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Abstract

Most clusters so far have used WAN or LAN-based net-
work products for communication dueto their market avail-
ability. However, they do not always match communication
patterns in clusters, thus incurring extra overhead. Based
on our investigation for such overhead, we have optimized
cluster communication at link layer. Partitioning each mes-
sage in 16-byte packets, our optimization uses two tech-
niques. (1) transferring in burst as many packets as the
receiving buffer accepts at once, and (2) having each hard-
ware component pass one packet to another in a pipelined
manner. We have realized those two techniques in a link
control hardware chip, referred to as MLC(Maestro Link
Controller), and have constructed the Maestro cluster net-
work using MLCs. This paper describes the feature of the
Maestro cluster network and demonstrates the efficiency of
our optimization techniques through performance experi-
ments over this network.

1 Introduction

The emergence of high-performance microprocessor has
madeit attractiveto use a PC cluster asaparallel computing
system with an excellent cost/performance ratio [12, 13].
Most PC clusters so far have used WAN or LAN-based net-
work devices and protocols such as Ethernet and TCF/IP,
due to their market availability. However, they do not al-
ways match communication patternsin clusters[5], thus de-
teriorating the entire performance with extra overhead in-
curred from each layer of (1) communication software, (2)
device handlers and (3) network hardware.

Performance improvements in communication software
have been well studied in FM[15], PM[3], and BIP[6].
Therefore, we have aimed at network hardware. Partition-
ing each message in 16-byte small packets, we have applied
two optimization techniques to link-layer communication:
(1) transferring in burst as many packets as the receiving

buffer accepts at once, and (2) having each hardware com-
ponent pass one packet to another in a pipelined manner.
The former has potential to reduce network latency, and the
latter to improve network throughput.

Based on those two optimization techniques, we have de-
signed a novel link protocol for PC clusters, referred to as
Maestro Link Protocol [16], have implemented the protocol
in a hardware chip, termed MLC(Maestro Link Controller),
have constructed the Maestro cluster network using ML Cs,
and have conducted the performance evaluation. The re-
sults demonstrate the efficiency of the proposed techniques
for cluster communication, (i.e. both low network latency
and high throughput).

The remainder of our paper is as follows: Section 2 in-
vestigates communication overheads in PC clusters. Sec-
tion 3 presents Maestro Link Protocol and describes the
Maestro cluster network. Section 4 discusses the perfor-
mance. Section 5 compares our network with others, and
Section 6 concludes the discussions.

2 Conventional Approaches

Of importance is how to support two different aspects
of communication: low latency and high throughput. The
former must be emphasized on for frequent inter-processors
synchronization as seen in distributed ssimulations, and the
latter for mass data transfer as in matrix computations. In
the following, we will discuss about the main obstacles to
low latency and high throughput in (1) communication pro-
tocol software, (2) device handlers, (3) data link layer, and
(4) physical layer.

1. Communication Protocol Software

The problem is the repetition of data-copying opera-
tions before messages have been transferred and made
available to their receiving applications. In general,
each message must be copied between the user and the
kernel space, and may be further copied between the



kernel space and the network device memory. Nev-
ertheless, such copying operations increase communi-
cation latency. In addition, the user-to-kernel context
switches can be considered as another overhead, espe-
cially in case of frequent inter-processors synchroniza-
tion.

This problem has been well addressed by FM[15],
PM[3], and BIPF[6] communication libraries. They
have realized the zero-copy communication that per-
mits underlying network devices to access messages
directly in the user space, thus bypassing the kernel
intervention.

. Device Handlers

The virtual-to-physical address translation is an obsta-
cleto bypassing the kernel intervention. Since commu-
nication buffersat user level are alocated in the virtual
address space, their physical addresses must be identi-
fied prior to the actual transfers by underlying network
devices. If those devices maintain the page table and
TLB, (i.e. Trandation Look-aside Buffer), they can
take charge of such trandation and therefore transfer
user messages without the kernel support. This also
gives more CPU time for user applications and hides
communication overhead further.

