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Abstract

Thekey to efficientparallel computingonworkstationsclus-
ters is a communicationsubsystemthat removesthe oper-
ating systemfrom the communicationpath and eliminates
all unnecessaryprotocoloverhead.But thekey to effective
andwidespreadclustercomputingin general is to provide
a clusterenvironmentwhich offers high performanceand
well knownprogramminginterfacesaswell asanintegrated
managementandadministrationof theclusterthatmakesit
suitablefor a widespreadcommunity.

The ParaStation2cluster environmentfulfills thesere-
quirements.Its one-waylatencyfor all programminginter-
facesis about

�������
(dependingon thehardware platform)

and throughputis 100 to 150 MByte/s.It offers standard
programminginterfaces,including PVM, MPI, Unix sock-
ets,Java sockets,and Java RMI which allow parallel ap-
plicationsto beportedto ParaStation2with minimaleffort.
ParaStation’sonesystemimageis responsiblefor manage-
ment and administration of the cluster in terms of fault
tolerance (automaticremoval and reintegration of faulty
nodes),node management(offering logical nodesrather
than physicalmachines),load balancing(automaticmap-
ping of appropriatenodesto applications),andjob control
anddisastermanagementin caseof faultingapplications.

Thesystemis implementedona varietyof platforms(Al-
phaworkstationsrunningTru64 Unix, aswell as Intel and
Alpha’srunningLinux)andis provento operatelargeclus-
ters.

1 Introduction and Motivation

Workstationclusterscoupledby high-speedinterconnec-
tion networks offer a promisingdirection for high perfor-
mancecomputingbecausethey arecost-effective andthey
closelytracktechnologyprogress.In contrastto supercom-
putersand parallel machines,clusteredworkstationsrely
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on standardizedcommunicationhardwareandcommunica-
tion protocolsdevelopedfor local-areanetworksandnotfor
parallelcomputing.As communicationhardwareis getting
fasterand faster, the communicationperformanceis now
limited by the processingoverheadof the operatingsys-
tem andthe protocolstack,ratherthan the network itself.
To reducethis overhead,many researchershave proposed
user-spacecommunicationmodels,which all remove the
operatingsystemandregularprotocolprocessingfrom the
communicationpath. Although being successfulin terms
of achieved performance(latency as well as throughput),
theproposedcommunicationmodelsoftenusenonstandard
programminginterfacesand sometimesalso nonstandard
communicationsemantics.But applicationdevelopmentre-
lies on standardizedand well definedprogramminginter-
facessuchasUnix socketsor programmingenvironments
suchasPVM andMPI, to ensureportability andmaintain-
ability. Thusproviding thesekind of interfacesis akey issue
for a widespreaduseof high performanceclustersystems.

Providing a global clusterenvironmentis a secondkey
issue,especiallyto handlelarge clusters.In order to pro-
vide clusterswhich areeasyto useandeasyto manage,it
is necessaryto develop a multi-usertime-sharingenviron-
mentwith meansfor global (clusterwide) resourcealloca-
tion thatcanrespondto resourceavailability, distribute the
workloadandutilize theavailableresourcesefficiently and
transparently. Maintaininga multi-userenvironmenton top
of a user-spacecommunicationsubsystemrequiresspecific
mechanismsfor processcoordinationsuchasco-scheduling
of simultaneouslycommunicatingprocesseswhich is not
presentin ordinary operatingsystems.Furthermore,han-
dling clustersin a convenientway needsmechanismsto
provide partitioning,globalprocessmanagement,loadbal-
ancing,nodemanagement,fault toleranceanddisasterre-
covery.

ThisarticlepresentstheParaStation2architectureandre-
latedapproaches(section2), startingwith an overview of
theParaStation2system(section3). Thefollowing sections
discussParaStationin detail, first its communicationsub-
system(section4), thenits systemenvironment(section 5)
andfinally its clusterenvironment(section6) which forms
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ParaStation’sOneSystemImage.

