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Abstract

Dueto thedevelopmentof several new technologiescon-
cerninghigh speednetworks,onecan get PC clusters for
intensivecomputingat a low price. Parallel program-
mingenvironmentsmusttakeinto accounttheheterogeneity
of workstationnetworksinto their communicationkernels.
New technologiesmustbeeasilyintegratedinto such envi-
ronments.TheLANDA-HSNprojecthasbeendesignedfor
anefficientuseof theavailableresources(network,proces-
sor, memory).Thispaperdescribesthemechanismsandthe
implementationof its communicationkernelon SMPhosts
andthroughinterconnectionnetworks.Thecontribution of
this paperis to proposea flexible andefficientcommunica-
tion kernel.

1 Introduction

Dueto thedevelopmentof severalnew technologiescon-
cerninghigh speednetworks, onecanget PC clustersfor
intensive computingat a low price. Parallel programming
environmentsmust take into accountthe heterogeneityof
workstation networks into their communicationkernels.
New technologiesmustbeeasilyintegratedinto suchenvi-
ronments.TheLANDA-HSN projecthasbeendesignedfor
anefficientuseof theavailableresources(network, proces-
sor, memory).Thispaperdescribesthemechanismsandthe
implementationof its communicationkernelon SMPhosts
andthroughinterconnectionnetworks. Thecontribution of
this paperis to proposea flexible andefficient communica-
tion kernel. The very interestingprice / performanceratio
makesclustersof workstationsoftendedicatedto beparallel
machines.Indeed,suchamachineoffersaveryhighpoten-
tial power. They appearin thetop500of themostpowerful
machines(thereare24 of themin june,99) [7].
Becausethe networks are often slow, that sort of parallel
machineis generallyusedfor ”coarsegrain” algorithms.

However, this handicapis partly hiddenby the latesthigh-
speednetwork hardware(SCI [9], ATM [21], Myrinet [5],
MPC [3]). This kind of network will soonreachhigh per-
formances.
Thework presentedin this paperdealswith theconception
of a new communicationkernelin theLANDA [16](Local
AreaNetwork for DistributedApplications)environmentto
implementhigh speedcommunicationson thesenetworks.
TheLANDA projectwasstartedin 1989to build a general
parallelenvironmenton top of clusters. It wascreatedby
the OFPteamat LAAS laboratory(Laboratoired’Analyse
et d’ArchitecturedesSyst̀emes).
The LANDA software has a completeenvironmentwith
graphicalinterfaces(trace,load,dynamicstate)andallows
to run andmonitorparallelapplications.Thewholesystem
is implementedon top of a setof daemonsrunningon each
workstationof the virtual machine. This organizational-
lowsa globalview of themachine,particularlyits loadand
its availability. The heterogeneityandthe structureof the
network andits architecturearetransparentto theLANDA
user. Tasksof a parallelapplicationcommunicatevia mes-
sagepassingandtasklocalizationis transparentto theuser.
The control provided by LANDA is closeto an operating
systemif weconsiderits globalview of thevirtual machine.
Thecommunicationsystemimplementedin therelease3 of
LANDA, called LANDA-HSN (High SpeedNetwork), is
basedon an optimal useof the computerarchitectureand
network resources.It is basedon theseparationof themes-
sagesinto two parts:headeranddata.Theobjective of the
new communicationsystemis to distributeandoptimizethe
mailboxsystemin orderto optimizecommunicationopera-
tions.
LANDA is coupled with the Network-Analyser system
which allows to analyzeandpredict the network andhost
loads.Network-Analyseris anobservationtool (CPUload,
processesstates,input/output,global traffic and point to
point communications)thatgivesall significantloadinfor-
mationsand is alsoa decisiontool that computesoptimal
messagerouting tablesand taskallocationstrategies [12].



Network-Analyserprovides a library which can be used
by all systems(LANDA [16] communicationkernel,PVM
[20]) to getinformations.
In the following sections,we focus on the communica-
tion model that we are designingin LANDA-HSN. We
will first describethe virtual machinearchitecturedefined
in LANDA. Thenwe describethecommunicationschemes
betweentaskson SMP hostsand throughinterconnection
networks. We concludeby giving the first resultson our
myrinetcluster.

