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Abstract In contrast, some programming models have a natu-
ral horizontal structure. Programs are sequential compo-
Most parallel programming models for distributed- sitions of operations that are internally parallel and fill the
memory architectures are based on individual threads in- whole target computer. Skeletons (also sometimes called
teracting viasend and receive operations. We show templates) are one example; Bulk synchronous parallelism
that a more structured model, BSP, gains substantial per- (BSP) [10] is another, and forms the focus of this paper.
formance improvements by exploiting the extra information  In horizontal models, programmers are not free to in-
implicit in its structure. In particular, each thread learns sert communication actions anywhere in their code; instead,
something about global state whenever it receives a mes-communications are constrained to take place only in cer-
sage. This information can be used to modify its own behav-tain places. However, and this is the crucial point, this re-
ior to improve collective use of the communication system. striction on communication means that each processor can
The programming model’'s semantics also provides implicit infer the global state of the computation from the communi-
knowledge that can be exploited to increase performance.cation in which it is involved. This knowledge of the global
We show that these effects are useful at the application levebktate translates into performance enhancements. We show
by comparing the performance of BSP and MPI implemen-that, on a clusterBSPIlib can achieve communication per-

tations of the NAS parallel benchmarks. formance improvements of a factor of approximately four
_ over MPI, to which it is functionally similar. This improve-
1. Introduction ment is largely attributable to the exploitation of explicit and

implicit knowledge based on global structure.

Message-passing programming models for distributed- Thread-based programming languages are naturally im-
memory architectures have a natural vertical structure. Eactplemented using libraries, since they only require the ad-
thread is almost an independent program, except that it condition of a few communication operations to an ordinary
tains occasionasend s andreceive s. The ability to sequential language. BSP has also been implemented as a
write programs ‘one thread at a time’ is natural, and so this C and Fortran libraryBSPIib [7].
vertical structure simplifies program design. However, it  We describe the design &SPIib in three layers: the
also makes efficient implementation difficult. It is pleasant library itself, a messaging layer, and a transport layer, spe-
for the programmer to be able to writesand anywhere  cialized either to use datagrams (UDP/IP) or network in-
in the thread, but it it is unpleasant for the thread to have terface cards directly. Each of these layers is designed to
to be ready to handler@ceive at any moment. Anim-  work only in the context oBSPIib. Knowing the pattern
plementation of such a model knows very little about what of calls it will encounter (explicit global information) and
may happen next, and therefore must make the most conthat it is implementing supersteps (implicit global knowl-
servative decisions at any point, ruling out many potential edge) are both critical to design for maximum performance.
performance improvements. The paper continues a series [5, 8] showing how the global



structure of BSP can be exploited to design implementa-can be implemented. The BSP messaging layer is similar
tions with increased performance. BSP Implementationsto the Abstract Device Interface used in theich imple-
strive to improve the effectiveness with which each real par- mentation of MPI. The bulk of the work in portinBSPIib
allel computer emulates a BSP abstract machine. amounts to rewriting the messaging layer, and providing a
Section 2 introduces the BSP programming model andbinding to the new transport layer (there is also a similar
abstract machine, and the current most-popular implemen-structure for shared memory implementationsB&PIib).
tation, BSPIlib. Section 3 describes the messaging layer of The messaging layer is not a general interface, and in par-
the BSPIlib implementation and three aspects of its design ticular, takes into account how it is used by the upper layers
that rely on BSP superstep structure. Section 4 introducesf the BSPIib implementation. This restriction in the in-
the transport layer, describes how error recovery is handledteraction of the two layers allowBSPIib to guarantee that
and how BSP structure is used to reduce acknowledgementhe computation is both deadlock and livelock free. Indeed,
traffic overheads. Section 5 presents performance data fothis can be seen as a direct result of uncoupling the user
the protocol stack, including measurements of application one-sided communication requests from their implementa-
performance using the NAS parallel benchmarks. Section 6tion by BSPIib on the available transport layer.
discusses other low-latency protocols on clusters. Finally, The BSP messaging layer implements the semantics of
we draw some conclusions in Section 7. supersteps (on distributed-memory systems) as follows:

1. Calls tobsp _sync begin the actual transfers of data
implied by previous one-sidgult calls in the super-
step. Because all of the data sent by each processor is

2. The BSP Model andBSPlib

BSP [10] is a model of parallel computation whose ab- handled at the same timBSPIib can userepackag-
stract machine is a collection pfprocessor-memory pairs, ing to build message units that best suit the underlying
an interconnection network or switch through which the communication substrate.

processors communicate packets in a point-to-point man- 5 gach processor creates a bit-matrix specifying the pro-
ner, and a mechanism by which the processors can barrier  essors with which it will communicate. A reduc-

synchronize. The model assumes nothing about the topol- tion of these matrices with bitwise-or produces a ma-
ogy or routing protocol of the interconnection substrate, but trix that contains all of the information about who
parameterizes the switch in terms of its permeability to con- will communicate with whom:; and each processor can
tinuous messageg)and its global barrier synchronization compute this result with the same time complexity us-
latency (). Theg parameter is, in effect, the inverse of the ing a variant of parallel prefix or scan. (Note that this
effective end-to-end bandwidth. It often differs markedly reductionis the barrier of the superstep):

from bandwidth figures provided by manufacturers since
it measures how data transmission behaves under realistic
conditions, when traffic is dense, and traffic patterns are un- each processor informs the others of the number and
structured. Any parallel computer can readily emulate the . . i

BSP abstract machine. However, BSP libraries play a sig- size of messages it plans to send to them;

nificant role in improving the efficiency of this emulation ~ 4. Each processor sends its messages usasgnation
(improving the effective values dfandyg). sqhedulingo detgrmine the o_rder, amacingto deter-

BSP programs are written 8uperstepsvhich are global mine how fast to insert data into the network.
operations of the entire machine. Each superstep consists, 5. When each processor has received all the messages it
semantically, of three sequential phases: (1) a computation  expects, it continues to the computation phase of the
phase in which each processor computes with locally-held next superstep.
values, (2) a communication phase in which data moves ) o ) )
among processing elements, and (3) a barrier synchroniza- Repackagingdestination schedulingindpacingall rely
tion. Data is not visible to user code at its destination un- On the semantics of the BSP model and the global knowl-
til after the barrier synchronization ending the superstep in €dge accessible to each processor.
which it was transferredBSPlib [7] is a small communica- Repackaginglepends crucially on the decision to post-

tion library of 20 primitives, used in an SPMD style. pone communication until the end of each superstep. This
has an obvious performance penalty, the lost factor of (at

. . . most) two available by overlapping computation and com-

3. Messaging layer design foBSPIib munication. However, experiments have shown that this

factor is recovered by better use of the interconnect. On

The BSP messaging layas responsible for providing many architectures, the performance gain from repackag-
an interface on which the upper layBiSPIib primitives ing is significantly greater than a factor of two, especially if