2 Communication Subsystems and Cluster
Environments

Thereareseveralsystemsproviding a high performance
communicationsubsystemfor Myrinet. First of all GM
from Myricom [13], Active Messages-II[8] used in the
Berkeley NOW cluster[1], FastMessages[15] from Uni-
versityof Illinois, thelink-levelflow controlprotocol(LFC)
[4] usedwithin the distributed ASCI supercomputer, PM
[17] aspartof theSCoresystemfrom RealWorld Comput-
ingPartnershipin Japan,virtual memorymappedcommuni-
cation(VMMC-2) [9] from PrincetonUniversity, thebasic
interfacefor parallelism(BIP)[16] from the University of
Lyon,Trapeze[20] from DukeUniversity, andParaStation2
from theUniversityof Karlsruhe.

Most systemsarebasedon the user-spacecommunica-
tion principle to achieve high performance,althoughthey
supportdifferentcommunicationparadigms,differentpro-
gramminginterfaces,anda differentquality of service.For
example,most systemsassumeMyrinet to be reliable [4]
and do not provide any mechanismsto ensurereliability,
whereasGM, AM-II, VMMC-2, and ParaStation2imple-
mentTCP-like transmissionprotocolsat firmwarelevel to
guaranteereliablecommunicationeven in caseof network
failures(corruptedor lostpackets).Besidesproprietarypro-
gramminginterfaceswhich arecloselyrelatedto thecorre-
spondingcommunicationparadigm,nearlyall systemspro-
vide an optimizedMPI packageasstandardizedprogram-
ming interface.The standardUnix socket interfaceis sup-
portedby the GM systemat kernel level (non optimized),
by Trapezeat kernellevel (optimized),by Berkeley NOW
andVMMC-II (optimized,but limited functionality)andby
ParaStation2(optimizedwith full functionalityandcompat-
ibility atobjectcodelevel, seesection5).

Providing a high speedcommunicationsubsystemis a
key issuefor parallelcomputing.In additionto that,Glunix
from the NOW project [10], SCorefrom RWCP in Japan
[12], Mosix from the Hebrew University of Jerusalem[2]
andParaStation2alsocareaboutglobal resourcemanage-
mentandadministrationof clustersby providing a global
clusterenvironment.While Glunix andSCoreoffer a setof
commandsto establishtheclusterenvironment,ParaStation
usesa combinationof kernelextensionsanddaemonpro-
cessesoneachnodeof thecluster. Mosix focuseson global
resourcesharing,loadbalancingandprocessmigrationus-
ing kernelextensionsto theBSD andLinux kernel,but ne-
glectsa highperformancecommunicationinterface.

3 ParaStation2 Overview

TheParaStationsystemconsistsof severalmodules,lo-
catedwithin or outsidetheunix kernel(seefigure1).
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Figure 1. Overview of the ParaStation2 sys-
tem

A LanAI programactingasfirmwareontheMyrinetadapter
handlesall communicationbetweentheMyrinet connected
nodes.The device driver is responsiblefor settingup the
Myrinet adapterat boot time andfor mappingappropriate
memorysegmentsat applicationstart time. Togetherwith
a thin softwarelayer calledHAL1 thesemodulesform the
baseof thecommunicationsubsystem(seesection4).

All programminginterfaces(Unix sockets,PVM, MPI,
Java sockets and RMI2) are implementedat user level,
but rely on servicessuchasprocesscoordinationandco-
schedulingprovidedaskernelextensionslocatedwithin the
devicedriver. Wetookthisapproachto supportatruemulti-
user environment on top of a user-spacecommunication
subsystem(seesection5).

TheParaStationclusterdaemonis responsibleto collect
and distribute all information from all other nodesin the
clusterto setuptheglobalclusterenvironment.All services
to handleparticipatingor faultynodes,to spawn,signal,and
kill processesin a uniquebut clusterwide fashion,andto
handledisasterrecovery in caseof applicationcrashesare
locatedhere.All this featuresbuild up what we call a one
systemimage (seesection6).