2 Related work

Numbersof projectsconcerningPC clustersaredevel-
opedthroughouttheworld. Oneof thewell known project
is Beowulf in GoddardSpaceFlight Center(1994) with
PCs running Linux, but many othersexist: LOKI (Los
AlamosNationalLaboratory),Hyglac(Caltech/JPL),PopC
(MATRA Syst̀eme et Information), NOW (University of
California, Berkeley). Moreover, numberof parallel pro-
grammingenvironmentwerefirst designedfor local work-
stationnetworks or parallel machines. Several program-
ming paradigmsare available: automaticparallelization
(HPF [1]), direct messagepassing(PVM [20], MPI [4],
LANDA [16]), sharedmemory(OpenMP[6]), writing in
memory(VIA [8]). It is thennaturalto usetheseenviron-
mentsonclustersalthoughthey arenotdirectlydesignedfor
them. However, clustersareoftenbuilt with very different
communicationhardwaresandprotocolswhich impliesthat
communicationlayersanduserlibrarieshave to beadapted
to obtainthehighestthroughput.Hence,a particularcom-
municationlayer for eachprotocol is necessary, but these
layershave to be genericenoughto be easilyintegratedin
anheterogeneousenvironment,andflexible enoughsoasto
avoid re-writing thewholelibrary every time a new typeof
network appears.LANDA-HSN proposesto integratesuch
features.OtherenvironmentslikeMP MPICH [13] or PM2
[17] with Madeleine[11] alsodo this.

3 LANDA-HSN Architecture

3.1 Virtual machine model

A virtual parallel machinemay have a complex archi-
tecture (figure 1), due to the heterogeneityof the hard-
ware: workstation,cluster, parallelcomputer. Interconnec-
tion networksmaybealsoheterogeneous(topology, speed,
protocol). If one wants to use suchan architectureeffi-
ciently, a good knowledgeof the architectureis required.
LANDA takes into accountthreelevels of network inter-
connectioninsideaparallelvirtual machine:
� Physicallevel (hub,bus,switch)andphysicalconnec-

tions(portnumber).

� Interfacelevelwhichis theview thattheoperatingsys-
temshas(network interfacenames).

� Network level which concernsthe link betweenhosts
andnetworks,or networksandnetworks.

This accuratedescriptionallows the LANDA kernel to
manageefficiently communications. The physical level
givesinformationsto createtheroutingtables,thetwo other
levels give enoughinformationsto be able to spreadthe
tasksover the networks so that resourcesare usedas ef-
ficiently aspossible. Moreover, the Network level allows
paralleltasksto berunon differentsites.
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Figure 1. Architecture of the vir tual parallel
machine as viewed by LANDA

3.2 Communication Model

3.2.1 Dynamic Message routing

Thecommunicationmodelis basedonthemessage-passing
paradigm. Messagesare cut into two different parts: the
headerandthedata.Headersarealwaysstoredin thehost
receiver headermailbox. Datacanbe storedanywherein
the virtual machine,thusavoiding multiple copiesof data
in caseof collectivecommunications.Separationof header
anddataalsoallows to chooseamongseveralcommunica-
tion modelsaccordingto themessagestoragepolicy.
With severalmemorylocations,thecommunicationsystem
canbe partially or totally distributed. In this case,several
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routingpoliciesarepossible.The threebasicroutingpoli-
ciesarethefollowing:

� Dataarealwayssentto thereceiver’shost.

� Dataalwaysstayon thesender’shost.

� Dataarestoredon a lessloadednode(differentfrom
senderanddestination).

Thesedifferent routing policies allow a better network
bandwidthutilization for remotecommunicationdepending
on the load of the workstationnetwork. The routing poli-
cies can also be usedfor local communicationin caseof
localmemorylack. Wearestudyingdynamicroutingstrate-
giestakinginto accountrealtimeloadof thewholemachine
[15]. The Network-Analysersystemwill be in charge to
give real time measuresto LANDA in orderto changedy-
namicallymessageroutingtables.

