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Abstract

Clustersgainmoreandmoreattentionin theareaof scientificcomputingsincethey are
a low pricedalternative to proprietaryparallelcomputers.However, numerousproblemson
many levelsstill have to besolvedin orderto drive forwardthatdevelopment.

Thepresentvolumerepresentsacollectionof selectedconferencepapersof ourresearch
groupfrom the currentprojectperiodandtherebygivesan overview of variousaspectsof
clustercomputing,especiallyin the areaof communicationinterfaces.We give an insight
into all systemlevelsstartingat thehardwarearchitecturevia driver softwareandefficient
messagepassinglibrariesup to performanceanalysisissues.
Note:Thefirst articleis written in German.

Keywords:Clustercomputing,MPI, communicationinterfaces,Linux.
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Multiple Devicesunter MPICH

SvenSchindler(svsc@informatik.tu-chemnitz.de )

TechnischeUniversiẗatChemnitz
Fakulẗat für Informatik

StraßederNationen62,09107Chemnitz

Zusammenfassung

In dieserArbeit wird die Möglichkeit vorgestellt,verschiedeneDevicesunterMPICH zu benutzen.Mittels
demfür diesenZweckentwickeltenMultideviceist esdamitmöglich,verschiedeneKommunikationsnetzwerke
gleichseitigin einerMPI–Applikationzu verwenden.EswerdenAufbauundProtokolle desMultidevicesvor-
gestellt.Es wird aufgezeigt,welcheÄnderungennotwendigsindum auseinemnormalenADI–2 Device ein,
andasMultidevice passendesSubdevice zu erstellen.Für die BenutzungdesMultideviceswurdeein Tool mit
demNamenmdconfigentwickelt, welcheszumAbschlußvorgestelltwird.

1 Moti vation

Der amLehrstuhlRechnerarchitekturderTU ChemnitzvorhandeneForschungsclusterOSCARbenutztzur Ver-
bindungdereinzelnenRechnernebenFastEthernetauchdie HochgeschwindigkeitsnetzwerkeMyrinet undSCI.
Zur Zeit existiert allerdingskeineMPI–Bibliothek,die eserlaubtdiese3 Kommunikationsnetzwerke gleichzeitig
zubenutzen.DieserMangelsoll mit dervorliegendenArbeit gel̈ostwerden.

Für die Hochgeschwindigkeitsnetzwerke SCI undMyrinet wurdenbereitsfür die MPICH–BibliothekAnpassun-
gen(Devices)entwickelt. Daherlag esNahe,auf Basisder MPICH–Bibliothekein Lösungzu schaffen, die auf
denbereitsexistierendenDevicesbasiert.

2 Struktur von MPICH

MPICH (MessagePassingInterfaceCHameleon)[1] vom ArgonneNationalLaboratoryentstandzeitgleichzum
Standardisierungsprozeß undverbreitetesichdadurchalsReferenzimplementierungsehrschnell.Heuteist esdie
verbreiteste,freieMPI-Implementierung.

MPICH bietet,auf Grundder in der Abbildung 1 dargestelltenSchichtenstruktur, die Möglichkeit, mit relativ
geringenAufwandeineMPI–Bibliothekfür einekonkrete(nochnicht untersẗutzte)Kommunikationshardwarezu
erstellen.

Die gesamteMPI–Funktionaliẗat wird in einenhardwareunabḧangigenundin einenhardwareabḧangigenTeil auf-
gespalten.

Derhardwareunabḧangige Teil übernimmtfolgendeAufgaben:

� Verwaltungvon Gruppen,KommunikatorenundKontexten� ErstellungundVerwaltungvonMPI–Datentypen
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Abbildung1: Strukturvon MPICH

� AufbauundVerwaltungvon virtuellenTopo-
logien

OptionalstehteineAbbildungglobalerOperationen
aufPunktzuPunktKommunikationzurVerfügung.
Der hardwareabḧangigeTeil ist vor allem für die
Realisierungder Punkt zu Punkt Kommunikation
verantwortlich. EigeneImplementierungender glo-
balen Operationenkönnenrealisiert werden,falls
dieseeinePerformancesteigerungzur Realisierung
im hardwareunabḧangigen Teil bieten.

Die Schnittstellezwischenhardwareunabḧangigen und hardwareabḧangigenTeil wird alsADI (AbstractDevice
Interface)[2] bezeichnet.In derMPICH–Version1.1.0erfolgtedie EinführungderADI–2, auf die auchin dieser
Arbeit Bezuggenommenwird.

3 DasMultidevice

3.1 Struktur desMultidevices

Die Voraussetzungfür denEntwurf desMultideviceswar die volle Konformiẗat mit derADI–2 Schnittstellenspe-
zifikation.Diesist dieVoraussetzungfür dieVerwendungdesMultidevicesin zukünftigenMPICH Distributionen.
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Abbildung2: StrukturdesMultidevices

Für das Versẗandnis der im folgenden vorgebrachtren
Struktur ist es notwendig,sich den Aufbau einer MPI–
Applikationaufz.B.einemClusterof Workstationsvorzu-
stellen.EinesolcheApplikation bestehtzumeistausmeh-
rerenRechnernauf denenwiederummehrerelokaleTasks
arbeiten.FürAustauschderDatendereinzelnenTaskssoll-
te im lokalenFall sharedmemoryund überRechnergren-
zen hinaushoffentlich zur Verfügung stehendeHochge-
schwindigkeitsnetzwerkegenutztwerden.

Die Abbildung2 zeigtdieEinbindungdesMultidevicesin
die MPICH. Das Multidevice ist ausder Sicht deshard-
wareunabḧangigenTeils ein “normales” ADI–2 Device
undstellt beliebigvielenSubdevicesdasSDI (SubDevice
Interface)zur Verfügung.DasSDI ähneltstarkder ADI–
2, sodaßdieErstellungeinesneuenSubdevicesauseinem
“normalen”ADI–2 Device mit relativ geringemAufwand
möglich ist. GenauereAusführung zu Subdevices findet
manin Abschnitt4.

Für dieFunktiondesMultidevicessinddieStrukturenDe-
vicelist und Connectiontableunbedingterforderlich.Da
erstzurLaufzeitfeststeht,welcheSubde–

vicesüberhauptgenutztwerden,könnendieseSubdeviceserstzurLaufzeitgeladenwerden.AusdiesenGrundist
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eserforderlich,in derDevicelistZeigeraufalleFunktionendergenutztenSubdeviceszuhalten.Die Connectionta-
blebeinhaltetdiegesamteVerbindungsinformation, d.h.eswird angegebenwelchesSubdevicesfür dieKommuni-
kationzwischen2 bestimmtenMPI–Tasksverwendetwerdensoll.DasGewinnenderInformationenfür Devicelist
undConnectiontableerfolgtmittelseinesknotenspezifischenKonfigurationfiles(sieheAbschnitt5).

Als Subdevice stehenfür denlokalenFall einMultithreadingsubdeviceundüberRechnergrenzenhinauseinSCI–
Subdevice zurVerfügung.Ein Subdevice für Myrinet[3] ist in Arbeit.

3.2 Die Initialisierung

Zu BeginnderMPI–ApplikationunterMPICH ist nureineMPI–Taskaktiv, diemit Hilfe einesProzessgruppenfiles
für denStartallerweiterenMPI–Tasksverantwortlich ist.DieseersteaktiveMPI–Tasksoll im folgendenalsMaster
bezeichnetwerden.DerAblauf dieserInitialisierunggestaltetsichdabeifolgendermaßen:

1.Schritt: LesendesProzeßgruppenfiles(nur Master) Der Masterliest ausdemProzeßgruppenfiledie Namen
deranderMPI–ApplikationbeteiligtenKnotensowie dieAnzahlderauf jedenKnotenzustartendenMPI–
Tasks.

2.Schritt: Starten einesProzessesauf jedemKnoten (nur Master) DanachstartetderMasterauf jedembetei-
ligten KnoteneineMPI–Task(im folgendenClient genannt).DieserTaskwird ein Parametermitgegeben,
welchesieeindeutigalsNichtmasterausweist,umzuvermeiden,daßendlosProzesseerzeugtwerden.Beim
StartderClientserfolgt derAufbaueinerSocketverbindungzwischenMasterund jedemClient, die in der
weiterenInitialisierungben̈otigt wird.

3.Schritt: Verteilen der Netzdaten In diesemSchrittsendetderMaster, unterNutzungderim vorherigenSchritt
erzeugtenSocketverbindung,die ausdem ProzessgruppenfilegewonnenenDatenan alle Clients.Damit
besitzennachdiesemSchrittalleMPI–TasksdieselbenInformationen.

4.Schritt: EinlesendesKonfigurationsfiles NunwerdenausdenknotenspezifischenKonfigurationsfilesdieDa-
ten für Devicelist undConnectiontableeingelesen.DasErstellender Konfigurationsfileserfolgt durchdas
Tool mdconfig(sieheAbschnitt5).

5.Schritt: Laden der Subdevices NachdemdurchdasEinlesenderKonfigurationsfilesfeststeht,welcheSubde-
vicesben̈otigt werden,könnennundie FunktionszeigerderSubdevicesbestimmtundin die Devicelist ein-
getragenwerden.Damit ist abhiereinZugriff aufdieSubdevicesmöglich.

6.Schritt: Starten aller benötigten lokalen MPI–Tasks Nun ist esanderZeit, die anderenlokalenMPI–Tasks
zustarten.Dieseserfolgtdurchdie Initialisierungsfunktion deslokalenSubdevices.Dadurchwird in diesem
SchrittauchdaslokaleSubdevice initialisiert.

7.Schritt: Initialisier en der globalenSubdevices(eineTaskpro Knoten) Als nächsteswerden die globalen
Subdevices initialisiert. DieseInitialisierungdarf nur durcheineTask je Knotenerfolgen.AndereMPI–
Taskswerdendurch die Subdevices nicht mehr gestartet.Zur Parameter̈ubergabekann die im Schritt 2
angelegteSocketverbindunggenutztwerden.

8.Schritt: Anlegenund Initialisier en der globalenDaten Zu guterLetztwerdennochdieglobalenDateninitia-
lisiert. Dazugeḧorenvor allemDatenderMPIR–Schicht,wie z.B. MPIR shandlesundMPIR rhandles,
dievonallenMPI–Tasksangelegt wird. MPID MyWorldRank solltevonallenMPI–Taskinitialisiert wer-
den,währendMPID MyWorldSize für alleMPI–Tasksgleichist undsomitnureinmalproKnotenben̈otigt
wird.

5



3.3 Kommunikationsprotokolle

Die im folgendengenutzteEinteilung in blockierendeund nichtblockierendeKommunikationist bereitsdurch
die MPI–API[4] vorgegeben.Die Einteilungin normalesEmpfangenundEmpfangenvon MPI ANY SOURCE
geschiehtauf Grund der Tatsache,daß das Empfangenvon MPI ANY SOURCE bei den meistenMPI–
ImplementierungeneinigeProblemeverursacht(soauchhier).

3.3.1 BlockierendesnormalesSenden/Empfangen

DasnormaleblockierendeSenden/Empfangenist dereinfachsteFall. DasMultidevicewähltmit Hilfe derConnec-
tiontabledaszu benutzendeSubdevice.DieseAuswahl erfolgtdurchdenRankdesKommunikationspartnersund
evtl. durchdieGrößederMessage.Auf Empf̈angerseiteist zubeachten,daßvorherderlokaleRankdesSendersin
denglobalenRankumgerechnetwerdenmuß.Danachwird, mit Hilfe derDevicelist,die entsprechendeFunktion
desgeradeermitteltenSubdevicesgerufen.

3.3.2 NichtblockierendesnormalesSenden/Empfangen

Bei nichtblockierender Kommunikationwird ein sogenannterRequestbenutzt.Er entḧalt alle zur Kommunika-
tion notwendigenDaten,wie z.B. Tag, Größeder Nutzerdaten,Empf̈angerusw. DieserRequestist die einzige
Möglichkeit, die Kommunikationsoperationnachihrer Initialisierungzu referenzieren.Mit Hilfe diesesRequests
kannabgefragtwerden,ob die Kommunikationsoperationbereitsbeendetist. Für dieseAbfrage ist esnotwen-
dig, im Requestzu speichern,welchesSubdevice benutztwurde.Danachwird wie im vorhergehendenFall die
entsprechendeFunktiondesermitteltenSubdevicesaufgerufen.

3.3.3 BlockierendesnormalesSenden/Empfangenvon MPI ANY SOURCE

DasnormaleblockierendeSendenwurdebereitsim Abschnitt3.3.1beschrieben.Vorausgesetztessind mehre-
re Subdevicesauf einemKnotenaktiv, ist esbeim EmpfangeneinerMessagevon MPI ANY SOURCE nicht
möglichzubestimmen,welchesSubdevice zubenutzenist. Die ADI–2 bietetmit derFunktionMPID Ipr obedie
Möglichkeit, nichtblockierendzu testen,ob einebestimmteMessagesofortempfangenwerdenkannodernicht.
JedesSubdevicesbesitzeneineanalogeFunktion.DasMultidevice testetnunmit diesenFunktionreihum,ob die
Messageempfangenwerdenkann.Diesgeschiehtsolange,biseinSubdevicedieEmpfangsbereitschaftsignalisiert.
Danachwird beimempfangsbereitenSubdevice dieEmpfangsoperationausgel̈ost.

3.3.4 NichtblockierendesnormalesSenden/Empfangenvon MPI ANY SOURCE

DasnichtblockierendeSendenfunktioniertwie im Abschnitt3.3.2beschrieben.Andersalsim vorhergehendenFall
darf die Empfangsroutinenicht warten,bis ein passendesSendvorliegt, sodaßein kompliziertererMechanismus
benutztwerdenmuß.Die Abbildung3 zeigtdengrundlegendenAblauf einesnichtblockierendenEmpfangsvon
MPI ANY SOURCE.

ZuersttestetdasMultidevicemittelsIpr obe, obsofortdurcheinesderSubdevicesempfangenwerdenkann.Ist dies
derFall, wird derRequestdemempfangsbereitenDevice zugeordnet,undderEmpfangverläuft wie in Abschnitt
3.3.2beschrieben.

Ist dersofortigeEmpfangnichtmöglich,dupliziertdasMultidevicedenRequest.Esinitialisiert dengemeinsamen
Mutex der Duplikateund reiht den Originalrequestsowie dessenDuplikate in die AnyQueue1 ein. Der Origi-
nalrequestwird demMultidevice zugeḧorig markiert.Danachruft esdie EmpfangsfunktiondesSubdevicesmit

1Die AnyQueueentḧalt alleRequests,dieaufeineEmpfangsoperationvonMPI ANY SOURCEverweisen
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kann Message sofort
empfangen werden

Empf. von MPI_ANY_SRC

NeinJa

ordne Request
Subdevice zu
empfange normal

dupliziere Request
init. Mutex
Request => AnyQueue

Subdevice CSubdevice BSubdevice A

rufe Subdevices

Passendes Send
gefunden
Mutex locken

Mutex gelockt
ab hier kein Empfang für
den Request mehr möglich

Daten Empfangen
Request aus eigenen
Listen nehmen

rufe Multidevice

SendCancel für andere Subdevices
Daten in Orginalrequest
Request aus AnyQueue nehmen
Duplikate löschen

Abbildung3: Ablauf desEmpfangsvon MPI ANY SOURCE

denDuplikatenauf.JedesSubdevice besitztnuneinanderesDuplikatdesOriginalrequestsunddengemeinsamen
Mutex.

Will nun ein Subdevice denRequestbearbeiten,d.h. passendeDatenempfangen,so mußeszuerstdenMutex
locken, um damit anzuzeigen,daßder Requestbereitsbearbeitetwird. Schl̈agt dasLocken desMutex fehl, so
mußdasSubdevice nacheinemanderenpassendenRequestsuchen.NachdemLockendesMutex empf̈angtdas
Subdevice die Datenundfüllt die StatusstrukturdesRequests.DanachlöschtesdenRequestausseineninternen
Listen und ruft die MultidevicefunktionMULTI CancelAnyRequestauf. DieseFunktion löschtmit Hilfe von
RecvCancel2 dieDuplikateausdenQueuesderSubdevices.DanachwerdendieStatusdatenin denOriginalrequest
kopiertundderOrignalrequestalscompletemarkiert.NunsindnochdieRequestsausderAnyQueuezuentnehmen
unddieDuplikatezu löschen.

3.4 Systemmessagesund indir ekte Kommunikation

Beiderin diesemAbschnittvorgestelltenindirektenKommunikationhandeltessichumeinKonzept,welchesnoch
nicht in derSoftwarerealisiertwurde.UnterindirekterKommunikationwird im folgendeneineDaten̈ubertragung
übereinenZwischenknotenverstanden.

Ein Beispieldaf̈ur ist in derAbbildung4 zu erkennen.Hier soll eineMessagevon einerMPI–Taskauf KnotenA
zu einerMPI–Taskauf KnotenC übertragenwerden.Eswird angenommen,daßkeineVerbindungzwischenden

2DieseFunktionentsprichtderADI–2 FunktionMPID RecvCancel
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3Datenübertragung zum
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5

6

Senden des Acknowledgement
zum Zwischenknoten
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Bearbeitung des 
Acknowledgement
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Initialisierungen auf 
dem Quellknoten

Knoten A

Quellknoten

Knoten B
Zwischen-

knoten

Knoten C

Zielknoten

Abbildung4: Ablauf einerindirektenKommunikation

KnotenA undC existiert bzw. einesolcheVerbindunglangsameralsdie Übertragungvon A nachB undvon B
nachC ist.

Beim SendenderMessageanKnotenB (mit derBitte um Weiterleitung)entstehtdasProblem,daßauf KnotenB
die Messagenie erwartetwird. Dadurchwird eineArt dereinseitigenKommunikationnotwendig.Diesewird in
FormderSystemmessagesrealisiert.

EineSystemmessageist einespezielle,nicht vonderApplikationinitiierte Message.Sieist einseitig,d.h.siewird
explizit nur auf der Senderseiteausgel̈ost, der Empfangerfolgt implizit. Der Mechanismusder Systemmessage
ähneltdemderActive Messages[5]. EineSystemmessagewird auf Senderseitedurchein negativesTag3 gekenn-
zeichnet.Hat ein Subdevice einesolcheSystemmessageerkannt,ist esverpflichtetdiesesofort zu übertragen.
Da der Empfangimplizit erfolgt, d.h dasSubdevice auf Empf̈angerseitekeinenReceiverequestfür Systemmes-
sageserḧalt, mußdasSubdevice einenEmpfangsbuffer zur Verfügungstellen.NachBeendigungdesEmpfangs
wird der SystemmessagehandlerdesMultidevices aufgerufen.Der Systemmessagehandlerführt einedurchdas
TaggekennzeichneteAktion aus.NachBeendigungdesSystemmessagehandlerskannderEmpfangsbuffer durch
dasSubdevice freigegebenwerden.Als Voraussetzungfür daserfolgreicheArbeitenvonSystemmessagesmüssen
SubdeviceseineneigenenThreadzumSendenundEmpfangenbesitzen,dasonstdersofortigeEmpfangundsomit
dassofortigeAktivierendesSystemmessagehandlersnichtgewährleistetwerdenkann4.

Im MPI–2[6] enthalteneFunktionaliẗat wie z.B.dynamischesProzeßmanagementwird Konzeptewie Systemmes-
sageserforderlichmachen.Die ebenfalls in MPI–2 enthalteneeinseitigeKommunikationkannebenfalls durch
diesesKonzeptrealisiertwerden,wennkeingemeinsamerSpeicherzurVerfügungsteht.

Der Ablauf einerindirektenKommunikationoperationist in derAbbildung4 dargestellt.Für die indirekteKom-
munikationmußdieRequeststrukturum eineSemaphoreerweitertwerden.Eswird weiterhineineIndirectQueue
angelegt, dieallenochnichtbeendeten,indirektenKommunikationsoperationenentḧalt.

Im 1.Schritt wird derRequestin dieIndirectQueuegestellt(im blockierendenFall wird zuersteinsolcherRequest

3TagshabeninnerhalbeinerMPI–ApplikationeinenWertebereichvon 0 bisMPI MAX TAG
4Dasliegt daran,daßdasSubdevice sonstnurbeimAufruf durchdasMultidevice aktiviert wird. Erfolgt einsolcherAufruf nicht,kann

eszurBlockadedesMPI–Systemskommen.
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erstellt).Die Semaphorewird initialisiert undsp̈aterbenutzt,umaufdieBeendigungderSendoperationzuwarten.
DasMultidevicepacktdieNutzdatenin einenBuffer undstelltdiesemBuffer einenHeadermit Rank,Zieltaskund
originalemTagvoran.

DasVersendendiesesBufferszumZwischenknotenerfolgt2.Schritt mittelseinerSystemmessage.DieseSystem-
messageerḧalt einspeziellesnegativesTagundalsZiel denRankeinerMPI–TaskaufdemZwischenknoten.Nach
der Übertragungdurchein entsprechendausgewähltesSubdevice wartetbeim blockierendenSendendie Sende-
routinedesMultidevicesander Semaphoreauf Ankunft desAcknowledgementsund somit auf die Beendigung
derOperationbzw. kehrtbeimnichtblockierenden Sendensofortzurück.

NachdemEmpfangderDatenwird auf demZwischenknotenim 3.Schritt derSystemmessagehandleraktiv. Die-
sererkenntanhanddesTags,daßessich um eineindirekteMessagehandelt.Er kopiert die Nutzdatenin einen
Buffer5 undlegt einenRequestfür dienormale,nichtblockierendeSendeoperationzumZielknotenan.DieserRe-
questentḧalt dieselbenInformationenwie auf demQuellknoten.Er wird nachfolgendandie IndirectQueue(die
Semaphorehathier keineBedeutung)angehangen.DanachlöstderSystemmessagehandlerdie nichtblockierende
ÜbertragungderDatenaus.

NachdemEmpfangenderMessageaufdemZielknotenwird im 4.Schritt einAcknowledgementmittelseinerSy-
stemmessageversendet.Im nichtblockierendenFall ist für dasVersendendieserSystemmessagedasentsprechende
Subdevice verantwortlich.

NachdemEmpfangdesAcknowledgementsaufdemZwischenknotenwird in 5.Schritt derim 3.Schrittangelegte
Requestausder IndirectQueueentferntund freigegeben.Danacherfolgt dasSendendesAcknowledgementsals
SystemmessagezumQuellknoten.

Im 6. Schritt entferntderSystemmessagehandlerdenim 1. SchrittangeḧangtenRequestausder IndirectQueue.
Danachwird im blockierendenFall die Semaphoregepostetundsomitdie wartendeMPI–Taskwiederaktiv. Zu
guterLetztgibt dieaktivierteMPI–TaskdenRequestwiederfrei. Im nichtblockierendem Fall wird derRequestals
completemarkiert.

DieserMechanismusist sehraufwendig,zeigt abereineMöglichkeit für die Realisierungvon indirekterKom-
munikation.Da abernebenerḧohtenAufwandauf Quell– und ZielknotenaucheineerḧohteLastauf demZwi-
schenknotenerzeugtwird, soll vor demEinsatzderindirektenKommunikationNotwendigkeit undSinnüberpor̈uft
werden.

4 Erstellung einesSubdevicesauseinem“normalen” ADI-2 Device

DieserAbschnittbefasstsichmit denfür ein Subdevice notwendigenÄnderungen.Die Darstellungbeziehtsich
aufein “normalesADI–2 Device,wie z.B. in [2] beschrieben.

