Chapter 1
INTRODUCTION

Clusters of workstations are commonly used among engineers and domain scien-
tists because clusters have enormous processing power and relatively low cost. The major
drawback of cluster-based parallel computing as compared to using a shared memory
multiprocessor machine is the network delay induced by the node interconnecting tech-
nology of clusters. Several interconnection technologies have been developed with the
goal of improving cluster parallel 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 of-
ten achieved in benchmarks than in real world parallel applications. Only a small percent-
age of existing scientific codes can scale to hundreds of CPUs without suffering signifi-
cant loss of efficiency due to communication overheads. In regular codes, such as FFT,
the main impediment to scalability is the communication overhead as the number of
nodes increases.

In this thesis, I experimentally evaluate a transformation to overlap communica-
tion-computation in parallel programs in order to hide communication overhead. The
transformation was developed by Danalis et. al. [5] at the University of Delaware. The

major goal of this thesis is to evaluate the transformation technique to demonstrate how



the performance of real-world parallel applications can be improved by applying the
transformation.

Section 2 provides background information and state of the art, such as parallel
programming models and cluster networks as well as communication libraries. Section 3
describes the optimization technique and several transformation strategies used in this

work. Sections 4 and 5 provide experimental results, analysis, and conclusions.



Chapter 2
BACKGROUND AND STATE OF THE ART
2.1 Programming Style

There exist several parallel programming models, including shared memory, mes-
sage passing, data parallel, and hybrids. The parallel programming models exist atop ab-
stractions of hardware and memory architectures. In the shared memory model, tasks
share an address space, which they can read and write asynchronously. In the message
passing model, each task has its own memory space, and the tasks exchange messages
through send and receive operations. In the data parallel programming model, a set of
tasks collectively process partitions of the same data structure. Hybrid models enable
message passing between processes on different nodes and threaded computation with
shared memory communication within a multiprocessor node.

MPI is a message passing communication specification. It is the most common
method for writing parallel programs [1]. There are many MPI implementations, such as
MPICH [2], MPICH-GM [3], LAM/MPI [4], and IBM's MPI [5]. This thesis focuses on
optimizations in MPI-based programs, which are the most common programs in loosely

coupled parallel computers, such as clusters.

2.2 Cluster Networks and Communication Libraries

A cluster is a parallel computer which consists of many machines interconnected



by a high-speed network. As PCs and lightweight workstation performance and accom-
modated network speeds grow, cluster computing becomes more cost effective and scal-
able. Several interconnection technologies have been developed with the goal of improv-
ing cluster message-passing performance by providing specialized, low latency, high
bandwidth networks for clusters.

MPICH is a freely available, portable implementation of the MPI standard. It con-
tains a complete implementation of version 1.2 of the MPI Standard and also significant
parts of MPI-2. MPICH-GM is MPICH ported by Myricom to use their GM library for
their Myrinet networking architecture. GM is a user-level communication library and pro-
tocol that runs over the Myrinet network and provides a reliable ordered delivery of pack-
ets with low latency and high bandwidth. Our research group has developed a Custom Li-
brary built on top of the GM API to ease usage of the GM API and to provide a Fortran
interface (the GM API does not support Fortran) while keeping the overhead minimum.
This custom library enables us to issue one-sided transfer operations. Such operations uti-
lize the Remote Direct Memory Access (RDMA) functionality of the network interface
and exhibit low latency, high throughput and minimum of the host CPU.

In order to avoid extra control messages in communication, I adopted memory
polling synchronization. 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. This busy-wait synchronization might be a waste of CPU time, and
periodically polling memory induces memory contention between the host CPU and net-

work processor. By setting a proper polling period, however, I could moderate these over-
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heads.



Chapter 3
OPTIMIZATION TECHNIQUE
3.1 Overview

In this section, I describe the optimizing transformation, developed by Danalis et.
al [5], to restructure the computation loop of parallel MPI codes into smaller tiles that
perform part of the computation and the corresponding communication. Non-blocking I/O
is used to pipeline the execution of consecutive tiles in order for the communication of a
tile to be overlapped with the computation of the next. This transformation can be applied
under certain conditions. The original code should contain a loop nest, where each itera-
tion of one of the loops has independent data access which means that the outcome of
each iteration does not depend on the previous iterations. Although a data dependent loop
can be restructured into a form that can be transformed similarly to loops with no inter it-
eration dependencies, I make the above assumption for simplicity reasons.

