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SUMMARY

Co-Array Fortran is a parallel programming language for scientific applications that provides a very
intuitive mechanism for communication, and especially, one-sided communication. Despite the benefits
of this integration of communication primitives with the language, analyzing the performance ofcar
applications is not straightforward, which is due, in part, to a lack of tools for analysis of the communication
behavior of co-array Fortran applications. In this paper, we present an extension to the<oJAK toolkit
based on a source-to-source translator that supports performance instrumentation, data collection, trace
generation, and performance visualization ofco-Array Fortran applications. We illustrate this approach
with a performance visualization of a co-Array Fortran version of the Halo kernel benchmark using the
VAMPIR event trace visualization tool.

KEY WORDS. performance analysis, Carray Fortran

Introduction

Co-Array Fortran CAF) [14] extends Fortran 2003 providing a simple, explicit notation for data
decomposition, communication, and synchronization, expressed in a natural Fortran-like syntax. These
extensions provide a straightforward and powerful paradigm for parallel programming of scientific
applications based on one-sided communication. One of the major problems ¢agingsers is the

lack of Performance analysis tools for investigating the communication and synchronization behavior
of their application. This deficiency is due in part to the fact that communication operatias-in
programs are not expressed through function calls, asrin or via directives that are executed by

a run-time library, as iropervp. In contrast,CAF communication operations are integrated into the
language, and, on certain platforms like the Cray X1, they are implemented via remote memory access
instructions provided by the hardware.
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For MPI applications, performance data collection is, in general, facilitated by the existence
of the mp1 profiling interface empIl), which is used by mostmPi tools 2, 8, 16]. Similarly,
performance measurement opermp applications can be done by instrumenting the calls to the
runtime library [, 4, 5]. However, with the challenge oEAF communication primitives being
integrated into the language, and potentially implemented with special hardware instructions, the
instrumentation of these communication primitives requires a similarly integrated approach.

In order to address this problem, we first defimerhF, an interface specification of a set of routines
intended to monitor all important aspectsafr applications. Then, we extended theAri source-
to-source instrumentation todl?] to search forcAF constructs and to generate instrumented source
code with the appropriatecAF calls. Finally, we implemented thecaAF interface for thekoJAk
measurement systeriq] enabling it to tracecAF communication and synchronization instructions.
With this extension, th&oJAK measurement system is able to support performance instrumentation
and performance data collection ©AF applications, generating trace files that can be analyzed with
theVAMPIR event trace visualization tool §].

The remainder of this paper is organized as follows. First, we present an overvieorofay
Fortran. Then, we briefly describe thkeJAak performance measurement and analysis environment.
The main part of the article describes our approach for performance instrumentation and measurement
of co-Array Fortran applications. Finally, we discuss performance visualization with an example using
the Halo kernel benchmark code.

An Overview of Co-Array Fortran

Co-array Fortran14] is a parallel programming language extension to Fortran 2003 currently under
investigation for inclusion in the next Fortran language standard. At the highest &avelyses a

Single Program Multiple Dataspmb) model to allow multiple copiesirhage$ of a program to
execute asynchronously. Each image contains its own private set of data objects. When data objects
are distributed across multiple images, the array syntaaefuses an additional trailing subscript in
square brackets to allow explicit access to remote data (as shown in Bjgare it is referred to as

the co-dimensionData references that do not use these square brackets are strictly local accesses.The
CAF compiler translates these remote data accesses into underlying communication mechanisms for
each target systemaAF also includes intrinsic routines to synchronize images, to return the number of
images, and to return the index of the current image. Besides functions for delimiting a critical region,
CAF provides four different forms of a barrier synchronization:

SYNC_ALL(): aglobal barrier where every image waits for every other image.
SYNC_ALL( <wait list>): a global barrier where every image waits only for the listed images.
SYNC_TEAM( <team>): a barrier where a team of images wait for every other team member.

SYNC_TEAM( <team>, <wait list>): a barrier where a team of images wait for a subgroup of the
team members.

