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Abstract. In this paper we explore various sparse data storage tech-
niques in order to reduce the amount of memory required for MPI groups
and communicators. The idea behind the approach is to exploit similar-
ities between the objects and thus store only the difference between the
original process group and the resulting one. For each technique, we de-
tail the memory saved compared to the currently used implementations,
and present a runtime decision routine capable of choosing dynamically
the most efficient technique for each scenario. Furthermore, we evalu-
ate the performance impact of the new structures using point-to-point
benchmarks as well as an application scenario over InfiniBand, Myrinet
and Gigabit Ethernet networks.

1 Introduction

The memory footprint of a process running the MPI equivalent of "hello world’
can reach tens of Megabytes on today’s platforms. Some of the factors contribut-
ing to the large memory footprint are related to optimizations within the MPI
library code base, such as using statically allocated memory or having many dif-
ferent code paths in order to optimize a particular operation. The larger fraction
of the memory utilized by an MPI library is however allocated dynamically at
runtime and depends on system parameters such as the network interconnect
and application parameters such as the the number of processes.

While reducing the memory footprint of an MPI process was not considered
to have a high priority for a while, recent hardware developments force us to
rethink some concepts used within communication libraries. Machines such as
the IBM Blue Gene/L [4] have the capability to run MPI jobs consisting of
more than 100,000 processes. At the same time, each node only has 512 MB
of main memory available, leading to 256 MB for each MPI process. A similar
problem occurs on commodity clusters due to the increasing number of cores per
processor [2] giving the end-users the possibility to run parallel jobs consisting
of a large number of MPI processes, while at the same time the main memory
per core remains constant at best.

For platforms facing the problem outlined above, an MPI library should avoid
internal structures having a high level dependency on the number of MPI pro-
cesses. In this paper we are exploring various sparse data storage techniques in



order to reduce the amount of memory required for MPI groups and communica-
tors. The idea behind the approach is to exploit similarities between the objects.
Instead of storing the entire list of processes which are part of a new group
or communicator, the approach presented in this paper stores only the differ-
ence between the original communicator and the resulting one. These techniques
might not only be relevant for very large number of processes, but will also be
beneficial for applications having a moderate number of processes, generating
however a very large number of communicators [1].

Much of the work on optimizing memory usage within MPI libraries has
focused so far on the networking layer. Panda et al. show in [12] the benefits of
using the Shared Receive Queue features of InfiniBand in order to reduce the
memory usage of large scale applications. Shipman et al. [11] introduce a new
pipelining protocol for network fabrics dealing with registered memory, which
further reduces the memory utilization for these network interconnects. The work
done in [5] focuses on controlling the number of unexpected messages a process
can handle in order to limit the memory usage of the MPI library.

The remainder of the paper is organized as follows: Sec. 2 discusses briefly the
current implementation of groups and communicators in Open MPI, and presents
three different sparse data storage techniques. Sec. 3 evaluates the performance
impact of the techniques detailed in the previous section using a point-to-point
benchmarks as well as the High Performance Linkpack (HPL) benchmark. Fi-
nally, Sec. 4 summarizes the paper and presents the currently ongoing work in
this area.

2 Alternative Storage Formats for Groups and
Communicator

In most MPI libraries available today, each MPI group contains the list of its
member processes. In Open MPI [6], each entry of the list is a pointer to the
according process structure, while in MPICH2 [8] the according list contains the
ranks of the processes in MPI_COMM_WORLD. The position in this array indicates
the rank of the process in this group. An MPI communicator contains typically
pointers to either one MPI group for intra-communicators, or two groups for
inter-communicators. While this approach guarantees the fastest access to the
process structure for a communication — and thus minimal communication laten-
cies — the information stored in those arrays is often redundant. For example, in
case a numerical library creates a duplicate of MPT_COMM_WORLD in order to gen-
erate a unique communication context, the communicator structure will contain
a process list with redundant information to the original communicator. For a
100,000 process job, this list will take 8 x 100,000 bytes of memory, assuming
that the size of a pointer is 8 bytes.

Therefore, three alternative storage formats have been evaluated in this study
in order to minimize the redundant information between different process groups
and thus minimize the memory footprint of the according structures. In order
to evaluate benefits and disadvantages of these storage formats, we have imple-



mented all formats in Open MPI. For this, the group structure and the group
management functions had to be adapted. The following subsections give some
details to each format.

