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Abstract

We describe a breakdown of an MPI_AIIToAIlV transformation into groups of
processors such that MPI_AIIToAllV is only performed with 1 processor per group. The
application to the HPCx machine, which has processors logically partitioned into
groups (LPARSs) with fast internal communication and slower external communication,
is discussed. The effects of IBM's 'fast-track’ procedure for dealing with short
messages are noted. We show how current use of the method on 8-processor LPARS
may be extended to HPCx phase 2 with 32-processor LPARS, as well as to more
general commodity clusters of SMP many-processor nodes.
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1 Introduction

The phase 1 HPCx machine consists of logical partitions (LPARS) containing eight 1.3
GHz Power4 processors. Each LPAR operates as an SMP machine and OpenMP
may be used for inter-processor communication to take advantage of this. The
implementation of MPI used within an LPAR is also designed to take full advantage of
the shared-memory configuration. The 'Colony’ SP Switch2 interconnect between
LPARs places a limit on communication speed with approximately 20 microseconds
latency and 350 MBytes per second bandwidth. The phase 2 upgrade to HPCx (June
2004) will have LPARs containing thirty-two 1.7 GHz Power4 processors and the new
'Federation' interconnect between LPARS.

The work described here was inspired by a qualitative comparison of HPCx scaling
performance of the materials science code Castep [1] and the quantum mechanical
molecular dynamics simulation code CPMD [2]. The two codes are distinct entities but
share the technique of expansion of electronic wavefunctions in plane waves with many
associated transformations between real and reciprocal space during a direct
minimization of the electronic energy [1, 2]. The codes use three-dimensional Fast
Fourier Transforms (3d-FFTs) on a distributed grid, performed using all_to_all collective
communication combined with serial 1d-FFTs. Castep uses a 'column’ distribution of
the grid to maximise load balancing throughout the program, resulting in two
MPI_AlIToAllV calls per 3d-FFT. CPMD uses a 'plane’ distribution of the grid which
requires one all_to_all communication per 3d-FFT. The version of CPMD optimized for
SMP clusters also utilizes OpenMP to replace the ‘internal’ part of the data redistribution
within each LPAR so that the distributed all_to_all communication involves 1 or more
processors per LPAR [3].

On HPCx phase 1 the Castep code scales relatively poorly compared to other
scientific parallel applications [4]. Although the load balancing is extremely good the
dominance of collective communication results in relatively poor performance on the
‘fast processor with slow communication' machine. This is in contrast to Castep
performance on 'fast communication' machines such as the Cray T3E. The SMP cluster
version of CPMD, carefully optimized for IBM architecture, seems to scale relatively well
[3]. The possibility of reducing the number of 3d-FFTs that take place in a Castep
electronic minimization step by manipulation of algorithms has been investigated with
some success [5]: sample results presented in section 3 include this optimization. In this
report we describe how an MPI_AIIToAllV call may be split into ‘internal’ and 'external’
parts to take full advantage of the fast implementation of MPI within an LPAR. We also
discuss how the performance is affected by overall message size and by IBM's use of a
fast-track procedure for 'short’ messages [6] during production runs. Changing the
definition of ‘internal’ processors to take full advantage of these considerations also
prepares the ground for efficient use of the method on the phase 2 HPCx machine.
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2 A brief summary of the customized MPI_AIIToAllV

We assume a processor manipulates data then rearranges it into N components of
variable length in array send_buffer. In the all-processor MPI1_AlltoAllV we then

call MPI_AIIToAIlV ( &

send_buffer, out_num data, out_node_data start, conplex_type, &
recv_buffer, in_numdata, in_node_data_start, conplex_type, &
gv_conmuni cator, error)

with integer arrays for the number of counts and starting positions in the (complex) send

and receive buffers. The gv_communicator links the N processors over which the grid
is distributed.