3. Atotal exchange takes place between those processors
involved in communication in the superstep, so that



the user application naturally requires small user messagedecause it is congested.
[8].
Destination schedulinglso depends on postponingcom- 4. Transport layer design
munication until after computation. A total exchange in an
SPMD program makes the following likely: each processor  \yg describe two implementations of the transport layer:
first tries to send to Processor 0, then to Processor 1, and SP1) aBSPIib/UDP implementation that uses BSD datagram
on. Each processor in turn is bombarded with many mes-g5ckets as an interface to UDP/IP; and (B3Plib/NIC
sages, can only extract the first one, and creates CongeStioﬁ‘nplementation that uses the same error-recovery and ac-
back through the network. If processors all sen.d their Mes-|nowledgement protocol, but replaces the BSD datagram
sages in different orders, there will be approximately one jyierface with a lightweight packet transmission mechanism
message arriving at each destination at all tmBSPlib that interfaces directly with network interface cards.
achieves this in a variety of ways, e.g., randomizing desti-  gspjib/UDP is built on the BSD datagram socket inter-
nations, or using a latin square as a transmission schedulegyce \which provides unreliable, full-duplex, connectionless
but the ability to do so depends critically on the structure of packet delivery between machines using UDP/IP. UDP/IP
superstep communication [8]. provides no form of message acknowledgement, error re-
Pacingobtains the maximum throughput from the com-  covery, or flow control, so user APIs such BSPlib must
munication system as a whole. A graph of throughput as handle these themselves. In the protected kernel/user-space
a function of applied load for any interconnection network model of UNIX, this must be done in user space.
has a characteristic shape. As applied load increases, so BSPIib/NIC is built upon a lightweight packet transmis-
does throughput, until some resource in the network satu-sjon mechanism that interfaces directly to Network Inter-
rates. After this point, throughput no longer increases, andface Cards (NICs). General-purpose NICs (e.g., Myrinet),
usually decreases, often rapidly. A messaging layer shouldgre controlled by dedicated microprocessors that run user-
attempt to pace injection of new messages into the networksupplied programs concurrently with the host microproces-
so that the total applied load is just below the peak of this sor, At present, these NICs are produced in low volume and
curve (jUSt below, so that S|Ight variations in load are met are re|ative|y expensive_ In contrast, high_vo|ume fixed-
by slightly greater capacity, i.e. negative feedback). protocol NICs have a fixed firmware program, whose pa-
This kind of pacing is not possible for most commer- rameters can be altered via a memory-mapped register file.
cial parallel computers because it is extremely difficult Due to the price (typically $US100) and installed user base
to determine what the throughput versus load character-(millions of units) of such NICs, we use them in our cluster.
istics are, and because the software below the manufac-
turer's message-passing interface inserts delays that arg.1. Basic protocol design
unpredictable enough that the desired behavior cannot be
achieved anyway. However, in networks of workstations  The protocols forBSPIib/lUDP and BSPIib/NIC are
and clusters, the level accessible to the messaging layer isdentical, except in the precise interface to the lower level,
close enough to the hardware that pacing becomes imporand the location of error recoveryBSPlib/UDP imple-
tant, indeed essential when shared media are used. ments a reliable send by copying the user data structure ref-
In the BSP context, a processor that is about to com- erences in a send call to a buffer taken from a free queue.
municate knows which other processors are about to com-n BSPIib/NIC, the interface between the messaging layer
municate, and how much they plan to send, and thereforeon the NICs is achieved by having a portion of memory,
canknow (approximately) the global applied load. Exploit- used for communication buffers and shared data structures,
ing this knowledge both to determine an ideal slot size, andmapped into both the kernel and the user’s address space.
to schedule each processor’s attempt to transmit has beeithe BSPIib layer enqueues an element directly onto the
shown to significantly improve the performance of TCP/IP NIC’s transmit queue (and also onto a send queue for recov-
on shared media such as Ethernet [5]. ery purposes). This is serviced asynchronously by the NIC,
None of these techniques can be used by messagewhich will poll for work if none is available. To avoid pro-
passing systems such as MPI or PVM, or even by LogP.tocol information becoming stale, the NIC performs a gath-
Repackaging and destination scheduling are ruled out, ex-€red send, where protocol information is only read when the
cept perhaps in sonal hocway, by the lack of a definable ~ packet is about to be transmitted.
moment to do them. Pacing is also not possible because
each processor knows the lodds about to apply to the ~ 4.2. Adding reliability
communication network but, in the absence of knowledge
of the global applied load, can't tell if this is a good time Many existing low-latency protocols for clusters do not
to send because the network is lightly loaded, or a bad timeaddress reliability. Their designers argue that the probabil-



ity of link errors is close to that of processor failures, and packetd0, 1,...,9] to B, and only packetf), 1,4, 5,6, 9]
therefore there is no benefit to incorporating reliability. In arrives atB, the recovery protocol must ensure thdearns
practice, however, transmission failures do occur, not be-of these missing packets.
cause of link failures but because of buffer overruns at des-  In our hole-filling selective retransmit protocol, the fixed
tination processors and in switches themselves. Such ocheader contains two fields for piggybacked sequence num-
currences cannot be distinguished from link errors. If low- ber information: (1) Anacknowledgemerteld (if B sent
latency protocols are to be used for practical computing, re-a message back td after having receivef), 1,4, 5,6, 9],
liability must be an integral part of their design. this field would containl allowing A to remove packets

