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Abstract— Several commercial Gigabit interconnect technologies are ~ The primary contribution of this paper is to find a common,
currently emerging due to the results of the intensive research with the NSF - grchitectural denominatofor an evaluation and for a compar-

Gigabit Networking testbeds. A fair comparison of these new, but different . . o .
network technologies needs a common denominator as a basis. To characSON of Glgablt interconnects. At this time we propose to do

terize networking performance, we propose to carry out a comparison at this at three different levels: first for a simple and highly opti-
three different levels: (1) simple remote load/store operations, (2) messagemized remote load/store operation using all the knowledge about

passing libraries and (3) standard IP over LAN networking. Our compar- ; i
ison includes the two Gigabit Interconnects for the PCI bus that are tar- the hardware details (DIRECT DEPOSIT)’ second for an optl

geted at clusters of PCs, Myrinet and Dophin SCI. Just for a reference the Mized standard message passing library (MPI/PVM) and third
interconnect technology of the SGI/Cray T3D is evaluated with the same for a connection oriented LAN networking protocol (TCP/IP).
benchmarks. After a description of the hardware in three different net- Specifically in Clusters of PC’s (CoPs) we think that an in-
work interfaces, we take a closer look at the communication operations and d f for TCP/IP LAN lati ke CoP
determine the “native” and “alternate” modes of operation of the different creased per Qfmance or emu ation can make CoPs
technologies. For a direct comparison we present uniform throughput mea- @ very attractive platforms for many existing PC customers, be-
surements for all three architectures at all levels of communication services. cause several protocol stacks, middleware packages and applica-
Myrinet and the Cray T3D can sustain a full Gigabit/s transfer rate for ; ; ; ;
large transfers of contiguous blocks. The Dolphin SCI cards peak at some- .tlons using TCP/IP Soc.kets are read”.y available. In mOSt cases
what more than half a Gigabit/s despite the faster raw hardware speed. 1tWould r_IOt be economical to adapt this software&sh kind of
The two PCI based system can not sustain their good performance when network interface. At a later date we plan to extend the study to
the communication involves non contiguous data, when the message passhigher-level services which might use such UDP/IP or TCP/IP
ing semantics require buffering in main memory or when an IP over LAN rotocols e to remote file svstems or high performance web-
emulation is used. Given the low cost of these interconnect boards, their p -9 y ghp
performance close to a Gigabit is remarkable, but due to the afore men- and database-servers.
tioned limitations we expect that any Cluster of PCs built with those PCI : ; ;
card interconnects will get into some difficulties with applications that re- Most pr_ewous performance studies reSt.nCt themselves. t.o the
quire complex, dense communication patterns or support for standardized presentatlon of maximum transfer bandwidth and. the minimal
high level networkin software. latency or simply address the performance of a single applica-
Keywords—SCI Networks, Myrinet Networks, Gigabit Networking, Net-  tion. Unfortunately such studies are still the state of the art in
work Interface Architectures, Shared Memory, Message Passing, Remote ; ; ; ; icicin.
Loads/Stores, Performance Evaluation, MPI, PVM and TCP/IP. comparing (‘:ilf'ferenj[ ne.t\.Nork te.Chr.]ObgleS' We think this is in
adequate, since scientific application codes for parallel comput-
ers or clusters of workstations often deal with large quantities

|. INTRODUCTION of distributed data for communication. Some applications use

IVE years ago Cray Research announced its T3D Mplke regular layout of data and store their data in distributed ar-
F (Massively Parallel Processor) line and set high standaf@ys. While other applications use a fine grain object store as
for Gigabit/s SAN (System Area Network) interconnects of miheir distributed data structures. In both cases we encounter a
croprocessor based MPP systems sustaining 1 Gigabit/s per fk characteristic communication patterns when arrays or ob-
in many app”cations_ Today the communication Speed is Stﬂpt collections are redistributed or distributed ObjeCtS are mi-
at one Gigabit/s, but major advances in technology manageditgted. The regular array transpose is a good generic test case
drastically lower costs and to bring such interconnects to tifeassess the strengths and weaknesses of the communication-
mainstream market of PCI based commodity personal comp@fd memory- systems. We therefore extend our benchmarks
ers. Two products are available today: The Scalable Coht¢-cover data types beyond contiguous blocks and incorporate
ent Interface (SCI) and Myricom's Myrinet. Both networkinghe processing of strided transfers as an example of complicated
technologies include cabling for SAN and LAN distances arfi€mory access patterns to our tests.
adapter cards that connect to the standard I/O Bus of a high en@ur paper is organized as follows: In Chapter Il we describe
PC. Both technologies can incorporate crossbar switches to the three levels at which we compare the performance of the
tend point to point links into a network fabric. Myrinet links arenetworks. After that we attempt to describe the SCI- and the
strictly point to point while SCI links can be rings of multipleMyrinet-network interface technologies in uniform architectural
nodes that are possibly connected to a switch for expansion. terms including a few references to the old T3D technology in



Chapter Ill. Chapter IV explains the options of different transsandwidth. Control messages are mostly empty and low latency
fer modes for each of the three network interfaces. The perfes-all that counts for handling them efficiently. Most high per-
mance measurements for communication throughputin Chagt@mance interconnects permit low latency signalling for control
V permit to conclude about the performance of our current S@lessages. The corresponding issues of their implementation

and Myrinet evaluation boards in Chapter VI. and optimization is beyond the scope of our evaluation in this
paper. The major concern is with the data transfers. Typically
Il. LEVELS OF COMPARISON the source of data is in the virtual memory of a user process on

The key functions of a communication system within a dighe sender node, and the destination is in the user’s memory at
tributed system is to move data and to provide explicit synchrée receiver.
nization for consistency. This can be done at different abstracdn the deposit model only the sender actively participates in
tion levels with more or less support by the system. We attenip€ data transfer, “dropping” the data directly into the address
to find a common denominator for an evaluation and the comp&pace of the receiver, viibut active participation of theceiver
ison of different Gigabit interconnects by selecting a few conprocess. The model allows a clean separation of control and
mon operations and examine the ways those can be perforrflath messages. In the deposit model, control messages, barriers
with different abstractions and different amount of support froff semaphores are used to deal with explicit synchronization,
system software. At the lower levels the performance results &fd data messages are sent only when the receiver has signaled
highly transparent and we can easily relate them to the spdtg-willingness toaccept them.
fications of the hardware while at the higher level the perfor- In addition to transfering contiguous blocks the deposit model
mance figures correspond closely to what an application can 8ows to copy fine grained data directly out of the users data
pect from the system. Therfore we propose to do the comparisifiicture at the sender into the users data structure at the re-
at three different levels: ceiver, involving complicated access patterns like indexing or
« DIRECT DEPOSIT: for simple remote load/store operastrides. In most applications we encounter a few very character-
tions. The performance at this level is expected to be closigic communication patterns when arrays are redistributed. For
to the actual hardware performance. transposes of distributed arrays and many other redistributions,
« MPI/PVM: for an optimized standard message passing fvery processor must exchange data with every other proces-
brary. Carefully coded parallel applications are expected to s i.e. perform and "all-to-all personalized communication”
the performance measured at this level. (AAPC) operation. The end-to-end performance of an array
« TCP/IP: for a connection oriented TCP/IP LAN emulatiorfransposes is largely determined by the ability of the memory
protocol. Users that substitute a Gigabit network for a convedRd communication system to collaborate and handle local and
tional LAN will see a performance comparable to this bencfiemote copy transfers with strides (dense matrices) or indices
mark. (sparse matrices) optimally. As we will see in our evaluation

