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Abstract

A Linux cluster with Gigabit Ethernet interconnect is a local and accessible re-
source for solving scientific problems, including finite-element simulations. As general-
purpose protocol stacks are not designed for parallel computing, the delivered through-
put and latency may be significantly below that suggested by the hardware specifi-
cation of the interconnect. The paper evaluates communication software across the
protocol stack from high-level communication harnesses, such as MPI, Charm++ and
MOSIX, through intermediate communication primitives, such as sockets, streams,
and pipes, to underlying protocols such as TCP and TIPC, as well as low-level User-
level Network Interfaces such as GAMMA. The evaluation is not only in terms of short
message latency and throughput but in terms of the efficiency of the solution, that is the
throughput per computation overhead. There are a number of findings, such as the rel-
ative efficiency of TIPC with Open MPI; confirmation of the advantage of GAMMA
with MPI; the weaker performance of the single system image software under test;
and the enhancement from adding application-level load-balancing to the system-level
load-balancing available in some communication harnesses.

1 Introduction

Linux clusters [1] offer a cost-effective solution to scientific research problems. A crucial
decision in transferring scientific code to a Linux cluster is selection of communication soft-
ware, as this will impact on factors such as the ease of development, portability, flexibility,
and the efficiency of the solution. This work reports general issues weighed against perfor-
mance benchmarks and experience across the protocol stack: at application layer seven of
the well-known ISO Open Systems Interconnection (OSI) model [2], such as in the Mes-
sage Passing Interface (MPI) [3], Open MPI (OMPI) [4], and Adaptive MPI (AMPI) [5]; at
session layer five, especially in socket usage; and across underlying layers four, three and
two, for which Transparent Inter Process Communication (TIPC) [6] promises improved
short-message latency over the normal TCP/IP protocol suite. At data-link layer two, User-
Level Network interfaces (ULNs) are a more direct way to improve latency and throughput.
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As Gigabit (Gb) Ethernet is becoming a standard feature of Linux clusters, there is some
concern that existing protocol stacks will not be able to cope and as a result ULNs have
been an active area of research for some time.

At the application layer, though Parallel Virtual Machine (PVM) [7] and especially MPI
have tended to dominate, other choices such as Charm++ [8], and MOSIX [9], which offer
different programming models, are examined as these have an influence on the parallel al-
gorithm employed. For example, MOSIX’s single system image model favors centralized
algorithms, as communication is constrained to pass through a central node. Such options
offer load balancing at the system level but may either fail to deliver or bring attendant
overheads, either through implementation failings or from the weakness of the basic con-
cept. The communication software is evaluated by low-level metrics of performance, an
adaptive simulation application for semiconductor modeling, and by a standardized set of
application NAS benchmarks [10]. The cluster under test includes gigabit switching and
high-performance AMD processors. In scaling up to thirty processors, it is of a moderate
but accessible size.

The paper is organized as follows. Section 2 describes the cluster computer environ-
ment employed in the evaluation of software, to allow replication of any tests. This section
will be of interest to those contemplating the management of a cluster for moderate scale re-
search, as well as indicating hardware performance issues. Section 3 describes application-
level communication harnesses, in which the emphasis is on alternative packages to the
ubiquitous MPI. The same Section tests the performance of the packages in parallelizing
scientific research code, which, in its sequential form, was a serious impediment to ex-
perimental turnaround time. Section 4 examines what advantage may arise from directly
taking advantage of Unix communication utilities, as opposed to MPI messaging or to sin-
gle system image software, which adds automatic load-balancing of processes linked by
Unix inter-process communication (IPC). Performance in this Section is measured by low-
level benchmarks. Continuing the descent through the protocol layers, Section 5 asks the
question what if an alternative transport/network level protocol is substituted for the famil-
iar TCP/IP suite. Performance in this instance is tested both by low-level benchmarks and
within the framework of OMPI. At the data-link layer, alternative data-link protocols are
possible, as is direct interaction with the network interface card. The latter raises obvious
issues of portability. Performance in this Section is measured with the NAS application ker-
nels. Finally, Section 7 summarizes some of the main points in respect to communication
software performance.

2 Computing environment

The cluster employed consists of thirty-seven processing nodes connected with two Ether-
net switches [11] amusedly designated the ”Heap”, cf. [12]. Each node is a small form fac-
tor Shuttle box (Model XPC SN41G2) with an AMD Athlon XP 2800+ Barton core (CPU
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frequency 2.1 GHz), with 512 KB level 2 cache1 and dual channel 1 GB DDR333 RAM.
The Heap nodes each have an 82540EM Gb Ethernet Controller on an Intel PRO/1000 net-
work interface card (NIC). This Ethernet controller allows the performance of the system
to be improved by interrupt mitigation/moderation [13]. It is also possible to hardware
offload routine IP packet processing to the NIC, especially Transmission Control Proto-
col (TCP) header Cyclic Redundancy Check (CRC) calculation and TCP segmentation. In
TCP Segmentation Offload (TSO), the driver passes 64 kB packets to the NIC together
with a descriptor of the Maximum Transmission Unit (MTU), 1500 B in the case of stan-
dard Ethernet. The NIC then breaks the 64 kB packet into MTU-sized payloads. A NIC
communicates via Direct Memory Access (DMA) to the CPU, over a single-width 32-bit
Peripheral Component Interface (PCI) running at 33 MHz in the case of the cluster nodes.
Though both the single-width and double-width (64-bit at 66 MHz) standard PCI busses
should cope with 1 Gb throughputs, in [14] for the GAMMA optimized ULN, the short-
width PCI bus throughput was found to saturate at about 40 MB/s for message sizes beyond
215B. For the majority of the tests, the version of the Linux kernel was 2.6.16.11, and the
compiler was gcc/g++ 4.0.4. In Section 4, earlier versions of the Linux kernel and compiler
were used, as specified in the Section.

In Fig. 1, the nodes are connected via two 24 port Gb Ethernet switches manufactured
by D-Link (model DGS-1024T). These switches are non-blocking and allow full-duplex
Gb bandwidth between any pair of ports simultaneously. In [15], typical Ethernet switch
latency is identified as between 3 µs and 7 µs, whereas generally more costly Myrinet [16]
switch latency is 1 µs. Each switch can be connected via independent network cards in
the server, to allow the cluster to be partitioned into two, designated ”big” and ”little heap”
in Fig. 1. Alternatively, the two switches can be linked together via a Gb port, though
obviously communication between nodes on different switches becomes blocking. The
switches are unmanaged and, therefore, unable to carry ”jumbo” 9000 B Ethernet frames,
which would lead to an increase in communication efficiency of about 1.5% and, more
significantly, a considerable decrease in frame processing overhead [17].

To make maintenance and cluster-wide propagation of configuration changes easier, at
boot time all nodes transfer their root file system from a file server to the local disk, while
other file systems are accessed via the Network Filing System (NFS) [18]. The development
branch of Debian sid (unstable but more current) is used to manage upgrades to the Linux
operating system. To (re)build nodes tftp and udpcast (both Linux utilities) are em-
ployed in a manner akin to a simplified SystemImager (software that automates Linux
installs, software distribution, and production deployment, available from SourceForge). A
customized script is available to synchronize packages and configuration with the cluster’s
master template whenever it is inconvenient to reboot and rebuild. This operation is simply
accomplished through an APT package cache that is shared between nodes and a shared
debconf db (a configuration database), and runs in parallel across the cluster by means
of dsh ( an implementation of a wrapper for executing multiple remote shells, such as the
rsh or remsh or ssh commands). Nodes rarely need to be added or removed, though

1The abbreviations ’B’ for bytes and ’b’ for bits occur throughout this paper.
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there is a script to do that too. The cluster is monitored with the scalable, distributed system
Ganglia (refer to http://ganglia.info).

