables of the applications and
compared the execution time to each of two different types of OpenMP perfor-
mance measurement. The baseline compilation used the highest available (and
stable) optimization (-O3 for most cases, -Ofast for OpenUH in the BOTS bench-
marks). The baseline executables were executed and the runtimes collected. The
applications were then instrumented with Opari and recompiled using each of
the compilers with the same optimization settings. In these experiments, the ap-
plications were built with TAU compiler wrappers that manage the instrumen-
tation and compilation process. Because Opari does not support untied tasks,
the BOTS benchmarks were executed as tied tasks. For two sets of benchmarks
(NPB, BOTS), each of the baseline executables were then also executed using
tau exec, a utility that preloads TAU measurement libraries and enables the
Collector API tool support. The GOMP library wrapper was also preloaded for
GCC executables. Similarly, the modified Intel OpenMP runtime library was al-
so preloaded for Intel executables. Because the SPEC 2012 build framework was
not amenable to using tau exec to execute the SPEC benchmarks, those appli-
cations were minimally instrumented (main only) with TAU prior to compilation
and the required TAU and OpenMP measurement libraries were used.

In all, three variants for each compiler were tested with 31 benchmark ap-
plications. The applications tested include well known OpenMP benchmarks
from three different OpenMP benchmark suites - the NAS Parallel Benchmarks
v3.2.1, SPEC 2012 OpenMP Benchmarks, and The Barcelona OpenMP Task
Suite (BOTS) version 1.1.2. Three pairs of benchmarks (BT and 357.bt331, LU
and 371.applu33l, MG and 370.mgrid331) are in both NPB and SPEC, although
they do represent different versions of the codes. The applications were compiled
and executed on a single “fatnode” node of the ACISS cluster at the University of
Oregon [34] with four Intel X7560 2.27GHz 8-core CPUs and 384GB of memory.
For all experiments, OMP NUM THREADS was set to 32 prior to execution. All other
OpenMP runtime parameters used the runtime default settings. Each experiment
variant was executed 10 times, and the fastest execution of the 10 is reported
in the results. Over 2790 executions were generated. The self-reported execution
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Table 3. Overhead measurements for 32 threads on ACISS

GNU INTEL OPENUH
NPB 3.2.1 Benchmark Baseline Opari ORA Baseline Opari OMPT Baseline Opari ORA
BT.B 1792 1996 2242 16.18 16.56 16.80  18.58 18.85 19.37
CG.B 749 768  7.51 731 7.96 @ 7.63 8.02 893 9.39
EP.B 292 299 296 1.40 142 140 1.47 151 1.51
FT.B 3.17 313  3.13 3.21 327  3.29 3.60 3.57 3.65
IS.B 0.75 0.74 0.74 0.75 0.75  0.75 0.81 0.83 0.82
LU.B 1237 17.43 1238 12.2526.71 13.22  13.31 26.37 14.32
LU-HP.B 22.00 42.86 31.26 19.24 51.74 30.93  23.13 86.17 39.04
MG.B 1.21 1.61 1.30 1.08 1.27 1.13 1.16 151 1.31
SP.B 16.02 16.10 16.53  14.55 15.53 15.59  16.61 18.07 19.62
BOTS 1.1.2 Benchmark Baseline Opari ORA Baseline Opari OMPT Baseline Opari ORA
alignment.single 1000 70.59 73.99 70.77  48.85 48.90 48.86 56.19 56.44 56.20
fit 134217728 132.55 124.93 127.94 3.57 552 461 11.69 13.05 13.78
fib 30 23.91 27.11 28.89 0.10 1.71  1.33 0.97 4.16 3.18
floorplan 15 226.58 225.71 234.35 0.70 11.44 6.06 18.95 24.09 21.38
health small 38.78 37.04 29.47 046 1.78 0.98 241 270 272
nqueens 12 120.18 134.28 156.44 0.13 5.14 3.87 10.17 11.92 11.18
sort 134217728 20.76 26.83 22.73 244 249 255 290 3.15 3.17
sparselu.single 100x100 4.11 419 410 11.49 11.52 11.60 3.82 3.85 3.83
strassen 8192 0.02 0.02 0.03 0.03 0.03 0.04 0.01 0.04 0.03
uts small 53.54 212.57 218.78  11.00 64.84 34.26 segy  n/a  n/a
SPEC 2012 Benchmark Baseline Opari ORA Baseline Opari OMPT Baseline Opari ORA
351.bwaves 23.99 24.38 24.18 segu  n/a  n/a segv  n/a n/a
352.nab 24.00 25.85 29.41  20.40 22.96 21.40 35.13 35.80 35.68
357.bt331 20.69 n/a 2144  18.27 2249 1875 2141 n/a n/a
358.botsalgn 1.07 1.21 3.65 1.07 125 1.07 1.05 1.08 1.15
359.botsspar 2.67 297 287 2.78 231 1.88 2.87 1.12 289
360.ilbdc (test) 502.76 282.18 313.58  13.33 13.47 13.48  14.16 14.36 15.65
362.fma3d 14.31 15.05 47.73  13.15 13.58 13.16  19.88 24.74 24.57
363.swim 10.18 11.13 10.21 10.26 1097 10.29 2236 n/a 23.00
367.imagick 19.40 19.44 19.52 5.84 5.86 6.04 145.97 145.85 146.06
370.mgrid331 0.72 1.37  0.86 0.65 1.85 1.10 0.75 2.71 257
371.applu33l 3.82 1226  6.16 3.45 13.07  4.29 segu  n/a n/a
372.smithwa 1.89 219 218 1.45 145 1.50 2.58 262 261