Direct Deposit with its simple “no fuzz” remote store semardifferent communication technologies have a different amount
tics allows us to evaluate the fraction of the hardware perf@f hardware support for such transfers. This fact is exposed by
mance that is sustainable by software in the different technofr study of deposit transfers.
gies. The transfer of non-contigous blocks exposes the capabilThe deposit transfers can be implemented in software e.g. on
ity of the hardware to handle fine grained communication. If tiep of an active message layer, where the sender node just sends
hardware is unable to execute fine grained transfers efficientl}¢ data, and a handler is invoked on the receiver to move the
aggregating copies must be used. data to its final destination. However, our understanding of di-

At a higher level we further explore the transfer modes ®@ct deposit suggests thata general control transfer in the form of
MPI/PVM message passing communication with full bufferingn RPC should be avoided and that previously asserted synchro-
according to clean postal semantics and alternatively with softigation is sufficient to move the data. Furthermore the func-
common “zero opy” shortcuts that typically restrict the semantionality of the handler is fixed and the deposit operation at the
tics of the messaging API. To investigate the performance deceiver only affects the memory system of the receiver. Un-
livered in a classic, connection oriented networking protocol wie in the original active messages a good and efficient imple-
picked the “TCP/IP over LAN” protocol emulation. In the lattementation of direct deposit therefore mandates that the deposit
two cases the transfer of contiguous blocks satisfies the nebasdler is implemented directly in hardware, e.g. by DMAs or
of the data representations in the principle API, but addition@lfernatively by a second “communication” co-processor, which
copies may occur due to the tricky postal semantics of se@gecutes only handlers and unpacks messages.
and receive calls or due to the requirement for retransmissiorPirect deposit strongly ressembles a simple remote store on

to achieve reliable connections. a NUMA architecture. The difference between deposit and
_ . NUMA stores is that the deposit model promotes and assumes
A. Direct Deposit aggregation despite the non- contiguaasess patterns that oc-

Conventional message passing programs use the same meghyvhen communication data is placed directly to its destina-
anism (messages) for control and data transfers. We clas&i§ In user space.
control and data messages based on their contents. Control mes-
sages are linked to synchronization and are often part of the p O-MPI/PVM
tocol. Data messages contain a significant amount of data thatPl and PVM are examples of the classical postal model.
is moved between nodes and benefit for better communicat®oth the sender and receiver participate in a message exchange.



The sender performs a send operation and the receiver issupgeasage passing scenario. In a serious performance character-
receive operation. These operations can be invoked in eitheriaation of any MPI/PVM implementation both cases should be
der, blocking or non-blocking. That is, messages can be sewmaluated seperately.

at any time without waiting for theaceiver. This enhancement

in functionality forces the system to buffer the data until the ré&. TCP/IP

ceiver accepts it. An optimization, so that no #itehal copy is

Connection oriented LAN network protocols are particularly

needed on the receivande, delayes the transfer and waits untjinportant for Clusters of PCs and crucial to their commercial
the receive is posted which then pulls the data from the sendgability. Most protocol stacks are provided by the default op-
Figure 1 shows two possible scenarios of postal semantics. Higting system of the PCs and many software packages using
upper chart shows how data can be transferred directly whentigese protocols and the socket interface are available. In our
strictions on the use of the send and receive calls are acceptsiisters of PCs (CoPs) project we do not want to limit our-
In the picture the restricted calls are Synchronous and mUtU%u\/es to dep|oy|ng ever Cheaper GigaF]opS to our research
block to wait for completion at both ends of the transfer. In théslleagues in computational chemistry or computational biol-
lower chart full postal semantics is assumed and required. T&8, but intend to widen the range of parallelizable applications
messages can be sent without looking at #eeiver. The mes- from scientific codes to databases and internet servers. Espe-

sages will be buffered by the communication system until theally for web-servers or commercial databases and middleware-
receiver is eventually ready to accept them.

systems it would not be viable to change the standard commu-
nication protocols to restricted high speed messaging. For net-

prog. lib-—net b prog work file systems on clusters, like NFS or Sprite, both UDP/IP
send(B1,P1 | | recv(B2) and TCP/IP must be provided. With an optimized IP implemen-
B1 tation a Cluster of PCs can provide high performance at a good
4 send @ g price for a larger number of programs, than a dedicated cluster
ena_sen ena_recv H : H
recv(B4) send(B3,P0) with J_ust amessage passing system software dpes_.
% IP is primarily designed for internet communication and not
B4 for messaging in parallel systems. However it can offer an
end_recv end_send . . . .
- \ \ - unreliable, connectionless network service fragmenting packets
; b et b o in IP-datagrams and deliver them according to the IP address
P Tg © P | g scheme. Transport protocols as UDP and TCP allow to extend
send(B1,P1 send(B3,P0 communication to different processes of the same end system
(B1, (B3,P0)
end_send B3)  end_recy by a port concept (sockets). TCP further enables full duplex
. communication over a reliable datastream by implementing flow
barrier / \ control and retransmission with a sliding windows protocol. The
recv(B4) /x recv(B2) latter functions of TCP are less important in a cluster intercon-
end_ recy B4 B2) ¢nd send nect (there should be no loss in the switches) butits API is very
\ \ common if not ubiquitious.

