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Abstract
InfiniBand is an emerging HPC interconnect being

deployed in very large scale clusters, with even larger
InfiniBand-based clusters planned. The Message Pass-
ing Interface (MPI) is the programming model of choice
for end applications running on these large-scale clus-
ters. Thus, it is very critical for the MPI implementation
used to be based on a scalable and high-performance
design. We analyze the performance and scalability as-
pects of MVAPICH, a popular open-source MPI im-
plementation on InfiniBand, from an application stand-
point. We analyze the performance and memory re-
quirements of the MPI library while executing several
well-known applications and benchmarks, such as NAS,
SuperLU, NAMD, and HPL on a 64-node InfiniBand
cluster. Our analysis reveals that for NAS Benchmarks,
NAMD and SuperLU on 64 processes, the latest design
of MVAPICH requires an order of magnitude less inter-
nal MPI memory on average per process and yet deliv-
ers the best possible performance.

1. Introduction

Cluster computing has become quite popular during
the past decade. The interconnect used in these clusters
is very crucial for attaining the highest possible perfor-
mance. InfiniBand [6] is an emerging high-performance
interconnect, offering low latency (1.5-3.0 microsec-
onds) and high bandwidth (multiple Gigabytes/second).
In addition to high-performance, InfiniBand also pro-
vides many advanced features like Remote Direct
Memory Access (RDMA), atomic operations, multi-
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cast, and QoS. As InfiniBand gains popularity, large
scale clusters, such as the 8000-processor Sandia Thun-
derbird [12, 17] and NASA/Ames Columbia [12],
are using it as their primary interconnect. Clus-
ters of several tens-of-thousands of nodes have now ap-
peared as the most powerful machines in the Top 500
list [22]. Accordingly, it is expected that the scale of In-
finiBand clusters to be deployed in the near future
will be even larger. MPI [11] is the de-facto stan-
dard in writing parallel scientific applications. Hence, a
scalable and high performance MPI design is very crit-
ical for end HPC applications, which will run on these
modern and next generation very large scale clus-
ters.

MVAPICH [13] is an popular open-source high-
performance and scalable implementation of MPI
over InfiniBand. It is used by over 340 organiza-
tions spread over 33 countries. It has enabled sev-
eral clusters, including the Sandia Thunderbird [17],
to achieve high rankings in the Top 500 list. MVA-
PICH is also available from the OpenIB/Gen2 [14]
stack in an integrated manner. It implements the Ab-
stract Device Interface of MPICH [5] and was derived
from MVICH [8].

MVAPICH provides various designs to perform mes-
sage passing [10, 20]. Depending upon the requirement
of the end MPI application and available Infini-
Band hardware, different designs may be chosen by
the user. In addition, all these designs are runtime tun-
able with various parameters. Most of these parameters
are “hints” to the MPI library of the user’s inten-
tions. These parameters directly affect the memory
usage and other characteristics of the MPI library. Us-
ing these parameters, the MPI library allocates in-
ternal buffers that are used for communication. In
addition, depending on the requirements of the ap-
plication, more memory may be allocated during its
actual execution. These communication buffers repre-
sent the majority of the memory consumption of the



MPI library. Allocating more buffers may allow the li-
brary to offer better communication performance. On
the other hand, lack of buffers may lead to runtime al-
location and management of required memory (which
is costly) and hence degradation of end application per-
formance. Thus, the following two questions are of
great significance to MPI library designers, cluster sys-
tem vendors, and the end users:

1. Does aggressively reducing communication buffer
memory lead to degradation of end application per-
formance?

2. How much memory can we expect the MPI library
to consume during execution of a typical applica-
tion, while still providing the best available perfor-
mance?

To the best of our knowledge, there has been no
contemporary study that comprehensively answers these
questions. In this paper, we provide answers to the above
two questions by analyzing the internal MPI operations
during execution of well known MPI applications and
benchmarks such as NAS Parallel Benchmarks [2], Su-
perLU [23], NAMD [16], and HPL [4]. Our analysis re-
veals that for the NAS Benchmarks (Class B), NAMD,
and HPL on 64 processes, the latest designs of MVA-
PICH require less than 5MB of internal memory on av-
erage per process and yet deliver the best available per-
formance. For SuperLU, the memory usage increases to
10MB for the evaluated data sets, but still maintains op-
timal performance and a 5 times reduction in memory
usage over older MVAPICH designs.