times for the different benchmarks, compilers and measurement approaches are
displayed in Table 3. There are several interesting differences between compilers
and measurement methods which we discuss below.

In the NAS suite of benchmarks, we observe that the LU-HP benchmark
has very high measurement overhead for all methods due to the fact that it
executes ~300,000 parallel region iterations of very small granularity. It is al-
so interesting to note that the LU benchmark with Opari instrumentation has
significantly higher overhead, due to the fact that ten times as many timer invo-
cations (34,239, 023) were added to the application as compared to those added
by the ORA/OMPT methods (< 3,456,152).

Because they are task-based, the BOTS benchmarks provide some of the most
striking differences between compiler / runtime execution times. For nearly all
task based benchmarks, the GCC benchmarks lag far behind the other OpenMP
runtimes. The floorplan GCC profile measured that nearly all of the execu-
tion time is spent creating tasks and waiting for their execution (97% of 234s).
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The Intel OMPT profile measured very lit- aple 4. Best execution times for
tle processing overhead in comparison (< BOTS benchmarks using baseline
1% of 7.4s). The OpenUH profile measured  and modified GCC 4.8.2 runtime with
a significant amount of time spent sus- lock-free queues

pending tasks, rather than just executing

them (51% of 21.464s). These profiles re- ~ Benchmark Baseline Lock-free

flect the behaviors of the different task cre- alignment 70.59 0.73
ation and scheduling implementations used fft 132.55 4.18
in the runtimes. The GCC runtime has a fib 23.91 0.80
queueing mechanism for processing tasks, floorplan 226.58 1.42
but the TAU profiles show that there is con- health 38.78 5.72
siderable lock contention in the task cre- nqueens 120.18 0.73
ation and execution steps. Locked access sort 20.76 2.00
to the queue perturbs the execution when sparselu 4.11 4.05
thread counts increase, the work per task strassen 0.02 11.85
is small and the taskwait directive is used. uts 53.54 45.73

With the FFT benchmark, we verified that

adding the if (0) clause to the last task directive before all taskwait directives
executes those tasks immediately without queuing, reducing lock contention and
improving performance. These measurements clearly suggest that reducing the
lock contention within the GCC task scheduler would be helpful. To test this the-
ory, we rewrote the GCC 4.8.2 task scheduler using lock-free bounded queues for
both the main queue and the child queues for all parent tasks, along with other
necessary changes. The measured times for our modified scheduler are in Ta-
ble 4. While the execution times for most benchmarks are reduced, the strassen
test performed worse. We will continue to study the runtime in the interest of
contributing a faster task scheduler to the GCC runtime.

The BOTS benchmarks also demonstrate that instrumenting and measuring
lightweight tasks can incur significant overheads. Returning to the floorplan
example, consider the difference between the unperturbed Intel execution and
those which use Opari instrumentation or process OMPT events. The execution
in question generates millions of short-lived, lightweight tasks whose lifetimes
are far shorter than the amount of time required to measure them. The Intel
OMPT profile executes an average of 601,046 tasks per thread in an execution
that, unperturbed, executes in 0.70 seconds. In the profile observed with OMPT,
the exclusive time per task ranges between 7.1 and 13 us. Clearly, the work
granularity is too small for instrumentation and is better measured with ORA
or OMPT sampling state support. In a sampled TAU profile of the OpenUH
version, the runtime shows no significant thread scheduling overhead. Comparing
these OpenUH profiles suggests that the main cause of measurement overhead
in this benchmark is in monitoring every CREATE TASK and SUSPEND TASK event.