...

... ...

...

node25node 12node 11node 2node 1 node26 node 31

node 13 node 14 node 23 node 32

switchswitch

server

big heap little heap

node 37

Figure 1: Schematic diagram of the Linux cluster, showing system partitioning and file-
server

3 Application layer software

3.1 MOSIX

The MOSIX preemptive process migration system [9][19] originated as a symmetrical dis-
tributed operating system and on a cluster acts as a ’single system image’, performing au-
tomatic load balancing [20] by migrating processes to faster or idle nodes, or ’memory
ushering’ [21] in which processes are migrated away from a node that is running out of
memory to avoid heavy page swapping. Though MOSIX can be employed as a throughput
engine, it has been recommended by its originators [22] for parallel applications on cluster
computers, for example molecular dynamics simulations. The software version considered
is the openMosix [23] version of MOSIX.

Migration transparency is achieved as follows. Referring to Fig. 2, the process is sep-
arated into a user context (also known as ’the remote’), which can be located anywhere in
the cluster, and a system context (also known as ’the deputy’), which remains on the home
node. As a process must interact with its environment via its system context (in other words
using kernel system calls), and the interface between system and user context is well de-
fined, it is possible to capture this interaction and execute it at the present location of the
user context (if the call is site-independent) or forward it over the network to the system
context.
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Figure 2: Local, and migrated MOSIX process, showing the data link layer channel for
deputy to remote communication.

A MOSIX-enabled kernel employs the usual Unix fork() to create a duplicate or
child process. After the fork, the program counter of parent and child process is at the
same position, and the two processes are only distinguished by the fork return value.
In fork-style programming, there is a reliance on parent and child inheriting the same
environment, rather than, as is possible, immediately ‘execing’ a new process.

Given that under MOSIX file handles for filesystem and network based I/O are created
on the home node and located in the system context, the separation imposes an overhead
on communication. These issues are partially addressed by ’direct filesystem access’ over
a NFS-like filesystem known as the openMOSIX filesystem (oMFS) and ongoing work on
’migratable’ network sockets, the aim being to reduce overhead by making some common
I/O operations site independent. However, this did mean that migratable sockets were not
available for this work.

3.2 Charm++

Charm++ [8] [24] is an object-oriented C++ development of the Charm parallel program-
ming environment from the University of Illinois. Charm employs a message-driven pro-
gramming style known as “split-phase” or “continuation passing”. Fig. 3 gives a simple
illustration of the continuation-passing model. In this model, computation and commu-
nication can overlap to a degree not attainable by other paradigms, e.g., blocking remote
procedure calls (RPCs), leading to a more “latency-tolerant” application. This does mean,
however, that message queueing and scheduling are required at the system level, by linking
in a runtime environment, and are possibly required at the application level. The Charm
system is logically divided in two components, the Charm language [25] and the Charm
runtime [26]. The Charm language, which conforms to the actor or active object model
[27], is designed around:
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class Client : public Chare

{

    void f(void)

    {

        server.f(CkCallback(CkIndex_Client::g, thisProxy));

        // continue processing

    }

  public:

    // entry, called when Client becomes idle

    void g(foo_t data)

    {

        // do something with data

    }

};

class Server : public Chare

{

  public:

    // entry

    void f(CkCallback cb)

    {

        cb.send(data);

    }

};

Figure 3: Continuation-passing in Charm++

• concurrent objects (called chares) which encapsulate data and computation. Re-
motely accessible chare functions are explicitly declared as such and become entry
points;

• prioritized messages, the primary communication mechanism, which are delivered to
remote entry points asynchronously and non-preemptively;

• data abstractions such as distributed tables, which are modified at runtime using mes-
sages, and read-only global variables which are defined at compile time and can be
accessed synchronously, as they are copied to all instances of the Charm runtime.

To support data-driven execution, the Charm runtime has been structured into the fol-
lowing modules:

• The machine interface module which implements machine-specific functionality.

• The language features module that supports Charm’s data abstractions and a number
of common parallel programming algorithms such as quiescence detection.

• The system ‘strategies’ module which is responsible for load balancing and memory
and message queue management.

• The core kernel which interfaces to the queueing module and runs a ’pick and pro-
cess’ loop to deliver messages to local chares or remote runtimes.

While Charm uses C as the base language, modules and chares are specified using non-
standard syntax, requiring a pre-processing pass before compilation.

Charm++ has inherited the runtime architecture and retained most of the original lan-
guage features, many of which have been rewritten to take advantage of C++ constructs.
Two major additions to Charm are chare groups and chare arrays of arbitrary dimensions,
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intended for shared memory multiprocessors and networks of workstations respectively.
Chare arrays are also the Charm++ collections of choice for operations such as barrier syn-
chronization, reductions and message broadcasts. Fig. 4 shows interaction between chare
array elements via message passing, from the programmer’s and system’s point of view.

a[2]

. . .queue
msg

f(msg)

node 1 node m

User view

System view

a[n].f(msg)

msg

while (!done) {

    dequeue message;

    execute entry point;

}

. . .a[2] a[n]a[1]a[0]

a[0] a[1] a[n]

Charm kernel Charm kernel

Figure 4: Charm++ system-user interaction

Charm++ provides measurement-based run-time load-balancing modules [28] for it-
erative applications, as these generally display a computation and communication pattern
that persists over time. For applications with no or limited temporal behavior correlation,
Charm++ employs ’seed’ load balancers, which speculatively move seeds for new chares
amongst processors. Dynamic load-balancing is only available to chares in chare arrays. All
chares are instrumented but there is a choice as to whether statistics are collected centrally
or in distributed fashion.

3.3 MPI: MPICH and LAM variants

The structure of MPI is very well-known and hence we simply refer the reader to one of
the books on MPI [3][29]. For MPI-2 extensions, not considered herein, refer to [30]. Two
principle variants or implementations of MPI were tested.
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The LAM implementation of MPI [31][32] originally consisted only of the lamd Re-
quest Progression Interface (RPI) message-passing engine uses indirect communication
among processes, via LAM daemons running on each node. As LAM is single threaded,
this is currently the only RPI that provides truly asynchronous message passing. Subse-
quently, a variety of options have become available. The sysv RPI communicates by
shared memory for MPI processes residing on the same node (with System V semaphores
for locking), and by TCP to reach remote MPI tasks. A similar module, usysv, chooses
spinlocks (with a backoff) rather than semaphores. Usysv is intended for Symmetric Mul-
tiprocessor (SMP) nodes with more processors than running MPI processes (of the same
job), for which busy waiting can improve performance by avoiding preemption while the
shared memory is locked.

When TCP sockets are used for message passing, LAM employs different application
layer protocols depending on the message size. Short messages are sent immediately and
in a non-blocking manner, while for other sizes a rendezvous protocol ensures that a match-
ing receive call has been posted on the remote side before the message body is sent. For
the same efficiency reasons, similar distinctions are made by the sysv RPI [33]. To opti-
mize collective MPI communications, LAM also switches between linear and logarithmic
algorithms depending on the size of the process group [34].

The MPICH implementation of MPI [35] is characterized by its wide range of native
implementations, which it supports through its ‘abstract device interface’. For example, like
LAM MPICH has a shared-memory interface [36]. MPICH has three different protocols
depending on message length. The default ‘short’ message size is 1 KB, which is small
enough to be sent as part of a control message. ‘Eager’ messages of default length below
12 KB are sent immediately, whereas larger ’rendezvous’ messages require a receive to be
posted.

In [37], benchmarking on a workstation cluster confirmed that MPICH’s large message
threshold is larger than LAM’s. Various performance studies, e.g. [38], [39], [37], give
differing views of LAM and MPICH’s relative performance, which varies by whether a
custom parallel processor, (heterogeneous) network of workstations, or Linux cluster is
employed.

