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Abstract. The purpose of this benchmark is to propose several optimization techniques and to test their existence in current
OpenMP compilers. Examples are the remova of redundant synchronization constructs, effective constructs for aternative
code and orphaned directives. The effectiveness of the compiler generated code is measured by comparing different OpenM P
constructs and compilers. |f possible, we also compare with the hand coded “equivalent” solution. Six out of seven proposed
optimization techniques are already implemented in different compilers. However, most compilers implement only one or two of

them.

1. Introduction

Implementationsof OpenM P are available on almost
every shared memory platform. The portability of ap-
plications with OpenMP directives is therefore one of
the strong points of this standard. Others are the ad-
vantages of shared memory programming in general:
it allows an incremental approach to a fully paralléel
program, and it is also possible to switch between se-
rial and parallel execution during runtime. This avoids
the overhead introduced by the parallelism whenever a
serial execution is faster.

A disadvantage of OpenMP s, that you need acom-
piler to generate the parallel code. Since the goal of
parallel programmingisto achievehigher performance,
the further acceptance of OpenMP will strongly de-
pend on compiler optimization techniques especially
in the field where OpenMP has its possible benefits
as described above. The importance of benchmarks
to measure performance is reflected by many applica-
tion benchmarks [8,10,9,11] and aso the well known
OpenMP Microbenchmarks[1]. To fully evaluate the
quality of optimizing compilers a combination of both
has to be used [3]. Microbenchmarks measure spe-
cific constructs directly, and can thus be used to drive
the development of OpenMP environments. The fo-
cus of the OpenMP Microbenchmarks [1] is the run-
time library, while this benchmark concentrates on the
OpenMP compiler itself. It tries to avoid the archi-
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tectural dependency of a direct measurement of syn-
chronization and scheduling times and measures iso-
lated OpenMP related optimizations directly, without
introducing the complex behavior of a complete appli-
cation. Thefocus of aruntimelibrary benchmark [1,7]
are questions like the scaling behavior of a barrier or
reduction directive. Within this compiler benchmark
the focus is whether overhead due to unnecessary syn-
chronization or parall€elization can be totally avoided.

2. Benchmarks

To test whether an optimization techniqueis aready
integrated in current compilers and to judge the effi-
ciency of the proposed manual solutions, several com-
pilers have been used. It should be noted that the major
motivation for this survey is not to judge the compiler
quality, but to check whether isis reasonable to expect
the incorporation of the proposed techniques into the
compiler. Dueto the rapid devel opment the results pre-
sented here are just an incomplete snapshot and results
of different compiler versions may vary strongly.

The compilers from PGI [6] (version 3.4), Hitachi,
NEC, SGI (version 7.30) and SUN (cc version 5.3,
f90 version 6.2) are compilers producing native code,
whereasthe Omni [4] (Version 1.3) and guide[2] (Ver-
sion 4.0) compiler are front ends to native compilers.

With one exception all constructs use the work |oad
of Table 1. Thefieldsa, b and ¢ are double precision
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Fig. 1. Performance of aternative code in million iterations per
second vs. loop length. The codes of the Guide compiler delivers
the same performance as the manual solution with Fortran (bottom).
With C the performance of the compiler generated code is worse
(top).

arrays. The outer loop count is adjusted to guarantee
a minimum runtime with a minimum execution count
of ten repetitions. Some magic tries to avoid that the
optimizer removesthe outer loop. Hereazerois added
to some array elements. The value of of f set isread
from file or passed as command line argument. Care
has been taken that the optimization is not affected by
the different aliasing prerequisites of Fortran and C.
The inner loop count | engt h is changed to measure
the size dependent performance. Thisis not only im-
portant for the constructs that allow alternative code
generation for small loop counts, but also provides use-
ful informationsfor other situations. It showswherethe
parallelization efforts pays of, and whether or not there
isamemory bottleneck. Where parallel and scalar per-
formanceis compared, theinner loop count isfixed, i.e.
the iterations per thread vary. Since only relative per-
formance is relevant, the performanceis given in mil-
lion loop iterations per second in this paper (see Figs 1

