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Abstract

Clustersgain moreandmoreattentionin the areaof scientificcomputingsincethey are
alow pricedalternatve to proprietaryparallelcomputers However, numerougproblemson
mary levelsstill have to besolvedin orderto drive forwardthatdevelopment.

Thepresentolumerepresenta collectionof selectecconferenceapersof ourresearch
groupfrom the currentprojectperiodandtherebygivesan overview of variousaspectof
clustercomputing,especiallyin the areaof communicatiorinterfaces. We give aninsight
into all systemlevels startingat the hardware architecturevia driver software andefficient
messag@assindibrariesup to performancenalysisssues.

Note: Thefirst articleis writtenin German.
Keywords: Clustercomputing MPI, communicatiorinterfaces Linux.
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Multiple Devicesunter MPICH

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

Technischa&Jniversitit Chemnitz
Fakult@atfur Informatik
StraRederNationen62,09107Chemnitz

Zusammenfassung

In dieserArbeit wird die Moglichkeit vorgestellt,verschieden®evicesunterMPICH zu benutzenMittels
demfir dieserzweckentwickeltenMultidevice ist esdamitmoglich, verschieden&ommunikationsnetzwegk
gleichseitigin einerMPI-Applikationzu verwendenEswerdenAufbauund Protololle desMultidevicesvor-
gestellt. Eswird aufgezeigtwelcheAnderungemotwendigsind um auseinemnormalenADI-2 Device ein,
andasMultidevice passendeSubdeice zu erstellen Fur die BenutzungdesMultideviceswurdeein Tool mit
demNamenmdconfigentwickelt, welcheszum Abschluf3vorgestelltwird.

1 Motivation

Der am LehrstuhlRechnerarchitektuder TU Chemnitzvorhandend-orschungsclustedSCARbenutztzur Ver
bindungder einzelnerRechnemebenFastEthernetauchdie Hochgeschwindigéitsnetzwerke Myrinet und SCI.
Zur Zeit existiert allerdingskeine MPI1-Bibliothek, die eserlaubtdiese3 Kommunikationsnetzweglgleichzeitig
zubenutzenDieserMangelsoll mit dervorliegenderArbeit geldstwerden.

Fur die Hochgeschwindigiitsretaverke SCI und Myrinet wurdenbereitsfiir die MPICH—-BibliothekAnpassun-
gen(Devices)entwiclelt. Daherlag esNahe,auf Basisder MPICH-Bibliothekein Losungzu schafen, die auf
denbereitsexistierenderDevicesbasiert.

2 Struktur von MPICH

MPICH (M essagdassingl nteraceCHameleon)[1 vom ArgonneNationalLaboratoryentstandzeitgleichzum
Standardisierungspre? undverbreitetesichdadurchals Referenzimplementierurgghrschnell. Heuteist esdie
verbreitestefreie MPI-Implementierung.

MPICH bietet,auf Grund der in der Abbildung 1 dagestelltenSchichtenstrukturdie Modglichkeit, mit relatv
geringenAufwandeineMPI-Bibliothekfir einekonkrete(nochnicht untersiitzte) Kommunikationshardare zu
erstellen.

Die gesamtéviPI-Funktionaliit wird in einenhardwareunabéngigen undin einenhardwareabkngigenTeil auf-
gespalten.

Der hardwareunabéngige Teil ubernimmtfolgendeAufgaben:

e Verwaltungvon GruppenKommunikatorerund Kontexten

e ErstellungundVerwaltungvon MPI-Datentypen
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Abbildung1: Strukturvon MPICH

Die Schnittstellezwischenhardwareunabéngigen und hardwareabingigenTeil wird als ADI (AbstractDevice
Interface)[4 bezeichnetln der MPICH-\ersionl.1.0erfolgtedie Einfuhrungder ADI-2, auf die auchin dieser
Arbeit Bezuggenommernwird.

3 DasMultidevice

3.1 Struktur desMultidevices

Die Voraussetzungir denEntwurf desMultideviceswar die volle Konformiiét mit der ADI-2 Schnittstellenspe-
zifikation. Diesist die Voraussetzunfiir die VerwendunglesMultidevicesin zukiinftigenMPICH Distributionen.

Fur das Verstindnis der im folgenden vorgebrachtren
Struktur ist es notwendig,sich den Aufbau einer MPI—

Applikation aufz.B. einemClusterof Workstationss/orzu-

stellen.Eine solcheApplikation bestehzumeistausmeh-

rerenRechnerrauf denerwiederummehrerdokale Tasks
arbeitenFur AustausclderDatendereinzelnenraskssoll-

MPIR-Schicht te im lokalenFall sharedmemoryund tiberRechnegren-

zen hinaushoffentlich zur Verfigung stehendeHochge-
schwindigleitsnetzwerkegenutztiwerden.

N

AN N

Die Abbildung2 zeigtdie EinbindungdesMultidevicesin
die MPICH. Das Multidevice ist ausder Sicht deshard-
Sov , wareunab#ngigen Teils ein “normales” ADI-2 Device
evice Multidevice Connection- . K .
list table und stellt beliebigvielen SubdeicesdasSDI (SubDevice
Interface) zur Verfiigung.Das SDI ahneltstarkder ADI-
2, sodaldie ErstellungeinesneuenSubdeicesauseinem

Spl “normalen” ADI-2 Device mit relatv geringemAufwand
moglich ist. GenauereAusfuhrung zu Subdeices findet
_ _ _ manin Abschnitt4.
Subdevice Subdevice Subdevice
A B c Fur die FunktiondesMultidevicessinddie StrukturenDe-
vicelist und Connectiontableunbedingterforderlich. Da
Abbildung2: StrukturdesMultidevices erstzur LaufzeitfeststehtyelcheSubde—

vicesuiberhaupgenutztwerden konnendieseSubdeiceserstzur Laufzeitgeladenverden Aus diesenGrundist



eserforderlich,n derDevicelist Zeigeraufalle Funktionerdergenutztersubdeiceszuhalten.Die Connectionta-
ble beinhaltedie gesamté&/erbindungsinformatigrd.h.eswird anggebenvelchesSubdeicesfiir die Kommuni-
kationzwischer? bestimmterMPIl-Tasksverwendetverdensoll. DasGewinnenderInformationerfir Devicelist
und Connectiontablerfolgt mittelseinesknotenspezifischeldonfigurationfilegsieheAbschnitt5).

Als Subdeice steherfur denlokalenFall ein Multithreadingsubdece undiiberRechnegrenzerhinausein SCl-
Subdeice zur Verfugung.Ein Subdeice fur Myrinet[3] istin Arbeit.

3.2 Die Initialisierung

Zu BeginnderMPI-ApplikationunterMPICH ist nureineMPI-Taskaktiv, die mit Hilfe einesProzessgruppenfiles
fur denStartallerweiterenMPIl-Tasksverantvortlich ist. Dieseersteaktive MPI-Tasksollim folgenderalsMaster
bezeichnetverden Der Ablauf dieserlnitialisierunggestaltesichdabeifolgendermalien:

1.Schritt: LesendesProzelRgruppenfilegnur Master) Der MasterliestausdemProzel3gruppenfildie Namen
deranderMPI-ApplikationbeteiligtenKnotensowie die AnzahlderaufjedenKnotenzu startendetMPI—
Tasks.

2.Schritt: Starten einesProzessesuf jedemKnoten (nur Master) Danachstartetder Masterauf jedembetei-
ligten Knoteneine MPI-Task (im folgendenClient genannt) DieserTaskwird ein Parametemitgegeben,
welchesieeindeutigalsNichtmasterausweistum zuvermeidengdallendlosProzesserzeugiverden Beim
Startder Clientserfolgt der Aufbau einer SocletverbindungzwischenMasterund jedemClient, die in der
weitereninitialisierungberotigt wird.

