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Abstract

Cluster computing has become a common, cost-
effective means of parallel computing. Although
adding more CPUs increases a cluster’s maximum
processing power, tightly-coupled applications can be
challenging to scale up, and thus unable to effi-
ciently use very large numbers of CPUs. In reg-
ular codes, such as FFT, the main impediment to
scalability is the communication overhead which in-
creases as the number of nodes increases. Reducing
communication overhead stands to improve perfor-
mance and scalability.

This paper presents program transformations
directed  towards  improving  communication-
computation overlap in parallel programs that use
MPI’s collective operations. We present results
from a detailed study of the effect of the com-
munication library, problem and message size,
level of communication-computation overlap, and
amount of communication aggregation on rTuntime
performance in a cluster environment based on
an RDMA-enabled network. The targets of our
study are two scientific codes written by domain
scientists.  We include guidance for developers
for transforming an application code in order to
exploit the communication-computation overlap
available in the wunderlying cluster, as well as
a discussion of the performance offered by the
different communication schemes achieved by our
transformations.

1 Introduction

Clusters of workstations are in common use
among engineers and domain scientists due to their
high processing power to cost ratio. The major
drawback of cluster-based parallel computing as

compared to using shared memory multiprocessors
is the network delay induced by the node intercon-
necting technology of clusters. Several interconnec-
tion technologies [6, 29, 22] have been developed
with the goal of improving cluster message-passing
performance by providing specialized low latency,
high bandwidth networks for clusters.

Unfortunately, although specialized networks
perform better than their legacy counterparts, the
low latency and high bandwidth that is associated
with them is more often achieved in benchmarks
than in real world parallel applications [9]. Al-
though in theory, network traffic can be handled
solely by a network co-processor while the CPU is
performing useful computations, only a small per-
centage of existing scientific codes can scale to hun-
dreds of CPUs without suffering significant loss of
efficiency due to communication overheads. In reg-
ular codes, such as FFT, the main impediment to
scalability is the communication overhead which in-
creases as the number of CPUs increases.

In this paper, we present program trans-
formations directed towards achieving high
communication-computation overlap in parallel
programs that use MPI to achieve portable paral-
lelism in a cluster environment. The overarching
thesis of this effort is that the performance of
many parallel applications can be improved by
transforming message passing operations based
on application data dependencies and platform
particularities of the specific cluster environment.

A key aspect of the program transformation con-
sists of replacing a collective operation with smaller
directed sends that take advantage of data depen-
dence by posting sends as data becomes available.
This transformation restructures the computation
loop into separate blocks, or tiles, and places new
sends between the tiles to achieve overlapping of
communication and computation. The choice of



tiles size and the number and size of asynchronous
message transfers depends on a number of factors.
These factors vary depending on the platform and
applications, thus an automatic mechanism to com-
pare transformation constants is highly desirable.

Another component of the program transforma-
tion involves replacing the existing synchronous
communication calls with asynchronous ones. This
step consists of replacing MPI calls with lower-
level calls that avoid the MPI runtime environment
and its associated overhead. We have developed a
thin library that abstracts memory registration and
asynchronous communication in order to provide
support for the replacement of a commonly used
subset of the MPI interfaces. The version described
in this paper utilizes Myrinet’s GM system and thus
fully supports one-sided communication.

The goals of this paper are twofold. First, we
want to enable parallel programming practitioners
to apply our transformation strategies to their own
applications. We include guidance for determining
the suitability of our techniques as well as for ac-
tually transforming application code to exploit the
communication-computation overlap available to a
particular application on a specific cluster.

The second goal of this work is to inform our on-
going research into automatic program transforma-
tion for performance. We contend that these trans-
formations should be automated in order to mitigate
lack of portability and maintainability. The results
reported in this paper validate the first part of our
larger hypothesis: that performance improvements
can be achieved through such transformations.

This paper will proceed with a detailed discussion
of our transformation approach as well as empirical
results from an evaluation of these transformations.
We have conducted experiments that examine the
amount of communication aggregation and overlap-
ping, achieved by varying the tile size and the num-
ber of concurrent outstanding transfers, to identify
the cases in which performance is maximized. We
present results from a detailed case study of the
effect of the communication library, problem and
message size, level of communication-computation
overlap, and amount of communication aggregation
on runtime performance in a cluster environment
based on an RDMA-enabled network. Experiments
with different tile sizes and different degrees of over-
lapping were performed on actual scientific codes.