PList Format: The PList storage format is the original storage format con-
taining a list of pointers to the process structures of the group members. This
implementation of this format is unchanged compared to the original version.

Range Format: For this format, the included processes in a group are de-
scribed by ranges of process ranks, e.g. having n consecutive processes start-
ing from rank r. The syntax of this storage format has been derived from the
MPI_Group_range_excl/incl functions in MPI [9]. Thus, the group structure in
Open MPI has been extended by a list holding the required number of < base
rank, number of processes> pairs in order to describe the members of the new
group. The base ranks stored in the group-range list correspond to the rank of
the process in the original group. Thus, the group structure also needs to store a
pointer to the original group and increase the reference counter of that object ac-
cordingly. While this storage format can be applied to any group/communicator,
it will be most memory efficient if the list of ranks included in the new process
group can be described by a small number of large blocks.

Strided Format: In some cases, the included processes in a group follow a
regular pattern, e.g. a new group/communicator includes every n-th process of
the original group. Three integers are required in the group structure in order to
support this format: the grp_offset contains the rank of the process where the
pattern starts; grp_last_elt is the rank of the last process in the pattern; the
grp-stride describes how many processes from the original group have to be
skipped between two subsequent members of the new group. The group creation
function for strided groups can automatically determine all three parameters. In
case no regular pattern could be determined by the routine, the strided group
creation function will indicate that it can not be used for this particular process
group. Similarly to the range format, a pointer to the original group is required
to be able to determine the process structures.

Bitmap Format: The main idea behind this storage format is to use a bit-array
of the size of the original communicator/group. The bit at position i indicates,
whether the process with the rank 7 in the original group is a member of the
resulting group or not. The main restriction of this storage format is that ranks
of the included processes in the new group have to be monotonically increasing
in order to be able to uniquely map the rank of a processes from one group to
another group.

2.1 Group Management Operations

Additionally to the functionality outlined in the previous subsections, each stor-
age format provides a function which estimates the amount of main memory



Table 1. Memory consumption of each storage format.

Storage format Memory consumption
PList number of processes X sizeof (void *)
Range number of ranges x2x sizeof (int)
Strided 3x sizeof (int)
Bitmap [( number of processes /8)]

required by this format, given the list of process members. Whenever a new
group or communicator is created, these functions are queried in order to de-
cide which of the storage techniques will be applied. Table 1. summarizes the
formula used to estimate the memory consumption of each format. The cur-
rent runtime decision logic will then pick the storage format requiring the least
amount of memory. A flag in the group structure indicates which storage format
is being used for a particular group. The groups used by MPI_COMM_WORLD and
MPI_COMM_SELF are always stored using the PList format.

The most performance sensitive functions with respect to group and com-
municator management are returning a pointer to the process structure given
a tuple of <rank, communicator id>, and the ability to translate the rank of a
process given in one process group into its rank in another process group. The
first functionality is utilized by any data transfer operation, since the process
structure contains elements such as the contact information and the commu-
nication peers. In the original implementation of MPI groups in Open MPI,
access to a process structure is as simple as using the PList array by specifying
the rank of the process in the group as the index in the array. Since this array
is set to NULL whenever a format other than the PList format is being used,
this approach is not applicable for multiple storage formats. Thus, a macro,
GROUP_GET_PROC_POINTER, has been introduced. This macro translates to the
original access to the process pointer list in case the support for multiple storage
formats has been turned off by the user. In case the support for multiple stor-
age formats has been enabled, the macro would be replaced by a function call
determining the according pointer.

To get the pointer to the process structure of a given rank in a group is a two
step procedure for any of the alternative storage formats presented so far. First,
the function determines the rank of this process in its parent group and second,
it will query the original parent group using the rank of the process in that group
for the according pointer. In case the parent communicator uses a sparse storage
format as well, this procedure will be repeated as long as the algorithm hits a
group which uses the PList format. Since MPI_COMM_WORLD and MPI_COMM_SELF
always use the PList format, the algorithm is guaranteed to determine the correct
process pointer in any scenario.

Another operation which has to be adapted in order to support multiple
storage formats is the group rank translation function. Although it would be
easy to generate a universal implementation which works for all storage formats,
there are certain special cases where the performance of this operation can be



significantly improved by taking into account the relation between the groups,
e.g. in case one group has been derived from the other group. Unfortunately,
we can not detail the according formulas in this paper due to space limitations,
please refer to [3].