Fig. 1. The figure shows two scenarios: First with restricted postal semantic Because the protocol is Impleme.medlmm Sp.ECIfIC know-
.ba-sed on synchronous, blocking seﬁd calls, which may release the ser%igepf the used hardware' assumlng an unreliable network ser-
only when the receive is executed; Second with full postal semantics whati€e like ethernet or internet respectively, the performance of IP
non-blocking calls are always peitbed, forcing the communication systemyil| rarely match the performance of optimized MPI and direct
to buffer the messages until received. deposit protocols. Especially the latency for TCP data transfers

is much higher due to connection setup, which might be accept-
MPI- and PVM-communication functions must be impleable or unacceptable to certain applications. The maximal band-
mented with the lower level primitives that are offered directlyidth is lowered by at least a factor of 2-3 by the requirement
by the communication techn0|ogy_ Often this primitives are jugir reliable transfers with retransmission after communication
remote load or remote store. For clean higher level abstractiGHgors.
buffering is an important part of the message passing system.

The typical amount of data transferred is usually too large to be

stored in special purpose registers of the network interface or inFor many years, the rapid advances in processor technology

the buffers along the path from a sender to the receiver. Theaad architecture have consistently outperformed the improve-
fore buffering is done by a higher level of the message passimgnts of interconnect technology in terms of speed, cost and
library and involves the memory system at the end-points. Manydespread availability. Howevergecently new interennect
simple libraries just allow to map the implementation of blockechnologies in local-area and system-area networks have been
ing sends directly to a fast direct deposit including synchronizadopted and implemented by interconnect and networking ven-
tion functionality. Those can be compared with the restricted s#ors in the form of switches, links and I/O-bus adapter inter-
mantics scenario. The proper execution of non-blocking serfdses for workstations and PC’s. They promise to close the gap
need buffering on the receiver side and often leads to an &e&tween the advances in processor and interconnect technology
ditional copy operation which again largely affects the perfoand support the development of new, more powerful, and more
mance. This mode of operation is characterized by the secafdfkctive parallel processing systems.

1. GIGABIT NETWORK TECHNOLOGIES
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Fig. 2. Block diagrams of different network interface architectures. A Pentium Pro PC with either Dolphin SCI Interconnect or Myricom MyrinepieChada
a Cray T3D node with DEC Alpha Processor and deposit-fetch engine.

Two of the most promising new networking technologielsrge amount of staging memory and the fully functional RISC
for interconnecting compute nodes at gigabit speeds in a higiecessor core provided on every Myrinet interface board ver-
performance Cluster of PC’s (CoPs) are Dolphin’s Scalable Cauis the simple buffer-oriented network interface hardware on the
herent Interface (SCI) and Myricom’s Myrinet. Of course thiSCI network interfaces.
list is by no means complete. There are a few old intercon-
nect technologies that are not as actively marketed like e.g. he The 80686 hardware platform of CoPs
memory channel or there are other technologies that are newly
announced or even shipping and we were just unable to evaluate bentium Pro bontium Pro
them (yet). Since the mode of operation of an SCl interface con- Processor Processor
nected to a PC is so similar to the hardware of a processor node
in the SGI/Cray T3D system we provide a short description of  ostBus
its communication technology as a reference for mechanisms,
services and performance. The SGI/Cray T3D is a 5 year old, oo/ ‘ o4

Data
v

non-commodity platform, thaeached the end of its life cycle in MALT1:0] Y Main Memory | MPI63:0]
the mean time, but is still faster (and still much more expensive) PMC B MB o 1 GB ¢ DBX
than any of its competitors today. PCIBridgeand | MBPL7:0l —
Memor

A simplified schematic of the network interface of the Dol- Contoler |« Poned) Aocellereter
phin PCI card, the Myrinet LANai card and the T3D network Control
interface circuitry is shown in Figure 2. The main difference be-
tween the old T3D and the newer commodity interconnects for PCI Bus i
PCs is found in the indireetccess to the network and the mem-

ory through an 1/O bus. The “motherboard” chipset of a PC

which includes the memory controller and an 1/O-Bus bridgey. 3. Blockdiagram of the Intel 440FX Chipset. The PCI bridge offers a
assumes the role of a main internal switching hub of the sys- private bus for memory accesses from the PCI bus which is capable of satu-
tem. All l/O-operations including Gigabit networking must be 219 the 132 MByte/s PCI bandwidth.

performed over the PCI-bus, a standard I/O interface with lower

bandwidth than the host- and memory-bus. With the advent ofOur experimental platform for benchmarking the two com-
games and virtual reality the bandwidth requirements for graphedity Gigabit/s networks is given by the plans for our clus-
ics has outgrown the PCI bus and the PC industagted with a ter of PCs. The current node architecture is based on single
separate graphics port (AGP) for the newer PCs. Unfortunatalyd twin 200MHz Intel Pentium Pro processors. The memory
networking seems less important to the mass market and hassystem design of this PC-Platform is based on a 2-level hierar-
yet been accomodated with a special port by the motherboalhy of caches (L1, L2) integrated on the processor chip. The
chipsets. The SGI/Cray T3D allows direct access to the meht cache consists of separate 8KByte for data and instructions.
ory via a highly optimized deposit/fetch engine. In addition tdhe instruction cache is 4-way-set-associative, the data cache
that engine a so called DTB annex supports direct communiéa-dual ported, non-blocking, 2 way-set-associative supporting
tion from the processors caches to the network via an addrese load and one store operation per cycle, the cache line sizes
translator and a few special FIFOs. The principle difference bare 32Bytes wide. The L2 cache, located on a separate die, is a
tween the two commodity systems, Myrinet and SCI lays in ti#56KByte set-associative, non-blocking unified instruction/data



cache, which is closelyaupled with a dedicated 64-bit full act as a bus master to gather data blocks from or scatter to the
clock-speed backside bus. An Intel 440FX Motherboard Chipseist memory over the PCI bus. At the same time, the DMA en-
gives the processor access to 64MByte of SDRAM memory agthe computes an datagramm checksum of the data it transfers.
the PCI bus. The processor, the Data Bus Accelerator (DBXhe remaining DMAs are used between the network FIFOs and
and the PCI Bridge are connected by a proprietary 64-bit 66 Mitze staging memory on the card. All DMAs can work in parallel
host bus (512MB/s). The external PCI bus is 32bitwide and ruwéich allows pipelined operation. They can either be initialized
at 33MHz (132MBY/s) (see Figure 3 [1]). by the MCP on the LANai or directly through memory mapped
special registers with the main processor.

