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Abstract
In the last two years, OpenMP has been gaining popularity as a standard for developing portable shared
memory parallel programs. With the improvements in centralized shared memory technologies and the
emergence of distributed shared memory (DSM) architectures, several medium-to-large physical and
logical shared memory configurations are now available. Thus, OpenMP stands to be a promising medium
for developing scalable and portable parallel programs.

In this paper, we focus on evaluating the suitability of OpenMP for developing scalable and portable
irregular applications. We examine the programming paradigms supported by OpenMP that are suitable
for this important class of applications, the performance and scalability achieved with these applications,
the achieved locality and uniprocessor cache performance and the factors behind imperfect scalability.
We have used two irreqular applications and one NAS irreqular code as the benchmarks for our study.
Our experiments have been conducted on a 64 processor SGI Origin 2000.

Our experiments show that reasonably good scalability is possible using OpenMP if careful attention
is paid to locality and load balancing issues. Particularly, using the Single Program Multiple Data
(SPMD) paradigm for programming is a significant win over just using loop parallelization directives.
As expected, the cost of remote accesses is the magjor factor behind imperfect speedups of SPMD OpenMP
programs.

1 Introduction

Several portable mechanisms for developing parallel programs have been standardized over the
last couple of years. This set includes relatively low-level libraries like the Message Passing
Interface (MPI) [For94], higher level languages like High Performance Fortran (HPF) [KLS*94]
and parallelization directives like OpenMP [DM98]. Unlike the use of vendor-specific libraries
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and compiler directives, these libraries and language extensions are supported on a large num-
ber of systems.

In October 1997 and October 1998, the Fortran API and the C/C++ API for OpenMP
were released respectively. Since then, OpenMP has been gaining popularity as a standard for
developing portable shared memory parallel programs. Prior to OpenMP, vendors that had a
directive based API for shared memory programming (SGI, Cray, Kuck and Associates, ) only
supported loop-level parallelism. OpenMP also provides directives that allow the programmer
to implement a single program multiple data (SPMD) paradigm.

Within the last 4-5 years, two major technological developments have facilitated shared
memory programming on medium and large parallel configurations. First, there have been
significant advances in the bus and coherence technologies for centralized shared memory ar-
chitectures. As a result, reasonably large centralized shared memory configurations are now
available; systems with up to 32 processors are very common. Second, hardware distributed
shared memory architectures have started emerging. These systems implement a decentralized
coherence protocol in hardware, and allow a logical shared memory view to the programmers.
Distributed shared memory architectures are scalable to very large configurations, e.g., Origin
2000 from SGI is available with up to 1024 processors.

With these developments, OpenMP stands to be a promising medium for developing scal-
able and portable parallel programs. As compared to MPI, the main benefit associated with
OpenMP is that the programmers do not need to explicitly insert communication while par-
allelizing their programs. However, the principal drawback associated with shared memory
programming on large configurations is the lack of efficiency for remote accesses. Though
there is a logical view of shared memory, not all the portions of the memory can be accessed
with the same costs.

Both the loop parallelization directives and the SPMD style programming directives of
OpenMP allow natural expression of regular computations. However, it is not very clear
how irregular computations should be expressed using OpenMP. In this paper, we present
an evaluation of the suitability of OpenMP for developing scalable and portable irregular

applications. In particular, we focus on:

e Which programming paradigms within OpenMP are suitable for expressing irregular

computations ?

e What level of performance and scalability can be achieved with the use of OpenMP for

porting irregular applications ?



e What is the locality and uniprocessor cache performance achieved ?

e What are the factors behind imperfect scalability 7 What are the factors that the pro-

grammers should pay particular attention to in trying to achieve good scalability ?

We have used three irregular benchmark programs for our study:

e TRREG, which is abstracted from a computational fluid dynamics (CFD) application that

uses unstructured meshes to model a physical problem.
e LES, which is a CFD code used to compute the large eddy simulation of turbulent flow.

e CG, which is a NAS kernel benchmark that solves an unstructured sparse linear system,

typical of unstructured mesh applications, by the conjugate gradient method.