The most severe restriction of the current approach is that all storage formats
assume as of now that a group is derived from a single parent group. This is
not the case for the MPI_Group_union and MPI_Group_difference operations
as well as for MPI_Intercomm merge. For these functions, the implementation
will automatically fall back to the PList format. For similar reasons, the current
implementation does not support inter-communicators.

3 Performance Evaluation

This section evaluates the performance implications of the various storage for-
mats presented in the previous section. Two separate set of tests have been
conducted, namely a point-to-point benchmark in order to quantify the effect on
the latency and an application benchmark. The machines used for the tests were
the shark cluster at the University of Houston and the IBM BigRed cluster at
Indiana University. Shark consists of 24 dual-core 2.2GHz AMD Opteron nodes
connected by a 4xInfiniBand and a Gigabit Ethernet network interconnect. Bi-
gRed, which was mainly used for the point-to-point benchmarks, consists of 768
IBM JS21 Blades, each having two dual-core PowerPC 970 MP processors, 8GB
of memory, and a PCI-X Myrinet 2000 adapter. Within the scope of this analysis
we used up to 512 MPI processes on 128 nodes on BigRed.

3.1 Point-to-point Benchmark

In order to evaluate the effect on the point-to-point performance of Open MPI
when using the alternative storage formats for groups and communicators, we
created in a new test within the latency test suite [7]. The basic idea behind the
latency test suite is to provide building blocks for ping-pong benchmarks, such
as different data type constructors, communicator constructors, or data transfer
primitives. This allows users to set-up their own point-to-point benchmarks, e.g.
by mimicking a particular section of their applications.

The new test case developed within this project creates a hierarchy of com-
municators. Starting from the processes in MPI_COMM_WORLD the test excludes all
odd-ranked elements of the communicator. Using the resulting communicator
the benchmark keeps creating new communicators excluding odd ranked ele-
ments until a communicator consisting of only one or two processes is being
created. For each new communicator, a ping-pong benchmark will be executed
between the first and second process in one case, and between the first and last
process in another case. An additional overhead to the communication latency
is expected when executing with the sparse formats, which comes from the fact
that getting the actual process pointer for each data transfer operation requires



Table 2. Results of the point-to-point benchmark running 48 processes over InfiniBand.

PList Range Strided Bitmap
O—ﬁrst[O—last[ O—ﬁrstIO—last[ O—ﬁrst[O—last[ O—ﬁrstIO—last
Level 0|| 3.7 | 3.7 3.7 | 3.7 3.7 | 3.7 3.7 | 3.7
Level 1|| 3.7 | 3.7 || 3.74 | 3.74 || 3.74 | 3.71 || 3.74 | 3.74
Level 2|| 3.7 | 3.7 || 3.74 | 3.79 || 3.74 | 3.74 || 3.74 | 3.79
Level 3|| 3.74 | 3.7 || 3.74 | 3.85 || 3.74 | 3.74 || 3.79 | 3.79
Level 4|| 3.74 | 3.7 || 3.85 | 3.85 || 3.8 | 3.8 3.8 |3.85
Level 5| 3.74 | 3.7 3.9 |38 3.8 | 3.8 3.9 | 3.9

some additional computation and lookup operations. This effect is supposed to
increase with the increase in the hierarchy of groups depending on each other.

For each implementation of the groups (plist - range - sparse - bitmap), the
test was executed five times. The results that are provided show the minimum
latency of the all the tests executed. This shows the best achievable result on
the according cluster. Times are given in us.

The results on shark over the InfiniBand network interconnect are shown in
Table 2. The level of each communicator shown in the first column of the table
indicates the number of indirections required to look up the process structure.
For level 0 ( = MPI_COMM_WORLD) the latency is independent of the storage format,
since this communicator is always using the PList format. Furthermore, there is
no performance difference for level 0 whether the ping-pong benchmark is exe-
cuted between the first and the second process, or between the first and the last
process of the communicator. As expected, the latency is mostly constant for the
original PList format, and thus independent of the communicator used. For the
other formats, the latency does increase depending on the level of the commu-
nicator, i.e. the number of indirections required to lookup the process structure.
In order to quantify the overhead, lets consider the highest overhead observed
in our measurements, which adds 0.2us to the original latency. Accessing the
process structure for that particular communicator level requires 5 indirections
of the algorithm described in section 2.1. Thus, the average overhead per level
can be estimated to be up to 0.04us on this architecture.