B. Myricom Myrinet Technology

The Myrinet technology is a SAN or LAN networking tech-C: Dolphin PCI SCI Technology
nology based on networking principles previously used in mas-The primary goals of the Scalable Coherent Interface (SCI)
sive parallel processors (MPPs) [2]. Myrinet networks are builichnology is to provide bus functionality with point-to-point
from links that carry a pair of full duplex 1.28 Gbit/s channeltterconnects including scalable cache coherent shared memory
that connect host and switches point-to-point. Wormhole rougetween physical distributed processors and memory systems
ing with link level flow control guarantees the delivery of mesEEE Std 1596-1992 [3]). SCI supports a variety of topologies
sages despite congestion, the checksums are just for the deteguding rings and switched rings. The current versions of most
tion of electrical errors. The 4, 8 or 16 port switches of Myring2C|-SCI adapter card only implement a subset of the IEEE stan-
may be connected among each other by links in @amplogy. dard excluding the hardware cache coherency protocols. For full
Myrinet packets are of arbitrary length and therefore can etoherency there are a few expensive adapters available that re-
capsulate any type of packet (i.e. Ethernet packets, IP packgtace one Pentium processor in multiprocessor motherboard and
MPI messages) and most notably - the maximum length of tbennect directly to the processor bus. The most simple full du-
packet (MTU) is not limited. In the network link level flow con-plex connection can be established with two unidirectional links
trol guarantees integrity of the data transfers at the expensezaéh allowing 1.6 GB/s throughput.
an increased potential of mutual blocking and deadlocks in thewe examined Dolphin’s PCI-SCI adapters [4] (see Figure
switches. 5). Those adapters currently support two modes of operation,
one mode for per-word, shared memory operation (by transpar-

PCI Bus 0 ently forwarding requests and responses between PCIl busses)
Dl A and one mode for block operation in message passing (executed
DMA/Checksum ¢>" Y N by DMAS). In the first case, a load/store request to 'the remote
Engine < memory is sent the adapter card on the PCI bus instead and
translated into an SCI read/write request, sent to the remote PCI
P RISC o bus of the receiver and executed there as a memory operation
rocessor < . .
SRAM with a potential return of data to the sender (remote reads). At
Packet PN the receiver a Read/Write requests to the remote memory seg-
Interface Data/ ment is mapped to, is forwarded to the memory system through
Address
Bus the local PCI bus.
Link Interface ]
LANai PCI Bus
v
Myrinet | LINT
read/write v
Fig. 4. Block diagram of the Myricom Myrinet Adapter. stream
buffers I— = E——_
SCI Protocol
. . . Lo Engine
A Myrinet host adapter (see Figure 4) contains a LANai chip
with a RISC Processor core, several DMAs and the entire net- ¢
work interface integrated in one VLSI chip. In addition to the X i
LANai there are 512 KByte - 1 MByte of fast SRAM on the o Rx
adapter card to store a customizable Myrinet Control Program SCI Link
(MCP) and to act as staging memory for buffering packets. Controller
Typical MCPs provide routing table management, gather oper- «
ations, checksumming, send operations, generation of control SCITX SCIRX
messages, receive operation, validity checking, scatter opera- Fig. 5. Block diagram of the Dolphin PCI-SCI bridge.

tions and interrupts for the receiving processpon arrival of a

message. The RISC processor core is a 32-bit dual-context ma-

chine with 24 general purpose registers. One of the two context§he card consists of two main parts: the protocol engine and
is interruptable which causes the processor to switch to the néime link controller. The sent data with its management informa-
interruptable context. In addition to the RISC processor cofien is stored in eight 64Byte streambuffers selected by the store
uthe LANai includes three DMA controllers. The LANai caraddress. This allows the hardware to gather contiguous data and



combine it to a single SCI data packet. The packet is eithexternal read-ahead circuitry (RDAL) can be turned on by the
transmitted when the streambuffer is full, by an explicit buffggrogrammer at load-time to improve performance of contigu-
flash or an implicit timeout. With this pipelined transmissiomus load streams; we have measured improvements of approx-
high datarates can be achieved for contiguous data. PCI- to $@ately 60% with read ahead. For writes, the default configu-
memory address mapping is also handeled by the protocol eation of the cache is write-aund, and support for writes con-
gine with an Address Translation Table (ATT) where 32-Bit PGlists of the write back queue provided by the microprocessor.
addresses are converted to global 64-bit SCI addresses. Siftoe documentation of the Cray T3D Application Programmers
SCI protocols are bus protocols, this mapping is seamless m@iburse [5] specifies the local read bandwidth at 55 MB/s for
like a PCI bridge and can be performed with low overhead. Tihen-contiguous single word transfers, and up to 320 MB/s for
most significant 16 bits of the SCI address are used to seleohtiguous reading afache lines with read-ahead. The latency
between 64K distinct devices. This SCI address space is tluém load from main memory is around 150ns.
mapped into user space. The interface between the processor and communication sys-
In addition to the logic for single word/singbache line trans- tem on the Cray T3D consists of the annex, a memory mapped
fers, blocks can be handled by a DMA engine that moves dai@mmunication port, which maps some range of free address
transparently from local memory of a sender to the receiver. space to the physical memory of another node in the system; this
The SCI link controller chip contains two FIFOs to send andode is then selected as a communication partner. The commu-
receive packets from two unidirectional Tx (transmit) and Rxication partner can be switched with a fixed overhead by mod-
(receive) channels (seperate for request and data packets), whighg the appropriate annex entry. The significant fixed cost for
operate continuously and concurrently. It provides flow contreWitching the communication partner justifies our classification
and guaranteed delivery of SCI packets. A third FIFO store§the T3D as a highly advanced distributed memory, message
packets in transit on the ring, when data is sent from the Passing machine. Once a store operation is issued to the com-
buffer. In SCI data, addresses and SCI commands are all engapnication port, the communication subsystem takes over the
sulated into network packets with 0, 16 or 64 byte payloads. $pecified address and data, and it sends a message out to the re-
CRC checksum is calculated for each packet so that parity erroetver. Remote loads are handled in a similar way and can be
can be reported. SCI packets arriving on the receiving link gogelined with an external, 16 element FIFO queue. This queue
disassembled and their contents are forwarded to the SCI coguires direct coding support by the programmer or compiler
troller which stores the data at the specified memory addressand is rarely used.

gets the data on a read request and sends it back. At the passive end the fetch/deposit engine completes the op-
) eration as a remote load/store on behalf of the user at the other
D. The SGI/Cray T3D - a reference point node. Thesaccesses happen Wwitut involvement of the pro-

The SGl/Cray T3D node is an interesting example of an ofgssor at the receiveode (i.e., there is no requirement to gen-
style multiprocessor node architecture specifically designed fate an interrupt). This circuitry can store incoming data words
a distributed and parallel system. Although the original desigkrectly into the user space of the processing element, since both
is already retired at this time of emerging PC clusters, it still sedgldress and data are sent over the network. The on-chip cache
the standards for a good communication irded. The imple- of the main processor can be invalidated line by line as data are
mentation is done in a heat producing, expensive bipolar EGtored into local memory, or it can be invalidated entirely when
gate array technology that does not impose any compromi#eg program reaches a synchronization point.
for cost or for standardization. There was no commerical pres-Transfers from the processor to the communication system
sure to use a PCl bus between the processor an network interfate be performed at a rate of approximately 125 MB/s, and if
and Cray even built its own chip foundery to achieve a shorteultiple nodes perform remote stores of contiguous blocks to a
turn around on the gate arrays used in the network imterf single node, these transfers can be processed at the full network