DerfundamentaleUnterschiedzwischeneinemnormalenDeviceundeinemSubdevicebestehtin derTatsache,daß
ein Subdevice threadsafeentwickelt werdenmuß.Diesberuhtauf derTatsache,daßbei Benutzungvon Threads
als lokaleMPI–TasksdieseverschiedenenThreadsgleichzeitigFunktioneneinesSubdevicesnutzenkönnen.Als
Folgedavon sindDatenstrukturen,die von verschiedenenThreadsbeschriebenwerdenkönnen,durchMutex zu
scḧutzen.Hier ist ein möglichst feingranularesLocking anzustreben,um unn̈otige Wartezeitenzu vermeiden.
DurchdasLockenverschiedenerDatenstrukturenkanndieGefahrvonDeadlocksentstehen.

4.1 Die Initialisierung

Bei derInitialisierungtritt UnterschiedzwischenSubdevicesfür lokalebzw. für globaleKommunikationzuTage.
Währendein lokalesSubdevice für denStartder lokalenTasksverantwortlich ist (sieheAbschnitt3.2 Schritt6),

5Dies ist leidernotwendig,um die EmpfangsroutinedesSubdevicesnicht unn̈otig zu blockieren.Der Headerwird bei dieserKopier-
operationabgeschnitten.
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dürfenSubdevicesfür globaleKommunikationkeineweiterenMPI–Tasksstarten.

Der HauptunterschieddeslokalenSubdeviceszumVorläuferADI–2 Device bestehtin derTatsache,daßim loka-
len Subdevice keineglobalen,MPIR–SchichtrelevantenDatenstrukturen6 mehrangelegt undinitialisiert werden.
DieseAufgabeübernimmtdasMultidevice.

Für die EntwicklungeinesSubdevicesfür globaleKommunikationsindgrößereÄnderungennotwendig.Die In-
itialisierungbeginnt mit demProblemfestzustellen,auf welchenKnotendasSubdevice eigentlichaktiv ist. Für
dieseAufgabewird durchdasMultideviceeineHilfsfunktion mit demNamenGetDeviceNodeListzurVerfügung
gestellt.Ein ADI–2 Device startet,nachdemihm die beteiligtenKnotenbekanntsind,auf denjeweiligenKnoten
einenProzeßund hat dabeidie Möglichkeit, demProzeßund damit naẗurlich auchdemDevice ben̈otigte Para-
metermitzugeben.Da ein Subdevice die Prozessenicht mehrselbststartet,mußesein andererMechanismuszur
Parameter̈ubergabegefundenwerden.Ist ein Subdevice auf demMasterknotenaktiv, sokanndie Parameter̈uber-
gabemittelsderbeiderInitialisierungdesMultideviceserzeugtenSocketserfolgen.Ist aufdemMasterknotendas
Subdevice nichtaktiv, mußz.B. eineeigeneSocketverbindungaufgebautwerden.

4.2 Sendenund Empfangen

Für lokalenSubdevicessindfür dieKommunikationfastkeineÄnderungennotwendig.Esist allerdingszubeach-
ten,daßdieNummerierungderlokalenMPI–Tasksnichtmehrbei0 beginnenmuß.

Da sichmehrerelokaleMPI–Tasksein globalesSubdevice “teilen”, mußüberdie VerwaltungderKommunikati-
onsrequestsbeiglobalenSubdevicesnachgedachtwerden.EssindfolgendeLösungenmöglich:

1. Alle Kommunikationsrequestswerdenweiterhinin einergemeinsamenStrukturgehalten.Dashatzur Fol-
ge,daß,wie schonerwähnt,diegemeinsamenDatenstrukturenvor gleichzeitigemZugriff gescḧutzt werden
müssen.Damit ist beidieserVariantenureinsehrgrobesLockingmöglich,nämlichdasLockendergesam-
tenKommunikationsrequests.

2. Für jedelokaleMPI–Taskwird eineeigeneStrukturzumVerwaltenderKommunikationsrequestsangelegt.
DamitsindgleichzeitigeZugriffe weitestgehendausgeschlossen.

Die zweiteVarianteist zu bevorzugen,da daßfeingranularereLocking zu Performancevorteilen gegen̈uberder
erstenVarianteführt.Bei dererstenVariantebestehtzudemdieerḧohteGefahrvonDeadlocks.

Für den Fall, daßindirekteKommunikationzum Einsatzkommensoll, ist es notwendigdie im Abschnitt 3.4
beschriebenenSystemmessageszu implementieren.Dabeiist die Bedingungzu beachten,daßdasSubdevice als
Threadlaufenmuß.

4.3 Anbindung zum Multidevice

Das Subdevice muß eine Funktion mit dem Namen � Subdevicename� LoadDevicePtr zur Verfügungstellen.
DieseFunktionfüllt einenEintragderDevicelist mit denZeigernderSubdevicefunktionen. DieseFunktionwird
beiderInitialisierungdesMultidevices(im 5.Schritt)aufgerufen.

5 Konfiguration desMultidevices

Wie schonin denvorhergehendenAbschnittenerwähnt,sindnebendenDaten,die dasProzeßgruppenfilebietet,
weitereknotenspezifischeDatennotwendig.Da es in einemgroßenSystemnicht nur aufwendig,sondernauch

6Diesbetrifft vor allemMPIR shandles, MPIR rhandles, MPID MyWorldRank undMPID MyWorldSize.
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sehrfehleranf̈allig ist, für jedenKnotenvon Handein Konfigurationsfilezu schreiben,wurdedieserProzeßmit
demTool mdconfig(DerNamestehtfür Multidevice Configurator)automatisiert.

Netzbeschreibung

Parser

1

2 3

5

4

3

4

2

3

Verbindungsberechnung
und Ausgabe

Konfigurationsfiles 
der einzelnen Knoten

gewichteter Graph

mdconfig

Abbildung5: Arbeitsweisevonmdconfig

Die ArbeitsweisedesToolsist in derAbbildung5 dargestellt.Eserḧalt seineEingabein FormeinerglobalenNetz-
beschreibung.DieseBeschreibungbeinhaltetdieNamenderzubenutzendenSubdevices,sowie alleexistierenden
Verbindungen.AusdiesemEingabefileerstellteinParsereinengewichtetenGraphenausdemwiederummit Hilfe
einesleichtmodifiziertenDijkstraalgorithmusdieschnellstenVerbindungenunddiedabeizubenutzendenSubde-
vicesermitteltwerden.Die sogewonnenenInformationwerdenin rechnerspezifischenFilesabgespeichert.

In derNetzbeschreibungkönnenNetzwerkparameterfür unterschiedlicheMessagegrößenangegebenwerden.Da-
mit ist esmöglich,verschiedeneSubdevicesfúr verschiedeneMessagegrößenzuverwenden.Die Benutzungindi-
rekterKommunikationkannmit AngabeeinesWertesfür dieUmsetzungeinerMessageaufdemZwischenknoten
gesteuertwerden.

EinegenaueBeschreibungderKonfigurationssprachebefindetsichin [7].
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Abstract— SCI becomesmore and more acceptedin the community of
parallel computing, especiallyin caseof Cluster Computing. At the mo-
ment Dolphin ICS is currently the leader in SCI Link Chip designaswell
as in PCI–SCI bridge manufacturing. Although raw performanceof PCI–
SCI products increaseda lot over the last years, the basic architecture of
this hardware has not changed. However, there are several disadvantages
with todays PCI–SCI bridges suchasunhandy memory managementand
the missingfacility to realizeprotecteduser–level DMA. From our point of
view, the last oneis oneof the most important feature to add into a conven-
tional PCI–SCI architecturesincethis canincreasegeneralsystemthrough-
put by a significant amount.

In this paper wewant to presenta newPCI–SCI bridge wearecurrently
about to build up. Further wedescribeour newarchitectural conceptshelp-
ing to improve current SCI architecture for cluster computing.

Similar to the PCI–SCI bridgesdevelopedat the CERN and TU–Munich
our bridge is mainly basedon reconfigurableFPGAs. Hence,it is a generic
andreconfigurablehardware which can take up a lot of logical designsand
therefore may not only be suitable for our ideas.Sothis paper may alsobe
interestingfor hardware developersand not only for SCI users.

Keywords—PCI–SCI Hardware, MessagePassing,Virtual Interface Ar -
chitecture, ProtectedUser–Level DMA

I . HISTORY AND MOTIVATION

Backin 1997we got two PCI–SCIbridgesdevelopedby the
CERN (Switzerland)RD24 project [5]. Our intentionwas to
pursuethe partly implementedFPGA designaswell asto see
whatwecanimplementto speedupourapplications.

In fact,werevisedoneof theFPGAs(thePCI–FPGA)[17] on
this cardsothat it is ableto actasa PCI Masteron thePCI bus
now. During this work we got not only a lot of experiencesin
FPGAdesign(asbasefor any hardwaredevelopment)but also
in generaldesignof PCI–SCIinterfacehardware.

Whenthis work wasfinishedthe next stepinitially planned
wasto improve theDMA engineof this card. But at this time
we saw somelimitationsof theCERNPCI–SCIbridgedetain-
ing us from realizingnew ideas. In addition,a lot of thingsin
theappropriatehardwaremarkethavechanged:theLC–2 came
out, new largerandfasterFPGAscameout etc. Thereforewe
decidedto developa new PCI–SCIboardwith latesttechnolo-
gies.Theprinciplearchitectureof thisbridgeshouldbeequalto
theCERN’s one,but with somesmallbut importantchanges.

BecausecompaniessuchasDolphinareableto producetheir
own very high integratedandultra–fastcustomchips(ASICs),
it is very difficult for us to becompetetive with their products.

Thework presentedin thispaperis sponsoredby theSMWK/SMWA Saxony
ministries(AZ:7531.50-03-0380-98/6).It isalsocarriedoutin stronginteraction
with the projectGRANT SFB393/B6of the DFG (GermanNational Science
Foundation).

Thereforeit’snotamajorgoalto beattheirhardwarein absolute
performancecharacteristics.Our target is moreon architecture
issueswhichmayflow intocommercialproductslater. However,
we’re looking forward for a good and powerful design,since
architecturalfeaturescanincreaseend–performanceat a higher
level thanit canbeachievedby increasingtheclock frequency
or so.

I I . REASONS FOR A NEW BRIDGE

Ourprimaryfocusis onmessagepassingapplicationsfollow-
ing thestandardizedMessagePassingInterface(MPI [14]). The
reasonfor this focusis that we arepart of a researchpojectat
ouruniversitycalledNumericalSimulationonMassiveParallel
Computers (SFB393). Mathematicansandphysicistsinvolved
in this projectuseMPI for their FEM Finite ElementsMethod
simulationsoftware,andsoour job is to provideappropriateop-
timizedcomputeserversbeginningat theMPI level down to the
low hardwarelayers.

A. DMA Functionality

Althoughtheprimaryintentionof SCIis ondistributedshared
memoryapplications,its potentiallyhighspeedandlow latency
is alsowell suitablefor messagepassing— that’s well known.
But althoughwith SCIsharedmemorycommunicationverylow
latenciesandhighbandwidthscanbeachieved(asshown in [2]
for instance),theproblemhereis that theCPUparticipatesac-
tive on thedatatransfer. E.g. it copiesdatafrom local memory
to importedSCI memory. First, this consumesexpensive CPU
cycleswith stupidcopy operations.And second,it decreasesin
principlemaximumachievablebandwidth,becauseasendis not
a real zero–copy send(readdatafrom local memoryinto CPU
register;write datafrom CPUregisterinto remotememory).

As a work–aroundfor this problema PCI–SCIbridgetypi-
cally offersa DMA enginefor largerblock transfers.However,
at the momentDolphin’s PCI–SCIbridgesoffer only a more
conventionalDMA enginewhich can’t beusedto realizesome
kind of protecteduser–level DMA. Thus,every DMA transfer
mustpasstheoperatingsystemkernelasa managinginstance.
Thisin turnwastesalsoCPUtimeandincreasestransferlatency.

As we alreadypresentedin [19] we madesomeanalysison
Dolphin’scardsin comparingSCI sharedmemoryperformance
with DMA performancenotonly in view of theirabsoluteband-
width values.Themostimportantanalysiswasto seehow much
theCPUis sloweddown duringbothcommunicationmethods.
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Or in otherwords: How muchtime is availablefor CPUcalcu-
lationswhenthere’ssomedatato betransferred.

As basefor thisanalysisthreepointsweretaken:� bandwidthof SCIsharedmemorywrites
We assumed82MB/s over all messagesizes starting at
64Bytes(seealsowrite–onlycasesdescribedin [2]).� bandwidthof SCIDMA dependentonmessagesize
WeusedourmeasuredPing–Pongcurvehere(max.50MB/s).� CPUslow–down duringactiveDMA engine
We usedthe worst caseperformanceloss here which was
about15%whentheCPUcachewasnearlynotused.

Basedon thesefactsit waspossibleto developa roundabout
analysisof the availableCPU time in caseof sharedmemory
andDMA asfunctionof themessagesize.

BecauseDolphinscards(D310)showeda lessbandwidthfor
DMA thanSCIsharedmemory, thefollowing schemefor deter-
mining theavailableCPUtimecanbeapplied:

SHMt

DMAt

t DMA_CPU_available

SHM_CPU_availablet

Fig. 1. ComparisonScheme

To transfera dedicatedmessagesizeusingDMA, this takes
a relatively long time. During this time the CPU canwork in
parallel,but not at full speed(only with ����������������� �!� %).
Therefore " #%$'& (*)*+ ,.-/,.0212,/34125 �6�87 �!�:9 " #%$'&
To transferthesamemessagesizeusingSCI sharedmemoryit
takesnotsomuchtime,but theCPUis notavailablein parallel.
But since

" ;!< $>= " #%$'& , comparedwith DMA there’s still
sometime remainingafterthetransfer. Therefore" ;�< $ (?)*+ ,.-/,.0212,/34125 � " #%$'& � " ;�< $

Figure 2 demonstratethe graphicalrepresentationof these
simpleformulas.
As it canbeseen,theswitchingpointwereDolphin’sDMA en-

ginebecomesmoreaffordablein thisview is atsurprisinglylow
128Bytes.But notethatthesemeasurementsexpectauser–level
controlof theDMA enginewhichis in practicenotpossiblewith
Dolphin’scards.

Note that this analysisis not very accurate[19], andthereal
switchingpointprobablyhasto bemovedto slightly largermes-
sagesizes. But the resultgivesa raw ideaaboutthe behavior.
For moreprecisiontheDMA mechanismhasto beanalyzedin
veryfinegrainedstepswhich is not trivial.

B. MemoryManagementIssues

Anothercompletelydifferentaspectis theSCI memoryhan-
dling. Dolphin’s bridgescanhandleSCI pagesizesof 512kB
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only. This impliesthat if someonewantsto export somemem-
ory, he has to do this in a granularityof 512kB and the ex-
ported512kBpagesmustbealignedtoa512kBboundary. How-
ever, allocatingrelatively largeandalignedmemoryareasis mo-
mentarilynot supportedby commonoperatingsystemssuchas
Linux as we useit. Otherwise,if it would be supported,this
would tendto ahardmemoryfragmentationover thetime.

To solve this problem, we use in caseof Linux the so–
called Bigphysarea–Patch enhancedby the PC@ at Paderborn
[3], which is an extensionto the Linux memorymanagement.
With this patchit is possibleto reserve anamountof dedicated
consecutive memorylocationsfor specialpurposes— suchas
memoryto export into SCI space.To avoid unwantedmemory
accessesof thePCI–SCIbridgeto sensitivelocations,thebridge
is setupto allow accessesonly to thededicatedmemoryregion.

Theproblemwith this configurationis that it makesthehan-
dling with MPI applicationsverydifficult. Especiallyin view of
zero–copy transferoperations.Becausedatatransferscanhap-
penon thereservedmemoryregiononly, this would requirethe
MPI applicationsto usespecialmalloc() functionsfor allo-
catingdatastructuresusedfor send/receive purposes.But this
violatesa major goal of the MPI standard:ArchitectureInde-
pendence.

Although it seemsthat Dolphins latest64Bit PCI chip sup-
portsalsoSCI pagesizesof 4kB [8], it solvestheproblemnot
completely. Although the alignmentproblemwith theselarge
512kBblocksis nolongervalid, there’sstill theprotectionprob-
lemto keepcritical memoryspacesawayfrom wrongaccesses.

I I I . NEW FEATURES

Our majorgoal is to eliminatetheproblemsdescribedin the
last section,especiallyto supportprotecteduser–level DMA
within a SCI environment. But how to realizea real protected
user–level DMA modelonSCI?

The most often referencedprojectsin the areaof reducing
operatingsystemoverheadare the SHRIMP [16] and U–Net
[20] projects.In theseprojectsseveralideasandconceptswere
shown allowing directaccessesto thecommunicationhardware
while keepingprotectionissuesalive. Later the so calledVir -
tual Interface Ar chitecture [21] cameout which wasinitially



15

promotedby Intel, Compaq,andMicrosoft. TheVIA spec. in
its latestversion(1.0 from Dec.1997)is morea suggestionthan
a standardand leaves a lot of implementationspecificdetails
open.Thereforeit wasa suitablepoint for usandwe evaluated
how wecanintegrateVIA featuresinto aSCIarchitecturein real
hardware(noemulationoverSCIsharedmemory).Generally, it
wasandis notamajorgoalto implementtheVIA asit is, but to
port conceptsinto SCI.

Major otherresearchonVIA is doneat theUniversityof Cal-
ifornia,Berkeley [4] andtheBerkeley Labaspartof theNERSC
[13] (two differentprojects!).However, theseprojectsaremore
directedto real VIA without sharedmemorycapabilities.The
only known try to useVIA within a SCI environmentwasdone
by Dolphin [2]. But theproblemhereis thatVIA is not really
supportedby theirPCI–SCIbridgesandthereforeVIA onSCIis
moreanemulationin this case.Themaindisadvantageof VIA
over a globalSCI sharedmemoryis CPUutilization. Remem-
ber that the CPU is completelybusy during the transmission
process.However, Dolphin showed in [2] that this emulation
is relatively powerful in view of bandwidth. Thereforewe are
reliant with our projectto get similar valueswith not so much
CPUutilizationby offeringrealprotecteduser–level DMA.

VIA communicationis completelybasedon explicit descrip-
tor processing.Hencethereis nowaytoachieveultra–low laten-
ciesasit canbedonein SCIbyusingsimplememoryreferences.

The two major communication methods in VIA are
Send/Receive and Remote DMA (RDMA). While Send/
Receive is a two–sidedcomunicationrequiringtwo descriptors
(oneatthesender, theotheratthereceiver),RDMA isone–sided
andrequiresonly onedescriptorat theactivenode.

Send/Receiveis intendedfor puremessagepassing.Although
this modeis very powerful we don’t wantto discussit hereany
furtherbecauseit residesa bit far from SCI functionality. The
RDMA featurein contrastis muchcloserto SCI andcanbein-
tegratedveryefficient into theSCIarchitecture.

In the following sectionswe describehow we want to inte-
grateVIA RDMA into a SCIarchitecture.Muchof thiswork is
a resultof a diplomathesiswhich dealtwhith new conceptsfor
a PCI–SCIbridge[18].

A. How is Protectionachievedin VIA?

A VIA NIC hasno direct view to local memory. A typical
VIA hardwarehasanown local virtual addressspacewhich is
mappedto thehostphysicaladdressspacevia anaddresstrans-
lationmechanism.Thislocaladdressspaceis dividedinto pages
which aretypically of thesamesizeasthehostpagesize(e.g.
4kB on Intel architecture,8kB on Alpha architecture).Every
pagehasalsoassigneda so–calledProtection Tag. Basedon
theseprotectiontagstheVIA hardwareeitherallows theaccess
or not.

Normally, every processinvolvedwith VIA communication
indirectly ownsanuniqueprotectiontag. Theterm’ indirectly’
means,thataprocessdoesn’t handoverits protectiontagwithin
a descriptoror so. Instead,with every virtual interfaceinside
theVIA NIC oneprotectiontag is associated.And becauseof
thefact,thataprocesscancommunicateonly with its registered

virtual interfaces,it is unableto bypasstheprotectiontagmech-
anism.

The differentiation of all the virtual interfaces is simply
achievedby so–calledDoorbells. Everydoorbellrepresentsone
virtual interfacewith it’s specificcontrolregisters.Thesizeof a
doorbellis equalto thepagesizeof thehostcomputerandsothe
handlingwhich processmay accesswhich doorbell (or virtual
interface)canbe simply realizedby the hostsvirtual memory
managementsystem.

B. HowworksRDMAin VIA?

Figure3 shows a smallVIA scenario.In this examplethere
aretwo hostseachwith two processesinvolvedin VIA commu-
nication.There’sa virtual connectionbetweenprocessesA and
C, andalsobetweenB andD. Eachprocesshasregisteredparts
of its memoryto the VIA hardwareso that it can accessthis
memory.

If, for instance,A wantsto transferdataout of its registered
memorysegment(1) into thememorysegmentregisteredby C
(2), thenit mustprepareanappropriateRDMA write descriptor
specifyingsourceand destinationaddresses(addresseswithin
theVIA NICs local addressspaces).After A hasinformedthe
VIA NIC aboutthenew descriptor, theNIC canstarttransferring
data. Basedon the protectiontag theNIC checkson–the–flow
whetherA specifiedright or wronglocal addresses.With every
datapacket sendout to thedestinationnodeanidendifierof the
affectedremotevirtual interface(ownedby C in our example)
is sendout too. Basedon this informationtheNIC insidehost
2 canalsocomparetheprotectiontagof theaccessedmemory
with theprotectiontagdedicatedto thevirtual interfaceowned
by C.

SoneitherA is ableto accesswrongmemorylocationson its
host(e.g.segment3), nor it is ableto accesswronglocationsat
theremotehost(e.g.segment4).

This mechanismis a very powerful oneandoffers 100%of
protection. However, it offers only a DMA transferand no
sharedmemorycommunication. Thereforeit is by definition
notsopowerful for shorttransmissionsizes.

C. HowworksRDMAin conventionalSCI?

Althoughthis shouldbewell known within theSCI commu-
nity, we also want to discussa small exampleherefor better
understandingthenext section.

Look at figure 4. Essentially, thereis a similar scenarioas
shown in figure3. But sincewe’reonSCInow, processA is able
to mapsegment2 (ownedby C) into its virtual memory. When
A wantsto transferdatainto segment2, thenit cando this by
usingthe sharedmemory. Hereis absolutelyno problemwith
protectionissues,becauseprotectionis guaranteedby thehosts
virtual memorymanagementsystem.But asmentionedearlier
in this paper, this type of communicationbecomesinefficient
for largertransmissionsizesandthereforeA maydecideto use
the RDMA featureinstead.Typically, this meansthat A must
prepareaDMA descriptor. But neithertoday’sPCI–SCIbridges
offer aDMA engineonly asa virtual multiple instance(locking
mechanismsrequiredfor multiple users),nor theseenginescan
guaranteeany protection.
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As it canbe seenin figure 4, the DMA enginedirectly ac-
cesseslocal memorywithout any checks.Thesameis valid for
accessingremotememory. Althoughthere’s a downstreamad-
dresstranslationtable,it’s not concernedwith any kind of pro-
tection.

So the only work–aroundhere is to usethe operatingsys-
temkernelasa centralcontrollinginstancemanagingall DMA
transfersandprotectionissues.Hence,user–level DMA is not

possible(apartfrom proprietaryclosedsystemswhereprotec-
tion is nota concern).