3.Schritt: Verteilen der Netzdaten In diesenSchrittsendetierMaster unterNutzungderim vorherigenSchritt
erzeugtenSocletverbindung,die ausdem ProzessgruppenfilgevonnenenDatenan alle Clients. Damit
besitzemachdiesemSchrittalle MPI-Tasksdieselberinformationen.

4.Schritt: EinlesendesK onfigurationsfiles Nunwerdenausdenknotenspezifischeilonfigurationsfileslie Da-
ten fur Devicelist und Connectiontabl@ingelesenDas Erstellender Konfigurationsfileserfolgt durchdas
Tool mdconfig(sieheAbschnitt5).

5.Schritt: Laden der Subdevices NachdermdurchdasEinlesender KonfigurationsfilegeststehtwelcheSubde-
vicesberotigt werden kdnnennundie Funktionszeigeder Subdeicesbestimmtundin die Devicelist ein-
getragerwerden Damitist abhier ein Zugriff aufdie Subdeicesmoglich.

6.Schritt: Starten aller bendtigten lokalen MPI-Tasks Nunist esander Zeit, die andererokalenMPI-Tasks
zustartenDieseserfolgtdurchdie Initialisierungsfuktion deslokalenSubdeices.Dadurchwird in diesem
Schrittauchdaslokale Subdeice initialisiert.

7.Schritt: Initialisier en der globalen Subdevices(eine Task pro Knoten) Als nachsteswerden die globalen
Subdeicesinitialisiert. Dieselnitialisierung darf nur durch eine Task je Knoten erfolgen.Andere MPI—
Taskswerdendurch die Subdeices nicht mehr gestartetZur Parametdibegabekann die im Schritt 2
angelgte Socletverbindunggenutztwerden.

8.Schritt: Anlegenund Initialisier en der globalenDaten Zu guterLetztwerdemochdie globalenDateninitia-
lisiert. Dazugelbrenvor allem Datender MPIR—Schichtwie z.B. MPIR _shandlesund MPIR _rhandles,
dievon allenMPI-Tasksangelgt wird. MPID _MyW orldRank solltevon allenMPI-Taskinitialisiert wer
den,wahrendMPID _MyW orldSizefir alle MPI-Tasksgleichist undsomitnureinmalpro Knotenberbtigt
wird.



3.3 Kommunikationsprotokolle

Die im folgendengenutzteEinteilungin blockierendeund nichtblockierendd&Kommunikationist bereitsdurch
die MPI-API[4] vorgegeben.Die Einteilungin normalesEmpfangenund Empfangernvon MPI _ANY _SOURCE
geschiehtauf Grund der Tatsache,dal? das Empfangenvon MPI_ANY SOURCE bei den meisten MPI—
Implementierungerinige Problemeverursacht(sauchhier).

3.3.1 BlockierendesnormalesSenden/Empfangen

Dasnormaleblockierende&senden/Emingenist dereinfachsteall. DasMultidevice wahltmit Hilfe derConnec-
tiontabledaszu benutzend&ubdeice. DieseAuswahl erfolgt durchdenRankdeskommunikationspartnensnd
evtl. durchdie GroRederMessageAuf Empfangerseitést zu beachtendallvorherderlokale RankdesSendersn

denglobalenRankumgerechnetverdenmuf3.Danachwird, mit Hilfe derDevicelist, die entsprechendeunktion
desgeradesrmitteltenSubdeicesgerufen.

3.3.2 Nichtblockierendesnormales Senden/Empfangen

Bei nichtblockierendeKommunikationwird ein sogenannteRequesbenutzt.Er enthalt alle zur Kommunika-
tion notwendigerDaten,wie z.B. Tag, GroReder NutzerdatenEmpfangerusw DieserRequesist die einzige
Maoglichkeit, die Kommunikationsoperatiomachihrer Initialisierungzu referenzierenMit Hilfe diesesRequests
kannabgefragtwerden,ob die Kommunikationsoperatiobereitsbeendeist. Fur dieseAbfrageist esnotwen-
dig, im Requestzu speichernwelchesSubdeice benutztwurde. Danachwird wie im vorhegehenderfall die

entsprechendBunktiondesermitteltenSubdeicesaufgerufen.

3.3.3 Blockierendesnormales Senden/Empfangervon MPI _ANY _SOURCE

DasnormaleblockierendeSendenwvurde bereitsim Abschnitt3.3.1 beschriebenVorausgesetzts sind mehre-
re Subdeices auf einemKnotenaktiv, ist es beim Empfangeneiner Messagevon MPI _ANY _SOURCE nicht
moglich zu bestimmenyvelchesSubdeice zu benutzerist. Die ADI-2 bietetmit derFunktionMPID _Ipr obedie
Moglichkeit, nichtblockierendzu testen,ob einebestimmteMessagesofort empiingenwerdenkannoder nicht.
JedesSubdeicesbesitzereineanalogeFunktion.DasMultidevice testetnun mit diesenFunktionreihum,ob die
Messagempfangenwerderkann.Diesgeschiehsolangebis ein Subdeice die Empfangsbereitschasignalisiert.
Danachwird beimempfngsbereiteSubdeice die Empfangsoperatioausgebst.

3.3.4 Nichtblockierendesnormales Senden/Empfangervon MPI _ANY _SOURCE

Dasnichtblockierend&enderiunktioniertwie im Abschnitt3.3.2beschriebem\ndersalsim vorhegehenderkall
darf die Empfangsroutingiicht warten,bis ein passendeSendvorliegt, sodaf3ein kompliziertereMechanismus
benutztwerdenmuf3.Die Abbildung 3 zeigtdengrundlgendenAblauf einesnichtblockierendefEmpfangsvon
MPI _ANY _SOURCE.

ZuersttestetdasMultidevice mittelslpr obe obsofortdurcheinesderSubdeicesempfingenwerderkann.lstdies
derFall, wird derRequestiemempfingsbereiteevice zugeordnetund der Empfangverlauft wie in Abschnitt
3.3.2beschrieben.

Ist dersofortigeEmpfangnichtmoglich, dupliziertdasMultidevice denRequestEsinitialisiert dengemeinsamen
Mutex der Duplikate und reiht den Originalrequessawie desserDuplikatein die AnyQueué ein. Der Origi-
nalrequestvird dem Multidevice zugeldrig markiert. Danachruft esdie EmpfangsfunktiondesSubdeices mit

!Die AnyQueueenttilt alle Requestsgie auf eineEmpfangsoperationon MPI _ANY _SOURCE verweisen



Empf. von MPI_ANY_SRC

kann Message sofort
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Abbildung3: Ablauf desEmpfangsvon MPI_ANY _SOURCE

denDuplikatenauf. JedesSubdeice besitzthunein andere®uplikat desOriginalrequestsinddengemeinsamen
Mutex.

Will nun ein Subdeice den Requestbearbeitend.h. passend®atenempfingen,so muf es zuerstden Mutex
locken, um damit anzuzeigendalider Requestbereitsbearbeitewird. Schihgt dasLocken desMutex fehl, so
mufdasSubdeice nacheinemandererpassendeRequessuchenNachdemLocken desMutex empfaingtdas
Subdeice die Datenundfullt die StatusstruktudesRequestsDanachldschtesdenRequestusseineninternen
Listen und ruft die Multidevicefunktion MUL Tl _CancelAnyRequestauf. Diese Funktionldschtmit Hilfe von
RecvCancet die DuplikateausdenQueuesierSubdeices.Danachwerdendie Statusdatem denOriginalrequest
kopiertundderOrignalrequestlscompletemarkiert. Nunsindnochdie RequestausderAnyQueuezuentnehmen
unddie Duplikatezu ldschen.