Our first development efforts involved using automatic parallelization technology from SGI’s
compilers. However, the compiler does not recognize and process the irregular reductions
prevalent in these codes. We next hand-inserted OpenMP directives to parallelize the loops.
OpenMP loop parallelization directives leave the work and data distribution to the compiler
and/or the runtime system. While this is a simple approach from a programming point of view,
we found that poor locality and load imbalance result for irregular codes using the compiler
and runtime system’s support for work and data distribution. The performance achieved using
loop parallelization directives ranged from no speedups for IRREG to modest speedups for CG.

Next, SPMD versions of IRREG and LES were developed. The SPMD model of parallel
programming relies heavily on domain decomposition. While domain decomposition can result
in a coarse grain program that exhibits good scalability, it does transfer the respounsibility of
decomposition from the compiler to the programmer. Once the problem domain is decomposed,
the sequential algorithm is followed, but is modified to handle the multiple subdomains. Also,
the data associated with each subdomain can be reordered at run-time for improved locality.

Our experiments show that the SPMD style of programming results in reasonably good
scalability. For example, speedup by a factor of 30 was achieved on 32 processors for IRREG.

We have also carefully studied uniprocessor and parallel performance of the different ap-
plications used in our study. As expected, the cost of remote memory accesses is the major
factor behind imperfect scalability of SPMD programs. If careful domain decomposition is not
performed, load imbalance can also be a significant factor. False sharing and synchronization
turn out to be insignificant for the shared memory programs in our benchmark set.

The rest of the paper is organized as follows. In Section 2, we explain the programming

environment and benchmarks used for our experimental study. The OpenMP implementations



are described in Section 3. The results from our experiments are presented and analyzed in

Section 4. We compare our work with related work in Section 5 and conclude in Section 6.

2 Programming Environment and Applications

Our experiments were performed on a 64-processor Origin 2000. We first describe the Origin
2000 architecture and the programming tools we utilized on the Origin, and then give an

overview of the benchmarks.

2.1 Origin 2000

The Origin 2000 is a distributed shared memory (DSM) architecture. The Origin 2000 utilized
for this study is part of the Army Research Laboratory’s (ARL) Major Shared Resource Center
(MSRC) supercomputing assets. Each processor is a MIPS R12000 64-bit CPU running at 300
MHz with two 32-KB primary caches and one 8-MB secondary cache. Each processor has 1024
MB of local memory.

We believe that the Origin 2000 is an important and interesting architecture to target for
this study, because it supports shared memory programming on a large number of processors.
Moreover, because it is a distributed shared memory machine, the effect of locality is more
significant on the performance, as compared to centralized shared memory machines.

Another interesting aspect of the Origin 2000 system is its capability for reporting detailed
profile information to the application programmers. The MIPS R12000 is one of the very few
systems in which the hardware counters are made visible to the end-users of the machine.
The intent of these performance counters is to provide system designers, compiler writers, and
application developers with detailed information on the behavior of the system. A small set
of events are monitored by the hardware counters, including cache misses, memory coherence
operations, floating point operations and branch mispredictions. Because this monitoring is
done in hardware, rather than software, it is possible to extract detailed information about the
state of the system without affecting the behavior of the program being monitored.

In our study, profiling data is collected by running the codes with perfex, a profiling tool
which reports a count for the 32 countable event types, with no modifications to the targeted

program, and with only a minimal effect on its execution time.

2.2 Parallel Programming Environments

On the Origin 2000, OpenMP can be used through three different options:



e Using the compiler directive -pfa and relying on the ability of the parallelizing compiler
to automatically extract parallelism from loops and insert loop parallelization directives
of OpenMP.

e Using OpenMP to explicitly indicate loop-level parallelisim, synchronization, and shared

versus local variables.

e Using OpenMP to explicitly indicate SPMD-style parallelism, synchronization, and shared

versus local variables.

We performed some initial experiments using the compiler’s automatic parallelization tech-
nology, but the results were generally poor on our set of applications. Therefore, for this study,
we concentrated on using explicit OpenMP directives as the mechanism for implementing
shared memory programming. All reported results are from using the MipsPro 7.2.1 compiler

and f90 with -O2 optimizations.