The processor board comprises a 150MHz 64bit DEC Alplsaeed (160 MB/s) [6]. The number of network nodes is only
EV-4 microprocessor (21064), a local memory system, a mehalf the number of microprocessors (or processing nodes). If
ory mapped network interface to send remote stores to the rjgst one of the two processors is communicating at a time, the
work, and a fetch/deposit engine usually names “the annex” @&gtwork can be accessed at up to 125 MB/s, if both processors
cording to the construction plans of the vendor aegording are communicating the full speed of a network access is avail-
to other publications. The memory of a T3D node is a simp#ble and each processor obtaibsat 75 MB/s in bandwidth to
memory system built from DRAM chips without extensive supaccess the network.
port for interleaving and pipelined accesses. Unlike DEC AlphaThe interconnect topology for data transfers in the T3D is a
workstations, the node has no virtual memory and runs withtlaree dimensional torus with dimension order wormhole rout-
special version of the DEC Microprocessor without the funéag. Service and IO nodes are inserted into the regular grid in at
tional units for paged virtual memory. least two dimension, so that they can be reached by dimension

The interface between the computation agent and the maider routing without any problems. Routing is fully determin-
memory is centered around an 8KB prima&ache and a write istic and determined by a global hardware routing table loaded
back queue (WBQ) which are integrated on-chip within that boot time. There are several sets of virtual channels to permit
DEC Alpha microprocessor. An overview of the memory sysull torus routing with a dateline and also to permit a complete
tem and its interface to the processor and communication sgeparation between operating system traffic and user programm
tem is shown in Figure 2 along with the other interfaces. Amaffic.



IV. TRANSFERMODES « Direct deposit, mapped The main processor pushes the data
directly into the network FIFOs through regular store operations
addressed to a special segment of virtual memory, mapped di-
We focus on the performance of moving data itself and diggctly to the network interface and through that port on to the
regard any differencence in amount of local or gatsthe co- memory of the remote processor. Contrary to a common belief
herency that the diffent technologies offer, since at this poitite precise layout of the assembly instructions to trigger this re-
none of the technologies can offer automatic fully coherefitote store or load operation does not matter. It is well conceiv-
shared memory to support a standard shared memory prograhie that a parallelizing compiler handles a remote store as two
ming in hardware. Such will remain a priviledge of much lesseparate stores for address and data, since the compilers have to
scalable or more expensive systems like bus based SMPs an#@w about local and remote for performance optimizations.
rectory based CC-NUMAs. Furthermore the implication of diffhis mode of operation is the native mode of operation for the
ferent network topologies is an extremely well researched tof@€! adapter and for the Cray T3D which have both direct hard-
and therfore we assume that a sufficient number of switchesMare support for it. A Myrinet adapter can only map the send
used in both systems to provide full bisectional bandwidth &ggisters and the staging memory (SRAM) directly into the user
this is the case in most smaller systems. It is also clear the dagigiress space of the application, but not the remote memory it-
transfers to remote memory must be pipelined and aggregasetf. It seems that direct remote stores are impossible unless the
into large messages. The pure ping-pong latency of a singkp dedicated MCPs (co-processors) at the sender and the re-
word transfer remains of little interest for a comparison of thegeiver side become involved. A dedicated control program for
sustainable end-to-end throughput achieved for different cothose co-processors must shadow the adapters staging memo-
munication patterns in diffent transfer modes with processofigs, transfer the data across the network and move the incom-
co-processors and DMAs all working. ing data to the remote memory at the receiving end, so an SCI
Until recently the maximal performance of the memory- anlike remote store operation can be emulated for contiguous and
the 1/0O-system was rarely achieved by the network intercoptrided blocks of data. This technique does not work too well
nects. Therfore neither the performance of the 1/0 bus desigA&an isolated store but performs adequately for an aggregation
nor the performance of the common system software was @&b-multiple stores with indexes or strides.
timized enough to work with Gigabit networking. Those twe Direct deposit by DMA: The application stores its data (an
factors are the principle bottleneck in todays clusters of PC’spotentially also the addresses) into a reserved, pinned address
A further bottleneck is the lack of local memory system pef€gment of local memory instead of the mapped remote address
formance in PCs. Memory system performance is not only ifPace. Starting from there the DMA engine of an adapter can
portant to computational efficiency in applications with IargEU” the.da}ta directly into the network FIFO queues interface for
datasets, but it is also the key to good performance of inter-ndfsmission. _ .
communication. While high end MPP node designs can affofdiS mode of operation works very well foontiguouslocks of
memory systems with special hooks for inter-node communic@ata. SCI in direct message passing mode can send blocks of the
tion at Gigabit/s speeds, low end systems must rely entirely BigPPed memory using its DMA. The DMA controller utilizes
mass market memory systems and standard /0 interfaces (i.£1&most efficient sequence of SCI transactions to achieve high-
PCI bus) for economic reasons. est possm'le 'Fhroughput. Myrinet with its 3 DMAs on the LANai
The main difference between the SCI- and the Myrinet- neql_lows a ;lm!lar r_node of operations. Furtherr_nore there is.a bit
work adapters are the default and alternate transfer modes tHi3/€ flexibility since data can be gathered in small portions,

can operate in. Although the hardware mechanisms involvi{pred at the staging memory and sent directly to the packet in-

in transfers between main memory, staging memory and n@([face. The DMASs can be supervised and periodically restarted

work FIFO queues may be vastly different, the purpose of Y the Lanai MCP.

data transfers remains the same: Move data from user spacé g]uffer packing with processor or DMA at the sender The
a sending process to the user space of a receiving process. NI&f! Processor or a DMA of the PC gathers the segmented data

interconnect designs can do this with close to peak speed the network FIFO \,’ia a segment of mapped main memory.
large blocks of data and for the special semantics of zero co n, the network card’s co-processor or another DMA transfers

messaging. To explore these issues in more depth, we reqtfifeMessage into the network FIFO.

that a direct remote memory operation can also include mofe is mode the message is processed by eithgr the main proces-
complex memory operations at the receiving end e.g. stridgd o @ network processor and a DMA.an_d finally traqsmltted
stores. A typical application for such an operation would ato the network FIFO. Measurements indicate that this is the

the boundary exchange of an iterative FEM solver working st way of transferring data and can therefore be calledahe

large, distributed sparse matrices. Figures 7 - 8 illustrate thie Sender mode of Myrinet. Depending on the block size of

options for transfers for each of the intermects discussed earStrided and indexed transfers packing with the main processor

lier. One mode is mostly processor driven and utilizes the mgg?t can be faster than gathering them directly with the DMA.