3.4 Systemmessagamd indir ekte Kommunikation

Beiderin diesemAbschnittvorgestellterindirektenKommunikatiorhandeliessichumeinKonzeptwelchesioch
nichtin derSoftwarerealisiertwurde.UnterindirekterKommunikationwird im folgendereineDaterilbertragung
UbereinenZwischenknoteerstanden.

Ein Beispieldafur ist in der Abbildung4 zu erkennenHier soll eineMessage/on einerMPI-Taskauf KnotenA
zu einerMPI-Taskauf KnotenC ubertragermwerden.Eswird angenommergalikeineVerbindungzwischenden

’DieseFunktionentsprichider ADI-2 FunktionMPID _RecvCancel
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Abbildung4: Ablauf einerindirektenKommunikation

KnotenA und C existiert bzw. einesolcheVerbindunglangsameals die Ubertragungron A nachB undvon B
nachC ist.

Beim SenderderMessagenKnotenB (mit der Bitte um Weiterleitung)entstehtdasProblem daRauf KnotenB
die Messageanie erwartetwird. Dadurchwird eineArt der einseitigerKommunikationnotwendig.Diesewird in
Form derSystemmessagesalisiert.

Eine Systemmessagst einespezielle nichtvon der Applikationinitiierte MessageSieist einseitig,d.h. siewird
explizit nur auf der Senderseitausgebst, der Empfang erfolgt implizit. Der Mechanismugler Systemmessage
ahneltdemder Active Messages[b Eine Systemmessaggeird auf Senderseitedurchein negatives Tag® gelenn-
zeichnet.Hat ein Subdeice eine solcheSystemmessagerkannt,ist es verpflichtetdiesesofort zu tibertragen.
Da der Empfangimplizit erfolgt, d.h dasSubdeice auf Empfangerseit&keinenReceverequestir Systemmes-
sageserhalt, muR dasSubdeice einenEmpfangshiffer zur Verfigungstellen.NachBeendigunglesEmpfangs
wird der SystemmessagehandiesMultidevices aufgerufen Der Systemmessagehandféhrt eine durchdas
Taggekennzeichnetéktion aus.NachBeendigunglesSystemmessagehandl&ennder Empfangsioffer durch
dasSubdeice freigegebenwerden Als Voraussetzuntjir daserfolgreicheArbeitenvon Systemmessagesiissen
SubdeiceseineneigenenT hreadzum Senderund EmpfangerbesitzendasonstdersofortigeEmpfangundsomit
dassofortigeAktivierendesSystemmessagehandleisht gevahrleistetverdenkanrt.

Im MPI-2[6] enthaltend-unktionalitit wie z.B. dynamische®rozeRmanagementrd Konzeptewie Systemmes-
sageserforderlichmachenDie ebenélls in MPI-2 enthaltenesinseitigeKommunikationkann ebenélls durch
dieseKonzeptrealisiertwerdenwennkein gemeinsamegpeicherzur Verfligungsteht.

Der Ablauf einerindirektenKommunikationoperatiorst in der Abbildung 4 dagestellt.Fir die indirekte Kom-
munikationmuf3die Requeststruktunm eineSemaphorerweitertwerden Eswird weiterhineinelndirectQueue
angelgt, die alle nochnichtbeendeterindirektenKommunikationsoperati@n entlalt.

Im 1. Schritt wird derRequesin die IndirectQueugestellt(im blockierenderfrall wird zuersteinsolcheRequest

3TagshaberinnerhalbeinerMPI-ApplikationeinenWertebereictvon 0 bis MPI _MAX _TAG
4Dasliegt darandafRdasSubdeice sonstnur beim Aufruf durchdasMultidevice aktiviert wird. Erfolgt ein solcherAufruf nicht, kann
eszur BlockadedesMPI-System&ommen.



erstellt).Die Semaphor&vird initialisiert undspaterbenutztumauf die Beendigungler Sendoperatiomu warten.
DasMultidevice packtdie Nutzdaterin einenBuffer undstellt diesenmBuffer einenHeademit Rank,Zieltaskund
originalemTagvoran.

DasVersendenieseBufferszumZwischenknoterrfolgt2. Schritt mittelseinerSystemmessagbBieseSystem-
messagerhalt einspeziellesggatvesTagundalsZiel denRankeinerMPIl-Taskauf demZwischenknotenNach
der Ubertragungdurchein entsprechendusgevahltesSubdeice wartetbeim blockierenderSenderdie Sende-
routinedesMultidevices an der Semaphorauf Ankunft desAcknowledgementsind somit auf die Beendigung
derOperatiorbzw kehrtbeimnichtblockierende Sendersofortzuriick.

NachdemEmpfangderDatenwird auf demZwischenknoterim 3.Schritt der Systemmessagehandédtiv. Die-
sererkenntanhanddesTags,dalRessich um eineindirekte Messageéhandelt.Er kopiert die Nutzdatenin einen
Buffer® undlegt einenRequestiir die normale nichtblockierend&endeoperationum Zielknotenan. DieserRe-
guestenthalt dieselbennformationenwie auf demQuellknoten Er wird nachfolgendan die IndirectQueuddie
Semaphoréathier keineBedeutungangehangerbanachostder Systemmessagehandtie nichtblockierende
Ubertragungler Datenaus.

NachdemEmpfangerderMessageufdemZielknotenwird im 4.Schritt ein AcknonvledgemenmittelseinerSy-
stemmessageersendetim nichtblockierendefall istfur dasVersendeuieserSystemmessagiasentsprechende
Subdeice verantvortlich.

NachdemEmpfangdesAcknovledgementaufdemZwischenknotemvird in 5. Schritt derim 3. Schrittangelgte
Requestusder IndirectQueuentferntund freigegeben.Danacherfolgt dasSenderdesAcknowledgementsls
SystemmessagrimQuellknoten.

Im 6. Schritt entferntder Systemmessagehandtgnim 1. SchrittangelngtenRequestiusder IndirectQueue.
Danachwird im blockierenderfall die Semaphorgepostetind somitdie wartendeMPI-Taskwiederaktiv. Zu

guterLetztgibt die aktivierte MPI-TaskdenRequeswiederfrei. Im nichtblockierend® Fall wird derRequesals

completemarkiert.

DieserMechanismusst sehraufwendig,zeigt abereine Moglichkeit fur die Realisierungvon indirekter Kom-
munikation.Da abernebenerhbhten Aufwand auf Quell- und Zielknotenaucheine erhbhte Last auf dem Zwi-
schenknoterrzeugivird, soll vor demEinsatzderindirektenKommunikatiorNotwendiglkit und Sinnuiberpoiift
werden.

4 Erstellung einesSubdericesauseinem“normalen” ADI-2 Device

DieserAbschnittbefasstsich mit denfiir ein Subdeice notwendigerAnderungenDie Darstellungbeziehtsich
aufein“normalesADI-2 Device,wie z.B.in [2] beschrieben.

Derfundamental®&nterschiedwischereinemnormalerDeviceundeinemSubdeice bestehin derTatsachedal
ein Subdeice threadsafentwiclelt werdenmuf3.Dies beruhtauf der TatsachedalRbei Benutzungvon Threads
alslokale MPI-TasksdieseverschiedeneihreadgyleichzeitigFunktioneneinesSubdeicesnutzenkdonnen.Als
Folge davon sind Datenstrukturengie von verschiedeneihreadsbeschriebenverdenkdnnen,durch Mutex zu
schitzen. Hier ist ein moglichst feingranulared_ocking anzustrebenym unritige Wartezeitenzu vermeiden.
DurchdasLockenverschiedenebatenstrukturekanndie Gefahrvon Deadlockentstehen.