D. Howto combineVIA and
SCIRDMA?

With our hardwarewe want to combineboth the advances
of low latency SCI sharedmemoryaswell asa bettersystem
throughputby usingprotecteduser–level DMA offeredby VIA.
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The practicalcombinationis in principle very simple. We
wantto migratetheupstreamaddresstranslationtableasusedin
VIA (includingtheprotectionstuff, virtual interfaces,doorbells
etc.) into theSCI architecture.In addition,thesameprotection
mechanismasit is appliedto localmemoryaccessesis addedto
thedownstreamaddresstranslation.

Figure 5 shows the examplescenariooncemorebut inside
the combinedarchitecture. Accessesof the DMA engineare
protectedby protectiontagsat bothsides(accessesto local and
remotememory)andthereforea DMA transactioninitiatedby
A canaccessonly segments1 and2, for instance.Also, A has
thechoicewhetherto usesharedmemoryor aDMA engine.

IV. ESSENTIAL CHANGES ON CURRENT

PCI–SCI HARDWARE

As a consequenceof the thingsdescribedin the last section
we needa secondaddresstranslationtable for accessinglocal
memory. In addition,appropriatemechanismsarerequiredfor
handlingall theVIA managementstuff.

Althoughit maybepossibletousetheCERNPCI–SCIbridge
asbasicreconfigurablehardwareto build up a trivial design,it
canreally only be a trivial designand it’s difficult to get use-
ful measurementslater. Rememberthat this bridgeis about5
yearsin ageanda lot changedin between.The most limiting
factorsaretheFPGAsaswell astheinsufficientamountof local
memoryto storelargetranslationtables.

In the remainingpart of this paperwe want to take a more
detailedlook insideournew hardware.

V. ARCHITECTURE OF OUR

PCI–SCI BRIDGE

As mentionedearlier, thearchitectureis similar to theCERN
[5] andMunich [1] ones.Thismeansthatthere’sA aninterfacechip to thehostPCIbusA aFPGAfor local (onboard)PCIcontrol(PCIFPGA)A adualportedstaticRAM for datastorageA aFPGAfor SCILink Chip control(SCIFPGA)A aSCILink Controller(DolphinLC–2 in ourcase)A an additionalbankof staticRAM (not in caseof the CERN

bridge)

Figure 6 shows the connectionsbetweenall thesecompo-
nents.

Whatis theintentionof all thesesinglecircuits?

A. PCI–PCIBridge

We usea specialPCIbridgefor interfacingwith thehostPCI
bus — the 21554[6] madeby Digital (now maintainedby In-
tel Corp.). This chip is not just a PCI–PCIbridge. It supports
differentaddressmappingsfor theprimary(host)andsecondary
(local) PCI bussesandhidesthe deviceson the secondarybus
from theprimarybus.This is unlike to a realbridgewhichreal-
izesaflat addressspace[15]. Thus,thePCIBIOSseesonly one
device (the21554)andseveraladdresswindows.

Theseaddresswindowsfinally point to a locationon thesec-
ondary PCI bus. With the ability of the 21554 to translate
addressesfrom primary to secondarybus usinga direct offset

translationscheme,flexible addressesontheprimarybuscanbe
translatedinto hardwiredaddresseson thesecondarybus. This
significantly reducesaddressdecodingcomplexity for the de-
vicesattachedto the secondaryPCI bus. In addition, it’s not
requiredto follow the PCI spec. at 100 percent. E.g. we
don’t needto implementa PCI ConfigurationSpaceinsidethe
PCI FPGA.But the cardasa whole staysstill PCI spec. con-
formable.

Thesefeaturesallow a moreefficient handlingon the local
PCI busandleave FPGAspacefor moreimportantthingsthan
a configurationspace,for instance.

Of course,besidessomedisadvantageslike increasedcosts
andPCBcomplexity there’s anotherproblem:TransactionLa-
tency. The 21554addssomePCI cyclesof additionallatency
whentransactionsarepropagatedthroughthechip. Ontheother
handthe21554canhelpto increasepeakbandwidthsinceit can
accepttransactionsfrom bothsidesat thesametime andhence
doublesthebandwidthin thismoment.

As a longer–term goal a bridge in betweenthe data path
shouldbe removed. However this also eliminatesthe feature
of a localPCIbusandreducesflexibility (in view of experimen-
tations).

B. PCI FPGA

ThePCI FPGA consistsout of anORCA 3T80 FPGA from
LucentTechnologies[12]. This is a 3.3V 80kGateFPGA and
thereis anoptionto migrateto a 125kGateor 165kGateFPGA
type of this series. The ORCA 3Txx seriesis an evolution of
the ORCA 2Cxx seriesusedon the CERN brigde. Sincewe
collecteda lot of experienceswhenworking on theCERNcard
wedecidedto continueusingthewell knownFPGAarchitecture
anddevelopmenttools.

ThePCIFPGAis themostimportantunit onourcardsinceit
occupieskey functions(relative to ourarchitecturegoals):A managementof transparentSCImemoryaccessesin asimilar

mannerasin caseof Dolphin’scardsA translationof addressesfor outgoingand incoming transac-
tionsA a powerful pipelinedDMA engineto producePCI burstsas
largeaspossibleA integration of mechanismsto achieve Virtual Interface
Architecture–like methodsto invoke DMA transfersfrom
user–level (at leastRemoteDMA, but alsoSend/Receive)

Generally, the PCI FPGA connectsto the large 64Bit local
PCI andDualPortMemory busses.A third 32Bit bus is used
to interfacewith an SRAM bank. At the sametime, this bus
is usedfor primaryhandshakingandcontrolexchangewith the
SCIFPGA.In addition,thereareabout16linesfor othercontrol
purposesbetweenbothFPGAs.

C. SCIFPGA

Comparedto thePCIFPGA,theSCIFPGAhasrelativesim-
ple jobs. The primary intention is handlingof incoming and
outgoingpacketqueuesandinterfacingwith theSCI Link Con-
troller.

TheFPGAusedhereis from thesametypeasthePCIFPGA.
However, lateradifferentsmalleronebutwith thesamepackage
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maybeusedto save costs.

D. Dual PortedMemory(DPM)

LikewisetoCERN’sandMunich’sbridges,theprimaryinten-
tion of theDPM is for SCIpacketstorage.However, to simplify
SCI packet handlingwe’re planningto storeonly thedatapor-
tions insidethis memory. The remaininginformation(address
andcontrol)flows directly betweentheFPGAs.But this is im-
plementationspecific.

Physically, we use four synchronousDPM–chips (each
16Bits wide) which cango a maximumfrequency of 50MHz.
The synchronousfeature simplifies especially the timing–
critical write operations. The minimum DPM size of 128kB
(or 16kWords@ 64Bit) is very much. However, we found no
smallerchipson themarketwith similar functionality.

E. StaticRAM

The extra bankof staticRAM cantake up 1–4MB of mem-
ory. It is organizedin 2 B 512kB 32Bit. UsedRAM chipsare
either 256kB 16 or 512kB 16 (the later one may be not avail-
ableon the market currently). Two 256kB 16 gives1MB and
four 256kB 16 gives 2MB (in caseof the larger RAMs twice
theamount).Usedchipsarecommonusedasynchronousstatic
RAMs in SOJ–packagewith revolutionarypinout. The access
time (we use 17ns types) is fast enoughto accessone word
within onecycle in caseof 33MHzandslightly higherclocks.

Theintentionsfor thisstaticRAM in ourdesignare:C translationtablestoragefor downstreamaddresstranslation
(for outgoingpackets)andseveralSCIpageattributes
Note: This is well known from todaysbridges.C translationtablestoragefor upstreamaddresstranslation(for
incomingpackets)andseveralPCIpageattributes
Note: This is anabsolutelynew featurein theSCI architec-
ture.C Virtual Interfacecontext memorystorage
Note: This is alsonew onSCI,but it’s requiredfor VIA func-
tionality.

F. SCILink Controller

Here’s not a lot to say. We useDolphin’s LC–2 with a SCI
link clock of max. 125MHz(adjustablevia software). This re-
sultsin amaximumduplex throughputof 1GByte/sovertheSCI
link. Dolphin’s latestLC–3 is out now too,but unfortunatelyit
is not pin–compatiblewith the LC–2 andthereforeit can’t be
simply replaced.But wheneverythingis working with theLC–
2 it shouldbepossibleto changepartsof theboardlayoutto take
up theLC–3.

G. BusClock Speeds

Normally, fasterclockson the local bussesthanon the host
PCI bus doesn’t increasesustainedperformance.Only latency
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for shorttransmissionsizescanbeslightly reduced.
Thereforeit is plannedto drivetheBLINK portionof thecard

(SCI FPGA etc.) with 50MHz asynchronousto the local PCI
portion(PCIFPGA).But it’salsopossibletoconfiguretheboard
so that theBLINK portionusesthesamefrequency asthePCI
portion.

Normally, the local PCI bus is clocked with the samefre-
quency as the hostPCI bus (33MHz). But hereit’s alsopos-
sible to usean asynchronousseparateclock. Testswill show
if it’spossibleto overclockthelocal PCIbussomewhat(maybe
40MHz). But thismainlydependsonthe21554PCI–PCIbridge
andthelogic insidethePCIFPGA.

However, the simplestandmaybemoststableconfiguration
is to useacommonclockderivatedfrom thehostPCIbusfor all
devices.Asynchronousclocksmaytendto problems,especially
on theinterfacebetweenbothFPGAs.

VI . AVAILABIL ITY

At thetime this paperwaswritten (June1999)we hada first
prototypeof theboardreadyandpartlytested.Sofar, everything
waslooking ok andtheboardwasrunningasplanned.As soon
asall of theremainingcomponentsaretestedon this prototype
a secondprototypewill follow (early July 1999). From there
all attentionis spentonFPGAdevelopmentsothatafirst usable
designshouldbeavailablewith beginningof thenext millenium.

VI I . RELATED DEVELOPMENTS ON VIA AND SCI

Currenttendenciesof hardwaredevelopmentfor both areas
seemto go eitherstrict VIA or strict SCI. In caseof SCI Dol-
phin is still the one and only manufacturerfor commercially
availablePCI–SCIhardware. Although Dolphin hasput some
efforts into an investigationof VIA in order to useit on their
hardware,therearemadenospecialhardwareimprovementsfor
VIA supportuntil now. Someof the resultsof Dolphin’s work
werepresentedin [2].

Thenumberof availableVIA hardwareimplementationsin-
creasesmoreandmore.Somehardwareproductdevelopersare
Giganet[11], Finisar[9], andFujitsu [10]. But from now, it is
difficult to evaluatetheseproductsfrom distance.They arerel-
atively new andtheinformationsgivenby thecompaniesabout
thedetailsof theimplementationareverysmall.

Bandwidthparametersgiven for the so–calledcLAN from
Giganet looking very good (approx. 100MBytes/s for
32Bit/33MHzPCI bus). In fact,this is twice theamountwhich
is achievableby Dolphin’s DMA engineon theD310PCI–SCI
bridge(refer to sectionII of this paper).Latency of this cLAN
hardwarefor shorttransmissionsizesiscomparabletoDolphin’s
DMA engine,but theSCIsharedmemoryis evenfasterhere(by
a factorof approx.3–4).

As mentionedearlier, moreopenresearchon VIA is doneat
theUniversityof California,Berkeley [4] andtheBerkeley Lab
[13]. While the work at the University of California, Berke-
ley concentratesmoreonVIA hardwareimplementationsbased
on Myrinet, the work at the Berkeley Lab is targetedto soft-
waredevelopmentfor Linux. Nativehardwareimplementations
seemingnot to beplannedthere.

To classour work into all of theseactivities, we seeusmore
besidesDolphin trying to port featuresof VIA into a SCIarchi-
tecture.It is not our goal to implementtheVIA asit is. Rather
wearelooking to developa powerful mix of bothSCI andVIA
functionality.

VI I I . SUMMARY

In this paperwe discussedand presenteda relatively wide
rangeof researchissues.First, we showedsomeof our experi-
encewith comerciallyavailablePCI–SCIbridgesfrom Dolphin.
The main quintessenceherewasthe fact, that a DMA mecha-
nism hasalsosignificantadvancesover a SCI sharedmemory
datatransfersin view of CPU utilization. And this fact is not
trueonly for verylargetransmissionsizesin rangeof many kilo-
bytes,but it becomesinterestingfor muchsmallerones.

Following this, we explainedour ideashow to migratefea-
turesof the Virtual InterfaceArchitectureinto a SCI architec-
ture,andwhichconsequencesthiscauses.

We gavea roughoverview aboutsomeimportantfactsof our
new reconfigurablePCI–SCIbridge. Thesefactsshouldn’t be
seenby the readeronly asa consequenceof our new architec-
tural ideas(protecteduser–level DMA etc.). It is alsointended
asa small roadmapfor working groupswhich wantto do some
developmenton PCI–SCIhardware,but don’t want to build up
a new hardwarefrom thescratch.

Finally, a shortview wastakenon otherrelatedhardwarede-
velopments.

Latestinformationaboutourprojectcanbeobtainedfrom our
websiteat

http://www.tu-chemnitz.de/˜mtr/VIA _SCI/
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Abstract In thisdocumentwemake abrief review of memorymanagementand
DMA considerationsin caseof commonSCI hardware and the Virtual Inter-
faceArchitecture.On this basiswe exposeour ideasfor an improved memory
managementof a hardwarecombiningthepositive characteristicsof bothbasic
technologiesin orderto getonecompletelynew designratherthansimplyadding
oneto theother. Thedescribedmemorymanagementconceptprovidestheoppor-
tunity of a real zero–copy transferfor Send–Receive operationsby keepingfull
flexibility andefficiency of anodes’localmemorymanagementsystem.Fromthe
resultinghardwareweexpectaverygoodsystemthroughputfor messagepassing
applicationsevenif they areusingawide rangeof messagesizes.

1 Moti vation and Intr oduction

PCI–SCIbridges(ScalableCoherentInterface[12]) becomea moreandmoreprefer-
abletechnologicalchoicein thegrowing market of ClusterComputingbasedon non–
proprietaryhardware.Althoughabsoluteperformancecharacteristicsof thiscommuni-
cationhardwareincreasesmoreandmore,it still hassomedisadvantages.Dolphin In-
terconnectSolutionsAS (Norway) is theleadingmanufacturerof commercialSCI link
chips as well as the only manufacturerof commerciallyavailablePCI–SCIbridges.
Thesebridgesoffer very low latenciesin rangeof somemicrosecondsfor their dis-
tributedsharedmemoryandreachalsorelativelyhighbandwidths(morethan80MBytes/s).
In ourclustersweuseDolphinsPCI–SCIbridgesin junctionwith standardPCcompo-
nents[11]. MPI applicationsthatwearerunningonourclustercangetagreataccelera-
tion from low latenciesof theunderlyingSCIsharedmemoryif it is usedascommuni-
cationmediumfor transferringmessages.MPI implementationse.g.suchas[7] show a
bandwidthof about35MByte/sfor a messagesizeof 1kBytewhich is quitea lot (refer
alsoto figure1 later).

Themajorproblemof MPI implementationsover sharedmemoryis big CPU uti-
lization on long messagesizesdueto copy operations.So the just referredgoodMPIG DanielBalkanskiandStanislav Simeonov arefrom theBurgasFreeUniversity, Bulgaria.GHG The work presentedin this paper is sponsoredby the SMWK/SMWA Saxony ministries

(AZ:7531.50-03-0380-98/6).It is also carried out in strong interaction with the project
GRANT SFB393/B6of theDFG(GermanNationalScienceFoundation).



performance[7] is moreanacademicpeakperformancewhich is achievedwith more
or lesstotal CPUconsumption.A standardsolutionfor this problemis to usea block–
moving DMA enginefor datatransfersin background.DolphinsPCI–SCIbridgesim-
plementsucha DMA engine.Unfortunately, this onecan’t becontrolleddirectly from
a userprocesswithout violating generalprotectionissues.Thereforekernelcalls are
requiredherewhich in endeffect increasetheminimumachievablelatency andrequire
a lot of additionalCPUcycles.

TheVirtual InterfaceArchitecture(VIA) Specification[16] definesmechanismsfor
moving thecommunicationhardwarecloserto theapplicationby migratingprotection
mechanismsinto the hardware.In fact, VIA specifiesnothingcompletelynew since
it canbe seenasan evolution of U–Net [15]. But it is a first try to definea common
industry–standardof a principle communicationarchitecturefor messagepassing—
from hardwareto software layers.Due to its DMA transfersand its reducedlatency
becauseof user–level hardwareaccess,a VIA systemwill increasethegeneralsystem
throughputof a clustercomputercomparedto a clusterequippedwith a conventional
communicationsystemwith similarraw performancecharacteristics.But for veryshort
transmissionsizesa programmedIO over globaldistributedsharedmemorywon’t be
reachedby far in termsof latency andbandwidth.Thisis anaturalfactbecausewecan’t
compareasimplememoryreferencewith DMA descriptorpreparationandexecution.
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Figure1. Comparisonof MPI Implementationsfor Dolphins PCI–SCIBridgesand GigaNets
cLAN VIA Hardware

Figure1 shows bandwidthcurvesof MPI implementationsfor both an SCI anda
native VIA implementation(GigaNetcLAN). Thehardwareis in bothcasesbasedon
thePCIbusandthemachineswherethemeasurementsweretakenarecomparable.The
concretevaluesarebasedon ping–pongmeasurementsandwheretaken from [7] in
caseof SCI,andfrom [10] (Linux case)for thecLAN hardware.

As expected,thebandwidthin caseof SCI is looking betterin therangeof smaller
messagesizes.For largermessagesizesthecLAN implementationdemonstrateshigher
bandwidthbecauseof its advancedDMA engine.But not lessimportantis the fact
that a DMA enginegivesthe CPU moretime for computations.Detailsof suchCPU
utilization considerationsareoutsidethescopeof this paperandarealreadydiscussed
in [14] and[8].
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As summarizationof thesemotivating factswe canstatethat besidesa powerful
DMA enginecontrollablefromuser–leveladistributedsharedmemoryfor programmed
IO is animportantfeaturewhichshouldn’t bemissedin a communicationsystem.

2 What are the Memory ManagementConsiderations?

First of all we want to make a shortdefinitionwhat belongsto memorymanagement
regardingthisdocument.
Thiscanbestatedby thefollowing aspectsexpressedin theform of questions:

1. How aprocess’memoryareais madeavailableto theNetwork InterfaceController
(NIC) andin whatway mainmemoryis protectedagainstwrongaccesses?

2. At whichpointin thesystemaDMA engineisworkingandhow arethetransactions
of thisDMA enginevalidated?

3. In whichwaymemoryof aprocessonaremotenodeis madeaccessiblefor a local
process?

Basedon thesequestionswe canclassifythe differentcommunicationsystemar-
chitecturesin termsof advantages/disadvantagesof their memorymanagement.In the
analysisthat is presentedin the following sectionswe’ll reveal theseadvantagesand
disadvantagesarisenfrom commonPCI–SCIarchitectureandtheVI Architecture.

3 PCI–SCI vs.VIA discussionand comparison

3.1 Question1: How a process’memory areais madeavailable to the NIC and
in what way main memory is protectedagainstwrongaccesses?

Common PCI–SCI case: CurrentPCI–SCIbridgesdevelopedby Dolphin realizea
quiet staticmemorymanagement[4] to getaccessto mainmemoryor ratherPCI ad-
dressspace.To avoid unwantedaccessesto sensitive locations,thePCI–SCIbridgeis
setup to allow accessesonly to a dedicatedmemorywindow. Memoryaccessrequests
causedby remotemachinesareonly allowed if they fall within thespecifiedwindow.
Thiscausestwo big disadvantages:

– Continuousexportedregionsmustalso be continuousavailable inside the phys-
ical addressspace.Additionally, theseregionsmust be alignedto the minimum
exportableblocksizewhich is typically quitelarge(512kBfor Dolphin’sbridges).

– ExportedMemorymustresidewithin thiswindow.

To handletheseproblemsit is requiredto reserve mainmemoryonly for SCI pur-
poses.This, in practice,’wastes’a partof memoryif it is not reallyexportedlater.

In consequencethesedisadvantagesof commonPCI–SCIbridgearchitecturemake
their usewith MPI applicationsverydifficult. Especiallyin view of zero–copy transfer
operations.Becausedatatransferscanbeprocessedusingthereservedmemoryregion
only, it would requirethat MPI applicationsusespecialmalloc() functionsfor al-
locatingdatastructuresusedfor send/receive purposeslater. But this violatesa major
goalof theMPI standard:ArchitectureIndependence.
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VIA case: The VI Architecturespecifiesa much betterview the NIC hason main
memory. Insteadof a flat one–to–onerepresentationof the physicalmemoryspaceit
implementsa moreflexible lookup–tableaddresstranslation.Comparingthis mecha-
nismwith thePCI–SCIpendantthefollowing advantagesbecomevisible.

– Continuousregionsseenby theVIA hardwarearenot requiredto bealsocontinu-
ousinsidethehostphysicaladdressspace.

– Accessesto sensitive addressrangesarepreventedby just not includingtheminto
thetranslationtable.

– The NIC canget accessto every physicalmemorypage,even if this may not be
possiblefor all physicalpagesat once(whenthe translationtablehaslessentries
thanthenumberof physicalpages).

Thetranslationtableis not only for addresstranslationpurposes,but alsofor pro-
tection of memory. To achieve this a so–calledProtectionTag is includedfor each
translationandprotectiontableentry. This tag is checkedprior to eachaccessto main
memoryto qualify theaccess.For moreinformationaboutthisseelaterin section3.2.

Conclusionsregarding question 1: It is clear, that the VIA approachoffers much
moreflexibility . Using this local memoryaccessstrategy in a PCI–SCIbridgedesign
will eliminateall of theproblemsseenin currentdesigns.
Of course,thedrawbackis themorecomplicatedhardwareandtheadditionalcyclesto
translatetheaddress.

3.2 Question2: At which point in the systema DMA engineis working and how
arethe transactionsof this DMA enginevalidated?

Common PCI–SCI case: TheDMA engineaccesseslocal memoryin thesameway
asalreadydiscussedin section3.1. Thereforeit inheritsalsoall disadvantageswhen
dealingwith physicaladdresseson thePCI–SCIbridge.

For accessesto global SCI memorya moreflexible translationtableis used.This
DownstreamTranslationTablerealizesavirtual view ontoglobalSCImemory— simi-
lar astheview of aVIA NIC ontolocalmemory. Everypageof thevirtual SCImemory
canbemappedto a pageof theglobalSCImemory.

Regardingvalidation,the DMA enginecan’t distinguishbetweenregionsowned
by differentprocesses(neitherlocal nor remote).Thereforethe hardwarecan’t make
a checkof accessrights on–the–flow. Ratherit is requiredthat the DMA descriptor
containingtheinformationabouttheblockto copy is assuredto beright. In otherwords
theoperatingsystemkernelhasto prepareor at leastto checkany DMA descriptorto
bepostedto theNIC. This requiresOScallsthatwewantto removeatall cost.

