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Abstract

Recentadvancesin commoditynetworkinterfacetech-
nology enablescientistsand engineers to build clusters of
workstationsor PCsto executeparallel applications.How-
ever, raw-hardware networkperformanceis rarely deliv-
ered to applicationsbecauseof the overheadsof commu-
nication software and operating systems.To reducethese
overheads,a technique called user-level communication
can be usedto allow applicationsto accessthe network
interfacedirectly without interventionfrom the operating
system.In this paperweexaminetwo user-level communi-
cation systems,GMand BIP, on alpha basedsystemscon-
nectedbya Myrinetnetwork.In additionquantitativestud-
ieson howDMA initiation costs,flow control and reliable
communicationwill effect theperformanceof communica-
tion softwareare presented.

1 Intr oduction

In recentyears,we have seenarrival of scalable,low la-
tency interconnectionnetworkssuchMyrinet[1], theMem-
ory Channel[2] andGiganet[3] for workstationor PCclus-
ters. These“hot interconnects”allow constructionof cost
effectiveparallelcomputingclustersfrom commodityparts.
Theclusterapproachto highperformancecomputingtracks
the technologycurve closely, enablesexecutionsof some
scientific and engineeringcomputingwhich usedto run
exclusively on dedicatedMPPsand SMPs. However, to
achieve comparableresultsto thatof MPPsandSMPs,the
cluster communicationsystemsmust deliver application-
to-applicationperformanceat leastcomparableto that of
MPPs.

Theperformanceof thesehigh performanceor “hot in-
terconnects”is determinedby their network interfaces(NI)
and correspondingsoftware componentsrather than the
switchesand links. In particularthesenew interconnects
have revealedmany problemswith the traditional imple-
mentationapproachtoward network communicationsoft-

ware: multiple datatransfersthroughtheoperatingsystem
(OS) to applications.For example,the following figure il-
lustratesa typical TCPperformancebetweentwo Compaq
XP1000(Alpha21264CPU)connectedby GigabitEthernet
cards(GA620 from Netgear). The figure clearly demon-
stratesthatthetraditionalimplementationof TCPcanonly
achieve roughly 60 percentof hardwareraw performance
duetomultipledatacopying,multipleinvocationsof system
callsandbuffer management,eventhoughtheperformance
test is conductedwith several new featuressuchasjumbo
frameandhardwareIP checksumenabled.In addition,OS
involvementin datatransferintroducesunacceptablehigh
latency for smallmessages.

0
�

160000
�

320000
�

480000
�

640000
�

800000
�

Message Size (Bytes)�
0.0

200.0

400.0

600.0

800.0

M
b/

s�
Bandwidth
�

100

4100
�

8100
�

us

RTT/2

0� 64 128� 192� 256	80

90

100

110

120

Figure 1. TCP over Gigabit Ethernet.

The user-level[4] communicationtechniqueaddresses
problemscausedby traditionalimplementationsof commu-
nicationsoftware. The main causesof degradingnetwork
performancethroughtraditionalapproacharesystemcalls,
databuffermanagementanddatacopying. Toavoidsomeor
all theseoverheads,several leanuser-level communication
systemshave beenimplementedby universitiesand ven-
dors. Thesesystemsallow applicationsto accessnetwork



interfacedirectly andremove operatingsystemsfrom criti-
cal pathsof send/receive operations.Thesesystemscanbe
usedto implementtraditional,compatibility librariessuch
asBSDsocketsandMPI, andto write applicationsdirectly.
Figure2 is a “copy diagram”that illustratesthedifference
betweentraditionalanduser-level communicationsoftware
in termsof stepsinvolved in sending/receiving messages
from userprocessto thenetwork.
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Figure 2. Copy diagram of comm unication
software .

In this paperwe investigatetwo commonlyusedcom-
municationsystems,GM 1.1.3 and BIP-0.99on a cluster
of Alpha 21264basedPCsrunning Linux operatingsys-
tem(2.2.5kernel)andinterconnectedbyaMyrinetnetwork.
TheLogP[5] methodis usedin theinvestigationto provide
insight into how performanceis affectedby the program-
mingmodelandimplementationchoicesof eachsystem.In
additionan enhancementto reducelatency for small mes-
sagestogetherwith an option to allow unreliabledelivery
of small messagesis addedto GM. The performancedata
of modifiedGM (calledGM+) will alsobepresented.