3.2.2 Communication library

A high-level library, called central library (figure 2), im-
plementsall basic mechanismsand functions to manage
communications,parallelprogramsandthevirtualmachine.
Thecentrallibrary offersevery functionalityneededto im-
plementthe high level libraries: PVM [20], MPI [4] [14],
VIA [8]. A sharedmemoryallocationmechanismallow-
ing zero-copy local communicationis alsoprovidedby this
library.

MPCMyrinet GMTCP/IPshared memorynetwork protocol

media communication

parallel applicationvirtual machinemessage box

central library interface

graphical interfaceMPIPVMVIA

memory management and synchronisation mechanism

user application

Figure 2. Landa architecture

3.2.3 Kernel communication library

High-level communicationlayers are built on top of the
mediacommunicationlayer. Thus any kind of hardware
canbetransparentlyusedthroughit. For eachcommunica-
tion, LANDA choosesthe besthardwarelink accordingto
the datapriority. LANDA definesseveral communication
types:

� kernelmanagementcommunication

� userdatacommunication

� urgentcommunication

The interface of the media communicationlayer pro-
vides different functionsconcerningcommunicationlinks
or channels.Apart from the ’open’ and ’close’ functions,
we have blockingandnon-blocking’read’and’write’, and
we areplanningto usecall-backfunctionsto tell theavail-
ability of thedatafrom oneor morechannels.Thefigure3
shows thelower layersthatthemediacommunicationlayer
dependson. Eachoneis representedby a class(in object
programminglanguage).The mediacommunicationclass
is a set of channelclasses.The channelclassoffers vir-
tualmethodsthatarereally implementedby eachparticular
hardware’s class.Thusit is easyto addandusenew com-
municationhardware.

channel_tcp

channel_mpc
channelmedia

channel_gm_myrinet

channel_shm

Figure 3. Comm unication class

4 Principle for local communication

4.1 Design

We have decidedto use sharedmemory (SHM) and
semaphoresfor local communicationsbetweenprocesses
on thesamemultiprocessorhost,for thefollowing reasons:

� We mayhave only onereceiver perhostfor a particu-
lar communicationmedium(eg: GM/Myrinet), sothe
datamust be able to be sharedbetweenall the pro-
cesses.

� Zero-copy communicationbetweentwo or morepro-
cessesis possible.

So far mmap()-edsharedmemoryandIPC-semaphores
areused. However, the softwarehasto be independentof
systemmechanisms.So we have wrappersthat allow to
changethe underlyingsystemcalls accordingto the archi-
tecture’s capabilities- for instancethread’s mutexes can-
not be sharedbetweenprocesseson Linux, so we useIPC
semaphores,whereaswecanusethemonSolaristo enhance
performances.The figure 4 shows a ’ping-pong’ perfor-
mancecomparisonusingsemaphoreor mutex for synchro-
nisationunderSolaris.
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4.2 Memory management

The objective is to createa sharedmemory as easily
usableasthelocal memorywith someusefultoolsto share
databetweentwo or moreprocesses.This meansthat any
processcan ask for a sharedmemorychunk of any size
at any time. To be ableto provide this service,we usean
externalmemoryallocatorsincewe cannotusethe system
allocatorfor the sharedmemorysegmentswe create.This
allocatorwas madeby Doug Lea and is available on the
Internet[2]. This allocatoris theoneusedby theGnu-Libc
on Linux. It hasbeenslightly modifiedfor LANDA to be
usablein adistributedenvironment.

To sharedatabetweenprocessesin the sharedmemory,
we usewhat we call a buffer. A buffer is a structurethat
containsa pointer to the datathemselves in memory, and
some informations about them, particularly a reference
counter. We needto know the numberof referencesto
thesedatafrom all the processes,so that the datareleased
by a processare not freed from the memory if other
processesaccessto them. Consequentlythe buffer is the
only structureusedby all the communicationfunctions.
However, using shareddata implies that they have to be
read-onlyby all thereceiving processes.

The landasystemclassesfor local communicationare
organizedasshown in figure5.