4.1 Die Initialisierung

Bei derlnitialisierungtritt UnterschiedwischenSubdeicesfir lokalebzw: fir globaleKommunikatiorzu Tage.
Wahrendein lokalesSubdeice fur denStartderlokalenTasksverantvortlich ist (sieheAbschnitt3.2 Schritt 6),

SDiesist leider notwendig,um die EmpfangsroutinelesSubdeicesnicht unritig zu blockieren.Der Headewird bei dieserKopier
operationabgeschnitten.



durfen Subdeicesfir globaleKommunikatiorkeineweiterenMPI-Tasksstarten.

Der HauptunterschiedeslokalenSubdeiceszumVorlauferADI-2 Device bestehin der TatsachedalRim loka-
len Subdeice keineglobalen MPIR-SchichtrelevantenDatenstrukturéhmehrangelgt undinitialisiert werden.
DieseAufgabetbernimmtdasMultidevice.

Fur die EntwicklungeinesSubdeicesfir globaleKommunikationsind groRereAnderungemotwendig.Die In-

itialisierungbeginnt mit dem Problemfestzustellenauf welchenKnotendasSubdeice eigentlichaktiv ist. Fir
dieseAufgabewird durchdasMultidevice eineHilfsfunktion mit demNamenGetDeviceNodeListzur Verfligung
gestellt.Ein ADI-2 Device startet,nachdenihm die beteiligtenKnotenbekanntsind, auf denjeweiligen Knoten
einenProzelund hat dabeidie Mdglichkeit, demProzelRund damit natirlich auchdem Device berbtigte Para-
metermitzugebenDa ein Subdeice die Prozessaicht mehrselbststartet mu3esein anderetMechanismugur
Parametdibegabegefundenwerden.lst ein Subdeice auf demMasterknoteraktiv, so kanndie Parametsiber

gabemittelsderbeiderlnitialisierungdesMultideviceserzeugtersocletserfolgen.lst aufdemMasterknoteras
Subdeice nichtaktiv, muf3z.B. eineeigeneSocletverbindungaufgebautverden.

4.2 Sendenund Empfangen

Fiir lokalenSubdeicessindfiir die KommunikatiorfastkeineAnderungemotwendig Esist allerdingszu beach-
ten,dalRdie NummerierunglerlokalenMPI-Tasksnicht mehrbei 0 beginnenmuf3.

Dasichmehrerdokale MPI-Tasksein globalesSubdeice “teilen”, mu3liberdie Verwaltungder Kommunikati-
onsrequestbei globalenSubdeicesnachgedachwerden Essindfolgendel 6sungemmoglich:

1. Alle Kommunikationsrequestgerdenweiterhinin einergemeinsamestrukturgehaltenDashat zur Fol-
ge,dal3,wie schonerwahnt,die gemeinsamebatenstrukturenor gleichzeitigenzugriff gescliitzt werden
mussenDamitist bei dieseVariantenur ein sehrgrobed_ocking moglich, namlichdasLockendergesam-
tenKommunikationsrequests.

2. FUr jedelokale MPI-Taskwird eineeigeneStrukturzum Verwaltender Kommunikationsrequestngelgt.
DamitsindgleichzeitigeZugriffe weitestgehendusgeschlossen.

Die zweite Varianteist zu bevorzugen,da dal3feingranularerd_ocking zu Performanceorteilen gegerilber der
erstenVariantefiihrt. Bei dererstenvariantebestehzudemdie ernbhte Gefahrvon Deadlocks.

Fur denFall, daf3indirekte Kommunikationzum Einsatzkommensoll, ist es notwendigdie im Abschnitt 3.4
beschriebeneBystemmessages implementierenDabeiist die Bedingungzu beachtendalldasSubdeice als
Threadlaufenmuf3.

4.3 Anbindung zum Multide vice
Das Subdeice mul3 eine Funktion mit dem Namen<Subdegicename_LoadDevicePtr zur Verfigung stellen.

DieseFunktionfullt einenEintragder Devicelist mit denZeigernder Subdeicefunktionen DieseFunktionwird
beiderlnitialisierungdesMultidevices(im 5.Schritt)aufgerufen.

5 Konfiguration desMultide vices

Wie schonin denvorhegehenderAbschnittenerwahnt,sind nebenden Daten,die dasProzel3gruppenfilbietet,
weitereknotenspezifisch®atennotwendig.Da esin einemgroRenSystemnicht nur aufwendig,sondernauch

®Diesbetrifft vor allemMPIR _shandles MPIR _rhandles, MPID _MyWorldRank undMPID _MyW orldSize.
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sehrfehlerandllig ist, fur jedenKnotenvon Handein Konfigurationsfilezu schreibenwurde dieserProzelimit
demTool mdconfig(Der Namestehtfiur M ultidevice Configurator)automatisiert.

Netzbeschreibung —

Y mdconfig

gewichteter Graph

Verbindungsberechnung
und Ausgabe

Konfigurationsfiles
der einzelnen Knoten

-
3

Abbildung5: Arbeitsweisevon mdconfig

Die ArbeitsweisalesToolsistin derAbbildung5 dagestellt. Eserhalt seineEingabdan FormeinerglobalenNetz-
beschreibng. DieseBeschreiling beinhaltedie Namenderzu benutzendeubdeices,sawie alle existierenden
VerbindungenAus diesemEingabefileerstelltein ParsereinengewichtetenGrapherausdemwiederummit Hilfe
einesleichtmodifiziertenDijkstraalgorithmuglie schnellste’/erbindungemunddie dabeizu benutzendeSubde-
vicesermitteltwerden.Die sogevonnenerinformationwerdenin rechnerspezifischdfilesabgespeichert.

In derNetzbeschreilng konnenNetzwerkparametdiir unterschiedlichdlessaggrolRenanggebenverden Da-
mit ist esmoglich, verschieden&ubdeicesflr verschiedendlessaggroRenzu verwendenDie Benutzungndi-
rekterKommunikatiorkannmit AngabeeinesWertesfir die UmsetzunginerMessagaufdemZwischenknoten
gesteuertverden.

EinegenaueBeschreibing derKonfigurationsspracheefindetsichin [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 leaderin SCI Link Chip designaswell
asin PCI-SCI bridge manufacturing. Although raw performance of PCI-
SCI productsincreaseda lot over the last years, the basic architecture of
this hardware has not changed. However, there are several disadvantages
with todays PCI-SCI bridges such as unhandy memory managementand
the missingfacility to realizeprotecteduserlevel DMA. From our point of
view, the last oneis oneof the mostimportant feature to add into a corven-
tional PCI-SCI architecture sincethis canincreasegeneralsystemthr ough-
put by a significantamount.

In this paper wewant to presenta new PCI-SCI bridge we are currently
aboutto 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
andreconfiguable hardware 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 gottwo PCI-SClbridgesdevelopedby the
CERN (Switzerland)RD24 project[5]. Our intentionwas to
pursuethe partly implemented=PGA designaswell asto see
whatwe canimplementto speedup our applications.

In fact,werevisedoneof theFPGAs(the PCI-FPGA)17] on
this cardsothatit is ableto actasa PCl Masteron the PCl bus
now. During this work we got not only a lot of experiencesn
FPGA design(asbasefor ary hardwaredevelopment)out also
in generadesignof PCI-SClinterfacehardware.

Whenthis work wasfinishedthe next stepinitially planned
wasto improve the DMA engineof this card. But at this time
we sav somelimitations of the CERN PCI-SClbridgedetain-
ing us from realizingnew ideas. In addition,a lot of thingsin
theappropriatéhardwaremarket have changedthe LC—2 came
out, new larger andfasterFPGAscameout etc. Thereforewe
decidedto developa new PCI-SClIboardwith latesttechnolo-
gies. Theprinciplearchitectureof this bridgeshouldbe equalto
the CERN's one,but with somesmallbut importantchanges.