2 TestConfiguration

All performancedataarecollectedon a pair of Compaq
XP1000workstationsconnecteddirectly by a Myrinet net-
work. EachcomputerhasanAlpha 21264CPUrunningat
500MHz,256MB memory, 64KBL1 cache,4MB L2 cache
andtwo PCIbusesthatarecapableof doing64bitor 32bitat
33MHz. Eachcomputeris runningAlphalinux with kernel
version2.2.5.

Myrinet is a Gigabit-per-second(Gb/s) LAN based
on the technology used for packet communication in
MPPs. The Myrinet technologyconsistsof host inter-
faces,switches,and 1.28 Gb/s full-duplex point-to-point
links. The Myrinet links provide in-order network deliv-
ery with low bit error rates(below
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����
on cablesup

to 25m long).Thepayloadof a Myrinet packet is of arbi-
trary length. Upon sending,an 8-bit cyclic-redundancy-
check(CRC) characteris computedon the entire packet
and appendedto the packet. On packet arrival, the CRC
bit is computedandis comparedwith received CRC. The
Myrinet switchesemploy exactly the sameblocking-cut-
through(wormhole)routing[6] usedin MPPsystems.The
worst-caselatency through a switch is 550ns. Figure 3
shows theorganizationof a Myrinet hostinterfaceandthe
internal detailsof the customRISC LANai chip (version
7.2)onwhich interfaceis based.Theinterfaceconsistsof a
PCIbridgethatcanadaptto a either32or 64bit PCIbus,a
DMA controlleranda LANai 7 chip.
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Figure 3. Myrinet PCI card.

A LANai chip containsa coreRISC processorclocked
at 66MHz, the Myrinet packet interface,a pipelinedhost
interface(EBUSinterface),andaninterface(LBUS)to syn-
chronousstaticSRAMSof 2MB. TherearethreeDMA en-
gineson a Myrinet interfacecard: two for datatransfers
betweenthenetwork link andtheSRAM, andonefor mov-
ing databetweenthe SRAM andhostmain memoryover
the PCI bus. The LBUS operatesat twice the chip-clock
speed(two LBUS memorycyclesfor every clock cycle) at
132MHz,enablingupto two DMA enginestooperateatfull
speedatthesametime. ThehostcanaccessboththeSRAM
andthenetwork itself, by usingProgrammedI/O (PIO) in-
structions.Onthecontrary, theLANai canonly accesshost
memorythroughhost-to-LANaiDMA engine.

3 Overview of user-level communicationsys-
tems

Two userlevel communicationsystemsareevaluatedon
the test configurationpresentedabove. The two systems
areGM 1.1.3from Myricom andBIP 0.99from University
of Leon. Thesetwo systems,like otheruserlevel commu-
nicationsystems[7], sharemany commonfeaturessuchas
directuseraccessto thenetwork interfaceandminimaldata
copying. However, therearedifferencesbetweenthesesys-
temsaswell. TheGM is ageneralmessagecommunication
systemthatenablesprotectedmemoryaccessto network in-



terface,supportsbothsend/replyanda directdepositstyle
communicationmodel,providesreliableandordereddeliv-
ery of messagesandhasinternalflow control mechanism.
In contrastBIP is a minimal library thataimsat providing
raw hardwareperformanceto applications.It only supports
a send/replycommunicationmodel,assumesreliablenet-
work andprovidesno flow control anderror recovery. In
additionGM+ usesPIOinsteadof DMA to passsmallmes-
sagesfrom userspaceto a Myrinet card,andoffersanop-
tion to dounreliabledeliveryof smallmessages.
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Figure 4. Performance of DMA and PIO.