3.4 AMPI

AMPI [5][40] is an implementation of MPI v. 1.1 on top of the Charm++ system. AMPI
was introduced to make it possible for existing parallel applications to take advantage of
Charm++ features without an extensive rewrite. Load balancing, migration and check-
pointing calls are exported as MPI extensions. To support these, the main functions of
MPI processes are renamed and run as user-level threads. All MPI peer and collective
communication calls are mapped to wrappers and macros that in turn use the Charm++ run-
time. This allows MPI processes to be migrated between Charm++ runtime instances as
needed. Converted code must be made thread safe, principally by making global variables
private (either manually or through the object code Execution and Linking Format (ELF) for
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position-independent code). Code that modifies global system structures, such as standard
stream redirection for logging, also had to be adapted in an implementation.

Additional modifications are necessary to make MPI processes ‘migratable’. These are
mainly a set of pack/unpack routines, which are registered with the Charm++ runtime and
take care of the usual tasks of freeing heap-allocated memory and saving and restoring
structures. These can also be used for checkpointing an MPI process by writing a serialized
copy of its data on disk. Migration itself is apparently controlled by barrier synchronization,
which is initiated by carefully placed MPI Migrate calls.

3.5 Application benchmarking

To benchmark the communication harnesses a finite-element application was selected, as
this was frequently employed in our institution to model novel optoelectronic semi-conductor
devices. In [37], a similar application was chosen to benchmark the MPI variants, whereas
a complex but rapidly converging finite-element algorithm, multi-grid, appears as one of
the NAS application kernels [10]. The simulated drift-diffusion transport model [41] is
applicable to a wide range of layered semi-conductor devices, whereas other models are
limited to particular device geometries and bias conditions. The drift-diffusion transport
model requires solution of a non-linear Poisson equation and current continuity equations
in the classical domain, together with a numerical solution to Schrödinger’s equation if ex-
tending to the quantum domain. A method of decoupling the computation of the constituent
equations using block iteration was devised by Gummel [42]. This method has a number of
important advantages: it has global convergence in that convergence is guaranteed for any
initial guess; the solution of simultaneous equations is avoided by updating the electrostatic
and quasi-Fermi potentials at each mesh point by an explicit formula; and it only requires
storage of the results of one previous iteration.

Parallel decomposition of the MOSIX version of the simulation initially took advan-
tage of a slab approach. The grid was divided into segments of equal size and distributed to
child processes. Communication in the MOSIX solver reflects the MOSIX architecture and
is done in a centralized fashion. At the end of each iteration, the parent receives each child’s
boundary rows as well as a value calculated from its local grid segment, the aggregate of
which is checked against the convergence condition. Unless the algorithm has converged,
the parent sends the boundaries to the owner’s neighbors to resume the computation. Mes-
sage sizes before addition of protocol headers) were 1312 B, within the Ethernet physical
frame size of 1538 B.

The Charm++ version employed a distributed algorithm, with chares sending bound-
aries directly to neighbors. In the initialization phase in the Charm++ version the global
grid is declared as a read-only global variable and is initialized in the main chare’s con-
structor. The main chare then determines grid division and instantiates a chare array with
the required number of elements, which are distributed to the pool of available nodes by
the Charm++ runtime. At construction time, each chare creates its local grid segment from
the global copy and, having completed its initialization, notifies the main chare that it is
ready and becomes idle. When all chares are ready, the main chare broadcasts a message
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to the array to begin the computation. The same load-balancing strategy and settings were
employed in AMP as in the Charm++ version.

The MPI version employed the same distributed algorithm as in the Charm++ version.
The MPI processes use a combination of blocking and immediate calls [3] to maximize
computation/communication overlap. At each iteration step:

1. The process blocks to complete an immediate receive request posted in the previous
step.

2. An immediate, non-blocking, receive is posted for the next step, and the request
stored.

3. The grid chunk with the new boundaries obtained from (1) is processed and the step
number is incremented.

4. Boundaries for the current step are packed and sent to neighbors using a standard
blocking send.

5. All processes perform a reduction and the result is checked for convergence.

3.6 Implementation details

As MOSIX processes can potentially migrate a number of times, it is important to keep
the memory footprint of each child process as small as possible. To help reduce migration
overhead, the parent process allocates the global grid and other initialization-only structures
on the heap, where they can be freed by the children when no longer needed. When all chil-
dren have connected, the parent locks itself to the home node using the MOSIX /proc

API and triggers the computation. The children begin to process their segments, increasing
the load on the home node and creating an imbalance in the cluster. This is detected by
the MOSIX load-balancing subsystem and child processes are migrated away to idle or un-
derloaded nodes within the first few hundred iterations (typically less than 1% of the total
number). The MOSIX solver processes use Unix domain stream sockets. As MOSIX wraps
all deputy-remote communication in its own User Datagram Protocol (UDP)-based proto-
col, the encapsulated protocol should be kept as simple as possible to maximize efficiency.

Of Charm++’s non-seed load balancers, the RefineCommLBmodule was selected for
the application. Other balancers were experimented with but it was possible for the appli-
cation to misbehave if a chare acted as a sink for a collective communication operation. In
the application, a reduction collective operation collects results centrally after each itera-
tion of the application. Therefore, only load-balancers for which a particular chare could be
registered as non-migratable were suitable. Fortunately this includes the RefineCommLB
module, which takes into account both communication and chare computational load, and,
hence, was the most applicable of twelve available load-balancing strategies. Migration
can be restricted to preset synchronization points, but the default option, periodic migra-
tion, was selected. Migration takes place unless the chare is completing computation of
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an entry point method. Centralized system measurement gathering was selected, incurring
more overhead but in principle allowing more accurate decisions to be made. Boundary
message sizes (before addition of protocol headers) were 632 B, but unlike MOSIX the
boundary data is not aggregated. The total message data exchanged was 1264 B, similar
to MOSIX. Though choice of UDP or TCP transport layer protocol is possible, UDP was
chosen to reduce latency.

The simulation was also ported to two implementations of MPI, MPICH v. 1.2.5.3
and LAM v. 7.1.1. MPICH was compiled and run with ch p4mpd support for job startup,
while LAM’s boot method was by rsh. In the LAM version of the simulation, as potentially
many MPI processes run on the same cluster node, TCP is clearly inefficient as it does not
take advantage of shared memory. The usysv RPI would cause processes to compete for
CPU time even while not doing useful work. In preliminary investigations, lamd gave a
net drop in performance due to its increased message passing latency. Therefore, the default
sysv RPI was the optimal communication method. In the application, the message body
size is always 624 B for boundaries (and much smaller for reductions), which is well below
the short message threshold of all LAM RPIs. The boundary messages also fell below
MPICH’s short message threshold.

3.7 Performance

Fig. 5 compares the speed-up performance of the simulation with MPI and Charm++ with-
out system load-balancing to Charm++, MOSIX, and AMPI, all with system-level load-
balancing. The plot with legend ‘charm’ is a ‘plain-vanilla’ version of Charm++ with-
out system load-balancing. The legend ‘charm-rc’ denotes Charm++ running with the
RefineCommLB load-balancing module. The legend ‘charm-sub’ is a version of the ap-
plication algorithm that synchronized on sub-cycles within an iteration. Though sub-cycles
were included in the sequential version of the algorithm (and did not effect the performance
of that version) the need to synchronize clearly reduced performance considerably, without
apparently altering the end results. The vertical line in Fig. 5, at 37 nodes marks the exhaus-
tion of physical nodes on the cluster. Thereafter, virtual nodes are employed, i.e. physical
nodes hosting more than one process.