2.3 Benchmarks and Problem Sizes

We have chosen three irregular codes, two applications called IRREG and LES, and CG, which
is an irregular kernel available in the NAS Parallel Benchmarks (NPB).

Our first benchmark is TRREG[DMS*94], which is abstracted from a computational fluid
dynamics application that uses unstructured meshes to model a physical problem. The mesh
is represented by nodes, edges that connect two nodes, and faces that connect three or four
nodes. We ran IRREG on a realistic submarine mesh, in which the number of nodes, edges, and
faces were 92,564, 623,003, and 504,947, respectively.

The second benchmark we have studied is an application code which performs a Large Eddy
Simulation (LES)[Wan95]. LES can be used to characterize turbulent flow, where large length
scales signify the domain size and small length scales represent dissipative eddies. Complex
turbulent flows usually consist of distinct flow regimes, such as boundary layers, mixing layers,
flow separation, re-attachment and recovery flows in the presence of strong adverse pressure
gradients. Although small scales are modeled due to their isotropic nature, high performance
computing resources are required to capture the large energy carrying length scales. In this
paper, a vectorized simulation code is optimized and parallelized for Origin 2000 performance.
A realistic simulation of flow past a backward-facing step with problem size of 64 x 64 x 64 is
used to study scaling behavior. Periodic boundary conditions are applied in the stream-wise

and span-wise directions.



do icyc=1, numTimeSteps
call Sweep()
enddo

! code segment from Sweep
ISOMP PARALLEL DO (i, nl1,n2,1)
doi =1, num_edges
nl = edge(1,i)
n2 = edge(2,i)
r = konst * (velocity(1,n1)- velocity(1,n2))
buf(nl,proc.id) = buf(nl,proc.id) - r
buf(n2,proc_id) = buf(n2,proc.id) - r
enddo
ISOMP END PARALLEL DO

1I$SOMP PARALLEL PRIVATE(node_begin, node_end,
I$SOMP edge_begin, edge_end, tstart,tstop)
ISOMP MASTER
nprocs = omp_get_num_threads()
iprocs = omp_get_num_procs()
1I$OMP END MASTER
1ISOMP BARRIER
if (proc.id .eq. 0) then
call coordinate bisection(...)
endif
1ISOMP BARRIER
do icyc=1, numTimeSteps
call Sweep()
enddo
1ISOMP END PARALLEL

! code segment from Sweep
do i = edge_begin, edge_end
nl = edge(1,i)
n2 = edge(2,i)
r = konst * (velocity(1,n1)- velocity(1,n2))
buf(nl,proc_id) = buf(nl,proc.d) - r
buf(n2,proc_id) = buf(n2,proc.id) - r
enddo

Figure 1: Code Segments from Loop Level (left) and SPMD Versions (right) of IRREG

Our third application is CG, which is taken from the NAS Parallel Benchmark set. The NPB

set was developed by the Numerical Aerodynamic Simulation (NAS) program at NASA Ames

Research Center for the performance evaluation of parallel computing systems [BHS*20, SB18,
SWY10, WY10]. The NPB set mimics the computation and data movement characteristics of

large-scale computational fluid dynamics (CFD) applications.
We obtained a beta release of the “Programming Baseline for NPB” (PBN) NAS bench-
marks for ¢G. This version was provided by the PBN working team (pbn@nas.nasa.gov). The

rationale behind the PBN version, given by the working team, is to provide the community

with a sample OpenMP implementation. This paper focuses on the Class B problem size

(75000 nodes) for ca.

3 OpenMP Implementation of Irregular CFD codes



In this section, we describe our approaches to parallelizing the two non-NAS, irregular
CFD applications, LES and TRREG, using first the loop-level style and then the SPMD style of
parallelismm supported by OpenMP on the Origin 2000.