The two most important parameters for the performance of the transformed code
are the tile size (K) and the depth of the tile pipeline (D); in other words, the number of
future tiles that the communication of each tile is overlapped with. K and D are the two
parameters we define to find the best form of the transformed code. The transformed pro-
gram will initiate a send in every K iterations and blocks for the previous D’th send. K is
relevant to the number of sends and the data size of each send. D is relevant to the size of

resources to send and receive data, and also D specifies the delay (in tiles) after which the
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application will block waiting for a network operation to complete.

Blocking send and receive
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Figure 3.1 Overlapping Communication and computation model with D=2

Figure 3.1 depicts the communication under the two scenarios of computation-
communication overlap. I assume there are 16 iterations in the loop of the computational
kernel. In the case of blocking send and receive (top diagram in Figure 3.1), the entire
computational kernel is performed at once, and then the whole data are transmitted at the
end. There is one send issue overhead, and the host CPU has to wait for the completion of
the whole data transmission. In the case of the non-blocking send and receive with K=2
and D=2 (bottom diagram in Figure 3.1), each send contains two computational kernel it-
erations, and two sending buffers are used. Since the computational kernel is divided into
eight tiles (indicated by the eight data transmission blocks), the program requires eight

send issue overheads. This is a drawback of having a small K value. However, part of the



data transmission (communication) is overlapped with kernel computation.

One can easily expand this idea by setting various values of K and D. The trans-
formed code has three passes. In Pass One, D number of kernel computations and send is-
sues are performed without waiting for send completion. In Pass Two, kernel computa-
tion, send issue, and previous send completion wait are performed in round robin manner.
In Pass Three, the program waits for all the send completions issued in Pass Two.

By setting the optimal tile size (K) and pipeline depth (D), the program can mini-
mize the synchronization overhead. However, determining the best value for these param-
eters is not a trivial task as there are several tradeoffs and details associated with them. In
particular, increasing 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. On the other hand, as K in-
creases, the size of the last tile increases and that communication cannot be overlapped
with computation. D controls the pipelining of the tiles. Higher values of D increase the
width of pipelining. Higher D values also require more network resources because there
are more concurrent outstanding messages. The sizes of sending and receiving buffers are
proportional to the D value, and the operating system may not have sufficient buffers that
can be transferred using DMA to manage high D values. One may argue that MPICH-GM
does not limit sending or receiving buffer size, so the D value can be as high as desired.
In fact, MPICH-GM internally copies data from the non-DMA enabled buffer to the
DMA enabled buffer to send or receive data.

If the network interface does not have a co-processor dedicated to data transmis-



sion, there is no benefit of applying the discussed transformation because the host CPU is
busy with work for data transmission. I have experimentally shown this fact with a cluster
interconnected by Gigabit Ethernet. Our experimental results support the observation that
non-blocking and asynchronous I/O are not the same. Non-blocking I/O can be supported
by a library regardless of the network hardware. In a programmed communication envi-
ronment though, even if the call to the network operation returns (instead of blocking),
the computation cannot proceed because the CPU and the memory are busy performing
the transfer. Truly asynchronous I/O is achieved only if the network hardware can per-
form the transfer on its own, letting the host processor continue with its computation. Ac-
tually in the case where the main processor is performing the transfer, cache pollution can

even turn communication-computation overlapping into a non-profitable transformation.

3.2 Transformation Strategies
In this thesis, I experimentally evaluate five different strategies for communica-
tion, based on the computation-communication overlap transformation. Presumably the
original codes use MPI ALLTOALL because it is the simplest way to exchange data in
applications like FFT or sort programs.
3.2.1 Blocking Communications
+ MPICH MPI_ALLTOALL - The MPI_ALLTOALLY()' collective communica-
tion with blocking I/O function is used to perform the communication after the
entire computation. The implementation of MPI is MPICH, which is widely
used, but not specifically designed for an RDMA-enabled network.

+ MPICH-GM MPI_ALLTOALL - The 'MPI ALLTOALL()' collective commu-
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nication with blocking I/O function is used in the same way as the first scheme,
but the MPI implementation is MPICH-GM, which is provided by the Myricom

and uses the advanced features of the network technology (e.g., RDMA).