direct path from memory to the network FIFOs, while the oth&r Buffer unpacking with processor or DMA at the receiver.

mode is DMA driven. The latter mode makes a few additionglhe main processor packs the destination store addresses along

copies on the way to the network interface but uses DMAS to ydth the data into a message. The adapter gets the prepared
them in parallel to the regular activities of the processor. message by a DMA and pushes itinto the network FIFO. On the

receivernode the main processor or the network card’s message

A. Overview



processor reads address and data words and scatters the dat tiee maximal bandwidth. The performance can be increased
DMA transfers to a segment of main memory. in the same way as for Myrinet if the main processor unpacks
Again the message is processed by either the main proceskerdata after a fast contiguous transfer.

or a network processor and a DMA at the receiver side. Mea-

surements indicate that this is the best way of transferring data | . - Pentium
and can therefore be called thativereceive mode for Myrinet. o Pro
Depending on the block size and access patiepacking with 7\ A
the main processor can be faster than scattering them with the ['jS e 5]
DMA. \ i el
- | | e PTEGiEad e }K agoe| Pl G
B. Discussion of the native and alternate transfer modes in the o \l N
three architectures 'gﬂ @ Aut ) fem
To implement the remote memory system performance tests
with their complicated strided pattern we can either use the hard- Memory — - Direct mapped transfer Memory
ware support provided by the communication adapter or the Buffer-packing transfer

acking/unpacking with the main processor that always leads
P 9 P 9 P y Fig. 7. Schematic flow of data with SCI. SCI supports a direct mapped mode

t(? an additional copy operation, but avoids the |neff|C|ency Oig which enables transparent access to mapped remote memory segments. For
single word transfers across the PCI bus message passing the main processor packs the data which then can be pulled
and sent by a bus master DMA of the SCI adapter card.
Myrinet
The Myricom Myrinet Adapter with its own RISC processor
and its staging memory allows for different scenarios. Figurel®D

shows two schematic flows of data, a direct deposit and a buffefrne T3D offers hardware supportto perform direct user-space
packing/unpacking operation. The receiver adapter's procesgp{;ser-space transfers for all communication patterns, contigu-
can be used to unpack and scatter the data without invocatioyg§ and strided (see Figure 8. This capability potentially elim-
the main processor. Here the DMA to the main memory is theates all buffer packing at the sender and unpacking at the re-
bottleneck when small amounts of data (words) are transferiggyer end even for the more complex access patterns. The Cray
because of the PCI bus arbitration overhead for each transtggmEMPUT library (libsma.a) provides a thin layer to cover
For these access patterns the packingacking by the main the hardware details of direct deposit for contiguous transfers.
processor and sending the contiguous packed data with a DIAyffer packing message passing style interface is provided by

transfer leads to much higher throughput. the Cray PVM or MPI libraries for a higher level of messag-
ing in system software. While both libraries contain primitives
Pentium Pentium for direct contiguous block transfers, both libraries fail to pro-

\“’ Pro vide adequate flexibility for transfers of strided and indexed data

without prior copies in local memory.

H¢ Network L
[gﬂ LANai EQ
LL RISCf

P \-Memo\w f — [PCI-Memory, DEC Alpha DEC Alpha
Bridge \’&B&vafm }K 2 \Bridge 21?64 21084
Mem Mefn | )
Network
Buﬁ] Ldva ) [ng Send etwor Send
| | annex annex
(B! v [Bus]
Memory — Direct mapped transfer Memory INI
Buffer-packing transfer Deposi DeBsit
Fetch Fetch
. . . . . . . engine engine
Fig. 6. Schematic flow of data with Myrinet. Different scenarios are possible.

Some sort of direct mapped mode for chained transfers can be implemented

using the SRAM and the LANai processor on the adapter card. The usual Memory — b Direct mapped transfer Memory
mode of operation is the message passing mode where the data is packed Buffer-packing transfer

and unpacked by the main processor.

Fig. 8. Schematic flow of data on the Cray T3D. Direct transfers can be imple-
mented mapping the entire remote memory into local address space (through

SCI annex). A special fetch/deposit circuitry handles incoming remote opera-
tions without involvement of the processor. For the message passing mode,

Figure 7 shows a schematic flow of data with the Dolphin t_he main processor packs the data in the Ioca_l memory, copies it as a con-
PCI-SCI-Adapter. SCI supports a direct mapped mode which 9U0us Plockto remote memory and unpacks it again.
enables transparent access to mapped remote memory segments.
As the data is first stored in stream buffers, this mode works per-
fectly well for contiguous blocks whereas for unfavoradteess
patterns, e.g. strided or indexed access, only one stream buffdn our performance evaluation we discuss the throughput to
can be used and consequently the performance drops below hite data in different application scenarios. For the best under-

V. PERFORMANCE EVALUATION



standing of our measurements it is important to keep in mind at Intel Pentium Pro (200 MHz) with Myrinet
which level the benchmark is performed (lowes-level of deposit 807
or highest level of LAN emulation) and which data path (mode 704
of operation) is used. ] —o— Femote memory,

For all modes of operation that involve packing/unpacking @ 60 direct
operations of messages or buffers , the local memory system per-
formance is very important for communication performance. As
a preliminary step to our evaluation we developed a novel mem-
ory system microbenchmark. Unlike the simplistic McCalpin
loops [7] our test captures all aspects of the memory hierarchy,
in particular its performance behavior with temporal- and spa-
tial locality (varying working sets and strides) [8]. Our ECT
(extended copy transfer) characterization therefore goes beyond
pure loads and stores bandwidth to measure the copy throughput 0
with a simulaneous load and store data stream. Most end-to-end
transfers in compiled parallel programs involve fine grain ac-
cesses, either with strides into arrays or a large number indexed9. Throughput of the Myrinet Host Adapter for direct mapped emulation
smaller blocks to gather/scatter data from/into distributed col- and buffer packing transfers. As a reference the performance of the local
lections of objects. Therfore we graph access patterns for var—zzreig;%ritzﬁgm 's given for the same copy operation (contiguous loads /
ious strides, from contiguous blocks up to single 64bit entities '
spaced a constant strides of 64 apart.