Table 1
Workload of the benchmark loops

C
for (n = 0; n < count; n + +) {
for i = 0; 4 < length; i + +) {
ali] =b[i] + c[il;

/* fake the optimizer: */
b [n] + = offset*a[n];
c[n] + = offset*a[n];

Fortran
DO 10 n = 1, count
DO 20: = 1, length
a(i)=b()+c()
20 CONTINUE
C fake the optimizer:
b (n) = b (n) + offset* a(n)
¢ (n) = ¢ (n) + offset* a(n)
10 CONTINUE

and 3). Wherethe overhead is moreinteresting than the
performance, the absolute time spent inside the outer
loop is measured (see Fig. 2). Aslong as the overhead
islarge enough, thistime should reach a constant value
for a short inner loop length. Thistimeis taken as the
overhead time. A comparison with the simple scalar
loop gives an estimation of the clock accuracy.

2.1. Overhead of thread start-up

Thispart of the benchmark first of all checkswhether
Fortran and C compiler use the same thread implemen-
tation. It aso checks how expensive it is to re-open
a parald region, providing hints whether threads are
closed at the end of a parallel section or put into some
form of waiting state. Most implementations seem to
usethelater approach and create the threads at the start
of the program or first parallel section, and close them
at the end of program. The SUN C compiler is the
only example, where re-opening a parallel region is
much more expensive than synchronizing and re-using
existing threads.

In principle there should be no differencein perfor-
mance between the two languages. Table 2 shows, that
the overhead of thread creation is mostly dominated
by the architecture. There are only small differences
between Fortran and C compilers. Under certain cir-
cumstancesthe Hitachi compiler failsto create efficient
solutions for parallel constructs, which makes some of
the later tests not applicable. E.g. there is no benefit
from parallel region merging, since two par al | el
do construct aremoreefficient thantwof or constructs
merged in one parallel region.
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Fig. 2. Overhead of orphaned directives for the SGI compiler.

Table 2
Overhead of paral | el for construct, compared to f or
construct with or without barrier

Language C

paralel for  for + barrier for
Compiler  [us] (cycles)  [usg] (cycles)  [us] (cycles)
PC PGI 2.2 (2200) 2.5 (2500) 1.5 (1500)
PC Omni 3.0 (3000) 1.8 (1800) 1.2 (1200)
HP guide 15 (8250) 7.0 (3850) 4.0 (2200)
SGI 11 (3200) 11 (3500) 9 (2650)
SUN 180 (140000) 4.2 (3200) 3.3(2500)
SR8K 1.9 (490) 2.4 (600) 1.7 (560)
SX5 — — —
Language Fortran

paralel for  for + barrier for
Compiler  [us] (cycles)  [ng] (cycles)  [pns] (cycles)
PC PGI 2.6 (2600) 2.4 (2400) 1.5 (1500)
PC Omni 3.0 (3000) 1.6 (1600) 1.1 (1200)
HP guide 14 (7700) 6.7 (3700) 3.7 (2000)
SGI 10 (3000) 11 (3300) 8.7 (2600)
SUN 8.3 (6200) 4.4 (3300) 3.2 (2400)
SR8K 2.0 (500) 3.2(800) 2.4 (600)
SX5 22 (5500) 10 (2500) 7.4 (1850)

2.2. Alternative code

Once the overhead to create threads is known, the
programmer can decide to avoid the overhead of par-
allel execution for small work load. For this purpose
OpenMP containsthei f clause. A parallel regionwith
thei f clauseisonly executed in parallel if the condi-
tion is true, otherwise the code is serialized. This dy-
namic behavior can be used to maximize performance.
Thegoal isto havethe performanceof the seria codeif
it isfaster than the parallel. To decidewhether thisgoal
is achieved the performance of the serial and parallel
version is supplied. In addition, a manual solution is
shown in Table 3. It is expected that thei f clauseis
not much more than a convenient short hand notation
for this manual solution. However, the exact definition