3.2.2 Non-blocking Communications
MPICH MPI_ISEND — The computation is reorganized into independent tiles
and communication is performed in each tile. The MPI_ISEND()' and
'MPI_IRECV()' are used to issue send and receive of the tiles. The 'MPI_ WAIT-
ALL()' is used for send and receive completions.
MPICH-GM MPI_ISEND — This model also uses the 'MPI_ISEND()', but the
MPI implementation is MPICH-GM.

Custom Library, one-sided I/O - the communication is handled by a low level

library built directly on top of GM and providing one-sided 1/O.

3.3 The Transformation Process
Figures 3.2 and 3.3 display original and transformed pseudo-code. Be aware that

the function calls, such as computational kernel(m), copy buffer to send to process(j),
and mpi_alltoall(), have abstract meaning, and they do not have to be actual functions or
subroutines.

computational kernel(m) — This function computes the m" part of the kernel.

copy_buffer to send to process(j) — This function copies data to the send

buffer to send to process ;.

isend(j, request) — This function initiates non-blocking send to process j, and the
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context of this operation is stored in request variable. The request variable is
used to keep track of the operation status. isend is similar to MPI's MPI_ISEND
() function.

- irecv(j, request) — This function initiates receive of a message from process ;.
The request variable is used for the same purpose as request in isend().

- waitall(requests) — This function will wait for the completion of all the request
(s), similar to MPI's MPI_ WAITALL() function.

- alltoall() - ALLTOALL data transformation in which each process sends distinct

data to the other processes. This is similar to MPI's MPI_ ALLTOALL() func-

tion.

! kernel computation

do x =1, 1z
computational kernel (x)

end do

! pack data to send
do 37 = 0, nproc-1
if(j .ne. myrank) then
copy buffer to send to process(J)
endif
end do

! data exchange by ALLTOALL
alltoall ()

Figure 3.2 Original pseudo-code

The pseudo-code in Figure 3.2 is the abstract code we want to transform. It con-
tains a computational kernel loop which has Iz iterations, and each iteration is indepen-
dent from the previous iterations. After the kernel computation, the program packs data to

transmit to the other processes. MPI's ALLTOALL collective communication is per-
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formed at the end. Note that communication and computation tasks are entirely separated,

and blocking I/0 and MPI_ALLTOALLY() are used.
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iy = 1z/K ! assume lz is divisible by K
! pass one — compute kernel, and issue
! send and receive.
do i=1,D
start m=(i-1)*K
do m=start m+l,start m+K
computational kernel (m)
enddo
do j=0,nproc-1
if(j .ne. myrank) then
copy buffer to send to process(])

! issue send and receive
isend(j, request(l, j, 1))
irecv(j, request(2, j, 1))
endif
enddo
enddo

! pass two - compute kernel, wait for send
! & receive completion, and issue send and
! receive.
do i=D+1,1iy

ri = mod(i-1,D)+1

start m=(i-1)*K

do m=start m+l,start m+K

computational kernel (m)
enddo

call waitall (request(l:2, :, ri))

do j=0,nproc-1
if(j .ne. myrank) then
copy data from receive buffer (j)
copy buffer to send to process(Jj)

! issue send and receive
isend(j, request(l, j, ri))
irecv(j, request(2, Jj, ri))
endif
enddo
enddo

! pass three - wait for send & receive
! completion.
do i=iy-D+1,1iy
ri = mod(i-1,D)+1
waitall (request(1:2, :, ri))

do j=0,nproc-1
if(j .ne. myrank) then
copy data from receive buffer (Jj)
endif
enddo
enddo

Figure 3.3 Transformed pseudo-code
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Figure 3.3 shows the pseudo-code that is the result of the transformation. To reduce the
complexity of the transformation, we assume the number of iterations, variable 'z, in the
kernel loop is divisible by 'K.' One can easily fix this problem by adding additional
housekeeping routines at the end of the code.

The transformed code has three passes. Pass One has a loop that contains D itera-
tions. In each iteration, the program computes K kernel iterations, copies the result of
computation to the send buffers, and issues non-blocking send and receive, to exchange
the result of the computation with the other processes. The send requests are stored in the
array 'request.' In Pass Two, at the first step, the program computes K iterations of the
kernel, and the program waits for the completion of the send operation from the previous
D' iteration. As the last step, the program issues the send and receive operations for the
resulting data of the computational kernel. Both steps in Pass Two are repeated in the
loop. Send and receive buffers are also repeatedly used in loop. The loop in Pass Two
ends when all the kernels are computed. In Pass Three, the program waits for the comple-
tion of the remaining send and receive operations which were issued in Pass Two, but not

completed in Pass Two.
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Chapter 4
EXPERIMENTAL STUDY
4.1 Research Questions
I conducted several experiments to evaluate the described communication
strategies in two different application codes. 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 1/O is overlapped with the
computation compared to the case where communication 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. How sensitive is the overhead of each communication strategy to the message size?