The SPEC benchmarks had a few problems building and executing with-
out errors. The 351.bwaves benchmark crashed at the first parallel region with
both the Intel and OpenUH compilers when running the baseline build, and the
OpenUH build of 371.applu331 also failed to execute. 357.bt331 and 363.swim
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failed to link with the POMP framework after instrumentation and compilation.
The minimally instrumented 357.bt331 benchmark also failed to link with TAU
and OpenUH. These build issues underscore the reasoning why users sometimes
are reluctant to rely on instrumentation techniques in order to measure the per-
formance of an application. Otherwise, the benchmarks executed as expected.
Like the related NPB LU.B benchmark, the 371.applu331 benchmark showed
significantly higher overhead with Opari.

The most interesting SPEC performance case is the 360.ilbdc benchmark.
The execution times are much higher when compiled with GCC than with Intel
or OpenUH. Using both the event tracking and sampling support in ORA to
collect a TAU profile, we observe that a vast majority of the time is spent in
the GOMP runtime. Examining the benchmark source code revealed that the
parallel regions use the runtime scheduler, which in the case of GCC defaults
to dynamic with a chunk size of 1 (Intel and OpenUH use static scheduling by
default). Changing the scheduler to guided (or static) eliminated the runtime
overhead and reduced the execution times for the baseline, Opari and ORA
measurements to 39.25, 43.08 and 42.25 seconds, respectively. Having a cross-
platform OpenMP measurement system allows performance differences between
compilers to identify possible operational characteristics that might be adjusted,
such as the scheduling option.

4.2 MPAS-Ocean

The Model for Prediction Across Scales (MPAS) [15] is a framework project
jointly developed by the National Center for Atmospheric Research (NCAR)
and Los Alamos National Lab (LANL) in the United States. The framework
is designed to perform rapid prototyping of single-component climate system
models. Several models have been developed using the MPAS framework. MPAS-
Ocean [30] is designed to simulate the ocean system for a wide range of time
scales and spatial scales from less than 1 km to global circulations.

MPAS-Ocean is developed in Fortran using MPI for large scale parallelism.
MPAS-Ocean has been ported to several architectures and compilers, and in
an effort to increase concurrency and efficiency on a wider range of large-scale
distributed systems with multicore nodes OpenMP work-sharing regions have
been introduced.

The MPAS-Ocean application had previously been instrumented with internal
timing functions. TAU was integrated by replacing the timing infrastructure
with TAU timers. The application instrumentation was mostly at a high level,
encapsulating key phases in the simulation model. Linking in the TAU library
also provides measurement of MPI communication through the PMPI interface,
hardware counter data using PAPI, and OpenMP measurement through ORA
(GCC) or OMPT (Intel).

A large scale parameter sweep was performed to examine the scaling behavior
for a number of design decisions, including decomposition methods, solver imple-
mentations and OpenMP runtime scheduler. MPAS-Ocean was compiled with
Intel 13 compilers and executed on Hopper [16], a Cray XE6 system at NERSC
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Fig. 2. Scaling performance of MPAS-ocean using K-way data partitioning, element
decomposition, the RK4 solver and a guided OpenMP schedule. Each series represents
the number of threads per process. Scaling performance tails off for single-threaded
executions with greater than 768 processes.

with 2 twelve-core AMD ‘MagnyCours’ 2.1-GHz processors and 32 GB DDR3
1333-MHz memory per node. Figure 2 shows the scaling for one combination.
The x-axis represents the number of total cores used, and each series represents
the number of threads per process. The tail end of the figure shows that single-
threaded executions using more than 768 processes do not continue to scale, with
diminishing returns at 6144 total cores. The multi-threaded executions do not
show this behavior as severely.