Table 3
Manual solution for alternative code

C
if (condition) {
#ipragma  omp parale
{

/*  code */
}

}
dse

/* code */
}

Fortran
IF  (condition) THEN
1ISOMP PARALLEL

c CODE
1ISOMP END PARALLEL
ELSE
Cc CODE
END IF

in the OpenM P standard [5] is that the codeis “ serial-
ized”: it should behaveasif the construct isexecuted by
ateam of threads of size one. The difference between
serial and serialized execution affects the behavior of
OpenMP runtime library calls and outlining issues like
pri vat e variables. This may introduce some over-
head and the compiler needs to analyze to what extend
the code makes use of constructs that behave different
in serial and serialized execution.

Many compilersdon’t performthis optimization (see
Tables 6 and 7. One example are the KAl compilers,
where the KAI Guidef77 compiler produces code that
is competitive with the manual solution, whereas the
Guidec compiler produces code that is much slower
(seeFig. 1).

One disadvantage the manual solution is the result-
ing code bloat. However, the same argument is true
for techniques like inlining, where methods have been
developed to balance speed and code size.

2.3. Orphaned directives

An orphaned directive is an OpenMP directive that
does not appear in the lexical extent of a parallel con-
struct, but lies in the dynamic extent. If such a work-
sharing construct is not enclosed dynamically within a
parallel regionthe OpenM P standard states“it istreated
as though the thread that it encounters it were a team
of size one”’. This alows the user to write code that
can be used in a paralel and serial context. This could
be useful for library routines that can runin paralel if
called from within a parallel region. One question is,
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Table 4
Manual solution for orphaned directives

C
if  (omp.in_paralel()) {
#pragma omp for  private (i)
for (i=0; i<length; i++) {
ali] = b[i] + c[i];
}
}
dse {
for (i=0;i<length; i++) {
a [ij=b[i] +c[i;
}

}
Fortran
IF  (omp.in_pardlel()) THEN
! $OMP DO
DO 10 i=1, length
a()=b()+c(
10 CONTINUE
! $OMP END DO
ELSE
DO 20 i=1, length
a()=b()+c()
20 CONTINUE
END IF

whether there will be a overhead if the code is called
from a serial context.
Severa versions are compared against each other:

scalar: Performance of scalar code.

scalar with function call: Performanceof scalar code
with function call. The called function contains
the working loop. This is done, because many
compiler put paralel regions inside functions.
This version checks whether a potential perfor-
mance reduction is caused by the introduced ad-
ditional call.

orphaned parallel: The working loop contains or-
phaned OpenMP directives. The loop is called
from aparallel region with ateam of one thread.

orphaned serial: Theworkingloop containsorphaned
OpenMP directives. The loop is called from a
serial region.

orphaned manual: Finally, the hand coded version of
Table 4 is used.

All tests are performed with the number of threads
setto one. Any performancedifferencesbetween scalar
and parallel execution should therefore be due to the
overhead of the implementation. The compiler should
generate codethat is faster or equal to the manual solu-
tion, depending on whether or not acall to the OpenMP
runtime library function onp i n par al | el is nec-
essary to check if the routine is called from a parallel
region.

SX5 native

" scalar cop‘y —
OpenMP copy --—--x---

o eeXemnRem e R X=X

100 £ T

0.1 . . . . .
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Fig. 3. Performance of copy operations in million iterations per sec-
ond vs. loop length. OpenMP directives may help to optimize serial
code. Both versions run with one thread. The OpenMP directive
allows to vectorize the code.

With the PGl and SUN compilers it makes no dif-
ference whether the working function is called from a
serial region or from a paralel region with a team of
one thread. With the exception of the Hitachi com-
piler, the manual solution aways results in the best
performance, athough there is an additional call to
onp_i n_paral | el (). Figure 2 showsthat the over-
head of orphaned directivesis aways huge.