4.2 Experimental Setup
4.2.1 Experimental Environment

The cluster that I used for the experiments consists 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
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memory 4-way interleaved. Each of the 20 nodes has a 4GB system disk. The intercon-
necting network is Myrinet. The Myrinet cards are model M2MPCI32b (LANAI 0x0403,
32-bit) and each card has 512K SRAM. Despite the absolute performance of this hard-
ware, | assert that the relationships between processor and I/O speeds are such that our
approach remains applicable for faster processors and interconnection networks.

I executed experiments varying several parameters, in order to compare their rela-
tive significance. In particular, for every implementation, I varied the number of proces-
sors (NP), the tile size (K), the depth of the tile execution pipeline (D), and the problem
size. The dependent variable that I measured is the execution time. To compare the differ-
ent communication strategies, I use the minimum execution time achieved by each strate-
gy, as the random error in execution time can only be positive and therefore the minimum

value should be the most accurate.

4.2.2 Experimental Codes

The first application, magnet, in the experiment is used for investigation of mag-
neto-hydrodynamic turbulence through spectral methods. The second application that I
used is Particle Mesh Ewald Molecular Dynamics (PMEMD) simulations, which is a tool
used for theoretical study of biological molecules. PMEMD computes time dependent be-
havior of the molecular system. PMEMD also provides detailed information about the
fluctuations and conformational changes of proteins and nucleic acids. This method is
now routinely used to investigate the structure, dynamics and thermodynamics of biologi-
cal molecules and their complexes. Both magnet and PMEMD are written in Fortran 90.

Despite the differences in the structure, functionality, and programming styles of magnet
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and PMEMD, the transformations were performed by the same process. I only manipulate

the communication and the computation loop that “generates” the data to be sent. In both

cases, the transformed code contained loops executing one or two dimensional FFT using
the FFTW library.

In both cases, all the codes that I transformed were within one subroutine or func-
tion. Therefore, I timed only the parts that I transformed to measure the real effect of the
transformations. Because I applied the same transformation process to both applications
despite major differences between the two applications, I believe that the transformation
technique is fairly general, and can be applied to many other applications.

The applications were compiled with mpich-1.2.5, gm-mpich-1.2.6.13, and gm-
1.2.3 according to the needs of each communication scheme. The custom 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:

- 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 mecha-
nisms not related to this thesis.

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

-+ 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 thesis

« A simple barrier
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«  Wrappers for useful C functions such as gettimeofday() and memcpy()

+ A send address() and recv address() function to hide from Fortran (and the
programmer) the exchange of remote pointers

- A function that implements one-sided send, by calling gm_directed send(). The
method calls the GM primitive directly without performing any copying or buffer
manipulation. Actually in the case where there are no Send Tokens left, the method

will wait until one is available before proceeding.

4.3 Experimental Results and Analysis
Figures 4.1-4.3 present the experimental results of magnet. I created a standalone

program from the transformed parts of the code, and timed computational kernels only.

performance comparison [D=1 MNP=4]

—— WPl isend irecy
18+ | —& Custom Library
WP alltoall

16+ computation only

time

0Z2r

Figure 4.1 magnet's execution time comparison where D=1 and NP=4 with data

4X512X512 double precision complex.
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performance comparison [D=2 MP=2]
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Figure 4.2 magnet's execution time comparison where D=2 and NP=2 with data

4X1024X1024 double precision complex.

Figures 4.1 and 4.2 show execution times for four different communication strate-
gies using MPICH-GM, under different values for K, fixed D=1, and number of processes
equal to 4 and 2 respectively. There is some noise (example, case K=26 in Figure 4.1) in
the graph. However, there is adequate data to see the general trends of overall perfor-
mance in each program. The horizontal axis depicts different K values used to execute
each version, and the vertical axis represents execution times in seconds. The cyan line
represents computational kernel time only, which is the minimum time that can be
achieved. The green lines represent the execution times with the MPICH-GM's
MPI_ALLTOALL() function used. The blue line represents the execution time with
MPICH-GM's MPI ISEND() function used. The red line represents the execution time
with the Custom Library used to utilize one-sided I/O. Due to the limited memory size

that can be used with DMA, the Custom Library version could not increase K and D val-
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ues as much as the other versions. For example, the MPICH-GM MPI ISEND version

used K values upto 32, but the Custom Library could only have K values upto 16 in Fig-

ure 4.1-4.2.
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Figure 4.3 magnet's normalized execution time comparison for optimized K and D with

data 4X1024X1024 double precision complex.