4 PerformanceEvaluation

4.1 DMA versusPIO

Thereare two basicmechanismsto transferbytesbe-
tweenhostmemoryandanetwork interfacecard(NIC): Di-
rect Memory Access(DMA) andProgrammedI/O (PIO).
With DMA, the NIC directly readsand writes the host’s
memorywithout any hostCPUinvolvement;thehostsim-
ply givestheNIC amemoryaddressandtheNIC readsfrom
(writesto) it. With PIO,thehostCPUis directlyresponsible
for moving databetweenNIC andthehostmemory:to send
a packet, theCPUsitsin a tight loop thatfirst readsa word
from hostmemoryandthenwritesit to theNIC; to receive
a packet, thehostCPUreadswordsfrom theNIC andthen
writes themto memory. Figure4 shows the bandwidthof
DMA andPIOfor bytestransferbetweenhostmemoryand
theMyrinet NIC. DMA transfersareinitiatedby theLANai
processor. It is clearthatDMA bandwidthfrom LANai to
hosthashigherbandwidththanDMA bandwidthfrom host
to LANai for largemessageswhile readPIO bandwidthis

significantlower thanwrite PIObandwidth.Thesediscrep-
anciesarebecausereadoperationsonPCIbusaremoreex-
pensive thanwrite operations.For small messages(up to
256bytes),usingPIO to transferdatafrom hostto LANai
hashigherbandwidthbecauseof the relatively high DMA
initiation costfor smallmessages.

Theuser-level communicationsystemsallow datatrans-
fer from arbitraryuseraddressto NIC andvice versa.GM
systemsendsuser data through DMA but receives data
throughPIO for small messages( ��� 256 bytes)instead.
BIP systemtransferssmallmessages( ��� 256bytes)using
PIO while it transferslargemessagesusingDMA. Our en-
hancementto GM (GM+) sendssmall messages( ��� 256
bytes)usingPIOto avoid DMA initiation cost.All systems
usetwo DMA enginesto transferdatabetweentheSRAM
andlinks.

4.2 Bandwidth

Therearethreetypesof bandwidththatareimportantto
applications.They areUnidir ectionalbandwidth which is
theoneway datatransfer, Bidir ectional ping-pong band-
width which capturesdataflows in both directionalterna-
tively, andBidir ectional simultaneousbandwidth which
modelsdataflow in bothdirectionssimultaneously.
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Figure 5. Unidirectional band width.

The unidirectionalbandwidthindicateshow well data
are transferedin onedirectiononly. The senderdoesnot
wait for reply from receiver for eachmessage.The up-
per boundof this type of bandwidthis governedby host
to LANai DMA bandwidth.Figure5 shows unidirectional
bandwidthof GM, GM+ andBIP in addition to a plot of
hostto LANai DMA bandwidth.In thesmallermessagere-
gion wheremessagelengthis smallerthan256bytes,GM



haslowerbandwidththanthatof GM+ andBIP sinceGM+
andBIP usePIO to transfersmall messageinsteadof us-
ing DMA. This point is demonstratedagainin BIP with a
kneeat256byteswhereBIP is switchingfrom PIOto DMA
transfer. Beyondthesmallmessageregionespeciallyin the
“usableregion” (4k - 10k),GM andGM+ havemuchhigher
bandwidththanBIP sinceGM andGM+ utilize pipelined
hostto LANai DMA very well. Finally the reasonfor the
”sawtooth”patternonthegraphin GM andGM+ is thatGM
fragmentslongmessagesinto packetsof atmost4KB at the
sender, andreassemblesthepacketsinto messagesatthere-
ceiver. This fragmentationandreassemblyis performedin
orderto limit thepacket sizein thenetwork, sothata long
messagewill notblockachannelfor anextendedperiod,but
will allow otherpacketsto beinterleavedon thechannel.
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Figure 6. Bidirectional band width.

The bidirectionalpingpongbandwidthis resultedfrom
situationin whichdataflows in bothdirectionalternatively.
A datasenderwaitsaftersendingamessageuntil it receives
one. Figure6 presentsthis type of bandwidth. It is clear
that BIP hashigher bandwidththan GM and GM+ have.
This comesasno surprisesinceGM andGM+ supportre-
liable datadelivery by sendingan acknowledgmentupon
receiving a message.

