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Abstract

Cluster computers have become the vehicle of choice
to build high performance computing environments.
To fully exploit the computing power of these enwvi-
ronments, one must utilize high performance network
and protocol technologies, since the communication
patterns of parallel applications running on clusters
require low latency and high throughput, not achiev-
able by using off-the-shell network technologies. We
have developed a technology to build high performance
network equipment, called Maestro2. This paper de-
scribes the novel techniques used by Maestro2 to ex-
tract maxzimum performance from the physical medium
and studies the impact of software-level parameters.
The results obtained clearly show that Maestro2 is a
promising technology, presenting very good results both
in terms of latency and throughput. The results also
show the large impact of software overhead in the over-
all performance of the system and wvalidate the need
for optimized communication libraries for high perfor-
mance compuling.

1 Introduction

Whether they are used as stand alone or as part
of larger environments (such as Grids), clusters have
become the the facto mechanism to build high per-
formance computing environments. The growing in-
terest in clusters has been driven by fast performance
increases in commodity computing resources such as
processors, memories, networks, and its peripherals.

However the tendency among researchers building
such cluster computers is to use off-the-shelf compo-

nents. As such the most popular clusters use Ethernet
and TCP/IP as its communication device and proto-
col, respectively. Although there are obvious advan-
tages (for instance price and simplicity) to build clus-
ters using off-the-shelf components especially for com-
putation, there are also serious disadvantages espe-
cially when using conventional networking technology.
Those conventional WAN or LAN-based network de-
vices and protocols are not optimal for clusters, since
they include overheads to guarantee reliability in wide
area communications [5]. Given that clusters are very
often organized in geographically localized spaces such
as laboratories or offices, hardware and software for
communication can be optimized to improve the over-
all performance of the system.

However to fully exploit the computing power of
these environments, one must utilize high performance
network and protocol technologies, since the commu-
nication patterns of parallel applications running on
clusters require low latency and high throughput, not
achievable by using off-the-shell network technologies.
For instance, distributed parallel simulations that ex-
change small messages among processors at each sim-
ulation step require low latency in communication.
Many matrix computations such as FFT that ex-
change large messages among processors require high
throughput.

To address this issue, we have developed a high
performance network technology, optimized for cluster
computing, called Maestro2. Maestro2 is the succes-
sor of the Maestro network developed by the research
group led by Professor Koichi Wada at University of



Tsukuba in Japan. Maestro’s architecture has been
described in detail in [9, 10, 8].

Through the experience gained during the Maestro
project, we have identified two issues that restricted
low level performance (hardware and data link layer
protocol). The first issue occurred at the link layer.
In [9] we proposed the network burst transfer at the
link layer. In the network burst, the sender aggregates
multiple packets that compose part of a message, and
sends them in burst to the receiver. We confirmed
network burst was able to keep the utilization ratio
of the physical medium higher than conventional link
layers. However, when the sender finished transferring
the number of packets decided at the beginning of the
transfer, the burst transfer is inevitably terminated.
This termination increases arbitration overhead in ac-
quiring the physical medium. The second issue oc-
curred in the switch. Maestro’s switch transfers one
message at a time. In addition, the transfer is stopped
when the source or destination network buffer becomes
full or empty. This mechanism decreases the dynamic
communication performance.

In [8] we have proposed solutions to both problems
and have analyzed the performance of the proposed
solutions both through simulation and by extensive
testing of data link layer protocols.

Section 2 describes the novel techniques used by
Maestro2 to extract maximum performance from the
physical medium. Section 3 describes in detail the en-
vironment, both in terms of hardware and software,
used to conduct all the experiments. Based on this
description, all results should be easily reproduced
and validated by any researcher in the field. In sec-
tion 4 we present experimental results that show the
performance of Maestro2 hardware at various levels
(data link layer, application layer), using well known
benchmarks and network performance measurement
tools. As as example we also present results for some
currently available gigabit-based network technologies
(Gigabit Ethernet and Myrinet). Section 5, concludes
this paper by indicating future areas of research in this
area.