In Fig. 5, speed-up curves show almost linear speed-up for Charm++ up to the num-
ber of physical nodes. The workload is not evenly spread between nodes and as a result
synchronization delays occur. When more than one (virtual) node is placed on a processor
then, while one node completes its work, the other(s) can receive a message and continue
the next step’s processing. In the Charm++ distributed algorithm this results in continued
speed-up beyond the number of physical nodes, provided the process placement is pro-
pitious. The MOSIX version cannot benefit from asynchronous operation because of the
centralized communication pattern, resulting in a reduction in speed-up beyond the critical
point. However, even before that point MOSIX’s performance is disappointing in compari-
son in comparison to Charm++. Closer examination showed that the number of migrations
in a run was considerable. In fact, the number of migrations rises significantly after the
physical nodes are exhausted, and does not then always favor the load-balanced version.
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The MPI-based systems behave very similarly to each other and to Charm++ until the
number of physical nodes is exhausted. Given that AMPI uses the same load-balancing
system as Charm++, the consistent drop in performance after 55 nodes indicates a weak-
ness in the current implementation of the AMPI software. The addition of system load
balancing to Charm++ does bring gains in performance if virtual nodes are available for
migration. However, the erratic Charm++ performance for large numbers of nodes makes
the circumstances when load-balancing is advantageous compared to an MPI implementa-
tion difficult to predict. There is little to choose between the two implementations of MPI.
As in the Charm++ ’plain-vanilla’, the MPI systems benefit from the reduction in latency
from placing more than one node on a processor. Hence, speed-up continues to rise beyond
the number of physical nodes. This can be ascribed to parallel slackness, allowing process-
ing on one virtual node to proceed while another node on the same processor is temporarily
stalled.
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Figure 5: Speed-ups for load-balanced and non-load balanced systems

Unfortunately, equal division of the simulation grid results in severe load imbalance as
there is a region within the grid which incurs steeply rising computation times during one
particular step in the computation. Many processors become idle waiting for boundaries
from those that have been allocated rows from that region. This was mitigated in part
through finer granularity by increasing the number of grid segments and using virtual nodes
(i.e. when more than one node is mapped to a physical processor or cluster node) to host the
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additional segments. Additionally, the code was instrumented, in the Charm++ case by the
Charm++ Projections tool [43], and in the MOSIX version through the GRM library, which
is part of the PROVE grid monitoring and visualization toolkit [44]. The results of this
instrumentation allowed unequal-sized segment distribution, as a form of application-level
load-balancing.

Application-level load balancing was added to all versions, with the results shown in
Fig. 6. The MOSIX performance is essentially a scaled version of that without application-
level load balancing. Charm++ and the MPI implementations were best able to take ad-
vantage of this type of load-balancing, though again AMPI’s performance is weaker. At
lower numbers of virtual nodes, the plot for Charm++ with system load-balancing (and
application-level load-balancing) smooths out, making it easier to predict performance for
a given configuration. Performance of the Charm++ and MPI versions gradually rises, as
more and more virtual nodes are added. There is a thresholding affect as the number of
nodes on any one processor exceeds two and then three. Adding both application load-
balancing and system-level loading results in the best speed-ups. However, MPICH’s per-
formance without system load balancing is very competitive and exceeds that of the LAM
implementation for large numbers of nodes.
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Figure 6: Speed-ups with application-level load-balancing for all systems
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4 Session layer software

At the session layer there are a variety of communication mechanisms that can be employed,
either directly, as part of single-system image software, such as MOSIX, or MPI can be
deferred to.

The software versions compared in this Section are: again the openMosix [23] ver-
sion of MOSIX [9, 19]; the MPICH-2 [45] implementation2; and standard Unix commu-
nication, as implemented in the Gentoo version of Linux. The Linux kernel version for
these tests was 2.4.22. The C library version was 2.3.2 and the version of the GNU gcc
compiler was 3.2.3 20030422. The following aggressive compiler settings were chosen in
compilation of the Linux source code: -O3 -march=athlon-xp -funroll-loops
-fprefetch-loop-arrays -pipe.3 As is clear, an Athlon XP specific setting was
chosen. The loop unrolling setting selects those loops for which the number of iterations
can be determined at compile time. The ’prefetch’ setting requests memory pre-fetching
for large arrays. Finally, -pipe only affects how gcc calls its backend utilities.

For convenience, the Unix operating system communication mechanisms tested are
summarized in Table 1. When not otherwise stated, Unix mechanisms normally derive
from the BSD variant of Unix, in which data is normally passed as byte streams, whereas
System V STREAMS [46](from research originating in [47]) derives from the AT&T vari-
ant of Unix, in which data is passed as discrete messages.

4.1 Bandwidth and latency experiments

The benchmarking code spawns two processes, which communicate with one another. For
the bandwidth test, one sub-process acts as sender and the other acts as receiver, Fig. 7.
For the latency test, a single byte is ping-ponged between the two processes 10,000 times,
undergoing an even number of transits so that a single clock can be used for round-trip time
(rtt) measurement, also shown in Fig. 7. The latency timings were observed to be variable
but stability was achieved by averaging 10,000 rtt.

In general, the two processes are spawned on:

1. the same processor as the parent process

2. two different processors, neither of which is the parent processor

3. two different processors, one of which is the parent processor

Option (1) allows a simple comparison with the Unix mechanisms to be made, while options
(2) & (3) investigate any bias that might result from the location of the parent processor.

In the MPI case, for the reason explained below, bandwidth and latency testing for
option (2) was not possible.

2Available from http://www-unix.mcs.anl.gov/mpi/mpich2/
3For details of speed optimization level 3 (the highest) and other settings refer to

http://gcc.gnu.org/onlinedocs/gcc-3.2/gcc/Optimize-Options.html.
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Name Description

pipe Supplied with all flavors of Unix,
communicating processes must have
a common ancestor (after forking),
normally half-duplex, byte streams

fifo (or named pipe) Introduced in System III,
identified by a path name,
allows unrelated processes to communicate
in half-duplex mode, byte streams

messages System V variant,
any permitted process can place a
message on a queue, and any permitted process
can remove a message,
limits imposed on message sizes
and numbers in queue,
discrete messages with priorities

sockets BSD origin,
full duplex communication through network protocols,
many variations[48]

Table 1: Communication mechanism glossary

Table 2 gives the communication mechanisms that were examined. When standard Unix
mechanisms [49, 50] that do not normally communicate between compute nodes are used
in a MOSIX environment, they effectively do communicate between different nodes. When
both nodes are not the home node, then the two MOSIX processes communicate via a home
node using the ‘deputy’ mechanism.

Some communication mechanisms require the ends of the communication channel to
be ‘opened’ centrally by the parent, whereas others require the child process to open the
ends of the communication channel, and in other cases either possibility is allowed. For ex-
ample, two processes talking via TCP sockets have to establish (open) the connection. This
contrasts with a pipe operation, say, in which the two ends of the pipe are opened simul-
taneously by the parent process. In fact, this restriction inherent in socket communication
considerably complicated the construction of the tests. The centralized channel opening
of MPI-2 (called a communicator) normally only provides parent/child communication and
not child/child communication. A recent change to MPI-2 does allow child/child communi-
cation, but in the form used by us, simultaneous spawning of two processes, the MPICH-2
implementation apparently was flawed. However, MPI-2 child-child communication is ex-
actly the same as parent-child communication, unlike the MOSIX case, and, hence, nothing
is lost by the omission.
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Figure 7: Communication test method

Channel Ends Channel Ends
Mechanism Inter-Node Openable Openable

by Parent by Child

Unix pipe No Yes No
Unix fifo (or named pipe) No Yes Yes
Unix System V message passing No Yes Yes
Unix TCP/IP sockets Yes No Yes
MOSIX pipe Yes Yes No
MOSIX fifo (or named pipe) Yes Yes Yes
MOSIX System V message passing Yes Yes Yes
MOSIX TCP/IP sockets Yes No Yes
MPI Yes Yes1 Yes

Table 2: Different communication mechanisms
1— Only if communication occurs between parent and child.