BecauseompaniesuchasDolphin areableto producetheir
own very high integratedandultra—fastcustomchips (ASICs),
it is very difficult for usto be competetie with their products.

Thework presentedh this paperis sponsoredby the SMWK/SMWA Saxory
ministries(AZ:7531.50-03-0380-98/6)t is alsocarriedoutin stronginteraction
with the project GRANT SFB393/B6of the DFG (GermanNational Science
Foundation).

Thereforat’snotamajorgoalto beattheirhardwarein absolute
performancecharacteristicsOur targetis moreon architecture
issuesvhichmayflow into commerciaproductdater However,
we’'re looking forward for a good and powerful design,since
architecturafeaturescanincreaseend—performancat a higher
level thanit canbe achiezed by increasinghe clock frequeng
or so.

Il. REASONS FOR A NEW BRIDGE

Ourprimaryfocusis onmessag@assingapplicationgollow-
ing thestandardizetlessge Passinginterface(MPI [14]). The
reasorfor this focusis thatwe are part of a researctpojectat
our university calledNumericalSimulationon MassiveParallel
Computes (SFB 393). Mathematicanand physicistsinvolved
in this projectuseMPI for their FEM Finite ElementdMethod
simulationsoftware,andsoourjob is to provide appropriatep-
timizedcomputesenersbeginningatthe MPI level down to the
low hardwarelayers.

A. DMA Functionality

Althoughtheprimaryintentionof SClis ondistributedshared
memoryapplicationsjts potentiallyhigh speedandlow lateny
is alsowell suitablefor messag@assing— that's well known.
But althoughwith SCIsharednemorycommunicatiorvery low
latenciesandhigh bandwidthscanbe achieved (asshavn in [2]
for instance)the problemhereis thatthe CPU participatesac-
tive onthe datatransfer E.qg. it copiesdatafrom local memory
to importedSCIl memory First, this consume®xpensve CPU
cycleswith stupidcopy operations And secondijt decreasem
principlemaximumachiezablebandwidth becausa sends not
areal zero—cop send(readdatafrom local memoryinto CPU
register;write datafrom CPU registerinto remotememory).

As a work—aroundfor this problema PCI-SClbridge typi-
cally offersa DMA enginefor largerblock transfers. However,
at the momentDolphin’s PCI-SClbridgesoffer only a more
corventionaDMA enginewhich cant be usedto realizesome
kind of protecteduserlevel DMA. Thus,every DMA transfer
mustpassthe operatingsystemkernelasa managingnstance.
Thisin turnwasteslsoCPUtime andincreasesransfedateng.

As we alreadypresentedn [19] we madesomeanalysison
Dolphin’s cardsin comparingSCIl sharednmemoryperformance
with DMA performanceotonly in view of theirabsolutdand-
width values.Themostimportantanalysisvasto seehow much
the CPUis slowed down during both communicatiormethods.



Or in otherwords: How muchtime is availablefor CPU calcu-
lationswhentheres somedatato betransferred.
As basefor this analysighreepointsweretaken:

« bandwidthof SCl sharednemorywrites
We assumed82MB/s over all messagesizes starting at
64Bytes(seealsowrite—onlycaseslescribedn [2]).
« bandwidthof SCIDMA dependenbn messagsize
We usedourmeasure®ing—Pongurve here(max.50MB/s).
» CPUslow—down duringactive DMA engine
We usedthe worst caseperformanceloss here which was
about15%whenthe CPU cachewasnearlynot used.

Basedon thesefactsit waspossibleto developa roundabout
analysisof the available CPU time in caseof sharedmemory
andDMA asfunctionof themessagsize.

Becausdolphinscards(D310)shaveda lessbandwidthfor
DMA thanSClsharednemory thefollowing schemdor deter
mining theavailableCPUtime canbe applied:

t DMA

tDMA CPU_available
- —_ >

tSHM

-t . i
.= SHM_CPU_avallabIP]

Fig. 1. ComparisorScheme

To transfera dedicatednmessagsize usingDMA, this takes
a relatively long time. During this time the CPU canwork in
parallel,but not at full speedonly with 100% — 15% = 85%).
Therefore

tDMA_CPU_available = 0.85 - tpama

To transferthe samemessageaize using SCl sharedmemoryit
takesnot somuchtime, but the CPUis not availablein parallel.
But sincetsgy < tpama, comparedwith DMA theres still
sometime remainingafterthetransfer Therefore

tSHM _CPU _available = tDMA — tSHM

Figure 2 demonstratehe graphicalrepresentatiorof these
simpleformulas.

As it canbeseentheswitchingpointwereDolphin’'sDMA en-
ginebecomesnoreaffordablein thisview is at surprisinglylow
128Bytes.But notethatthesemeasuremenexpecta userlevel
controlof theDMA enginewhichisin practicenotpossiblewith
Dolphin’s cards.

Note thatthis analysisis not very accuratg19], andthereal
switchingpoint probablyhasto bemovedto slightly largermes-
sagesizes. But theresultgivesa raw ideaaboutthe behaior.
For moreprecisionthe DMA mechanisnhasto be analyzedn
very fine grainedstepswhich is nottrivial.

B. MemoryManagementssues

Anothercompletelydifferentaspecis the SCl memoryhan-
dling. Dolphin’s bridgescanhandleSCI pagesizesof 512kB
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Fig. 2. CPUtime availableduringdatatransfer

only. Thisimpliesthatif someonavantsto export somemem-
ory, he hasto do this in a granularity of 512kB and the ex-
ported512kBpagesnustbealignedto a512kBboundary How-
ever, allocatingrelatively largeandalignedmemoryareass mo-
mentarilynot supportedby commonoperatingsystemsuchas
Linux aswe useit. Otherwise,if it would be supportedthis
would tendto a hardmemaoryfragmentatiorover thetime.

To solve this problem, we usein caseof Linux the so—
called Bigphysaea—Ritch enhancedy the PC at Paderborn
[3], which is an extensionto the Linux memorymanagement.
With this patchit is possibleto resene anamountof dedicated
consecutie memorylocationsfor specialpurposes— suchas
memoryto exportinto SCI space.To avoid unwantedmemory
accessegf thePCI-SClbridgeto sensitve locationsthebridge
is setupto allow accessesnly to thededicatednemoryregion.

The problemwith this configurationis thatit makesthe han-
dling with MPI applicationsrery difficult. Especiallyin view of
zero—cop transferoperations.Becausalatatransferscanhap-
penontheresenedmemoryregion only, this would requirethe
MPI applicationgo usespecialmalloc()  functionsfor allo-
catingdatastructuresusedfor send/recefe purposes.But this
violatesa major goal of the MPI standard:Architecturelnde-
pendence.

Although it seemgthat Dolphinslatest64Bit PCI chip sup-
portsalso SCI pagesizesof 4kB [8], it solvesthe problemnot
completely Although the alignmentproblemwith theselarge
512kBblocksis nolongervalid, theresstill theprotectionprob-
lemto keepcritical memoryspacesway from wrongaccesses.

I1l. NEW FEATURES

Our majorgoalis to eliminatethe problemsdescribedn the
last section, especiallyto supportprotecteduserlevel DMA
within a SCI ervironment. But how to realizea real protected
userlevel DMA modelon SCI?