. Data Link Layer

The first problem is conventional message framing. If
the minimal frame size is too large, network latency
increases relatively in transferring shorter messages.
On the other hand, if the maxima frame size is too
small, a longer message must be sent with multiple
frames, which increase framing operation and thus de-
grade the total throughput. The Ethernet frame for in-
stance must include 36-byte link-by-link routing infor-
mation, which isin turn the minimal frame size [14].
The maximal frame size is aso restricted up to 1500
bytes, so as not to monopolize slow communication
link. However, assuming that PC clusters are used in
ageographically closed environment, messages can be
sent directly to their destination with lessrouting infor-
mation. Hence, we must design a new message frame
suitable to cluster communication rather than use such
the redundant Ethernet frame.

The second problem is excessive DMA invocations.
Most network devices aways invoke DMA transfers
to send data over network, whether or not the data size
is too small to use DMA efficiently. Thisis regarded
as overhead especially when fine-grained communice-
tion is repeated for frequent inter-processors synchro-
nization. Therefore, network devices should include
another high-speed transfer logic for a small amount

of data, and switch between this logic and DMA ac-
cording to the data size.

The third problem is the current transfer scheme to
transmit data on physical link. Provided a packet
be a transfer unit dealt at physical layer, most net-
work devices do not aggregate independent packets in
one, whether or not those packets are too small. In
other words, they repeat an entire transfer set-up op-
erations including physical link arbitration for each
small packet. This makes physical link idle frequently,
degrading network throughput consequently. To ad-
dress this problem, network devices must be capable
of packet aggregation.

4. Physical Link Layer

Multicast takes an important role in the master-slave
or client-server model. Conventional multicast either
broadcasts a message to all PCs and has non-receivers
discard it, or sends a copy of message to each re-
celver one after another. The former is familiar to
carrier-sensitive media such as Ethernet, however its
drawback is unnecessary message elimination at non-
receivers. The latter is easy to implement, while incur-
ring excessive message-copying operations. Thus, the
physical link layer must facilitate a multicast scheme
that involves neither discarding nor copying messages.

Among those four layers, most research work in cluster
computing has been focusing on the communication pro-
tocol software. In terms of device handlers, Myrinet[9]
and U-net[18] have realized the virtual-to-physical address
trandation in their network devices. Therefore, our main
focus is performance improvements in the lower two layers
such as data link and physical link layers, discussed in the
following sections.

3 Maestro Cluster Networ k
3.1 Key Techniques

To address the performance drawbacks at datalink layer,
we propose two optimization techniques below:

1. Packet Aggregation

Partitioning each message in fine-grained packets, this
technique aggregates multiple packets best fit to the
space currently made available to the receiver’s buffer,
and transfers them in burst to the receiver. The finer
packet sizethe better buffer utilization. This packet ag-
gregation does not matter the message boundary. This
means that one aggregate may include multiple mes-
sages or message chunks over their boundary. The
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Figure 1. Conventional vs. pipelined transfer

burst transfer of aggregated packets reduces the num-
ber of physical link arbitrations, each followed by mis-
cellaneous device set-up operations. Therefore, we ex-
pect that this technique improves network throughput.

In the following discussion, we refer to this transfer
scheme as Network Burst. In addition, we simply de-
fine each fine-grained packet as a packet and aggre-
gated packets as aframe.

2. Pipelined Transfer

Conventional network devices do not simultaneously
take care of two or more messages. In other words,
once such a device accepts a hew message from its
host, the following messages are totally blocked until
the device completes transmitting the current message
onto physical link. This causes the serialization of the
following three stages of message transfer: (1) the one
from the host memory to physical link at a sender side,
(2) the one through physical link, and (3) the one from
the physical link to the host memory at areceiver side.
Figure 1-(i) depicts this seriaization. (In this figure,
note that the number associated with each horizontal
line corresponds to the stage order.)

To avoid this serialization, we again partition each
message into fine-grained packets, and have each
device component pass one packet to another in a
pipelined manner. As soon as the sender network de-
vice transmits a packet onto physical link, it picks up
the following packets from the host memory. Simi-
larly, the receiver device keeps storing packets to the
host memory as receiving the following packets from
physical link. Therefore, the three serialized stages
are ssimultaneously processed in a pipelined fashion.
The Figure 1-(ii) illustrates how network latency is
shrunk by the pipelined transfer. The finer packet size
and more device components, the more pipelined mes-
sages. This means that the technique also improves
transfer throughput.