A loop-level versions of IRREG was developed by inserting parallel directives around work-
intensive loops. Figure 1 shows an example of parallelization of a loop in the IRREG application.
In this example, the velocity and buf arrays are indexed indirectly through the values in the
edge array. velocity is only referenced in the loop and not defined anywhere in the loop.
The buf array is replicated on all processors and is initialized to zero. Since the loops involved
only perform increments on the buf array, the local increments are stored on all processors.
A later loop (not shown here) performs element by element addition of the arrays buf on all
processors to obtain the correct final array.

For the parallel loops, no transformations were performed to reorder the data accesses
for better locality. The data distribution is performed at run-time based on the first-touch
data distribution policy that is the default on the Origin 2000; the first-touch policy may not
distribute the data in a satisfactory fashion for the entire program.

The SPMD style of OpenMP parallel programming relies heavily on domain decomposition,
similar to message passing programming. Message passing is replaced by shared data that
can be read by any thread. Synchronization of writes to shared data is required. While
domain decomposition can result in a coarse grain program that exhibits good scalability, the
decomposition is now the programmer’s responsibility, making the programming task more
difficult. Once the problem domain is decomposed, the same sequential algorithm is executed
by the multiple processes, but is modified to handle the multiple subdomains. The program
is replicated on each thread, but has different extents for the subdomains. Also, data that
is local to a subdomain (no need to share globally) is specified as private or thread-private.
Thread-private is used for subdomain data that need file scope or are used in common blocks.

In Figure 1, the major components of the OpenMP SPMD version of IRREG are shown,
with irrelevant code details elided. The Recursive Coordinate Bisection (RCB) partitioner is
used in the code; it attempts to reduce the amount of communication and to load balance
the computational work. Additionally, once the data has been assigned to the processors, it
is regrouped for better spatial data locality. The SPMD program was created by surrounding
the entire program by a parallel region. Inside the parallel region, code segments to be exe-
cuted by the manager process are surrounded by the MASTER directives, or embedded within
special conditionals of the form if (proc_id .eq. 0) then. The manager process calls the

partitioner and then rearranges the data as described above. Then, all processes execute the



computational segments of the code on the portions of the data they own. The code segment
from the procedure Sweep demonstrates the kinds of loop structures executed by each process
in order to perform computations over their specific subdomain.

For an SPMD version of LES, the computational kernel, which is embedded in a sequential
time-step loop, is placed in a parallel region. Within this parallel region, the computational
domain is divided into blocks in one of the three dimensions. This simple block partitioning
scheme allows easy SPMD parallelization of LES. The performance improvements possible from

more advanced partitioning schemes need to be examined in the future.

4 Experimental Results

We now present the detailed experimental results from our OpenMP implementations of the
three irregular codes on an Origin 2000. As we described in the introduction, we had the

following goals while performing our experiments:

e Study which programming paradigms supported by OpenMP lead to good scalable per-

formance for irregular codes.
e Study the best performance and scalability achieved for each of the codes.
e Examine the locality and uniprocessor cache performance achieved for each code.

e Study the factors behind less than perfect speedup.

We have focussed on both loop-level and SPMD versions of IRREG, the SPMD version of
LES and loop-level version of CG for reporting results in this section. The loop-level version of
IRREG produced no speedups, therefore, we did not develop a loop-level version of LES, which
is a more complicated code. On the other hand, modest speedups were achieved from the
loop-level version of CG, and therefore, we did not develop an SPMD version.

On a single processor, the memory requirements of TRREG, LES and CG were 1,413 MB,
371 MB and 483 MB respectively. Recall that the amount of local memory available on each
processor is 1024 MB. Therefore, for any number of processors, the data for LES and cG fit
into the main memory. For TRREG, data did not fit into memory on a single processor, but did
fit into memory on two or more processors.

We report on the scalability of the four programs in the first subsection. Locality and
uniprocessor cache performance is examined in the next subsection. Detailed examination of

the factors behind imperfect speedups is the topic of the last subsection.