VIA case: A VIA NIC implementsmechanismsto executea DMA descriptorfrom
user–level while assuringprotectionamongmultiple processesusing the sameVIA
hardware.An userprocesscanown oneor moreinterfacesof theVIA hardware(so–
calledVirtual Interfaces). In otherwords,a virtual interfaceis a virtual representation

24



of a virtual uniquecommunicationhardware.The connectionbetweenthe virtual in-
terfacesandtheVIA hardwareis madeby Doorbellsthat representa virtual interface
with its specificcontrol registers.An user–level processcan insert a new DMA de-
scriptor into a job queueof the VIA hardwareby writing an appropriatevalueinto a
doorbellassignedto this process.The sizeof a doorbell is equalto the pagesizeof
the hostcomputerandso the handlingwhich processmay accesswhich doorbell(or
virtual interface)canbesimplyrealizedby thehosts’virtual memorymanagementsys-
tem.ProtectionduringDMA transfersis achievedby usageof ProtectionTags. These
tagsareusedby theDMA engineto checkif theaccessof thecurrentprocessedvirtual
interfaceto a memorypageis right. Theprotectiontag of theaccessedmemorypage
is comparedwith theprotectiontagassignedto thevirtual interfaceof theprocessthat
providedthis DMA descriptor. Only if both tagsareequal,theaccessis legal andcan
be performed.A moredetaileddescriptionof this mechanismis outsidethe scopeof
thisdocument(referto [13] and[16]).

Conclusionsregardingquestion2: Thelocationof theDMA engineis in bothcases
principally the same.The differenceis that in caseof VIA a real lookup–tablebased
addresstranslationis performedbetweentheDMA engineandPCImemory. Thatis, the
VIA DMA operatesonavirtual localaddressspace,while thePCI–SCIDMA operates
directlywith localphysicaladdresses.
The answerfor the accessprotectionis simple:The commonPCI–SCIDMA engine
supportsno protectionin hardwareandmusttruston right DMA descriptors.TheVIA
hardwaresupportsfull protectionin hardwarewheretheDMA engineis only onepart
of thewholeprotectionmechanism.

3.3 Question3: In which way memory of a processon a remotenodeis made
accessiblefor a local process?

CommonPCI–SCI case:Makingremotememoryaccessibleis akey functionin aSCI
system,of course.EachPCI–SCIbridgeoffersa specialPCI memorywindow which
is practicallythevirtual SCI memoryseenby the card.So thesameSCI memorythe
DMA enginemayaccesscanbealsoaccessedvia memoryreferences(alsocalledpro-
grammedIO here).Theprocedureof makinggloballyavailableSCImemoryaccessible
for thelocalhostis alsoreferredasimportingglobalmemoryinto local addressspace.

On theotherside,everyPCI–SCIbridgecanopena window to localaddressspace
andmakeit accessiblefor remoteSCInodes.Themechanismof thiswindow is already
describedin section3.1 regardingquestion1. Theprocedureof makinglocal memory
globallyaccessibleis alsocalledexportinglocal memoryinto globalSCIspace.

Protectionis totally guaranteedwhendealingwith importedandexportedmemory
in point of view of memoryreferences.Only if a processhasgot a valid mappingof a
remoteprocess’memorypageit is ableto accessthismemory.

VIA case:TheVI Architectureoffersprincipallynomechanismtoaccessremotemem-
ory asit is realizedin adistributedsharedmemorycommunicationsystemsuchasSCI.
But thereis anindirectwayby usingaso–calledRemoteDMA (or RDMA) mechanism.
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This methodis very similar to DMA transfersasthey areusedin commonPCI–SCI
bridges.A processthat wantsto transferdatabetweenits local memoryandmemory
of a remoteprocessspecifiesa RDMA descriptor. This containsanaddressfor the lo-
cal VIA virtual addressspaceandanaddressfor the remotenodes’local VIA virtual
addressspace.

Conclusionsregarding question 3: While a PCI–SCIarchitectureallows processes
to really sharetheir memoryglobally acrossa system,this is not possiblewith a VIA
hardware.Of course,VIA wasneverdesignedfor realizingdistributedsharedmemory.

4 A newPCI–SCI Ar chitecture with VIA Approaches

In our designwe want to combinethe advancesof an ultra–low latency SCI Shared
Memory with a VIA–lik e advancedmemory managementand protecteduser–level
DMA. This combinationwill make our SCI hardwaremoresuitablefor our message
passingorientedparallelapplicationsrequiringshortaswell aslongtransmissionsizes.

4.1 AdvancedMemory Management

In orderto eliminatethediscussedabove restrictionswith continuousandalignedex-
portedmemoryregionsthatmustresidein a specialwindow, ourPCI–SCIarchitecture
will implementtwo addresstranslationtables— for both local and remotememory
accesses.In contrast,commonPCI–SCIbridgesuseonly onetranslationtablefor ac-
cessesto remotememory. Thisnew andmoreflexible memorymanagementcombined
with reducedminimal pagesizeof distributedsharedmemoryleadsto a muchbetter
usageof themainmemoryof thehostsystem.

In fact,ourtargetedamountof importedSCImemoryis1GBwith apagegranularity
of 16kB. With a larger downstreamaddresstranslationtable this pagesize may be
reducedfurther to matchexactly thepagesizeusedin thehostsystems(suchas4kB
for x86CPUs).

In caseof the granularityof memoryto be exportedin SCI terminologyor to be
madeavailable for VIA operationsthere’s no question:It must be equalto the host
systempagesize.In otherwords,4kB sincethe primary target systemis a x86 one.
128MBis theplannedmaximumwindow sizehere.

4.2 Operation of Distributed SharedMemory fr om a memory–relatedpoint of
view

Figure2 givesanoverall exampleof exporting/importingmemoryregions.Theexam-
ple illustratestheaddresstranslationsperformedwhentheimportingprocessaccesses
memoryexportedby a processon theremotenode.

The exportingprocessexportssomeof its previously allocatedmemoryby regis-
teringit within its local PCI–SCIhardware.Registeringmemoryis doneon a by–page
basis.Rememberthat in caseof a commonPCI–SCIsystemit would berequiredthat
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this exportedmemoryis physically locatedinside this specialmemoryareareserved
for SCI purposes.But herewe cantake the advantageof the virtual view onto local
memorysimilar to this in VI Architecture.

Oncetheupstreamaddresstranslationtableentriesareadjusted,theexportedmem-
ory canbeaccessedfrom remotemachinessinceit becamepartof theglobalSCImem-
ory. To accessthis memory, theremotemachinemustimport it first. Themajorstepto
do hereis to setup entriesinsideits downstreamaddresstranslationtableso that they
point to the region insidethe global SCI memorythat belongsto the exporter. From
now, theonly remainingtaskis to mapthephysicalPCI pagesthatcorrespondto the
prepareddownstreamtranslationentriesinto thevirtual addressspaceof theimporting
process.

Whentheimportingprocessaccessestheimportedarea,thetransactionis forwarded
throughthePCI–SCIsystemandaddressesaretranslatedthreetimes.At first thehost
MMU translatestheaddressfrom theprocess’virtual addressspaceinto physicalad-
dressspace(or ratherPCI space).Thenthe PCI–SCIbridgetakesup the transaction
and translatesthe addressinto the global SCI addressspaceby usageof the down-
streamtranslationtable.Thedownstreamaddresstranslationincludesgenerationof the
remotenodeid andaddressoffset insidethe remotenodes’virtual local PCI address
space.Whenthe remotenodereceivesthe transaction,it translatesthe addressto the
correctlocalphysical(or ratherPCI)addressby usingtheupstreamaddresstranslation
table.
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4.3 Operation of ProtectedUser–Level RemoteDMA fr om a memory–related
point of view

Figure3 shows theprinciplework of theDMA engineof our PCI–SCIbridgedesign.
This figureshows principally thesameaddressspacesandtranslationtablesasshown
by figure2. Only theprocess’virtual addressspacesandthecorrespondingtranslation
into physicaladdressspacesareskippedto notoverloadthefigure.

TheDMA engineinsidethebridgeis surroundedby two addresstranslationtables,
or morecorrectsaidby two addresstranslation and protection tables.On theactive
node(that is, wherethe DMA engineis executingDMA descriptors— node1 here)
bothtranslationtablesareinvolved.However, on theremotenodetherehaspractically
nothingchangedcomparedto theprogrammedIO case.Hencetheremotenodedoesn’t
make any differencebetweentransactionswhetherthey weregeneratedby the DMA
engineor not.

Both translationtablesof onePCI–SCIbridgeincorporateprotectiontagsasde-
scribedin section3.2.But while this is usedin VIA for accessesto localmemory, here
it is alsousedfor accessesto remoteSCI memory. Togetherwith VIA mechanismsfor
descriptornotificationandexecutiontheDMA engineis unableto accesswrongmem-
ory pages— whetherlocal (exported)nor remote(imported)ones.Note thata check
for right protectiontagsis reallymadeonly for theDMA engineandonly on theactive
node(node1 in figure3). In all othercasesthesametranslationandprotectiontables
areused,but theprotectiontagsinsideareignored.
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Figure3.AddressTranslationsperformedduringRDMA Transfers

4.4 A fr eechoiceof usingeither ProgrammedI/O or User–Level RemoteDMA

This kind of a globalmemorymanagementallows applicationsor moreexactly com-
municationlibrariesto decideon–the–flydependingondatasizein whichwayit should
be transferred.In caseof a shortmessagea PIO transfermaybeused,andin caseof
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a longermessagea RDMA transfermaybe suitable.Thecorrespondingremotenode
is not concernedin this decisionsinceit doesn’t seeany differences.This keepsthe
protocoloverheadvery low.

And finally we want to rememberthe VIA case.Although we alreadyhave the
opportunityof a relatively low–latency protecteduser–level remoteDMA mechanism
withoutthememoryhandlingproblemsasin caseof commonPCI–SCI,there’snothing
likeaPIOmechanismfor realizingadistributedsharedmemory. Hencetheadvantages
of anultra–low latency PIO transferarenotavailablehere.

5 Influenceon MPI Libraries

To show the advantagesof the presentedadvancedmemorymanagementwe want to
take a look at the so–calledRendezvousProtocol that is commonlyusedfor Send–
Receiveoperations.

Figure4 illustratestheprincipleof theRendezvousprotocolusedin commonMPI
implementations[7] basedon Dolphins PCI–SCIbridges.One big problemin this
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CPU free
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Figure4. Typical Rendezvous–Protocol in
commonPCI–SCIImplementations
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Figure5. Improved Rendezvous–Protocol
based on advanced PCI–SCI Memory
Management

model is the copy operationthat takes placeon the receivers’ side to take dataout
of theSCI buffer. Althoughtheprincipally increasinglatency canbehiddendueto the
overlappingmechanisma lot of CPUcyclesareburnedthere.

With our proposedmemorymanagementthere’s a chanceto remove this copy op-
erationon the receivers’ side.Thebasicoperationof theRendezvousprotocolcanbe
implementedasdescribedin figure 5. Herethe senderinforms the receiver asusual.
Beforethereceiver sendsbackanacknowledgeit checksif thedatastructurethedata
is to be written to is alreadyexportedto the sender. If not, the memoryregion that
includesthe datastructureis registeredwithin the receivers’ PCI–SCIbridgeandex-
portedto thesender. Thesenderitself mustalsoimport this memoryregion if this was
not alreadydonebefore.After this thesendercopiesdatafrom privatememoryof the
sendingprocessdirectly into privatememoryof the receiving process.As furtherop-
timizationthesendermaydecideto usetheDMA engineto copy datawithout further
CPUintervention.Thisdecisionwill betypically basedon themessagesize.
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6 Stateof the project (November1999)

We developedour own FPGA–basedPCI–SCIcardandhave prototypesof this card
alreadyrunning.At the momentthey only offer a so–calledManual Packet Modefor
now that is intendedfor sidebandcommunicationbesidestheregularprogrammedIO
andDMA transfers.

The carditself is a 64Bit/33MHzPCI Rev.2.1 one[8]. As SCI link controllerwe
areusingDolphinsLC–2 for now, andwe arelooking to migrateto theLC–3 assoon
asit is available.ThereprogrammableFPGAdesignleadsto a flexible reconfigurable
hardwareandoffersalsotheopportunityfor experiments.

Linux low–level driversfor Alphaandx86 platformsandseveralconfiguration/test
programsweredeveloped.In additionour researchgroupis workingonanappropriate
higher–levelLinux driverfor ourcard[5,6]. Thisoffersasoftware–interface(advanced
Virtual InterfaceProviderLibrary) thatcombinesSCIandVIA featuressuchasimport-
ing/exportingmemoryregions,VI connectionmanagementetc.Also it emulatesparts
of thehardwaresothatit is possibleto runothersoftwareon topof it althoughthereal
hardwareis not available.As an example,a parallelizedMPI–versionof the popular
raytracerPOVRAY is alreadyrunningoverthisemulation.ThisprogramusesanMPI–2
library for our combinedSCI/VIA hardware.This library is alsounderdevelopmentat
ourdepartment[3].

For moredetailsandlatestnewsreferto ourprojecthomepageat
http://www.tu-chemnitz.de/˜mtr/VI A SCI/

7 Other Works on SCI and VIA

Dolphinalreadypresentedsomeperformancemeasurementsin [1] for theirVIA imple-
mentationwhich is a emulationoverSCI sharedmemory. AlthoughthepresentedVIA
performanceis looking very good,it’s achievedby thecostof too big CPUutilization
again.

The numberof vendorsof native VIA hardwareis growing moreandmore.One
of thesecompaniesis GigaNet[17] whereperformancevaluesarealreadyavailable.
GigaNetgivesontheirwebpageslatenciesof 8I sfor shorttransmissionsizes.Dolphin
givesa latency for PIOoperations(remotememoryaccess)of 2.3I s.Thisdemonstrates
therelatively big performanceadvantageadistributedsharedmemoryoffershere.

University of California, Berkeley [2] and the Berkeley Lab [9] are doing more
openresearchalso in directionof improving the VIA specification.The work at the
Universityof California,Berkeley is concentratedmoreonVIA hardwareimplementa-
tionsbasedon Myrinet. In contrast,thework at theBerkeley Lab is targetedmainly to
softwaredevelopmentfor Linux.

8 Conclusionsand Outlook

ThecombinedPCI–SCI/VIA systemis not just a simpleresultof addingtwo different
things.Ratherit is arealintegrationof bothin onedesign.Moreconcreteit is anintegra-
tion of conceptsdefinedby theVIA specificationinto acommonPCI–SCIarchitecture
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sincemajorPCI–SCIcharacteristicsarekept.Theresultis ahardwaredesignwith com-
pletelynew qualitative characteristics.It combinesthe mostpowerful featuresof SCI
andVIA in orderto get highly efficient messagingmechanismsandhigh throughput
overabroadrangeof messagelengths.

Theadvantagethat MPI librariescantake from a moreflexible memorymanage-
mentwas illustratedfor the caseof a RendezvousSend–Receive for MPI. The final
proof in practiceis still pendingdueto lack of a hardwarewith all implementedfea-
tures.
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Abstract

Rapiddevelopmentsin computerarchitectureandin net-
workingtechnologyhavedriventheconstructionof clusters
of cluster. Nowclustercomputersare an inexpensivealter-
nativeto parallel computers.

High bandwidthlow latency communicationnetworks
have becomemore and more important. In conjunction
with the ScalableCoherent Interface(SCI) the Virtual In-
terfaceArchitecture (VIA) offersexcellentopportunitiesfor
highspeednetworks.For this reasonour research groupis
developingsuch a VIA/SCInetworkcard.

This paper describesthe demandsand the designof
a new MPI library for heterogenouscommunicationnet-
works. Theimplementationof this MPI library is demon-
stratedonanexampleVIA/SCIcard.

Keywords: MPI, VIA, SCI,sharedmemory, communica-
tion protocol

1. The VIA/SCI card

1.1. Moti vation

Our researchgrouphasbeeninvestigatingclusterarchi-
tecturesfor sometime. Connectionnetworks are a very
importantcomponentof clustersof workstationsandSCI
(ScalableCoherentInterface [1]), an example of such a
connectionnetwork, hasbecomewell acceptedfor clusters
computing.Theintentionof thedesignof SCI wasto pro-
vide a fastnetwork for distributedsharedmemoryapplica-
tions,but thehighbandwidthandthelow latency allowsthe
usein applicationsbasedonmessagepassing,too. Ourpri-
mary focusareapplicationsbasedon messagepassingbe-
causetheothermembersof our researchprojectusingMPI
for their applications1. For this reasonsour researchgroup

1This work is part of the GRANT SFB 393/B6of the DFG (German
nationalScienceFoundation)

is developingan SCI cardespeciallyfor messagepassing
purposes[2][3].

Thesimplestwayto implementanMPI library onSCI is
to emulatemessagepassingonsharedmemory, but this im-
pliesthattheCPUactively participateson thedatatransfer,
e.g. for copying thedatainto theSCI memory. TheDMA
engineoffersanalternativesolutionfor thisproblem.After
their initialization it copiesthedatato theSCIcardwithout
additionallyusageof theCPU.But theuseof theDMA en-
gine leadsto anotherproblem.To avoid accessto memory
which is not part of the processit is necessaryto involve
theoperatingsystemkernelfor startingDMA transfers,be-
causeonly thekernelis ableto performthissecuritycheck.
With the VIA (Virtual InterfaceArchitecture,discussedin
next section)a mechanismfor protecteduser–level DMA
withouta kernelcall is provided.

For this reasonourcardsupportsSCIsharedmemoryas
well as VIA and, thus, allows very high performancefor
messagepassing.

1.2. What is VIA ?

The idea of removing the the kernel from the critical
pathof communicationoperationsis describedin projects
like U–net[4] or SHRIMP[5]already. Out of theseprojects
the industry–drivenstandardVIA[6 ] wascreated,initially
by Intel, Compaqand Microsoft. This standardspecifies
aninterfacebetweenthehigh–speednetwork cardsandthe
system.Later Intel haspublishedsomeenhancementsand
somesuggestionsfor theimplementation[7].

The structureof the VIA is shown in Figure1. For the
creationof anew MPI library thetwo importantpartsof this
structurearethe VI UserAgent andthe VI KernelAgent.
TheUserAgentprovidestheuser–level partof theinterface
to thenetwork(card)whereastheKernelAgentis a kernel–
leveldevicedriverthatperformsoperationsthatrequireker-
nel calls (e.g. memoryregistration). Intel calledtheir ex-
ampleUserAgent ”VIPL” (Virtual InterfaceProvider Li-
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Figure 1. Structure of the Vir tual Interface Ar-
chitecture

brary2).
TheVI Architectureis basedon so–calledVI‘s (Virtual

Interface),a kind of a bidirectionalcommunicationchan-
nels comparablewith sockets. Communicationbetween
two processeswill beestablishedby connectingtheir local
VI’ s. Two principlesexist for theconnectionof two VI’ s,a
client–serverbasedoneanda peer–to–peerbasedone.

VIA makes the two communication methods
Send/Receive and RDMA (Remote Direct Memory
Access)available. Both methodsarebasedon descriptor3

processingso there is now way to archive ultra low
latencies.

The Send/Receive mechanismis well suitablefor mes-
sagepassing.EachSend/Receive requirestwo descriptors
oneon thesendersideandtheotheron the receiverside.A
receivedescriptorwith adatabuffer of sufficientsizehasto
bepostedbeforethesender’sdataarrives.Thisrequirement
leadsto anincreasedsynchronizationeffort for themessage
passingsoftware.

The RDMA modeis a onesidedoperation. Hence,it
requiresa descriptoronly at the active node. Thereare
two typesof RDMA operations,RDMA ReadsandRDMA
Writes. The initiator of theRDMA operationspecifiesthe
sourceaswell asthedestinationof theoperation.

TheVIA requiresto identifymemoryusedfor datatrans-
fer. For this identificationthememoryhasto beregistered
beforethe transfer. The registrationof the memoryworks
with so–calledprotectiontags4. As alreadynotedthemem-

2This termwasintroducedin [7].
3A datastructurethatdescribesadatatransferrequest.
4Usually, a processusesa uniqueprotectiontagwhich is createdafter

openingtheVIA environment.This protectiontagis boundedto eachVI

ory registration(aswell asthederegistration)is realizedby
courtesyof theVI KernelAgentandconsequentlyrequires
a kernel call. Onceregistered,the memorycan be used
withoutany additionallykernelcall asoftenasneeded.Be-
causethe registrationof the memoryis independentfrom
the communicationoperationthe kernelcall for the secu-
rity checkis removed from the critical path. In order to
gethighperformanceit is profitablyto useregisteredbuffer
againlike in the MPI persistentcommunication.Because
the amountof memoryfor registrationis limited it is im-
portantto deregistermemorynot requiredany longer.

post receive descriptor

Sender

Test if buffer is registered

n
register memory

y

tim
e Receiver

n
register memory

y

Test if buffer is registered

wait for completion
wait for completion

post send descriptor

operation completed

Figure 2. Simple VIA Send/Receive

Figure2 describesasimpleblockingSend/Receivein the
VIA environment.

2. An brief overview of relatedMPI libraries

In this sectionsomeimportant membersof the abun-
danceof MPI librarieswill be presentedin relationto the
VIA/SCI cardandtheir advantagesanddisadvantageswill
bediscussed.

2.1. MPICH

MPICH (MessagePassingInterfaceCHameleon)[8] is a
resultof a cooperationof theArgonneNationalLaboratory
andthe MississippiStateUniversity. It is oneof the old-
est MPI libraries with supportof many architecturesand
communicationnetworks and today is the most common
implementationof the MPI-1 Standard[9]. The simplified
structureof MPICH is shown in Figure3.

The main advantageof MPICH is the layereddesign.
MPICH divides the MPI–1 functionality into a hardware
independentand a hardwaredependentpart (layer). Due

andusedfor all registrationpurposes.
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to this structureit is possibleto generatean MPI imple-
mentationfor a new (or not yet supported)communication
network with small effort becausethe effort to implement
a hardwaredependentpart is muchsmallerthantheimple-
mentationof thefull MPI functionality.

MPICH hassomeperformancedisadvantageswhich re-
sultsfrom its design.Thechancesfor optimizationarelim-
ited becausesomeimportantfeatures(e.g. memoryman-
agement)areimplementedin thehardwareindependentpart
whichshouldnotbechangedby thecreationof anew hard-
waredependentpart. Hencesomeproblemsresult for the
VIA registrationandderegistrationwhich shouldbea part
of thememorymanagement.MPICH hassomeproblemsto
supportmultipledevicesaswell.

Thedesignof MPICH is not threadsafeandsoit is diffi-
cult to overlapcomputationandcommunication.Therefore
thecommunicationprogressesonly whenanMPI function
is called. As MPICH usespolling for synchronizationit
wastesCPUtime.

2.2. MPI-Pr o

MPI/Pro[10], a productof the MPI SoftwareTechnol-
ogy Inc., wasthefirst MPI library for theVirtual Interface
Architecture.

The main advantageof MPI/Pro is the threadeddesign
that leadsto a high degreeof overlappingcomputationand
communication.Theoptimizedpersistentoperationsallow
to reuseregisteredbuffers and to reducethe registration
overheadin this way. For largemessagesa zero-copy pro-
tocol is implementedbasedon theVIA RDMA operations.
HenceMPI/Proachievesa veryhighbandwidth5.

The biggest problem for the VIA/SCI card is that
MPI/Pro supportsno protocol for SCI sharedmemory, so

5up to over 100 MB/sec on 400 Mhz Xeon PentiumII systemwith
GigaNetGNN1000network

thatultra–low latenciesfor shortmessagesandsynchroniza-
tion arenot reachable.BecauseMPI/Pro is a commercial
productsthe codeis not available and changesand opti-
mizationsof thecodeareimpossible.

2.3. Other relatedprojects

ScaMPI(orScaliMPI[11]) byScaliisacommercialMPI
implementationfor SCIconnectedclustersof workstations.
ScaMPIis athreadsafe,high–performancelibrary but there
is noVIA supportavailable.