We now introduce two new communicators, Ipar_communicator and
inter_Ipar_communicator with associated sizes num_in_Ipar and num_lpars
respectively. In the simplest implementation they are related to gv_communicator as
follows (note that id_in_gv_group has values from 1 to N).

| par_group_id = id_in_gv_group / num.in_| par
id_in_lpar = MOD(id_in_gv_group, num.in_|par)
if (id_in_lpar == 0) then

id_in_lpar = num.in_| par

| par _group_id = I par_group_id - 1
end if
| par _group_id = I par_group_id + 1

call MPI_Comm Split (gv_comrunicator, |Ipar_group_id-1, id_in_Ipar-1,&
| par _comruni cator, error)

call MPI_Comm Split (gv_comrunicator, id_in_|Ipar-1, |par_group_id-1,&
i nter_| par_comruni cator, error)

We are assuming for simplicity here that num_in_lpar is a factor of N. This condition
may be relaxed to give num_in_Ipar a different value for each Ipar_communicator if
required. Similarly the definition of the 'master' processor in each Ipar_communicator
may be generalized to take account of any non-uniformity of hardware architecture for
the group of processors. The communicators are set during the initialization stage of the
program, as are the relations between the original counting arrays and the new arrays
introduced below. The actual MPI_AlIToAllV call is replaced by a sequence of the
following form. First, arrays bigbuf and bigbuf2 are allocated on processors with
id_in_Ipar = 1. Then we gather data across Ipar_communicator.

if (id_in_Ipar == 1) then
i num = gat her _di sps(num.in_Ipar) + gather_counts(num.in_| par)
inum= MAX ( &
inum (scatter _disps(numin_|lpar) + scatter_counts(num.in_lpar)))
al | ocat e( bi gbuf (i num, bigbuf2(inunm, stat=error)
if (error.ne. MPl _success) then
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write(*,*) 'Error comms_transpose_exchange: allocate bigbuf failed.'
call conms_abort ()
end if
end if

is_count = gather_counts(id_in_Ipar)

call MPI_GatherV (send_buffer, is_count, conplex_ type, &
bi gbuf, gather_counts, gather_disps, conplex_type, &
0, | par_comruni cator, error)

Following this the non-communicating processors in Ipar_communicator remain idle
while the inter_Ipar_communicator operations are performed.

if (id_in_Ilpar == 1) then

do il =1, num.n_| par
do i = 1, num.in_gv_group
ist = out_start(i,il)
ifin =out _fin(i,il)
inum=ifin - ist
istart = out_start2(i,il)
bi gbuf 2(i start:istart+inum = bigbuf(ist:ifin)
end do
end do

call MPI_AllToAIlV ( &
bi gbuf 2, out _big countp, out_big_dispp, conplex_ type, &
bi gbuf, in_big countp, in_big _dispp, conplex_type, &
i nter_I| par_comruni cator, error)
if (error.ne. MPl _success) then
wite(*,*) &
"Error conms_transpose_exchange: MPlI _alltoallv failed.'
call conms_abort ()
end if

do il =1, numlpars
doi =1, num.in_Ipar
jstart = in_start(i,il)
istart = in_start2(i,il)
inum = in_data(i,il)
bi gbuf 2(i start:istart+inum = bigbuf(jstart:jstart+i num
end do
end do

end if

Finally we scatter the data to the processors in Ipar_communicator.

is_count = scatter_counts(id_in_|par)

call MPI_ScatterV (bigbuf2, scatter_counts, scatter_disps, conplex_ type, &
recv_buffer, is_count, conplex_ type, &
0, | par_comruni cator, error)

The original MP1_AIIToAllV is now completed and we deallocate bigbuf and bigbuf2.
The data in recv_buffer is then reordered locally for the next stage of the 3d-FFT
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process or the main program. The above code is written to be concise within the
generality requirements of the Castep 3d-FFT, although further refinement may be
introduced in the future. Assuming an efficient implementation of MPI within an LPAR,
the only possible disadvantage with respect to use of OpenMP for the
Ipar_communicator operations is the allocation of the large arrays bigbuf and bigbuf2.
The current HPCx technical settings restrict each MPI task to the LPAR working
memory divided by tasks per_node with tasks_per_node the number of MPI tasks in
the LPAR assigned to the program. With OpenMP used internally there will be fewer
MPI tasks per LPAR and more memory available for the buffer arrays whereas the
current procedure assigns an MPI task to each processor.

