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Abstract

Despite the apparent simplicity of the OpenMP directive shared memory pro-
gramming model and the sophisticated dependence analysisnd code generation
capabilities of the ParaWise/CAPO tools, experience showghat a level of exper-
tise is required to produce e cient parallel code. In a real world application the
investigation of a single loop in a generated parallel codean soon become an in-
depth inspection of numerous dependencies in many routinesThe additional un-
derstanding of dependencies is also needed to e ectively t@rpret the information
provided and supply the required feedback. The ParaWise Exprt Assistant has
been developed to automate this investigation and present gestions to the user
about, and in the context of, their application code. In this paper, we demonstrate
that knowledge of dependence information and OpenMP are noonger essential to
produce e cient parallel code with the Expert Assistant. It is hoped that this will
enable a far wider audience to use the tools and subsequentlgxploit the bene ts
of large parallel systems.

1 Introduction

The OpenMP standard [1] was devised to simplify the exploiteon of parallel hardware,

making it accessible to a far wider audience than most alteative techniques. Standard-
ization has allowed a single application code to be portabte a wide range of parallel
machines and compilers. The shared memory model followed ®penMP allows simpler
implementation than the explicit message passing model thaas proved successful for
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distributed memory systems. Despite this, creating e cieh scalable OpenMP code still
requires a signi cant degree of expertise as e ective detaination of, in particular, par-
allelism and variable privatization is essential. The ovéeads inherent in an OpenMP
parallel region limit performance when inner loops in a nesiperate in parallel, requir-
ing outer loop parallelization in many cases to facilitate eiency. This often adds the
complexity of investigating interprocedural variable redérences to the process as loops con-
taining call sites need to operate in parallel. Other key faors to e cient parallelization
involve reduction of OpenMP overheads by having parallel ggons containing many loops
and avoiding unnecessary synchronization.

The necessary expertise and the volume of information thateeds to be considered
have limited the use and success of OpenMP parallelizatiorifo ease these problems,
automatic parallelizing compilers from vendors and resedr groups [2, 3, 18], and inter-
active parallelization tools [13, 17, 19] have been deve&xpto detect parallelism based
on some form of dependence analysis of the application.

Obviously, the ideal scenario for a user who wishes to pasllke their code is the au-
tomatic parallelizing compiler, however, in practice, theesultant performance is typically
limited, particularly in terms of scalability. There are a rumber of reasons for this, with
one fundamental problem being related to unknown input infonation such as the value
ranges of variables that are read into the application codélhis type of information can
often be critical in accurate dependence determination angb the compiler is forced to
conservatively assume the existence of a dependence, pbtédly preventing parallelism
detection or valid privatization. Additionally, accurate analysis can be restricted by the
time constraints a compiler must meet for commercial accegiility where in-depth anal-
ysis may be sacri ced to allow rapid operation.

The alternative approach is to use interactive parallelizeon tools to allow user in-
volvement in the parallelization process while still expiting the power of dependence
analysis. The vital role of the user leads to the need for an @orate dependence analysis
to only involve the user when necessary. A detailed interpcedural, value based depen-
dence analysis can be used to produce a more accurate depandeayraph, at the cost of a
greater analysis time, but the consequent reduction in userort is often deemed to war-
rant this expensive analysis. The Parawise/CAPO paralletation tools [4, 5, 6, 13] have
been developed based on such a philosophy. Unfortunatelg, the user is involved, some
degree of expertise is again required to interpret inform@ain and provide the necessary
feedback. This expertise may well include the understandinof the OpenMP paralleliza-
tion strategy, including variable privatization, and alsosome level of understanding of
dependence information. As a result, the tools may not prade increased accessibility to
the production of e cient and scalable OpenMP code.