2 Principles of Maestro Technology
Maestro’s architecture has been extensively de-
scribed in the literature [9, 10, 8], and we ask you
to refer to those sources for a detailed understand-
ing of the technical issues. In here we will only de-
scribe, briefly, the current implementation of commu-
nication hardware (network interface and switch) us-
ing Maestro2 technology and the novel techniques used
by Maestro2 to extract maximum performance from
the physical medium, namely, continuous burst, out of

order switching and high performance communication
software.

2.1 Basic hardware implementation

A simple Maestro2 network is composed of network
interfaces (NI) and a switch box (SB) as shown in Fig-
ure 1. Each network interface is connected via two
LVDS (Low Voltage Differential Signaling) [2] cables
for transmission and reception, and is connected to
a commodity processing element such as a PC or a
Workstation via a 64bit@66MHz PCI bus. The con-
nection between NI and SB is full-duplex, and the
peak bandwidth is 6.4Gbps. Currently, the SB has
eight ports for connections to NIs. One or more ports
can increase the fan out of the switch by cascading
SBs. The NI includes a NI manager, a PCI inter-
face, network FIFO buffers, a link controller (MLC-
X) and LVDS transmitter/receiver. The NI man-
ager works as a processor element in charge of han-
dling communications, and is composed of a Pow-
erPC603e@300MHz and 64Mbyte SDRAM. The PCI
interface maps the address space of the SDRAM and
host processor’s memory into the PowerPC s address
space. The 8Kbyte network FIFO buffers store in-
coming and outgoing messages. The MLC-X is a
full duplex link layer controller on which the contin-
uous network burst transfer is implemented. MLC-
X supports two communication channels between the
network FIFO buffers. And finally, LVDS transmit-
ter/receiver drives its physical medium under con-
trol of MLC-X. It transmits and receives data via its
6.4Gbps full duplex link. The PCI interface, network
buffers, and MLC-X are implemented into the Virtex-
IT FPGA chip [7]. The SB consists of eight SB inter-
faces, an SB manager and a switch controller. Each
SB interface manages two ports and includes a mes-
sage analyzer. The message analyzer extracts each
message header of an incoming message, and passes
it to the SB manager. The SB manager consists of a
PowerPC603e, 32Mbyte SDRAM, and a routing cir-
cuit that generates and writes requests to the switch
controller. The switch controller transfers messages
from source to destination(s) using the out-of-order
mechanism mentioned next.

2.2 Performance improvements imple-
mentation
Continuous network burst transfer The first

technique is the continuous network burst trans-
fer. This technique allows for the continuation of
the network burst as long as there are packets in
the network buffer. This can be done by inserting
the continue command at each boundary of the
burst. We use a frame configuration similar



to the one used for the original network burst
transfer [9]. That is, the frame consists of one or
more fine-grained packets and a header. A packet
consists of user data. At the beginning of the
transfer, the header of the frame is dispatched
to the physical layer, and arbitration is done to
acquire the physical medium. When there are
multiple packets to be sent in the network buffer,
the continuous network burst is invoked for all or
part of those packets. As the burst transmission
progresses, it is possible to append subsequent
packets to the network buffer. The conventional
network burst never continues the transmission
beyond the number of packets predetermined
at the beginning of the transmission because
the frame length has to be determined at the
beginning of the header transfer. However, the
continuous network burst is able to continue the
transmission by inserting the continue command
into the first burst transmission without having
to reacquire the physical medium. Figure 2
compares the conventional network burst trans-
fer with the continuous network burst transfer.
It assumes that messages are written into the
sender’s network buffer one after another. The
conventional network burst transfer terminates
soon after it finishes transferring the amount
of packets determined at the beginning of the
transfer.  Therefore, the arbitration time for
acquiring physical medium accumulates. On the
other hand, the continuous burst transfer can re-
duce the number of arbitrations. This technique
increases the utilization ratio of the physical
medium, and achieves higher throughput than
the conventional network burst.

Out of order switching While routing messages at

a switch, individual messages might be blocked
when the destination buffer becomes full. Such
occurrences force subsequent messages to be
blocked if the switch only routes messages in-
order. This in-order switching decreases perfor-
mance when the next message to route is for a dif-
ferent destination and when the destination buffer
is not full. To improve efficiency in switching,
we have implemented an out-of-order switching
mechanism. In the out-of-order switching, multi-
ple transfer requests are stored in a transfer reser-
vation buffer. For each request it is examined
whether or not its destination buffer is full. If
the buffer is not full, the corresponding request
is marked as active. The switch works by picking
up active requests and routing the messages to

their destinations. The out-of-order switching is
applicable to various kind of switch architectures,
such as crossbar, single or multiple buses-based,
and so on. Gains in performance by using out-of-
order switching are only significant when the data
traffic coming from the several network interfaces
attached to the switch is intense.

