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Abstract

In this paper we present a technique based on code tempatrged to source to source
code transformations for OpenMP parallelization. Our go#b provide an OpenMP compi-
lation infrastructure that includes a reconfigurable coeleegation phase, targetting different
OpenMP runtime systems or explore different translatioatsgies for OpenMP constructs.
We describe the main OpenMP transformations needed in aenpl@p compiler as well as
the characteristics in the code generation phase depeoxmé target runtime system. Our
implementation has been done in the Open64 compiler iméretstre. We have added a new
compiler phase, which takes a file containing WHIRL interiagglrepresentation generated
from source code, and applies transformations at speciiitgdndicated by OpenMP direc-
tives. Each OpenMP directive has a source code templateiatesh

1 Introduction

Shared-memory parallel architectures are becoming affidedas common platforms for the de-
velopment of applications demanding huge amount of contipute power. Users of such archi-
tectures require simple but powerful programming modeldeeelop and to tune their parallel
applications with reasonable effort. These programminglet®oare usually offered as library
implementations or extensions to sequential languagésaltiosy the programmer to express the
available parallelism in the application. Language exterssare defined by means of directives
and language constructs that are translated by the conpildarrary calls. These libraries offer
mechanisms to create threads, distribute work among thehsyarchronize their activity. This
paper focusses on this transformation process in the framkesd OpenMP [6].

OpenMP has become the standard for parallel programmintpared memory parallel archi-

tectures. The language is composed by a set of directivesagnyas that are included in the
specification of high-level languages such as C or Fortrae. directives allow the programmer to
express the available parallelism in the program, codeldeméative language (C, C++ or Fortran)
where OpenMP is included.

The specification of OpenMP is open to extensions discus#ti®penMP Architecture Review
Board. Application developers as well as researchers irpd@enoptimizations can submit their
proposals for possible extensions of the specifications process could be more effective if there
were open source compiler and runtime infrastructures P simple to modify and extend.
There have been several recent attempts, as for instanaes@ampiler ] for Fortran77, Omni
[9] for Fortran77 and C and OdinMP [5] for C/C++. All of themeasource—to—source translators
that transform the code into an equivalent version withscadl the associated runtime system.
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However, modifiying the compiler to include new languagduess, to explore alternative code
generation strategies or to target different runtime sgstis not an easy task that requires to go
into the deep internals of the compiler.

In this paper we present an approach based on the modificaftienm already existing compiling
platform for C or Fortran. The compiler front—end has to bdaipd with an OpenMP parser in
order to include the parsing of the new constructs. Theiegistefinition of the AST structures
need to be modified as well, to allow the memory represematidghe OpenMP directives. Once
the compiler is able to represent the OpenMP constructsiakdhem to the original AST, it is
needed to implement a compiler phase which performs tharestransformations according to
the semantics of the directives. In that phase, the comgdlvity mainly concerns the following
main issues: parallelism creation/completion, work distion during the parallelism execution
and synchronization. These issues are typically supptwyesithread library which contains the
appropriate services to create threads, to specify how isdliktributed among them and how they
synchronize. Therefore, the compiler mainly has to theodhiction of call statements to those
runtime services, extract code and encapsulate it in a guoeeas well as gather references to
symbols and create new ones. All these operations are lalaitamost compiler infrastructures.

It is important to mention that all the required transforimas$ can be performed outside the com-
piler back-end. The compiler is acting like a preprocessothe source code. The directives are
processed and the original source code is transformeddingdio them. All the transformations
are done over the AST structures. It is quite uncommon ttreatCthenMP directives cause any
transformation performed in the compiler back-end, whieeedompiler activity is related to the
assembler code generation and optimization, totally dégreinon the computer architecture spe-
cific parameters. This is due to the fact that the main issnab® parallelism execution (thread
creation/completion, work distribution and synchroniza} are supported by the thread library.
It is the thread library implementation what releases thagiter of being aware about specific
hardware support for the parallelism execution.