1hardwareabstractionlayer
2remotemethodinvocation
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4 ParaStation2 Communication Subsystem

ParaStation’s communicationsubsystemis basedupon
theuser-spacecommunicationprinciple,which effectively
removes all protocol processing,data buffering and op-
eratingsystemoverheadfrom the critical communication
path.Unlike mostsystemswhich reduceprotocolprocess-
ing to a bare minimum, we’ve moved protocol process-
ing to the Myrinet control program (MCP) running on
the Myrinet adapter. Our protocol implementationcalled
RDP (reliable dataprotocol) offers a reliable data trans-
missioneven in caseof network failuressuchascorrupted
or lost packets[19]. Although RDP is messageorientedit
usesimplicit peer-to-peerconnectionswith uniqueconnec-
tion identifiers,which are automaticallyestablishedupon
the first transmissionrequestto a destinationhost.During
this processthe sourceanddestinationnodealsonegotiate
uniquesequencenumbers.Thesequencenumbersareused
to detectlost packetsandthe connectionidentifiersto de-
tect whena connectionis beingreestablished(after a sin-
glesidebreakdown).ThusRDPis ableto handletemporary
failureor absenceof a nodegracefullyandit will reestab-
lish connectionto thatnodeautomaticallyafter it is online
again.Flow control is implementedon top of a fixedsized
transmissionwindow usingacombinationof apiggybacked
acknowledgment(ACK) in caseof abidirectionaltransmis-
sion andexplicit but delayedACKs in caseof a unidirec-
tional transmission.Buffer overflow atthereceiving nodeis
handledby sendingbacka negative acknowledgment(ca-
pacityNACK) which preventsthesenderfrom transmitting
furtherpacketsfor acertaintime.In caseof detectionof lost
packets,asequenceNACK is transmittedbackto thesender
whichresultsin animmediateretransmissionof themissing
andall subsequentpackets(gobackN strategy). In addition
to the ACK/NACK schemeRDP associatesa timer with
eachpacket sentandupontimeout the packet will be au-
tomaticallyretransmitted.To detectcorruptedpacketsRDP
usesMyrinet’s built in CRCcheckandsomesanitychecks
suchas minimal packet length and a matchbetweenthe
lengthparameterin themessageheaderagainsttheamount
of datareceived. If an error is detectedthe packet is sim-
ply discarded,becauseit will beretransmittedby thesender
anyway.

In cooperationwith the HAL the MCP alsohandlesall
datatransferbetweentheMyrinetSRAMandthehostmem-
ory andvice versa.Heretheemphasisis on providing data
structuresandmechanismsto minimize PCI-bus transmis-
sionsand interferenceof the host and the LanAI proces-
sor. FurthermoretheHAL codeimplementsall architecture
andoperatingsystemdependentcodeaswell asspecialim-
provementsfor eacharchitecture.For all upperlayersthe
HAL providesroutinesto initialize thecommunicationsub-
systemaswell asbasicroutinesto sendandreceive mes-

sages.At this level a reliablein orderdeliveryof packetsis
alreadyguaranteed.

5 ParaStation2 System Environment

Nowadaysmost applicationsare parallelizedusing the
MPI communicationinterfaceand thereforeall high per-
formancecommunicationsystemsoffer optimizedMPI li-
braries.Ontheotherhandthereareseveralapplicationsand
applicationareaswhich still use other interfacessuchas
PVM, any othercommunicationlibrary basedon the Unix
socket interfaceor simply thesocket interfaceitself. There-
foresupportingonly MPI resultsin alimited usabilityof the
communicationsubsystem.In contrastto that ParaStation
offers a wide rangeof standardizedand well known pro-
gramminginterfaces(MPI, PVM, Unix sockets,and Java
RMI) whichareall optimizedfor theParaStationcommuni-
cationsubsystem.All interfacesareplacedontopof aflexi-
bleprotocolswitch,whichdirectlytransfersincomingpack-
etsto protocolspecificmessagehandlingroutines.Choos-
ing this strategy (see[7] for details)all communicationin-
terfacesperformnearlyat thesamespeed.MPI, PVM and
socketsonly addapproximately2-5