4.1 Scalability of Irregular Codes

The scalability of the OpenMP versions of IRREG, LES and CG is shown in Figure 2. A linear
speedup curve is also included for comparison.
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Figure 2: Speedup of OpenMP version of IRREG, LES and CG

We see that the SPMD version of IRREG, up to 32 processors, scales very well, getting a
factor of 30.0 on 32 processors. However, scalability falls off above 32 processors with IRREG
achieving a speedup of only 37 on 64 processors. The loop-level parallelization of IRREG
resulted in almost no speedups. Data and work distribution using specialized partitioners is
extremely important for the parallel performance of this code, which could not be achieved
through directives for loop-level parallelism. 1.ES did not scale beyond 8 processors, therefore,
no data points are included for LES above 16 processors. A speedup of 5 is obtained on 16
processors. In LES, the matrix solver, the most expensive module, is optimized for locality.
Still, two more modules remain poorly optimized due to inherent data dependencies; this factor
contributes to the imperfect scaling observed for 16 processors. The loop-level version of cG

achieves a speedup of 22 on 64 processors.

4.2 Locality and Uniprocessor Cache Performance

One important factor in performance of any computationally intensive code is the locality.
Locality manifests itself on a uniprocessor in terms of cache miss rates. On multiprocessors,
besides cache performance on each processor, the frequency of remote references plays a very
critical role.

In this subsection, we report on the uniprocessor cache performance and the overall time



spent on memory references. Uniprocessor cache performance is measured as the ratios of
cache misses for both the level one (L1) and level 2 (L2) cache. The L1 and L2 cache miss
rates for the four programs are presented in Figure 3.
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Figure 3: Cache Miss Rates of IRREG, LES and CG

In general, a reasonably good level of uniprocessor cache performance is seen for all pro-
grams at four processors and above. Although the L1 cache miss rate is as high as .33 for
G for four processors, the L2 miss rate at four processors and above for CG is less than .07.
Since L2 cache miss penalty is significantly higher than L1 cache miss penalty, the overall
cache performance for CG is quite reasonable. The L1 and L2 miss rates for IRREG and LES
are consistently lower than .11 for more than four processors. In all cases, the cache miss rates
decrease with an increasing number of processors. This is because each processor is performing
computations on a smaller data set, as the same problem size gets divided between all available
Processors.

Perfer also reports on the average time spent accessing memory, which is computed as a
fraction of the time spent on floating point operations. This metric is an important indicator
of the level of locality achieved by a program. The time spent on accessing memory includes
the time spent on accessing local memory after L1 and L2 cache misses, as well as the time
spent on accessing remote data after a miss from the Table Look-ahead Buffer (TLB).

The average time spent accessing memory as a fraction of the time spent on floating point
operations is shown in Figure 4. In the 1 and 2 processor cases, the fraction is quite high for
all the four programs. This, we believe, is because the data sets are quite large for the 1 and

2 processor cases, and therefore, poor cache locality is observed. On the 4 processor case, the

10
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Figure 4: Memory Access Time of IRREG, LES and CG

fraction is approximately 0.9 for ¢G and close to 0.7 for all the other three programs. Interesting
trends are observed beyond 4 processors for these 4 programs. For the SPMD version of IRREG,
where careful domain decomposition has been performed, the fraction reduces to 0.42, 0.24 and
0.16 for 8, 16 and 32 processors, respectively. This shows that the domain decomposition and
the renumbering strategy optimizes this code for good cache locality and a very high fraction
of local memory references. The fraction increases significantly, to 0.75, for the 64 processor
case. This is because each processor’s data set has become quite small, and therefore, a larger
fraction of non-local references is found. This is consistent with the observation that the code
does not scale beyond 32 processors.

A very different trend is shown by the loop-level version of IRREG. The fraction remains
constant at around 0.6 between 8 and 64 processors. We believe that this is caused by two
factors. First, because the domain decomposition and renumbering has not been performed,
uniprocessor locality is lower as compared to the SPMD version. Secondly, because of poor
load balance, the amount of data set processed by certain processors is still quite high even
when a large number of processors are used. Interestingly, at 64 processors, the SPMD version
has a higher fraction of time spent on memory accesses than the loop-level version, while there
is a factor 40 difference in their absolute performance. This is because the load balance is very
poor on the loop-level version. Some of the processors perform most of the work, while the
others stall, but locality is better on the processors which perform most of the work, because
of larger data sets.