The diminishing scaling results when using just one thread is related to the
domain decomposition. In a common run scenario, the problem domain is de-
composed into N blocks, where N is equal to the number of processes. Because
each process also has to process halo (ghost) cells from neighboring blocks, in-
creasing the number of blocks in the partition has the effect of increasing the
total calculations in the system as a whole. Increasing the thread count per pro-
cess is a more efficient approach than increasing the number of processes when
increasing the core count. However, increasing thread count beyond 2 threads
per process doesn’t appear to improve performance significantly. Figure 3 shows
the reason why - as the thread count per process is increased, the FLOPs per
thread decreases as expected but cache misses increase, effectively wiping out
any potential performance benefit. Figure 4 shows that not all work-sharing re-
gions are affected equally — the high ord hori flux memory behavior appears
unaffected. The conclusion is that false and/or real sharing of data structures
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in some OpenMP loops are the likely problems, and will be addressed as we
continue to study the performance of this code.

5 Conclusion and Future Work

It is preferable that the portability of OpenMP as a parallel programming model
extends to OpenMP performance measurement and analysis tools. However, until
atools APlis adopted in the OpenMP standard, a common means for performance
observation will not be available. This has been the case in the OpenMP communi-
ty for several years, leading to the collection of techniques discussed in this paper.
The main contribution of our research is the integration of these methods within
a parallel measurement infrastructure with the objective to enable cross-platform
performance analysis of OpenMP applications. We show that it is possible to re-
late the different approaches with respect to the type of performance insight they
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provide and to compare/contrast performance across different compilers and plat-
forms through a common performance measurement system. The NPB, SPEC,
and BOTS benchmarks allow us to evaluate the versatility of the methods and to
assess the overheads associated with their implementation.

Our involvement with the OpenMP Tools Working group on the OMPT spec-
ification allowed a prototype OMPT implementation to be developed and in-
cluded in our evaluation. Given its lineage from experience with the POMP API
and the Collector API, the proposed OMPT gives a view of what can be ex-
pected in future OpenMP compiler environments. We intend to fully implement
OMPT with TAU as a measurement backend, including blame shifting support.
However, this does not mean that we will abandon the other work reported
here. On the contrary, until OMPT is widely adopted, there will still be cause
to provide support for multiple alternatives. OMPT will be another arrow in
our OpenMP observation quiver, albeit a powerful one, making it possible to do
cross-evaluation studies with systems that still offer only one of the other ap-
proaches. Presently, our integrated OpenMP support in TAU makes it the most
portable and cross-platform of any OpenMP performance analysis tool.
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Abstract. The upcoming OpenMP tools interface (OMPT) has been designed
as a portable interface for performance analysis tools. It provides access to
OpenMP-related information at program runtime and can thus extend the anal-
ysis capabilities of current performance tools. This paper compares the func-
tionality and convenience of OMPT with OPARI2 for event-based performance
analysis. For this purpose, we integrated OMPT into the measurement infras-
tructure Score-P, which previously accessed OpenMP-related information using
only source-level instrumentation with OPARI2. For comparison, we performed
Score-P measurements of the NAS Parallel Benchmark suite and the LULESH
code with OPARI2 instrumentation and with OMPT. In each case, we deter-
mined the overhead and evaluated the output. We found that the measurement
overhead is dominated by the measurement system, while the contribution of the
event source remains negligible. Moreover, OMPT and OPARI2 provide com-
plementary views of the performance behavior. Whereas OPARI2 maintains a
strictly source-code-centric perspective that reflects OpenMP standard abstrac-
tions, OMPT mirrors the behavior of the OpenMP runtime and exposes compiler
optimizations.

1 Introduction

OpenMP is a widely used parallel programming specification for shared-memory plat-
forms. Many compilers support it to exploit thread-level parallelism on modern hard-
ware architectures. In the past, several analysis tools [5,6,8,9,11,16] that are capable of
recording and displaying OpenMP related performance data emerged, assisting users in
the optimization of their parallel programs. However, the OpenMP specification does
not define a performance monitoring interface that enables tool developers to write
portable measurement libraries. The emerging OpenMP tools interface (OMPT) [3] is
intended to address this need.

In this work, we discuss OMPT in the context of the performance measurement
infrastructure Score-P [9]. So far, Score-P captures OpenMP-related performance data
using the source-to-source instrumenter OPARI2 [14]. However, since OMPT provides

* This material is based upon work supported by the Department of Energy under Grant No.
DE-FG02-13ER26158 / DE-SC0010668.

L. DeRose (Eds.): IWOMP 2014, LNCS 8766, pp. 161-172, 2014.
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callbacks signaling the begin and the end of OpenMP constructs and other important
events, it offers an attractive alternative to the current OPARI2-based instrumentation.