High performance communication software In

addition to the improvements at the network
hardware level, we have also designed and
implemented a high performance communication
software.

Conventional protocols such as TCP, etc, were
devised to guarantee reliability in wide area com-
munications. However, in cluster environments,
those same mechanisms become the limiting fac-
tor of the potential performance of the physical
network. Conventional protocols do not allow the
parallel application software to bypass the com-
munication layer(s) and send/receive messages
directly. As such, the current communication
software environment for parallel applications
can not eliminate the overhead imposed by the
the conventional communication protocol layer,
as pointed out in [5]. A solution was suggested
in [6], which basically consists of a zero-copy
mechanism that allows the parallel application
to bypass the communication layer(s) and to
request communication services directly to the
physical hardware.

We have developed a message passing library
for Maestro2, named MMP, which can be used
to obtain a much higher level of performance
than conventional communication protocols,
over Maestro2. The two key observations in
developing MMP were: First, in order for the
communication not to impact the overall per-
formance of the parallel application, it needs to
avoid unnecessary overhead. In particular, small
messages require low latency and large messages
require high throughput. Second, computation
must have higher priority in accessing the CPU
than communication. Usually, conventional
protocols are responsible for creating the chunks
of data that are to be passed along the communi-
cation stack, to manage the ordering of messages
received and provide for independence of port
among other tasks. While the host processor is
occupied by these tasks, computation can not
occur which leads to a substantial degradation in
overall performance.

To address the first issue, we implemented a zero



copy mechanism. This reduces the communica-
tion overhead, by avoiding unnecessary copying
of data. Moreover, we have also implemented a
dynamic allocation strategy for pin-downed area.
This mechanism allows the application program
to pin-down any memory area dynamically,
allows the paging mechanism by the operating
system and makes the memory area to be cache-
able as soon as MMP finishes using it.

To deal with the second issue, MMP communi-
cation functions were made to be non-blocking.
This allows for actual time at which the commu-
nication takes place to be flexible. In addition,
complex communication operations such as the
creation of data chunks, migrates to the physical
network. Therefore, the communication code will
be overlapped with the computation code on the
host processor.
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3 Experimental Environment

The experimental results described in section 4
were obtained using the following set of hardware:

Hardware

Host machine Dual 1.0GHz Intel Pentium-
3 with Serverworks HE-SL chipset, with
512Mbyte SDRAM PC133 and PCI bus
64bits/66Mhz

Maestro Network Interface Maestro2 Y-
PCI64-P

Gigabit ethernet Network Interface
Netgear GA622T

Myrinet Network Interface M3F-PCI64B-2

Software The Operating System used was Linux

2.4.7-10smp. To obtain results we used both
Netperf 2.2pl3and our implementation of ping-
pong.
In all experiments, the only user level process(es)
running on the environment were the software
performance tools, the application being evalu-
ated, or both depending on the experiment being
conducted.

The results obtained by us should be easily reproduced
by any researcher in the field, using the same condi-
tions described above.

4 Experimental Results

In this section, we present experimental results that
show the performance of Maestro2. As an example
we also present results for other network technologies,
namely, Gigabit Ethernet and Myrinet.

A well known benchmark, ping-pong, was used ex-
tensively during the result gathering phase. The ping-
pong benchmark, measures the time a packet of S size
takes to travel from Host A to Host B and back to
Host A (round-trip time). For a given packet size, the
round-trip time is heavily influenced by the overhead
added by the software. To validate our implementa-
tion of ping-pong, we compared its results with the
results obtained using the TCP_RR option of Netperf
software (at the TCP/layer), and concluded that they
almost identical.