�
sof latency to thelow

levelParaStationHAL. Thisis possibledueto thefollowing
reasons:

� TheHAL in cooperationwith theLANai firmwareal-
readyprovidesareliabledatatransmission.If theHAL
acceptsamessagestreamat thesendingsideit is guar-
anteedthat this messagestreamarrivesat its destina-
tion in order. Thenecessaryprotocolto ensurereliabil-
ity is fully implementedin thefirmwareof theMyrinet
adapter(seesection4). This approachallows upper
layersto discardany flow controlandreorderingmech-
anismsfrom thecritical communicationpathandthus
providing thenecessaryqualityof serviceatfull speed.

� ParaStation’s core library offers a flexible message
queuingsystem,which allows uppercommunication
layersto inspector retrieve messageson request.The
interfaceto thequeuingsystemoffersuserdefinedfil-
tering functionsto inspectand retrieve specificmes-
sagesin order to supportmessagetag mechanisms
(usedboth in PVM andMPI). Thesefeaturesenables
upper layers(suchas PVM or MPI) to discardtheir
own queuingstrategies,andto usetheParaStationsup-
plied strategies instead.This approachavoids unnec-
essarycopy operationsleaving thedatain systemsup-
plied buffersaslong aspossibleto reduceoverallpro-
cessingoverhead.
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5.1 The ParaStation socket interface

All parallelandclient-serverapplicationsonworkstation
clustersrely ontheUnix socket interfaceascommunication
infrastructure.This fact lead us to provide a high perfor-
mancesocket interfaceto fully supportany applicationto
run at full speedon top of the ParaStationcommunication
subsystem.

The first approachwas to offer a semanticallyequiva-
lent interface[18], whereall ParaStationsocket callshada
simpleprefix to distinguishthemfrom the original socket
calls.This approachallows a ParaStationsocket to switch
back to the operatingsystemsocket transparentlyin case
that the high speednetwork is not operationalor in case
that the requesteddestinationis not reachablevia the high
speednetwork. As a consequenceall setupcalls hadto be
madeby both ParaStationand the operatingsystemsince
thedecisionwhois thecommunicationpartneris notdrawn
atcreationtimeof asocketbut lateronduringconnect()
or evenduring a sendto(). A smallwrapper between
the applicationandthe socket systemcalls decidedwhich
way to go: high speedthroughthe optimizedParaStation
protocolor low speedthoughtheoperatingsystem.Thedis-
advantageof this approachis that every applicationhasto
beadopted(by exchangingthesocket calls) in orderto use
theParaStationsystem.

The next stepin optimizing the socket interfacewasto
eliminatetheprefixto offer asemanticallyandsyntactically
equivalentsocket interface.Froma technicalpoint of view
this can be done by simply overloadingthe systemsup-
plied socket calls (insidelibc.a) with a secondlibrary
thatusesthe samenamespace.Doing thatonegainscom-
patibility at objectcodelevel, but loosesthe transparently
fall backmechanismto usethe internalsystemcalls when
necessaryor appropriate.The fall backmechanismis im-
portantfor at leasttwo reasons:First many applicationsuse
the read() andwrite() systemcalls to transferdata
throughsockets. But overloadingread and write dis-
ablesany file operations.Second,many applicationsdo not
operatein a closedenvironmentin termsthat they tendto
communicateinsideaswell asoutsideacluster. Not having
the transparentfall backmechanismwould disableoutside
communicationimmediately. To solve this problemwe use
thesamemechanismusedwithin theC library to converta
socketcall to a genericsystemcall. All socketcallsusually
consistonly of threelines of codein thelibc.a, which
pack the parametersand switch into to operatingsystem.
Exactlythis is doneinsideournew library, whenwehaveto
usethe operatingsystemsocketsinsteadour own sockets.
TheresultingParaStationsocket library now offerscompat-
ibility at objectcodelevel while still providing a fall back
mechanismin casea requesteddestinationin not reachable
within thecluster. Thisallowsadoptionof any applicationto

theParaStationsystemby simply linking their codeagainst
the ParaStationsocket library while combiningthe advan-
tages(highspeedcommunication),thenecessaryflexibility
(transparentin- andoutsidecommunication),andthe con-
venienceof not having to adoptany sourcecode.