In principle the compiler could generate code with-
out any overhead. For any function f oo with or-
phaned directives, it could generate an additional func-
tionf oo_scal ar containing serial code and afunc-
tionf oo_par al | el with paralel code. Depending
whether the function f oo is called inside or outside a
parallel region the corresponding function call is sub-
dtituted. The function f oo with a solution equal to
the manual solution could be provided to maintain link
compatibility.

2.4. Removal of redundant synchronization

Three tiny examples check whether the OpenMP
compiler removes redundant synchronization.

2.4.1. Parallel region merge
This is simply a concatenation of two par al | el

f or directives. The execution time of one parallel
region with two work-sharing constructs is compared
to the time for two parallel regions with one construct
each. An optimizing compiler should merge the two
parallel regions. It is surprising that the Guide C com-
piler seems to implement this in contrast to the Guide
F77 compiler.
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Table5
Overhead of orphaned directives in us for various compilers
Compiler scalar  scalar + orphaned orphaned manual
f-call fromparalldl  fromserial  solution

PGI (C) 0.11 0.12 0.20 0.20 0.15

PGI (Fortran) 0.10 0.11 0.19 0.19 0.14

OMNI (C) 0.09 0.10 0.35 0.23 0.14

OMNI (Fortran) 0.10 0.11 0.25 0.35 0.16

HP guide (C) 0.05 0.04 2.24 0.47 0.19

HP guide (Fortran)  0.09 0.07 0.59 2.25 0.37

SGI (C) 0.06 0.11 224 148 0.18

SGlI (Fortran) 0.12 0.13 1.49 2.28 021

SUN (C) 0.05 0.05 0.43 0.39 0.15

SUN (Fortran) 0.15 0.17 0.52 0.53 0.24

SR8K (C) 0.17 0.24 054 0.43 0.42

SR8K (Fortran) 0.17 0.30 0.36 0.40 0.40

SX5 (Fortran) 0.11 0.33 10.6 9.57 2.46

Table 6
Summary of optimization techniques of native compilers

Compiler SUN SGI Hitachi NEC
Version cC Fr7 C Fr7 C Fr7  C  Fr7
Optimization

Alternative code competitive with manual solution
Optimal Orphaned Directives

Orphaned Direct. competitive with manual solution
Parallel Region Merge

implicit NOWAIT due to independent blocks
implicit NOWAIT due to end of region

OpenMP directives used as optimization hint

n no yes yes na na — Yyes
M no no no no no — no
n no no no yes yes — no
N no yes yes na na — no
n no no no no  no  — yes

yes yes no no na na — Yes

N0 no nNno no yes yes —  Yes

2.4.2. Removal of implicitowai t at end of region
The third isaf or construct directly embedded in
aparall el region. Itis checked whether there is
a difference between this version, adirect par al | el
for andaf or construct with anowai t clause. An
optimizing compiler should produce the same code for
all three versions. Since there is no code between the
for loop and the end of the parallel region, thereis no
need for more than one barrier. In the case of C++
there might be a lot of side effects, because variables
go out of scope at the end of the f or construct and
destructorsarecalled. For Fortranand Cthequestionis,
whether theinformation stored in these variablesis till
needed by other threads. Since all these variables are
pri vat e by default, thisisonly possibleif the content
of a private variable is exposed to another thread. It
is currently an open question whether this is legal in
OpenMP. Nevertheless, the compiler still can analyze
thecodeand removethebarrierif itisnot required. The
Guide and NEC Compiler show the desired behavior.

2.4.3. Removal of implicitowai t between
independent blocks
It consists of two f or constructs, that work on in-
dependent arrays. If the compiler detects that the two

basic blocks are independent of each other, it may re-
move the barrier between the two loops. To increase
the difference between a version with and without bar-
rier aload imbalanceisintroducedin thefirst loop, that
is balanced by aload imbalance in the second loop:

| $OMP DO PRI VATE( )
DO 20 i $=%1, length
IF (i .LT. length/2 ) THEN
C Additional work for first half
a(i) $=% b(i )$+Sc()

& $+$of f set *si n(cos(b(i )))
ELSE
ali) $=$ b(i )$+$c()
END | F
20 CONTI NUE
I $OVP END DO