� Class ’sembase’handles semaphorescreation and
management

� Class’mallocore’ handlesDoug Lea’s malloc (mal-
loc/free)

� Class’shmchunk’handlesallocationandmanagement

shmchunk

base_shm

mallocore

sembase
com_shm

channel_shmchannel

*

1 1

1
1111

1 *1

Figure 5. class organization for local comm u-
nication

of sharedmemorysegments

� Class’baseshm’ groupa list of shmchunkclassand
thesemaphoresclass

� Class’comm shm’ implementsthecirculararrays(see
in next section)

4.3 Local communication using shared memory

Each local processhas a circular array used to store
buffer referencesthat comefrom any other local process.
Whenaprocessneedsto readdatafrom thesharedmemory
link, buffer referencesarereadfrom thiscirculararray, then
storedin localmemoryusinga differentlist for eachdiffer-
entsender.
The reasonwhy we usecircular buffers to temporarysave
thebuffer referencesis thatthisstructureis veryfastto man-
age,andwe do not want thesendersto spendtime in man-
agingotherprocessesdata.
When dataare small enoughto fit in a single communi-
cation, headeranddataare groupedin the samememory
chunk.This allows makinglesscommunications,it will be
particularlyusefulin inter-hostscommunications.It is also
asolutionto keepcommunicationlatency low.
In theexampleon figure6, Task2 sendsa messageto Task
1. First, themessageis eithercopiedinto or directlycreated
in sharedmemory, thena headerthatdescribesthecommu-
nicationis built. T2 communicationwork consistsonly in
puttinga referenceto thosedatain T1’s circulararray. The
semaphoresemanticis usedto protectandsynchronizethe
processes.T1 thenreadsthereferencesin thecirculararray,
possiblyput themin its own lists if thedataarenot interest-
ing for now, andthenreadsthemfrom thesharedmemory.

5 Remote communication

5.1 Design

Communicationbetweenremotehostsis doneusing a
daemoncalled”communicationdaemon”(CD). In general,
thereis oneCD peruserandperhost.A CD mustbeshared
by the variousapplicationsof users. It is alsopossibleto
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have only oneCD for all userson a host. This providesa
solutionto thelimitation imposedby somecommunication
hardware(Myrinet/GM, MPC).

Sendinga messageis doneby variousrequestmecha-
nism to the destinationtask’s CD (i.e. the CD runningon
thesamenode).Onecandistinguish4 differentcases(fig-
ure7):

� Headerand dataare storedon the destinationtask’s
host,andthelatteris directly reachable.

� Headerand dataare storedon the destinationtask’s
host,but this hostis not directly reachable.Thenthe
network view of the virtual machinemustbe usedto
sendthemessagefrom CD to CD until thedestination
CD.

� Headeris storedon thedestinationtask’s host,but the
dataarestoredelsewhere.

� Like the previous case,but with hosts not directly
reachable.

The sendertask always reachesthe destinationtask’s
CD to senda message.The receiver taskreadsthe header
on its CD, andthenreadsdatathroughthespecifiedCD.

5.2 Programming structure

Thecommunicationmechanismdependsonthenetwork.
For examplefor TCP (figure 8), the taskT1 calls the MPI
function MPI send. This function calls the centrallibrary
mediasend()function.A bufferandaheaderarebuild. The
datasentdon’t needto bepost-processedif bothsenderand
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Figure 7. Comm unication Mechanisms

CD

M_read(buffer, header, ...)

C_read(buffer, header)

channel_tcp

M_send(buffer, header, task, type_comm)

T1

MPI_send(data, ..., dest, ...)

Host A

C_send(buffer, header, CD)

central library (media)

user code

TCP

SHM

C_send(header, T2)

M_read(buffer, header, task)

C_read(buffer, header)

C_read(buffer, data)

Host B

T2

channel_shm

channel_tcp

channel_shm

channel_shm

central library (media)

user code MPI_Recv(data, ..., dest, ...)