To overcome the limitations described above in the use of lelization tools, we are
developing an environment that will meet the needs of a wideange of potential users.
For users with expertise in OpenMP parallelization, the ckr presentation of complex
interprocedural information and the automation of the vasimajority of the parallelization
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process are provided to greatly improve their productivityallowing them to focus on ne

tuning application codes for high parallel e ciency. For ugrs with some experience with
OpenMP, the environment is intended to relieve them of almoall parallelization decisions

and avoid the trial-and-error approach to OpenMP parallefiation often taken (e.g., where
an assumption is made and tested, as a thorough interproceduinvestigation of all the

required issues proved overwhelming). Most importantly,he environment also aims to
cater for users with no experience, and often no interest, @penMP parallelization. Such
users typically have expertise in other areas of science aodly require the computation

power of parallel processing without much interest in how ik is achieved. To make the
environment accessible to these potential users, all asppof OpenMP parallelization

and dependence analysis must be kept away from the user, cemicating instead on

information related to the application code being paralléted. If the necessary information
required to enable e cient, scalable parallelization can b obtained from a user by only
asking questions about their application code, then the nuber of users of tools could
dramatically increase. In this paper we focus on the develment of an Expert Assistant,

a key component of the environment, that attempts to close # gap between what the
tool needs to know to improve the parallelization and what te user knows about the
application code.

2 ParaWise/CAPO OpenMP Code Generation

ParaWise is a parallelization tool from PSP Inc. [4, 6, 7, 12hat performs an in-depth
interprocedural, value based dependence analysis of Fantr applications. It has been
developed over many years and has numerous techniques to ioye the quality of its
analysis [4]. The CAPO module [13, 14] uses dependence infation provided by Para-
Wise to generate e ective OpenMP parallel code. The CAPO made includes many
algorithms to enhance the quality of the generated code, ilcling automatic merging of
parallel regions in an interprocedural framework, routineluplication to allow di ering
levels of parallelism for di erent call sites, automatic isertion of NOWAIT directives to
reduce synchronizations as well as parallelism detectiondavariable privatization deter-
mination.

An example of the power of the CAPO OpenMP code generation isvgn by an
example taken from an application code shown in Figure 1. Irhé original serial code
(Figure 1(i)) there are two calls to routine r2r , one inside thej loop at S1, which is
parallel, and the other outside that loop at S2. Inside routier2r is another loop ) that
is also parallel. The ParaWise dependence analysis and CAR@orithms automatically
identify that these loops are parallel and determine that fiothe call site of r2r inside the
] loop parallelism in that loop should be exploited, while fothe call site at S2 parallelism
in the containedk loop should be exploited (in this case, not considering migie levels of
parallelism in thej and k loops [14]). To allow this, routiner2r is automatically cloned



do j=2,jmax I$SOMP PARALLEL DEFAULT(SHARED),PRIVATE(J)
S1 call r2r(j,kmax) 1$OMP DO
enddo do j=2,jmax
S2  call r2r(1,kmax) call cap_r2r(j,kmax)
enddo
I$SOMP ENDDO NOWAIT
call r2r(1,kmax)
I$SOMP END PARALLEL

subroutine r2r(j,kmax)
do k=1,kmax

subroutine r2r(j,kmax)
ISOMP DO
.. do k=1,kmax
enddo .
enddo
1$OMP ENDDO
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subroutine cap_r2r(j,kmax)
do k=1,kmax

enddo
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Figure 1: Example of code generation techniques used in CARIpenMP code generation:
(i) serial code, (ii) generated OpenMP code. Timings on Oriig 2000 are shown for (iii)
RJET code from Ohio Aerospace Institute, (iv) OVERFLOW fromNASA Ames Research
Center

(routine cap_r2r ) and is referenced at S1 inside thg loop (Figure 1(ii)). The parallel
region for the parallelk loop in the original routine r2r is then migrated to surround the
call site at S2 and immediately follows the parallel regionof the j loop. The parallel
regions are then merged to form a single parallel region, edng the region start and
stop overheads incurred, and additional algorithms deterime that there is no inter-thread
interaction between the two loops so thread synchronizatioat the end of the rst loop is
not required and a NOWAIT can be generated. In this case, thaterprocedural operation
of the dependence analysis and code generation are esséftiee cient parallel execution
as hundreds of lines of code in the sub-call graph called wiiththe k loop are executed in
parallel.