5.2 Optimizing PVM

The first implementationof PVM on ParaStationwas
basedon the first versionof socket layer describedabove.
No modifications,except using the prefixed socket calls,
wasmadeto theoriginal code[6]. TheresultingPVM was
muchfaster(latency droppedfrom 220

�
s to about90

�
s)

asadirectconsequenceof theimprovedsocketperformance
(22

�
sversus150

�
s).Usingtheoptimizedsocket layer, the

latency causedbyPVM itself raisedfrom 46%to 318%thus
evolving to themajorbottleneckof thewholesystem.

The secondstepleadus to an optimizationof PVM on
top of the ParaStationports [14] called PS-PVM, which
fully usedtheflexibility of theParaStationcommunication
subsystem.Inside the cluster we usedParaStation’s One
SystemImage (POSI)(seesection6) to make PVM believe
that it is running on a single systemwith multiple CPUs
rather than a cluster of workstations.FurthermorePVM
wasadoptedto useParaStation’sflexible queuingsystemto
leavethemessagesin placeuntil theuserrequeststhem.For
outsidecommunication,PS-PVMstill usesthesocket inter-
facewith its ownmessagequeuingimplementation.Theuse
of ParaStationOneSystemImage allowedus to reducethe
numberof PVM daemonsinsideon clusterto a singledae-
mon.This daemonis responsiblefor all tasksconnectedto
him independentof theactualnodethey arerunningon.The
portsinterfacereducedthework to bedoneinsidePVM to
aminimum,sothatthePVM overheadfor amessagetrans-
fer couldbereducedfrom about70

�
s on top of socketsto

about2
�

s on top of ParaStation.This internalPVM opti-
mizationsandtheoptimizationinsidetheParaStationproto-
colsreducedtheoverallmessagelatency from 220

�
s to as

low as25
�

s, which is far lessthanPVM implementations
on many dedicatedparallel machineseven with common
sharedmemory.

5.3 Optimizing MPI

The MPICH distribution from ArgonneNational Lab
usedwithin theParaStationsystemofferstwo separatepos-
sibilities to interfaceto differentcommunicationsystems:
Firstwriting asocalledchannelinterfaceandsecondto im-
plementanew ADI (abstractdevice interface).We took the
first approachsimply becausemost of the requiredfunc-
tionsto setup a new channelinterfacesarealreadypresent
within the ParaStationcommunicationlibrary. Thus the
ParaStationchannelinterfacetakesabout70 lines of code
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mainly justmappingfunctionnamesandconvertingparam-
eters.Mostcodeis usedin theinitializationsectionallowing
a mpi programto usetheParaStationspawnmechanismin
orderto startthenecessaryprocesseson thedifferentnodes
within the cluster. As a consequencethe usualmpirun
commandis not neededany longerandtheapplicationcan
bestartedby usingthe-np optionasusualapplicationpa-
rameter. As ParaStationis now responsibleto startthetasks
on thedifferentnodesof thecluster, ParaStationis alsoca-
pableto cleanup thesystemin caseof applicationcrashes.