The most often referencecdprojectsin the areaof reducing
operatingsystemoverheadare the SHRIMP [16] and U-Net
[20] projects.In theseprojectsseveralideasandconceptsvere
shavn allowing directaccesset the communicatiorhardware
while keepingprotectionissuesalive. Laterthe so called Vir-
tual Interface Architecture [21] cameout which wasinitially



promotedby Intel, Compag,andMicrosoft. The VIA spec.in

its latestversion(1.0from Dec.1997)s morea suggestiorthan
a standardand leaves a lot of implementationspecificdetails
open. Thereforeit wasa suitablepoint for usandwe evaluated
how we canintegrateVIA featuresnto aSClarchitecturen real

hardware(no emulationover SClsharedmemory).Generallyit

wasandis notamajorgoalto implementheVIA asit is, butto

portconceptsnto SCI.

Major otherresearclon VIA is doneattheUniversityof 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 SCl ervironmentwasdone
by Dolphin [2]. But the problemhereis thatVIA is notreally
supportedy their PCI-SClbridgesandthereforeVIA onSClis
morean emulationin this case.The maindisadwantageof VIA
over a global SCI sharednemoryis CPU utilization. Remem-
ber that the CPU is completelybusy during the transmission
process. However, Dolphin shaved in [2] that this emulation
is relatively powerful in view of bandwidth. Thereforewe are
reliantwith our projectto get similar valueswith not so much
CPU uutilization by offering real protecteduserlevel DMA.

VIA communications completelybasedon explicit descrip-
tor processingHencethereis nowayto achiese ultra—low laten-
ciesasit canbedonein SClby usingsimplememoryreferences.

The two major communication methods in VIA are
Send/Recee and Remote DMA (RDMA). While Send/
Receve is a two—sidedcomunicatiorrequiringtwo descriptors
(oneatthesendertheotherattherecever), RDMA is one—sided
andrequiresonly onedescriptoratthe active node.

Send/Recskis intendedor puremessageassingAlthough
this modeis very powerful we don’t wantto discusdt hereary
further becausét residesa bit far from SCI functionality The
RDMA featurein contrastis muchcloserto SClandcanbein-
tegratedvery efficientinto the SClarchitecture.

In the following sectionswe describehow we wantto inte-
grateVIA RDMA into a SCl architectureMuch of thiswork is
aresultof a diplomathesiswhich dealtwhith new conceptdor
aPCI-SClbridge[18].

A. Howis Protectionachievedin VIA?

A VIA NIC hasno directview to local memory A typical
VIA hardwarehasanown local virtual addresspacewhich is
mappedo the hostphysicaladdresspacevia anaddresdrans-
lationmechanismThislocaladdresspaceés dividedinto pages
which aretypically of the samesize asthe hostpagesize(e.g.
4kB on Intel architecture 8kB on Alpha architecture). Every
pagehasalsoassignecdh so—calledProtection Tag. Basedon
theseprotectiontagsthe VIA hardwareeitherallows theaccess
or not.

Normally, every processnvolved with VIA communication
indirectly ownsanunigueprotectiontag. Theterm’indirectly
meansthata processloesnt handover its protectiontagwithin
a descriptoror so. Instead,with every virtual interfaceinside
the VIA NIC oneprotectiontag is associatedAnd becausef
thefact,thata procescancommunicatenly with its registered
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virtual interfacesijt is unableto bypasgheprotectiontagmech-
anism.

The differentiation of all the virtual interfacesis simply
achievedby so—calledoorbells. Everydoorbellrepresentene
virtual interfacewith it’s specificcontrolregisters.Thesizeof a
doorbellis equatlto thepagesizeof thehostcomputeiandsothe
handlingwhich procesamay accesavhich doorbell (or virtual
interface)can be simply realizedby the hostsvirtual memory
managemergystem.

B. HowworksRDMAIn VIA?

Figure3 shavs a small VIA scenario.In this examplethere
aretwo hostseachwith two processeswolvedin VIA commu-
nication. Theres avirtual connectiorbetweemprocesse# and
C, andalsobetweerB andD. Eachprocesasregisteredparts
of its memoryto the VIA hardware so thatit canaccesghis
memory

If, for instance A wantsto transferdataout of its registered
memorysegment(1) into the memorysegmentregisteredby C
(2), thenit mustprepareanappropriattRDMA write descriptor
specifying sourceand destinationaddressegaddressesvithin
theVIA NICslocal addresspaces)After A hasinformedthe
VIA NIC aboutthenew descriptortheNIC canstarttransferring
data. Basedon the protectiontag the NIC checkson—the—flav
whetherA specifiedright or wronglocal addressesWith every
datapaclet sendout to the destinatiomodeanidendifierof the
affectedremotevirtual interface(ownedby C in our example)
is sendout too. Basedon this informationthe NIC inside host
2 canalsocomparethe protectiontag of the accessetnemory
with the protectiontag dedicatedo the virtual interfaceowned
by C.

SoneitherA is ableto accessvrongmemorylocationson its
host(e.g. segment3), norit is ableto accessvronglocationsat
theremotehost(e.g.segment4).

This mechanisnis a very powerful one and offers 100% of
protection. However, it offers only a DMA transferand no
sharedmemory communication. Thereforeit is by definition
not sopowerful for shorttransmissiorsizes.

C. HowworksRDMAIn corventionalSCI?

Althoughthis shouldbe well known within the SCI commu-
nity, we alsowant to discussa small example herefor better
understandinghenext section.

Look at figure 4. Essentially thereis a similar scenarioas
shavnin figure3. Butsincewe’reon SCInow, proces® is able
to mapsegment2 (ownedby C) into its virtual memory When
A wantsto transferdatainto segment2, thenit cando this by
usingthe sharedmemory Hereis absolutelyno problemwith
protectionissuespecausgrotectionis guaranteetby the hosts
virtual memorymanagemensystem. But asmentionedearlier
in this paper this type of communicatiorbecomesnefficient
for largertransmissiorsizesandthereforeA maydecideto use
the RDMA featureinstead. Typically, this meansthat A must
prepareaDMA descriptor But neithertoday's PCI-SClbridges
offeraDMA engineonly asa virtual multiple instancglocking
mechanismsequiredfor multiple users) nor theseenginescan
guaranteary protection.
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As it canbe seenin figure 4, the DMA enginedirectly ac- possible(apartfrom proprietaryclosedsystemswhereprotec-
cessesocal memorywithout ary checks.Thesameis valid for tionis notaconcern).
accessingemotememory Althoughtheres a downstreamad-
dresstranslationtable,it’s not concernedvith ary kind of pro- D. Howto combineVIA and

tection. SCIRDMA?

With our hardware we want to combineboth the advances
So the only work—aroundhereis to usethe operatingsys- of low latengy SCI sharedmemoryaswell asa bettersystem
temkernelasa centralcontrollinginstancemanagingall DMA  throughputy usingprotectediserlevel DMA offeredby VIA.
transfersand protectionissues.Hence,userlevel DMA is not



The practicalcombinationis in principle very simple. We
wantto migratethe upstreanaddressranslatiortableasusedin
VIA (includingtheprotectionstuf, virtual interfacesdoorbells
etc.) into the SCl architectureIn addition,the sameprotection
mechanisnasit is appliedto localmemoryaccessess addedo
thedownstreamaddresgranslation.

Figure 5 shavs the example scenarioonce more but inside
the combinedarchitecture. Accessef the DMA engineare
protectedy protectiontagsat bothsides(accesse® localand
remotememory)andthereforea DMA transactiorinitiated by
A canaccesonly sgmentsl and2, for instance.Also, A has
the choicewhetherto usesharednemoryor aDMA engine.

IV. ESSENTIAL CHANGES ON CURRENT
PCI-SC| HARDWARE

As a consequencef the thingsdescribedn the last section
we needa secondaddresdranslationtable for accessindocal
memory In addition,appropriatemechanismsrerequiredfor
handlingall the VIA managemergtuf.