Together, these tools can generate e cient, scalable Operitcode and have been used
successfully on many real world application codes [15, 16figure 1(iii) shows timings
for the RJET code from the Ohio Aerospace Institute that stuges vortex dynamics and
breakdown in turbulent jets, and also for the OVERFLOW code iom the NASA Ames
Research Center (Figure 1(iv)), used for aircraft simulatins. Both codes show signi cant
scalability up to, and beyond 32 processors.

Both ParaWise and the CAPO module have been designed with usateraction as a
vital component, providing browsers to allow the user to ingect the parallelization and to
add information about the application code. For OpenMP parielizations, the Directive
Browser shows loops that will operate in parallel and, morenportantly, those loops that
will execute in serial including an explanation of the inhiltors to parallelization. This



can involve variables that are assigned in an iteration of #hloop and subsequently used
in a later iteration and variables that are assigned or usediseveral iterations where,
commonly, the assigned values appear to be used after the poleas completed. From
this, the relevant dependencies can be investigated in amer browser and, if possible,
information added about variables in the application codehat prove the dependencies do
not exist (or alternatively the user can explicitly delete @pendencies). In every real world
application code that we have investigated some amount of ersinteraction is essential
in the production of e cient and scalable parallel code. Thee tools can enable expert
users of ParaWise/CAPO to produce e cient OpenMP code, howeer, an understanding
of the application code, dependence analysis and OpenMP pbelization are all needed
to make the most e ective use of the tools. To reduce the e oraind skill required by an
expert, and allow non-experts to exploit the power of autoria parallelization techniques,
the ParaWise Expert Assistant has been developed to identifthe information that is
required to enable e ective parallelization and ask the usequestions in the context of
their application code.

3 The ParaWise OpenMP Expert Assistant

Ideally, parallelization experts who specialize in prodireg OpenMP parallel codes and
code authors (or whoever wishes to parallelize an applicati code) should be able to
use the ParaWise/CAPO tool. Our experience of parallelizop application codes clearly
indicates that the information required to improve the e ciency of a parallel version will
be known to the code author. The information required by thedol is the same information
that would be needed by the parallelization experts undertang a manual parallelization
who currently need to ask the code author about certain varides in a code, although the
techniques used to determine what information is essentiate di erent.

The dependence information provides a rigid framework in vith parallelism and pri-
vatization can be determined. Parallelism is determined bghecking for loop-carried
dependencies that enforce an execution order where oneatigon of a loop must precede
a later iteration of that loop. If the loop-carried dependene is a true (data ow) depen-
dence (i.e., an assignment followed by a later usage) thewastigation of this dependence
is required. If any loop-carried true dependence cannot begven non-existent (except for
being part of a reduction operation) then the loop must remai serial. If the loop-carried
dependence is a pseudo dependence (memory location re-esg, a usage followed by
a later assignment, known as an anti dependence, or an assigamt followed by a later
re-assignment, known as an output dependence) then, to allgarallel execution either
this dependence must be proven non-existent or all true depdencies of this variable into
or out of the loop (e.g., an assignment in the loop to a usagelléwing the loop) must
be proven non-existent to enable the required privatizatio of this variable (except where
FIRSTPRIVATE or LASTPRIVATE can be used).