MVIA[12 ], a project of the National Energy Research
CenterScientificComputingCenterat LawrenceBerkeley
NationalLaboratory, is a VIA implementationfor Packet
EnginesGigabit Ethernetcardsrespectively FastEthernet
Cardswith the Tulip Chips under Linux. Currently the
FunctionalConformance[7] of theVIPL is implementedso
thatthisprojectis agoodenvironmentfor developinganew
VIA-MPI library. It is plannedto make anMPI for MVIA
availablewith release2.06.

TheUniversityof California,Berkeley developsanVIA
implementationfor Myrinet Cards,the so-calledBerkeley
VIA[13].

3. Requirementsfor the newMPI library

As shown in thelastsectionno MPI implementationof-
fersoptimalconditionsfor theVIA/SCI card.But thereare
many goodapproachesandconceptswhich shall influence
thedesignandtheimplementationof thenew library.

3.1. General requirements

The first requirementis the designof an internal inter-
facewhich separatesthehardwaredependentfunctionality
in a speciallayer (so–calleddevice) similar to MPICH. In
contrastto MPICH it is necessaryto provide an excellent
supportfor multiple devices becauseclustersof worksta-
tion often use heterogenousnetworks, e.g. our research
clusterOSCAR[14]. The optimal multiple device support
involvesa specialdesignof thehardwareindependentpart.
The managementof the network information and the de-
cisionwhich devicesarenecessaryfor anMPI application
requiresa global instance,a so–calleddaemon.Addition-
ally, thedaemondecideswhereto starttheMPI application
onthestrengthof thedemandof theapplicationandsoreal-
izesa staticload–balancing.Someapproachesfor multiple
devicescanbefoundin [15].

An othergeneralrequirementis to supportthe threaded
programmingmodelwhich impliesthattheMPI library has

6Indeedthecurrentreleaseis 1.0sothattheMPI shouldtake awhile.
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tobethread–safe.Many modernapplications7 usethistech-
niquefor fine-grainparallelprocessing.

An enhancementof the last requirementis the decision
to usea threadeddesignfor thenew MPI library. Thereby
computationand communicationcan take place simulta-
neouslyandcommunicationprogresseswithout MPI calls,
too. To getthisfeaturesit is necessaryto implementthenet-
work connectionin thedevicesasanindependentthread.

The last generalrequirementis to put the MPI–2[16]
functionality into the designbecausefeatureslike the dy-
namic processmanagementare requestedby the applica-
tions. It is notourfirst intentionto implementthecomplete
MPI–2 functionalitybut it is betterto designthe full stan-
dardthanto changethedesignlater.

3.2. Specialrequirementsfor VIA/SCI

Thenecessityof registrationandderegistrationmemory
for VIA requiresa VIA memorymanagementof the data
buffers.Thereare3 kindsof databuffers:

Data memory of the MPI library This memory is allo-
catedanddeallocatedby the MPI library andnot by
the application. Usually, such memory is usedfor
bufferedSend/Receiveor for noncontiguousdatatypes
thathave to bepackedbeforecommunication.

Usermemory for persistentcomm. Memory for persis-
tentoperationhasto beregisteredonceandthereafter
thememorywill beusedtimeandagain8.

Normal usermemory Thesebuffersareallocatedby user
for a communicationoperationandmaybeusedonly
oncein themostcases.

When the free registration memory runs off the VIA
memorymanagementhasto decidewhich memoryshould
bechosenfor deregistration. Thebestsolutionis to select
the memorywith the smallestprobability for reuseandso
normalusermemorywill bechosen(if suchmemoryis reg-
isteredalready).

Anotherproblemis thepartitionof theregistrationmem-
ory betweendifferentMPI applicationson a node. A fair
solution requiresthe use of the global instancedaemon.
Thedaemonshoulddeliver a initial registrationbuffer size
whichcouldbeenlargedor reduceddependingon startand
finish of otherMPI applications.For theexchangeof such
informationa permanentconnectionto the daemonis re-
quired.

As mentionedabove the VIA/SCI cardssupportsSCI
sharedmemoryaswell asVIA. Soit is very usefulto sup-
port thefollowing protocolsfor differentmessagesizes:

7e.g.physicalapplicationsof ourSFB393
8Strictly speaking,a reusableor persistentrequestis createdandstart

addressof thebuffer, sizeanddatatypeissavedin therequest.Thisrequest
canbeuseduntil it is freedexplicitly.

P A sharedmemoryprotocolthatwill beusedfor short
messages.P A protocol that usesthe VIA Send/Receive mecha-
nism. This protocolfor mediumsizemessagesshould
requirea smallamountof synchronizationonly in ex-
changeto an additionalcopy operation(on receiver-
side).P A protocol that usesthe VIA RDMA mechanism.It
will be requiremore synchronizationeffort then the
previousone.But thisprotocolwill not requirethead-
ditional copy operationandallow zero–copy for large
messages.

4. The designof CHEMPI

4.1. Raw structur e

Deducingfrom the requirementsdescribedin the last
sectionswe now presentthe designof CHEMPI. Its raw
structureis illustratedin Figure4.
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Figure 4. Raw structure of CHEMPI

CHEMPIis dividedinto two mainpartstheso-calledde-
vice independentlayer (DIDL) which is discussedin 4.2
andthe so-calleddevice dependentlayeror device (anex-
ampleof a device is introducedin section5). A shortde-
scription of the interface betweenthe two layers can be
foundin section4.3.

As mentioned in 3.1 the CHEMPI daemon (short
chempid) distributes MPI applications and information
aboutthe network. Additionally the chempidprovidesan
administrationnetwork whichcanbeusedto setupthecon-
nectionsin thedevicedependentlayer.

4.2. Device independentlayer

Thefunctionalityof thedeviceindependentlayeris sub-
dividedinto thefollowing modules:
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U collective operations— a mappingof the collective
operations,likeBarrieror Broadcastto point–to–point
communicationU communicatorsand groups — handling of groups,
contextsandcommunicatorsU connectionhandling— managementof the network,
decideswhichdeviceshaveto beusedU daemonbinding— theconnectionto thechempidU datatypes— provides predefinedand user defined
datatypesU environment — everything for the managementof
startupand shutdown anduseful routinesfor admin-
istrationU error handling— centralhandlingandlogging of er-
rorsandwarningsU memorymanagement— managementof systemcom-
municationbuffersU onesidedcommunication— mappingof the MPI–2
onesidedcommunicationto point–to–pointcommuni-
cationandsystemmessagesU parallelIO — a mappingto point–to–pointcommuni-
cationU processmanagement— managementof theMPI tasks
andthreadsU point–to–pointcommunication— sendingandreceiv-
ing of messagesin differentmodesU systemmessages— handlingof systeminternalmes-
sages9U topologies— creationandhandlingof virtual topolo-
gies

4.3. Devicedependentinterface

Writing adevicefor CHEMPIshouldbeaneasytask,so
only a small part of the device dependentinterface(DDI)
is required(so so–calledcore functions). The major part
of the DDI consistsof optional functionswhich could be
implementedto increasetheperformance.Part of thecore
functionalityare:U initializationandshutdownU basic point–to–point communication (syn-

chronous/normalandblocking/nonblocking)

9Systemmessagesareusedto provide a routingof messagesinsidean
MPI application.A detaileddescriptioncanbefoundin [15].

U sendingandreceiving systemmessages

And theoptionalfunctionalityhasthefollowing parts:U collectiveoperationsU onesidedcommunication(recommendedfor shared
memorynetworkslikeSCI)U otherpoint–to–pointcommunicationmodesU memorymanagement

5. The VIA/SCI Device

5.1. Initialization

Firstof all theinitializationhasto bringuptheVIA envi-
ronment(e.g. openingof theNetwork InterfaceController
andcreationof a protectiontag). Thereafterthemaintasks
arethecreationandtheconnectionof VI‘s respectively the
export andimport of thesharedmemorybetweentheMPI
tasks.

TheVIA client/server modelis usedfor connectingthe
VI’ s. The differentprotocolsfor datatransfer(explained
in the next sections)requireseveral VI’ s so that two VI’ s
areconnectedbetweeneachcoupleof MPI tasksduringthe
initialization.

For thecreationof thesharedmemorytheVIPL exten-
sionsdescribedin [17] areused. Sinceremotereadis an
expensive operationthe synchronizationtakesplaceusing
sharedmemory betweenpairs of tasksinsteadof global
sharedmemorypagesona masternode.

For all VI’ s and the sharedmemory of a MPI task a
uniqueprotectiontagis used.

An exampleof connectionsestablishedafter the initial-
izationfor four nodesis shown in Figure5.

5.2. Community of the communicationprotocols

The basisof all communicationprotocolsusedin the
VIA/SCI device is theSCIglobalsharedmemory.

Everymessageis representedbyasocalledmessageinfo
struct.Thisstructconsistsof:U tagU communicatoridU messageidU protocoltypeU protocolspecificdata
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Figure 5. VIA/SCI device after initialization

This messageinfo struct is locatedin the sharedmem-
ory at receiver sideandis filled by the senderbecausethe
receiverwill needthis informationto determinehow to get
the data. Tag andcommunicatorid areMPI specificdata,
messageid is aninternalnumberandmanagesthemessage
ordering.Theprotocoltypesignalsthereceiverwhich pro-
tocol is usedfor datatransfer. Theprotocolspecificdatais
explainedin thenext sections.

ReceiverSender

Ready array Used array

message info struct area

Figure 6. Structures for sync hronization

Figure6 showsthestructuresusedfor asimplesynchro-
nization.As all structuresarelocatedin thesharedmemory
area,bothsenderandreceiverareableto write andreadthe
structures10. Eachmessageinfo structhasan entry in the
usedarrayandin thereadyarray. Themanagementof the

10Sincea remotereadis anexpensive operationin theSCIenvironment
only remotewritesandlocal readsareused.

messageinfo structareais doneby amoduleonsenderside.
Following theroughplot of a communicationoperation

onsenderside:

1. geta freemessageinfo structfrom themanagement

2. fill in themessageinfo structandsetthemessageinfo
structactive in theusedarray

3. transferthedatawith thespecifiedprotocol

4. wait for thecompletionwith thereadyflagin theready
array

And on receiverside:

1. searchthe first matchingentry in the messageinfo
structareaof thesender11

2. if not foundwait for a matchingentry

3. transferthemessagein thereceiverbuffer

4. signalizethesenderthattheoperationis completedvia
thereadyflag

Dependingon the transferprotocolsomestepswill be
changed.

In thecaseof receivefromMPI ANY SOURCEall mes-
sageinfo structareasmustbesearchedin step1 respectively
step2 insteadof themessageinfo structof thesenderonly.

5.3. Sharedmemory protocol

The sharedmemory protocol usesa dedicatedshared
memorybuffer for datatransfer. For this reasonsthemes-
sagehasto becopiedinto thesharedmemoryonsenderside
(concurrentlythis is thecopy operationto thereceiver)and
from sharedmemoryinto the userbuffer on the receiver-
side.

The managementof the sharedmemory for the data
transferis doneby a sharedmemorymodule(as part of
the VIA/SCI Device) on senderside.The termsallocate
andfreehaveaspecialmeaningandshouldnotbeconfused
with thesystemmemorymanagement.Allocatemeansthat
the caller getsa pieceof sharedmemoryfrom the shared
memorymoduleand free meansthat the caller give back
thememoryto thesharedmemorymodule. Theprotocols
of theprevioussectiongetthefollowing enhancements:

In step2 on senderside: Before settingthe messageinfo
structactiveabuffer is allocatedin thesharedmemory
andtheuserbuffer is copiedinto this buffer. Thepro-
tocol specificdatacontainsthe locationof this buffer
asanoffset to thestartof thesharedmemoryandthe

11Thisareais localon thereceiver node.
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sizeof thebuffer. Now theactiveflag in theusedarray
signalizesthereceiver thatthedatatransferis finished
already.

In step4 on senderside: Whenthesenderdetectsthat the
readyflagis setit freesthememorybuffer allocatedin
step2.

In step3 on receiverside: When the receiver detects a
matchingentry in the messageinfo structareait has
to copy thedatafrom thesharedmemoryinto theuser
buffer andsetthereadyflag.

5.4. One Copy VIA protocol

As mentionedabove theVIA Send/Recvmechanismre-
quiresthat the receive descriptorwill bepostedbeforethe
senddescriptor. For this reasonthe receiver hasto posta
sufficient numberof receive descriptorswith fixed buffer
sizeM. Eachdescriptorhasa uniquenumber. Thereceiver
writes the numberof the descriptorpostedlastly in the
sharedmemoryof thesender. Hencethesendercoulddeter-
minetheminimalnumberof postedbut unuseddescriptors.
Likewisethesenderwrites thenumberof the lastly posted
senddescriptorin thesharedmemoryof thereceiversothat
thereceiver canpostnew receive descriptorsif thenumber
of postedbut unuseddescriptorsreachesa minimalvalue.

The following enhancementsarenecessaryfor the one
copy VIA protocol:

In step2 on senderside: Beforeany datatransferwill be
donethesenderhasto checkif thememoryis already
registeredin the VIA memorymanagementand reg-
ister it if not. Thereafterthe VIA memorywill be
set usedso that the VIA memorywill not be dereg-
isteredduringthedatatransfer. Thanthesendersplits
the messagein N chunkswith size M12 and testsif
thereareenoughfreedescriptorspostedby receiver. If
not it setsa flag in the receiver sharedmemoryto in-
dicatethat morereceive descriptorsshouldbe posted
andwaitsuntil thenumberof posteddescriptorsis �:�
N. Thesenderfills theprotocolspecificdatawith the
numberof the first descriptorX and the numberof
the last descriptorY. Afterwardsthe senderpostsev-
erychunkin anindividualdescriptorandsetstheused
flag.

In step4 on senderside: When the sender detects the
readyflag it setsthememoryunusedin theVIA mem-
ory managementsothatthememorycouldbederegis-
teredif moreVIA memorywill beneeded.

In step3 on receiverside: Whenthereceiverfind amatch-
ing entryfor his requestin themessageinfo structarea

12certainlythelastchunkcouldbesmaller

it completesthereceivedescriptorsX to Y. Thereafter
the receiver copiesthedatafrom theVIA Buffer into
theuserbuffer andsetsthereadyflag.

Theonecopy VIA protocolsis describedgraphicallyin
figure7.

set memory used
(register memory)

VIA memory 
management

request for more
receivedesc.

wait until 
lpost - lsend >= N

local shared memory
message info struct:

protocol spec. data:
   first ID

...

    last ID

VIA Driver

VIA Driver

copy data in user
buffer
set readyflag

VIA memory 
management

Sender Receiver

split message

N-2 N-1

...

10

lest send :lsend

test lpost-lsend >= N

NY

local shared memory
last posted : lpost
rem. shared memory

local shared memory
more_desc = 1
post receivedesc.

post mess. 0 to N-1
with ID’s lsend+1 to lsend+N
update lsend in rem.memory

ready

fill message info struct

wait for completion for
first ID ... last ID

local shared memory
ready flag = 1
set memory unused

Figure 7. One cop y protocol

5.5. Zero Copy VIA protocol

ThetermZeroCopy meansthatthedatatransferrequires
no additionalcopy operationsneitheron sendersidenor on
receiverside.Theuserbufferson sendersideaswell ason
receiversidehave to beregisteredfor this reason.Thecon-
dition to postthereceivedescriptorbeforepostingthesend
descriptordemandsa highersynchronizationeffort in com-
parisonwith theonecopy protocolin thelastsection.

For thepurposeof synchronizationa new structure,the
socalledpostedring (aring of messageID’s) is introduced.
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Thepostedring is necessaryto justify thedescriptorpost-
ingson sendersideandreceiverside.The receiver controls
this justificationthat impliesthat thestructureis locatedin
thesendersharedmemoryandwrittenby thereceiver.

VIA memory 
management

VIA memory 
management

post descriptor
for message LVIA Driver

add entry in 
posted_ring with
message ID L

post descriptor
for message L

VIA Driver

wait for completion
for mess. L

VIA Driver

set ready flag

VIA memory 
management

local shared memory
ready flag = 1
set memory unused

VIA memory 
management

Sender Receiver

local shared memory
message info struct:

message id : L

...

register user buffer
set memory used

register user buffer
set memory used

fill message info struct

ready

set memory unused

local shared memory
posted_ring:

...

L

Figure 8. Zero cop y protocol

Thefollowing enhancementsareaddedto theprotocolin
section5.2:

In step2 on senderside: First thesenderhasto register(if
necessary)theuserbuffer andto setthismemoryused
(like in the one copy VIA protocol). Thereafterthe
senderfills out the messageinfo struct13 andsetsthe
structureactive. Heresettingthe messageinfo struct
active hasthe meaningthat the messageis readyfor
send(not that the messageis alreadysentas in the
othertransferprotocols).

In step3 on senderside: When the senderdetectsa new
entry in thepostedring it poststhedescriptorfor the
messagebelongingto themessageID of thenew entry.

In step4 on senderside: After detectingthe readyflagthe
userbuffer is setunusedin theVIA memorymanage-
ment.

13Thisprotocoldoesnot needprotocolspecificdata.

In step1 respectively 2 on receiverside: When
thereceiverfindsamatchingentryit hasto registerthe
userbuffer and set the registeredmemoryused(see
step2 on senderside).Thereafterit builds a receive
descriptorfor the userbuffer and poststhis descrip-
tor. Afterwardsthe receiver insertsan entry with the
messageID belongingto thepostedreceivedescriptor
in the postedring to signalizethe senderto post the
matchingsenddescriptor.

In step3 on receiverside: After completing the receive
theuserbufferhasto besetunusedin theVIA memory
management.

A graphicaldescriptionof thezerocopy VIA protocolis
depictedin Figure8.

6. Future work

In this paperwe have presentedsomeof the main con-
ceptsof CHEMPI, but especiallythe field of the MPI–2
functionality lacks the implementation. So the next step
in the device independentlayer is the implementationof
this functionality. But sincethis paperis dedicatedto the
VIA/SCI devicethenext stepsfor thedeviceshouldberep-
resentedhere.

The next task is the evaluation of the protocolswith
therealhardware14 andthedeterminationof theswitching
pointsfor thedifferentprotocols.

Anotherimportantpart of the future work is the imple-
mentationof collective operationsbecauseVIA aswell as
SCIoffer excellentfeaturesfor theimplementationof, e.g.,
abarrier(SCI) or abroadcast(VIA).
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Abstract
SCI has many advantages compared with other modern high-speed interconnections that makes it very

attractive for building cost-effective clusters from standard computer systems and PCI–SCI bridges. In this
paper we present some ideas for new architecture of such communication hardware, which will combine the
benefits of SCI distributed shared memory with high system throughput and low latencies of protected user
level DMA of the Virtual Interface Architecture (VIA). The final goal of our research is to develop PCI–SCI
Bridge with completely new design that will be very suitable for building inexpensive clusters optimized for
message passing applications.

Keywords: Message passing, Cluster Computing, Protected User–Level DMA, Distributed Shared
memory, Scalable Coherent Interface (SCI), Virtual Interface Architecture (VIA), Network Interface.

I .  Motivation and Introduction
Scaleable Coherent Interface (SCI) [1] is modern communication technology with very high

bandwidth, extremely low latency, scalable architecture, and support of distributed multiprocessing
that allows building of large systems out of many inexpensive building blocks. It is also truly open
standard, fully standardized from ANSI, IEEE, and ISO and is a stable standard since 1991.

SCI acts like a modern equivalent of processor/memory/IO bus and Local Area network, which
uses a single address space to specify data as well as its source and destination when being
transported and in this way implements distributed shared memory with cache coherency. For this,
when two tasks share data using SCI, the data remains stored in ordinary variables, with ordinary
memory addresses, at all times. Thus processor instructions like Load and Store suff ice to address
the data for doing computation with it. Load and Store instructions are highly optimized in all
processors, and underlying SCI transport mechanism is transparent to the user, performing all the
network protocol effectively as a fraction of one instruction. It is a great advantage compared with
other modern high-speed interconnections (ATM, HIPPI, etc.), where data is moved as streams. In
this kind of stream communications the data must be copied from user home variables to buffers.
After call of library routine it’s further transferred from the buffers to an I/O interface for
transporting as a byte stream. On receiving end, when the data arrives and fill s buffers, fill ed
buffers are handed to the operating system (with an interrupt to get its attention). After that the
operating system hands the buffers to waiting user task, the user task parses the buffers to find the
data and finally copies the data into variables for use in computation again. So its it not surprising
that communication latencies of these stream-based channels or networks are typically about 1000
microseconds, because of the many instructions required at each end involved in transfer. For
comparison, in case of SCI because data is moved from one computational context to another,
without unlabeling the data enroute, typical latencies are under microsecond.

All mentioned above advantages of SCI makes it a preferred communication technology for
cluster computing and it is also the choice we made for building our OSCAR [12] cluster. It’s is
built from standard PC systems connected together with Dolphin’s PCI–SCI bridges.

Applications that we running on this system are based on message passing (MPI) [3]. These
applications takes big acceleration because of low latencies of underlying distributed shared
                                                �  From University of Technologies Chemitz, Germany� �  From Burgas Free Univesity, Bulgaria
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memory witch is used like communication media for message passing. Major Problem of these MPI
applications is that MPI implementations over such hardware produce high CPU utili zation while
sending long messages.

Standard solution for this problem is usage of DMA instead CPU to perform data transfers in
background without CPU utili zation. The Dolphin bridges that we use offer such DMA engine, but
it is not controllable directly from user tasks without violating the system protection. So every
DMA transfer require a kernel call (to prove the process access rights) which introduce
unacceptable latencies, killi ng in this way one of the main advantages of SCI technology.

One of the more promising approaches for removing the operating system kernel from the
critical communication paths is the Virtual Interface Architecture (VIA) [2] introduced in
December 1997 by Intel, Microsoft and Compaq. It defines relatively high-level, hardware
independent mechanisms for access to the network interface from user level ensuring in the same
time protection between multiple processes. This is achieved by providing each consumer process
with one or more protected, directly accessible interfaces to the network hardware, called Virtual
Interface (VI).

VIA also is not an ideal solution. It is targeted mainly to provide mechanisms for high-speed
message passing and is not so effective for very short messages. This is because we can’ t compare
the simple memory reference in case of PIO over shared memory with preparation and execution of
DMA descriptors in case of VIA. So the goal of our research is not only to implement a
combination of these two technologies but also to find ways for improving the VIA using the shared
memory concepts of SCI. As end result we want to have communication hardware with low
latencies and high throughput for short as well for long message sizes and therefore suitable for
building clusters for wide range of message passing applications.

II . Memory Management and Remote DMA mechanism in conventional PCI–SCI br idges.
Before start discussion about proposed by us modified model for protected user level RDMA,

we will make brief analysis of the remote DMA model, typically used in PCI–SCI bridges.
In the conventional PCI–SCI bridge designs SCI distributed shared memory is used like a

communication media by mapping parts of remote memory from processes in their address space.
All these designs until now have the disadvantage that the whole memory protection is based on the
standard virtual to physical address translation at CPU level. Thus, memory protection works only
for the remote memory accesses by CPU but not for the DMA transfers. For security reasons, the
processes can not build and activate DMA descriptors because there is no way to quali fy addresses
specified by the process. There is another approach called Restricted User Level DMA in which
descriptor contents are checked by the kernel only on initial preparation and after this it can be
executed from user level whenever and how often is needed. But if DMA descriptors are rarely
reused this becomes ineffective.