2. Overview of the Problem

Many parallel scientific applications perform ag-
gregated communication at the end of computation

loops, often using collective communication prim-
itives such as MPI_ALLTOALL(). This approach is
simple and thus results in code that is easier to
maintain. Collective operations are so common
and intuitive that many cluster-oriented message
passing systems optimize the MPI_ALLTOALL () call,
resulting in significant performance improvements.
The hypothesis driving our work is that improve-
ment is possible over the current state of the art in
optimization of collective operations. The way to
achieve this improvement is by aggressively sending
data as soon as it is generated within the compu-
tation loop through the use of asynchronous I/0
operations. Such a transformation will improve ap-
plication runtimes in that more of the communica-
tion will be concurrent with computation. In ap-
plications where data dependency can be resolved
statically such a transformation can be applied by
an automated optimization system saving program-
ming effort and preserving the original, maintain-
able code.

One of the keys to improving the overlap of com-
munication and computation is the effective utiliza-
tion of technologies to remove the burden of com-
munication from the main processor. In many mes-
sage passing applications, local and remote Direct
Memory Access (DMA and RDMA) are not fully
utilized despite the fact that their use can eliminate
sources of overhead such as repeated copying. Al-
though specialized versions of MPI have been devel-
oped with the goal of exploiting the features of these
cluster interconnects and operating system bypass,
MPT’s overall design and abstract nature make it
difficult to eliminate delays that could have been
avoided [7, 35]. For example, one-sided communi-
cation is not supported by MPI 1.0 and although
supported by MPI 2.0, significant restrictions on
memory access patterns are imposed [7]. Examples
of the overheads caused by MPI’s design are the
receive and unexpected message queues maintained
by MPI, in order for tag or sender matching to be
supported. These queues introduce copying for the
data to arrive at the actual user buffer even if MPI
is implemented over a technology such as Myrinet’s
GM [2] that supports true zero-copy transactions.
Studies demonstrate that maintaining and travers-
ing these queues could cause impediments to scala-
bility [9].

In this paper, we present transformations that
restructure the computation loop of parallel MPI
codes into smaller tiles that perform part of the
computation and the corresponding communica-
tion. Asynchronous I/0 is used to pipeline the ex-
ecution of consecutive tiles.



One enabling technology for this effort is memory
mapped network interfaces. Cluster interconnects
like Myrinet [6], Infiniband [22] or Quadrics [29] are
in wide use now and support the necessary function-
ality quite well. Devices that support the Virtual In-
terface Architecture (VIA) [15] would also be appro-
priate as would any other network technology that
supports RDMA [1]. In memory-mapped networks,
the data can be transferred from the main mem-
ory to the network interface and back, through the
use of DMA. This mechanism relieves the host CPU
from the responsibility for moving data from mem-
ory and eliminates the need for unnecessary copying
from user buffers to kernel buffers. It has been ar-
gued [26] that efficient communication is achieved
even if the kernel plays a role in the transfer, as
long as the data can be DMAed directly from the
user buffers to the network card.

Our experimental results support the observa-
tion that non-blocking and asynchronous I/O are
not the same [11]. Non-blocking I/O can be sup-
ported by a library regardless of the network hard-
ware. In a programmed communication environ-
ment though, even if the call to the network op-
eration returns (instead of blocking), the compu-
tation cannot proceed because the CPU and the
memory are busy performing the transfer. Truly
asynchronous I/0 is achieved only if the network
hardware can perform the transfer on its own, let-
ting the host processor continue with its computa-
tion. Actually in the case where the main processor
is performing the transfer, cache pollution can even
turn communication-computation overlapping into
a non-profitable transformation [30].

3. Transformations and Applicability

Intuitively, applications that are appropriate for
our transformations are regular and lend themselves
to a decomposition in which iterations can be bro-
ken down into smaller units, or tiles, that can be
completed and transmitted before the entire itera-
tion is complete. We argue that the applications in
this class represent an important subset of parallel
applications.

In Figure 1, we present a segment of the origi-
nal code for a fluid dynamics application [20] that
is one of the case studies for our program trans-
formations. As can be seen, a computation kernel
(real-to-complex FFT) is being executed in a dou-
bly nested loop. The resulting data is being packed
into a new array, exchanged with all the peer nodes,
and transposed upon arrival into a new array; then
computation proceeds (with FFT being executed on

Ic
IC FOURIER TRANSFORM IN X DIRECTION; SCALE BY 1/NX AFTER Z TRANSFORM
IC AND PREPARE ARRAY CAT2 FOR ALLTOALL BETWEEN X AND Z
IC
DO 1Z = 1, (NZ/NPROC)
DOIY = I, NYP
CALL REAL_TO_COMPLEX( REAL_IN=AP(;,IY,IZ), COMPLEX_OUT=A3 )
DOIX = 1, (NX/2)
IPROC = (IX~1)/(NX/2)/NPROC)
IXEFF = IX - IPROC*((NX/2)/NPROC)
CAT2(IXEFF,IY,IZ,IPROC+1) = A3(IX)
ENDDO
ENDDO
ENDDO
IC
IC  ALLTOALL BETWEEN X AND Z TRANSFORM
le
NT = NYP*(NZ/NPROC)*((NX/2)/NPROC)
IF (NPROC > 1 ) THEN
CALL MPI_BARRIER( MPI_COMM_WORLD, ERR )