CG shows the same trends as the SPMD version of IRREG, but the overall fraction is

11
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significantly higher. This is consistent with the higher L1 and L2 cache miss rates. Also, the
fraction starts increasing after 16 processors.

LES is similar to the loop-level version of TRREG, in the sense that the fraction remains
between 0.8 and 0.6 for all configurations. Considering the fact that it had good uniprocessor
cache performance, we can conclude that the fraction of remote references is quite high even
on small configurations. This also explains why this code does not scale beyond 8 processors.
In our future work, we plan to examine alternative domain decomposition strategies for LES

to try to reduce the number of remote references.

4.3 Factors Behind Imperfect Speedups

We have carried out detailed experiments with the goal of understanding the factors behind
limited scalability for each of the four programs we have studied. Before presenting the results
from this study, we give some background information on the factors behind imperfect speedup
for any distributed shared memory program.

In a distributed shared memory architecture, the following factors usually contribute to

lower than ideal speedup:

70

60 [

50 [

40

30 [

20 |

10

SPMD lIrreg Load Balance
T T

"min" -o-
“max' o
"avg" -

+8

1 1
10 20 30 40
Number of Processors

L
50

L
60

70

MFLOPS per Processor

Loop-Level Irreg Load Balance
T T

"min" -o-
“max' o

‘avg' —- |

Figure 5: Load Balance of SPMD 1RREG (left) and Loop-Level IRREG (right)

e Load Imbalance, which implies that the work in parallelized loops is not evenly distributed

among the processors.

e Remote Accesses, which implies that the memory references are frequently to locations

on other processors.
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MFLOPS per Processor

o Synchronization Costs, which denotes the time spent by processors in coordinating the
progress of the computation among themselves.

e False Sharing, which means that two or more processors access different variables that
happen to be co-located on the same cache block, with at least one of the accesses being
a write. Once the write occurs, the entire cache line is invalidated to other processors.
Thus, any attempt by the other processors to use another data item in the cache line

will require the entire cache line to be updated first. False sharing is a potential problem
in any cache-based, shared memory multiprocessor system.

As we described earlier, the R12000 design in the Origin 2000 provides hardware support
for counting the number of cycles devoted to various types of hardware events. These counters
can be used to determine which of the factors described above are responsible for the limited
speedup. Load imbalance can be measured by determining whether all threads issue a similar
number of graduated floating point operations. For applications where there are no references
to the disks, the memory access time (as a ratio to the computation time) is an indicative
of number of remote accesses. Excessive synchronization costs are determined by examining
whether the number of cycles spent on store conditionals is high. If false sharing is the major
problem, then the number of cycles spent on stores exclusive to shared blocks will be very
high.

We now examine to what degree each of the above four factors contributed to imperfect
speedups in our benchmarks. In Figures 5 and 6, we show the minimum, maximum, and aver-

age number of cycles spent on floating point operations across all processors for the OpenMP
versions of TRREG, LES, and CG.
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Figure 6: Load Balance of SPMD LES (left) and Loop-Level ¢cG (right)
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Counter Events

From these figures, we see that none of the codes are perfectly load balanced for all runs.
Loop-level ¢G appears to have excellent load balance upto to 16 processors, however the load
becomes imbalanced after that. SPMD IRREG also shows good load balance. The difference
between the maximum and minimum floating point operations among all processors remains
roughly the same beyond 1 processor. The loop-level version of TRREG is severely imbalanced,
which is because the compiler and runtime systems are unable to distribute the work evenly
among processors. The SPMD version of LES is also load imbalanced. This indicates that more

effort is required for performing good domain decomposition for this code.