5.4 Supporting a multiprocess environment

A drawbackwhenmoving thecommunicationpathout-
sideof thekernelis thatthekernelnow lacksof communica-
tion dependentinformationusuallyusedwithin theprocess
schedulingdecision.The kernelnow hasno moreknowl-
edgeif a threadis doing real work or if it is busy waiting
on anemptyreceive messagequeue.But wastingCPUcy-
cles is critical andreducesoverall performanceespecially
in a multiprocessenvironment,becausethe CPU could be
betterusedby anotherthreadto do real work. Therefore
we have developedseveralcoschedulingmethodsto hand-
off theCPUto anotherthread.With coschedulingactivated,
executingtwo independentpairwiseexchangebenchmarks
on the samesetof CPUsis about20 timesfasterthanus-
ing theplain systemwithout any coordinationbetweenthe
differenttasks.This effect is extremelyvisible while using
Java RMI, whereseveral threadsarewaiting for a remote
methodto returnandthereforeactively consumeCPU cy-
cleswithout doing real work. With ParaStationcoschedul-
ing multithreadedapplicationsrunefficiently onaclusterof
workstationwith user-spacecommunicationprotocols.For
moredetailssee[5].

6 ParaStation2 One System Image

Besideanefficientcommunicationsubsystem,averyim-
portantfeaturefor thesuccessof clustersin generalis their
easeof useandeaseof programingwhich canbeachieved
by providing a unifiedview of theclusterasonesingleen-
tity. As shown in section5 ParaStation’sOneSystemImage
(POSI)allowedusto optimizeandsimplify theadoptionof
bothPVM andMPI.

The ParaStationOneSystemImageis provided by the
interactionbetweentheParaStationsystemlibrary boundto
eachprocess,a clusterdaemonrunningon eachnodeand
kernelextensioninsidethedevicedriver.

6.1 Node management

The cluster daemonsof all node stay in contactwith
all otherclusterdaemonsin the system.Eachdaemondis-

tributes local information such as the current load situa-
tion andcurrentlyconnectedapplicationsto all otherdae-
mons.Additionally all daemonscanrequeststatusinforma-
tion from remotenodesthrougha build in daemon-daemon
protocol.

Thefirst implementationof this daemon-daemonproto-
col wasbasedon TCP connectionsbetweeneachnodere-
sulting in a separateconnectionto eachother node.This
approachcausedmoreandmoreproblemswhile increasing
thenumberof nodes,but TCPconnectionswerenecessary
to ensurea reliable communicationand to detectremote
systemshutdowns.Now thenew daemon-daemonprotocol
is basedonourreliabledatagrammprotocol(RDP)whichis
alsousedinsidetheMyrinet adapterto ensurereliablecom-
munication.RDP allows us to switcha singleUDP socket
per nodewhile still having a reliabledatachannel.Addi-
tionally, the traffic on the network wasreducedby broad-
castingtheloadinformation(alsousedasalivemessage)of
the nodeswith UDP multicastmessages.This reducesthe
numberof messagespernodeto sendfrom � to  aswell
asthetotalnumberof messagesfrom ��� to � .

If anodefails, theotherdaemonsdetectthisbecausethe
alive messageof this daemonis missingfor a specificpe-
riod of time. If this happensthe daemondeclaresall tasks
runningon this nodesasdeadandtakesappropriateaction
(seenotificationmechanismbelow).

The communication infrastructure provides by the
daemon-daemonprotocol enablesus to expand the local
view of a single nodeto a global, cluster-wide coordina-
tion of the connectedclient processes.Partsof the global
coordinationareglobal processmanagement,partitioning,
loadbalancingandoutputredirection.

6.2 Process management

The global processmanagementin POSI is formed by
providing a uniqueglobal taskidentifier for each(parallel)
process.Theglobal taskidentifierconsistsof theunix pro-
cessidentifier(PID) andthelogicalnodenumberthetaskis
runningon.Any operationinsidethePOSIon tasksusethis
taskidentifierto addressthetask.Sendingsignalsin Unix is
limited to thelocalnode.POSIexpandsthedeliveryof sig-
nalsto any taskin thecluster. InsideParaStationsignalsare
sentto theglobaltaskidentifier. This taskidentifier is used
to addressthenodewherethe taskresidesanda requestis
sentto the daemonon the node.Whenthe requestarrives
the daemonsendsthe signal locally to the final task.Any
errorcodes,suchasoperationnot permitted,aresentback
to the calling taskandit canhandlethe returncodein the
samemannerasa localkill() command.