In summary, there are two main compiler parts where devedopave to put efforts in order to
build an OpenMP compiler. The parser has to be updated tgmnés®the OpenMP constructs.
This just requires the modification of the native languagargnar. The implementation of all
the OpenMP transformations are usually done in the compideit-end where tipically involves
modifying the AST structure, which normally for any minoamisformation involves a dozen of
lines of code, making this process slow and cumbersome. fopopal tries to reduce the time
spent in the developing of new transformation inside thepitento accelarate the research pro-
cess. For achiving that objective we introduce the use oplates in the final language of the
transformation so modifications to it can be quickly done.

The paper structure is as follows: Section 2 describes thenfp compiler and runtime coor-

dination. Section 3 describes the proposal in this papezdas template specification for the
compiler transformations. Section 4 describes some celatgk. Section 5 concludes the paper
and outlines future work.
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2 Compiler and Runtime Coordination

In this section we describe the common functionalities lalsée in most runtime systems that

support the OpenMP execution model, and the compiler toamsftions needed in the source-

to-source translation process. Five main issues have tadself how threads are created, how
threads execute code in the parallel region, how threadssaatata according to the data scoping
rules, how threads determine which portions of work theyehts execute, and which thread

synchronizations have to occur at runtime. Next we briefigcdbe each of these points:

e Executing code in the parallel region: Typically this is achieved by the
compiler through the definition of a procedure that encagtesl the parallel code. This
causes the definition of the procedure name symbol as a ptiarttee code. Threads access
to the paralell code through this pointer. This correspdondsne of the OpenMP transfor-
mations to be implemented in the compiler.

e Thread creati on: Usually there is a specific runtime service responsiblecfeating
the necessary structures for the thread representatioaxaoedtion. That is, supply a stack
and implement the appropriate mechanism for firing the thes@cution. It is reasonable
to think that the subroutine symbol alocated by the comglee previous point) appears as
argument of the thread creation runtime service. Variadtesdata structures can be passed
as parameters of the subroutine mentioned in the previaas po

e Work di stri buti on: This is achieved through some compiler transformationghen
parallel code, after the code has been encapsulated. Foweaksharing construct that de-
limits how the parallelism has to be scheduled, the compijects the appropriate runtime
calls. These calls force that each executing thread quéergesintime about which portion
of the defined parallelism has to execute.

e Dat a Scopi ng: The use of the OpenMP clauses PRIVATE, SHARED, FIRSTPRE/AT
LASTPRIVATE and REDUCTION defines several attributes ondhta that determine the
its scope. The clauses PRIVATE, FIRSTPRIVATE and LASTPRIZAmake a symbol
being privatized and allocated in the thread stack plus satfrer actions concerning to the
initial/final value for the symbol. Regarding the compil&daruntime coordination, these
functionalities are supported by the injection of specitintime calls and the definition of
extra arguments in the subroutines encapsulating thelglazade.

e Thread Synchroni zati ons: OpenMP considers afew synchronization schemes. They
correspond to barrier synchronization, mutual exclusioecation and ordered execution.
Depending on the available technology in the runtime systamcompiler is stressed. In
case the runtime includes specific services for these synidation schemes, the compiler
activity is limited to the injection otal | st at enent s to the appropriate runtime ser-
vices. This is the case that this paper considers.

In this paper we are not going to cover the runtime and compileport for the thread synchro-
nizations and the data scoping. The paper just describesvedvave implemented in the compiler
the creation of threads and its termination, and the workidigion schemes among threads.
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i nt eger a(100)
C Runtine declarations

programtest i nteger*8 nth_mask, nth, nth_selfv
i nteger a(100) integer*4 nth_nprocs, nth_p
I $onp parall el nt h_nprocs = nthf_cpus_actual ()
I $onmp do schedul e(static, 4) nth_selfv = nthf_self ()
do k =1, 100 nth_mask = 010101b
a(k) =0 CALL nt hf _depadd (nth_sel fv, nth_nprocs + 1)
end do do nth_p = 0, nth_nprocs - 1
I $onp end paral | el nt h=nt hf _create_1s_vp(par_reg_01, 0, nth_p, nt h_sel fv,
> nt h_mask, 1, a)
end end do

CALL nt hf_bl ock ()

a) Exanple of OWP code. b) Conpiler transfornation.