CALL MPI_ALLTOALL( CAT2(1,1,1,1), NT, MPI_DOUBLE_COMPLEX, &
CAT(1,1,1,1), NT, MPI_DOUBLE_COMPLEX, MPI_COMM_WORLD, ERR )
ELSEIF( NPROC == 1 )THEN
CAT = CAT2
ENDIF

|
IFOURIER TRANSFORM IN Z DIRECTION
IFIRST REORDER A2(IZ....)
IFOR REALITY ZERO OUT HIGHEST MODE IN Z DIR (THIS MODE HAS NO
ICOMPLEX CONJUGATE AND MAY THEREFORE CAUSE NUMERICAL INSTABILITIES)
|
DO IX = 1, (NX/2)/NPROC)
DOTY = 1, NYP
DOIZ=1,NZ
IPROC = (IZ-1)/(NZ/NPROC)
IZEFF = 1Z - IPROC*(NZ/NPROC)
AUX(IZIY.IX) = CAT(IX,IY,IZEFF,IPROC+1)
ENDDO
CALL COMPLEX_TO_COMPLEX( SIGN=-1, N=NZ, INOUT=AUX(:IY.IX) )
AUX(NZHP,IY,IX) = DCMPLX (0.0D0,0.0D0)
ENDDO
ENDDO
|
ICHEBYSHEV TRANSFORM IN Y-DIRECTION
IAND SCALE FOR X AND Z TRANSFORM BY 1/ (NX*NZ)
|

DO IX = 1, (NX/2)/NPROC)
DOIZ=1,NZ
Al = AUX(IZ,:,IX)*OONXZ
CALL CFCTMLT( Al=Al, A2=AS(;IZIX), IS=-1)
ENDDO
ENDDO

Figure 1. Original code

integer, dimension(M,N):: array

doiter = 1, MAX
doi=1,N
subroutine( array(1,i) )
enddo

size = M*N
DataTransferCall( array(1,1), size, destn(...), ...)

Other_Computation()
enddo

Figure 2. Abstract potential target

the other dimensions).

In Figure 2, we present an abstract form of this
code. In this form, it is clear that there are no de-
pendencies across iterations of the inner loop; how-
ever, there is significant communication after the
end of the inner loop. Sorting [3], LU Factoriza-
tion [13], Finite differences, and multi-dimensional
FFT, constitute example algorithms that fit this ab-



stract form, and can be transformed to exploit tile
pipelining. In the rest of this paper, we demonstrate
our transformations in a general way that can be ap-
plied to any application that fits the abstract form
of Figure 2. The MPI_ALLTOALL() method is used
in most of this paper to refer to the communication
mechanism of the unmodified version of the target
applications. Although this was the communica-
tion mechanism used in many applications we have
worked with, it is not a restriction of our framework.
Our transformations can be applied regardless of
the communication method used; MPI_ALLTOALL ()
is used as an example to improve the simplicity and
readability of the paper.

3.1. Strategies

The communication scheme in Figure 2 is the
easiest for the programmer, and a collective com-
munication call such as MPI_ALLTOALL() can per-
form sufficiently well in many cases. We examine
several communication transformation models as al-
ternatives that could provide performance gains. To
understand how different communication strategies
compare to one another, we investigate five different
schemes.

1. MPICH ALLTOALL - The MPI_ALLTOALL() col-
lective communication function is used to per-
form the communication after the entire com-
putation of the inner loop, as shown in Figure 2.
The implementation of MPI is MPICH, which
is widely used, but not specifically designed for
an RDMA-enabled network.

2. MPICH-GM ALLTOALL - The MPI_ALLTOALL()
collective communication function is used in
the same way as the first scheme, but the MPI
implementation is MPICH-GM, which is pro-
vided by our network vendor and uses the ad-
vanced features of the hardware (e.g., RDMA).

3. MPICH iSEND - The computation is reorga-
nized into independent tiles and communica-
tion is performed in every tile, as shown in Fig-
ure 3. The communication primitives are the
non-blocking MPI_iSEND() and MPI_iRECV().
The MPI implementation used is MPICH.

4. MPICH-GM iSEND - The program is struc-
tured in the same way as scheme 3, but the
MPI implementation is MPICH-GM.

5. Custom Library, one-sided I/0 - The pro-
gram is structured similar to schemes 2 and
3, but the communication is handled by a low

level library built directly on top of GM and
providing one-sided I/O. Abstract code repre-
senting this scheme is presented in Figure 4.

integer, dimension(M,N):: array

do iter =1, MAX
doi=1,N, K

doj=i, i+K-1
[* computation kernel */
subroutine( array(1,j) )
enddo
if(i>K*D) then
[* block for the arrival of the */
[* data generated D tiles ago */
MPI_WAITALL( request(i-K*D))
endif

size = M*K

/* network transfer */

MPI_ISEND( array(1,i), size, ...)