Besides of miss of user level DMA current bridge designs suffer also from inflexible static
memory management. They offer a one-to-one mapping of whole exported memory (which in this
case acts like communication memory) in only one memory window. This causes two significant
disadvantages:�  Continuos exported regions must also be continuous and aligned to the minimum exportable

block size inside the physical address space.�  Exported memory must reside within this window.
It’s not possible in this short writing to go in details but we must mention that these two

problems make implementation of MPI applications on top of such hardware very diff icult and
resource wasting.
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III . Memory Management and User Level Remote DMA mechanism by VIA
The central point in the VIA are Virtual Interfaces or shortly VI. They allow direct access of

VIA NIC to the processes’ memory. Applications see four components of VI: Send and Receive
Queue and Send and Receive Doorbell . The queues hold descriptors that describe a data transfer
request. Doorbells represent a fast mechanism for a process to notify a VIA NIC that work has been
placed on his Work Queue. The Doorbell mechanism is protected by operating system – only the
operating system is able to establish Doorbell and the VIA NIC is able to identify the owner of VI
by the use of Doorbell . In case of native VIA NIC, Doorbells are practically memory mapped
hardware registers. Only the two processes associated with pair connected VI’ s are allowed to
exchange memory contents and a VI can be unconnected or connected to one and only one other
VI.

VIA offer quite flexible memory management. For communication can be used any part of
virtual memory but before use it must be registered to given Virtual Interface.

There are two types of data transfer faciliti es provided by the VI Architecture. These data
transfer models are traditional Send/Receive messaging model and the Remote Direct Memory
access (RDMA) model. The RDMA transfer model is more suitable to be implemented in our PCI–
SCI bridge design because of the SCI distributed shared memory used like communication media.

In RDMA operations the user process or consumer in terms of VIA has to specify the source
and the destination of data transfer which must reside within registered memory regions in local and
remote memory. This is achieved by posting a descriptor to Send/Receive Queue of a VI. Memory
protection is based on Memory Protection Tags that is assigned to VIs on creation and to Memory
Regions on registration to given VI. The VIA NIC only allows a memory access if the Memory
Protection Tag of the VI where the descriptor has been posted and the Memory Regions involved
are identical. Access that violates this rule result in a memory protection error and no data is
transferred. We must mention here that in addition to the protection tag, the VIA specification also
defines Read/Write Enable attributes for Remote DMA transfer mode.

IV. New PCI–SCI br idge design with improved Memory Management and Protected User
Level DMA

Because the analysis we made [8] showed that usage of eff icient and low latencies DMA is
very important for overall system performance we implemented in our design a VIA like protected
user level DMA with similar Memory Management. We must slightly extend the mechanisms
specified by VIA to become suitable for PCI–SCI architecture because DMA engine must check
access rights not only to exported (local), but also to imported (remote) memory. We achieve this
by adding a Protection Tag to both downstream and upstream address translation and protection
tables witches are used for translations from virtual SCI to Global SCI and from virtual PCI (inside
the bridge) to physical PCI (inside the host) address spaces respectively.

Introduction of upstream address translation table also gives additional flexibilit y to the
Memory Management scheme and eliminates the mentioned above problems with continuous and
aligned to minimal exportable block size exported memory regions. This combined with reduced
minimal block size of shared memory leads to more effective usage of host system memory.

Fig. 1 ill ustrates the principle work of the Protected User Level DMA in our design. It shows
flow of address translations of the addresses generated by the DMA Engine while data transfer is
performed between two nodes. Every node has implemented two address translation tables because
now DMA works between the virtual PCI and the virtual SCI address spaces. In contrast in
conventional architectures DMA works between the physical PCI and the virtual SCI address
spaces. Node 1, which is initiator of the transfer, activates its DMA Engine. The generated
addresses for addressing the local (exported) memory are translated from virtual PCI to physical
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PCI addresses. This is so called upstream address translation. In the same time addresses that
address the remote (imported) memory are translated from virtual SCI to the Global SCI address
space, which is called downstream address translation. On the remote Node 2, the addresses are
translated finally to the physical addresses inside the PCI address space by the upstream translation
table of its PCI–SCI Bridge. Here no differentiation between transactions initiated by DMA and
PIO is made.

Fig. 1. Address translations dur ing DMA transfer in the improved PCI–SCI br idge design.

Upstream and downstream Translation Tables of the bridges except translated bases contain
also the VIA Protection Tags and for this are called also Protection and Translation Tables. The
Protection Tags are set by system software when process creates and registers memory regions to its
Virtual Interfaces. The DMA engine is capable to initiate transfers only between local and remote
regions that belong to the same context that DMA is currently running (and therefore have identical
Protection Tags). The Initiator PCI–SCI Bridge doesn’ t perform Protection Tags check of PIO
transfers, because in these cases protection is guaranteed by the memory management system of the
host CPU. The Remote node doesn’ t perform Protection Tag checking neither in case of DMA nor
in case of PIO transfers because in both cases this is already done in the Initiator node.

V. Conclusion
In conclusion we can say that this improved Protected User–Level DMA combined with

flexible Memory Management helps to increase significantly the system throughput and to closes
the latency gap between data transfers by PIO and by DMA. Even more the applications or more
exactly communication libraries have flexibilit y depending on data size and application to decide in
which way message should be transferred. Short messages may be transferred by PIO while long
may be transferred by DMA. Of course communication oriented applications can use PIO for all or
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switch to DMA for much longer messages in this way reducing the latencies and increasing the
bandwidth in the cost of more high CPU usage.

To prove in practice our new architecture concept we currently work on creation of a hardware
prototype. For more information from architectural aspect about our project and details of hardware
realization of the prototype refer to [7], [8]. Currently (Sep, 1999) we have implemented some basic
functionality and we continue working on the firmware and low-level device drivers improvement.
We plan initially to support two attractive platforms for building cost effective clusters — Intel and
Alpha PC. So additional parts of our research group involved in this project work on appropriate
High-Level device drivers for integrating the PCI–SCI bridge in memory management system of
Linux [9], [10] and also on adoption of MPI–2.0 — high-level communication library [11].
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Abstract— Both the ScalableCoherent Interface (SCI) and the Virtual
Interface Ar chitecture (VIA) aim at providing effective cluster communi-
cation. While the former is a standardizedsubnettechnologythe latter is a
genericarchitecture which can be applied to a variety of physical medias.
Both approachesprovide user level communication,but they achieve it on
different waysand thus,havedifferent characteristicsthat are independent
of the actual implementation. In this paper we report and compare the
raw network speedof an SCI and a VIA implementation as delivered by
MPI and show how it affectsapplication performanceby meansof the NAS
Parallel Benchmark Suite.

Keywords—NetPIPE, NAS Parallel Benchmarks,SCI, VIA, MPI

I . INTRODUCTION

High performinginterconnectsystemsareof key importance
for effectiveclustercomputing.Severalsolutionshave beenin-
troduced,oneof whichis theScalableCoherentInterface(SCI),
atechnologyto build distributedsharedmemoryaswell asmes-
sagepassingsystemson topof it. Its outstandingcharacteristic,
however, is thesharedmemory. SCIallowsnodesto shareparts
of their physicaladdressspaces.Hence,in combinationwith
an appropriatepagingsystemprocessesareableto sharetheir
virtual addressspaces.Communicationcanthustake placeby
theprocessorsissuingsimpleloadandstoreinstructions.That
meansthereis no needfor additionalprotocollayersto transfer
datafrom onenodeto another, not to mentionoperatingsys-
tem kernelcalls. This givesSCI a clearadvantagein termsof
latency. Dolphin ICS states2.3�?� for their PCI–SCI–bridges
(typeD310),which is theversionweusedfor our tests.

The Virtual InterfaceArchitecture[2] alsoaimsat reducing
latencies,however, ata higherlevel. It definesa genericsystem
architectureindependentlyfrom the physicallayer. The main
objectiveof VIA is to movetheoperatingsystemoutof thetime
critical communicationpath. For this a VIA NIC providesap-
plicationsdirectaccessto thenetwork throughsocalledVirtual
Interfacesor VIs. VIs areconnectedto eachother in a point-
to-point fashion. The VI Architectureis basedon descriptor
processing.A VI comprisestwo work queues, onefor sendde-
scriptorsandonefor receivedescriptors,andapairof appendant
doorbells. In orderto starta datatransferthesenderpreparesa
descriptorthatcontainsthevirtual addressof thedatato besent,
putsit on the sendwork queueandrings the doorbell. This is
referredto as postinga descriptor. Thereuponthe NIC starts

Thework presentedin thispaperis sponsoredby theSMWK/SMWA Saxony
ministries(AZ:7531.50-03-0380-98/6).It isalsocarriedoutin stronginteraction
with the projectGRANT SFB393/B6of the DFG (GermanNational Science
Foundation).We alsothankGiganetInc. andMPI SoftwareTechnologyInc.
for providing uswith their cLAN VIA hardwareandMPI/Prosoftware.Further
thanksare extendedto Scali ComputerAS for providing us with their Scali
SoftwarePlatform.

processingthis descriptor, i.e. it readsthe datafrom the user
buffer via DMA andsendsit throughthenetwork to NIC host-
ing the peerVI. By this time the receiver musthave posteda
receive descriptorpointing to the destinationbuffer. Whenthe
messagearrivestheNIC takesthenext descriptorfrom thehead
of thespecifiedVI’ s receivequeueandwritesthedata,againby
DMA, into memoryright into theuserbuffer. Thework queues
residein usermemoryandthe doorbellsaremappedinto user
addressspaceaswell, thusthereis nokernelcall neededto start
a datatransfer. Thecompletionof a descriptorcanbechecked
eitherby polling its statusor by blockingtheprocessby means
of a kernel trap. VIA also providesa remoteDMA (RDMA)
mechanismwherethesenderspecifiesboththelocalandthere-
moteaddress.

Anothercharacteristicof VIA is thatall memorywhich is to
beusedto holddescriptorsor databuffersmustberegistered in
advance.Thatmeansthatall involvedmemorypagesarelocked
into physicalmemoryandtheaddressesarestoredin theNIC’s
TranslationandProtectionTable(TPT).

There are several VIA implementationsaround. While
Berkeley-VIA [9], Compaq’s ServerNetI andM-VIA [10] em-
ulatetheVIA functionality in software3, Giganet’s cLAN [11],
ServerNetII [12], Finisar’sFC-VI hostbusadapter[13] andFu-
jitsu’sSynfinityCLUSTERarenative implementations.

It is importantto mentionthat a combinationof both tech-
nologies,SCI andVIA, is alsopossible.In February1998Dol-
phin announceda VIA implementationbasedon their PCI–SCI
bridge[3]. Althoughthey did not publishany technicaldetails
of their system,it is very likely that it is a caseof software-
emulatedVIA, asthey saidnomodificationsto theexistinghard-
warewereneeded[4]. Unfortunately, therehave beenno more
public announcementsaboutprogressin this direction,neither
hasthis softwarebeenmadeavailablefor testing.In contrastto
Dolphin’spuresoftwaresolutionour researchgroupis working
on a native, i.e. hardwaresupported,extendedVIA implemen-
tation basedon SCI [5], [6], [7], [8]. However, until now the
projectis in antoo earlystageto besuitablefor comprehensive
measurements.

In this paperwe want to investigatethe performancediffer-
encesbetweenthesetechnologiesandhow they affect the run
time of parallel applicationsby meansof one specificimple-
mentationof each,Dolphin’s SCI hardwareandGiganet’s VIA
hardware.For comparisonto conventionalnetworking technol-
ogy we alsoincludedFastEthernetinto our tests.Sinceall tests
are basedon MPI [16] the resultsgive an overall assessment�

M-VIA 2.0is intendedto supportnative implementationsaswell.
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of thecommunicationhardwareandsoftware,which is whatan
applicationprogrammerexperiences.

I I . THE TEST BED

A. Hardware

Out testenvironmentconsistedof ninePentiumIII 450MHz
machines.Half themachineswereequippedwith 512MB, the
otherswith 384 MB. All of themwereconnectedby switched
FastEthernet(usinga 3comSuperStackswitch)andby SCI in a
ring topologybasedon Dolphin’sD310PCI–SCI–bridges.Us-
ing our SCI switch wasimpossiblebecauseit is not supported
by Scali’s Software(seebelow). Moreover, eightmachineshad
acLAN 1000VIA adapterfrom GiganetInc. connectedthrough
aneight-portcLAN5000switch.

B. Software

All machineswererunningRedHatLinux 6.0 resp.6.1. For
the SCI testwe usedScali’s SSPversion2.0 [14]. It hasbeen
designedfor 2D-torustopologies,which rings area subsetof.
MP-MPICH from Aachen[15]would have beenan alternative
MPI implementationbut at the time of the testsit wasstill in
an early stageanddidn’t run stableon our cluster. Besides,it
showedperformanceproblemsonLinux platforms.

The measurementson Giganetand FastEthernetwere done
usingMPI/Proby MPI SoftwareTechnologyInc., which is the
only MPI with supportfor Giganet’scLAN hardwareat themo-
ment.

TheNAS ParallelBenchmarkswerecompiledusingtheFu-
jitsu C++ ExpressCompilerversion1.0 andFujitsuFortran95
ExpressCompilerversion1.0.

I I I . MEASURING MESSAGE PASSING PERFORMANCE USING

NETPIPE

To measurethepureMPI performancewechosetheNetPIPE
(Network ProtocolIndependentPerformanceEvaluator)bench-
mark [18]. It wasdesignedasa tool to evaluatedifferenttypes
of networks andprotocolsandgivesanswersto the following
questions:�

How long doesit take to transfera datablock of a givensize
to its destination?�
What’s themaximalbandwidth?�
Whichnetwork andprotocoltransferablockof givensizethe
fastest?�
Whatoverheadis incurredby differentprotocolson thesame
network?

As weexamineonlyoneprotocolonall networks,whichis MPI,
thelastquestionis of lessinterestfor us,andweconcentrateon
throughputandlatency.

A. NetPIPE’smeasuringmethod

The heartof NetPIPEis a ping-pongloop. A messageof a
givensizeis sentout. As soonasthe peerreceivesit, it sends
a messageof equalsizebackto the requester. This is repeated
several timesfor eachsizeandthe smallestroundtrip time is
recorded.Theamountof datais increasedwith eachpass.The
numberof repetitionsdependsonit. It is calculatedin awaythat
the transferlastsfor a fixedtime (0.5 secondsby default). The

programproducesa file containingtransfertime, throughput,
blocksizeandtransfertimevariancefor eachmessagesize.

B. Throughput

Figure1 shows theMPI send/receive throughputof Giganet,
SCI andFastEthernet(in Mbit/sec)dependingon the message
size. Thereis, asexpected,a cleardifferencebetweenFastEth-
ernetandtheothersystems.
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Fig. 1. NetPIPEthroughputchart
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Fig. 2. Smallmessagedetailof throughputchart

For largemessagesMPI/Proon Giganetdeliversthehighest
performanceat 748 Mbit/s or 93.5 MB/s. The kink at 4 KB
is causedby switching from eagerto long protocol. The for-
mersendsmessagesimmediatelyusingVIA send/receivemode
whicharethenbufferedasunexpectedmessagesat thereceiver.
Thereis anadditionalcopy neededfrom theMPI-internalbuffer
to the userbuffer. The long protocolis a rendezvousprotocol.
Thesenderwaitsuntil the receive operationis started.The re-
ceiverregistersthedestinationbuffer with theVI NIC andsends
the destinationaddressto the senderwhich then transfersthe
databy RDMA. If theprotocolswitchpoint, which is at 4 KB
by default, is movedto 8 KB thecurve becomessmoother, i.e.
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the throughputbetween4 and8 KB is improveda bit. Above
that messagesize the copy operationof the eagerprotocol is
more expensive than the additionalmessageand the memory
registrationof thelongprotocol.

ScaMPI’speakperformanceis about20percentlowerat 608
Mbit/s (76 MB/s). Thereis onemajorkink in thecurve at 128
KB. It resultsfrom switchingfrom eagerprotocolto transport
protocol,by analogyto MPI/Pro. Thedefault eagerbuffer size
of ScaMPIis just 128KB. Thereis onemoreprotocol,the in-
line mode,which is usedfor messagesup to 560bytes,but this
switchpoint cannotbeseenin thecurve. This suggeststhatthe
ScaMPIdeveloperschosethe optimal valuein orderto get an
evenperformancecurve.

MPI/Pro on TCP is able to exploit about 83 percentof
FastEthernet’swire speed,i.e. 10.3MB/s.
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Fig. 3. Bandwidthratioof SCIandVIA

For smallmessagestherelationbetweenthenetworksis dif-
ferent.While for largemessagesGiganetis thefastestfor mes-
sagesup to 16 KB SCI is clearlyahead.As it canbeseenfrom
figure3 SCIis upto eighttimesfasterthanVIA. An explanation
for thiswill begivenin thefollowing section.

C. Latency

Besidesthe bandwidthchartNetPIPEoffersa so calledsat-
uration chart. It shows what amountof datacanbe transfered
within a given time. The minimal transfertime representsthe
latency of the network andthe softwarelayers. The following
tablesummarizesthetimesmeasured:

Network Latency

FastEthernet 125  ?¡�¢¤£
SCI 8  ?¡�¢¤£
VIA 65  ?¡�¢¤£

SCI shows the bestlatenciesby far dueto its sharedmem-
ory concept.A simplestoreoperationby theCPUis neededto
transfera dataitem. The PCI-SCI-bridgetransparentlytrans-
latesit into an SCI requestandsendsit to the target node. In
contrastto the valuegiven by Scali (seesectionI) the lowest
raw latencieswe could measureon SCI sharedmemorywere
about5  ?¡�¢¤£ , i.e. MPI imposesanoverheadof 3  ?¡�¢¤£ for very
smallmessages.
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The reasonfor the higherlatenciesof Giganetcanbe found
in theVI Architectureitself. As describedabove,VIA usesde-
scriptorbasedcommunication.A descriptormustbe prepared
andpostedto theNIC. Thenthehardwarestartsreadingthede-
scriptorfrom mainmemoryby meansof DMA. After retrieving
thedataaddressit mustperformanotherDMA cycle in orderto
gettheactualdata.VIA alsoprovidesa mechanismto save the
secondDMA action:a descriptormaycontainup to four bytes
of immediatedata, which is transferedfrom thesenddescriptor
directly to the receive descriptor. However, this cannotreduce
latency essentiallysince,on theonehandtheamountof imme-
diatedatais rathersmalland,ontheotherhand,theDMA trans-
fer for readingthedescriptorremains.Thus,SCI sharedmem-
ory will alwayshavebettershortmessageperformancethanany
VIA implementationonacomparablephysicalmedia.With SCI
thedataitself is written to theNIC, not a oneor eventwo step
referenceto thedata.

But thatdoesnot really explain theeight timeshigherlaten-
cies of VIA. The hardware latency of Giganetis as low as 7 ?¡�¢¤£ afterall. Anotherreasonis thesynchronizationneededbe-
tweenthesenderandthereceiver. TheVI Architecturerequires
thatareceivedescriptorbepostedbeforethepeerstartsthesend
operation. Otherwisethe messagewould be droppedand the
evenconnectionwould bebrokenif theVI connectionwases-
tablishedin reliablemode.That’s why anMPI implementation
for VIA mustunconditionallyavoid suchsituationsby synchro-
nizing senderandreceiver. Thesesynchronizatonmessagesin-
creasecommunicationstartuptimes.

A third reasonfor the higher latenciesof VIA is the way
MPI/Pro checkscompletionof sendand receive descriptors.
The versionwe testeduseswaiting modewherethe commu-
nicating thread is blocked until a descriptorhas been com-
pleted. Reawakeninga processis, of course,more expensive
thanpolling ona localmemorylocationasit it donein ScaMPI.
Future versionsof MPI/Pro will also be able to use polling
mode.A prototypeimplementationhasalreadyshown latencies
below 20  ?¡�¢¤£ [19].
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D. Summary

The NetPIPEbenchmarkrevealedclearperformancediffer-
encesbetweenthe high speednetworks examined. SCI’s ex-
tremelylow startuptimesprovide superiorbandwidthfor mes-
sagesup to 16 KB. For larger messagesGiganetis faster, but
not significantly. In thefollowing sectionwe will examinehow
thesedifferencesimpactsparticularparallelapplications.

IV. NAS PARALLEL BENCHMARK

Latency andbandwidthfiguresareoften usedfor marketing
purposesto convincepotentialcustomersof thecapabilitiesof a
certainnetwork technology. However, theperformancegainfor
parallelapplicationscannotbederiveddirectlyfromthem.It de-
pendsextremelyonthecommunicationpatternof thealgorithms
used. Of course,a high speednetwork is uselessif the tasks
exchangeonly a few bytesevery now andthen. But even for
intenselycommunicatingprogramstheinfluenceof thenetwork
dependson thesizeof themessages.We have chosentheNAS
ParallelBenchmark(NPB) suiteversion2.3, which consistsof
five parallelkernelsandthreesimulatedapplicationsfrom the
field of ComputationalFluid Dynamics(CFD).They havebeen
designedby NASA AmesResearchCenter. The benchmarks,
which are derived from computationalfluid dynamicscodes,
have gainedwide acceptanceasa standardindicatorof super-
computerperformance[20]. Of course,the NAS benchmark
suiteis limited to specificnumericalproblemsandhenceis not
representative for otherkindsof applications,suchasdatabases
ordatamining.However, sinceourgroupis involvedin aCollab-
orative ResearchCenter“Numerical Simulationon Massively
ParallelComputers”,we’ve foundthis benchmarksuitable.We
will give theresultsof all thesetestsat theendof thisdocument
(seefigure 7), and we will discussone benchmarkfrom each
groupin moredetail in thissection.

In order to find explanationsfor the resultsgainedwe ana-
lyzedthecommunicationof theprogramsby meansof theMPI
profiling interface.We wrotewrappersfor eachMPI datatrans-
fer function usedby the benchmarksand countedtheir calls.
Thatwasdoneseparatelyfor eachpowerof two of themessage
size. The findingswerequite instructive. So, the EP test, for
instance,is really inappropriatefor evaluatingclusterintercon-
nectsasits entirecommunicationconsistsof threeallreduceop-
erationsof four to eightbyteandoneallreduceof 64to 128byte,
independentlyon theproblemclassandnumberof processes.

A. TheISbenchmark

The IS (Integer Sort) benchmarkis oneof the parallel ker-
nelsof the NPB suite. It performsa sortingoperationthat is
importantin particlemethodcodes.In suchkind of applications
particlesareassignedto cellsandmaydrift out. They arereas-
signedto theappropriatecellsby meansof thesortingoperation
[21].

A.1 Theresults

Figure5 shows the performancefor the IS teston FastEth-
ernet,Giganet(bothwith MPI/Pro)andSCI with ScaMPI.All
NPB testscanbe run for severalsizes:W (Workstation),A, B
andC. We werenot ableto run classC asit requiredtoo much
memory. IS runsat a power-of-two numberof processes,i.e.

2, 4 and8. We alsoaddedthe numbersfor the serialversion
to seethe benefitof parallelization.The chartsshow the total
million operationspersecondrate(Mop/s)rateover numberof
processes.

For all casesMPI/Pro on Giganetis the winner. However,
the distanceto ScaMPIshrinksas the problemsize increases,
so that for classB ScaMPI and gets very close to Giganet.
Thereis a performanceimprovementof factor2.5 in compar-
ison to FastEthernet.For the latter the two processversionis
evenslower thantheserialimplementation,andthespeedupfor
eightprocessesis not eventwo. It is evenworsefor thesmaller
classes.Theworkstationtestwith eightnodesis not fasterthan
theserialversionwhich suggeststhat thecommunicationover-
headeatsupall theaccelerationof thecomputationby theaddi-
tionalprocessors.