For a pseudo dependence, the investigation only focuses ¢ tmemory locations of
the references involved. For a true dependence, both the mem locations and any as-
signments in-between the assignment and usage of that dedence are investigated. The
memory location test is often interprocedural as the assigrent and usage can both be
deep inside a call tree from call sites inside the loop. For ¢hintermediate assignment
test, we need to determine if all values passed from assigmméo usage of the original
dependence are overwritten (i.e., no value is passed). Agathis often involves interpro-
cedural operation where the intermediate assignments cam lin any number of di erent
routines in the call tree. Additionally, for some loop-out @pendencies, an interprocedural
investigation in all possible combinations of caller sitesay need to be made where other
call sites that lead to usages of the subject variable must bmnsidered. This leads to
several types of question being asked by the Expert Assistan

Firstly, conditions are presented to the user for inspectiowhere the user can select
and con rm any conditions as always TRUE. These conditionsra extracted from the
indices of arrays in the assignment and usage of the dependemunder investigation, the
control of these statements throughout the associated calhaths and, in the case of true
dependencies, indices and control for any intermediate agsments [4]. In most cases,
this leads to fairly complex conditions for true dependenes which take the form:

Ar \ Ac\ Ur \ Uc\ (GC(rg N de) [ Uro N de) [ [ (rn N odcp))

whereAr is the range of the array that is assigned in the source of thependence under
investigation, Ac represents the conditions under which that assignment oas) Ur and
Uc are the index range and control for the usage at the sink of thgependence, andr ;
and Ic; are the index range and control for each intermediate assigent identi ed.

These conditions are extracted from the heart of the ParaWésdependence analysis
to encourage substitution of variables to those read into #happlication code (as these
are often more familiar to a user than variables calculatedsgpart of an algorithm in the
application) and also to automatically prove many cases stat the user only sees cases
that need their attention. The algorithms in the dependenceanalysis substitute sets of
constraints through conditional assignments and multiplecall sites to produce a set of
fully substituted constraints. If a set is presented to the ser and they can con rm some
constraint then that set is proven impossible and the next wesolved set is processed. If
the user cannot provide information for a set then that set mains unresolved and the
overall test terminates, indicating that the dependence cwerned cannot be proven non-
existent. Secondly, true dependencies where intermediassignments exist are presented
to the user, both graphically and in a list form, showing allntermediate assignments in
the context of the application code. Such information can eble the user to understand
what is being asked and, with their understanding of the alga@hm implemented in the
code section concerned, determine if the dependence in disgscarries any values from
its source to its sink.



The Expert Assistant also identi es other situations, suchas when an 1/0O statement
is inside a loop (searching in call sites within the loop), ahasks whether it is essential
to the operation of the code or just for debugging purposes.

Questions are asked either for a selected individual loop tor all loops listed in the
Directive Browser. Once a question and answer session is pdete, the added information
and deletions of dependencies or I/O statements etc. are digal and the parallelization
process is automatically replayed. In some cases, the degence analysis will need to be
repeated where areplay le is created containing all actiain the previous parallel process
with the new actions also added. In other cases, the previdysonstructed dependence
graph can be altered to include the e ect of the new informatin.

4 Examples of the Power of the Expert Assistant

4.1 Simple constraints needed to allow privatization

A common cause of serialization is when a workspace variathat needs to be privatized
to allow parallelization (due to a loop-carried pseudo depeence) cannot be privatized
due to usages after the loop has completed. An example of tligssshown in Figure 2(i)
where the loopil writes to array b (amongst many others) in several iterations causing
an output dependence for instances of statement S1 betweearations of loopil. An
investigation of this dependence using the Expert Assistameveals that no possible so-
lutions exist that would allow its deletion so the process #n determines if privatization
is possible. Here, it is not possible as usages of the varmlare made after the loop has
completed, including the usage at S3 shown in Figure 2(i) (esming that other code not
shown prevents a LASTPRIVATE clause being used fdp). The investigation therefore
focuses on the causes of these post loop usages of valuesraiydr. This can involve
interprocedurally tracing many chains of dependencies eing to routine starts, routine
stops, call sites and also the actual statements containingsages (i.e., in Figure 2(i), loop
i2 will often reside in another routine).