MPI_IRECV( destn(...), request(i), ... )
enddo

dor=D, 1
MPI_WAITALL( request(i-r*K))
enddo
enddo

Figure 3. Tiling and non-blocking I/O

integer, dimension(M,N):: array

doiter = 1, MAX
doi=1,N, K

doj=i, i+K-1
[* computation kernel */
subroutine( array(1,j) )

enddo

if(i>K*D) then
* block for the arrival of the */
[* data generated D tiles ago */
poll_received_flags(i-K*D)

endif

size = M*K

targMem = (i/K)%(2*D)

set( flags(i))

[* network transfer */

put(array(1,i), size, targMem, flags, ... )
enddo

dor=D,1
poll_transfer_flags(i-r*K)
enddo
enddo

Figure 4. Tiling and one-sided 1/O

The Custom Library, one-sided I/0 strategy
uses a library that we developed atop GM in order



to bypass the abstraction and possible hidden delays
of MPI. It provides some minimal abstraction, be-
cause for example, a Fortran program cannot han-
dle C pointers, but it is otherwise a set of wrap-
pers for the GM API. Using this communication
strategy, we issue one-sided RDMA send operations
(i.e., gm_directed_send()). Each send transfers the
requested data plus two more numbers at the two
edges of the data buffer that are used as flags. The
value of these flags is polled by the receiver when
transfer completion needs to be confirmed so that
additional control messages are avoided.

3.2. Tiling Parameters

The specifics of the transformation vary across
applications and cluster platforms. The behavior
of the communication in cases three to five is con-
trolled by two parameters, K and D. As can be
seen in Figures 3 and 4, K controls the size of each
tile and D specifies the delay (in tiles) after which
the application will block waiting for a network op-
eration to complete.

Determining the best value for these parameters
is not a trivial task as there are several tradeoffs and
details associated with them. In particular, increas-
ing K leads to a larger tile size which corresponds
to fewer and larger messages. This is a desirable
effect since the fixed overhead of a single transfer
operation is amortized over larger transfers. At the
same time, higher average bandwidth is achieved, as
larger messages experience higher transfer rates [32].
On the other hand, as K increases, the size of the
last tile increases and that communication cannot
be overlapped with useful computation.

As can be seen in Figure 3, in the extreme case
where K is equal to a complete iteration (i.e., N),
the code is equivalent to the non-overlapping base
case of Figure 2 (assuming D = 1). Thus, one could
expect that the optimum value for K would be in
a range in which the messages are relatively large,
and the last non-overlapped tile is relatively small.

D controls the pipelining of the tiles. Namely,
higher values of D increase the size of the “pipeline”
of panels in flight and allow for communication-
communication overlapping. On the other hand,
increasing D leads to more outstanding messages.
This imposes a demand for more duplicate buffers
(as send or receiver buffer cannot be reused un-
til the corresponding message has been waited for)
and higher use of network resources. Since the
need for resources increases with D, and the poten-
tial for communication-communication overlapping
in RDMA-enabled networks is not high, one could

expect that small values of D (i.e. 1 to 3) would
yield the best results.

. kernel

Figure 5. Synchronization when

— wait

N\ iSend

D=3

3.3. Ensuring Correctness

For correctness to be preserved when one-sided
asynchronous communication is used, the applica-
tion needs to keep D + 1 send buffers and 2 x D
receive buffers. For example, in Figure 5 (where D
is chosen to be 3), the message sent in iteration I
of Process 2 is waited for in iteration I of Process 1.
Process 2 though is not informed that this happened
until it reaches its own iteration I7. Therefore, iter-
ations I through Iy (i.e., 2 x D) of Process 2, have
to submit to different receive buffers. Regarding
the send buffers, Figure 5 shows that each process
waits for the arrival of the first block of data after
iteration I,. This blocking operation also waits for
the completion of the gm_directed_send() that was
initiated D iterations earlier. Therefore, when the
kernel of iteration I5 needs to save its output into
a send bulffer, it can reuse the buffer of iteration I7.
Consequently, only four (D+1) distinct send buffers
are needed.



3.4. Transformation Process

In order for a programmer or an automated opti-
mizing system to apply the proposed program trans-
formations, the following actions need to be per-
formed.

integer, dimension(M,N):: array

doi=1,N
subroutine( array(1,i) )
enddo

size = M*N
DataTransferCall( array(1,1), size, destn(...), ...)