3 Performance

At first glance, the faster communication within an LPAR may suggest that the
customized method will be much faster than the standard method, even taking into
account the internal MPI_GatherV/MPI_ScatterV and buffer to buffer copying. In practice
the customized method becomes faster when communication is latency restricted: we
shall quantify this below. Following considerations of whether the communication is
bandwidth or latency restricted, the other factor affecting the process is the fast-track
treatment of ‘short’ messages [6,7]. Messages shorter than a baseline K are treated
using a relaxed 'buffered send' protocol that effectively speeds them up. The baseline
has a maximum value K = 64 kBytes set using the environment variable
MP_EAGER_LIMIT = 65536. Note that for development and debugging purposes
MP_EAGER_LIMIT = 0 should be used so that all MPI is treated strictly. The baseline K
may be reduced internally by LoadLeveler as the total number of processors required
for a job is increased.

We now consider the Castep MPI_AIIToAllV. For a grid array of dimension G = ngx *
ngy * ngz, the approximate size of send_bufferis S = G/ N in units of 16 Bytes for
double precision complex array elements. The approximate individual message size in
the same units is G / (N*N). For an 8-way LPAR the bigbuf arrays are of size S * 8,
divided among N / 8 processors to give an approximate message size G * 64 / (N*N).
For num_in_Ipar = |, this generalizes to G * (j*j) / (N*N). An advantage of the
customized method is that the value of num_in_lpar may be chosen to give the best
results. This will be important for phase 2 of HPCx for which choosing j = 32 will cause
problems with both long messages and large buffers.

If the message size in both methods is long enough for communication to be bandwidth
dominated, ie if the 350 Mbytes per second message takes many times longer than the
latency of 20 microseconds, then the customized method will take longer than the
standard method. This is due to the increased message length in the customized
method. A 20 microsecond message translates into a length of about 460 of our 16
Byte units. As message size decreases and latency considerations become paramount
we may expect the customized method to become faster. However the crossover
between the two regimes is affected by MP_EAGER_LIMIT. If the message size using
the standard method is ‘short’ whereas the message size for the customized method is
'long’ then the standard method may still be faster due to use of the fast-track
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procedure. The buffered send has three times lower latency than the full synchronous
send [7]. We note that K = 4096 in units of 16 Bytes. Once message size is ‘short’ for
both methods, however, the customized method with fewer but still efficiently
manageable messages becomes faster.

We llustrate these ideas with three examples using the Castep code. h addition to
gv_communicator parallelism, Castep has a higher parallelism in which processors are
first distributed among Brillouin zone sampling k-points [1]. Processors associated with
each k-point form a gv_communicator. Since different k-points require communication
infrequently during the energy minimization process this form of parallelization is an
efficient way of reducing N for the MPI_AIIToAIlV calls. We consider energy
minimization of bulk ALO3 . Example 1 uses a cell with 120 atoms and a grid size G =
576000. This calculation has 5 k-points [1] and the total number of processors used is
divided into 5 groups which perform 3d-FFTs independently. Example 2 uses a cell with
270 atoms and a grid size G = 1296000. This calculation has 2 kpoints and the
processors divide into 2 groups. Example 3 uses the cell and grid of example 1 but
enforces an alternative parallelization technique without kpoint parallelism, ie with 1
group in which the grid is distributed across all the processors.