FurthermorePOSIintroducesa new andvery powerful
mechanism,whichnotifiesataskif anothertaskchangesits
status.Any taskin thesystemcanregisterat thePOSIto be
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notifiedassoonasthestatusof anothertaskschanges.This
helpsthe registeringprocessto know whenany task,e.g.
theparenttask,diesandmayreactin a propermanner. PS-
PVM usesthis featureto expandthe responsibilityof the
singlePVM-Daemonto thewholecluster. Theclientsreg-
ister to benotifiedassoonasthedaemondies.This mech-
anismallows to cleanup the virtual machineeven if the
coordinatingPVM daemonis not presentany longer. The
samemechanismis usedinsideMPI, whereall processes
registerto benotifiedassoonasa cooperatingtaskdies.It
helpsto cleanup all processesin aparallelMPI application
evenif a processgetsa segmentationfault.

POSI allows a task to spawn new taskdynamicallyon
any nodetransparently. As a resultof spawning thecalling
taskgetsback the global task identifier with which it can
useto sendsignalsto or retrieve informationaboutthenew
task.

6.3 Partitioning

It is oftenusefulto partitiona largeclusterinto smaller
subsets.E.g. one part of the systemis usedfor program-
mingandanotherpartis usedfor productiveruns.POSIcan
beinstructedto limit totalnumberof availablenodesto any
specificsubset.New tasksareonly spawnedinsidethisspe-
cific subsetof allowednodes.This allows a closecoopera-
tion with batchsystemssuchasDQS[3] or PBS[11]. When
launchingnew applicationsthebatchsystemsetsthesubset
of possiblenodesandexecutesthe masterprocess,which
thenspawnsits clientsonly insidethis subset.

While spawning POSIallows theuserto tell thesystem
to usea specificnodeor to choosean appropriatenodeto
spawn a new task.Whenno specificnodeis given, POSI
sorts the available nodesin the active partition by load
andspawnstherequestednumberof processeson theleast
loadednodes.This balancesthe loadamongall nodesin a
partition.

6.4 I/O redirection

All spawnedclientprocessessendtheiroutputto theter-
minal of the masterprocess.This allows even to usethe
printf() debuggerin theparallelapplication.Dueto the
fact that therealparentprocessof theclient is thedaemon
on the remoteside,it inherits the IO channelsof the dae-
mon.To preventthis, thedaemonsredirecttheIO channels
to aloggerprocesswhichis runningonthenodeof themas-
terprocessafterforking andbeforechangingto thenew ex-
ecutable.Theloggerprocessis forkedby themasterprocess
beforethemastersendsits spawn requestto thedaemonand
transmitsthe peeraddressesof this loggerwith its spawn
message.This techniquethenallows redirectingall client
outputto themasterprocess.

7 Conclusion

In this paperwe concentratedon the importanceof an
integratedcommunicationandmanagementsubsystemfor
clusters.Wepresentedavailablesystemsfor Myrinet andfo-
cusedondetailsof theParaStation2system,whichprovides
all necessaryfeaturesandoffers a promisingdirectionfor
highspeedclustercomputing.

ParaStation2featuresa high performancecommunica-
tion systemwith a wide rangeof programminginterfaces
operatingcloselyat hardwarespeed.E.g. latency of all in-
terfacesis aslow as25

�
s andthroughputriseup to about

150MB/s. Especiallythehighspeedsocketsenablea wide
rangeof applicationsto runmoreefficiently onahighspeed
network suchasMyrinet. TheParaStationOneSystemIm-
ageenhancesthe handlingof a cluster, becausethe whole
systemis viewed asonesingleentity. Programmingenvi-
ronmentssuchas MPI andPVM usethis functionality to
operatein anoptimizedfashion.Additionally theuserdoes
not have to be awareof temporarilyinactive nodes,since
nodefailuresareautomaticallydetectedby theParaStation
systemandnew processeswon’t getspawnedon them.
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