High-performance protocols must maximize the band- 0 and 1); and (2) Arend-of-holefield which specifies the
width available to user programs. Bandwidth is reduced sequence number of the packet after the last in-sequence
whenever (a) packets must be retransmitted because of lospacket, i.e.4. When no unaccounted-for packet loss has
and (b) control information must be sent to coordinate pro- occurred, the acknowledged sequence number and this field
tocol activity at each node. are the same. Iff and B are involved in symmetric com-

In clusters, errors most often occur because of buffer munication, them learns of the first hole from this piggy-
overruns at destination processors. As a result, errors tendacked data and resend packgisnd3. After these have
to occur in bursts. Our transport protocol usese filling been received by, further piggybacked information will
rather thargo-back-ras its recovery strategy. trigger the resending afand8. To prevent potentially stale

Two kinds of control information are required: requests in-flight information from being re-used to cause repeated
for retransmission and acknowledgements. When traf-resends, a double retransmission of data is delayed for at
fic patterns are symmetric, acknowledgements are piggy-least a round-trip delay of the network.
backed onto traffic going in the opposite direction. When  If there is no reverse traffic fromB to A then, when the
traffic is not symmetric, it is important to minimize the upperBSPIlib layer has consumed packéts 1] and now
number of explicit extra packets. In ti@SPIib transport  requires packe®, B will prod processA with a control
layer, communication takes place immediately after a to- packet. This allowsd to learn of the hole and resend pack-
tal exchange. Each processor knows how many packets iets2 and3. In case the control packet goes missing, this
is expecting from every possible sender. This means thatprodding is repeated no more frequently than the round trip
the decision to generate an explicit acknowledgement (atinterval of the network. This prodding can also arise with-
the expense of bandwidth) can be (receiver) resource-basedut packet loss when the computation on a processor runs

rather than (sender) timeout-based. ahead of another and hence enters its communication phase
earlier. In this case the prodded processor responds with an
4.3. Error recovery by hole-filling acknowledgement rather than missing data. The prodding

processor then realizes that it has run ahead and is being

Two types of packets are used in the protocol: (1) Se- impatient, and enters an exponential back-off of prods.
quenced data packets that contain a fixed-sized header with The benefits of this scheme over a more-general selec-
MAC, sequence number, payload length and type, and pig-tive retransmission scheme is that only one integer field
gybacked recovery information. This is followed by a is required in the packet header. The network used, and
variable-length payload, whose length is bounded so thatthe scheme we employ, ensures that packet loss is quite
the entire packet is no larger than the physical layer’s framerare (.05% packet drops are experienced in the NAS
size; and (2) Unsequenced control packets that contain thdenchmarks in Section 5) and any packets lost are actu-
same fixed-sized header, but no data. Control packets arélly dropped by the receivers when, for example, available
used for explicit acknowledgements gmods as described  buffers run low. When buffers run low, only the next ex-
below. Each process contains a free queue of packets (irpected packets are accepted, but the acknowledgement data
theBSPlib/NIC implementation these are mapped into ker- on all arriving packets is still inspected so that buffers held
nel and user space), and send and receive queues associat#dthe send queues can be freed, and progress is guaranteed.
with each communication channel< 1 in total). The send
queue contains unacknowledged sent data-packets, and thé.4, Minimizing non-piggybacked acknowledge-
receive queue contains data-packets not yet consumed by ments
the uppemBSPIib layer.

Consider two processord, and B, communicating over
a channel that loosely guarantees packet ord&ribgt
which may drop packets. If procedssends the sequence of

We use two techniques, one fine-grained, the other
coarse-grained, for handling the acknowledgement of mes-
sages when there is no reverse traffic on which to piggy-

10ur cluster guarantees ordering, but the software can handle out-of-PaCk them. The overall strategy is to try as hard as possible
order arrivals within a configurable tolerance. to avoid sending acknowledgements. This involves waiting




Latin sq pid Msg Size mpich [ BSPIb/NIC | Improve
System order order| Factor Roundtrip {+s)