To evaluate the capabilities of OMPT for the event-based acquisition of OpenMP
performance data, we integrated an OMPT adapter into Score-P and compared it in
a set of different profiling and tracing scenarios with the default instrumentation via
OPARI2. Our experiments are based on an OMPT implementation in the open-source
version of the Intel OpenMP runtime [12]. To compare OMPT and OPARI2, we ran the
NAS Parallel Benchmarks and the LULESH code, either with OMPT or with OPARI2
instrumentation. We determined the overhead for both cases, and evaluated the perfor-
mance reports generated by Score-P.

The paper is organized as follows. Section 2 describes related work, in particular,
further approaches to capture OpenMP-related performance data. Afterwards, in Sec-
tion 3, we discuss the differences between the approaches taken by OPARI2 and OMPT
in more detail. Section 4 outlines our prototypical OMPT adapter implementation in
Score-P and the event model it adheres to. An evaluation of the experimental results is
given in Section 5. Finally, in Section 6, we present our conclusions.

2 Related Work

Several tools [5,6,8,9,11,16] have emerged to provide insight into the parallel execution
of OpenMP applications. Because there is no tools interface defined in the OpenMP
specification yet, analysis tools rely on different methods to acquire their data. Per-
formance tools based on sampling do not depend on an instrumenter like OPARI2.
HPCToolkit [11], for example, collects the call path along with performance metrics
at every sampling point. The routines are identified by their name and embedded in a
calling-context. HPCToolkit recently implemented OMPT support to enable advanced
analysis features like blame shifting for OpenMP applications. Another data acquisition
strategy is instrumentation, which inserts hooks into the code to capture relevant events
subject to further analysis. Advantages and drawbacks of the two approaches have been
investigated in [13].

This work focuses on the measurement infrastructure Score-P [9], which uses in-
strumentation for data collection. Score-P is a joint performance measurement infras-
tructure for several analysis tools, including Vampir [8], Scalasca [6], TAU [16], and
Periscope [1]. Currently, the performance-data collection of OpenMP events rests on
the source-code instrumenter OPARI2 [14], which provides a portable way of instru-
menting OpenMP pragmas by inserting calls to measurement functions around those
pragmas into the program code. Score-P can produce both event traces and call-path
profiles.

An alternative to OPARI2 is the ROSE compiler [15], which has been developed at
Lawrence Livermore National Laboratory. It is an open-source compiler infrastructure
to build source-to-source program translation and analysis tools for large-scale C/C++
and Fortran applications. ROSE can be used to identify and instrument all OpenMP
3.0 constructs in the source code [10]. Instead of transforming the source code, Par-
aver with Extrae as trace generator instruments OpenMP runtime routines based on a
preloading mechanism (LD PRELOAD) or Dynlnst [2]. The major drawback of this
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approach is the limited portability, as currently only Intel, GNU and IBM OpenMP run-
times are supported. Furthermore, only visible OpenMP runtime library routines can be
instrumented, which limits the obtainable information.

3 Instrumentation Approaches

Among event-based performance analysis tools, the instrumenter OPARI2 is widely
used. OMPT also aims to support event-based tools. This section gives an overview of
OPARI2 and OMPT in the context of event-based performance analysis.

3.1 OPARI2

OPARI2 [14] is a source-to-source instrumentation tool for OpenMP applications. It an-
notates OpenMP directives and runtime library calls with calls to the POMP2 measure-
ment interface. A performance measurement infrastructure can implement these calls to
obtain information about the execution of OpenMP parallel applications. OPARI2 is in-
dependent of a specific OpenMP implementation. It parses the source code and modifies
it directly. To instrument a program using OPARI2, the application must be recompiled.
The POMP2 event model provides events marking the begin and the end of an OpenMP
construct. If an OpenMP construct refers to a structured block, OPARI2 inserts extra
enter and exit events around this block—with the exception of loop constructs. If an
OpenMP construct implies an implicit barrier, OPARI2 replaces the implicit barrier
with an explicit barrier and instruments the explicit barrier. As an example, Listing 1.2
shows how OPARI2 instruments the OpenMP construct from Listing 1.1.

3.2 OMPT

OMPT [3] is an extension proposal for the OpenMP specification. It defines a standard-
ized interface to obtain information from the OpenMP runtime system. OMPT pursues
different objectives. First, the OpenMP tools API provides state information on the
OpenMP runtime to be queried by an analysis tool. This feature is mainly intended for
sampling. OMPT distinguishes three classes of states: mandatory, optional, and flexible.
In contrast to optional states, mandatory states have to be maintained by all standard-
compliant OpenMP implementations. Finally, implementations have some freedom if
and when they indicate the transition to a flexible state.