The rest of the paper is organized as follows: in Sec-
tion 2 we provide the required background knowledge
for this paper. In Section 3 we present our end applica-
tion analysis of performance as well as the memory re-
quirements by the MPI library for NAS Parallel Bench-
marks, SuperLU, NAMD, and HPL. We describe the re-
lated work in Section 4. Finally, we conclude and point
out future work in Section 5.

2. Background

In this section we provide the required background
for the work done in this paper. There are two major top-
ics that are relevant: a) the InfiniBand network with its
associated features, and b) design of MPI (MVAPICH in
particular) protocols and buffer management.

2.1. InfiniBand Overview

The InfiniBand Architecture [6] (IBA) defines a
switched network fabric for interconnecting com-
pute and I/O nodes. In an InfiniBand network, hosts
are connected to the fabric by Host Channel Adapters

(HCAs). A queue based model is used in Infini-
Band. A Queue Pair (QP) consists of a send queue and
a receive queue. Communication operations are de-
scribed in the Work Queue Requests (WQR), or
descriptors, and submitted to the work queue. It is a re-
quirement that all communication buffers be posted
into receive work queues before any message can
be placed into them. In addition, all communica-
tion buffers need to be registered (locked in physi-
cal memory) before InfiniBand can either send from
or receive data into that memory location. This re-
striction is imposed to ensure that memory is present
when HCA accesses the memory. Finally, the comple-
tion of WQRs is reported through Completion Queues
(CQ).

IBA provides several types of transport services: Re-
liable Connection (RC), Unreliable Connection (UC),
Reliable Datagram (RD), and Unreliable Datagram
(RD). RC and UC are connection-oriented and re-
quire one QP to be connected to exactly one other QP.
On the other hand, RD and UD are connection-less and
one QP can be used to communicate with many re-
mote QPs. To the best of our knowledge, the RD
transport has not yet been implemented by any Infini-
Band vendor.

On top of these transport services, IBA provides ser-
vices to upper level software; however, all software ser-
vices are not defined for all transport types. Figure 1 de-
picts the particular software services defined for the var-
ious transports, as of IBA specification release 1.2. As
shown in the figure, the send/receive operations are de-
fined for all classes of transport. For connection-oriented
transport, a new type of software service called Shared
Receive Queue (SRQ) has been introduced. This allows
the association of many QPs to one receive queue even
for connection oriented transport. Thus, any remote pro-
cess that is connected by a QP can send a message that
is received in buffers specified in the SRQ.

Reliable
Connection

Unreliable
Connection

Reliable
Datagram

Unreliable
Datagram

Send/Receive
Shared Receive

RDMA Write
RDMA Read

Connection Oriented Connectionless

Software
Service

Transport

Implemented
Not implemented

Figure 1. IBA Transport and Software Ser-
vices

Apart from the basic send/receive operations, IBA



also defines Remote Direct Memory (RDMA) opera-
tions. Using this service, applications can directly access
memory locations of remote processes. In order to uti-
lize RDMA, the requesting process is required to know
the virtual address and a memory access key of the re-
mote process. RDMA operations typically have lower
end-to-end latencies, since there is no receiver side soft-
ware involvement in the critical data flow path. RDMA
is supported on all reliable transports, the only excep-
tion being RDMA Read is not supported on UC.

In addition to these features, IBA provides a host
of other exciting features like hardware multicast, QoS,
Atomic operations. These features are not described here
because they are not related to the research direction dis-
cussed in the paper. Additional details on these features
can be obtained from IBA specification [6].