4.2 Performance

Fig. 8 shows the bandwidth test results for the communication mechanisms of Section 4.1.
Though there are small discernible differences between the Unix mechanisms, within a
MOSIX context the bandwidth drops to a mere fraction – the MOSIX curves are essentially
lying on the x-axis. For intra-processor communication and message sizes in the range 10
to 100 B, socket communication was the most efficient, even though the socket Internet
domain option was selected for inter-processor communication (and not the lightweight
Unix domain). For larger messages sizes, pipes and fifos [49, 50] became the most
efficient mechanism with little to separate the two. All Unix mechanisms are approximately
equivalent at 1 GB/s when message sizes are 10000 B or more.

System V messages (msg [49, 50] in Figure 8) performed least well, though not all
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Figure 8: Communication bandwidth: node 1 to node 1 (Note the log. scale on the horizon-
tal axis.)

System V message sizes were tried, as superuser permission is required to change the max-
imum System V message size. There is also an upper limit on user designated socket
communication message size. Socket communication is different as, in any single opera-
tion, the number of bytes requested is not necessarily sent (or received). and, therefore, it
was necessary to ‘code around’ this limitation. Although a total message size is supplied,
any particular communication may occur as a number of smaller messages (which in turn
are broken up into Ethernet frames).

Fig. 9 shows external bandwidths across a Gb link. Because of the MOSIX deputy
mechanism, all MOSIX communication in Fig. 9 passes via home node 1 (the so-called
MOSIX Universal Home Node or UHN) . As a result, it is clear that all MOSIX communi-
cation is sub-optimal, its effective bandwidth falling far below the bandwidth achieved by
simple socket communication. Socket communication bandwidth levels out at around 100
MB/s, which is 80% of the available bandwidth, indicating good efficiency.

In Fig. 10, the MOSIX bandwidth performance improved when the sender node is the
UHN. However, surprisingly, even though there is no physical indirection through a parent
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Figure 9: Communication bandwidth: node 2 to node 3 (Note the log. scale on the horizon-
tal axis.)

node, the effective MOSIX bandwidth still falls far below that of socket communication.
This is clearly a disappointing result and, in the view of the authors of this paper, requires
attention by the MOSIX implementors. MPI performance falls firmly between the two
camps, exhibiting an interesting plateau in performance between 100 B and 10 KB. We
suspect that this plateau may be due to a particular buffer size in use within this version
of MPI. When the message size exceeds a threshold, then a different (and more efficient)
mechanism may take over. Table 3 shows that, when using standard Unix IPC mechanisms,
such as pipes, fifos, and System V messages, latency is about 2 µs. Such commu-
nication is only possible between processes on the same processor. The latency resulting
from Internet domain socket communication is about 7 µs on the same processor. Shaded
boxes in the table indicate that the latency figure has been derived with MOSIX in operation.
On a single processor the effect of MOSIX on latency is minimal (unlike the dramatic ef-
fect on bandwidth shown earlier); only the single processor SOCKET latency performance
with/without MOSIX is given and the overhead is observably small.

A marked latency degradation was encountered between processors. The latency of
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Figure 10: Communication bandwidth: node 1 to node 2 (Note the log. scale on the hori-
zontal axis.)

IPC mechanisms operating between processors under MOSIX increases to around 350 µs,
a couple of orders of magnitude worse. Additionally, inter-processor System V message
queue latency is still larger: 550 µs. Socket and MPI communications have a latency of
around 240 µs, the lowest of all the methods measured. Socket communication via the
MOSIX kernel increases latency by about 50%.

5 Transport and Network layer protocol

This section reports possible advantages of employing an alternative transport and network
layer protocol, Transparent Inter Process Communication (TIPC) [6][51]. TIPC is now
widely available, being a feature of some Linux version 2.4 kernels and is now incorpo-
rated into Linux kernel v. 2.6. Conversely, the TCP/IP suite are the protocols of choice for
generalized message-passing software because of their standardization in the Internet. TCP
provides flow and congestion control, reliability, and limited error detection. UDP does
not have the algorithmic overheads imposed by TCP, but it requires the parallel application
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Communication Latency on Workstation Cluster
Communication Communication route (node src → node dst)

Mechanism 1 →1 2 → 3 1 → 2

PIPE 1.95 ± 0.07 µs 360 ± 10 µs 330 ± 10 µs

FIFO 1.99 ± 0.03 µs 360 ± 10 µs 360 ± 20 µs

MSG 2.02 ± 0.05 µs 550 ± 10 µs 540 ± 20 µs

SOCKET 7.6 ± 0.2 µs 330 ± 20 µs 337 ± 3 µs

SOCKET 6.9 ± 0.1 µs 240 ± 20 µs 229.0 ± 0.9 µs

MPI 14.1 ± 0.2 µs - 238 ± 9 µs

Table 3: Communication latency results

programmer on a cluster to guard against switch and processor buffer overflow, and, in gen-
eral, check for message duplication or out-of-order delivery. IP provides multi-hop routing,
relying for its addressing on the Domain Name System (DNS) service and for address trans-
lation on (Reverse) Address Resolution Protocol ((R)ARP). Local routing tables need to be
set up if external look-up is avoided. ARP (or increasingly Dynamic Host Configuration
Protocl (DHCP)) are based on local broadcast.

PVM/MPI have increasingly been deployed in closed cluster environments, rather than
in a network of workstations (NOWs). A number of studies have identified the importance
of latency to cluster applications [52][53], especially for short messages [54]. Reduced la-
tency for small-sized messages and logical addressing are two of the attractions claimed by
TIPC for clusters and, hence, for PVM/MPI. While file transfer is common in the Internet,
in parallel computing on a cluster, short messages for synchronization, parameter updates,
and transfer of border calculations occur frequently. Internet addressing is intended for dy-
namic routing, while cluster processing is about co-operation of processes, often only one
hop away across an Gb Ethernet switch. Logical addressing allows real-time calculation of
routes based on the zone (group of clusters), cluster, or sub-net within a cluster.

TIPC is adapted from Ericsson’s TELORB IPC, with redesigned source code released
as open source in 2004. TIPC fuses protocol layers [55], which reduces the number of
memory-to-memory copies within the stack, a prime cause of increased latency in protocol
stacks. In essence, the protocol stack can be written as a pipeline, while simultaneously
exploiting data locality between processing steps. By means of signaling through a generic
data-link layer, transparent message reliability is provided. Like TCP, TIPC imposes re-
liability on network links, which is present in (say) Myrinet but is absent in (say) ATM
and Gb Ethernet. The latter two may drop delayed packets at ingress queues. Like TIPC,
PANDA [56] also provides reliability whenever the underlying physical network is lacking.
For example, both ATM and Gb Ethernet may drop delayed packets at incoming queues,
while Myrinet’s hardware back-pressure method [16] is reliable. In comparison to TIPC,
PANDA [56] also provides reliability whenever the underlying physical network is lacking.

Connectionless and single message connection handshake remove the impediment of
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TCP’s three-way handshake when dynamic real-time messaging is required. TIPC employs
a static sliding window for flow control rather than TCP’s adaptive window, which avoids
complex window size calculation algorithms. In case of link congestion, message bundling
up to the MTU is practised. TIPC also delegates checksum error detection to the data-link
layer, which without hardware-assist is a serious burden. For embedded systems, including
multi-core processors, TIPC’s small footprint (≤ 20 k lines of code) is an added attraction.
Compared to TCP/IP, it is also relatively easy to adapt to differing physical layer carriers.