The same method is used to measure remote accesses for ma-
chines with full, partial or without support for coherent shared
memory. For the measurement we use the framework for char- ]
acterizing local and remote memory system performance [9]. 70

For the best characterization of an interconnect technology, ]
the remote memory system performance figures for different ac- ]
cess patterns (strides) and a large working set are the interesting 2501 ——
issue. The measured copy performance for the same operation < | _ |
in the local memory system is included into the Figures 9 - 11 ]
just for a comparison. Since we are only discussing remote de-
posit (and leave out remote fetch) all transfers in our charts are
done by contiguous loads from local memory and strided stores ]
to the same local or remote memory system. The performance 10
numbers in Figures 9 - 11 show, that the copy bandwidth of the o1 -
memory system on the pentium pro PC’s of only 45MBytes/s is 1 2 3 4 5 6 7 8 12 16 24 32 48 64
much less than the peak performance of modern interconnects. Store Stride (1: contiguous  2-64: strided)
Copying data in the same memory system Wlth the prc)Cessorzilgs. 10. Throughput of the Dolphin PCI SCI Adapter for direct mapped and
therefore always a bottleneck and must be avoided at all cOSt. ™ pyfter packing transfers. As a reference the performance of the local mem-

) ory system is given for the same copy operation (contiguous loads / strided
A. Performance of direct transfers to the remote memory stores).

126 —5— local memory

remote memory,
DMA plus unpack

Throughput (Mbyte/s)

T T T T T T T T T T T T T
1 2 3 4 5 6 7 8 12 16 24 32 48 64
Store Stride (1: contiguous 2-64: strided)

Intel Pentium Pro (200 MHz) with SCI Interconnect

—— local memory

1 remote memory,
- 60 direct

els

remote memory,
DMA plus unpack

The performance of direct transfers is measured for contigu-
ous blocks (Stride 1) and for increasing strides (2..64). The first
set of performance curves in Figures 9 - 11 (filled bullet) marks ] o o
the performance for the most direct transfers by store operatiéhg Words) works with a pipelined transmission of large data
to the mapped remote memory or an emulation thereof. The sBl@cks with either the LANai or the main processor unpacking
ond curve (triangle) marks the performance for highly optimizéf€ Strides (see Figure 9). The store by the DMA is very much
buffer packing transfers. In this case the transfers were ogifected by the size of the chunks transferred by one DMA acti-
mized as well as we could. If the DMA was faster, then pmAation. The buffer packing mode with the.maln processor seems
was used. The relationship between local and remote memEhperform at about memory copy bandwidth whereas the DMA
performance can be understood by comparing the performaH@é‘SferS suffer from the overheaq of.too many DMA |n|t|al|ga-
curves of local memory for the corresponding copy operation#§ns and too many PCI bus arbitrations. The buffer packing,

the direct and buffer-packing remote performance curves (hBRtive mode can fully use the DMAs to boost the case of large
low bullets). contiguous blocks.

As DMA transfers are very much affected by the blocksize we
compare the performance for different blocksizes for Myrinet

For Myrinet we observe a uniform picture for strided datand SCI (see Figure 12). It turns out, that both adapters have the
Our emulation for direct deposits for small blocks of data (dosame problems with small blocks.

Deposit on Myrinet



Cray T3D: Copies to local and remote memory Deposit on the Cray T3D

120 —3— local memory The Cray T3D offers (or better offred) a slightly different per-

] remote memory, formance picture (see Figure 11). Itturned out that it was always
100 " direct best to execute a data transfer in direct mode. Buffer packing
3 remote memory, included copies and those slowed down the transfers. For con-
g 80 unpack at receiver tiguous blocks a direct copy to remote memory was even faster
= ] than a local copy from and to memory - this is not surprising
g %09 — oo since two memory systems - one at the sender side and one at
[=) 1 A A A . . . . .

3 40 the receiver’s side are involved for a single data transfer in the
£ remote case.

I S e e S e B S’ '

20
1 B. Performance of PVM/MPI transfers
0 T T T The performance of the higher level transfers indicates how

T T T T T T T T T T
123456 7 8121624 32 48 64 well system programmers can work with the hardware. We used
Store Stride (1: contiguous 2-64: strided) . . . . .

a full function standard message passing libraries with buffer-
Fig. 11. Throughput of the Cray T3D for direct mapped and buffer packirigg for true postal message passing and a reduced zero copy
"a”Sf?fS-hAS a reference the perf?fmame of tlhecio‘ja' memony Sys)t‘i‘”l'ib‘rary for reasons explained in the earlier Section. So our eval-
given for the same copy operation (contiguous loads / strided stores). Note, . . .
that two T3D nodes can exchange data faster than a single node can copd@t!ONS USe two QIfferent tests exposing the performance at full
postal functionality with buffering and at the reduced function-

ality with direct transfers.

1407 _ MPI on Myrinet
1 —=— Dolphin SCI
120+ . On Myrinet we use BIP-MPI [10] for tests in message pass-
—e— Myrinet . . . . .
% 100 ing. BIP_(BaS|c Int.er.ff';\ce .for E’grallehsm) is a high perfqrmance
I library with a possibility simplified data transfer semantics. The
S go code was developed at the ENS of Lyon, France. Although this
5 ] implementation might eventually fall a bit shortin terms of com-
£ 60 pliance with the extensive MPI standard, it seems to provide
3 a stable API for all important basic functions. BIP-MPI is a
£ 407 modified MPICH version using BIP to drive the myrinet net-
207: work hardware. The performance of BIP-MPI (see Figure 13)
] matches the raw performance at 126 MByte/s for blocking send
oje==—_ - - o and receives measured with large blocksl( MByte). Half of
TeAs3g 2o 3888833389 peak performance can be reached with messagesughty 8
=N T © = W KByte size. The performance results are summarized in Figure
Block Size [Byte] 15.

Fig. 12. Fastest transfers of different blocksizes for either Myrinet and SCI. Myrinet: fastest MPI block transfers of different sizes

] restricted
120 semantics

Deposit on SCI gloo{ — stgLr?;;tli
For SCI we also observe good performance for contiguous i 80
blocks in direct transfer mode (see Figure 10). Thisiswhenthe 3 |
eight streambuffers work optimally. For strided data the perfor- §z 60
mance of remote stores on PCI collapses to under 10 MByte/s 2 ]
[ 4

and appears to be unstable. The sloped curve from stride 2 to ]
stride 8 can be explained by the mechanics of the stream buffers. 20
For stride 2 only one stream buffer is used as the direct mapping

of the stride 2 addresses to the same 64 Byte streambuffer leads 0]
a sequence of non-pipelined single word transfer. The buffer is

always sent directly with only 8 Bytes of data and the next value
addressed to the same buffer has to wait, until an acknowledge
releases the buffer again. Fig. 13. Throuput of BIP-MPI transfers over Myrinet either for restricted and