CAF was originally developed on the Cray-T3D, and, as such, it is very efficient on platforms
that support one-sided messaging and fast barrier operations. On systems with globally addressable
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Figure 1.KOJAK OVERALL ARCHITECTURE.

memory, such as the Cray X1 or the SGI Altix 3700, these mechanisms may be as simple as load
and store memory references. By contrast, on distributed memory systems that do not support efficient
Remote Direct Memory AccesRPMA), these mechanisms can be implementesiim, SHMEM, or

some lower level library likesasNET or ARMCI.

The KOJAK Measurement System

The KOJAK performance-analysis tool environment provides a complete tracing-based solution for
automatic performance analysismpi, opermpP, SHMEM, or hybrid applications using combinations

of these three paradigms running on parallel compukersak describes performance problems using

a high-level of abstraction in terms of execution patterns that result from an inefficient use of the
underlying programming model(skoJAK’s overall architecture is depicted in Figute Tasks and
components are represented as rectangles and their inputs and outputs are represented as boxes with
rounded corners. The arrows illustrate the whole performance-analysis process from instrumentation
to result presentation.
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ThekoJak analysis process is composed of two parts: a semi-automatic, multi-level instrumentation
of the user application followed by an automatic analysis of the generated performance data. The first
part is considered semi-automatic because it requires the user to slightly modify the makefile.

To begin the process, the user supplies the application’s source code, written inceither,
or Fortran, toOPARI, which is a source-to-source translation toolPARI performs automatic
instrumentation obpermp constructs and redirection opervp-library calls to instrumented wrapper
functions on the source-code level, based orrtheP qpermP monitoringApPI [11]. Later, in Section
"Performance Instrumentation,” we describe how we extendedri for instrumentation ofcar
programs with the appropriatecAF calls.

Instrumentation of user functions is done either during compilation by a compiler-supplied
instrumentation interface or on the source-code level usimg [2]. TAU is able to automatically
instrument the source code of C, C++, and Fortran programs using a preprocessor baserban the
toolkit [10].

Instrumentation fompPI events is accomplished with a wrapper library based orptie profiling
interface. AllMPI, opermP, CAF and user-function instrumentation calls #®L0OG run-time library,
which provides mechanisms for buffering and trace-file creation. The application can also be linked to
thepAPIlibrary [3] for collection of hardware counter metrics as part of the trace file. At the end of the
instrumentation process, the user has a fully instrumented executable.

Running this executable generates a trace file iretheoc format. After program termination, the
trace file is fed into the&exPERT analyzer. (Seelf] for details of the automatic analysis, which is
outside of the scope of this paper.) In addition, the automatic analysis can be combined with a manual
analysis usingZaMPIR [13], which allows the user to investigate the patterns identifiedt kyERT
in a time-line display via utilities that convert thePILOG trace file into thevAMPIR VTF3 andOTF
formats.

Performance Instrumentation and Measurement Approach

In this section, we describe the event model that we use to describe the behaviar yfplications,
and the approach we take to instrumenf programs and to collect the necessary measurement data.

An Event Model of CAF

KOJAK uses an event-based approach to analyze parallel programs. A stream or trace of events allow it
to describe the dynamic behavior of an application over time. If necessary, execution statistics can be
calculated from that trace. The events represent all the important points in the execution of the program.
OurcAF event model is based .JAK’s basic model for one-sided communicati@h We extended
KOJAK’s existing set of events, which cover describing the begin and end of user functionsrand
and opervp related activities, with events for representing the executioassf programs, namely
the begin and end afAF synchronization primitives and the begin and end of remote load and store
operations.

Table| summarizex0JAK’s event types used for analyzirgpF applications. For each of these
events, we collect a time stamp and location. EaF synchronization functions, we also record which
function was entered or exited. For the barrier routines, we also collect the group of images which
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Table I.KOJAK’s event types foCAF programs

Abstraction Eventtype | Type specific Attributes
Entering / leaving a region (e.g., a function) ENTER region id
ExIT region id

Leaving a collectivecAF synchronization regions CAFCEXIT | region id, team id, wait group id

Start / end oRMA one-sided transfers PuT_1TS rma id, length, destination loc
PUT_1TE rma id, length, source loc
GET.1TS rma id, length, destination loc
GET.1TE rma id, length, source loc

participate in the barrier and the group of images waited for, if applicable. Finally, for loads and
stores, we collect the amount of data transferred (i.e., the number of array elements) and the source or
destination of the transfer, as well as a unigquea operation identifier that provides an easier mapping
of #.1TE to the corresponding #TS events in the later analysis stage.