Figure 1: Code for thread spawn and join.

2.1 OpenMP Compiler Transformations

In this section we describe all the compiler transformatitmat have to be implemented to sup-
port the OpenMP programming model. Although what here ingod be presented depends on
specific characteristics of the NthLib thread library, wankhthat the compiler transformations
are common and usual in any OpenMP compiling platform. Soarts f the transformations
are very conditioned to the NthLib runtime implementatioile consider the description of the
NthLib internals out of the scope of this paper. For moreiteta the runtime topics, please see
[3, 2]. The reader should see the generated code by the @magilan example illustrating the
AST transformations required in our OpenMP compiling isfracture.

In order to show the tranformation process, we use the thmpbeain figure 1.a. The code defines
a parallel region that contains a do statement.

2.1.1 Parallel Code Encapsulation

In order to allow the threads to execute the parallel codectimpiler extracts the code enclosed
in a parallel region and defines a subroutine where the cddeaged. This transformation is quite
simple and just requires basic operations like code extraend symbol reference gathering. This
last one is necessary to declare the necessary subrougimaemts to define a correct context for
the encapsulated code. For the example in 1.a, the comgifergtes the subroutine in figure 2.
Notice that in this transformation nothing is done for tlegation distribution for the parallel loop,
according to the specified scheduling: STATIC with chunkadgd. This is going to be manage
in the transformation supporting the work distribution.

2.1.2 Thread Spawning and Joining Code

Per each parallel region, the compiler replaces the codmsatt in the parallel region by a
block of statements in charge of the thread spawn and joiris ddde is usually formed by a
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subroutine par_reg_01(a) subroutine par_reg_01(a)
i nteger*4 a(100) integer*4 a(100)
integer*4 k CALL par_ws_do_01 (a)
end
do k = 1, 100
a(k) =0
end do
end
a) Thread function. b) Thread function after worksharing code encapsul ation

Figure 2: Parallel code in thread function before/afterkgbearing code encapsulation.

loop where one thread is created in each iteration. The demipjects a runtime call to the
nt hf _cr eat e_1s_vp service to allow the thread creation at runtime, inside theéybof ado
statement. Before the loop execution, the compiler hagtejethe appropriate statements for
qguerying the runtime about the available number of thredtiss corresponds to the runtime in-
vokation tont hf _cpus_act ual service. After thread creation, the thread that has spateed
parallelism, has to block and wait until the termination b€eeated threads. This is accomplished
by the injection of another runtime call to servicehf _bl ock. Figure 1.b shows the code that
the compiler should generate for the parallel executiomeftxample in the same figure.

2.1.3 Work Distribution Code

For each worksharing construct in a parallel region, thegitanproduces the same transformation
as for the parallel code. The code affected by the worksaramstruct is extracted and encap-
sulated in a new subroutine. The compiler injects a calestant to the new allocated subroutine
that replaces the extracted code. Notice that this is dotieeisubroutine containing all the code
in the parallel region, as this transformation is done dfterfirst code encapsulation described in
previous section. Independently of the worksharing type,dompiler builds the code structure
showed in figure 4. The showed code contains some symbolgpvefixt pl _ that its meaning is
explained in the next section. What we want to point out hetke code structure and the runtime
calls injected by the compiler. The runtime servioehf _begi n_f or andnt hf _end_f or de-
fine and conclude the execution of the parallelized do swtemTwo nested loops are defined.
The outermost one is in charge of the work demand to the rensigstem through the runtime
servicent hf _next _i t er s. The innermost loop is in charge of the execution of the sagpl
iterations. The loop body for this inner loop is obtained gy &€xtraction of the worksharing code.
All worksharing constructs are supported with the code iarBgd, but with several specific val-
ues for the arguments in the runtime services. Section Jideschow these are arguments are
defined.