. . . . full postal semantics.
As with Myrinet it turns out to be faster with SCI to unpack
a communication buffer than to execute transfers directly in this
case. For the nonblocking calls, where the sends are posted before

Block Size [Byte]



the receives, MPICH enforces buffering which drops the peasrotocol stack like TCP/IP is essential. Therfore we measured
formance to the one of the local memory copy. An optimizahe standard and the best LAN/IP emulation packages that were
tion uses the LANai staging memory wherefore blocks untivailable for each inteomnect technology (with the exception
64KByte can be buffered without an additional local memorgf the T3D, where IP does not make much sense).

copy. When two sends are posted before the receive the peak

performance is measured at 32KByte blocks. IP on Myrinet

MP! on SCI Myricom offers a fully compliant TCP/IE’ protocol stgck that
transfers data at 20 MByte/s. BIP-TCP improved this perfor-
For SCI we could not run tests and include a number yet, buince in a so called “zerocopy” protocol stack thateaches
it appears that MPI for SCI in its fully standardized version igsbout 40MByte/s. The BIP implementors use the original Linux
promised as a deliverable of a joint research project betwgamotocol stack and substituted their own transfer mechanism us-
industry ancacademia. ing their BIP message passing system for the lower layers.

MPI on the SGI-Cray T3D IP on SCI

For the Cray T3D, we list the performance of PVM 3.0 in- For our SCI cards we could only reproduce 13.2 MByte/s with
stead, a highly optimized, fully functional message passing &-TCP/IP protocol stack provided by Dolphin Interconnect run-
brary supplied by the vendor upon delivery of there first T3Ding under Microsoft Windows NT. However we did not up-
system in 1993. A maximum of 30 MByte/s is delivered fograde our first generation hardware and the drivers since fall
large blocks & 1 MByte) and half of the peak bandwidth is1997.
achieved with messages of 2 KByte size.

In addition we show results of a later high performance M@k on the SGI-Cray T3D

implementation for the Cray T3D by the Edinburgh Parallel The T3Ds were unusally connected to a Cray C90 or J90 vec-
Computing Centre in cooperation with SGI/ Cray Researgbr processor as attached massively parallel multiprocessor. The
(CRI) [11] (see Figure 14). The EPCC MPI provides the fufrocessing nodes execute only threads in SPMD style controlled
MPI specification and was developed using the SHMEM get/piif the host and their little runtime system did neither supportan

primitives on the T3D. The measured performance correspongdshumber nor a socket API. IP would not make much sense in
to the BIP-MPI over Myrinet where blocking calls don't needhat context.

any buffering whereas non-blocking semantics slows down by

an additional copy in the local memory system. D. Summary and comparison
120 Cray T3D: fastest MPI block transfers of different sizes Transferrate by API/Protocol type (large blocks)
1 _o_ mpi, restricted ] -
, semantics 120 7]
1007 i, full postal
. mpi, full postal E
- i semantics - 100—_
e 80 o ]
g ] 2 804
S e s ]
2 2 604
5 A
3 40l 3 ]
£ 407 B 40
= 1 S ]
20 F o0
‘ ] ? X
0[““—“"T‘ T T T T T T T O_ .
40 100 1000 10000 40000 CoPC-SCI CoPC-Myrinet Cray T3D

Block size [byte] [l Raw Deposit  [[l] MPI (full semantics) TCP/IP

Fig. 14. Througput of EPCC-MPI transfers for the T3D either for restricted and [] MPI (restricted semantics)

full postal semantics.

Fig. 15. Measured performance of different protocols and APIs over SCI and
Myrinet with reference to the Cray T3D. Raw deposit performance is com-
pared to MPI/PVM performance. For the T3D we list the performance of
C. Performance of TCP/IP transfers PVM 3.0 library supplied by the vendor. TCP/IP implementations are pro-
For a significant growth of market share for clusters of PCs vided for both PCI adapter cards.
it is most important to port traditional applications quickly and
easily by simply substituting a conventional LAN network (e.g. A summary of the measured throughput for the three tech-
switched 100BaseT) by a gigabit technology interconnect, espelogies at different levels is given in Figure 15. The raw de-
cially in the booming area of servers for the internet and for tip®sit performance is compared to the MPI bandwidth with either
important application of distributed database applications. Ihocking and nonblocking operation. The performance results
this mode of operation the performance of a fully standardizednfirm that the blocking MPI bandwidth matches about the raw



performance of the direct deposit whereas the nonblocking calgpport in VLSI, from a DMA agent to subsystems with a mes-
with buffering semantics force Myrinet and the T3D into buffersage co-processor.

ing. The performance drops down to the copy performance ofFor the performance of direct remote memory operations we
the local memory system in the corresponding Pentium Proratice excellent performance on both low-end Gigabit/s tech-
DEC Alpha node- architecture. The TCP/IP performance awlogies in a few ideal cases. The transfer rates typically peak
both PClI based technologies (Myrinet and SCI) reflects the sarmear the bandwidth limits of the PCI-Bus or the interconnect
results and again confirm the overhead of copies in the maind are almost comparable the rates seen in traditional MPP

memory. supercomputers. But such good performance is only achieved
for the simple transfer modes and in communication scenarios
1.6, Peaktransferrate in hardware and software like direct remote deposits of contiguous blocks of data or re-

stricted MPI semantics. For strided data or for remote loads of
single words the performance of the SCI and Myrinet intercon-
nect collapses, while the traditional MPP can do those cases at
— acceptable speeds. The DMA transfers suffer from the overhead
of too many DMA initializations and too many PCI bus arbitra-
tions which can be bypassed by buffer packing mode with the
main processor performing at about memory copy bandwidth.
For the implementation of message passing libaries with buffer-
ing semantics (e.g. MPI) the performance of the Myrinet inter-
connect is reduced to the local memory system bandwidth while
the traditional MPP can do those cases at better speeds. Similar
T —— limitations due to copies in the local memory system will slow
CoPs-SCl CoPs-Myrinet Cray T3D down the IP over LAN emulations in most cases.
Il Hardware [] best Software Given the low cost of these interconnect boards, their perfor-
mance close to a Gigabit is remarkable, but due to the afore-
Fig. 16. Comparison of communication efficieny in the three evaluated teép-,entloned “mltaﬂon,S we expect th"’_‘t any_ Cluster of PCS b_u”t
nology. Conclusions about the efficiency are drawn from a comparisonWith those PCI card interconnects will get into some difficulties
the raw hardware speed vs. best possible throughputin software (low leygth applications that require complex, dense communication
primitives) patterns or rely on for standardized high level networking soft-
ware such a TCP/IP.
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