2.2. MVAPICH Design Overview

MVAPICH [13] is a popular implementation of MPI
over InfiniBand. It uses several InfiniBand services like
Send/Receive, RDMA-Write, RDMA-Read, and Shared
Receive Queues to provide high-performance and scala-
bility to end MPI applications. There are two major pro-
tocols used by MVAPICH. The first is the Eager Pro-
tocol, which is used to transfer small messages. These
small messages require MPI internal communication
buffers to help achieve low latency. The second proto-
col used is the Rendezvous Protocol. This protocol is
used for large messages. In order to avoid buffering large
messages inside the MPI library, availability of buffer
at the receiver end is first negotiated with control mes-
sages. After the negotiation phase, the messages are sent
directly to receiver user memory with the use of RDMA.
In this paper we focus on the requirement and usage of
MPI internal buffers; hence, we will describe the Ea-
ger protocol in detail. For more information on the Ren-
dezvous protocol, please refer to [21].

MVAPICH provides several implementations for the
Eager protocol based on different designs and utilizing
different InfiniBand features. Users can choose a partic-
ular implementation based on their needs when compil-
ing MVAPICH. In addition, these designs may be tuned
dynamically at runtime. Among the various designs of
the Eager protocol, there are three that stand out as the
best. These are described in the following subsections.

2.2.1. Adaptive RDMA with Send/Receive Chan-
nel The RDMA feature of InfiniBand offers very low
latency due to the absence of receiver side software in-
volvement, which is desirable for small messages.
The RDMA channel [10] in MVAPICH provides a de-
sign by which the RDMA feature can be fully ex-
ploited to deliver low latency. The use of RDMA re-
quires that communication buffers be made available
for each remote process that may send messages. In or-

der to avoid a memory-scalability problem when
there are thousands of remote processes, this chan-
nel has an “adaptive” nature (hence the name Adap-
tive RDMA). At the time of communication initial-
ization, only a limited number (typically only two
or three) of buffers are allocated per remote pro-
cess. These initial buffers are posted on the InfiniBand
Send/Receive channel. Accordingly, all processes ini-
tially communicate using the InfiniBand Send/Receive
channel semantics. MVAPICH maintains an inter-
nal counter of the number of messages exchanged by
each pair of processes, and if this count increases be-
yond some threshold (runtime tunable), buffers are al-
located and made available to the remote process over
RDMA.

For the sake of brevity, this design will be referred
to as ARDMA-SR for the rest of the paper and the
connection between a pair of process that uses RDMA
for Eager protocol will be called a RDMA Connection
in this paper. Figure 2(a) illustrates this channel. The
dotted lines show that all the processes have provided
some limited number of buffers for the Send/Receive
channel. However, this has to be done for each pair of
processes. The bold lines indicate that six of the most
frequently communicating processes actually communi-
cate over RDMA.

This channel provides reasonably good memory scal-
ability along with the low latency offered by RDMA.

2.2.2. Adaptive RDMA with SRQ Channel The
Shared Receive Queue (SRQ) is a hardware feature pro-
vided by InfiniBand that allows upper-level software to
post receive buffers to only one receive queue. Incom-
ing messages from all remote processes in the MPI ap-
plication can then consume buffers from this queue
in a first-come-first-serve (FCFS) basis. This fea-
ture allows very efficient sharing of receive buffers
across many InfiniBand connections. Thus, reduc-
ing the memory requirement by an order of magnitude
for MPI applications that execute on very large pro-
cess counts (up to tens of thousands).

One drawback of the SRQ is that the processes send-
ing messages do not have an accurate picture of the re-
ceiver buffer availability. As such, if senders keep in-
jecting packets into the network that do not have any
destination buffer available, the performance of the ap-
plication is degraded. In order to alleviate this situation,
we have designed a novel, receiver-driven flow-control
mechanism [20]. The receiving MPI process sets a “low-
watermark” for the SRQ. When the number of available
buffers in that queue drops below this threshold, an in-
terrupt is generated by the HCA, which is caught by the
MPI library. If there are more receiver buffers allocated
already, then they are posted to the HCA to keep the
SRQ full; however, if no buffers are available, new ones
are allocated and posted to the SRQ to fill it. Figure 3 de-



(a) Adaptive RDMA with
Send/Receive Channel (with
6 processes using RDMA)

(b) Adaptive RDMA with
SRQ Channel (with 6 pro-
cesses using RDMA)

(c) SRQ Channel

Figure 2. Various Eager Protocol Designs in MVAPICH

picts the triggering of a low-watermark event by a sender
and the subsequent filling of the SRQ.