SP2 big 102547 107073 1.0 4 297 93 3.2
T3D big 14658 29017 2.0 256 348 170 2.1
Pwrchallengg big 37820 47910 1.3 1024 635 348 1.8
Cluster(TCP)| small|| 61336 119055 1.9 1400 754 471 1.6

big 134839| 248724 1.8 Bandwidth (Mbps)
Cluster(NIC) | small|| 39468 76597 1.9 4 0.006867] 1.458829 212.4
big 78683| 14043686 178 256 0.439494f 46.62692¢ 106.1
1024 53.436917 89.61187 1.676
Table 1. Time for an 8-processor total ex- 1900 || 77.779064 91.27163] L1738

change (us) with and without destination Table 2.
scheduling; small=16k words per processor
pair, big=32k words.

Latency and bandwidth as a function
of message size.

] ) ) marks the last data item sent to a process as requiring an
much longer than a conventional implementation would be- gxpjicit acknowledgement. This improves the usefulness of
fore sending explicit acknowledgements. acknowledgements. Such last transmissions are likely to re-

The coarse-grained acknowledgement scheme utilizessy|t in acknowledgements anyway, and explicitly requesting
the superstep structure 8SPIib programs, and acknowl-  them gets them sent earlier and at a time when traffic on the
edges data implicitly. Suppose that processuais sentun-  jnterconnect is quiescing. Also, this increases the number
acknowledged data to procesgoin a previous superstep.  of free buffers at the start of the next communication phase

If processorj is below processarin the reduction tree that  and makes non-piggybacked acknowledgements less likely
is used to determine which processors plan to communicatedyring that communication phase.

or if processojj has data to send to processahen proces-

sor will receive a control message frojnonto which an .
acknowledgement can be piggybacked at no cost. However2- Performance improvements
it may be that neither of these possibilities happens. The

need for an explicit acknowledgement can still be avoided. \We compare the performance BSPIlib with MPI be-
If processori receives any message (from any processor) cause both libraries have about the same functionality; in-
that comes from the next superstep, it can safely assume thadeed many programs can globally substitute one set of calls
all processors (including) have logically passed the most  for the other and execute without further modification. MPI
recent barrier, and hence can treat the sent messages as dtas the vertical structure of independent threads connected
knowledged. Knowing which superstep a message comesy messages, whilBSPlib has a strong horizontal struc-
from is achieved by marking when barriers took place on ture. Thus performance differences can be attributed to
message queues (logically, using alternating colors to labeldifferences in design made possible because of additional
messages from successive supersteps). assumptions. The cluster used for benchmarking consists
The fine-grained scheme is based upon volume of com-of eight 400MHz Pentium Il PC systems, with 128MB of
munication and has both a sender and receiver componentiOns SDRAM on 100MHz motherboards, connected by 100
From the sender’s perspective, if the number of buffers onMbps switched Ethernet. The same Fortran compiler (Ab-
a free queue of packets becomes low, then outgoing packsoft) and compiler options were used for all programs, and
ets are marked as requiring acknowledgements. This mechthe computational part of the NAS benchmarks was not al-
anism is triggered by calculating how many packets can tered.
be consumed (both incoming and outgoing) in the time At the application level, we compare a BSP implemen-
taken for a message roundtrip. The sender anticipates whemation of version 2.1 of the NAS parallel benchmarks [1]
buffer resources will run out, and attempts to force an ac- using BSPIlib/UDP and BSPIib/NIC implementations on
knowledgement to be returned just before buffer starvation.the clustermpich on the same cluster, and standard MP!I
This minimizes both the number of acknowledgements, andimplementations of the benchmarks on an 8-processor thin-
the time a processor stalls trying to send messages. Fronhode 66Mhz IBM SP2, and a 72-processor 195Mhz Origin
the receiver’s viewpoint, iz is the total number of send 2000. Class-A-sized benchmarks were used. Due to mem-
and receive buffers, then a receiver will only send a non- ory limitations of the cluster, results from the FT bench-
piggybacked acknowledgement if it was requested, and atmark are not given. The four benchmarks are: BT, an ap-
least 5> elements have come in over a link since the last plication that solves systems of blocked-tridiagonal linear
acknowledgement (either piggybacked or explicit). equations; SP, an application that solves systems of scalar-
The fine-grained scheme can be refined further by us-pentadiagonal linear equations; MG, a multigrid bench-
ing information from the uppeBSPIib level. At the end mark; and LU, which solves a system of linear equations us-
of each communication phase (superstep), the protocol alsang LU decomposition. LU performs many small (5 word)