5.1 Features of TIPC

Within Open MPI, the TIPC stack is accessed through the socket API and, thence, directly to
an Ethernet frame or native data-link layer protocol. TIPC can also enlist another transport
layer protocols as a message bearer, such as through UDP, shared memory in Wind River’s
real-time operating system VxWorks [57], the Stream Control Transport Protocol (SCTP)
[58], or pass messages via mirrored cluster node memory [59]. However, the latter two
bypass, some of the lower layers of the TIPC stack [6]. Specifically, the SCTP interface
bypasses sequence control and mirrored memory bypasses packet fragmentation, message
bundling and congestion control, as well as packet sequence control. There is also an ultra
lightweight version of TIPC for intra-node communication, which removes the need to
switch from TCP to UDP for same node communication.

An essential feature of TIPC is logical addressing, which unlike IP addressing, is in-
dependent of the network location of the communicating parties. TIPC addresses and their
mappings to physical addresses are maintained in local name translation tables, which are
updated by reliable multicast. More generally name lookup and configuration services op-
erate transparently at the datalink layer. A TIPC address consists of a global port name,
with a type field specifying the type of service supported by the port and the instance
field acting as a key to a particular instance of that service. A tipc name seq alterna-
tively specifies a range of addresses supported by a server, effectively multicast addressing.
Alternatively, when logical addressing is inappropriate, a TIPC address may consist of a
unique physical port (such as a socket) part of a port id. In Linux, the TIPC address
is mapped into a traditional sockaddr tipc C structure for socket API access at an ap-
plication.

5.2 Open MPI implementation

To compare TIPC and TCP/IP, TIPC was ported to Open MPI (OMPI) [4] and its component-
based architecture. OMPI implements the full functionality of MPI-1.2 and MPI-2. It also
merges the code bases of LAM/MPI [60], LA-MPI [61], and FT-MPI [62], capitalizing
on experience gained in their development. With the growing scale of parallel processing,
fault tolerance features [63] are also introduced to OMPI.4 While OMPI is probably aimed

4In fact, TIPC also allows a process to subscribe to a notification service for processor or process crashes,
and link failures. On link failure link re-routing is transparent to the application.
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at terascale processing at national laboratories, its flexibility allows alternative protocols to
be introduced. The component architecture makes it possible to provide drivers for diverse
physical layers and diverse protocols. For example, Myrinet, Quadric’s qsnet [64], Infini-
band, and Gb Ethernet are alternative physical layers, while TCP/IP and now TIPC are
alternative protocols. Alternative data link protocols are also supported such as Myrinet’s
Glen’s Messages (GM). However, OMPI currently employs TCP for out-of-band (OOB)
spawning of processes through the Open Runtime Environment (ORTE) [65]. For ease
of protocol implementation, this feature may be retained (though implementations without
TCP OOB are clearly possible [66]).

OMPI is organized as a series of layers of which the Byte Transfer Layer (BTL) is con-
cerned with protocols. OMPI supports the normal MPI point-to-point semantics, namely
standard, buffered, ready, and synchronous. However, OMPI’s low-level library calls em-
ploy different types of internal protocols for point-to-point communications between OMPI
modules. The type of internal protocol depends on message size. For some message sizes,
OMPI supports software Remote DMA (RDMA) (or Remote Directed Message Access
[67]). In hardware RDMA, messages are directly available (zero-copy) from/to the user ap-
plication, by passing the operating system. Hardware RDMA is a feature of Cray XT series
computers and the technology was transferred to clusters through Myrinet, together with
Quadrics/Meiko’s Elan4 NIC and others. The issue of operating by-pass for Gb Ethernet is
taken up in Section 6.

In software RDMA, an initial message portion contains a message descriptor. If the re-
ceiver has already registered an interest in the message, then the remainder of the message is
requested and transferred directly to user memory. Otherwise, the transfer only takes place
when the receiver registers an interest and supplies the target user address. Function call-
backs at sender and receiver in this rendezvous operation are used in the manner of Active
Messages [68]. Compared to MPICH, OMPI therefore has an extra overhead from message
matching but avoids the overhead from large unexpected large messages. An identifying
message tag in the current implementation of OMPI is of size 16 B [66].

In summary, OMPI supports three internal protocols:

1. An eager protocol for small messages, up to 64 KB in the TCP BTL. If the receiver
has not registered for a message, then there is an overhead in copying the message
from the receive buffers to user memory.

2. A send (rendezvous) protocol with support for RDMA for messages up to the BTL’s
maximum send size; parameterized as 128 KB for TCP.

3. A pipeline protocol which schedules multiple RDMA operations up to a BTL-specific
pipeline depth, for larger contiguous messages. In the pipeline, memory registration
is overlapped with RDMA operations.
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5.3 Performance

Fig. 11 considers the latency of TIPC against several different varieties of TCP. The com-
parison is made by normalizing the TCP latencies to that of TIPC. The TCP-BIC version
of TCP [69] is the default setting of TCP in Linux kernel 2.6 and this was the version em-
ployed. Though TCP-BIC is specialized to networks with high bandwidth-delay products,
it also has good all-round properties [70]. Comparative tests between TCP-BIC and TCP
New Reno established that no appreciable difference occurred in the outcomes of the tests,
and, hence, TCP-BIC was retained. In these tests and those of Section 6, the socket send
and receive buffers were 103 KB in size, this being the default and immutable size for
TIPC. The default value for the Gb Ethernet NIC transmit queue of 1000 (txqueuelen)
was retained, whereas lower values are thought more appropriate for slower devices such as
modems. It is possible [70] that increased throughput and/or increased acknowledgments
may occur if txqueuelen is changed.

For throughput tests, a client process connects, sets socket options, sets an alarm timer
for the test duration (30 s), starts its clock and enters a receive loop. Received data is
counted by means of an unsigned 64 b counter. When the ALRM signal arrives, the client
measures the actual test duration (with the Unix utility gettimeofday()) and calculates
the average throughput as total data / duration. The server continuously sends. Gettimeofday()’s
resolution is more than adequate over 30s. For latency, the client repeats the above proce-
dure, except that the client enters a recv/send loop and counts the number of completed
recv/send pairs, N . The average one-sided latency is calculated as (duration / N ) / 2. The
server also runs a tight send/recv loop. When efficiency is calculated, a client calls the Unix
utility getrusage() immediately after the test timer expires and finds the system CPU
time (ru stime) that has elapsed. Dividing throughput by system time is a measure of
efficiency.

To establish basic behavior, tests were taken by running TCP and TIPC, as alternative
protocols at the socket API level. In Fig. 11, the plot with the legend ’with hw offloading’
refers to off-loading of the TCP/IP checksum calculations and TCP segmentation to the
NIC, TSO (Section 2). The plot with legends ’. . . and with NODELAY’ refer to turning
off Nagle’s algorithm [71], which causes small messages to be aggregated by TCP. Nagle’s
algorithm makes more efficient use of the available bandwidth but may result in some delay
for small messages. From Fig. 11, all varieties of TCP have greater latency for message
sizes below 64 KB. The lower latency of the two TCP varieties without hardware offload-
ing, may be attributable to applying TSO to small message sizes, as the PCI overhead of
the segmentation template is relatively large. Another factor in hardware offloading is that,
because the CPU processor runs faster than that on the Intel NIC, as the processor is re-
peatedly called for CRC calculation for small messages, their latency will be reduced. Of
course, there is a trade-off against available processing for the application. After 64 KB,
those varieties of TCP with hardware offloading have lower latency compared to TIPC, be-
cause PCI overhead is relatively reduced. Unfortunately, in the TIPC implementation under
test, the maximum message payload size was set in the TIPC header and at various points
in the source code of the kernel module to 66000 B (though this is expected to change in
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later implementations). Therefore, for message sizes above this limit, it was necessary to
make two system calls, whereas the TCP socket only involves one system call.
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Figure 11: Comparative latency of TCP variants and TIPC across a range of message sizes,
normalized to TIPC. (Note the log. scale on the horizontal axis.)