The event model is also the basis for the instrumentation and measurement. The events and their
attributes specify the elements ©AF programs that need to be instrumented and the data that has to
be collected.

Performance Instrumentation

Instrumentation ofcAF programs can be done on either of two levels, depending on dwmvis
implemented on a specific computing platform. On systems whbere constructs and\pi calls

are translated into calls to a run-time library, these calls could easily be instrumented by traditional
techniques (e.g., linking a pre-instrumented run-time library or instrumenting the calls with a binary
instrumentation tool). However, for systems like the Cray X1, wheredke communication is
executed via hardware instructions, this approach is not always possible. Therefore, we extended
OPARI, KOJAK’S source-to-source translation tool, to also locate and instrumemtaaliconstructs

of a program.

As Fortran statements can occupy more than one sourcedim®| reads a program line by line,
taking into consideration continuation lines and multiple statements on the same source line. Each line
is scanned for occurrences OAF constructs and synchronization calls (but ignoring comments and
contents of strings). & constructs can be located by looking for pairs of brackets ([...]) which are not
used otherwise in Fortran, except for array constructors in the 2003 Fortran standard. This exception
can be easily handled.

The first word of the statement determines whether it is a declaration line, an allocation statement
involving Co-Arrays, or a statement containing a remote load or store operatiocAFateclarations
and allocationspPARI collects attributes like array dimensions, and lower and upper bounds for later
use. The allocate and deallocate statements that in@olvarays, as well as automatic deallocation at
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integer :: me, num, left integer :: me, num, left
integer :: A(1024,1024)[*] integer :: A(1024,1024)[*]

me = this _image() me = this _image()
num = numimages() num = num _images()
left = me - 1 left = me - 1
if (left < 1) left = num if (left < 1) left = num
call PCAF _rma_store _begin(-1+left, &
1 * max((ubound(A,2)- &
Ibound(A,2)+2)/2,0))
A(me,::2)[left] = me A(me,::2)[left] = me
call PCAF _rma_store _end(-1+left)
call sync _all() call PCAEsync _all ()
@) (b)

Figure 2. (a) Example of aAF source code and (lPARI instrumented version

the end of subprograms, also contain internal synchronization and therefore would be good candidates
for some additional form of instrumentation, probably insertion of a call before and after the statement,
or at the end of a subprogram when there is automatic deallocatimri@urrently does not support

this functionality, but it could be easily extended to do so.

The handling of statements containing remote memory operations is more complex. First, all
operations are located in the line. If it is an assignment statement and the operation appears before
the assignment operator, it is a store operation. In all other cases it is adead! determines
which cAF array is referenced by the operation, the number of elements transferred (by parsing
the index specification), and the source or destination of the transfer (determined by the expression
inside the brackets). Simple assignment statements containing a single remote memory operation are
instrumented by inserting calls to the correspondbag\F monitoring functions before and after the
statement, which get passed in the attributes determinedahb!. In case of more complex statements
where a remote memory operation cannot be easily separated out and wrapped by the measurement
calls, or when it is necessary to keep instrumentation overheaag| uses the single call version
of the PCAF remote memory access monitoring functions (instead of separate begin and end calls)
and inserts them either before (for loads) or after (for stores) the statement for each identified remote
memory access operation.

Finally, oPARI scans the line for calls toAF synchronization routines, and replaces them by calls
to PcAF wrapper functions that will execute the original call in addition to collecting all important
attributes.