In this channel, at communication initializa-
tion, all processes have full SRQs and communicate
using these buffers. When a certain number of run-
time tunable buffers have been consumed from the
SRQ, RDMA buffers are made available for that re-
mote process. Hence, similar to the design described
in the previous section, this design also achieves scal-
able memory usage along with low latency of RDMA.

Again, for the sake of brevity, the design will be re-
ferred to as ARDMA-SRQ for the rest of the paper. Fig-
ure 2(b) illustrates this design. Each process provides a
set of receive buffers that are shared for every remote
connection (shown by the dotted line). As before, the
bold lines indicate that six frequently communicating
processes are using RDMA.

Sender Receiver

. .
 .

SRQ Buffer
Count Drops

Low−Watermark
Below

Asynchronous Event &
Buffer Posting

Figure 3. SRQ Low-Watermark Mechanism

2.2.3. SRQ Channel This channel exclusively uti-
lizes the SRQ feature of InfiniBand. It employs the
same receiver-driven flow-control mechanism as de-
scribed in the previous section. The only differ-
ence in this channel from the previous one is that no
RDMA buffers are allocated, even for frequently com-

municating pairs of processes. Even though RDMA
channels can achieve lower-latency message pass-
ing, they consume more memory. This channel, which
is exclusively based on SRQ, may have slightly in-
creased point-to-point latency (only by around 1µs),
but can provide very scalable message passing. Fig-
ure 2(c) illustrates this channel. For the rest of the paper,
this design will be simply referred to as SRQ.

3. Experimental Evaluation

In this section, we present our analysis of the per-
formance and the memory utilization of the MPI li-
brary (specifically MVAPICH [13]) while executing sev-
eral well known MPI applications and benchmarks. The
designs of Eager protocol evaluated are the Adaptive
RDMA with Send/Receive (called ARDMA-SR), Adap-
tive RDMA with SRQ (called ARDMA-SRQ), and the
SRQ channel (called SRQ). The descriptions of these
channels are in Section 2.2.

Much of the data required for our analysis are not
obtainable through any other publicly available tools.
This is mainly because we aim to analyze information
that is specific and internal to MVAPICH. In addition
to this, our analysis requires the size and volume infor-
mation of the messages actually sent by the MPI library.
Most MPI profiling tools can provide information only
about messages that were generated by the MPI applica-
tion. As mentioned in Section 2.2, large message trans-
fer may in fact involve several small message transfers
as required by the Rendezvous protocol. The informa-
tion about these messages is lost if we simply use MPI-
level profilers.

In order to obtain an accurate picture of the various
events occurring inside MVAPICH, we design an ex-
tremely low overhead profiling mechanism internal to
MVAPICH. Our profiling implementation records infor-
mation inside internal data structures of MVAPICH dur-



ing the actual application execution. All the information
is then collected at the root process by MPI Reduce
during MPI Finalize. Since the profiler need only
update a few memory locations during the execution,
there is almost no perceivable impact on the perfor-
mance. Our profiling mechanism records important in-
formation such as:

1. Allocation of communication buffers

2. Message size and data volume profiles

3. Number of processes communicating over RDMA
Eager Protocol

4. Number of “low-watermark” events experienced
by the SRQ

In addition to our internal profiling of MVAPICH,
we used mpiP [7], which is a lightweight, scalable
MPI profiling tool. This tool provides us with informa-
tion about which MPI calls were issued by the applica-
tion. Combining this information (generated by mpiP)
with our internal profiling of MVAPICH, provides an in-
depth look into several aspects of the MVAPICH designs
for the Eager protocol.