The payload throughput was measured for TIPC and TCP by finding the amount of data
received within a tight receive loop over a pre-set interval. This somewhat underestimates
TCP’s total throughput, as the TCP/IP header takes up 40 B, whereas TIPC’s header is 24
B, which size was confirmed by inspection with the Ethereal network protocol analyzer
[72]. The throughputs are compared in Fig. 12, when it is apparent that the two varieties
of TCP with hardware offloading outperform TIPC in that respect for larger message sizes.
This can be ascribed to the gain from large-message hardware TSO. For smaller messages,
Nagle’s algorithm. when turned on allows TCP to register higher throughput. Message
bundling does not appear to benefit TIPC to the same effect. Fig. 13, is significant as it
shows that TIPC’s system time (captured with the Unix utility rusage is dramatically
better, for reasons developed in the introduction to this Section.

Turning to TIPC and TCP running under OMPI, Fig. 14 shows that for message-sizes
below about 16 KB, TIPC has a clear advantage. There is also a sharp increase in TIPC
latency at around 128 KB. TCP was able to employ an appropriate OMPI internal protocol,
depending on message size. The same message parameterizations were retained in the TIPC
BTL as in the TCP BTL. As previously mentioned, in the TIPC implementation under test,
the maximum message payload size was internally set to 66000 B. To avoid attempts by

24



 0

 20

 40

 60

 80

 100

 120

4M1M256K64K16K4K1K256641641
message size (bytes)

th
ro

ug
hp

ut
 (

de
ci

m
al

 M
B

/s
)

’TCP with hw offloading’
’TCP with hw offloading and with NODELAY’
’TCP without hw offloading’
’TCP without hw offloading and with NODELAY’
’TIPC’

Figure 12: Throughput of TCP variants and TIPC across a range of message sizes. (Note
the log. scale on the horizontal axis.)

OMPI to schedule larger sends in the pipelined version of RDMA, the third internal protocol
for larger messages was disabled in the TIPC BTL, and the send protocol maximum was set
to 66000 B. For message sizes of 128 KB and above, TIPC performs up to three rendezvous
operations (for the first eager fragment, a maximum send-sized portion, and any remainder
via the send internal protocol), whereas the TCP BTL negotiates a single RDMA operation
for the entire message. Within the latency range that TIPC has the advantage, there is a
’sweet-spot’ at about 512 KB, possibly due to internal buffering arrangements.

The comparison was now taken at the application level. The NAS Parallel Benchmarks
(version 3.2) [10] are a set of eight application kernels/programs, viz. CG, IS, LU, FT, MG,
BT, and SP, and EP, with MPI source code. OMPI was compiled with Fortran 77 bindings
to match the NAS source code (though it was found that FT would not compile with the
g77 (version 3.4.6) compiler and, hence, is omitted).

In [6], it is stated that TIPC spends 35% less CPU time per message than TCP, up to
sizes of 1 KB, when the host machine is under 100% load. This is an important practical
advantage, as clearly if TIPC spends relatively less time processing that time is available
for computation. The test is described more comprehensively in [73] p. 25. For message
sizes up to 16384 B, there is little to choose between TCP and TIPC, whereas for larger
messages still TCP under this measure was superior. Accurate recording of CPU load is
available through the utility cyclesoak [74], which can also act as a source of load.
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Following from this finding, two sets of tests were conducted, with and without load. In
the tests recorded in Table 4, the background load was a cyclesoak process. In fact, the
EP benchmark could also be adapted as a ’timewaster’, as it continually creates pseudo-
random numbers. Notice that as EP is CPU-bound, it only communicates at the end of its
operations.

The W class (a measure of the dimension of the problem) test results appear in Table 4.
In these tests, the best of five runs was taken rather than the median of five runs. This was
because one of the application kernels, the IS integer sort, was found to be particularly sen-
sitive to any system activity. For the others, the median does not differ noticeably from the
best. LU and SP are computational fluid dynamics, while the others are diverse ’kernels’.
For example, MG is a multigrid kernel for solving a 3D Poisson Partial Differential Equa-
tion set, being a hierarchical version with more rapid convergence than for the algorithm
tested in Section 3.7. The Table also includes results for the MPICH version of MPI, with
ch p4 being the standard MPICH method of spawning remote processes via the Unix util-
ity rsh. The first two rows of Table 4 are taken from Table 2 of [75], also for 16 processors
and W class problems. It will be seen that the message sizes are large for some of the tests,
though for LU and MG they are about 1 KB and below the MTU.

From the results, it will be seen that MPICH almost always under-performs OMPI.
Noticeable gains in performance occur for the TIPC variant of OMPI in the LU and MG
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application, both with shorter messages. Lastly, TIPC’s relative performance compared to
TCP increases when there is background load, suggesting an efficient stack.

As a comparison with the results for the application benchmarked in Section 3.7, the
speed-ups are recorded for up to 23 physical nodes (the other nodes were unavailable at the
time of the test). Clearly in Fig. 15, the effect of application loading balance is a significant
increase in performance. Less easy to distinguish is the relative performance of OMPI/TCP
and OMPI/TIPC, which illustrates the application-type dependency evident in the results
for the NAS benchmarks, in this Section and in Section 6.

6 Data-link layer software

Interest in ULNs, allowing more direct application intervention communication process-
ing has occurred over a period of time for a number of reasons, with examples being
[68][76][77]. It was realized that traditional stacks were simply too cumbersome for par-
allel computing. The advent of fast and Gb Ethernet on clusters raised similar questions.
In shared-memory multiprocessors, a single network interface was a bottleneck, and more
recently multi-cores have also led to the suggestion of network channels with zero-copy
payload transfer [78].
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Application benchmark
CG IS LU MG SP EP

Comms. freq. (MB/s) 36.24 22.10 5.58 20.21 19.50 0.00
Comms. freq. (# msg./s) 6103 2794 5672 13653 1657 16
Avg. msg. size (B) 5938 7909 983 1480 11768
mpich/ch p4 436.65 88.18 4134.11 2140.89 1698.00 2140.89
OMPI/tcp 493.16 91.49 4688.89 2220.64 1792.43 141.84
OMPI/tipc 503.36 90.77 4921.43 2280.77 1812.18 140.88
tipc rel. tcp (%) +2.07 -0.79 +4.96 +2.71 +1.10 -0.68
ch p4 rel. tcp (%) -11.46 -3.62 -11.83 -2.71 -3.59 -0.69
mpich/ch p4 (loaded) 474.26 90.44 4137.57 2152 1686.01 141.55
OMPI/tcp (loaded) 494.70 91.56 4021.40 2237.23 1522.23 141.62
OMPI/tipc (loaded) 506.31 91.54 4356.74 2308.87 1574.66 141.71
ch p4 rel. tcp (%) -4.13 -1.22 +2.89 -3.77 +10.76 -0.05
tipc rel. tcp (%) +2.35 -0.02 +8.34 +3.20 +3.44 +0.06

Table 4: NAS W class benchmark results (MOP/s) for sixteen processors, including relative
(rel.) performance.

ULNs can be divided into those that take advantage of programmable Network Interface
Cards (NICs) [79] and those that do not [14]. Some ULNs such as the Virtual Interface
Architecture (VIA) [80] provide both varieties, with M-VIA being specialized to Linux.
Though the ability to avoid temporary copies by processing the packet header at the NIC
is an advantage, that advantage is tempered by the relatively slow speed of the embedded
NIC processor, especially during periods of link congestion, or the need to re-program the
NIC firmware [81]. Due to the exigencies of the mass market, the number of Gb Ethernet
programmable NICs (NetGear GA620 and 3COM 3c985) is on the decline.