Tables 1- 3 show the approximate message size for the three examples respectively for
the standard method and the customized method with num_in_lpar = 2, 4 and 8.
Figures 1- 3 show execution times for the respective examples. Figure 1 shows times
for a full minimization with 24 iterative SCF cycles [1], figure 2 shows times for 9
iterative SCF cycles and figure 3 shows times for 8 iterative SCF cycles.

Figure 1: 120 atom cell, 5 k-points

@ Standard

> B num_in_lpar =2
£ Onum_in_lpar =4
= Onum_in_Ipar=8

80 (16) 160 (32) 240(48) 320 (64)
Total number of processors
(N in brackets)

Table 1: approximate message sizes (16 Bytes) for G = 576000
num_in_lIpar
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N Standard 2 4 8

16 2300 9000 36000 140000
32 560 2300 9000 36000
48 250 1000 4000 16000
64 140 600 2300 9000

We see from the figures that a flexible value of num_in_Ipar is important to make full
use of the customized method in situations where num_in_Ipar = 8 is not improving
performance.

For a fixed value of num_in_Ipar the reduced performance for lower numbers of
processors enhances the apparent scaling with processor numbers. Comparing the
figures with the tables, we see that the customized methods begin to show advantages
for approximate message size between 1000 and about 5000 units. With all message
sizes below ~1000 units the largest value of num_in_Ipar should give the best results.
This has been programmed into Castep on HPCx, with an option to read in either
num_in_lpar or a threshold message size for more general use on clusters of SMP
nodes.

Table 2: approximate message sizes (16 Bytes) for G = 1296000

num_in_lIpar
N Standard 2 4 8
64 320 1300 5100 20000
128 80 320 1300 5100
256 20 80 320 1300

Figure 2: 270 atom cell, 2 k-points

12000
10000 1 ]
. 8000 T ] ] @ Standard
~ num_in_lpar =2
_lag) 6000 15 T O num:in:lgar =4
4000 +— — [Onum_in_lpar =8
2000 1 —
0 T T

128 (64) 256 (128) 512 (256)

Total number of processors
(N in brackets)

We note the following about figure 3. The data for figures 1 and 2 were collected while
HPCx was fairly busy and represents reasonable timings, although we expect better
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performance on an empty machine. The data for figure 3 were collected while HPCx
was extremely busy with all (or nearly all) production processors in use. This situation
has a detrimental effect on latency and thus collective communications. From this point
of view codes which rely on MPI_AIIToAIlV across large numbers of processors are
prone to bad performance on systems such as HPCx. The use of the parallelization
across k-points in Castep is thus very important as may be seen by comparing figures 1
and 3. For systems with only 1 k-point, as modelled by the enforced 1-group parallelism
of example 3, the use of the customized MPI_AIIToAllV becomes crucial. Although we
do not expect quite the same increase in performance relative to the standard method
as is shown for N = 320 in figure 3 for more favourable runs, we may point out that the
customized method will be much less sensitive to this peak-period loss of performance.

Table 3: approximate message sizes (16 Bytes) for G = 576000
num_in_Ipar

N Standard 2 4 8
80 90 360 1400 5800
160 20 90 360 1400
240 10 40 160 640
320 10 20 90 360

Figure 3: 120 atom cell, 5 k-points (1 group)

16000 -

14000
. 12000 @ Standard
% 12888 B num_in_lpar = 2
£ Onum_in_lpar =4
= 6000 N Onum_in_Ipar =8

4000 -

= I B
0 T T T
80 160 240 320
Total number of processors
(equal toN)

HPCx phase 2 will have the Federation switch, faster processors and 32-way LPARs.
Further investigations to optimize the customized MPI_AIlIToAllV will be carried out
when this system becomes operational [8]. Investigations of additional algorithmic
optimizations [5] which may reduce the number of 3d-FFTs required per iterative cycle
are also continuing. The customized MPI_AIIToAIIV is also directly applicable to other
more general cluster based systems with SMP many-processor nodes.
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