Table 1 shows the results of our profiling various ap-
plications on 64 processes. SuperLU profiling results are
presented separately in Table 2. The percentage MPI
time is reported by mpiP and the rest of the parame-
ters are given by the MVAPICH internal profiling. This
table will be referred to later as part of analysis of the re-
sults of each individual benchmarks.

3.1. Experimental Platform

Our experimental platform is a 64 node dual Opteron
2.4GHz (Processor 250) cluster. Each node is equipped
with 8GB of main memory and PCI-Express inter-
face. The nodes have MT25204 Mellanox HCAs with
firmware version 1.0.1 and the OpenIB/Gen2 [14] soft-
ware stack. The Linux kernel version used is 2.6.15.

3.2. NAS Benchmarks

The NAS Parallel Benchmarks [2] are a set of pro-
grams that are designed to be typical of several MPI ap-
plications, and thus, help in evaluating the performance
of parallel machines. We used the MPI version of the
benchmark suite. For the purposes of our evaluation, we
include all the NAS Benchmarks except the Embarras-
ingly Parallel (EP) benchmark. We excluded this bench-
mark from our paper, since it has very little MPI com-
munication and as such is of lesser significance when
analyzing the operations inside the MPI library.

Figure 4 shows the performance of the NAS Bench-
marks (Class B) using all three designs of the Eager pro-
tocol. The number of processes is varied from 16-64 for
IS, FT, CG, LU, and MG. The SP and BT benchmarks

are run on 49-81 processes since they require the total
number of processes to be a square. Each graph has two
y-axes. The left y-axis shows the communication mem-
ory used by MVAPICH while executing that particular
benchmark, whereas the right y-axis shows the relative
performance achieved by that benchmark execution. All
the performance ratios have been normalized with re-
spect to the best possible benchmark number obtained
by the default configuration of MVAPICH version 0.9.7.
A ratio > 1 indicates better performance than the default
configuration of MVAPICH 0.9.7, while a ratio < 1 in-
dicates worse performance.

The results indicate that the SRQ channel is able to
provide almost the same level of performance as the
other two schemes: ARDMA-SR and ARDMA-SRQ.
While the SRQ channel provides almost the same per-
formance, it does so with markedly less communication
memory. In fact, in all the Figures 4(a) through 4(g), the
SRQ channel consumes lesser than 5MB of communi-
cation buffers.

Memory utilization numbers for benchmarks IS, FT,
BT, and SP are shown in Figures 4(a), 4(b), 4(f), and
4(g), respectively. These show an order of magnitude
improvement (around 10 times for 64 and 81 process ex-
ecutions) in memory usage when ARDMA-SR is com-
pared with ARDMA-SRQ or SRQ. However, Table 1
shows that the average number of RDMA connections
(Section 2.2.1) is in fact not that high. To answer this ap-
parent contradiction, we examine the message and vol-
ume profile graphs in Figure 5(a) and 5(c). By look-
ing at these graphs, we can make out that these bench-
marks do the major part of their communications using
very large messages. As explained in Section 2.2, every
large message transfer is associated with several smaller
messages. These smaller messages are never sent over
RDMA, rather exclusively use the Send/Receive chan-
nel. In order to transfer these small messages, an in-
creasing number of communication buffers are allocated
for the Send/Receive channel. Once the number of mes-
sages over the Send/Receive channel exceeds a certain
amount, a much larger communication buffer set (64 in
number) is required to be allocated per remote process
for the Send/Receive channel. This consumes the most
memory and exposes an inherent scalability issue even
while using an adaptive protocol. The other NAS Bench-
marks LU, MG, and CG show an improvement in mem-
ory usage as well as seen in Figures 4(d), 4(e), and 4(c).
The SRQ channel consumes around half the memory re-
quired by ARDMA-SR. The difference in memory us-
age between ARDMA-SRQ and SRQ can be explained
by the number of processes using RDMA. For example,
in the LU benchmark (for 64 processes), there are on
an average 3.92 RDMA connections. According to de-
fault MVAPICH 0.9.7 parameters, each RDMA connec-
tion utilizes around 500KB of memory, so analytically,
the difference in memory usage between ARDMA-SRQ