In all cases, the metrics measured were latency and
throughput. Latency is calculated by dividing the
round-trip time in half for small messages (smaller
than 64 bytes). Throughput is calculated by divid-
ing the packet size by one half of the round-trip time.
Low Level Transfer

At this level we aim to measure the raw perfor-
mance of the network hardware, with the only over-
head being added by the data link layer protocol.
4.1 Data Link Layer
4.1.1 Experiment 1

Description Using ping-pong, we allow for the mes-
sage size to be transfered to vary between a min-
imum of 32 bytes to a maximum of 262144 bytes.
We measure performance for Maestro2 (with and
without continuous network burst). Transfers are



from host’s memory to host’s memory, without
participation of a switch.

Objectives First, to study the impact of message
size in terms of throughput for the Maestro2 un-
der consideration, secondly, to validate continu-
ous network burst technique.

Analysis of Results Latency results are given in ta-
ble 1 and throughput results are given in figure 3.
From figure 3 we observe that the throughput, for
message sizes up to 256 KBytes, increases, reach-
ing a maximum value of 2695 Mbit/sec. Con-
trary to our expectations, at the data link layer,
the implementation of continuous network burst
does not yield significant improvements in terms
of throughput. The most significant result of
this experiment is however the extremely short
latency measured at this level. For comparison
purposes, we show latency results for Myrinet and
Gigabit ethernet.

Table 1. Latency at data link layer, with and
without Continuous Network Burst

Measurement at Data Link Layer | Latency
Maestro2 with Cont. Net. Burst 1.1 us
| Maestro2 without Cont. Net. Burst | 1.2 us |
| Gigabit ethernet | 88 pus |
| Myrinet | 2.7 ps |

High Level Transfer

In here, we measure performance for different com-
munication mechanisms: TCP, specialized communi-
cation libraries (MMP in Maestro2 and GM [1] in
Myrinet).
4.2 TCP-Transport Layer

To measure performance using basic TCP as trans-
port layer, we used the well known software tool Net-
perf [4]. The main advantage of using such measure-
ment tools is wide acceptance of the performance re-
sults obtained by other researchers. For sake of com-
parison with the results obtained at the data link layer
experiments, we also measured the performance using
ping-pong

4.2.1 Experiment 2

Description For a fixed-size MTU (1500 bytes),
fixed-size sender/receiver buffers (default socket
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Figure 3. Maestro2 - Data link layer through-
put, using ping-pong, with and without Con-
tinuous Network Burst (CNB)

values: send buffer 16384 bytes and receive buffer
87380 bytes). We allow for the message size to be
transfered to vary between a minimum of 4 bytes
to a maximum of 1048576 bytes. We measure
ping-pong performance of Maestro2 (with contin-
uous network burst), we also show results for Gi-
gabit Ethernet and 100Mbit Ethernet.

Objectives To show Maestro2 TCP /IP performance,
using MTU = 1500.

Analysis of Results Latency results are given in ta-
ble 2 and throughput results are given in figure 4.

From figure 4 we see that Maestro2’s throughput
is, not surprisingly, far superior than the obtained
using other technologies. Maestro2’s throughput
is 230% superior to Gigabit Ethernet and 450%
than fast ethernet for MTU=1500bytes. How-
ever we can clearly observe the impact of soft-
ware overhead in the results. Results obtained
at this layer, show Maestro’s throughput to be
five time smaller than at the data link layer,
and latency to be almost fifty times higher! We
must be careful looking at the results obtained
for Gigabit Ethernet. In fact we were able to
obtain almost 550Mbit/sec throughput when we
increased the socket size by a significant amount
(to 256Kbytes). Moreover, we are well aware of
throughput results close to 1Gbit/sec under spe-
cial conditions (see [11, 3]). Unfortunately those
results are not achievable using the conditions de-
scribed in this experiment, which we feel are rep-
resentative of normal use.
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ping-pong test (Netperf with TCP _RR option)

Table 2. Latency at TCP layer, for MTU 1500

Measurement for TCP layer | Latency
Maestro2 49 us
| Netgear Gigabit | 200 us |
| Fast ethernet (100mbps) | 52 ps |

4.2.2 Experiment 3

Description Using Netperf, and a selected set of
MTU sizes, for each MTU size chosen we allow
for the message size to be transfered to vary be-
tween a minimum of 4 bytes to a maximum of
1048576 bytes. We measure performance for Mae-
stro2 (with continuous network burst).

Objectives First, to study the relationship between
MTU size and message size and if possible to de-
termine an optimal size of MTU.