Althoughit maybepossibleo usethe CERNPCI-SClbridge
asbasicreconfigurabléhardwareto build up a trivial design,it
canreally only be a trivial designandit’s difficult to get use-
ful measurementiater Remembethat this bridgeis about5
yearsin ageanda lot changedn between. The mostlimiting
factorsaretheFPGAsaswell astheinsufiicientamountof local
memoryto storelargetranslationtables.

In the remainingpart of this paperwe wantto take a more
detailedlook insideour new hardware.

V. ARCHITECTURE OF OUR
PCI-SCI BRIDGE

As mentionecearlier thearchitecturas similarto the CERN

[5] andMunich[1] ones.This meanghattheres

« aninterfacechipto thehostPClbus

« aFPGAfor local (onboard)PCI control (PCIFPGA)

« adualportedstaticRAM for datastorage

« aFPGAfor SCILink Chip control(SCIFPGA)

o aSCILink Controller(DolphinLC-2in our case)

« anadditionalbankof staticRAM (notin caseof the CERN
bridge)

Figure 6 shaws the connectionshetweenall thesecompo-
nents.
Whatis theintentionof all thesesinglecircuits?

A. PCI-PCIBridge

We useaspecialPCl bridgefor interfacingwith the hostPCl
bus — the 21554[6] madeby Digital (now maintainedby In-
tel Corp.). This chipis not just a PCI-PClbridge. It supports
differentaddressnappingdor theprimary(host)andsecondary
(local) PCI bussesand hidesthe deviceson the secondarypus
from the primarybus. Thisis unliketo arealbridgewhichreal-
izesaflat addresspacd15]. Thus,thePCIBIOS seesonly one
device (the21554)andseveraladdressvindows.

Theseaddressvindows finally pointto alocationon the sec-
ondary PCI bus. With the ability of the 21554 to translate
addressefrom primary to secondanbus usinga direct offset
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translatiorschemeflexible addressesn the primarybuscanbe
translatednto hardwiredaddresseen the secondanpus. This
significantly reducesaddressdecodingcompleity for the de-
vices attachedo the secondaryPCl 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 more efficient handlingon the local
PCl busandleave FPGA spacefor moreimportantthingsthan
a configuratiorspacefor instance.

Of course,besidessomedisadwantagedik e increasecdcosts
and PCB compleity theres anothermproblem: Transaction_a-
teng. The 21554addssomePCl cyclesof additionallateng
whentransactiongarepropagatethroughthechip. Ontheother
handthe 21554canhelpto increasgeakbandwidthsinceit can
acceptiransactiongrom both sidesat the sametime andhence
doublesthe bandwidthin this moment.

As a longerterm goal a bridge in betweenthe data path
shouldbe removed. However this also eliminatesthe feature
of alocal PClbusandreducesdlexibility (in view of experimen-
tations).

B. PCIFPGA

The PCI FPGA consistsout of an ORCA 3T80 FPGA from
LucentTechnologieg12]. Thisis 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 experiencesvhenworking onthe CERN card
wedecidedo continueusingthewell known FPGAarchitecture
anddevelopmentools.

The PCIFPGAIs the mostimportantunit on our cardsinceit
occupiekey functions(relative to our architecturegoals):

« managemertf transparenE§Cl memoryaccessem asimilar
mannerasin caseof Dolphin’scards

« translationof addresse$or outgoingand incomingtransac-
tions

« apowerful pipelinedDMA engineto producePCl burstsas
largeaspossible

« integration of mechanismsto achiere Virtual Interface

Architecture—lile methodsto invoke DMA transfersfrom

userlevel (atleastRemoteDMA, but alsoSend/Receke)

Generally the PCI FPGA connectdo the large 64Bit local
PCI and DualPortMemory busses. A third 32Bit bus is used
to interfacewith an SRAM bank. At the sametime, this bus
is usedfor primary handshakingndcontrolexchangewith the
SCIFPGA.In addition,thereareaboutl6 linesfor othercontrol
purposedbetweerboth FPGAs.

C. SCIFPGA

Comparedo the PCI FPGA,the SCI FPGAhasrelative sim-
ple jobs. The primary intentionis handlingof incoming and
outgoingpacket queuesandinterfacingwith the SCI Link Con-
troller.

TheFPGAusedhereis from thesameypeasthe PCIFPGA.
However, lateradifferentsmalleronebut with thesamepackage



Connector for
optional BLINK Devices

18

(e.g.second LC-2) 16Bit@(2*125MHz)
T Dolphin ) SCl out
LC-2 (————1SCl in
BLINK I
64Bit |:| Data Path
@50MHz?
—————— SCIFPGA - internal Control/
(ORCA 3T80) Address Path
sync. Dual Port
RAM
16k x 64Bit
(max. 64k x 64Bit)
fast Static
PCI FPGA RAM
, (ORCA 3T80) 256k x 32Bit
64Bit@33MHz (max. 1M x 32Bit
e DEC21554 Host PCI Bus Slot
PCI DeViceS A LOC&I PCl Bus v PCI-PCI Bl‘ldge 64B|t@33MHZ
64Bit@33MHz

Fig. 6. BridgeArchitecture

maybe usedto save costs.

D. Dual PortedMemory(DPM)

Likewiseto CERN'sandMunich’sbridgestheprimaryinten-
tion of theDPM is for SCI pacletstorage However, to simplify
SCl paclet handlingwe’re planningto storeonly the datapor-
tionsinsidethis memory The remaininginformation (address
andcontrol) flows directly betweerthe FPGAs. But this is im-
plementatiorspecific.

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

E. StaticRAM

The extra bankof staticRAM cantake up 1-4MB of mem-
ory. It is organizedin 2x512kx32Bit. UsedRAM chipsare
either 256kx 16 or 512kx 16 (the later one may be not avail-
able on the market currently). Two 256kx 16 gives 1IMB and
four 256kx 16 gives 2MB (in caseof the larger RAMs twice
theamount).Usedchipsarecommonusedasynchronoustatic
RAMs in SOJ-packagwith revolutionarypinout. The access
time (we use 17nstypes)is fast enoughto accessone word
within onecyclein caseof 33MHz andslightly higherclocks.

Theintentionsfor this staticRAM in our designare:

« translationtable storagefor downstreamaddresdranslation
(for outgoingpaclets)andseveral SCl pageattributes
Note: Thisis well known from todaysbridges.

« translationtablestoragefor upstreamaddresdranslation(for
incomingpaclets)andseveral PCl pageattributes
Note: This is anabsolutelynew featurein the SCI architec-
ture.

« Virtual Interfacecontext memorystorage
Note: Thisis alsonew on SCI, butit’srequiredfor VIA func-
tionality.

F. SCILink Contmoller

Heres notalot to say We useDolphin’s LC-2 with a SCI
link clock of max. 125MHz (adjustablevia software). This re-
sultsin amaximumduplex throughpubf 1GByte/soverthe SCI
link. Dolphin’slatestLC—3is out now too, but unfortunatelyit
is not pin—compatiblewith the LC—2 andthereforeit cant be
simply replaced But wheneverythingis working with the LC—
2 it shouldbepossiblao changepartsof theboardlayoutto take
upthelLC-3.

G. BusClock Speeds

Normally, fasterclockson the local busseghanon the host
PCI bus doesnt increasesustainegerformance.Only lateny



for shorttransmissiorsizescanbeslightly reduced.

Thereforet is plannedo drivetheBLINK portionof thecard
(SCI FPGA etc.) with 50MHz asynchronouso the local PCI
portion(PCIFPGA).Butit’' salsopossibleo configuretheboard
sothatthe BLINK portion usesthe samefrequeng asthe PCI
portion.