Second, OMPT allows event-based performance tools to register function callbacks
for events of interest. For most constructs, OMPT provides begin and end events that
are triggered when a thread encounters a construct and when it finishes its execution,
respectively. Furthermore, events exist to notify a tool when threads or tasks are cre-
ated, a thread switches between the execution of two tasks, or a thread starts waiting or
ends waiting in synchronization constructs. The event callbacks are classified as manda-
tory and optional. Mandatory events have to be implemented by all standard-compliant
OpenMP implementations. The set of mandatory events is small but sufficient for basic
performance analysis of OpenMP programs. For example, mandatory events include
the start and the end of threads, tasks, and parallel regions. Nevertheless, the majority
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Listing 1.1. Example of a simple OpenMP parallel loop

#pragma omp parallel for
for (i1i=0; 1 < 100000; i++)
cl[i] = ali]l + bl[il;

Listing 1.2. Code generated by OPARI2 for a simple OpenMP parallel loop

POMP2_Parallel_fork( ... );
#ipragma omp parallel
{
POMP2_Parallel_begin( ... );
{
POMP2_For_enter( ... );
#pragma omp for nowait
for (i=0; 1 < 100000; i++)
c[i]l = ali]l + DbI[i];

POMP2_Implicit_barrier_enter( ... );
#ipragma omp barrier
POMP2_TImplicit_barrier_exit( ... );
}
POMP2_For_exit( ... );
}
POMP2_Parallel end( ... );
}
POMP2_Parallel_join( ... );

of information needed by Score-P is available only as optional events. An OpenMP im-
plementation can support an arbitrary set of optional events and analysis tools can not
rely on the availability of any optional event.

3.3 Comparison

Functionality and portability: OPARI2 accesses only the source code of an applica-
tion. Therefore, OPARI2 is independent of a specific OpenMP runtime. The source
code is parsed and rewritten by OPARI2 before the code is compiled which may alter
code optimization decisions of the compiler. Performance measurement tools that want
to use OMPT need an OpenMP runtime that implements OMPT. Neither error-prone
source code parsing nor recompilation are needed with OMPT, shifting development
and maintenance costs from tool to OpenMP runtime developers. It is only necessary to
implement measurement adapters. However, tools have to live with the possibility that
certain optional events are absent.

Obtainable information: The callbacks provided by OMPT and the instrumentation in-
serted by OPARI2 follow a similar event model. For example, both methods indicate
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start and completion of a construct. On the other hand, the view the two methods provide
of the application behavior is different in many regards. As a source-to-source instru-
menter, OPARI2 has access to source-code information, but not to runtime information.
Thus, it supplies many source-code details like the source-code location of constructs
or additional clauses. Essentially, the instrumentation reflects the source-code struc-
ture and is agnostic of compiler optimizations. In contrast, OMPT is implemented in
the OpenMP runtime library. Hence, it can access runtime information but lacks di-
rect knowledge of the source code. It therefore does not know the original source-code
structure but only the optimized binary code, which is why it can deliver insight into
compiler optimizations. However, this implies that OMPT provides function pointer
addresses for outlined functions of parallel regions and tasks as the only meta informa-
tion on constructs. The function pointers can be used to obtain source code information
if available. In principle, OMPT provides events for all constructs. However, most of
the callbacks are optional in OMPT. Thus, the set of available events depends on the
OpenMP implementation. With OPARI2, all events are always available, but a user can
disable the instrumentation of any set of constructs. Additionally, OMPT allows direct
measurement of waiting time in synchronization constructs. With OPARI2 a user can
only assume waiting time if the execution time of a synchronization construct is large.
Figure 1 shows the respective event trace of the OpenMP parallel loop construct from
Listing 1.1 in the Vampir trace browser. The upper two charts (white background) de-
pict the event trace recorded with OMPT callbacks. A timeline representation of the
parallel loop execution with four threads is illustrated in the first chart and the corre-
sponding call stack of the master thread is shown in the second chart. The lower two
charts (purple background) present the data obtained from the OPARI2 instrumenta-
tion for the execution of the same OpenMP construct. OMPT reflects that the OpenMP
runtime completes the execution of the parallel loop with an implicit barrier (blue re-
gion), whereas the OPARI2 instrumentation inserts an explicit barrier to the parallel
loop construct.