A.2 Thecommunicationpattern

TABLE I

COMMUNICATION STATISTICS FOR IS CLASS B USING 8 TASKS

As tableI shows theIS algorithmmainly relieson allreduce,
alltoall andalltoallv, which is a vectorizedvariantof theall-to-
all operation.allreduceperformsan certainoperationon a set
of datadistributedacrossall processeswhereatall processesget
theresult. In anall-to-all operation,asthenamesuggests,each
tasksendsa pieceof datato all others,i.e., onesuchoperation
comprises¦¨§©¦«ª¬�® individual messageswith ¦ asthenumber
of tasks.

The only parameterthat changeswith the numberof pro-
cessesandtheproblemclassis thesizeof thealltoallv messages.
It increaseswith theproblemsize,but it is thesmallerthemore
processesareinvolvedsinceeachprocessorgetsasmallerpiece
of thedataasshown in tableII.

ntasks: 2 4 8

ClassW 2 MB 1 MB 0.5MB
ClassA 16MB 8 MB 4 MB
ClassB 64MB 32MB 16MB

TABLE II

MESSAGE SIZES FOR alltoallv

The hugeall-to-all messagesare most probablythe reason
for the dramaticdifferencesbetweenFastEthernetandthe two
high speednetworks. For the B classwith eight processesa
total amountof 896 MB mustbe transferredat eachall-to-all
exchange.In our opinion the allreduceandalltoall operations
areof nearlyno importancecomparedwith thosevoluminous
ones.
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ThedifferencebetweenSCI andVIA aredifficult to explain
by themeasurementsgivenin sectionIII. Theperformancerise
of ScaMPIfrom classW to A at eight processescould be at-
tributedto thehigherbandwidthof about8.5percentfor 4 MB
messagesasagainst512KB messages.However, this doesnot
hold truefor four processesalthoughthetransferratefor 8 MB
is higherthanfor 1 MB. Hencetheremustbeothernonobvious
factorsinfluencingoverallperformance.

Fig. 5. IS results

B. TheLU benchmark

Unlike the name would suggest the LU benchmark
doesn’t perform an LU factorizationbut insteademploys a

SSOR(symmetricsuccessiveover-relaxation)numericalscheme
to solve a regular-sparse,5x5 lower anduppertriangularsys-
tem. This problemrepresentsthecomputationsassociatedwith
a newer classof implicit CFD algorithms,typified at NASA
Amesby thecodeINS3D-LU [21]. LU is oneof thesimulated
applicationbenchmarks.

B.1 Theresults

Fig. 6. LU results

Figure6 shows the results. Like IS it runson power-of-two
numbersof processes.

All in all thereis nearlynodifferencebetweenthehighspeed
interconnects.For Workstationclasson eight processesSCI
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is slightly fasterthanGiganetwhereasthe thingsareopposite
in the othercases.Further, the advantageof SCI andGiganet
over traditionalFastEthernetbecomesthesmallerthebiggerthe
problemsize is. For classB thereis no significantdifference
betweenthem any more. This behavior can explainedif one
considerscommunicationpatternof thealgorithm.

B.2 Thecommunicationpattern

TABLE III

COMMUNICATION STATISTICS FOR LU CLASS W (TOP)

AND CLASS B USING 8 TASKS

As canbeseenfrom tableIV-B.2 thecommunicationof LU
is dominatedby send/receive operations. The few allreduce
and broadcastoperationscan be neglected. For smallerpro-
cessgroupsthemessagesizesgrow but thetotal amountof data
transferredremainsrelatively thesame.Whentheproblemsize
is increasedthemessagesizesaswell asthenumberof messages
rise.

TableIV givesthe total executiontimesfor ScaMPIin sec-
onds.

ntasks: 2 4 8

ClassW 92.0 47.4 26.4
ClassA 769 388 167
ClassB 3250 1630 856

TABLE IV

TOTAL EXECUTION TIMES FOR LU ON SCAMPI (IN SEC)

The timesfor the maximumnumberof tasksarein relation¯±°�²8³ ´µ°!´!¶
for W, A andB. Thenumberof messages,however,

risesfar slower. Therelationis
¯±°·¯�³ ²¸°¹¶¹³ ²

. Thisexplainswhy
FastEthernetachievesnearlythesameoverallMop/srateasSCI
andVIA, sinceruntimeis mainlydeterminedby computationin
thiscase.

LU’scommunicationcomprisessmallmessageswhereSCI is
fasteraswell aslargermessageswhereVIA is faster. Thetotal
amountof datasentin largemessages(above32KB) is approx-
imatelytwicethissentin smallmessages(below 2 KB). But the
bandwidthfor thesmallmessagesis only half of thelargemes-
sagebandwidth.Thusnoneof thehigh speedtechnologiescan
takepureadvantage.

C. Theotherbenchmarks

Theresultsof all NPBtestsaregivenin figure7. Thenumbers
shown representthe total Mop/s rate. TheBT andSPtestsrun
onasquarenumberof processorswhile theothersneedapower
of 2 numberof processors.This limitation andthefact thatwe
only hadan eight port Giganetswitch explain the gapsin the
table.Althoughwedid not analyzetheresultsof theothertests
in thesuite[21], wewill giveabrief explanationof themfor the
reader’sconvenience:
ConjugateGradient(CG)Benchmark In this benchmark, a

conjugategradientmethodis usedto computeanapproxima-
tion to the smallesteigenvalueof a large,sparse,symmetric
positivedefinitematrix. Thiskernelis typicalof unstructured
grid computationsin thatit testsirregularlong-distancecom-
municationandemployssparsematrix-vectormultiplication.

TheEmbarrassinglyParallel (EP)Benchmark In this kernel
benchmark,two-dimensionalstatisticsareaccumulatedfrom
a largenumberof Gaussianpseudo-randomnumbers,which
aregeneratedaccordingto a particularschemethat is well-
suitedfor parallel computation. This problemis typical of
many MonteCarloapplications.Sinceit requiresalmostno
communication,in somesensethis benchmarkprovidesan
estimateof theupperachievablelimits for floating-pointper-
formanceona particularsystem.

3-D FFT PDE(FT) Benchmark In thisbenchmarka3-D partial
differentialequationis solved usingFFTs. This kernelper-
formstheessenceof many spectralmethods.It is a goodtest
of long-distancecommunicationperformance.

Multigrid (MG) Benchmark TheMG benchmarkis asimplified
multigridkernel,whichsolvesa3-D PoissonPDE.Thisprob-
lem is simplified in thesensethat it hasconstantratherthan
variablecoefficientsasin a morerealisticapplication. This
codeis a good test of both short and long distancehighly
structuredcommunication.

SPSimulatedCFD Application(SP)Benchmark This simula-
ted CFD applicationis called the scalarpentadiagonal(SP)
benchmark.In thisbenchmark,multipleindependentsystems
of nondiagonallydominant,scalarpentadiagonalequations
aresolved.

BTSimulatedCFD Application(BT)Benchmark This simula-
ted CFD application is called the block tridiagonal (BT)
benchmark.In thisbenchmark,multipleindependentsystems
of non-diagonallydominant,blocktridiagonalequationswith
a 5x5 block sizearesolved. SPandBT arerepresentative of
computationsassociatedwith the implicit operatorsof CFD
codessuchasARC3D at NASA Ames. SPandBT aresim-
ilar in many respects,but thereis a fundamentaldifference
with respectto thecommunicationto computationratio.

NPBresultsfor othersystemscanbefoundat theNAS Paral-
lel Benchmarkhomepage[21] andalsoat [22].
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V. CONCLUSIONS

Summarizingwe must say that both high speedintercon-
nect technologiesshow significant improvementsover tradi-
tionalFastEthernetconnectionsin termsof raw MPI bandwidth
and latency. Comparingthe fast networks amongthemselves
ScaMPIis clearlyaheadwith thebandwidthfrom 2 to 8 times
higherfor messageslessthan1 KB. It alsoshowsthelowestla-
tency for very smallmessages.MPI/Proon Giganethasgot its
advantagesabove16KB messages.

As the resultsfrom theNAS Parallel Benchmarktestsshow
improving overall applicationperformancedependson many
factors. The resultingapplicationperformancecannotdirectly
bederivedfrom thespeedof theclusterinterconnection.Only
intenselycommunicatingapplicationscanbenefitfrom a faster
network. AlthoughScaMPIhasa clearadvantagein thesmall
messagerangetheNAS testsdo not take advantageof it. Even
moreVIA showsbetterresultsin mostof thecases.Thisis prob-
ablybecausetraditionalapplicationstendto uselargemessages.
Soin orderto decidewhich network to choseoneshouldknow
thecommunicationbehavior of theapplicationsintendedto be
run on thecluster. A not lessimportantcriteriaof courseis the
priceof theentiresystem.
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Fig. 7. Overview of NAS Parallel Benchmarkresults. The numbersrepresentthe total Mop/s rate. The ”Ser.” columnscontainthe resultsof the purely serial
versionsof thetests,while thecolumnslabeled”1” arefor resultfrom runningtheparallelprogramononeprocessor.
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Abstract

BoththeScalableCoherentInterface(SCI)[7] andtheVir-
tual InterfaceArchitecture (VIA) [8] aim at providing ef-
fectivecluster communicationsystems. In previous pub-
lications we showedthat SCI and VIA can be efficiently
combinedto form a new communicationarchitecture (e.g.
[1, 2]).

In this paperweshowthat despiteof havingadoptedan
flexible relativelyslowFPGA–baseddesignan appropriate
architectural solutionmaylead to a PCI–SCIhardware of
which thefinal performancecankeepracealongwith com-
mercial pendants.Wealsodescribeconcretedesignchoices
we madefor our hardware and presentfirst performance
measurementsthatdemonstratethestrengthof it.

1 Intr oduction

AlthoughSCI is intendedfor distributedsharedmemory, a
lot of groups[4, 6] includingourworkinggroup[3] useSCI
aslow–level layerfor messagepassing.This resultsin very
low messaginglatencies.

Thekey pointsthatourdesignshallrealizein additionto
featuresofferedby currentcommerciallyavailablePCI–SCI
hardwareare:¼ ProtectedUser–Level DMA for large block transfersto

unloadtheCPUwheneverpossible.¼ An improved memorymanagementto increaseflexibil-
ity for exportinglocal memoryto remotenodesandthus
makingrealzero–copy possible.

Thispaperis intendedto providesomeconcreteinforma-
tion abouttheinternaloperationof thehardware,especially
theinternalsof theFPGAsusedin ourdesignwherethema-
jority of theknow–how is concentrated.Also weareableto
presentsomemeasurements.Althoughthesemeasurements
don’t show thefinal performance,we candemonstratethat
our designcankeeppacealongwith otherPCI–SCIhard-
ware.

2 Bridge Inter nals

As describedin [1] thewholecustomlogic is housedin two
FPGAs.Othercomponentsarea Dual–PortedMemoryfor
SCIpacketstorageandaSRAMfor otherdatasuchastrans-
lation tables.

2.1 The SCI FPGA

The job of the SCI FPGA is concentratedon dealingwith
SCI packetsandtalking with theSCI Link Controller. This
meansthattherearemainly implementedseveralqueuesfor
incomingandoutgoingSCI packets. A very raw overview
aboutthe thingscontainedin the SCI FPGA is shown by
figure1.

FiFo Unit

SCI FPGA

LC-2

DPM

PCI
FPGA

Aut.Out.Req.

Aut.Out.Res.

Man.Out.Req.

Man.Out.Res.

Aut.In.Res.

Aut.In.Req.

Man.In (Req+Res)

Queue (48)

Queue (64)

Queue (16)

Queue (16)

Queue (64)

Queue (48)

Queue (64)

SCI Transaction
Control

SCI Packet
Control

BLINK Unit

Figure1: SimplifiedinternalStructureof SCIFPGA

As suggestedby the queuescontainedin the FiFo Unit,
therearetwo basictypesof SCI transactions:Manualand
Automaticones.
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2.2 The PCI FPGA

Thisoneis indendedto implementkey featuresof thewhole
bridge. The most important functions are translationof
PCIinto SCItransactionsandreverse,DownstreamAddress
Translationfor outgoing transactions,UpstreamAddress
Translationthat is requiredto ”virtualize” the exportable
memory for exporting any arbitrary memorypagerather
thana fixed memoryportion, anda ProtectedUser–Level
DMA EngineincludingVirtual InterfaceArchitecturefunc-
tionality (Doorbells,Work Queues,...) to offer an handy
mechanismfor userprocessesto useblock–moving DMA
insteadof theprocessorfor datatransmission.

While the first two pointsareknown from currentcom-
mercially available PCI–SCIhardware [5], the remaining
onesarededicatedonly to our hardwaresolution. Figure2
givesaview of thePCIFPGAinternals.

Control Unit

EPU

FiFo/
SRAM
Unit

PMCQ

Local

DPM

SCI FPGA
&  SRAM

PCI FPGA

PCI

PCI Unit

DPM Unit

PCI Target

PCI Master

Figure2: SimplifiedinternalStructureof PCIFPGA

An importantunit hereis that onelabeledwith ”EPU”.
This standsfor EmbeddedProcessingUnit andis working
like a small processor. The EPU is intendedto dealwith
relatively complex hardwareoperations.

3 RemoteWrite Latency

Although the FPGAsarenot fully implementedyet (Sept.
2000) andonly the manualpacket modeis ready, we are
ableto presentsomevaluesfor theexpectedlatency on re-
motememoryaccesses.The measurementsweremadeon
a 533MHzAlpha 21164(EV56) systembasedon theSam-
sungUX boardwith 64Bit PCIbusanda450MHzPentium
III 440BX system.We usedthe ability of thehardwareto
sendout a pre-preparedSCI packet manually, that is inter-
pretedasanautomaticpacket at thereceiver thatgenerates
thePCI transactionautomatically.

For a singleremotewrite operationwe couldmeasurea
hardware latency of 2.04½ s (PCI–to–PCI).In caseof the
softwarelatency (CPU–to–CPU)wemeasuredabout2.78½ s

on thePentiumsystemand2.91½ s on theAlpha. As com-
parison,Dolphin’shardwareachievesa softwarelatency of
2.3½ son thesamePentiumsystem.

However, ourfinalhardwarelatency will increaseslightly
for realremotewriteoperationsandshouldbearound2.5½ s.
4 Conclusions

We gaveavery roughdescriptionof bothFPGAsweusein
our design.Thelatency valueswe presentedshow thatour
proof–of–conceptfor new techniquesappliedto SCI is not
very far behindfastcommercialASIC implementations.

Latestinformationcanbe obtainedfrom our web page:
www.tu-chemnitz.de/˜mtr/VIA_SCI/
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Abstract

The Virtual InterfaceArchitecture (VIA) [4] is an in-
dustrystandard specifyinghow userprocessescan access
networkinghardware directly in a protectedmanner. One
characteristicof theVI Architecture is that it requiresthat
all memoryusedfor communicationbe locked down into
physicalmemory. Abovethat, theVIA specificationexplic-
itly allows memoryregionsto be registered several times.
However, all freelyavailableVIA implementationsfor Linux
eitherdo not reliably lock thememoryor they do not allow
multiple registrations. In this paper we proposea mech-
anismfor reliably locking VIA communicationmemoryin
Linux that meetsall requirements.It is basedon a recently
introducedkernelmechanism,calledkiobufs. Althoughthe
proposedlockingmechanismhasbeendevelopedfor a VIA
implementationit canbeutilizedfor anytypeof userlevel
communication.

1 Intr oduction

The Virtual InterfaceArchitecture(VIA in short)aims
at providing userlevel DMA (UDMA) for communication
hardware,i.e. it allows the NIC to readandwrite datadi-
rectly from andto partsof theuseraddressspace,thusen-
abling zero–copy protocols. While U-Net/MM [12], one
of thepredecessorsof VIA, allowscommunicationmemory
to beswappedout by maintaininga TranslationLookaside
Buffer (TLB) on theNIC, which is keptconsistentwith the
kernelpagetables,theVI Architecturerequiresthatmem-
ory that is to beaccessedby theNIC bepinneddown per-Á

Thework presentedin thispaperis sponsoredby theSMWK/SMWA
Saxony ministries(AZ:7531.50-03-0380-98/6).It is also carriedout in
stronginteractionwith theprojectGRANT SFB393/B6of theDFG (Ger-
manNationalScienceFoundation).

manently. Thisapproachsavestheexpensivepage–inoper-
ationsduringcommunication.More informationaboutthe
evolutionof theVirtual InterfaceArchitecturecanbefound
in [8, Chapter2].

In VIA terminologycommunicationmemorymust be
registeredwith theNIC. On theoccasionall pagesbelong-
ing to thatmemoryareamustbepagedin in casethey are
not present. Then they must be locked and, finally, the
physicaladdressesarestoredin the so called Translation
andProtectionTable(TPT)ontheNIC. Whensuchamem-
ory region is not neededany more for communicationit
shouldbe deregistered,whereuponthe pagesare released
andmadeavailablefor swappingagain. It is importantto
note that the VIA specificationexplicitly allows a certain
memoryareato be registeredseveral times. This compli-
catesthe memorylocking mechanismaswe will seelater
on. Multiple registrationscanoccurwhencommunication
buffersareregistereddynamically. This is necessaryto im-
plementzero-copy protocols. The networking hard must
transferthe datadirectly from andto the userbuffers, the
addressesof which aregivento thecommunicationlibrary,
e.g. MPI. Sinceany arbitrary userspaceaddresscan be
used,MPI cannotpredictit. Neitheris it possibleto register
thewholeuserspacein advancedueto resourcelimitation.
Hence,the buffers must be registeredon the fly. This is
actuallya contradictionto the aim of the VI Architecture,
namelyto removeoperatingsystemcallsfrom thecommu-
nicationpathbut it is the only way to achieve zero-copy.
Furthermore,thebadeffectscanberemediedby “caching”
registeredregions,i.e. by keepingthemregisteredaslong
aspossible.However, therearestill situationswhereanarea
mustberegisteredseveral times,e.g. whenit is registered
with differentprotectiontagsor attributes.

There are several implementationsof VIA for Linux
around, such as Berkeley-VIA [3], M-VIA [1] and Gi-
ganet’s cLAN [2]. Another VIA project is being con-
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ductedby our researchgroup. Our aim is to provide su-
perior messagepassingperformancein terms of latency,
bandwidthandCPUusageby combiningtheVirtual Inter-
faceArchitectureandtheScalableCoherentInterface(SCI)
[9, 8, 10, 6]. Of course,we have alsobeenfacedwith the
taskof lockingmemory. We tooka differentapproachthan
the other VIA groups,however, our first implementation
still did notmeetall requirements.

In thefollowingwewill discussthechallengesin locking
memoryandhow they canbemastered.Wewill startwith a
descriptionof theLinux swappingmechanismin section2.
After thatwe will point out theweakspotsof thedifferent
implementations.In the fourth sectionwe will proposea
solutionthat is basedon a recentkernelmechanism,called
kiobufs,andevaluateits performance.

2 The Linux swappingmechanism

In this sectionwe will take a look at how Linux swaps
memorypagesand whereare the points of departurefor
lockingthemdown.

2.1 Administration of physicalpages

The Linux kernel keepsa so called memmap t data
structurefor eachphysicalpagein thesystem.This struc-
turecontainspointersto establishlists for severalpurposes
e.g. the free list or the pagecache,a referencecounter
anda flag field. If the referencecounteris zero the page
is free,otherwisethe counterdenotesthe numberof users
of thepage.Oneof theflags,PGlocked , indicatesif the
pageis currentlylockedfor I/O. It is setwheneverthepage
is involved in a disk I/O operation,i.e. whenan memory
mappedfile is read.Anotherflag,PGreserved is setfor
pagesthat arenot availableto the systemat all. They are
notevencountedto thetotalamountof availablememory.

Thearrayof thesememmap t structuresis calledpage
map.

2.2 Discarding pages

Whenever a memory page is needed, for instance
to execute a copy-on-write operation, the kernel func-
tion get free pages() (mm/pagealloc.c) is called.
First it tries to allocate a page from the list of un-
used pages. If this is impossible, i.e. all physical
memory is usedfor processmemory, pagecache,buffer
cache or the kernel itself, it tries to free some pages
by calling try to free pages() which again calls
do try to free pages() (mm/vmscan.c). Now the
kernelappliesseveralstrategiesin turnin orderto freesome
pages.

The first units to be shrunk are the buffer cache
and the page cache. The function shrink mmap()
(mm/filemap.c)appliesa socalled”clock algorithm” to go
throughthe pagemap in order to find pagesthat can be
discarded.Pageswith the PGlocked bit setareleft un-
touched.Also pageswith areferencecounterotherthanone
areskipped.Althoughshrink mmap() is a placewhere
memorypagesarefreedit doesnot touchuserpagesof a
process.Thusit is not interestingwhenwesearchfor ways
to lock communicationbuffers.

After trying to swap out somesharedmemorythe ker-
nel starts the actual swapping by calling swap out()
(mm/vmscan.c).It selectsa processfrom the tasklist and
passesit to swap out process() . This function goes
throughthe process’list of virtual memoryareas(alsore-
ferred to as VM area,VMAs) and tries to swap one of
them out through swap out vma() . VMAs with the
VMLOCKEDbit set(seebelow) areskipped. If the VMA
is not markedlocked, thekernelgoesthroughthepageta-
blesto find the physicalpages.Now it writes the pageto
swap spaceif necessaryandcalls free page() . The
latter function decrementsthe referencecounterandadds
thepageto thefreelist if thecounterhasreachedzero.Like
in shrink mmap() , all pageswith the PGlocked bit
set won’t be touched. The sameholds true for reserved
pages.

Summarizingthis analysisof the Linux memoryman-
agementwe canstatethat thereareon principal two ways
to lock memory:

Â VMA-based: by setting the VMLOCKEDbit in the
VMA

Â page-based:by settingthePGlocked bit in thepage
map.

3 Curr ent VIA implementations

Thereareseveralimplementationsof theVI Architecture
available. Oneof the first wasBerkeley-VIA [3] which is
basedon Myrinet. Anotheroneis M–VIA [1], which aims
at providing a modularimplementationthatcanbeusedin
conjunctionwith a varietyof hardwarerangingfrom dumb
FastEthernetcardsto native VIA hardware. GiganetInc.
hasdevelopeda native VIA implementationcalledcLAN.
All of themsupportLinux andprovideopensourcedrivers,
which enabledus to investigatetheir software. In this sec-
tion weexaminehow thoseVIA implementorshavetriedto
solvethetaskof lockingmemory. Wealsodescribeourfirst
approachandits shortcomings.
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3.1 The page–basedapproach

All of theimplementationsmentionedabovemanipulate
thepagemapin orderto preventregisteredpagesfrom be-
ing swappedout. Berkeley–VIA andM–VIA simply incre-
mentthe referencecounterof the pages.More recentver-
sionsof the Giganetdriver set the PGlocked resp. the
PGreserverd bit in additionto that.However, eventhis
cannotberegardedacleansolutionsincethey donotcheck
if the pageis possiblyalreadylocked by the kernel. On
deregistrationthecounteris decrementedagainand,in case
of Giganet,the PGlocked flag is resetregardlessof the
counterstate.