Figure 6. Initial code

1. Identify the function calls that perform data
transfer (e.g., MPI_SEND, MPI_ALLTOALL).

2. Select the calls SC that send data previously
computed (or in any way altered) by a heavy
computation loop, L.

3. From the set SC in step 2, select the calls C
where parts of the data are ready before the
end of the entire computation loop L.

4. Tile the loop L by restructuring the computa-
tion into a double nested loop structure LN se-
mantically equivalent to the original loop L.

5. Modify each communication call ¢ in C so that
c sends only the data generated by one tile and
place c inside the outer loop of LN, after the
execution of the tile (inner loop).

6. For each synchronous send call c, replace c by
an asynchronous call ¢c”’.

7. For each c’, insert a blocking call to wait for
the data arrival, such that it is separated from
the send ¢’ by one or more tile executions. The
number of tiles separating each send-wait pair
defines the number of outstanding concurrent
transfers, or in other words the depth of the
tile pipeline.

integer, dimension(M,N):: array

doi=1,N,K

doj =i, i+K-1 .
subroutine( array(1,j)) > Tile
enddo

size = M¥K:

DataTransferCall( array[1,i); size, destn(...), ...)
enddo !

Figure 7. After step 5

integer, dimension(M,N):: array
doi=1,N,K

doj=i, i+K-1
subroutine( array(1,j) )
enddo

size = M*K
MPI_ISEND( array(1,i), size, ...)
MPI_IRECV( destn(...) )

enddo

Figure 8. After step 6

integer, dimension(M,N):: array
doi=1,N,K

doj =i, i+K-1
subroutine( array(1,j) )
enddo

Tif(i > K * D) then .
I MPI_WAITALL(request(i-D));
. endif i

size = M*K
MPI_ISEND( array(1,i), size, ...)
MPI_IRECV( destn(...), request(i), ...)

enddo

I :
i MPI_WAITALL(request(N-i+1)),
'enddo [

Figure 9. After step 8

. Insert code to wait for the arrival of the last
blocks of data after the end of LN.

For simplicity reasons, our example figures were

made with the assumption that N%K == 0 and
MPI is the library of choice. When N%K! =0, i.e.
the number of iterations of the original loop is not

divisible by the selected value for the tile size, addi-
tional code must be written to ensure the transfer
of the “remaining” data. In addition, if a library
other than MPI is chosen for the asynchronous calls
¢’ mentioned in step 6, as well as the blocking calls
of steps 7 and 8, the appropriate calls should replace
MPI_ISEND(), MPI_IRECV() and MPI_WAITALL().



4. Experimental Study

We designed and conducted experiments to eval-
uate the described communication strategies, and
to reveal relationships across several dimensions re-
garding the communication overhead of parallel pro-
grams under the different schemes. The particular
questions targeted by this study are as follows.

1. Is there a significant difference in performance
between MPICH and MPICH-GM when using
a Myrinet cluster?

2. What performance gain can be attained when
non-blocking I/0 is overlapped with the com-
putation compared to the case where communi-
cation is not overlapped with the computation?

3. How does the specialization of the MPI library
to a particular interconnecting network affect
the answer to the previous question?

4. What is the performance gain that can be at-
tained if one-sided communication operations
are used?

5. How sensitive is the overhead of each commu-
nication strategy to the number of processors?

6. How sensitive is the overhead of each commu-
nication strategy to the message size?

4.1. Experimental M ethodology

Following the steps described in Section 3.4, we
created versions of two scientific applications to ex-
hibit the communication strategies presented in Sec-
tion 3.1. We executed experiments varying several
parameters, in order to compare their relative sig-
nificance. In particular, for every implementation,
we varied the number of processors (NP), the tile
size (K), the depth of the tile execution “pipeline”
(D), and the problem size.

The dependent variable that we measured is the
execution time. While performing our experiments,
the cluster was not busy running any major paral-
lel application. Smaller programs were running on
some of the nodes and using the network connec-
tions. For this reason, in order to minimize the noise
in our results, for every value of the parameters we
wanted to examine, we took more than thirty mea-
surements. To compare the different communica-
tion strategies we use the minimum execution time
achieved by each strategy, as the random error in
execution time can only be positive and therefore
the minimum value should be the most accurate.

The cluster that we used for the experiments con-
sists of 20 Sun Microsystems Ultra Enterprise 450
machines, each with 4 250MHz Ultra-II processors.
Eight nodes of the cluster have 1GB of memory 4-
way interleaved. The other 12 nodes have 512MB of
memory 4-way interleaved. Each of the 20 nodes has
a 4GB system disk. The interconnecting network
is Myrinet. The Myrinet cards are model M2M-
PCI32b (LANAI 0x0403, 32-bit) and each card has
512K SRAM. Despite the absolute performance of
this hardware, we assert that the relationships be-
tween processor and 1/O speeds are such that our
approach remains applicable for faster processors
and interconnection networks.