4 Score-P Implementation

For the purpose of this study, we implemented a Score-P prototype supporting the
OMPT interface. It was our goal to measure OpenMP applications even if the OpenMP
runtime implements only mandatory events. If optional events are available, they should
enrich the measurement with additional information. The Score-P architecture [9] con-
sists of an adapter layer which captures events and a measurement layer which passes
the data to the profiling or tracing backend. Event traces are written in the Open Trace
Format 2 (OTF2) [4], which can be analyzed with Vampir or Scalasca. Call-path profiles
are stored in the CUBE4 format.

First, we implemented a new support component for the internal thread management
under OMPT, making no assumption about the availability of optional events. Unfortu-
nately, the callbacks indicating the begin and end of an implicit task are optional events
in OMPT. However, the information when a worker thread starts or ends its execution
is essential in Score-P. Although we can estimate these times from the begin and end
of a parallel region on the master thread, we still need to know which threads belong
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Fig. 1. OMPT (white background) and OPARI2 (purple background) perspective on an OpenMP
parallel for region executed with four threads. The Vampir compare view shows the timeline and
call stack view on the respective event traces.

to the parallel region. However, Score-P only learns that a thread is executing a parallel
region if this thread triggers an event inside the region, which is not guaranteed. Thus,
if no events appear inside a parallel region, Score-P can show that there is a parallel
region but does not know about any worker threads running inside.

Second, we developed a new adapter that implements the OMPT callback functions
and translates the call-backs to Score-P events. The OpenMP runtime version that we
used for our experiments does not implement all optional events. However, for most
OpenMP constructs that occurred in our experiments, OMPT call-backs exist.

5 Evaluation

In this section, we compare OPARI2 and OMPT on the basis of performance experi-
ments with several benchmarks. We ran the NAS Parallel Benchmark (NBP) suite in
profiling mode, while we ran LULESH in tracing mode. For each test case, we chose
the minimum execution time of ten measurements.

5.1 Profiling Overhead

Our test platform was the the Linux cluster JUROPA at Forschungszentrum Jiilich. JU-
ROPA has 2208 compute nodes, each equipped with two Intel Xeon X5570 quad-core
processors running with 2.93 GHz We used the Intel compiler version 11.1 to build the
OpenMP runtime, Score-P and the NPB suite. The number of threads was always eight.
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Fig. 2. Overhead of NPB measurements with OPARI2 instrumentation and with OMPT callbacks
on JUROPA

We measured the runtime of (i) the uninstrumented codes, (i) with OPARI2 instrumen-
tation of OpenMP constructs, and (iii) with OMPT callbacks to record OpenMP related
data. In addition to OPARI2 instrumentation and OMPT callbacks, we instrumented the
main function manually. The measured overheads are shown in Figure 2.

The overhead is low in all cases. Only the OPARI2-instrumented 1u benchmark
shows an overhead of 5.4%. In all other cases the overhead is less than 3.4%. For cg,
ep, and ft, the overhead is even less than the standard measurement deviation for
these applications. With the exception of 1u, the overheads of the OMPT and OPARI2
instrumentation are very similar. The difference in runtime is less than the standard
deviation. The negative overhead measured for the OMPT instrumented ep is due to
measurement deviation.

Only in the 1u benchmark code, we observed a significant difference between the
overheads of OMPT call backs and OPARI2 instrumentation. The reason is due to the
more than 140,000,000 visits to OpenMP f1lush constructs in 1u. They are instru-
mented by OPARI2, where they produce more than 95% of the events, but do not trigger
any call backs in our OMPT implementation. This is because the Intel OpenMP runtime
has no support for flush callbacks yet.

Except for the creation of a new system thread, the Score-P measurement system
performs no communication or synchronization between threads during the measure-
ment. Thus, we expect Score-P to be embarrassingly parallel. Measurements with the
1u benchmark on JUROPA with up to 16 threads show that the speedup of the OPARI2
instrumented code, the OMPT based measurement and the uninstrumented code are
identical.
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Fig. 3. Runtimes of LULESH with OPARI2 instrumentation and OMPT callbacks. Runtimes are
relative to the runtime of the uninstrumented LULESH code. In the modified (and also uninstru-
mented) version, the implicit barrier was manually exchanged for an explicit barrier, similar to
the transformation performed by OPARI2 (Listings 1.1 and 1.2).