3.2 MaestroLink Protocol and Controller

Based on our optimization techniques, we have de-
signed a novel link protocol, called Maestro Link Proto-
col. Asshown in Figure 2, the protocol assumes the point-
to-point half-duplex link such as IEEE1394 [4] physical
layer(IEEE1394PHY). Its host interface is realized with a
pair of sending and receiving FIFO buffers that exchange
messages with the host machine.

While the sender host keeps passing messages to the
sending FIFO, those messages are pipelined and partitioned
one after another into finer-grained packets, which are then
aggregated into as a large frame as the receiving FIFO can
store, and are thereafter transferred on physical link in Net-
work Burst. On the receiver side, those packets are re-
assembled into the original messages that are finally made
readable from the receiving FIFO to the host. Many-to-
many host communication needs the switch that establishes
a Maestro-Link-Protocol connection with each host and
routes a message from the source to the final destination
host.

To facilitate both Network Burst and pipelined packet
transfer, the protocol provides the following three features:

1. FIFO flow control

The protocol defines its status register that indicates
how many bytes the host can write to and read from
its FIFO buffers, rather than if the host can send
or receive a message. This scheme maximizes the
message-spooling capability in the actual implemen-
tation, prompts the host to exchange the next available
message quicker, and therefore mitigates network la-
tency. This advantage is further exploited by having
two or more pairs of FIFO buffers in the actual im-
plementation (in which case we refer to each pair asa
channel.)

2. Fair link arbitration

The fair link arbitration is the key to realize pseudo-
full duplex transfer between two end points of a half
duplex link. Otherwise, one end point may esgerly
use physical link and starve out the other end that
consequently suffers from higher network latency. To
avoid this situation, Maestro Link Protocol requests
the current sender to release physical link every Net-
work Burst transfer, and immediately grants the re-
celver to use thelink. However, thisrule does not work
out unless both ends continue performing atransfer by
turns. To maintain the mutual grant to the both ends,
the protocol requests the current receiver not to turn
down the grant, whether or not it has packetsto send. If
the receiver has no packets, it must simply send a null
frame, (i.e. the one that does not include any pack-
ets) so as to invoke the next link arbitration. Hence,
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Figure 2. Maestro Link Protocol

Table 1. Protocol specification

| Spec.items | Description

Physical Link | Layer standard |IEEE1394
Transfer speed 200 Mbps
Datawidth 4 bits

Frame f packets Up to 15 packets
Packet size 16 bytes

FIFO buffer f channels Two (Ch0 and Ch1)
Host-side datawidth | 16 bits
Capacity 2 Kbytes

the both ends keep granted to use half-duplex link by
turns.

3. Physical link flow control

The Network Burst transfer needs to know a priori the
FIFO capacity currently available at the receiver side.
This requirement is satisfied with carrying such capac-
ity information in each frame. Thisis because the fair
link arbitration guarantees two end points to exchange
a frame with each other aternately. We call this ca
pacity information a credit, defined as the number of
transferable packets.

We have realized these featuresin an Altera MAX7256-7
FPGA chip [2], with the protocol specification as shown in
Table 1. The chip includes 5000 gates and functions at 50
MHz. We call this chip MLC (Maestro Link Controller.)

Of great concern is the packet size. As mentioned be-
fore, the smaller packet size the better pipelined commu-
nication. Should a packet size be however too small, we
would haveto prepare hardware | ogic large enough to count
a huge number of packets stored in each FIFO. To imple-
ment ML C in areasonable amount of logic, we have defined
apacket in 16 bytes.

ML C providesthe host with the following interface: The
host must first compose each message of packets as speci-
fied in Figure 3, before pushing it to a sending FIFO. The
message must contain at least one packet whose first five
bytes are used to store the routing information rather than
user data, which must be thus placed in the last 11 bytes.
When the message consists of two or more packets, the sec-
ond packet must use the first two bytes, (referred to as Pkt-
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Counter) to indicate the number of packetstotally contained
in the message. A message with a single packet and the one
with multiple packets are distinguished as Type0 and Typel
respectively.