The investigation of the dependence from S1 to S3 uses the &dfise dependence
analysis engine test for value based dependencies, idemti§ intermediate assignments of
the values between S1 and S3. In this case, statement S2 isluded and the resultant
constraints lead to the question \Isnj always 27?". The variablenj is read at runtime and
should be familiar to a user who is knowledgeable about the glcation code. Typically,
the operation of the code makes no sense if such constraints aot met (i.e., the code was
written making the implicit assumption that nj will be  2) allowing the user to answer
with con dence. Additionally, since parallel processings only needed for computationally
expensive executions of the application code, the user mag hble to indicate that the
value of nj will always be at least 2 for a use of the parallel version. Inigure 2(i),
the assignment tob at S2 only occurs ifnj 2 (otherwise the surroundingj2 loop is



do i1=1,ni
do j1=1,nj

s1 b(1)=. ..

enddo

enddo

do i2=1,ni
do j2=2,nj

s2 b(2) =. .

enddo
S3  ..=b(nj)
enddo

0]

S1

subroutine eleinfo(type,nnodes)

if (type.eq. TRIANG) then
nnodes=3

endif

if (type.eq.QUAD) then
nnodes=4

endif

if (type.eq.BRICK) then
nnodes=8

endif

end

do m=1,num_elements

all eleinfo(eletyp(elem),nnodes)
doli=1,nnodes

=}

(i)

read*,il,ih
do k=1,nk
do i=il,ih,2
s1 b()=. ..
enddo

do i=ih,il,-2
S2 . .=b(i)

enddo

enddo

(iii)

Figure 2. Simple case of (i) a privatization preventing posibop dependence, (ii) code
fragment where element type is related to a number of nodes feach element, and (iii)
potentially covering assignment for the usage under certaconditions

not entered). If nj were less than 2 then the values used at S3 would come from athe
assignments, potentially taking values from throughout th application code. In this case,
as in all the other cases highlighted in this section, it is n@a de ciency in the analysis
that has caused this dependence, the conservative naturedependence analysis and lack
of information about variable nj forces it to be set. Also, the reason that arrayp in loop

i1 could not be privatized was not related to loopl . The automatic investigation of the
Expert Assistant traced the problem to loopi2 elsewhere in the application code. By
asking a question about the constraint on a variable, the useever needs to know where
the problem was traced to. This avoids one of the major tasks ithe use of previous
versions of CAPO. The addition of knowledge in this way meanhat the information
could prove crucial in proving that other dependencies canelremoved.

4.2 More complex cases for a nite element code

A nite element application code provides further example®of the power of the Expert
Assistant. This code follows the fairly standard nite elenent algorithm where a number
of di erent element types are used to form the mesh. Stress drstrain components are
calculated for the nodes of each element and are based on sh&mctions and boundary
conditions. The code provides three types of nite element2D triangular elements (3
nodes), 2D quadrilateral elements (4 nodes) and 3D brick elents (8 nodes). It has four
modes of operation: plain stress, plain strain, axis symnréat and full three-dimensional
analysis. As is fairly typical with such codes, the mesh isad in from a le that has been
produced by a mesh generation package, therefore it will donm to certain constraints.
In this case, these include that the elements are one of therée types above, that the



analysis mode is one of four above, and that brick elementseapnly used with the three-
dimensional analysis mode. As these constraints are alwayet by meshes read from le,
they were not checked in the application code, and therefotkis information can only be
obtained from the user.

A simple case that was caused by the implicit constraint on ite element types is
shown in Figure 2(ii). The variablennodesis assigned for all valid element types of the
code, however, as the arragletyp is read from a le and no explicit constraints are in the
code, the analysis must assume thatletyp can take any value, and not necessarily one
of the three required. As a result of the uncertainty of the asgnment of variablennodes
dependencies for the usage ohodes at S1 are set to assignments afnodes elsewhere
in the application code, including dependencies to assigents in earlier iterations of the
elem loop over nite elements, serializing that loop. The ExpertAssistant automatically
investigates the serializing dependence shown in Figureiip(vhere the assignments to
nnodesin the same iteration of theelem loop as the usage are intermediate assignments,
so their control is collected for the questions to be asked thie user. The Expert Assistant
interface lists all three conditions, along with a number obther conditions, where if any
single condition is known to be TRUE the dependence does notig. In this case, no
single condition is TRUE, however, the interface allows fadhe combination of constraints.
To provide the necessary information, the user selects thertstraints and combines them
to produce:

(eletyp(elem).eq. TRIANG.or.eletyp(elem).eq.QUAD.or. eletyp(elem).eq.BRICK)

where the user knows that this is always true sinagletyp is read from the input le. This
information allows the replayed dependence analysis to @emine that such dependencies
do not exist as the value ohnodesused at S1 in Figure 2(ii) is de nitely from one of the
three assignments shown earlier in the same iteration of lp@lem. This may then allow
parallelism in loopelem to be detected.

The form of presentation of the required constraint, and thevariables involved, can
assist user recognition and enable a positive response. Arample of this is when two
constraints are identi ed for a loop serializing dependemcwhere an if-then presentation
is more appropriate to the users understanding of the appétion code, i.e., the following
facts are identical:

"(eletyp(elem).ne.TRIANG.or.mode.ne.threed)"
"if (eletyp(elem).eq.TRIANG) then (mode.ne.threed)"

where the user can far more easily understand the constraimthen it states that if a
triangular element is used then the analysis mode cannot baree-dimensional. An ex-
ample of the Expert Assistant window for this scenario is sk in Figure 3(i). For the
user to interpret such questions it requires the variableswolved to be familiar to the
user. Additionally, for the information to be applicable to many situations throughout
the application code, the information should, as far as is geible, not relate to locally
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Figure 3: Examples of the Expert Assistant window: (i) askig for con rmation of con-
straints (ii)asking if the set of intermediate assignmentprovides all values to a usage.

computed variables. In Figure 2(ii), for example, it may be idcult for a user to answer
guestions involving variablennodes as it is computed locally. If the substitutions of the
possible values ohnodes are exploited through conditional substitution thennnodesis
eliminated from any questions and variableletyp is introduced. Aseletyp is read into
the application code, its values are fundamental to the ni¢ element method used and
should be understandable to the user, and since this vari&bis used throughout the ap-
plication code, any added information can potentially be gtoited to resolve many other
situations.

There are also cases in the nite element code where dependes are inhibiting
parallelism but no answerable question is presented to theser. The main cause of this
is error checking, particularly in the nite element sti ness matrix calculation phase of
the code. As part of this process, a small matrix is invertedosa check is used to avoid
divisions by zero when the matrix is singular. This check cahave a signi cant e ect on
the parallelization. Firstly, it may contain 1/0O and execution termination if a singular
matrix is encountered. Secondly, if execution is not stoppethen the possibility of data
being used from the previously processed nite element (atis not assigned for the
element with the singular matrix) forces the serializatiorof the nite element loop. The
Expert Assistant deals with such cases by detecting the 1/Orad program termination
statements when they are inside a potentially parallel loofin this case in a routine called
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from inside such a loop) and presenting the statement in theontext of the application
code, asking the user if it is essential to the operation of ¢happlication code, or was just
for debugging purposes during development. In this case,ettgenerated nite element
mesh read into the application code guarantees that no nitelement will have a singular
matrix so the user can recognize that these statements aresjufor debugging and can be
removed for a production version of the parallel code.

The lack of an assignment of the inverted matrix still leadsd serializing dependencies
as the analysis does not know that no singular matrices willedbencountered. As the
detection of a singular matrix is based on a non-zero value tife matrix determinant,
the questions posed by the Expert Assistant involving constints cannot be answered by
the user. Instead, the associated dependence is presentedite user in both graphical
and textual form as shown in Figure 3(ii). The dependence thas causing the problem
is highlighted in bold and the intermediate assignments thacould overwrite all values
carried by that dependence are also shown. Several other Wwe®rs are provided to o er
more information about what is being asked (and all other PaWise browsers are also
available) where all these browsers show the statements atwed in the context of the
application source code. With their knowledge of the algdahims implemented in the
application code, the user should be able to know that all vaks of the inverted matrix
used for a nite element are calculated earlier in the samedtation of the nite element
loop. This should allow them to answer with con dence that tle dependence in question
does not carry any values and can therefore be ignored in pleism determination.