Figure 8. Comm unication over TCP

receiversarehomogeneous,otherwisethecentrallibraryex-
tractsthecharacteristicsof thereceiver taskandthetypeof
communication.After this, it usestheclassmediato send
the message.The mediachoosesthe bestchannelfor this
communicationandsendsthe messageto the remoteCD.
The CD on the hostB is waiting for messageson its me-
dia, thatis to sayonall thepossiblechannels.TheCD then
readsthemessagewith a read()functionof thechannelvir-
tual classwhich is implementedby a channel”hardware”
classandput themin sharedmemory. A headerto thelocal
taskis thengivento T2 usinga send()of the channelshm
class. When the task T2 asksfor the messageby using
MPI Recv(),it usesthecentrallibrary andthemediaclass.
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5.3 Myrinet Implementation

5.3.1 Use of GM library

GM is oneof themessage-passingsystemfor Myrinet net-
works [10] [18] [19]. The GM systemincludesa driver,
Myrinet-interfacecontrolprogram,anetwork mappingpro-
gram,andtheGM API. Thesystemprovidesa 560Mbits/s
bandwidthbetweentwo PII-233 with a 38uslatency. GM
featuresinclude:

� Concurrent,protected,user-level accessto theMyrinet
interface.

� Reliable,ordereddeliveryof messages.

� Scalabilityto thousandsof nodes.

� Very low host-CPUutilization.

� Two priority levels: low andhigh

Sendandreceivearedoneusingtokens.Sendinga mes-
sageat agivenpriority canonly bedoneif thesenderowns
atokenfor thatportandpriority. Whenthemessageis sent,
the senderfree the token. As sendsarenon-blocking,the
senderreceivesaneventto tell it thatthesentmessageshave
really beensent. Receiving a messageof a givensizeand
a givenpriority canonly bedoneif thereceiver ownsa to-
ken matchingtheseconditions. A communicationis done
asfollows: the receiver asksfor a messageof a givensize
after having reserved a buffer. The sendersendsthe mes-
sage,andwhenthereceiverreceivesit, anacknowledgment
is sentto thesender.

5.3.2 Design

GM’s communicationmechanismneedsa more complex
channelclass.Thecommunicationkernelmustgive empty
buffers in DMA memoryto GM beforeapplicationstarts.
Thesebuffers have a fixed length. This meansthat the re-
ceiver mustknow beforethe applicationstarts,the sizeof
the buffer it will receive. Yet, this is not alwaystrue, and
thereare problemsif one needsto sendlarger messages.
Currently, wehave two solutionsfor that:

� segmentthemessageinto chunksof thecorrectsize

� senda requestfor thesizeneeded,thensendthemes-
sage

Anotherproblemstill remainsfor eventmanagement.In
order to not slow down communications,the senderdoes
not wait for the ”receive” event. A threadhasbeenim-
plementedto managetheseeventsand is in charge to re-
transmitthemessagesif necessary. This threadhasa small
activity sincemessagesarenearlynever lost by Myrinet.

M_send(buffer, header, task, type_comm)

T1

MPI_send(data, ..., dest, ...)

C_send(buffer, header, CD)

user code

channel_shm

channel_shm

media

channel_tcp
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central library (media)

CD

M_read(buffer, header, ...)
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Host A
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SHM

M_read(buffer, header, task)

C_read(buffer, header)

C_read(buffer, data)
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SHM

myrinet

MPI_Recv(data, ..., dest, ...)

Figure 9. Comm unication over myrinet

ConcerningMyrinet, the communicationmechanism
with CDsis different(figure9) becauseof thelimited num-
berof GM communicationports.CDsaretheMyrinet gate-
ways for every taskson the samehost. When a task T1
sendsthe message,it mustuseits local CD. The commu-
nication betweenthe task and the CD is done using the
sharememoryand the channelshmclass. Then the local
CD readstheheaderandforwardsit andthedatato there-
moteCD usingMyrinet.

6 Experiments and results

6.1 Experimental Platform

Thetestplatform(figure1) is madeof 2 clusters.There
are 4 dual Intel-PII-233 using 100MbpsEthernetTCP/IP
network andGM/Myrinet (boardPCI32C-Lanai4)[5] with
linux installedin the first cluster. The secondclusterhas
2 Intel-PII-233connectedby a 100MbpsEthernetTCP/IP
network and a MPC [3] network. We will have 6 more
PCsin the MPC network by the end of the year. These
computersareconnectedto theLAAS network.