The frame transfer to IEEE1394PHY is achieved as fol-
lows: After pulled out from a sending FIFO, packetsform a
frame as defined in Figure 4. Since IEEE1394PHY is four
bits wide, each 16-byte packet is formatted into a 4x32-
bit sequence. The frame begins with a 4x3-bit preamble
including the ChO and Chl credits and followed by up-to-
15 packets, (i.e. 240-byte user data at maximum.) This
means that the frame size varies from 4x 3 bits to 4x483
bits. The frame with only a preamble is the null message
used to prompt the next fair link arbitration, and is distin-
guished from the data frame that contains packets.
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3.3 Cluster Implementation

To assess the correctness and performance of Maestro
Link Protocol, we have implemented the Maestro cluster
network where cluster nodes communicate with each other
viaMLCs.

Asiillustrated in Figure 5, the Maestro cluster network
is composed of network interface cards, each adapted to a
PC viaits PCI bus [10], IEEE1394 cables, each emanating
from a network interface card, and a central switch box that
terminates all the cablesto it and that routes messages from
the source to destination network interface cards. In follow-
ing discussion, we abbreviate the network interface card and
the switch box to NI and SB respectively.

1. NI

NI consists of the following five hardware compo-
nents: a PCI interface, an NI manager, two FIFO
buffers, an MLC and |IEEE1394PHY.

With its DMA controller, the PCI interface [11] takes
charge of message transfers from the host memory
not only to the NI manager's DRAM but also to the
FIFO buffers. It also permits the host to get direct ac-

cess to the DRAM and FIFO buffers. The NI man-
ager is comprised of PowerPC603e@200MHz and 64-
Mbyte EDO DRAM, handling the zero-copy commu-
nication as well as the virtual-to-physical message ad-
dress trandation. It also takes charge of host-to-NI
message transfer in case when the message istoo small
to amortize DMA set-up overhead.

The rest of the components, (i.e. the FIFO buffers,
MLC, and IEEE1394PHY) have the specifications and
behaviors described in Section 3.2.

. SB

SB consists of thefollowing six hardware components:
four SB interfaces, an SB manager, and a switch con-
troller.

The SB interface includes two sets of IEEE1394PHY,
MLC, and two FIFO buffers. Each set exchanges mes-
sages with a different host’s NI. (Note that al those
components are the same as NI's) The SB interface
invokes its interna logic, called message analyzer, to
find the type of anewly incoming message, (i.e. Type0
or Typel as shown in Figure 3), to extract its message
header, and to passit to the SB manager.
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The SB manager consists of a PowerPC603e
@200MHz and 64-Mbyte EDO DRAM. It accepts a
new message header from each message analyzer of
the four SB interfaces in a round-robin fashion. It an-
alyzes this header to decide the message destination,
and reguests the switch controller to route the message
from the source to the destination SB interface’s FIFO
buffer.

The switch controller uses its own DMA controller to
transfer each message from one FIFO buffer to another
at the rate of 400 Mbps. As shown in Figure 5, al the
FIFO buffers are connected to the shared bus, which
permits the switch controller to multicast a message
to two or more FIFO buffers at once. This multicast
mechanism eliminates the message-copying overhead
discussed in Section 2. The switch controller also pro-
vides al cluster nodes with fast barrier synchroniza-
tion by counting a barrier request from each node and
broadcasting a barrier acknowledgment on the shared
bus which is thus delivered to each node.

Figure 6 shows our first implementation of NI and SB.
We have confirmed that the Maestro cluster network isfunc-
tioning as its specification for an eight-PC cluster. The net-
work scalability can be addressed by constructing a hierar-
chical tree network where the leaves are PCs and the other
nodes are SBs. Since each node of this tree network has a
pair of receiving and sending FIFO buffers, the dead lock
will never occur.

3.4 Comprehensive M essage Flow

Using Figure 7, we explain a comprehensive message
flow from one host memory to another.