SPMD IRREG Float Pt Ops, Synch Costs, False Sharing Loop-Level Irreg Float Pt Ops, Synch Costs, False Sharing
T T T T T T T T

le+1l le+ll

T T
"synch" -o- "synch" -o-
‘false & ‘"false" -&

e ,, g
b float_ops" —+- o le+10 float_ops" —+-

e e

le+10

1le+09 | k| 1le+09 |

1le+08 | k| 1le+08 |

1e+07 1e+07 |

LTSS,

oé
Counter Events

1e+06 |- m-8 | 1e+06 |
100000 El 100000

10000 El 10000

1000 by 4 1000 F

100 L L L L L L 100
0

L L L L
10 20 50 60 70 0 10 20 50 60

30 40 30 40
Number of Processors Number of Processors

Figure 7: Aggregate Event Counts for SPMD IRREG (left) and Loop-Level IRREG (right)

An interesting trend to note is the absolute MFLOPs per processor for each of the 4
programs, at each configuration. For LES, the MFLOPs per processor initially increases as we
go from 1 to 4 processors. This is because of a decreased amount of time spent performing
memory operations, which in turn is because computations are performed on a smaller data
set at each processor. After 4 processors, this average MFLOPs per processor starts decreasing
again. This is due to an increasing number of remote operations. A similar trend is noted for
CG.

A comparison of the aggregate counts over all processors of the floating point operations,
synchronization costs, and false sharing versus number of processors is shown for each of our
programs in Figures 7 and 8. These aggregate numbers represent a sum of each event count
for all the processors involved, as reported by perfex.

From these figures, we can observe the trends in relative magnitudes of the event counts.
Above four processors, the total number of graduated floating point instructions performed
remains constant for both paradigms, as expected. However, Figures 5 and 6 for load balance

must be examined to determine how the floating point operations are distributed among the
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Figure 8: Aggregate Event Counts for SPMD LES (left) and Loop-Level ¢G (rigth)

processors. Although the total amount of work being performed remains constant, it is not
always being distributed uniformly to all the processors, as discussed earlier.

False sharing and synchronization can be two important factors in performance of dis-
tributed shared memory programs. We now examine the impact of these two factors on the
scalability of our set of benchmarks, from Figures 7 and 8. Besides looking at the counts
of synchronization and false sharing operations, we also look at the typical times spent on
these factors, as reported by perfex. The count of these operations is at least three orders of
magnitude lower than the count of floating point operations.

On 64 processor version of SPMD IRREG, the maximum time any processor spent on stores
or prefetches exclusive to a shared block was 5 milli-seconds, while the total execution time
was 5.4 seconds. Similarly, the maximum time any processor spent on store conditionals
was b micro-seconds. This clearly establishes that false sharing or synchronization were not
significant factors behind limited scalability of the 64 processor version of SPMD IRREG. On
the other hand, the average time spent on accessing memory increased sharply between 32 and
64 processor versions of SPMD IRREG (Figure 4). Thus, the limited scalability of 64 processor
version of SPMD IRREG can be attributed to increased number of remote accesses, as each
processor operates on smaller data-chunks on larger configurations.

Let us now consider the 16 processor version of LES. Again, the fraction of time spent on
memory accesses is quite high. The maximum time spent on stores or prefetches exclusive
to a shared block was 7 milli-seconds and the maximum time spent on store conditionals was
34 milli-seconds, while the total execution time was 203 seconds. Again, this establishes that
false sharing and synchronization were not significant factors behind limited scalability. Unlike

SPMD IRREG, the load imbalance between processors is quite severe for LES, and is obviously
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a major factor behind limited scalability.

We next consider the 64 processor version of ¢G. Like SPMD IRREG, the load balance is
quite good, though not perfect. The maximum time spent on stores or prefetches exclusive
to a shared block was 2 milli-seconds, and the maximum time spent on store conditional was
.9 milli-seconds, while the total execution time was 55 seconds. So, the time spent on false
sharing and synchronization is not significant.

Overall, we can note the following trends from this detailed profiling data:

e False sharing and synchronization are not significant factors behind limited scalability

for these applications.

o If careful domain decomposition is performed, especially using the same techniques that
are used in developing message passing programs, load imbalance is again not a significant

factor behind limited scalability.

e The cost of remote accesses is uniformly an important factor, especially at large config-

urations.