IS MG CG FT LU BT SP NAMD HPL
Avg. RDMA Connections 6.14 9.0 3.09 0.98 3.92 3.89 1.17 53.15 6.26

Avg. Low-Watermark events 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.03 0.0
Unexpected Messages (%) 2.7 10.2 13.5 11.9 38.1 0.3 0.7 48.2 13.6

Total Messages 1.9e5 3.1e5 2.7e6 3.6e5 5.8e6 1.6e6 4.7e6 3.7e6 7.8e5
MPI Time (%) 47.25 9.16 33.87 37.85 14.23 10.17 11.88 23.54 24.68

Table 1. Profiling Results on 64 processes of NAS (Class B), NAMD (apoa1), HPL
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(d) LU Class B

 0

 2

 4

 6

 8

 10

 12

 14

 16

16 32 64
 0

 0.5

 1

 1.5

 2

M
e

m
o

ry
 U

sa
g

e
 (

M
B

)

P
e

rf
o

rm
a

n
ce

Number of Processes

ARDMA-SR
ARDMA-SRQ

SRQ

ARDMA-SR Performance
ARDMA-SRQ Performance

SRQ Performance

(e) MG Class B

 0

 10

 20

 30

 40

 50

 60

49 64 81
 0

 0.5

 1

 1.5

 2

M
e

m
o

ry
 U

sa
g

e
 (

M
B

)

P
e

rf
o

rm
a

n
ce

Number of Processes

ARDMA-SR
ARDMA-SRQ

SRQ

ARDMA-SR Performance
ARDMA-SRQ Performance

SRQ Performance

(f) BT Class B

 0

 10

 20

 30

 40

 50

 60

49 64 81
 0

 0.5

 1

 1.5

 2

M
e

m
o

ry
 U

sa
g

e
 (

M
B

)

P
e

rf
o

rm
a

n
ce

Number of Processes

ARDMA-SR
ARDMA-SRQ

SRQ

ARDMA-SR Performance
ARDMA-SRQ Performance

SRQ Performance

(g) SP Class B

Figure 4. Performance of NAS Benchmarks
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Figure 5. Network-Level Message and Volume Profile of NAS Benchmarks

and SRQ should be (500 ∗ 3.92)/1024 MB = 1.9 MB.
From Figure 4(d), we can observe that the memory us-
age difference is indeed around 2MB for 64 processes.

We did, however, notice some variations in the per-
formance results of the NAS benchmarks. The cause of
these fluctuations may be due to NUMA issues such as
process migration or due to the manner in which pro-
cesses are mapped onto the physical processors. These
fluctuations are observed for all the three Eager proto-
col designs, and as such are not an artifact of the MVA-
PICH designs. In all our benchmark executions, we used
the same process to processor mapping for all Eager pro-
tocols. Further, no fluctuation in the memory usage was
observed.

In the final version of the paper we will include NAS
Benchmark results that are averaged over 25 times to
rule out fluctuation effects. We could not acquire ade-
quate time on the cluster for such large number of NAS
runs during preparation of this version of the paper.

3.3. Super LU

SuperLU is a general purpose library for the direct so-
lution of large, sparse, non-symmetric systems of linear
equations on high performance machines [23]. SuperLU
is offered in three different versions: sequential, multi-
threaded (for shared memory machines), and an MPI
version to be used on distributed memory machines. We
used the MPI version, called SuperLU DIST [9] that
contains a set of subroutines to solve a sparse linear sys-
tem A∗X = B. Currently, the program SuperLU DIST
parallelizes the LU factorization and triangular solution
routines, which are the most time consuming.

The communication characteristics of SuperLU
have been studied previously by Shalf, et al [18].
It has a variety of MPI calls which are predom-
inantly MPI Isend, MPI Irecv, MPI Wait,
MPI Bcast, and MPI Alltoall. There are vari-

ous data sets available for SuperLU DIST. In our ex-
periments, we have used garon2.rua and rim.rua
from [3].

As seen in Figure 7(a), 94.99% of messages are less
than 2KB for the garon2 data set and 94.33% for the
rim data set. While most messages are of small size,
Figure 7(c) shows a few large messages that comprise
most of the data volume.