Assume that the OS allocates a certain amount of space
as a user-level communication buffer upon a system initial-
ization [1]. We call this space reserved memory. The de-
vice handler takes care of virtual-to-physical address trans-
lation for this reserved memory. Given a 300-byte message

in the reserved memory (Figure 7-(a)), the sender host then
transfers it to the sending FIFO buffer using the PCI inter-
face’'s DMA controller or the NI manager’s PowerPC (Fig-
ure 7-(b)). Upon receiving the first 16-byte data, the MLC
starts formatting it into frames (Figure 7-(c)). Since each
frame can contain 240 bytes at maximum, the message is
formatted into two frames and consequently sent to SB in
two Network Burst transfers. Between these two transfers,
SB is given an opportunity of transferring back any (dif-
ferent) message to the sender host, which in turn realizes
well-balanced bi-directional communication.

Receiving the header of this 300-byte message (Figure 7-
(d)), SB manager decides the message destination and re-
guests the switch controller to transfer the entire message
from the source to the destination FIFO buffer withitsDMA
controller(Figure 7(d’)). Note that this DMA transfer isin-
voked only once even in case when having two or more des-
tinations. This is because the corresponding FIFO buffers
receive the message on the shared bus simultaneously.

Thereafter, the message is again framed and transferred
in burst to the receiver NI (Figure 7-(€)), where the original
message is reconstructed and restored in the host’s reserved
memory. The receiver NI performs this message restora-
tion in the reversed order of the message packetization at
the sender NI (Figure 7-(f).) Again note that the receiver
MLC overlaps Network Burst transfers with the message
restoration onto the reserved memory once it receives the
first 16-byte packet.

In summary, this message-flow example demonstrates
that the Maestro cluster network has addressed all the prob-
lems in cluster communication as described in Section 2.
Using the same message flow, we have empirically evalu-
ated its performance in the following section.

4 Performance Evaluation

This section demonstrates the performance of the Mae-
stro cluster network from the following three points of view:



(1) the basic hardware performance, (2) the effect of Net-
work Burst, and (3) the effect of pipelined transfer. For all
the experiments, we have used the same message flow dis-
cussed in Section 3.4. Network latency was measured with
the time base register of NI's PowerPC. The measurement
starts when the sender host invokesits NI’'s DMA controller
to transfer amessage from the host memory to the NI, and it
ends when the sender receives a Type0O message of 16 bytes
as an acknowledgement from the receiver. In the following
figures, we simply refer to this round-trip network latency
as aremote-DMA latency.

4.1 Basic Hardware Performance

1. Inter-MLCs Communication Performance

The inter-MLCs communication performance was
measured using a 100 MHz-sampling logic anayzer.
Figure 8 shows its timing chart when a 16-byte TypeO
message was transferred from one ML C to another via
SB. Note that ¢; and ¢4 in Figure 8 includes the maxi-
mal and the minimal link-arbitration time, respectively.
The sender MLC needs t; when the host writes a new
message to the sending FIFO immediately after the
MLC releases physical link. Even taking account of
the difference between ¢; and ¢4, (i.e. 1.12 usec), the
maximal latency of inter-MLCs communication costs
approximately 8 ysecsat most. It ismorethan 15 times
smaller than the IEEE1394 genera link layer’'s maxi-
mal latency, (i.e. 125 psec).

Figure 9 shows the throughput of PingPong communi-
cation over the Maestro cluster network. The maximal
throughput is 20 Mbytes/sec, (i.e. 160 Mbps). This
demonstrates that the network achieves up to 80% of
200-Mbps IEEE1394PHY’'s peak performance

We have also measured the throughput of PingPing
communication, where two NIs send their messages

Completion of writing to

FIFO Buffer . )
Completion of sending
JL message to SB
Completion of switching message

Completion of receiving
message at receiver MLC

ta

ti )

2.9usec 0.36usec

1.90usec 1.78usec

Figure 8. Inter-MLCs communication perfor-
mance

to each other via SB at a time. Specificaly to say,
upon a synchronization with SB, two Nlis invoke their
DMA to send a message to and thereafter receive an
acknowledgment from each other. Out of two perfor-
mance results measured at each NI respectively, we
took the worse one as the PingPing performance. The
result shows that PingPing communication achieved
10-Mbyte/sec throughput, equal to 50% of the Ping-
Pong performance.