For the bitmap and the range formats, we also would have expected to see a
slight increase in the latency when executing the ping-pong benchmark between
the first and the last process, compared to the first and the second process. The
reason for this is that the costs for the rank-translation algorithms for these
two formats should increase with the rank being translated, since we have to
walk linearly through the list of participating processes. However, due to the
fact that our maximum job size is only 48 processes and that the number of
processes decreases by a factor of two with each level of communicator, we could
not observe in these benchmarks the expected effect. There are slight differences
in the performance of the alternative storage formats, with strided being slightly
faster than the bitmap and the ranges format. The reason for this is probably
the rank-translation algorithm, which only requires applying a simple formula



Table 3. Results of the point-to-point benchmarks running 48 processes over Gigabit
Ethernet.

PList Range Strided Bitmap
0-first[0-last [[O-first |0-last [ 0-first[O-Tast | 0-first[0-last
Level 0]|51.55(51.84||51.61 |51.39||51.11{52.14|[51.55| 51.2
Level 1|/ 51.61 [52.45||51.65 [52.34 || 52.09 [52.95|| 52.05| 52.8
Level 2|| 51.7 | 52.7 ||51.59| 53.8 || 51.55[52.64 || 51.75[52.75
Level 3||51.09| 52.3 || 51.45(53.19]|| 51.4 | 52.4 || 51.15|51.86
Level 4|| 50.8 [51.45|| 51 [51.81||51.75| 51.8 ||51.25]| 52.6
Level 5|| 51.7 | 51.5 ||51.86| 51.4 ||51.55|51.14||51.61 | 51.7

Table 4. Results of the point-to-point benchmark running 512 processes over Myrinet.

PList Range Strided Bitmap
O-ﬁrst[O-last[ O-ﬁrst[O-last[ O-ﬁrst[O-last[ O-ﬁrst[O-last
Level 0| 6.25 | 7.34 || 6.04 | 7.45 || 6.25 | 7.40 || 6.10 | 7.25
Level 1|| 6.25 | 7.40 || 6.29 | 7.65 || 6.29 | 7.44 || 6.29 | 9.05
Level 2|| 6.09 | 7.30 || 6.25 | 8.00 || 6.29 | 7.45 || 6.29 | 9.80
Level 3|| 6.20 | 7.30 || 6.35 | 8.00 || 6.29 | 7.39 || 6.35 [10.14
Level 4|| 6.21 | 7.20 || 6.35 | 8.06 || 6.40 | 7.55 || 6.60 |10.44
Level 5|| 6.25 | 7.25 || 6.45 | 8.30 || 6.40 | 7.55 || 6.75 [10.50
Level 6| 6.75 | 7.25 || 7.19 | 8.00 || 6.85 | 7.40 || 7.56 [10.19
Level 7|| 6.75 | 7.25 || 7.20 | 8.05 || 6.89 | 7.55 || 7.95 |10.05
Level 8|| 6.76 | 7.36 || 7.40 | 8.00 || 7.06 | 7.55 || 8.80 | 9.30

for the strided format, compared to a slightly more complex algorithm for the
other two sparse storage formats.

Table 3. summarizes the performance results on shark over Gigabit Ethernet.
In our measurements, no performance effects could be observed which could be
directly related to the sparse data storage formats used for groups and com-
municators. The reason for that is, that the perturbation of the measurements
using this particular switch was higher than expected overhead, assuming that
the overhead due to the different storage formats would be in the same range as
for InfiniBand results presented previously.

Table 4. presents the results obtained for a 512 processes run on 128 nodes
on Big Red. In order to ensure, that the same network protocol is used for
all communicator levels, the 0-first tests have been modified such that the
first MPI processes on the first two nodes are being used for the first three
communicators ( levels 0, 1, and 2).

First, we would like to analyze the results obtained using the plist format
— the default Open MPI approach — on this machine. The results for this stor-
age format are presented in the first two columns of the Table 4. The most
fundamental observation with respect to the results obtained on this machine is
that the latency shows a fundamentally larger variance depending on the nodes
used for the ping-pong benchmark. Furthermore, there is a relevant increase in



the communication latency when executing the ping-pong benchmark between
the rank 0 and the last process in the communicator, compared to the results
obtained in the O-first tests. In order to explain this effect, we made several
verification runs confirming the results shown above. Furthermore, we verified
this behavior for the plist format with support for sparse storage formats being
disabled in Open MPI. Since we can positively exclude any effects due to the
sparse storage formats for these results, we think that the most probably expla-
nation has to deal with caching effects when accessing the process structures of
processes with a higher rank.