The first goal for LANDA is that the communication
library makesanefficient useof theGM/Myrinet network.
The managementof several computer-sites will be done
usingan Origin-2000parallelmachinelocatedoutsideour
lab. Thelink will beTCP/IPandATM.
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Currently, thetestsaredoneon the low level communi-
cationlayers.

6.2 Local communication

Theproposedtestsarea simple”ping-pong”whichuses
thelandalow layers.Thetestsareintendedto evaluatethe
objects’overhead.

In thetestnamed”2-copiestest”,buffersarecopiedfrom
senderlocal memoryto receiver local memorythroughthe
sharedmemory. In the testnamed”1-copy test”, thereis
only onecopy whenthe messageis sentor received,since
it is possibleto work directly in sharedmemory. When
dynamicallocationis used,buffersareallocatedandfreed
ateachdataexchangeusingtheshm-malloc/freefunctions.

Thehorizontalaxisis thesizeof theexchangeddata,the
vertical axis is the communicationthroughputin Mbits/s.
Thethroughputis thesumof thebufferssizes(sentandre-
ceived)dividedby thetestduration.All thetestsarerunon
adual-pentiumII-233Mhz.

� In figure10,we havemadeaverysimple”ping-pong”
testusingsemaphoreandmemcpy() only, to checkthe
overheadof theclasses.

� In figure 11, we show the efficiency improvementif
only onecopy is doneduringthedataexchange,thatis
to saythateitherthe senderor the receiver is directly
working in thesharedmemorybeforeor aftercommu-
nicating.
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The figure 10 shows that somework hasto be doneto
reducethe library latency. With high-speednetworks, it
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is preferableto communicatewith small buffers, particu-
larly for fine grain algorithms. The figure 11 shows that
it is worth usingdirectly sharedmemoryinsteadof copy-
ing datato local memory. The library allows the userto
work indifferently in local or sharedmemory, thanksto
the sharedmalloc/freefunctions. For instance,on Linux
systemswith muchmemory, it is possibleto createshared
memorychunkswith a very large size: the maximumsize
of allocablesharedmemorycanbe dynamicallyset in the
linux kernel.

6.3 Myrinet Communication

The goal of following testsis to evaluatethe weight of
the library itself. The testprogramsareon the samelevel
asthemedialayer. A ping-pongis donebetweentwo pro-
cesseseachon a hostconnectedto theMyrinet switch.The
curves(figure 12) comparethe two policiesdescribedear-
lier. Thesizeof thebuffersis 16KB for thereservationpol-
icy.

It is difficult to evaluatethe protocolweight from these
results. The best throughputis 415 Mbps. Reservation
is interestingfor big messages,becausethe overheadof
segmentingandre-assemblingmany smallmessagesis too
high. On thecontrary, segmentationis preferablefor small
messages,becausethe time neededto createa memory
chunk in DMA memoryis too long. The real throughput
thattheLANDA library will offer will belowerbecausethe
headermanagementis not takeninto accountin this test.

7 Conclusion and Future Work

In this paper, we have describedthenew LANDA-HSN
communicationkernel that allows to take into account
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several communicationprotocolsand the multiprocessing
capabilities of SMP computers. The most interesting
featureof this communicationkernel is its resourceman-
agementabilities: network routing, datastorageselection,
sharedmemory.
The low layers of this communicationkernel are imple-
mented. We have shown that they are efficient both for
local communicationon SMP nodes and for network
communicationon a Myrinet network. Higher layersare
being written. A big part of the remainingsoftware will
comefrom thepreviousversionsof LANDA.

A partof ourwork now focusesontheintegrationof new
resourcemanagementalgorithms:

� multi-sitemanagement.

� multi-applicationmanagement(virtual machineshar-
ing).

� loadbalancingby dataredistribution.

� adaptiverouting.

Our PC clusterswill be usedto run applicationslike
Bayesianfiltering, imagesynthesis,electromagnetismand
paralleldatabases.
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