5 Related Work

A number of other projects have focussed on developing irregular applications on scalable
parallel machines. Most of these efforts have used either a message passing library like the
Message Passing Interface (MPI) [For94], a runtime library built on top of the message passing
layer or have used a research distributed shared memory machine where the cache coherence
protocol can be modified to suit the requirements of the application. We are not aware of
any previous study focusing on the development of irregular applications using OpenMP on a
commercially available scalable shared memory machine.

Saltz et al. developed the notion of inspector/executor for efficiently parallelizing ir-
regular applications on message passing machines [SCMB90]. The key idea is to perform
runtime analysis for predetermining the communication between processors and aggregating
the messages. The notion of inspector/executor was implemented in the PARTI/CHAOS li-
brary [BSS91, HMS*95] which was used to implement efficient and scalable message passing
versions of several irregular applications like the EULER solver [MDVS92] from which IRREG is
derived, and the molecular dynamics code CHARMM [HDS*95].

In some other efforts, compiler techniques were developed for parallelizing irregular appli-
cations written in High Performance Fortran (HPF) extensions [AS95, Han93, KM91, PSC93,
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WDS'95]. However, these techniques have not yet been fully implemented in a production
level compiler.

The architecture researchers working on software and hardware distributed shared mem-
ory machines have also paid significant attention to irregular applications [ISL96, LCD*97,
MSH*95]. The main difference between their efforts and ours is that they could modify the
coherence protocols to suit the applications, whereas, this is not a possibility on a commercial
hardware distributed shared memory machine like the Origin 2000. Also, they have used cus-
tom interfaces for their machines, and not OpenMP. The Treadmarks group at Rice University
has recently ported OpenMP onto a cluster of workstations and have performed several appli-
cation studies on this configuration [CHLZ99, LHZ98]. In comparison, we have focused on a
tightly coupled configuration, which we believe, is the main intended target of OpenMP.

Several groups have focussed on porting applications using OpenMP and comparing OpenMP
with other mechanisms like MPI and HPF [FHJ 198, NP99]. Our main contributions have been
to particularly focus on irregular applications using OpenMP, and also to perform a very de-

tailed analysis of the factors behind imperfect speedups.

6 Conclusions

In this paper, we have focused on evaluating the suitability of using OpenMP for develop-
ing scalable shared memory irregular programs. We have used 3 irregular applications and
conducted our experiments on a 64 processor Origin 2000.

Our overall conclusion is that reasonably good speedups for irregular codes are possible
using OpenMP on Origin 2000 if sufficient attention is paid to load balancing and locality
issues. The easiest paradigm for shared memory programs, loop-level parallelism, did not
lead to good performance, except for the benchmark code CG. In loop-level parallelism, the
programmers just specify parallel loops and shared and private arrays. The data and work
distribution is performed by the compiler and/or runtime system. These default mechanisms
for data and work distribution did not lead to good load balance and locality for irregular
codes.

OpenMP also allows Single Program Multiple Data (SPMD) style parallelism in which the
programimers explicitly partition data and work. SPMD style programming lead to excellent
scalability for IRREG up to 32 processors. Reasonably good speedups up to 8 processors were
also found for LES. We believe that load balancing and locality can be improved for the current
implementation of LES to improve the scalability.

Note that unlike loop-level parallelism, significantly higher programming effort is required
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for developing SPMD OpenMP programs. However, we believe that this effort is still signif-
icantly lower than the effort required for developing a message passing version of the same
program. In developing message passing programs, the programmers need to correctly insert
communication between processors, besides performing data and work partitioning.

In analyzing detailed profiling data, we found that the cost of non-local references and
load imbalance are the major factors inhibiting perfect speedups. It is well known that both
these factors are crucial in the performance of message passing programs also. False sharing
and synchronization costs, which do not arise in message passing programs, turned out to be
insignificant for our OpenMP implementations. We believe that this is important preliminary
evidence that OpenMP with SPMD style programming can provide comparable performance

with highly optimized message passing versions, but at significantly lower programming effort.
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