In bidirectionalsimultaneousbandwidth,dataflows in
both directionsimultaneously. The datasenderscontinu-
ouslysendandreceive data.This typeof datatransfercan
take advantageof all six DMA enginesof two network in-
terfaces.Figure7 summarizestheperformanceof this type
of bandwidth.

The communicationsystemsall use DMA to transfer
large messagesfrom userspaceto LANai spaceto avoid
datacopying. BIP andGM+ usePIO to transfersmallmes-
sagesto achieve betterbandwidthin this region. GM uti-

lizespipelinedDMA featuresvery well andshows highest
unidirectionalbandwidth. However, the overheadof gen-
eral APIs and reliable delivery of messagesreducesGM
bandwidthin theothertwo typesof bandwidth.
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Figure 7. Bidirectional simultaneous band-
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4.3 User to UserLatency

This performancebenchmarkmeasuresthe time for a
packetof arbitrarysizeto besentfrom auserapplicationon
anodeacrossthenetwork to anotherapplicationonadiffer-
ent node. The purposeof this measurementis to simulate
communicationthatwould occurbetweentwo applications
runningondifferentnodesin aclusterin which thereceiver
alwayssendsa reply to thesender. This performancemet-
ric is commonlycalledthehalf RoundTrip Time(RTT/2)or
onewaylatency. Themeasurementsarepresentedin Figure
8. It is clearthatBIP, whichofferstheminimal functionali-
ties,achievesthebestlatency for smallmessagesof around
6 % s. Furthermoreby comparisonlatency resultsbetween
GM andGM+, it revealsthatabout2 % sreductionof latency
canbe achievedby going from DMA to PIO andremoval
of reliabledeliverymechanismfor smallmessages.

4.4 LogP Metrics

In ordertobetterunderstandtheperformanceresultspre-
sentedabove, we look at a simplecrosssectionof the la-
tency for sendinga singlepacket. The time measuredare
derived from the LogP conceptualmodelwhich measures
thefollowing parametersof a communicationsystems:the
time a messagespendsbetweenthe sourceand destina-
tion network interface(L), the time the host processoris



involved in sendingor receiving a message( &(' , &*) ), and
the interval ( + ) betweensuccessive sends.Figure9 shows
thegeneralpseudo-codeof LogPmicro-benchmarks.Code
fragment(a)measuresRTT/2 for all systems,codefragment
(b) is usedto measure& ' andg in all systems,and & ) in
GM, andcodefragment(c) measures& ) in BIP andGM+
(smallmessages).L iscalculatedfrom ,�-.-/ �0& '21 & )3154 .
Thespin(D) in thecodesegmentspinsfor D % s. Thesend
andrecvcalls arenon-blockingif possibleto achieve best
performance.

Table1 summarizesthe LogP parametersfor the com-
municationsystemswith messagelengthof 8 bytes. The
gap + which is the minimum interval on the sendingpro-
cessorbetweensuccessivesendsatsteadystateis measured
using part (b) of Figure 9 with zero D. The large gap of
GM systemis due to the fact that GM has limited send
buffer andeachsendrequiresan acknowledgmentfrom a
receiver. The sendoverhead&(' is the host overheadof
sendinga message.For GM, &(' is measuredusing the
part (b) of the Figure 9 when D is zero and N is below
network buffering capacity. For the others,we uselarge
D andthe equation+�687:9;�<& '*1 7 . The relative large
resultof & ' for BIP is causedby synchronoussends,which
addPIO costto value & ' . The receive overhead& ) mod-
elsa hostoverheadof receiving a message.In GM, & ) is
measuredwith codesegment(b) in Figure9 usingequation
+=6>7:9?�@& 'A1 & )B1DC;EBF 6>GAHBI8JBKL7:9 sinceeverysendrequires
anacknowledgment,where GAHBI8J is obtainedby GBHAI>J5�M7ON
for all

� ���P7Q���R7ONSK�+=6>7:9T�U+�6 � 9 . In BIP andGM+
&*) is computedusingpart(c) in Figure9 with equationof
+=6>7:9O�V&�) 1 7 for large D. In BIP a messageis trans-
feredto usermemoryusingDMA withouthostintervention
thereforeBIP hassmallest&*) value.Finally 4 is computed

0
�

5000
�

10000
�

15000
�

20000
�

25000
�

30000
�

Message Size (Bytes)�
0

40

80

120

160

200

240

280

320

R
T

T
/2

 (
10

e6
 s

ec
on

ds
)

W

GM
 
GM+
 
BIP

0! 64 128" 192# 256$0

4

8

12

16

20

24

Figure 8. RTT/2 benc hmark.