Figure 4.3 displays normalized execution times of each different version of magnet. The
bars represent the overall best case for each approach. The first observation 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 a vendor-specific
(Myricom) MPI implementation which is tuned for the specific network infrastructure. A
second observation is that moving from a communication model where all the 1/O is per-
formed after the entire computation to one where non-blocking 1/0O is used to overlap
communication and computation, yields significant performance improvements. The third

observation is that the custom library's performance is slightly better than the version that
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uses MPICH-GM.

PMEMD code comparison between the original and
transformed codes with dimension 64x64x64
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Figure 4.4 PMEMD's execution time comparison with data 64x64x64 double precision.

PMEMD code comparison between the original and
transformed codes with dimension 96x96x96
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Figure 4.5 PMEMD's execution time comparison with data 96x96x96 double precision.

The figures 4.4-4.5 show the comparison of the original and transformed PMEMD

21



codes. The original PMEMD version uses MPI_ISEND(), MPI IRECV(), and
MPI_WAITALL() functions. Although MPI_ISEND() and MPI_IRECV() are nonblock-
ing communication functions, the original PMEMD version does not use pipelining with
small communication tiles, so the communication style is equivalent to the ALLTOALL
communication with blocking I/O. Since a transformed PMEMD code that uses the Cus-
tom Library is under development, I made experiments with only one transformed version
that used the MPI's MPI ISEND() which is a non-blocking communication. In the figures
4.4 and 4.5, dimension sizes of 64x64x64 and 96x96x96 are used respectively. There is
significant performance improvement where dimension is 64x64x64, figure 4.4, while
there is moderate improvement where dimension is 96x96x96, figure 4.5. From both fig-
ures 4.4 and 4.5, we can observe that transformation becomes less effective as the dimen-
sion size grows and as the number of nodes grows. The reason that the transformed
PMEMD code does not scale better than the original code is that I could not increase the
value K as much as optimal. Therefore, the transformed PMEMD code can not have opti-
mal tile size as the number of nodes increases.

Overall, the transformation to overlap communication-computation improves both
the magnet and PMEMD codes' performance. Although the transformation with the
PMEMD code did not scale as much as desired, the performance gains were significant
for most of the cases. Also, I could confirm that a vendor specific MPI implementation
(MPICH-GM) can take advantages of the network architecture so that the utilization of
the network coprocessors is very high. As we can see from the PMEMD cases, finding
the optimal message tile sizes (K value) is a crucial factor in the transformed codes' per-

formance.
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Chapter 5
RELATED WORK

Many compiler or language-based techniques translate higher-level parallel con-
structs into message passing primitives as appropriate. Examples include HPF [14], For-
tran-D [15], Split-C [16], and more recently UPC [17]. 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 optimization 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 mes-
saging overheads. These efforts include Active Messages [18], U-Net [19], Fast Messages
[20], and the standard produced by Microsoft, Compaq and Intel known as the Virtual In-
terface Architecture (VIA) [21]. While the performance improvements offered by OS-by-
pass and user-level networking efforts have been demonstrated, others have observed that
these approaches can be difficult to use [21] and that abstractions to make easier use of

such techniques can nullify some performance gains [22].
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Chapter 6
CONCLUSIONS AND FUTURE WORK

From the experiments performed with magnet and PMEMD, I conclude that there
is significant performance improvement when the communication-computation overlap
transformation is applied with proper values for the critical parameters (K and D).
MPICH-GM and the Custom Library we developed also help fully take the advantage of
asynchronous communication. By applying the transformation in two different real world
applications, we can be confident that the transformation is promising for similar scientif-
ic MPI parallel programs.

Although our transformation seems to provide significant performance improve-
ments, finding the optimal values for the parameters K and D is not a trivial task. Our
group is currently working on automating this transformation with a source-to-source
transformer, called Compuniformer. Besides the source-to-source compiler, we are also
developing an empirical performance prediction analyzer which will predict optimization

parameters, such as K and D, for the source-to-source compiler.
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