The programs we used for our study include an
application given to us by a group of scientists [14]
in the Physics Department and an application given
to us by a group of engineers [20] in the Chemical
Engineering Department, both groups at the Uni-
versity of Delaware. The first application, which we
call magnet, is used for investigation of magneto-
hydrodynamic turbulence through spectral meth-
ods, and the second application, which we call visco,
simulates viscoelastic turbulent flow in a channel.
Despite the differences in the structure, functional-
ity, and programming styles of magnet and wvisco,
our transformations were performed by the same
process. We only manipulate the communication
and the computation loop that “generates” the data
to be sent. In both cases, the code that we trans-
formed contained loops executing one or two di-
mensional FFT using the FFTW library. Also, in
both cases, all the code that we altered was located
within one function, or subroutine. Consequently,
we only timed the subroutine we changed, in order
to study the impact of our transformations regard-
less of the percentage of the time each application
spent in the modified code. Because we applied the
same transformation process to both applications
despite major differences between the two applica-
tions, we believe that our ideas are fairly general and
can be used in a wide range of parallel applications.

The applications were compiled with mpich-
1.2.5, gm-mpich-1.2.6..13, or gm-1.2.3 according to
the needs of each communication scheme. The cus-
tom library, which was developed over GM, provides
minimum abstraction in order for Fortran programs
to be able to access GM primitives. In particular,
among other secondary functionality, it provides:

e An initialization function that opens the GM
port, parses the machine file to find the peers
and sets a global variable to the number of
available send tokens. In addition, it initializes



some control message queues which are used for
communication mechanisms not related to this

paper.

e A finalization function that releases all the
resources allocated during initialization and
closes the GM port.

e A set of functions for regular send and receive,
as well as support for control messages, neither
of which were used in the final results presented
in this paper.

e A simple barrier

e Wrappers for useful C functions such as
gettimeofday () and memcpy ()

e A send_address() and recv_address() func-
tion to hide from Fortran (and the program-
mer) the exchange of remote pointers®

e A function that implements one-sided put, by
calling gm directed_send (). Our method calls
the GM primitive directly without performing
any copying or buffer manipulation. Actually
in case where there are no send Tokens left, our
method will wait until one is available before
proceeding.

5. Results and Analysis

Figures 10 and 11 present the normalized execu-
tion times of the studied communication strategies
for magnet and wvisco, respectively. In both figures,
the bars represent the overall best case for every ap-
proach. In addition, we added boxes and whiskers
in Figure 11 to demonstrate that our experiments
are consistent, since in most cases the boxes do not
even overlap. The first assessment that can be made
by looking at our results is that the performance of
programs using MPICH-GM is significantly better
than the corresponding ones using MPICH. This
is an intuitive result, since MPICH-GM is tuned
for the specific network infrastructure; however, the
magnitude of the library’s positive impact was not
expected.

A second observation, which is intuitive as well, is
that moving from a communication model where all
the I/O is performed after the entire computation
to one where non-blocking I/O is used to overlap
communication and computation, yields significant
performance improvements. In addition, this is a

1Specifically in cases of 64bit machines, such as ours, re-
lying on Fortran code to handle the pointers directly can be
problematic.

clear trend in our graphs for both implementations
of MPL

A non-intuitive outcome of these experiments is
the fact that the MPICH-GM library performs so
much better than its generic counterpart, that us-
ing the MPI_ALLTOALL() provided by MPICH-GM
performs better than the non-blocking, overlapping
strategy of MPICH. An explanation for this behav-
ior is based the fact that the MPICH library per-
forms communication over IP and does not fully uti-
lize the RDMA capabilities of Myrinet, therefore it
does not really hide the communication latencies
even when non-blocking methods are used.

The fact that the overall performance improves
by going from a version using collective commu-
nication to one that uses a non-blocking strategy
under the same communication library indicates
that communication-computation overlap does hide
some delays. However, in the case of MPICH, the
overlapped delay is not the delay of transferring the
actual data. Instead, it is most likely sources of de-
lay such as bookkeeping introduced by the library
itself. This argument can be supported as well by
the fact that in communication over TCP/IP, the
CPU is involved in the actual transfer (since proto-
col processing and user-to-kernel buffer copying has
to be executed by the main CPU), so the CPU does
not continue with the computation during commu-
nication. Regardless of the exact sources of delay,
all of our experiments conclusively indicate that the
total execution time (and therefore the communi-
cation overhead) is increased over the case of the
optimized MPI_ALLTOALL () version when MPICH is
used regardless of the use, or not, of non-blocking
I/0.