SP2 Cluster Origin 2000 comm time and slowdown
p |[MPT]BSPIb[| MPT ] BSPIib MPI p| comp compared t@SPlib/NIC

IBM | MPL [[mpich [TCPTUDP] NIC SGI time NIC T mpich T UDP
BT [4[724.6s5][24.2s| 91.1s[3.8] 25.85[1.1
BT | 4] 31.20 36.44|| 51.57] 50.96] 56.07|[56.18 51.10 N D el Bl Iesod Dt oo B
sP| 4| 24.80| 27.31|| 33.15| 40.86| 41.85| 42.36 MG |8| 11.1s| 1.1s| 4.6s|4.2| 1.6s|15
MG | 8| 36.33] 36.78|]  21.02| 36.05 38.25 36.16 LU |8]205.95 ]| 30.55 | 115.95 | 3.8] 103.55 | 3.4

LU | 8| 38.18] 36.50|| 46.34| 55.50| 54.63| 63.09 87.34 Table 4. Slowdowns relative to the  BSPIib/NIC

Table 3. Results in Megaflops/sec  per process protocol on the cluster

for NAS parallel benchmarks (class A) v2.1 | [ [ Recvd [ EXpIAcK] Drops] Dups]TmplAckK]
BT [UDP]| 817471 0.42% 3490 0 0.7%

H 7 7 p=4|NIC 820233 2.53% 1 0 0.3%
communlcatllons., and therefore provides a good measure of s U o —s 5 5 Tt
the communication latency of a system. p = 4 [NIC [ 1422927 __1.00% 4 0 0.4%
H : i MG |[UDP|[ 141193 0.66% 926 0 8.1%
Repac_kagmg_can be significant for the programs that | =g Fc 120t T51% 7 5 =%
communicate using many small messages, butdoes nothave [ LU |UDP|[1955673]  2.14%| 41878 7655  32.0%
p = 8 [ NIC || 2026933 6.23% 93] 1900 30.5%

much effect for application programs whose communica-
tion demands are large. The NAS benchmarks are certainly Table 5. Packet statistics for the NAS parallel
in the latter class. benchmarks

Destination scheduling improves performance by a fac- L , ,
tor of about two for a wide range of parallel computers. sume the computation time spent in all the benchmarks is
Some typical performance data are shown in Table 1. Notemdependem of the .communlcat.lon protocol. The results
that the use of a latin square delivery schedule consistentlyfor the BSPIib/UDP |mplemgntat|on appear poor pecause
reduces delivery time by a factor of about two but, for the error recovery takes place in user space, which increases

cluster usingBSPIib/NIC, it has the added side-effect of EpeblcoTpultarl]tlon ;:”,‘e' and th|sf IS not tak?” Into acco'unfrln
avoiding the nasty performance surprise that happens wheq)fl e (alt ough its trhue per o:.mance' IS ?pparent'm a
buffers in the switch saturate. e 3). Tab e 4 shows that trBf.SP !b/NIC imp ementgtlon

f of BSPIib produces communication that is approximately

It is hard to measure the effect of pacing injection o . X
new data into the network and the use of an appropriate4 times faster thampich for all the NAS parallel bench-
marks on the cluster.