5.2 Tracing Overhead

LULESH [7] is a shock hydrodynamics code developed at Lawrence Livermore Na-
tional Laboratory. It is known to challenge machine performance. Furthermore, it
stresses compiler vectorization, OpenMP overheads, and intra-node parallelism. For
the latter, it employs for loops in simple non-nested parallel regions. We used LULESH
version 2.0 and conducted our experiments on the Sandy Bridge partition of the HPC
cluster Taurus at Technische Universitidt Dresden. We ran the job with 16 threads on a
single node, which is equipped with two Intel Xeon CPU E5-2690 (8 cores) at 2.90GHz
and hyperthreading disabled. LULESH, the open source version of the Intel OpenMP
runtime, and the measurement system Score-P were compiled with the Intel compiler
version 13.0.1. To record a similar set of events with both instrumentation approaches
and enable the visualization of worker threads, we inserted calls to the implicit task
begin and end callbacks into the the Intel OpenMP runtime.

We ran LULESH with different problem sizes for a fixed number of 200 iterations.
Figure 3 shows the the runtimes relative to the original LULESH code without instru-
mentation. The runtime of the LULESH code without any instrumentation increases
from 0.79sec for a problem size of 20 to 41.13sec for the problem size 100. The prob-
lem size defines the workload and increases the total computation time, whereas the
number of OpenMP events stays constant. As the number of measurement events is
independent of the problem size, large instrumentation overheads can be forced with
small problem sizes and vice versa. For problem sizes smaller than 90, the OPARI2
instrumented version has between 9 and 73 percentage points less overhead than the
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Table 1. Number of constructs distinguished by OPARI2 and OMPT for bt and ft. The OMPT
implementation in our version of the Intel OpenMP runtime does not yet support atomic regions.
For most OpenMP constructs, OMPT-based measurements merge constructs of the same type
and aggregate their data.

bt ft
Construct OPARI2 OMPT OPARI2 OMPT
atomic 2 - 0, -
barrier 19 aggregated 9, aggregated
loop 30 aggregated 8 aggregated
master 5 aggregated 1 aggregated
parallel 10 10 9 10

OMPT version. For problem sizes from 50 to 80, the OPARI2 instrumented code was
even faster than the uninstrumented code. During instrumentation, OPARI2 substitutes
explicit barriers for implicit barriers, as depicted in Section 3.1. If we apply this change
manually to the LULESH source code, the uninstrumented code runs up to 26% faster
than the unmodified version. As a consequence, the measurements with OMPT are
much faster, too. The measurements with the modified code are shown in Figure 3 as
dashed lines. We believe that this change alters the compile-time optimization deci-
sions and constitutes the major reason why the OPARI2-based and the OMPT-based
measurements are different.

5.3 Structural Differences in Performance Content

In the following, we highlight structural differences in the output of the two methods.
As these differences are based on the instrumentation technique, our observations apply
to both profiling and tracing equally.

The first observation is that OPARI2 provides source code information on every
OpenMP construct, which allows the user to distinguish them during analysis. Except
for parallel constructs and tasks, OMPT does not provide any information to distinguish
constructs of the same type. Thus, for all remaining construct types, constructs of the
same type appear merged and their performance data aggregated. This can be illustrated
with profiling data from NPB. Since OPARI2 measurements can distinguish multiple
OpenMP constructs of the same type appearing inside the same call path, the call tree
of the OPARI2-instrumented code might look more differentiated. Table 1 shows the
number of distinguishable constructs OPARI2 and OMPT recognize. To quantify the
additional information the distinction among constructs of the same type provides, we
counted the number of call paths (i.e., nodes) in the call tree (Table 2).

Table 2 shows that in most cases the OPARI2 profiles contain significantly more call
paths than the OMPT profiles. For bt, cg, and 1u, the OPARI2 profiles show more than
twice as many call paths as the OMPT profiles. A remarkable exception is ft, where
the OMPT instrumentation leads to more call paths than the OPARI2 instrumentation
because it shows one additional outlined function for a parallel construct. Both profiles
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Table 2. Number of visits and different call paths in the profile of NPB codes, measured with
OPARI2 and OMPT

bt cg ep ft s lu sp
OPARI2 Visits 47,994 147,990 154 2682 810 148,517,435 133,690
Call paths 67 54 12 28 23 95 79
OMPT  Visits 34,197 127,571 54 172 626 1,712,033 90,265
Call paths 32 26 11 31 18 34 44
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