3 Template Guided Transformations

The proposal in this paper is based on the definition of sewenaplates guiding the compiler
transformations described in the previous section. In tim@eémentation of our OpenMP com-
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piler we have used the Open64 compiler [7] as the base camgpilatform. Open64 already has
an OpenMP parser and is able to represent the OpenMP cdi@tsum its intermediate repre-
sentation, calledvhi r1 . We have added a new phase that is executed after the card#sgo
front—end. The input of this new phase is thei r | intermediate representation created by the
front—end with the OpenMP directives represented in the A8fien our phase is executed, all
the directives are transformed applying the correspontiingplate, obtaining a newhi r | rep-
resentation with all the OpenMP directives replaced bysdallthe NthLib thread library. At this
point, one could use the Open64 backend ovemthier | intermediate representation and obtain
an executable, or decompile and obtain a new program cobigigth any native compiler in any
platform supporting the threads library.

3.1 Template Definition

Templates used by our compiler are written in the same laggyaa the application being com-
piled. We have not needed to use language extensions fotargpecification. We have only

three simple rules to write templates. The first rule dessribow to specify a variable part in a
template, the second one how to specify parts of code onkyssacy under certain conditions and
the last one how to specify parts of code that have to be psedes variable number of times.

e Rul e 1: All variables in a template whose names start with a ceradfix, t pl _in our
implementation, will be template variable parts that wélfeplaced by an expression. The
transformation to do over this variables is coded in the danjnternals. The compiler
includes a correspondance between template variable nandethe corresponding trans-
formation.

e Rul e 2: When the logical expression in a conditional construcfibstatement) is formed
by a template variable, only the code that would be executed @valuating the condition
will be inserted in the template instantiation. The tempkatpansion module has to evaluate
the condition depending on the code being compiled.

e Rul e 3: When the logical expression of a loop constructialovhi | e statement) is
formed by a template variable, the code inside the consbruds insertedn times and
the original loop construction is extracted from the tertgl@stantiation. The template
expansion module has to evaluate the condition and the wedlnedepending on the code
being compiled.

Due to the impossibility of some languages for a variablepioear alone in the code, that is not
inside an expression or a language construction, an egtetsrule 1 is necessary. In these cases
we declare external subroutines with names according ® Xudnd insert calls to them in the
templates. These subroutine calls will be replaced by tipamsion of the template reference by
the subroutine name. In order to support the previously ddfmules, our implementation has
required a template expansion module that performs theviolly template operations:

e Operation 1. replace atemplate variable by another variable.

e Operation 2: replace atemplate variable by a integer or real constant.
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e Operation 3: replace atemplate variable by a portion of AST.

e Operation 4. replace atemplate variable by a set of real parameters.
e Operation 5: replace atemplate variable by a set of formal parameters.
e Operati on 6: create a set of local variables in a template.
e Operation 7: replicate a part of code in a template.

e Operation 8: extract a part of code in a template.

© o0 N o o b~ W

e Operati on 9: change the name of a template variable.

The following sections describe how we support the compiarsformations through templates.

3.2 PARALLEL template

When translating a parallel directive our compiler uses t@voplates, one for the thread creation
code and another one containing the subroutine that wilkbewge in parallel. The first thing the
compiler does when compiling a parallel directive is to teem subroutine containing the code
enclosed in the directive. This subroutine will be the onmedds will execute. The subroutine
is generated according to the template shown in figure 3.lat wieans a new instance of this
subroutine is generated and the three template variablgsined in the code are spawned as
indicated:

e t pl _t enpl at e_subr out i ne: This transformation follows the application of rule 1 and
operation 9. The expansion of the symbol is very simple. Gnédcmodify the name of
this symbol by simply adding a counter at the end to avoid srdbplications. We expand
symbols whose names startbgl _t enpl at e changing their names by the concatenation
of the subroutine name where the directive appeared, & statd depending on the direc-
tive being compiled, encapsulation in this case, and tleeviihere the directive appeared.