2. Switching Performance

SB’s message switching latency is regarded asthe sum
of SB’s message analysistime and itsinter-FIFOs mes-
sage transfer time, referred to ast, and ¢35 in Figure 8,
respectively. The ¢, measurement was started when
the SB manager reads a message header from a mes-
sage analyzer's FIFO buffer, and was completed when
it requests the switch controller to route the message.
The t3 measurement was initiated when the switch
controller invokes DMA to send a message from one
FIFO to ancther inside SB, and was completed when
the DMA finishes the message transfer. The DMA set-
up needs only 40 nsec. The DMA achieves 400-Mbps
message transfer when sending a Type0 message. This
transfer rate is 2.5 times higher than inter-MLCs com-
munication throughput. Therefore, SB does not slow
down duplex communication.

4.2 Effectsof Network Burst

Figure 10 shows the performance comparison between
Network Burst and conventional single packet transfers.
The former aggregates as many 16-byte packets as possi-
ble to transfer at atime. The latter transfer fixes the packet
size to 16, 32, and 64 bytes. The larger packet size, the
higher throughput for single packet transfers. For instance,
a 64-byte packet is transferred at 1.6 times higher through-
put than a 16-byte packet, while its minimal latency is three
times larger. In any cases, Network Burst achieves better
than single packet transfers.

4.3 Effectsof Pipelined Transfer

Figure 11 shows the comparison between our pipelined
transfer and conventional message-based transfers.

To redlize conventional message-based transfers with
MLCs, we need to inactivate its feature of pipelined trans-
fer. In thisinactive mode, the sender MLC delays transfer-
ring a message onto physical link until the entire message
has been stored in the sending FIFO, as well as the receiver
MLC delays writing the message to the host memory until
the entire message has been buffered in the receiving FIFO.
We conducted the experiment as changing the message size
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from 16 bytes through to 2 Kbytes, (i.e. the maxima FIFO
buffer size).

In our pipelined transfer, the sender MLC starts send-
ing the message header to physical link while still receiving
the entire message from the sender host memory, because
of which the receiver ML C can immediately invokeaDMA
message transfer to its host memory. Hence, both the sender
and receiver ML Cs can work on message transfer in paral-
lel. For transferring a 16-byte message, the results show lit-
tle differencein performance between our pipelined transfer
and the conventional message-based transfer. However, our
pipelined transfer demonstrates lower latency and higher
throughput than the conventional transfer as increasing the
message size. From the results, we have confirmed that
the pipelined transfer performs at maximum 8 Mbytes/sec
faster than the conventiona transfer.

5 Redated Work

In this section, we will differentiate our optimization
techniques from other work in terms of Network Burst,
pipelined transfer, and performance.

1. Network Burst

TCP's diding window technique improves net-
work throughput by sending message frames asyn-
chronously. However, as passed to | P and Ethernet de-
vice handlers, each frame adds to itself an excessive
amount of header and footer information, which slows
down the communication speed.

Myrinet uses one bit of its physical link, termed aB bit,
to perform burst message transfer under its STOP-and-
GO flow contral. It keeps sending data on its eight-hit-
wide physical link till receiving a STOP signal. How-
ever, such implementation needs more B bits as prepar-
ing multiple communication buffers.

Maestro Link Protocol on the other hand efficiently
aggregates packets to send at a time, needs no flow-
control bit like Myrinet's B bit, and thus alows two
or more channels of FIFOs to perform Network Burst
concurrently without extending the link width.

2. Pipelined Transfer

TCP's fragmentation is similar to our optimization in
dividing a user message into smaller pieces. How-
ever, the difference is that TCP treats such pieces as
independent messages, each containing full header and
footer information and thus being routed alone. Mae-
stro’s packets on the other hand form an aggregation
as a routing unit, and therefore, each packet need not
include full routing information. Furthermore, in TCP,
the host machine performs message fragmentation as

triggered by 1/O interrupts, which thus incur more
communication overhead.