slot size. For all of the BSP implementations, pacing and
P pacing Table 5 compares the number of extra error-recovery

slotting are essential to make the behavior of communica- . . . .
tion predictable. However, improvements ovepich of packets ggnerated in tRSPIib/UDP andBSPllp/NIC im-
more than a factor of two have been reported for TCP/IP, plementations of the same protocol. The high number of
and factors of up to 1.4 for UDP/IP [5] "duplicates and data dropped in the UDP/IP implementa-
The low-level performance of our transport protocol is tion is because packets are bemg dropped by the kernel,
somewhere between their reception at the processor, and

described in [6]. Table 2 gives some example measure- . . .
. heSIGIO signal being scheduled to the user process. This
ments. The performance improvement due to the transpor_ ighlights the importance of slackness in the buffer ol

rotocol depends heavily on the size of messages transmit .
P b y 9 the lowest level of the protocolhe column labelled “im-

ted. For full-frame packets, the effective improvementin = ~. e
performance comes both from the50% improvement in plicit ack” identifies the percentage of packets that were re-
latency, and the-17% improvement in bandwidth claimed from the send queue due to the coarse-grained ac-
To énsure that these low-level performance improve- knowledgement scheme. In most of the NAS benchmarks,
piggybacked acknowledgements and explicit fine-grained

ments translate into increased performance for applicationacknowled ements are used 1o remove most of the packets
programs, we present performance results for the NAS 9 . . P
from the send queue. Only in LU is there enough commu-

benchmarks (Table 3). THBSPII/NIC implementation nication to exploit the coarse-grained scheme. This results

outperformsnpich and IBM's proprietary implementation . . 2

of I\ﬁPI on the FI)BM SP2 for all t%e Eench%arl?s. Onthe Ori- M the highest number of explicit acknowledgements gener-

gin 2000, theBSPIib/NIC implementation performs better ated by all the benchmarks, as well as 30.5% of all packets
: sent being acknowledged using the coarse-grained acknowl-

on half of the benchmarks, edgement scheme of Section 4.4
As the NAS benchmarks are mostly compute-bound, 9 o

large improvements in communication performance only

produce small improvements in the total Mflop/s rating of 6. Related Work

each of the benchmarks. Table 4 gives a breakdown of

time spent in computation and communication for each of  Very little performance data exists for many cluster pro-
the protocols running on the cluster. The communication tocols other than low-level latency and bandwidth measure-
time is calculated using a BSP trace profiling tool. We as- ments. To give some picture of how our results compare to



[ Group ] Name [ Network [ us [Mbps[Ref.] References
Oxford PII-BSPIib-NIC-100mb-2916XL | 100Mbps switc 46 91
Oxford PII-BSPlib-TCP-100mb-2916XL | 100Mbps switch 103 70

Oxford PII-BSPlib-UDP-100mb-2916XL | 100Mbps switch 105 79 i i i i
ANL PIl-MPI-ch.pd-100mb-2016XL. | 100Mbps switcH 147| 78 [1] D. Bailey, T. Harris, W. Saphir, R. van der Wijngaart, A. Woo,
SUNY-SB| Pupa 100Mbps switch 198| 62 [12] and M. Yellow. The NAS parallel benchmarks 2.0. Report
Utah Sender Based Protocols FDDI ring 22 82| [11] NAS-95-020, NASA, December 1995.
FDDI (theoretical peak) FDDI ring 510 100 [ ; _
NASA | MPI/davingi cluster FDDI FDDI ring a1s| 73 [2] J. C._ Brustollpl and B. _N. Bershad. Simple pr(_)tocol pro
Cornell | Active Messages (write, 5520) | ATM switch 22| 44| [13] cessing for high-bandwidth low-latency networking. Tech-
Cornell Active Messages (read, SS20) | ATM switch 32 4413 i - _03- i
CMU Simple Protocol Processing ATM switch 75| 48] [2 nical Rgport CMU C.S 93. 132.’ School of Computer Science,
UCB VIA Myrinet 251 230 3 Carnegie Mellon University, Pittsburgh, PA 15213, 1992.
SGI O2K-MPI-SGI-700mbit-ccnuma | CC-Numa 17| 325 [3] P. Buonadonna, A. Geweke, and D. E. Culler. Implemen-
IBM SP2-MPL-IBM-320mbit-vulcan | Vulcan switch 55| 173 i i i
BM SP2-MPLIBM-350mbitvulcan | Vulean switch | &7] 173 tation and ana_llysils of the Virtual Interface Architecture. In
NASA | MPI/davinci cluster HIPPI HIPPI 851| 265 SuperComputing’981998.
] ] [4] G. Ciacco. Optimal communication performance on Fast Eth-
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