Figures 6(a) and 6(b) show the performance and
memory usage observed from our internal library pro-
filing. As in the case of the NAS Benchmarks, the re-
sults indicate the ability of the SRQ channel to provide
near-identical performance with significantly lower al-
location of communication buffers. In the case of the
garon2 data set, usage remains roughly constant be-
tween the range of 7 to 9MB. Interestingly, with both
data sets the memory usage for the SRQ design per pro-
cess is higher for 16 processes than 32 or 64. From Ta-
ble 2, we observe that using 16 processes, the average
number of “low-watermark” events (when SRQ buffers
are low) is approximately 1.5, while 32 and 64 processes
have significantly less usage. This result suggests a com-
munication pattern with significant bursts of unexpected
messages and additionally that these bursts occur less
frequently with a larger number of processes. These sig-
nificant traffic bursts wake a thread to post additional
buffers to the shared received queue, increasing the over-
all memory usage.

The benefits of the SRQ Eager protocol design are
most prominent at a process group size of 64. We ob-
serve from Figures 6(a) and 6(b) that the communication
buffer memory usage for garon2 is nearly an order of
magnitude less than the ARDMA design, yet maintains
the same level of performance. The SRQ results for the
rim data set yield similar results, with a 9 and 4 times
improvement over the ARDMA-SR and ARDMA-SRQ
designs, respectively, with near-identical performance.
Most importantly, our evaluation shows a near-constant



garon2 rim
Processes 16 32 64 16 32 64

Avg. RDMA Connections 12.44 25.75 40.25 7.25 12.06 14.25
Avg. Low-Watermark events 1.56 0.06 0.12 1.56 0.66 0.64
Unexpected Messages (%) 33.5 22.0 31.6 29.4 24.2 30.0

Total Messages 2.9e5 4.8e5 7.5e5 3.8e5 7.4e5 1.1e6

Table 2. Profiling Results for SuperLU

memory usage per process, regardless of the process
group size.

3.4. NAMD

NAMD is a fully featured, production molecular dy-
namics program for high performance simulation of
large biomolecular systems [16]. NAMD is based on
Charm++ parallel objects [15], which is a machine in-
dependent parallel programming system. Of the various
data sets available with NAMD, we use the one called
apoa1, which models a bloodstream lipoprotein parti-
cle.

The communication characteristics, as reported by
mpiP, show the calls are primarily to MPI Isend,
MPI Send, MPI Recv, and MPI Barrier. Our pro-
file of the messages sent by the MPI library show 50%
are under 128 bytes and the remaining 50% are between
128 and 32K bytes.

In Figure 9 we observe the same trends in perfor-
mance and memory usage as in previous applications.
For a process group size of 16 the SRQ design uses
on average 6.1MB of memory and drops to 5.5MB and
5.2MB for the 32 and 64 process groups. As in SuperLU,
we see the ability of the SRQ Eager protocol design to
consume less memory with larger process groups due to
a more balanced application communication pattern be-
tween all nodes. However, even with patterns with short
bursts of unexpected traffic, such as the 16 process run,
we observe a 50% improvement in memory usage over
both of the ARDMA designs.

In contrast, the communication buffer usage in the
ARDMA-SR design scales linearly with the number of
processes. Table 1 shows one of the reasons for this
scale. The number of RDMA connections also scales
linearly with the number of processes due to a bal-
anced communication pattern. This pattern triggers the
creation of an RDMA channel after communicating a
set number of messages, as discussed in Section 2.2.1.
For 64 processes, our evaluation shows an average of
53.15 RDMA connections. The ARDMA-SRQ design
also shows a significant increase over the SRQ design in
memory usage due to RDMA channels. The difference
in memory usage between the SRQ and ARDMA-SRQ
designs is 28MB, which matches our previous model of
the RDMA channel overhead: (RDMA Connections ×
500KB) = 53.15 Connections ×500KB = 26.6MB.
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3.5. High Performance Linpack (HPL)

High Performance Linpack (HPL) is bench-
mark based on solving systems of linear equations [4].
It is used as the primary measure for ranking a bi-annual
Top 500 list [22] of the world’s fastest supercomput-
ers.