4.3 Other essential user interaction

Implicit constraints and error checking are often the causef serialization in application
codes, however, other scenarios also exist that can only loeleessed by the user. Consider
the example shown in Figure 2(iii) where a usage at S2 of vatuassigned before the code
fragment shown could prevent privatization and therefore grallelism in other loops in
the code. The values used at S2 could also have been providgdiie assignment at S1,
however, the loop step indicates that the values of the loopolindsil andih as read into
the application code are vital in determining which dependee exists. If the user knows
that il andih are both even, then the even indices of arrdy assigned at S1 will be used
at S2 in the every iteration of loopk. Similarly, if both il andih are odd then the odd
indices of arrayb will be assigned and used in eadhiteration. If however, il is even and
ih is odd (or vice-versa) then no value used at S2 is assigned ats® the dependence from
before this code fragment does exists (and the dependenaanirS1 to S2 does not exist).
If no information is known by the user aboutil and ih, the worst case scenario must be
taken to ensure conservative analysis, with both dependees being set. In this case, the
graphical and textual displays of the application code shawin Figure 3(ii) should enable
the user to interpret and, if possible, resolve such situatns.
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4.4 Experience of using the Expert Assistant

We have used the Expert Assistant on a large number of applittan codes and found that
it does address the issues a parallelization expert wouldeateto investigate to improve
the parallelization quality, but does so in terms that shou be understandable to a code
author.

Results for parallelizations using the Expert Assistant a shown in Figure 4 for (i) the
NAS benchmark BT and (i) the Finite Element code discusseahisection 4.2. For BT, the
initial performance, when no user information was added, wavery poor due to inner loops
operating in parallel, so an investigation using the ExperAAssistant was required. The
guestions asked by the Expert Assistant focused on consings for the mesh size variables
NX, NY and NZ where lower bounds to their values were of intese Con rming that such
constraints were always true for an execution of BT and penfiming a replay produced
a parallel version with far superior performance, exhibitig high speedup and scalability
to reasonably large numbers of processors as shown in Figd(®. In this version the
outermost parallel loops were exploited in most cases.

For the Finite Element code, the initial parallelization wih no user information was
forced to focus mainly on inner loops due to dependencies Wween iterations of outer
loops. After a session with the Expert Assistant providing lie sort of information dis-
cussed in section 4.2, parallelism at outer loops was detedtenabling some speedup and
scalability to be achieved as shown in Figure 4(ii). A signcant number of loop-carried
dependencies and dependencies into and out of loops werevpronon-existent in the
replay allowing e ective parallelism and privatization drectives to be inserted. This ver-
sion was able to exploit parallelism between iterations ohe loop over nite elements,
attaining the most e ective level of parallelization posdile in those cases. Although there
is a marginal increase in performance from 8 to 32 processasalability is still limited.
The main cause of this is that one serial code section (comaig a single loop) still exists
in the parallel code where, although this section seems ri@ly unimportant on a single
processor, when larger numbers of processors are used, freedup of parallel loops leads
to this serial loop dominating runtime.