Figure 2(b) shows the instrumented source code generated for the example in E{@jrdn
this example, there is a two-dimensional ariywhich is distributed on all processors. In the
CAF statementA(me,::2)[left] = me , each processor updates the odd entries of the row
corresponding to its image in the left neighbor array with its index, and then waits on a barrier.
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SUBROUTINE
SUBROUTINE
SUBROUTINE
SUBROUTINE
SUBROUTINE
SUBROUTINE

Remote Memory Access Monitoring Routines

PCAIFma _store _begin(dest, nelem)
PCAFma _store _end(dest)
PCAFmMa _store(dest, nelem)
PCAFma _load _begin(src, nelem)
PCAFma _load _end(src)

PCAFma _load(src, nelem)

where INTEGER, INTENT(IN) :: dest, src, nelem

CAF Synchronization Wrapper Routines
SUBROUTINE PCABync _all()
SUBROUTINE PCABync _all(wait)

SUBROUTINE
SUBROUTINE
SUBROUTINE

PCABync _team(team)
PCABync _team(team, wait)
PCABync file(unit)

SUBROUTINE PCABync _memory()
SUBROUTINE PCABtart _critical()
SUBROUTINE PCAIend _critical()

where INTEGER, INTENT(IN) :: unit

INTEGER, INTENT(IN) :: wait(:), team()

Figure 3. PCAF Measurement Function Interface Specification

OPARI identifies theCAF statement, and adds a begin and end instrumentation event. The call to
indicate the beginning of the event contains the destination of the store (normalized to the range 0 to
numimages()-1 ) and the number of array elements being transferred; the end call only gets passed
the destination. The barrier caly(nc _all ) is translated into a call of the correspondiwgapper
function.

For some programs, complete instrumentation ofcalF constructs may be unnecessary or too
intrusive; therefore, the amount of instrumentation can be controlled via command line options to
OPAR|, allowing to disable instrumentation by groups (e.g., synchronization functions or remote
memory transfers).

Performance Measurement

Finally, the KOJAK measurement system was extended by implementing the necessary
monitoring functions and wrapper routines and adding support for the handling of the new remote
memory access event types. We chose to implement our approach withioihe framework, as
KOJAK is very portable and supports all majepc computing platforms. Also, this way, we could
re-use many okoJAK's features like event trace buffer management, generation, and conversion.
Finally, it allows us not only to analyze plamaF applications but also hybrid programs using any
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combination ofmMPI, opervP, SHMEM, and CAF. A separate, new instrumentor just fonF would
probably be problematic in this respect, as the modifications done by two independent source-to-source
preprocessors could conflict.

ThepcAFinterface is shown in Figur@ The first group of functions are used for the instrumentation
of CAF remote load and store operations. As explained in the last section, for each case, there is a
"begin/end” two call version as well as a single call one. The second group of functions are wrapper
functions, one for each intrinsic synchronization and utility function definecfar. The list shown
in Figure3is not complete in that regard; it only includes those functions which were supported by the
Cray Fortran compiler we used for our experiments. Especially, the current draft standard-fiof|
(as of February 2006) specifies a slightly different list of synchronization functions as well as new
CAF collective functions likeCQPRODUCDHBr CQSUM Implementing support for altAF intrinsic
functions once theAF standard stabilizes is very easy.

Since this monitoringapi is open, andoPARI is a stand-alone tool, other performance analysis
projects could use this infrastructure to also suppoyt. For example, it would be very easy to
implement a version of thecAFr monitoring library which (instead of tracing) just collects basic
statistics (number aRMA transfers, amount of data transferred) for each participating image. Ideally,
in the future,CAF compilers could support this interface directly.