In answering the fourth question about the po-
tential performance gain of one-sided communica-
tion, the one-sided operations seem to provide an
advantage over all other strategies. This advantage
is even magnified when small message buffers need
to be used. Figure 12 presents the normalized ex-
ecution times for wisco for a large range of K val-
ues, keeping D = 1. Figure 12 shows that the MPI
strategies achieved their best case for large values of
K, and they performed poorly for very small values
of K (more than twice the overhead of the custom
library for values of K up to 5). This means that
in order for the MPI to perform the best, it needs
to send few, large messages. On the other hand,
the code using our custom library performed almost
equally well for every value of K. The implications
of this observation are important. In applications
similar to magnet and wvisco, where tiling can be
performed and the size of the tile (and therefore K)
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can be selected by the programmer (or the com-
piler), MPI can perform almost equally well with
GM. However, in applications where frequent ex-
change of small messages is inevitable (because of
data dependencies), the smaller overheads of GM
can lead to substantial performance improvements
over higher level libraries.

The relative performance of the different strate-
gies was consistent across different numbers of pro-
cessors. Some variations in the relative performance
exist, but there is no conclusive observation. We
plan to experiment with clusters that feature higher
number of CPUs in order to investigate whether
there exist trends that only become clear for large
number of processors.

The relationships were consistent across the two
applications as well as they were consistent across
different problem sizes. Figures 13 and 14 exhibit
the consistency across problem size, by showing very
similar behavior in two configurations of visco where
the problem size differed by a factor of 4.0. Actually,
the graphs show that the normalized communication
overhead drops as the problem size increases, which
was expected since the communication load is O(n),
but the computation load (of FFT) is O(n-log(n)).

In Figure 10, where a small problem size is rep-
resented, we can see that for large number of pro-
cessors the overhead of all communication strategies
grows significantly. An explanation for this behav-
ior is as follows. The strategy that uses the MPICH-
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GM implementation of MPT_ALLTOALL () (solid black
bar) takes T¢,, time for the computation, T, time to
transfer the actual data, and §; time for extra over-
heads related to registering memory, synchroniza-
tion, cache pollution and the library’s internal book-
keeping. The strategy that uses our one-sided asyn-
chronous I/O provided by our thin library, (shaded
bar) takes max{T,p, T¢r } time for the computation
and the data transfer (because of the overlapping)
and 0o time for extra overheads including the slow-
down of the computation and communication due
to contention caused by the overlapping. The dif-
ference between the two normalized bars would be

o Tcp + Tcm, + 61
N T

cp

maz{Tep, Tem } + 2
T,

cp

A

If we assume that §; is relatively small, then the
reason that the MPT_ALLTOALL () case (solid bar) ex-
ceeds 2.0 is because Tt,, > T,. This would give:

A — Tcp+Tcm+§1 N
T.,

T _
em + 02 —14 01 — 02
Tep Tep

Therefore, if §; and d2 are small relative to T,
(and close to one another), the distance between the
original strategy (solid bar) and the strategy with
the best overlapping can not be more than 1.0 (in
a normalized graph). In other words, by overlap-
ping communication and computation, we can not
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hide more network latency than the computation
time. A very interesting observation is that in all
our graphs the difference between the performance
of the original code and our best strategy is very
close to one. This means that we have achieved near
maximum overlapping. Even more, the fact that in
some cases the difference is higher than 1.0, suggests
that the “extra” overhead associated with our cus-
tom library (d2) is smaller than that of MPICH-GM
(61)-

As mentioned previously, the parameter D con-
trols the depth of the pipeline, i.e., the number of
outstanding transfers. We observed that the best
value of D was always a small number between one
and three, inclusive. Particularly, MPI implemen-
tations seemed to gain some performance improve-
ments by using a value higher than one, but our
custom library was not affected noticeably?. For

2Actually gm-1 sets a limit less then 30 on the number
of pending requests through the available send tokens, which
imposes a small upper limit on D for large number of CPUs.
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large values of D, the performance degraded con-
siderably under every strategy, since the resource
usage becomes excessive.

All our experiments were performed on the same
cluster. This could be considered a threat to valid-
ity as cluster-sensitive parameters can be expected
to affect the performance of parallel applications.
We argue that the trends and relationships iden-
tified in this paper should extend beyond the lim-
its of a single experimental environment. First, we
only mention relative behaviors, which should not
be altered if a parameter is altered. In addition,
most existing clusters have two CPUs per node. In
our case, there were four CPUs per node, providing
additional computing power for the non-optimized
schemes that make significant use of the host proces-
sor. It is our belief that in a cluster with dual SMP
nodes, our observations will still hold, and possibly
be magnified.