Barrier(); Barrier();
time(); ;
for N times for N times

send();
recv();

   recv();
   send();

time();
Barrier();

;
Barrier();

(a) RTT/2

Barrier(); Barrier();
time(); ;

for N timesfor N times
send();
spin(D);

   recv();
   ;

time(); ;
Barrier(); Barrier();

(b) Os, Or and g

Barrier(); Barrier();
time(); ;
for N times for N times

recv();    send();
spin(D);    ;

time(); ;
Barrier(); Barrier();

(c) Or

Node 0 Node 1

Figure 9. Pseudo-code for LogP parameter s.

from theequation,�-X-/ �@&(' 1 &�) 1Y4 , andit countshow
muchtimeamessageis spentfrom oneNIC to anotherNIC.
SinceBIP offersnoreliablemessagedeliverywith minimal
bookkeepingin its MCP code,it hassmallest4 value.The
4 valueof GM+ is about2.5% s lessthanthatof GM since
GM+ usesPIO to sendmessageandoffersno acknowledg-
mentonreceiving a message.

,�-X-/ Gap &(' &*) L
GM 14.76 18.23 0.86 1.93 11.91

GM+ 12.78 8.55 2.02 1.29 9.47
BIP 6.65 5.65 5.04 0.48 1.13

Table 1. LogP measurement results.

5 Relatedissues

Theprevioussectionsummarizesperformanceresultsof
thecommunicationsystems.Theseperformancefiguresre-
veal someof most importantissuessuchas reliablecom-
municationanddatacopying in achieving high bandwidth
andlow latency communicationsystems.However,thereare
someissueswhichneedto bediscussed.

Z InterruptHandling: The costof delivering interrupts
is part of the problemin traditional implementations
of TCPprotocolstack[8]. In orderto avoid usingex-
pensive interruptsto delivermessagesthroughtheOS,



theuser-level communicationsystemsuseDMA to de-
posit the messagedirectly into usermemory, andre-
ceiversthenpoll thenetwork events.

Z Connectionestablishment:GM andBIP offer no ex-
plicit connectionestablishment.Applicationssimply
build a messageand sendit to a correctdestination.
However the communicationsystemsmaintain con-
nectioninformationbetweeneachpair of hostsin the
network.

In additionto theabove,issuessuchasnetwork manage-
ment,threador fork safety, connectioninheritance[9], and
congestioncontrolareeitherignoredor givenlittle consid-
erationsin the user-level communicationsystems. Some
of the issuesmay be left to higher level softwarebut they
have beenstudiedvery little in user-level communication
systems.

6 Conclusion

In this papertwo userlevel communicationsystemsare
studiedextensively on thesameplatform. The threetypes
of bandwidth,user-to-userlatency and 4\[ +^] resultsare
presented.The performancebenchmarkrevealsnot only
commonpracticesamongthesesystemsbutalsodifferences
in decisionsin both the communicationmodelandimple-
mentations.Thestudiesshow inverserelationshipbetween
functionality andsmall messagelatency, andquantify the
cost of reliable messagedelivery. In addition the studies
show thatshortmessagelatency lies in arangeof _a` 
 _3% s,
andmaximumbandwidthlies in a rangeof _ � ` 
�bA� MB/s.
In thefuture,a multi-priority packet basedcommunication
system,which aimsat very low latency for smallmessages
of unreliabledelivery, derivedfrom GM will bedeveloped
to addressproblemsin applicationsthat requiresvery low
latency in globaloperations.
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