C Sane | oop with additonal
C work on second hal f
| $OVP DO PRI VATE(j )
DO 30 j $=%$1, length
IF (j .LT. length/2 ) THEN
d(i) $=9% e()$+3$f ()
& $+$of f set *si n(cos(e(j )))
ELSE
d(i) $=9% e(j )$+3$7 ()
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Table 7
Summary of optimization techniques of third part compilers
Compiler Guide Omni PGI
Language C Fr7 C Fr7 C Fr7
Optimization

Alternative code competitive with manual solution

Optimal Orphaned Directives

Orphaned Direct. competitive with manual solution

Parallel Region Merge

implicit NOWAIT due to independent blocks
implicit NOWAIT due to end of region
OpenMP directives used as optimization hint

no yes no no amost amost

no no no no no no
no no no no amost amost
yes no no no yes yes
no no no no no no
yes yes no no no no
no no no no no no

& $+$of f set 2* si n(cos(e(j )))
END | F
30 CONTI NUE
I $OVP END DO

The removal of this barrier requires a detailed code
analysis. It is no surprise that the front end compilers
(Omni and Guide) do not implement this, since it re-
quires a detail ed knowledge of the processor and archi-
tecture to perform possible optimizations. The NEC
compiler shows that a native compiler can perform op-
timizations for this case, especialy if the OpenMP di-
rectives are mapped to vendor specific directives, that
will trigger parallelization and vectorization at the same
time.

2.5. Benefit of openMP directives for other
optimizations

This is maybe the most interesting test. The idea
behindit is, that OpenM P directives may help the com-
piler to generate better code because he knowsthat cer-
tain preconditions are fulfilled. In that sense OpenMP
could serveas akind of portable pragmasfor optimiza-
tion. As an example workload we use the loop

DO 20 i $=%$1, length
a(i dx(i)) $=$ a(i dx(i ))$+$b(i)
20 CONTI NUE

Becausethe compiler doesnot know, howi dx (i ) looks
like, he cannot assume that the different iterations of
the loop are independent. The situation is different,
if there is an #pragnma onp parallel for. If
the loop can be executed in parallel it is also subject
to optimization techniques like software pipelining or
vectorization. For large loop counts the performance
of the parallel version executed on one thread should
therefore exceed the performanceof the serial code. Of
course, the compiler can only trust the promise of the
directiveif OpenM P support isactivated by theuser. An
incorrect OpenM P directive could cause the sequential

version to behave differently from the one thread paral -
lel version. During the tests there were only two cases
(native compiler on Hitachi SR8000 and NEC SX5)
wherethe performance of theloop with OpenM P direc-
tives was increased (see Fig. 3). However, a possible
further cause might be, that it isimpossible to increase
the performance of aloop with indirect addressing on
the tested architecture.

3. Conclusion

This small benchmark contains a collection of vari-
ousoptimizati on techniquesthat might beimplemented
inOpenMP compilers. Thefocuswasto avoid architec-
ture dependent technigques on one hand and to concen-
trate on features that are crucia to achieve maximum
performance, especially in areas where the goal is to
avoidthe parallel overhead whenever ascalar execution
isfaster.

Both Fortran and C compilerslack many of the op-
timization techniques presented in this paper. How-
ever, six from seven proposed optimization techniques
are aready implemented in different compilers. This
shows that it is a realistic demand to ask for the im-
plementation of these techniques. The only feature
that is not currently implemented in any compiler is
an optimal solution for orphaned directives. In the
case of alternative code generation and orphaned di-
rectives, the definition of “serialized” in the OpenMP
standard [5] is one reason that makes it difficult for
the compiler to generate efficient code. In both areas
huge improvements are necessary to increase the per-
formance of applications and parallel libraries. With
the upcoming multi-threaded processors and the result-
ing reduced general thread overhead, the elimination of
unnecessary overhead will become even more impor-
tant, because they open the possibility for fine grained
multi-threaded programming.
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