With respect to the sparse storage formats, the results indicate a similar
behavior as obtained on the shark cluster over InfiniBand. The redirections re-
quired to look up the process structure lead to a small performance penalty
when using the sparse storage techniques. In order to estimate the overhead in-
troduced by the sparse storage techniques, we compare the latency obtained for
a particular communicator level with a sparse storage technique to the latency
obtained on the same communicator level with the plist storage format. This
overhead is then divided by the number of indirect lookup operations required
for that communicator level. Since the results show a larger variance than on
the shark cluster, we provide an upper bound for the overhead by reporting only
the maximum values achieved in this set of tests and the average obtained over
all levels.

In the O-first tests, the range format introduces an average overhead of
0.057us per level, the maximum overhead found was 0.08us. The penalty on
the latency per level when using the strided format in these tests was 0.04us,
while the highest overhead observed in these tests using this storage format
was 0.1us. The bitmap format shows once again the highest overhead, with an
average penalty of 0.118us per level, and a maximum overhead of up to 0.255us.
In contrary to the results obtained on the shark cluster, the 0-last tests show
a significant additional overhead for the range and the bitmap format, which
are due to the fact, that the rank-translation operation involves a linear parsing
of all participating processes in that communicator. The bitmap format has an
average overhead of more than 0.8us per level in these tests, while the average
overhead for the range method increases to 0.197us. As expected, the strided
format does not show any sensitivity to the rank being applied in the rank-
translation operation.

3.2 Application Benchmark

In order to determine the impact of the new storage formats on the perfor-
mance of a real application scenario, we executed multiple test-cases of the HPL
benchmark [10]. A major requirement for the application benchmark chosen for
this subsection is, that the code has to create sub-communicators which expose
a benefit of the sparse storage techniques. HPL organizes processes in a 2-D
Cartesian process topology. Three different type of communicators are created
by HPL: (I) a duplicate of MPI_COMM_WORLD, (II) a row communicator for each
row of the 2-D Cartesian topology, and (III) a column communicator for each



column of the 2-D Cartesian topology. For (I), the new group creation functions
will choose the range format for process numbers larger than 64, the bitmap
format otherwise. Similarly, communicator (II) can be represented by a single
range of processes, while the communicator (III) is best described by the strided
format. Assuming a 90,000 process run of HPL organized in a 300 x 300 process
topology, the default implementation of groups and communicators in Open MPI
would take 724,800 bytes to store the list participating processes for all three
communicators per process. Using the sparse storage techniques described in this
paper, the memory consumption for that scenario can be reduced to 58 bytes
per process.

In the following, we present performance results for 48 processes test-cases
using shark. Table 5. summarizes the measurements over the InfiniBand network
interconnect. Four different test cases have been executed, namely two problem
sizes (24,000 and 28,000) each executed with two different block sizes (160 and
240). Since the latency does show some dependence on the storage format used
for MPI groups, we would expect to see minor increases in the execution time for
highly latency sensitive applications. However, none of the test cases executed in
this subsection show a significant performance degradation related to the storage
format.

Table 5. Execution time of the HPL benchmark on 48 Processes using InfiniBand in
seconds.

l Size ‘Block size‘PList ‘Range‘Strided‘Bitmap‘
24000 160 |65.81 [65.81 |65.84 |65.87
24000 240 |69.05 [69.08 [69.22 |69.14
28000 160 99.78 199.73 199.84 [99.81
28000 240 104.25(104.31{104.27 |104.29

4 Summary

In this paper, we introduced various storage formats for groups and communica-
tors in order to minimize the memory footprint of the according structures. The
main idea behind these formats is to store only the difference between the orig-
inal group and the newly created one. Three different formats — range, strided
and bitmap — have been implemented in Open MPI. Additionally to the memory
consumption of each format, the paper also evaluates the performance impact
of the sparse storage formats. Using a modified ping-pong benchmark, we could
determine the performance overhead due to the new data storage formats to be
up to 0.04us per hierarchy level of the communicator. This overhead is negligible
for most scenarios, especially when taking into account, that many applications
only derive communicators directly from MPI_COMM_WORLD. Our tests using the
HPL benchmark did not show any measurable overhead due to the new storage



formats. The techniques detailed in this paper will be available with Open MPI
version 1.3.
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