Analysis of Results In figure 5 we plot the through-
put for Maestro2, for a set of MTU sizes. From
the figure we can conclude that there is a sig-
nificant improvement in performance when the
MTU size increases from 1500bytes to 9000bytes
(145% increase in performance) and also from
9000bytes to 35000bytes (15% increase in perfor-
mance). However there was no additional im-
provement for larger MTU sizes. These results
were expected since one of the software overheads,
namely breaking the IP packets in smaller frames
suitable for small MTU sizes is eliminated. We
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Figure 5. TCP Throughput over Maestro2 us-
ing a range of MTU, measured with Netperf

are still studying the fact that there is no im-
provement for MTU=65000bytes (as compared
with MTU=35000bytes) since the maximum size
of IP packets is 64Kbytes.

4.2.3 Experiment 4

Description Using an optimal MTU size, 35000
bytes for Maestro2 as determined in experi-
ment 4.2.2, 9000 bytes for Myrinet and 1500 byte
for Gigabit Ethernet, we compare the through-
put performance when the message size to be
transfered varies from a minimum of 4 bytes to
a maximum of 1048576 bytes. We use fixed-size
sender /receiver buffers (default socket values).

Objectives To compare the performance at TCP
layer using optimal MTU sizes for each technol-

ogy.

Analysis of Results Latency results are given in ta-
ble 3 and throughput results are given in figure 6.
Maestro2 shows a performance that is roughly
19% better than Myrinet and 390% better than
Gigabit ethernet.

Latency results show that Myrinet is about 20%
better than Maestro2.

4.3 Specialized Communication Software
Library
In this section we measure the performance using
specialized communication software library, for Mae-
stro2 we use MMP, and, for comparisation purposes
for Myrinet we use GM.
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Table 3. Latency measured at TCP layer
Measurement for TCP layer | Latency
Maestro2 (MTU=35000) 49 us

| Netgear Gigabit (MTU=1500) | 200 us |
| Myrinet (MTU=9000) | 40 ps |

4.3.1 Experiment 5

Description Using ping-pong, we allow for the mes-
sage size to be transfered to vary between a mini-
mum of 32 bytes to a maximum of 1048576 bytes.
We measure performance for Maestro2 (with and
without continuous network burst) using MMP,
and for Myrinet using GM.

Objectives To compare the performance of MMP
versus GM.

Analysis of Results Latency results are given in ta-
ble 4 and throughput results are given in figure 7.
Two main aspects can be observed. The first re-
lates to the fact that continuous network burst
becomes an effective technique when the physical
capacity of the medium is under-utilized due to
software overhead. The second is the fact that
Maestro2 throughput is roughly 40% higher than
Myrinet and stands at almost 2000Mbit/sec. La-
tency results are virtually the same for both tech-
nologies.
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Figure 7. MMP Throughput over Maestro2
and GM over Myrinet, using ping-pong

Table 4. Latency using Specialized Library

Specialized Library | Latency
Maestro2-MMP 11.5 ps
| Myrinet-GM | 11.0 ps ‘

4.3.2 Experiment 6

Description None

Objectives To compare the performance of Maestro2
at different levels of software overhead.

Analysis of Results Figure 8 shows the perfor-
mance results, using ping-pong (using TCP),
MMP and at the data link layer. The most strik-
ing aspect of these curves is the impact of soft-
ware overhead in the performance results. Us-
ing TCP we obtain a 65% loss in performance
as compared with the performance obtained at
the data link layer, where as when using MMP
the loss in performance is only 38%. In terms
of raw performance we observe that at the data
link layer we obtain a transfer rate of almost 2700
Mbit /sec (84% of the physical layer) where as us-
ing MMP and TCP we achieve only 2000Mbit /sec
and 1000Mbit/sec respectively.

5 Conclusions

In this paper we have shown that Maestro2 technol-
ogy is able to provide high performance, in terms of
low latency and high throughput, both at the data link
layer, TCP and MMP. Maestro2 is able to utilize up
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to 84% of the physical layer bandwidth (one way) and
the high performance communication software (MMP)
yields an improvement of over 100% (throughput) in
comparison with standard linux TCP implementation.

The next steps in the development of the technology
are to obtain results using MPI, to study scalability
issues and provide shared memory support.
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