Performance Visualization

For illustration of our performance analysis approach, we ran the Halo kernel benchmark on the Cray
X1 system at the Oak Ridge National Laboratory, using 16 and 64 processors. The Halo benchmark
simulates a halo border exchange with the four different synchronization metiaedsrovides. The
exchange procedure has the following outline:

S1 HINS(1:3*n) = HOEW(1:3*n)

S2 CALL synchronization method

S3 HONS(1:n) = HINS(1:n)[MYPEN]

S4 HONS(n+1:3*n) = HINS(n+1:3*n)[MYPES]
S5 CALL synchronization method

S6 HIEW(1:3*n) = HONS(1:3*n)

S7 CALL synchronization method

S8 HOEW(1:n) = HIEW(1:n)[MYPEW]
S9 HOEW(n+1:3*n) = HIEW(n+1:3*n)[MYPEE]
S10 CALL synchronization method

During each iteration, the following events from our event model ocgRra synchronization call;
S3 a remote load of: elements from the north neighb®4 a remote load ofn elements from the
south neighborS5 a synchronization callS7 another synchronization cal88 a remote load oh
elements from the west neighb@&9 a remote load o2n elements from the east neighbor; and finally
S10 a synchronization call. For each synchronization method, this procedure is repeated 5 times per
iteration, with 10 iterations being executed witlvarying from 2 to 1024 in powers of 2.
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Figure 4. Timeline view of the complete Halo benchmark using 16 processors

The original Fortran 77 code for the benchmark actually used separate loops for eactcafthe
assignment statemen8k, S3, S4, S6, S8, S9 ). For example, statemeB8 was coded as

DO i=1,n

HONS() = HINS()[MYPEN]
END DO

Changing the code to use Fortran 90 array syntax had several advantages: First, instrumenting
and measuring the improved version generates considerably less ovetHe@dk calls instead of
2 x n). For the Halo benchmark, which is an extreme case as it only consistsralemote memory
accesses and synchronization calls, it meant that we could not successfully perform a measurement of
the original code, as we ran out of disk space for the resulting huge trace files. Secondly, the compact
array syntax form very likely has more performance stability across implementations and architectures.
Ideally, a smart compiler would generate the same code for both forms, however, using the compact
form ensures that even a non-optimizing compiler generates code for one remote block-transfer instead
of aloop of a lot of short remote memory operations. Especially on a system which does nebhvave
hardware support, this can make a huge difference. Finally, we think that the improved code is easier
to understand and to maintain.

Figure 4 shows the timeline view of the Halo benchmark running with 16 processors. The four
phases of the code (marked with white lines in the figure) can easily be identified due to the different
communication behavior of each of the synchronization methods. The communication pattern between
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Figure 6. Message statistics view of the Halo benchmark using 16 processors (left) and Summary Chart View of
Function times running on 16 and 64 processors (right)

respectively. We observe that the region corresponding t@ythe _team(wait)  synchronization
method is much more irregular (unsynchronized) than the one fasythe _all , where the waiting
times are longer, due to the global synchronization.

Finally, on Figure6 (right), we observe the time spent on each synchronization method for the
16 and 64 processors runs, respectively. We notice that with the increase of number of processors,
thesync _team(wait) method performs significantly better in this benchmark tharsyime _all
method, going from about 10% faster with 16 processors to about 30% faster with 64 processors.

Conclusion

The cAF parallel programming language extends Fortran 2003 providing a simple technique for
accessing and managing distributed data objects. This language-level abstraction hides much of the
complexity of managing communication, but, unfortunately, this also makes diagnosing performance
problems much more difficult. In this paper, we have proposed one approach to solve this problem.
Our solution uses a portable source-to-source translator to allow performance instrumentation,
data collection, trace generation, and performance visualizatioooefrray Fortran applications,
implemented as an extension of tkeJAk performance analysis toolset. We illustrated this approach
with performance visualization of @-Array Fortran version of the Halo kernel benchmark, running
on a Cray X1 system and using tvaMPIR event trace visualization tool. Our initial results are
promising; we can obtain statistical quantification and graphical presentationFofommunication
and synchronization characteristics.

In view of our experience with analyzingAF applications with thekoJak toolkit, we are
considering several extensions to our work: First, we need to determine the benefits of this approach
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12 B. MOHR, L. DEROSE, J. VETTER @

for real-world car and hybridMmpi, SHMEM, and CAF applications. Second, it would be interesting

to extendkOJAK’s automated analysis to also coveaF constructs. Last, we need to synchronize

our work with some recent work on a proposed performance tool interface for global address space
languagesq].
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