e t pl _body: This transformation follows the application of rule 1 angeaation 3. The
expansion associated to symbols whose names starpbybody is very simple too. In
this case our expansion module receives the AST assoc@thd tode enclosed inside the
directive being compiled and replaces the call to externbtautinet pl _body by a copy
of this AST.

e t pl f or mal _par ns: This transformation follows the application of rule 1 anmkoation
5. To be able to expand symbols whose names stattddy f or mal _par ns is neces-
sary to walk through the previous AST and find all the varialieferenced in it. Then
t pl .f or mal _par ns is replaced by a formal parameter for each of the symbols-refe
enced.

The second template we use in the compilation of a paraltective is showed in figure 3.a.
We name this template threads creation template. Only fadifications are done during the
expansion of this template:
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Finally, a last and implicit transformation is done whersttémplate is used. The parallel direc-
tive and the code enclosed in it are replaced by a call to thntiation of this template. This

subroutine tpl_tenplate_parallel (tpl_fornal_parns)

nth_nprocs = nthf_cpus_actual ()

nth_selfv = nthf_self ()

nt h_cpuv = nthf_whoam ()

mask = tpl _nt h_mask

call nthf_depadd (nth_selfv, nth_nprocs + 1)

do nth_p = 0, nth_nprocs - 1

nth=nt hf _create_1s_vp(tpl _p_thread_function, 0, nth_p,
nt h_sel fv, mask, t pl _num par ns, t pl _r eal _par ns)

end do

call nthf_block ()

return

end subroutine

a) Tenplate for thread creation code

subroutine tpl_tenplate_subroutine(tpl_fornal_parns)
integer*4 tpl _fornal _parns

external tpl_body

call tpl_body

return

end subroutine

b) Tenplate for thread function

Figure 3: Template for thread creation code and thread ifamct

t pl _t enpl at e_par al | el : This template variable is expanded as intgrinplatesubroutine
in previous template.

t pl [f or mal _par nrs: This template variable is expanded as in previous template

t pl _r eal _par nrs: This transformation follows the application of rule 1 arueoation 4.
The template variable is replaced by a set of real parameteesfor each of the parameters
that have appeared in the expansion of symbafdphal parms.

t pl _p_t hread_functi on: This transformation follows the application of rule 1 and
operation 9. The template variable is replaced by the syrabsbciated to the subroutine
created when we have applied the templataephplatesubroutine.

corresponds to operation 8.

3.3 Worksharing Templates

In this section we present the templates guiding the compéeasformations for the worksharing
constructs. The three worksharing constructs: DO, SECHQ@Nd SINGLE are treated in a
similar way, so we only exppose the mechanisms for the DO staing and then complement

for the SECTIONS and SINGLE worksharings.
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subroutine tpl_tenplate_do(tpl_formal _parns)

call nthf_begin_for (tpl_Iow bound,tpl_upper_bound,tpl_step

> t pl _schedul e_t ype, t pl _chunk)
do while (.true. .eqv. nthf_next_iters (nth_start,nth_end, nth_|last))
do tpl _i_ = nth_start, nth_end, tpl_step
call tpl_body ()
end do
end do

call nthf_end_for (tpl_barrier)
return
end

Figure 4: Template for DO worksharing construct.