FM2.0 with Myrinet [7] realizes pipelined message
transfer by providing a user with library functions that
divide a message into packets and transfer each packet
one by one. However, Myrinet needs to temporar-
ily store packets in its SRAM. Due to this reason, no
matter how small packet the host sends actudly, it
must invoke an expensive DMA transfer to Myrinet.
In addition, Myrinet terminates an SRAM-to-physical-
link DMA transfer whenever encountering the delim-
iter of the current message in transfer. This means that
pipelined message transfer is always cut off over each
message boundary. Our pipelined transfer on the other
hand does not matter such message boundary. Packets
in different messages can form as a large aggregation
as the receiver can accept. Hence, we can reduce idle
time in communication and realize seamless pipelined
message transfers.

3. Performance

Table 2 compares the Maestro cluster network with
Gigabit Ethernet [17] and Myrinet [8] in terms of la
tency at link layer from the sender network device
to the switch, inside the switch, and from the switch
to the receiver network device, each denoted as NI-
SW, SW, and SW-NI, respectively. Due to their dif-
ferent architecture, their smallest message size varies
from 14 to 16 bytes. The table shows that Maestro
works 1.5 times better than Gigabit Ethernet, while
performing twice slower than Myrinet. This is be-
cause Myrinet uses a communication-specific proces-
sor, named LANai.

We have also compared their network throughputs for
a 1500-byte remote-DMA transfer. Based on [17], we
have calculated that Gigabit Ethernet’s throughput is
313 Mbps, (i.e. 31% of its peak performance.) Our
experiment using Myrinet has resulted in 113 Mbps.
Thisis 18% of its one-way peak performance, (i.e. 640
Mbps.) Maestro’'s throughput is, on the other hand,
68% of its peak performance.

In summary, while TCP, Myrinet, and FM2.0 have em-
ployed similar techniques to ours, we have much more fo-
cused on the performance improvement at link and physical
layers than those systems.

6 Conclusions

Based on the overhead investigation for cluster commu-
nication, we have proposed two optimization techniques at
link layer: packet aggregation and pipelined transfer. Mae-
stro Link Protocoal is the one that has incorporated these



Table 2. Latency comparison

| Networks (messagesize) |  NICs, Switches (Manufacturer) | NI-SW (usec) | SW (usec) | SW-NI(usec) | Total (psec) |
Maestro (16 bytes) Maestro NI, Maestro SB 1.78 2.26 1.78 5.82
Gigabit Ethernet (14 bytes) EC-440-SF,Summit2 1.30 5.00 2.50 8.70
(Extreme Networks)
Myrinet (15 bytes) PCI32(LANa 4.3, 512K byte SRAM), 0.67 1.40 0.67 2.74
M2M-DUAL-SW8 (Myricom)

two optimizations as well as the idea of fair link arbitra-
tion. We have realized this protocol in a hardware chip,
(i.e. MLC), have implemented the Maestro cluster network
where nodes communicate with each other via their MLCs
and a switch box, and have evaluated the performance. The
results demonstrated that our optimization techniques con-
tribute to the performance improvement for cluster commu-
nication.

Maestro Link Protocol is applicable to any point-to-
point communication medium such as USB (Universal Se-
rial Bus) [19]. Using the next generation of IEEE1394PHY
capable of 400-Mbps or 800-Mbps transfer, MLC would
achieve 320-Mbps or 640-Mbps throughput respectively.
Although our current implementation of credit is denoted
in 1x4 bits and thus limited to specifying up to 15 packets,
anew eight-bit-wide IEEE1394PHY will extend this credit
size, which permits more packets to be aggregated and fur-
ther improves the throughput.

Neverthelesss, MLC needs to be modified as
IEEE1394PHY is revised for higher-speed communi-
cation. The modification is however only expanding
MLC's data bus from 4-bit to 16-bit width, which can
remove its internal 4-to-16 data steering logic and thus
simplify MLC's entire logic.

Our future plans include (1) implementing a user-level
communication library to maximize the benefits from the
Maestro cluster network, (2) implementing a distributed
shared memory environment over this network, (3) applying
Maestro Link Protocol to the next generation of IEEE1394
physical layer and optical communication media, and (4)
conducting further performance evaluation.
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