5 The Evolving Parallelization Environment

The Expert Assistant together with ParaWise and CAPO are poerful tools for paral-
lelization, however, they are just part of the overall envonment that is under develop-
ment. The environment consists of a number of interrelatedomponents, as shown in
Figure 5, aiming at both OpenMP and message passing parailtaltions. The exploitation
of user knowledge is vital for e ective parallelization, haever, this inevitably opens the
parallelization process to the danger of incorrect user &tons and resultant incorrect
parallel execution. To address this inevitable problem inhe environment, another compo-
nent, based on relative debugging [8], is being developedaotomatically identify where
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400MHz processors of an SGI Origin 3000

incorrect parallel calculations originate and to indicatethe related potentially incorrect
user decisions identi ed in the parallelization history. e relative debugger contains
many features including tolerance settings for absolute drrelative value comparisons
and visualization of di erences across threads or processo

The nal component is the parallel pro ler and trace visualzer. A number of these
tools already exist including Paraver from CEPBA [9], the SN Studio 9 Performance
Analyzer [10] and Intel VTune [11]. The aim in this work is to gtract simple metrics (loop
speedup etc.) to enable inexperienced users to focus theoreas well as allowing skilled
users to exploit the full power of these tools with the additinal information provided by
the other environment components.

6 Related Work

It is well known that there is a need for information relatingto the application code
when performing a parallelization that is not statically aailable. Hence the attempts
to address this issue range from runtime testing to fully maral parallelization decisions
(such as those manually written with OpenMP).

A number of tools have been developed to assist users in slthraeemory directive
based parallelization and only a subset are cited here [178,119, 20]. Most focus on
providing information to the user, relying on the user to hag the skill to correctly in-
terpret and exploit the provided information that is often detailed. For parallelization
experts, such tools provide a means to overcome some of thesindi cult problems
in code parallelizations relating to understanding the adjcation code and investigating
interprocedural accesses of data which can be signi cant maal tasks.

A number of techniques have been developed that involve ckex for valid parallel

13
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Figure 5: Components of the evolving parallelization envdnment

execution at runtime. The inspector/executor technique heitbeen used to determine the
legality of parallel execution [21]. The inspector loop, wbh is a light-weight duplicate
of the computations that mimic the data accesses in the loopjses these accesses to
determine if parallel execution is legal. Both parallel anderial versions of the loop
are generated and the appropriate version is executed aftiwe test is made. Speculative
computation [22] is where a loop is executed in parallel, bthe references that potentially
cause serializing dependencies are monitored. As soon asedabzing dependence is
detected, the speculative parallel execution can be terndted and the serial version is then
used. Some form of checkpointing is required to preserve thate of associated program
data before the speculative parallel loop is executed to drla that state to be reset if serial
execution is forced. Both these methods require an accuratalue based, interprocedural
dependence analysis as a pre-requisite to only require sunbthods to be used in certain
loops and to keep the number of variables whose accesses aomitared in those loops
and the associated runtime overheads as low as possible. td#ion, the prevention of
privatization by, in particular, loop-out dependencies whre a LASTPRIVATE directive
cannot be used, will not be overcome using these methods a® tluntime detection of
output and anti dependencies for these shared variables Mibrce serial execution. These
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runtime techniques are focused on an automatic compiler afgach to parallelization with
little or no user interaction, so any serial code sections eountered will greatly restrict
scalability. Presentation of such cases to the user is stidksential if scalability is required.

7 Conclusion

The Expert Assistant achieves its goal of greatly simplifyig the users role in the paral-
lelization of real world application codes with the ParawWie/CAPO tools. Our experience
demonstrates that the potential of Expert Assistant would I8 a major bene t to experi-
enced users of the tool and we are con dent that parallelizaein experts and those familiar
with OpenMP will also nd it invaluable. An important issue t hat remains to be answered
is whether the Expert Assistant can encourage and enable thast number of novice users
to use the tools so they can take advantage of parallel mack# with many processors.

Improvements that are currently underway include orderingjuestions based on the
likelihood that they can be answered and will be pro table, ad removing questions where
a related variable is indicated as unanswerable by the user.

Future versions will be more closely coupled with CAPO algdhms to allow inves-
tigation of other cases such as where a NOWAIT could not be ws®r where ParaWise
code transformations are advantageous. Additionally, theaformation from the pro ling
and relative debugging components of the environment willedbused to identify crucial
cases for user investigation.
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