The communication pattern, as recorded by mpiP,
shows the calls are primarily to MPI Recv, MPI Send,
and MPI Irecv. Figure 11(a) shows the results of our
profiling of the messages sent by the MPI library. We
observe that while 50% of the messages are under 128
bytes, most of these are control messages for the larger
application-level messages.

Figure 10 shows the performance and communica-
tion buffer memory usage observed for 16, 32, and 64
process runs of HPL. We once again see a relatively
constant rate of performance for all of the Eager design
schemes. The SRQ channel, however, is able to use a
constant communication buffer size of less than 5MB
for all evaluated process sizes.

Referring to Table 1 we can see that for 64 processes,
on average, only 6.26 RDMA connections are estab-
lished. This result explains the approximately 3.5MB
difference between the ARDMA-SRQ and SRQ de-
signs; our model relating to RDMA channel memory re-
quirements from other sections holds here as well. There
is also a marked increase in the memory usage between
the ARDMA-SRQ and ARDMA-SR designs of nearly
35MB for 64 processes. Although Figure 11(a) shows
that many messages sent are of medium size, there are
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Figure 6. Memory Usage and Performance of SuperLU
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Figure 7. Network-Level Message and Volume Profile of SuperLU Datasets
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Figure 10. Performance of HPL

also a significant number of larger messages. As dis-
cussed earlier, even large messages require smaller con-
trol messages to be sent over the Send/Receive channel.
When many of these smaller messages are transferred,
an increasing number of communication buffers must be
allocated on a per connection basis in the ARDMA-SR
design, raising the memory usage of the MPI library.

4. Related Work

Memory usage with a SRQ-based design was dis-
cussed by Shipman, et al [19], however, the design pro-
posed showed degradation of application performance
and did not include MPI library-level profiling. The
MVAPICH SRQ channel design was described in [20].

Communication characteristics of SuperLU have
been studied previously by Shalf, et al [18]. Mes-
sage profiles of NAMD and other molecular dynamics
programs were studied by Alam, et al [1].

To the best of our knowledge, this is the first contem-
porary study that comprehensively examines the effect
of MPI library memory usage on performance and the
expected memory requirements of the MPI library with
various adaptive schemes.

5. Conclusions and Future Work

As InfiniBand gains popularity and is included in in-
creasingly larger clusters, having a scalable MPI library
is imperative. In this paper have have sought to ad-
dress two important questions relating to this goal:

1. Does aggressively reducing communication buffer
memory lead to degradation of end application per-
formance?

2. How much memory can we expect the MPI library
to consume during execution of a typical appli-
cation while providing the best available perfor-
mance?

Through our evaluation of the NAS Parallel Bench-
marks, SuperLU, NAMD, and HPL, we have explored
both of these questions. In regard to the first question,
we have shown that all of the schemes in MVAPICH are
able to attain near-identical performance on a variety of
applications. Our evaluation showed that the latest SRQ
design of MVAPICH is able to use a constant amount of
internal memory per process with optimal performance,
regardless of the number of processes.

To address our second question, we have evaluated
the memory usage for varied numbers of processes – up
to 81. Our analysis shows a near linear increase in mem-
ory usage for the ARDMA-SR design due to the require-
ment of allocating buffers on a per connection basis. The
ARDMA-SRQ scheme improves memory usage by us-
ing a shared queue of buffers, but can suffer from a near-
linear scaling of RDMA channels – as seen in our runs
of the apoa1 dataset on NAMD. The latest MVAPICH
SRQ design, however, is able to maintain constant buffer
usage as low as 5MB for all NAS Benchmarks (Class B),
NAMD, and HPL to a maximum of just over 10MB for
certain datasets of SuperLU.

In the future we plan to continue evaluating the mem-
ory usage and performance of these various designs on
larger clusters. We also plan to investigate decreasing
memory usage further by allocating an even lower ini-
tial number of communication buffers.
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