Figure 4 shows the template used in the compilation of a wbdeing DO directive. In this
template we find the following variable expansions:

e t pl _t enpl at e_do: This template variable is treatedtagl _t enpl at e_.subr outi ne
in the PARALLEL template.

e t pl formal par ns andt pl _body: are replaced as explained in the PARALLEL tem-
plate.

e t pl | owbound, t pl _upper _bound andt pl _st ep: are replaced by the expressions
low bound, upper bound and step of the do statement enclgsttelDO directive. This
transformation corresponds to apply rule 1 operation 3.

e t pl _i : This template variable is replaced by the variable indethefdo statement. The
compiler applies rule 1 operation 1.

e t pl _schedul e_t ype: This template variable is replaced by an integer constading
the scheduling to be applied. This corresponds to rule 1 pedation 2.

e t pl _chunk: The compiler replaces the template variable by the chupkession in the
DO directive. This corresponds to rule 1 and operation 3.

e tpl barrier:isreplaced by a 0 or a 1 depending on if the NOWAIT clause aggzkin
the end do directive. This corresponds to rule 1 operation 2.

Again, an implicit transformation is done when using thimpdate: the DO directive and the code
enclosed in it are replaced by a call statement to the inatamt of this template.

The SECTIONS and SINGLE worksharing constructs can be lednby templates as the DO
construct is. The main differences correspond to how thelkeie variables in the arguments for
the runtime serviceat hf _begi n_f or are expanded. For the SECTIONS construct, the com-
piler defines a loop with as many iterations as sections appeéhe construct. one iteration per
SECTION. Thet pl _body variable is expanded with as many statements as sections, all of
them evaluating a condition over thel _i variable. A DYNAMIC scheduling is applied. The
SINGLE is treated as a SECTIONS construct with just one gedaif code.
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subroutine tpl_tenplate_parallel (tpl_fornal_parns)

call nthf_create_OpenMP_thread_tean(tpl_p_thread_function,

> t pl _num parmns, t pl _real _parns)
return
end subroutine

Figure 5: New template for thread creation and termination.

3.4 Changing the compiler transformations

This section wants to emphasize the advantages of havinQpgbaMP compiler transformations
guided through template specifications. In OpenMP reseamrehs, it is quite common to make
deep changes to the runtime system supporting the OpenMfPapnaning model (either because
of changing the target architecture or because of lookimgp&sformance improvements). It is
reasonable to think that those changes can affect the cemtpnsformations. Our proposal
makes the compiling platform flexible enough to adapt to #& runtime requirements. This can
be easily seen with an example. Suppose the you want to clihagamitted code concerning
to the thread creation and termination. Suppose the rurgystem has been modified and a
new runtime service is available performing all the operaineeded for the thread creation and
termination. The new template substituing the one in figuaecBuld be the one showed in figure
5.

Notice that the compiler transformation is simply implerigehby modifying the template. It is
not necessary to recompile any compiler module.

4 Related Work

This section makes a brief overview over most recent effartaiilding OpenMP compiling plat-
forms for OpenMP research. Past OpenMP projects like Nadipsritone [1] and the ongoing
POP project [8], suffered from a compiler infrastructurenigenot able to adapt to changes in
the runtime system, requiring new compiler support. Theme©RC project [11] includes some
OpenMP support (parsing of OpenMP directives and the assatitransformations), but it is
linked to a particular runtime system basedpirhr eads [12]. Thus it suffers from being not
enough flexible.

The approach taken in theose system [10] has to be mentioned due to the similarities to our
proposal. Although theose compiler infrastructure has the ability to specify the cderdrans-
formations with variable parameters, the implementor tsalowed to guide the compiler activity
through templates. Another limitation comes from the faett the compiler transformations are
included in the compiler internals, so some flexibility istlo
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5 Conclusions and Future Work

In this paper, we have shown our experience in using tengptaiented to source to source code
transformations. We have implemented a new transformauams for the Open64 compiler in-
frastructure to generate parallel code given the OpenMéXtiles in the source code. For each
OpenMP directive (PARALLEL, DO, SECTIONS, etc.) our congpipass takes one templates
and generates the parallel code according to them. We arentlyrworking in the testing of
this compiler pass and the templates already written. Hertésk, we use standard OpenMP
benchmarks written in Fortran. After that, we plan to usesime technique to support also the
C language, writing the associated templates in C and te#ti@ complete infrastructure with
OpenMP benchmarks written in C.
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