All the reported performance numbers refer to
the execution time of the code that we optimized
and not the overall application. These timings were
taken for two reasons. First, we wanted to empha-
size the impact of our transformation. Total ap-
plication times would skew our numbers depending
on the percentage of time each application spends
inside the optimized code. Second, the codes we
optimized were scientific applications that take sev-
eral weeks to months to execute. Given our broad
sampling of the parameter space (Number of Pro-
cessors, Problem Size, K and D), it was impractical
to experiment with the whole application code.

6. Related Work

Many compiler or language-based techniques
translate higher-level parallel constructs into mes-
sage passing primitives as appropriate. Examples
include HPF [18], Fortran-D [19], Split-C [12], and
more recently UPC [16]. While these approaches
allow programs to be written in a single program,
multiple data (SPMD) style, they focus on parallel
optimization in the large rather than focusing on op-
timization of messaging on a single host. Due to the
difficulties with obtaining satisfactory performance
in distributed memory environments, and the lack of
ubiquitous availability of parallel languages, many
applications are parallelized with explicit message
passing calls. These applications are the focus of
this work.

There have been several research efforts designed
to mitigate messaging overheads. These efforts in-
clude Active Messages [34], U-Net [33], Fast Mes-
sages [28], and the standard produced by Microsoft,



Compaq and Intel known as the Virtual Interface
Architecture (VIA) [15]. While the performance
improvements offered by OS-bypass and user-level
networking efforts have been demonstrated, others
have observed that these approaches can be diffi-
cult to use [8] and that abstractions to make easier
use of such techniques can nullify some performance
gains [31].

When the communication patterns of a paral-
lel application are known at compile time, the net-
work resources can be managed statically and signif-
icant runtime overheads can be eliminated. This ap-
proach, known as compiled communication [37, 38]
is an optimization technique that has received sig-
nificant attention.

The most related project to our study that uses
compiled communication is CC-MPI [24]. The main
difference with our work, is that CC-MPI is de-
signed for Ethernet-switched clusters, whereas our
study focuses on the communication strategies, pro-
gram transformations, and potential performance
gains for RDMA-enabled networks [6, 29, 22].

Several other projects have suggested program
transformations to minimize communication over-
heads in parallel applications. The PARADIGM
compiler [5] as well as Goumas et al. in [17] suggest
optimizations that can be performed by a paralleliz-
ing compiler in order to hide network latencies. Our
work is similar to these projects since we structure
the computation and communication in tiles that we
try to execute in a pipelined fashion. The main dif-
ference though is that these projects consider serial
loops as their starting point, where we consider sci-
entific applications already parallelized using MPI.

Two additional studies that consider transforma-
tions similar to ours are presented in [25] and [21].
The main difference between these studies and our
work is that they effectively try to perform prefetch-
ing by peeling, or strip mining the computation
loops. In our study, we consider applications that
generate data using local arrays, and we try to “pre-
push” them, before they will be needed. This dif-
ference can have important implications, since one-
sided get operations are not common, where one-
sided put operations exist in all RDMA-capable net-
works.

Finally, global-address space (GAS) lan-
guages [16, 36, 27] perform communication
overlapping optimizations, but none of them handle
input code written in MPIL
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7. Conclusions and Future Work

In this paper, we presented a set of transfor-
mations, that enable parallel applications written
using MPI to achieve communication-computation
overlapping and thus decrease their total execu-
tion time. We describe the transformations in an
abstract way, and provide steps to be followed to
achieve the transformations.

To study the impact of our transformations, we
experimented with two complex scientific appli-
cations. Our experiments indicate that the pro-
posed transformations can yield significant per-
formance improvements, depending on the orig-
inal design of an application. Particularly, we
showed that when using an RDMA-enabled net-
work infrastructure, the performance gap between
an optimized (MPICH-GM) and a non-optimized
(MPICH) version of MPI is significant. In ad-
dition, migrating from a collective communica-
tion strategy (MPI_ALLTOALL()) to a non-blocking
strategy (MPI_iSEND()) that allows for overlapping,
might decrease maintainability of the code, but can
provide a considerable performance improvement.
Finally, we showed that a low level, hardware-
dependent API (GM), that does not introduce ab-
straction and hidden delays can improve perfor-
mance even further. Unfortunately, replacing MPI
with a hardware-dependent library would severely
damage portability. Nevertheless, in cases where
the message size is small, the performance improve-
ments are so significant, that it might be a viable
option. Furthermore, if the transformations were
performed by an automated source-to-source opti-
mizing system, both high performance and porta-
bility could be achieved.

We now plan to examine the effects on perfor-
mance of various cluster characteristics, and to ana-
lytically predict the best values for parameters such
as tile size (K) and pipeline depth (D) by using a
model in the spirit of [4, 23, 10]. In addition, we are
working on developing a source-to-source optimizing
system. This system should be able to automati-
cally identify opportunities and apply the transfor-
mations on parallel applications.
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