Althoughthemanipulationof only thereferencecounter
would make the implementationof multiple registrations
verysimple,thatonly is not a solutionto thelocking prob-
lem. We have conductedsomeexperimentsthatshow that
pagesareswappedout evenwhentheir referencecounters
arebiggerthanone.Following is theexperimentin detail:

1. The locktestprogramallocatessomememoryandfills
it with data.After thatonecanbesurethateachvirtual
pageis mappedto a distinctphysicalpage.

2. Wesimulatetheregistrationby incrementingtherefer-
encecountersandstoringthephysicaladdresses.

3. Now westartanotherallocator processthatallocates1

asmuchmemoryaspossibleforcingalargeamountof
pagesto beswappedout.

4. locktest writes again to each page of the memory
block.

5. Thekernelagentwritesacertainvalueto thefirst page
of the block usingthe physicaladdressobtaineddur-
ing the registration. In this way we simulatea DMA
operationof theNIC.

6. The physicaladdressesof all pagesarederived from
thepagetablesagainandcomparedto thoseacquired
duringtheregistration.

7. Thememoryblockis deregisteredbydecrementingthe
referencecounters.

8. Thecontentsof thefirst pageis printed.

If this mechanismensuresmemorylocking oneshouldas-
sumethat thephysicalpagesarethesamebeforeandafter
theallocator processran,andthefirst pageshouldcontain
the value written by the kernel agent. However, in most

1Dueto thedemandpagingmechanismit is necessaryto write to theal-
locatedpagesin orderto causeaCOW andreallyconsumephysicalmem-
ory.

caseswe observed a different behavior: all physicalad-
dresseshad changedand the first pagestill containedits
original value. This indicatedclearly that the pageshad
beenswappedout.

This behavior canbeexplainedwhenwe take a look at
theswappingmechanismagain.

Whentheallocator processrunsandwrites to theallo-
catedmemoryit causesalargenumberof majorpagefaults2

thataredealtwith by thekernelbyallocatingphysicalpages
throughget free page() . As describedin section2.2
the kernel will start discardingpagescurrentlyowned by
otherprocesseswhenall freepagesareusedup. Onthisoc-
casionit happensthat the locktestprocessis chosenby the
swap out() function.As noneof theVMAs is lockedby
meansof theVMLOCKEDflag theregisteredareabecomes
subjectto swappingsometime. When the swap function
looks at the individual pagesit finds them neitherlocked
nor reserved. So it allocatesa new swap page,writes the
contentsof thememorypageto it, storestheswapaddress
in the pagetable and marksthe entry not–present.Then
it calls free page() for theold pageon theassumption
that the pageis madeavailable to otherprocesses,in our
caseto theallocator process.Since,however, thereference
counterwasincreasedduringregistrationthepageis notre-
ally released.It is not associatedwith thevirtual pagejust
swappedoutany morebut it is still in use.

Whenwe cometo step4 in theexperimentthe locktest
processwill causea not–presentpagefault. The memory
subsystemextractsthe the swap file index from the page
tableentry andstartsreadingthe pagebackfrom disk. A
new pageis allocatedfor this. Note, that it cannotbe one
of thepagesformerlymappedto theregisteredregionsince
thekernelstill regardsthemused.Thecontentsof thepage
beforeit wasswappedout is written to the new pageand
thepagetableentry is redirectedto this page.If thekernel
agentnow writesdirectly to thephysicalpagesof theregis-
teredregion,thatit obtainedduringtheregistration(step5),
thechangeswill not bevisible to the locktestprocessany-
more. In a realVIA environmentthatmeansthat thepage
tableof the NIC, i.e. the TPT, is not consistentwith the
system’s pagetablesany longer. Consequently, the NIC
will usewrongmemoryaddressesfor its DMA operations.
Communicationfails, the systemstability, however, is not
affectedby this lapsesincetheoriginalphysicalpageshave
not beenfreedyet and,thus,will not beusedfor otherpur-
poses.

The experimenthasproven that alteringonly the refer-
encecounterof the registeredpagesdoesnot prevent the
pagesfrom being swappedout. Although simply setting
the PGlocked bit or the PGreserved bit would en-
surethat the pageis not touchedit must be considereda
very risky anduncleansolution.Moreovera specialmech-

2I.e. thereis novalid pagetableentry.
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anismis neededto determinewhento resetthebit.

3.2 The VMA–basedapproach

In this sectionwe will describehow memory can be
lockeddown basedonvirtual addresses.

The API of Unix providesa so called mlock system
call. It allows a processto disablepagingfor a specified
rangeof its addressspace.Thisis exactlywhatis neededfor
memoryregistration,andthatis why wetook thisapproach
for our first implementationof theKernelAgent,but there
aresomesevererestrictions.

First, only super-user processesare allowed to use
mlock . This makesit at leastimpossibleto useit at user
level, i.e. to call mlock alreadyin theVI UserAgent. As
the KernelAgent,which is a device driver andhencepart
of theoperatingsystemkernel,hasgot higherprivileges,it
is ableto carryout that task. But it requiressomechanges
in thekernel.Therearetwo possibilitiesto circumventthe
user-id checking:

Rewriting do mlock() Upon the mlock system call
the kernel invokes sys mlock which again calls
do mlock . Thelatterfunctionfinally checksthecur-
rentprocess’effectiveused-idandreturnsanerrorif it
is not root. Thereis a so calledUser-DMA patch[5]
whichmovesthecheckfrom to sys mlock . Thereby
it is possiblefor thedriver to call do mlock directly.

Changingthe process’capabilities The privileges of a
processare controlledby capabilities, and only root
processeshave got theCAPIPC LOCKcapabilityfor
lockingmemory. As thecapabilitiescanbechangedby
thekernel,theKernelAgent’sregistrationfunctioncan
grantthatcapabilityto thecurrentprocessby meansof
cap raise() , thencall do mlock andreclaimthe
capabilityagainby cap lower() .

Eithervariantrequiresthatdo mlock beaddedto theker-
nelsymboltablesinceit is notvisible to driversin thestan-
dardkernel.

do mlock setstheVMLOCKEDflag of all VMAs cor-
respondingto thegivenvirtual addressrange.Theoriginal
VMAs aresplit up if necessary. As describedin section2.2
theseVMAs will be left untouchedby theswappingfunc-
tions.

Anothermajordrawbackof this approachis thatmlock
calls do not nest, i.e. a single unlock operationannuls
multiplelock operationonthesameaddress.Consequently,
thedrivermustkeeptrackof which addressrangesarereg-
isteredhow oftenin orderto allow for multipleregistrations
of thesameaddress.It mustunlockthememoryonly upon
thelastderegistration.

Summarizingwemustsaythatall examinedVIA imple-
mentationsdonotprovideareliablemechanismfor locking
registeredmemory. Eitherthey donotensurethatthepages
arelocked,or they userisky techniques,or they donotallow
for multiple registrations.

4 A reliable locking mechanism based on
kiobufs

4.1 Conformancewith Standard Kernels

Beforewegetto explainingoursolutionwewantto dis-
cussthe issueof conformanceto the main streamkernels
briefly.

As Linux is an opensourceprojecteveryonecancon-
tributeandmodify it at will to supportnew features.This
facthasmadeLinux verypopularin researchenvironments.
Everythingcan be changedand every idea can be imple-
mentedimmediately. However, if for instanceaVIA imple-
mentationis supposedto bereleasedto the”real world” as
a building block for clustersit shouldwork with the main
streamkernelswithout applying additionalpatches. One
typicaluserof aclusteris anengineerwhowantsto docom-
putationalfluid dynamicsinsteadof modifying the kernel.
If we want to meetthis requirementwe mustrestrictour-
selvesto usethemechanismsthe standardkernelprovides
or will do in thefuture.

A furtherquestionis if suchaVIA driverwill beincorpo-
ratedinto theofficial kernelsometime.Althoughthis is not
a strict requirement,asthe driver canbe supplieddirectly
with thehardware,it increasesits acceptance.Besides,the
driver will be maintainedandadoptedto new versionsby
thekerneldevelopers.However, therearesomevery strict
rulesa driver mustobserve to be acceptedby Linus Tor-
valds.Oneof themis thatit mustnottouchthepagetables3,
not even readthem. This meansthat not even the VMA-
basedapproachcanbeusedto createanadequatesolution.
It only ensuresthatthepagesarelocked.Theirphysicalad-
dressesmuststill bederiveddirectly from thepagetables.

Thischallengedusto work outasolutionbasedonanew
kernelmechanism,calledkiobufs.

4.2 RAW I/O and kiobufs

The RAW I/O mechanismwasintroducedto the Linux
kernel by StephenC. Tweedieof RedHatin order to ac-

3On 18 Aug 1999in thethread”Re: [bigmem-patch]4GB with Linux
on IA32” in the linux-kernel mailing list Linus Torvalds wrote: ”I will
NOT allow anythingthatwalkspagetables.That’sprettymuchcompletely
outof thequestion.Therawio stuff givesaccessto thepagetables,andno
device will beacceptedthatdoesmorethanthat. Pagetablewalking has
alwaysbeena completedisaster, andit’s muchsimplerto just setup the
arrayof physicaladdressesseparately(ie eitherat mmaptime or through
thefactilitiesthatrawio doesoffer).”
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celerateSCSIdisk accesses4. Traditionalimplementations
first readdatafrom disk to kernelbuffersandthencopy it
to the userbuffer. While this allows the kernel to cache
frequentlyuseddata,it consumesadditionaltime andbus
bandwidth.TheRAW I/O extensioncanbeusedto transfer
datadirectly from disk to userbufferswithout intermediate
copies.Sincethebuffer pagesmustbelockedinto physical
memoryduringthetransferTweedieinventedthesocalled
kiobufs. They areanintegral partof the2.3.xdevelopment
kernels,andhence,of thenext stableversion2.4.xaswell.
But thereis alsoapatchfor 2.2.xavailable.

A kiobuf describesthesetof physicalpagesof a partof
a process’useraddressspace,whereall pagesare locked
down. An arrayof kiobufs is calledkiovec. After its cre-
ationa singlekiobuf hasgot spaceto hold pagesfor 64KB
of memory. Afterwardsit canbeexpandedto spananarbi-
trary numberof pages.Whena kiobuf is mappedto a part
of theuseraddressspaceall correspondingpagesarefaulted
in, their referencecounteris incremented,thePGlocked
bit is setandthephysicaladdressesarestoredin thekiobuf
structure. Although it resemblesquite closely what Gi-
ganet’s latestdriverdoes,it is by farsaferbecauseit checks
for oddsituations.

A drawbackof kiobufs asfor our applicationis that the
samephysicalpagecanbeheldin atmostonekiobuf atany
time. Thismeansthatweneedanadditionallayeron topof
thekiobufsthatkeepstrackof whichpageis alreadylocked,
i.e. it is alreadyheldin a kiobuf.

4.3 The LockedMemory Manager – LMM

Sincekiobufs representa page-basedapproachfor lock-
ing memorya per-pagelock counterseemsobvious. But
the difficulty is that the physicaladdressesareneededbe-
fore thekiobuf is created.This,however, objectsthecondi-
tion to not traversethepagetables.Hence,the lock count
trackingmustbebasedon virtual addresses,andtherewith
separatelyfor eachprocess.Thequestionis now if differ-
entvirtual addressescouldreferto thesamephysicalpage,
becausethemechanismwouldfail in thiscase.For thatpur-
posewehave to distinguishtwo cases:

Virtual addresseswithin a processThecopy-on-write
mechanismensuresthateachvirtual pageis mappedto
a distinct physicalpage.Thus,we have to make sure
that a COW hashappenedfor eachpageto be regis-
tered.

Virtual addressesof differ ent processesExcept for
SystemVsharedmemoryor sharedfile mappingsthe
addressspacesof differentprocessesareisolatedfrom

4Theoriginal patchfrom Tweediehasbeenenhancedfurther by SGI.
Theoriginal versionaswell asSGI’s extensionsandsomedocumentation
canfoundat [11].

eachotherby definition.I.e. thememorymanagement
will never assignthesamephysicalpageto morethan
oneprocessat a time. As for sharedmappings,only
oneprocesscould registersuchan area. The second
processattemptingto registerits mappingof thatarea
would getanerror. A generalsolutionto this problem
is subjectto furtherwork.

With theaforesaidexceptionwe canassumethat themap-
pingÃ�Ä?ÅÇÆ.ÈÊÉÌËÎÍ ÏÐËÒÑ�Ó.ÔÖÕ«Ï×ÆÙØ�ÚÛÓ.ÔÛÔÒÓ/Ô�Ü¨ÝÞÏ¨ß¹à¤ÔÛÅ©ÚÛËáÍ ÏâËÒÑ�Ó/Ô
is injective. I.e. with

Ä¹ãÌÏåä±æèçéÃáÄ*ÅÇÆ.È4ÉÌËáÍ ÏâËÒÑ�ÓÎä ê Ï×ÆëØìÚÛÓ/ÔëÔ ä Ü
and

Ï?ã?íÖæîçïÏ¨ßðà¤Ô.Å©ÚÛËÎÍ ÏÐËÒÑ�Ó!í
, ifÃ�Ä¹ã8Ï ä Ü¨ñÝÞÏ?ã í

therewill notexist anotherpairÃ�Ä¹ãÌÏÐò�Ü%ñÝÞÏ?ã?í
In otherwords,a physicalpageis referencedby at most

onepair

Ä¹ãÌÏóä
and,thus,wecantrackthelock countof the

physicalpage

Ï?ãôí
by meansof

Ä8ã8Ïóä
.

4.3.1 LockedMemory Ar eas– LMAs

start
end
lock_count

prev
next

kiobufp

LMA kiobuf

Figure 1. Structure of an LMA

This leadsusto theintroductionof lockedmemoryarea,
in short LMAs. An LMA describesa contiguousrange
of virtual addresseswith the samelock count. Figure 1
showsthestructureof anLMA. It spanstheaddressintervalõ öì÷ùø�ú¤÷ êÙû�üôý Ü . Thereis onekiobuf perLMA, thatdescribes
the correspondingphysicalpages.LMAs arekept in per-
processlists5 in ascendingorderof their startaddresses.

4.3.2 The LMM Interface

The LMAs aremanagedby the Locked MemoryManager
(LMM). Its interfacecomprisesthe following threefunc-
tions(in C syntax):

5This is realizedby meansof arraysthathave oneentryfor every pro-
cessthatis usingtheKernelAgent.Moreinformationabouthow it is done
canbefoundin [7, Section2.3.4]and[8, Section4.2.1].
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lmm lock area(start, end) After successful re-
turn thevirtual addressrangeþ ÿ����������
	����� is lockedin
physicalmemory. It canbe calledmultiple timesfor
the sameaddressrange. Rangesof subsequentcalls
mayoverlap.

lmm unlock area(start, end) Releases the
specified address range. Only intervals that
lmm lock area has been called on before may
be given6. The correspondingpagesmay still stay
locked, if the memoryareahasbeenlocked multiple
times. Upon the last unlock operationon an certain
areathepagesaremadeavailablefor swappingagain.

lmm get pages(start, end, *pages) Returns
thephysicalpageaddressesof a lockedmemoryarea.

4.3.3 The LMM Implementation

� � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � �

virtual addresses

LMA3 LMA4LMA2LMA1

new area

lc1 lc2 lc4lc3

lc1 lc1 lc4lc4+1lc3+111 1lc2+1
+1

split cr
ea

te

cr
ea

te

cr
ea

te

modify modify split

LMAs lc = lock count

Figure 2. Loc king a new area

TheLMM maintainsanLMA for every part of thevir-
tual addressspacethat is lockeddown. The lock countof
eachLMA specifieshow many lock operationshave been
performedon thisarea.

lmm lock area(start,end) Whenanew areais tobelock-
ed the LMM scansthe currentprocess’list of LMAs and
changesthem appropriately. Figure 2 shows an example
situation. Let’s assumefour LMAs alreadyexist with the
lock counts ����� to ����� . Now the“new area”is to belocked
down in thecourseof a registrationoperation.As anLMA
describesa contiguousareaof the samelock countsome
LMAs may have to be split up ( ����� � and ����� � ), new

6ThisapproachissufficientsincetheLMM is intendedtobeusedby the
registrationandderegistrationfunctionsof theKernelAgent,andmemory
regionsareonly deregisteredasawhole.
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LMA

new area

new area

new area

LMA

LMA

new area

new area

LMA
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Figure 3. Possib le types of inter section of new
area and LMA

LMAs have to becreatedor the lock countof someLMAs
mustbeincremented( �����,+ and �-�.�0/ ).

Whathasto be donedependson the intersectionof the
new areawith the existing LMAs. Therearefive typesof
intersections,asillustratedin figure3. (In thefollowing we
assumethenew areais boundedby start andend , and
theLMA currentlylookedat is boundedby lma->start
andlma->end .)

INTERSECT FRONT Thenew areaoverlapstheleft (low
address)partof theLMA. It maystartbeforetheLMA.
Theconditionsare:

start 1 lma->start 24365
lma->start 7 end 7 lma->end

A new LMA iscreatedfor the þ start � lma->start �
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interval andtheLMA is split at end . The lock count
of theleft partis incremented.Theremainingnew area
startsat end , i.e. we have reachedtheendof thenew
area.

INTERSECT REAR Thenew areaoverlapstheright (high
address)partof theLMA. It mayendbehindtheLMA.
Theconditionsare:

lma->start 8 start 8 lma->end 9�:<;
lma->end = end

TheLMA is split at start andthe lock countof the
right part is incremented.No new LMA is createdfor
thenew areaon theright, insteadthebeginningof the
remainingnew areais setto lma->end .

INTERSECT MIDDLE The new area lies completely
within theLMA, but it doesnot spanthewholeLMA.
Theexactconditionsare:

lma->start 8 start 8 lma->end 9�:<;
lma->start 8 end 8 lma->end

TheLMA is split into threepiecesatstart andend .
Thelock countof themiddlepartis incremented.The
remainingnew areastartsatend , i.e. wehavereached
theendof thenew area.

INTERSECT TOTAL Thenew areacoversthewholeLMA
whereatit maystartbeforeand/orendbehindtheLMA.
Theconditionsfor thiscaseare:

start = lma->start 9�:<;
lma->end = end

A new LMA iscreatedfor the > start ? lma->start @
interval and the lock countof the old LMA is incre-
mented. In analogyto the INTERSECTREAR case
no LMA is createdfor theareabeyondtheold LMA,
andthebeginningof the remainingnew areais setto
lma->end .

INTERSECT DISJOINT Thenew areaandtheLMA have
gotnocommonpagesin thiscase.Theconditionsare:

lma->end = start A4B
end = lma->start

Simply a new LMA is createdfor theentirenew area
> start ? end @ .

Whenan LMA is createda kiobuf is allocatedandex-
pandedto the requiredsize. Then the given virtual ad-
dressrangeis mappedto the kiobuf by meansof the ker-
nel function map user kiobuf (mm/memory.c). Split-
ting anLMA is amorecomplex operationasit requiresthat
partsof thekiobuf of theoriginalLMA bemovedto another
kiobuf.

The lmm lock area functionseeksfor thefirst LMA
endingabovestart . Thenit determinesthetypeof inter-
sectionandtakestheproperactionsasdescribedabove.Af-
terfinishinganLMA theprocedureis repeatedwith thenext
LMA andthe remainingnew areauntil its endis reached.
All newly createdLMAs areinsertedin thelist.

lmm unlock area(start,end) Unlockingmemoryis less
complex thanlocking. Thereasonis that,with theproposed
lockingalgorithmandtherestrictionsfor start andend ,
thegiveninterval alwaysspansentireLMAs. Further, there
areLMAs for all partsof theinterval.

Hence,the LMM only needsto traversethe LMA list
from start to end anddecrementthelock countof each
LMA. Whenit dropsto zerotheLMA is destroyed.I.e. the
kiobuf is unmappedby meansof unmap kiobuf()
(mm/memory.c). On this occasionthe physicalpagesare
unlockedagainandcanbe swappedout from now on. Fi-
nally, theLMA is removedfrom thelist andfreed.

lmm get pages(start,end,*pages) This functionsimply
walkstheLMA list andcollectsthephysicalpageaddresses
from thekiobufs. An erroris returnedif a holein theLMA
list shouldbedetected.

4.4 PerformanceEvaluation

The intentionof the Virtual InterfaceArchitectureis to
removetheoperatingsystemfrom thetimecritical commu-
nicationpath. This is possibleif a fixed setof buffers is
usedfor communication.They needto be registeredonly
onceduringapplicationstartup,hencetheregistrationcosts
havenearlyno influenceonapplicationperformance.

Thingsaredifferentif zerocopy protocolsareto bebuild
on topof VIA. In thiscasethebuffersmaychangewith ev-
ery transfer. Sinceit is impossibleto registertheentiread-
dressspacedueto resourcelimitations,thebuffersmustbe
registeredonthefly, i.e. within thesendor receivefunction.
This turnsthe timesfor registeringmemoryinto anessen-
tial parameter. Table1 shows the timesfor registeringand
deregisteringa memoryregion. The measurementswere
conductedon a 450MHz PentiumIII machine.Theregis-
trationtimedependsnearlylinearlyof thenumberof pages,
whereabout CEDGFIHKJ canregisteredpersecond.Thedereg-
istrationrateis evenhigheratapproximatelyL�MNHOJQP4R . Al-
thoughthe current implementationdoesnot yet storethe
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Table 1. Times for memor y registra-
tion/deregistration (in SUT )

Size (KB) register deregister

4 6.7 3.5
8 8.0 3.8

16 10.7 4.4
32 16.4 5.8
64 27.8 8.7

128 49.7 14.2
256 92.8 25.9
512 185 47.5

1024 366 103
2048 734 203
4096 1493 381
8192 2987 817

16384 5856 1666

physicaladdresseson theNIC but in mainmemoryinstead,
therateswill beonlyslightlyworsein thefinal versionsince
a write accessto the NIC’s memorycostslessthan VXW�YZSUT ,
andonly onewrite operationis neededfor eachpage.

Furthermore,any communicationlibrary, suchasMPI,
or applicationon top of VIA shouldendeavour to reuse
registeredmemoryasmuchaspossiblewhetherby means
of MPI’s persistantcommunicationor by usinga caching
mechanismfor registeredmemory.

5 Conclusionsand Outlook

Themechanismproposedensureson theonehandthata
givenrangeof theuseraddressspaceis reliably lockedinto
physicalmemory. On theotherhandit allowsvirtual pages
toberegisteredmultipletimes,asrequiredby theVIA spec-
ification. Moreover, it appliesonly thosemechanismsthat
areprovidedby themainstreamkernels,resp.will bepro-
vided in the nearfuture, and it meetsthe conditionsfor a
devicedriver to beacceptedfor theofficial kernel.

Althoughtheproposedlockingmechanismhasbeende-
velopedfor aVIA implementationit canbeutilizedfor any
typeof userlevel communication.

In thecurrentimplementationtheLMAs of aprocessare
storedin linearlists. An optimizationcouldbeachievedby
usingAVL trees.Besides,adjacentLMAs couldbemerged
if they havethesamelock count.Further, it shouldbeexam-
inedhow themechanismcanbeextendedto handleshared
mappingsproperly, i.e. to allow every processto registera
sharedarea.
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99-21 P. Cain,R. A. Römer, M. Schreiber. Phasediagramof the three-dimensionalAndersonmodelof
localizationwith randomhopping.August1999.
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00-36 C. Villagonzalo,R. A. Römer, M. Schreiber, A. MacKinnon.Critical Behavior of theThermoelec-
tric TransportPropertiesin AmorphousSystemsnearthe Metal-InsulatorTransition. September
2000.
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