In fact, kernel level modules/agents have their own advantages because process sched-
uler overhead is reduced and the packet handling code can be written in a monolithic fash-
ion. Even in ULNs there is a need to inform the kernel of data arrival for process safety
reasons. It has also been found [14] that other factors apart from direct access to the NIC are
important such as type of PCI bus, NIC driver, and the maximum transmission unit (MTU).
An advantage of programmable NICs is the ability to transfer the packet payload directly to
user space, rather than first place the payload in kernel buffers. In [15], zero-copy transfer
was accomplished by ‘page flipping’, complex manipulation of the pages table. In [81], the
gain from such manoeuvres is said to be overestimated, as measurements do not account
for the gain from placing the data in cache, resulting from the first transfer.

Typically, when an Ethernet controller successfully receives a packet it generates an
interrupt. The CPU then activates a device driver, which enqueues the packet on a backlog
queue for later processing by an appropriate kernel protocol thread. Unfortunately, in times
of severe link congestion, this can lead to the CPU spending all its time servicing interrupts
and no time processing the enqueued packets. The problem still occurs even if a driver
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Figure 15: Comparative speedup of OMPI/TCP and OMPI/TIPC, with and without appli-
cation load balancing.

batches interrupts by removing multiple packets, if they are available, whenever an interrupt
occurs. This condition is known as receive deadlock [82], and is especially acute for Gb
Ethernet interfaces with a potential for a rate of 80000 packet/s. On the other hand, if
interrupts are delayed in periods of moderate link traffic, packet latency increases. To avoid
this problem in Linux, the New API (NAPI) [83] can be set to reduce the rate of interrupts,
by substituting clocked interrupts or polling, in a scheme originating from [82]. A by-
product is that arriving packets remain in a DMA send ring (described in [15]), awaiting
transfer over the PCI bus.

Thus, in the tests already described, NAPI poll rx was activated in the Linux e1000
driver, allowing a protocol processing thread to directly poll the DMA ring for packets. In
fact, by judging link congestion, NAPI is able to maintain a flat packet service rate once the
maximum loss-free receive rate has been reached, reactivating NIC-generated interrupts if
need be. Performance tests [83] show a 25-30% improvement in per packet latency on a
Fast Ethernet card when polling is turned on under NAPI. The 82540EM provides absolute
timers which delay notification for a set period of time. The 82540EM also provides packet
send/receive timers which interrupt when a link has been idle for a suitably long time [13].
Interrupt throttling is available, allowing interrupts to be suppressed if the interrupt rate
goes above a maximum threshold.

The Genoa Active Message MAchine (GAMMA) communication layer [14] employs
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NIC-dependent operations through a kernel-level agent. These operations include enabling
/ disabling interrupts, reading the NIC status, and polling the NIC. The code is highly
optimized: with inline macros rather than C functions, and receiving messages in a single
and immediate operation, without invoking the scheduler. GAMMA has a ‘go-back N’
internal flow control protocol. GAMMA has been ported to MPI, albeit with a customized
version of MPICH protocols. GAMMA also utilizes the same method as ch p4 for remote
spawning of MPI processes. However, GAMMA does require a second Ethernet NIC to be
present for spawning purposes. Due to available resources, this restricted the tests in Table 5
to two cluster nodes. In these tests, the two nodes were connected by a crossover cable, and,
hence, there is no switch latency. The results for NAS benchmark SP are not reported, as
SP requires a perfect square as the number of nodes. In these tests, the cyclesoak utility
[74] provided background load for the results marked ‘loaded’ in Table 5.

From the Table, it is apparent that GAMMA outperforms OMPI with both TCP and
TIPC, when there is no background load. These results should be weighed against the NIC-
dependent nature of the GAMMA implementation. TCP’s performance is down in all cases
and is relatively weaker than the sixteen processor results in Table 4. A feature of the results
under loading is that OMPI with TIPC competes with GAMMA and out-performs OMPI
with TCP. However, the same could be said about the MPICH results, implying that the
problem is weaker performance by GAMMA under load.

Application benchmark
CG IS LU MG EP

mpich/ch p4 270.20 25.52 1029.89 552.22 18.17
mpich/GAMMA 307.70 28.29 1148.48 598.45 18.23
OMPI/tcp 213.25 15.84 922.54 486.32 18.33
OMPI/tipc 265.30 28.08 1055.94 551.91 18.17
mpich/ch 4 rel. tcp (%) +26.17 +61.11 +11.64 +13.55 -0.16
GAMMA rel. tcp (%) +44.29 +78.60 +24.49 23.06 +0.71
tipc rel. tcp (%) +24.41 +77.27 +14.46 13.49 -0.16
mpich/ch p4 (loaded) 269.26 25.63 1029.72 551.20 17.35
mpich/GAMMA (loaded) 277.32 23.27 965.98 549.79 17.32
OMPI/tcp (loaded) 195.51 15.80 868.96 458.10 17.32
OMPI/tipc (loaded) 243.74 27.13 990.47 522.73 17.31
mpich/ch 4 rel. tcp (%) +37.72 +62.22 +18.50 +20.32 +0.17
GAMMA rel. tcp (loaded) (%) +41.84 +47.28 +11.17 +20.02 0.00
tipc rel. tcp (loaded) (%) +24.66 +71.71 +13.98 +14.11 -0.06

Table 5: NAS W class benchmark results (MOP/s) for two processors, including relative
(rel.) performance.
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7 Conclusion

Exploiting medium-scale Linux clusters for scientific problems is probably easily accom-
plished but to do so well is another issue altogether. A Linux cluster compared to a grid
submission gives the advantages of ownership and accessibility. However, whereas it is
obvious that off-the-shelf general purpose processors have made exponential gains in per-
formance, due to Moore’s law and the economies of scale in a mass market, it is almost
axiomatic that until recently this was not the case in the communication inter-connect. The
advent of Gb Ethernet has remedied that situation, though compared to custom high-speed
interconnects, it is handicapped by the need for Ethernet framing. It is well known that
communication software may contribute to a failure to achieve the latency and bandwidth
capacity promised by the interconnect, which has been called the ”throughput preservation
problem” [84].

The experiences reported in this paper suggest a number of conclusions. MPI, which is
highly portable across a variety of machines, also presents competitive performance com-
pared to Charm++ and MOSIX, two load-balanced alternatives. In the version of MOSIX
under test, this performance was disappointing, a conclusion that extends to the commu-
nication primitives that underlie MOSIX’s single system image programming model. It
should be stressed that this does not allow firm conclusions to be made, as MOSIX ver-
sions are evolving. The application tests also found that if there is a preparedness to include
application-level load-balancing (in combination with existing system-level load balanc-
ing), then speed-up can notably improve upon a plain MPI implementation. This becomes
apparent once parallel slackness (more parallel processes than physical cluster nodes) is ap-
plied. The tests comparing TCP and TIPC revealed that TIPC has very real advantages over
TCP, both within and outside an OMPI environment. This was the paper’s strongest con-
clusion, as it was shown, for low-level benchmarks and for NAS application kernels, that
short message latency was reduced. Moreover, the efficiency of the TIPC stack was demon-
strated for nodes with high background load. The TIPC protocol has only recently been
transferred to the Linux kernel and it is clear that further improvements are possible, such
as its single message size limit. In high throughput applications with large messages, TCP
is still to be preferred, as hardware offloading of CRC and TSO on the Gb Ethernet NIC
speed up overall protocol processing. This advantage is unlikely, as yet, to be transferred to
a protocol with far more limited deployment than TCP. The GAMMA user-level network
interface (with MPI) is also capable of much improved performance over a combination of
TCP and MPI. However, on a heavily-loaded machine, its performance may be matched by
OMPI and TIPC. This implies that OMPI and TIPC are a more efficient solution from an
application’s point of view.
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