Normally, the local PCI bus is clocked with the samefre-
gueny asthe hostPCI bus (33MHz). But hereit’s also pos-
sible to usean asynchronouseparateclock. Testswill shav
if it’s possibleto overclockthelocal PClbussomeavhat(maybe
40MHz). Butthismainlydepend®nthe21554PCIl-PClbridge
andthelogic insidethe PCIFPGA.

However, the simplestand maybemoststableconfiguration
is to useacommonclock derivatedfrom the hostPCl busfor all
devices.Asynchronouglocksmaytendto problemsgespecially
ontheinterfacebetweerbothFPGAs.

VI. AVAILABILITY

At thetime this paperwaswritten (Junel999)we hada first
prototypeof theboardreadyandpartlytested.Sofar, everything
waslooking ok andthe boardwasrunningasplanned.As soon
asall of theremainingcomponentsretestedon this prototype
a secondprototypewill follow (early July 1999). From there
all attentionis spenton FPGAdevelopmensothatafirst usable
desigrshouldbeavailablewith beginningof thenext millenium.

VIl. RELATED DEVELOPMENTSON VIA AND SCI

Currenttendencie®f hardware developmentfor both areas
seemto go eitherstrict VIA or strict SCI. In caseof SCI Dol-
phin is still the one and only manufcturerfor commercially
available PCI-SClhardware. Although Dolphin hasput some
efforts into an investigationof VIA in orderto useit on their
hardware therearemadeno speciahardwareimprovementgor
VIA supportuntil nov. Someof the resultsof Dolphin’s work
werepresentedh [2].

The numberof availableVIA hardwareimplementationsn-
creasesnoreandmore. Somehardwareproductdevelopersare
Giganet[11], Finisar[9], andFujitsu[10]. But from now, it is
difficult to evaluatetheseproductsfrom distance.They arerel-
atively new andthe informationsgivenby the companiesbout
thedetailsof theimplementatiorarevery small.

Bandwidth parametergjiven for the so—calledcLAN from
Giganet looking very good (approx. 100MBytes/s for
32Bit/33MHz PClI bus). In fact, this is twice theamountwhich
is achievableby Dolphin’s DMA engineon the D310 PCI-SCI
bridge (referto sectionll of this paper).Lateng of this cLAN
hardwarefor shorttransmissiorsizess comparabléo Dolphin’s
DMA engine butthe SClsharednemoryis evenfastethere(by
afactorof approx.3-4).

As mentioneckarlie; moreopenresearcton VIA is doneat
the Universityof California, Berkeley [4] andthe Berkeley Lab
[13]. While the work at the University of California, Berke-
ley concentratemoreon VIA hardwareimplementationdased
on Myrinet, the work at the Berkeley Lab is targetedto soft-
waredevelopmenfor Linux. Native hardwareimplementations
seemingnotto beplannedhere.
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To classour work into all of theseactvities, we seeus more
besidedolphintrying to portfeaturesf VIA into a SClarchi-
tecture.lt is notour goalto implementthe VIA asit is. Rather
we arelooking to developa powerful mix of bothSClandVIA
functionality.

VIIl. SUMMARY

In this paperwe discussecdand presentedh relatively wide
rangeof researchssues.First, we shaved someof our experi-
encewith comerciallyavailablePCI-SClbridgesfrom Dolphin.
The main quintessenc@erewasthe fact, thata DMA mecha-
nism hasalsosignificantadvancesover a SCI sharedmemory
datatransfersin view of CPU utilization. And this factis not
trueonly for verylargetransmissiorsizesin rangeof mary kilo-
bytes,but it becomesnterestingfor muchsmallerones.

Following this, we explainedour ideashow to migratefea-
turesof the Virtual Interface Architectureinto a SCI architec-
ture,andwhich consequencelis causes.

We gave aroughoverview aboutsomeimportantfactsof our
new reconfigurablePCI-SClbridge. Thesefactsshouldnt be
seenby the readeronly asa consequencef our new architec-
tural ideas(protecteduserlevel DMA etc.). It is alsointended
asa smallroadmagfor working groupswhich wantto do some
developmenton PCI-SClhardware,but don’t wantto build up
anew hardwarefrom thescratch.

Finally, a shortview wastakenon otherrelatedhardwarede-
velopments.

Latestinformationaboutour projectcanbeobtainedrom our
websiteat

http://www.tu-chemnitz.de/"mtr/VIA _SCl/
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Abstract In thisdocumentve make abrief review of memorymanagemerand
DMA considerationsn caseof commonSCI hardware and the Virtual Inter
faceArchitecture.On this basiswe exposeour ideasfor animproved memory
managementf a hardware combiningthe positive characteristicof both basic
technologie$n orderto getonecompletelynew designratherthansimply adding
onetotheother Thedescribednemorymanagemerdoncepprovidestheoppor
tunity of areal zero—cop transferfor Send—Recee operationsy keepingfull
flexibility andefficiencgy of anodes’localmemorymanagemergystemFromthe
resultinghardwarewe expectavery goodsystenthroughpufor messaggassing
applicationsvenif they areusingawide rangeof messagsizes.

1 Motivation and Intr oduction

PCI-SClbridges(ScalableCoherentinterface[12]) becomea moreandmore prefer
abletechnologicakhoicein the growing market of ClusterComputingbasedon non—
proprietaryhardware.Althoughabsolutegperformanceharacteristicef this communi-
cationhardwareincreasesnoreandmore,it still hassomedisadwantagesDolphin In-
terconnecBolutionsAS (Norway) is the leadingmanugcturerof commercialSCI link
chips aswell asthe only manugcturerof commerciallyavailable PCI-SClbridges.
Thesebridgesoffer very low latenciesin rangeof somemicroseconddor their dis-
tributedsharednemoryandreachalsorelatively highbandwidthgmorethan80MBytes/s).
In our clusterswe useDolphinsPCI-SClbridgesin junctionwith standard®Ccompo-
nentg[11]. MPI applicationghatwe arerunningon our clustercangetagreataccelera-
tion from low latenciesof theunderlyingSCl sharednemoryif it is usedascommuni-
cationmediumfor transferringnmessagedMPI implementationg.g.suchas[7] shav a
bandwidthof about35MByte/sfor a messagsizeof 1kBytewhichis quitealot (refer
alsoto figurel later).

The major problemof MPI implementation®ver sharedmemoryis big CPU uti-
lization on long messageizesdueto copy operationsSothe just referredgood MPI

* DanielBalkanskiandStanisla Simeon® arefrom the BurgasFreeUniversity Bulgaria.
** The work presentedn this paperis sponsorecby the SMWK/SMWA Saxoty ministries
(AZ:7531.50-03-0380-98/6)lt is also carried out in strong interaction with the project
GRANT SFB393/B6of the DFG (GermarNationalSciencd~oundation).



performancg7] is morean academigeakperformancevhich is achiezed with more
or lesstotal CPU consumptionA standardsolutionfor this problemis to usea block—
moving DMA enginefor datatransfersn backgroundDolphinsPCI-SClbridgesim-

plementsucha DMA engine.Unfortunatelythis onecant be controlleddirectly from

a userprocesswithout violating generalprotectionissues.Thereforekernelcalls are
requiredherewhichin endeffectincreasehe minimumachiezablelatengy andrequire
alot of additionalCPUcycles.

TheVirtual InterfaceArchitecture(VIA) Specificatior]16] definesmechanism$or
maving the communicatiorhardwarecloserto the applicationby migratingprotection
mechanismsnto the hardware.In fact, VIA specifiesnothing completelynew since
it canbe seenasan evolution of U-Net[15]. But it is afirst try to definea common
industry—standardf a principle communicatiorarchitecturefor messageassing—
from hardwareto software layers.Due to its DMA transfersandits reducedateny
becausef userlevel hardwareaccessa VIA systemwill increasehe generakystem
throughputof a clustercomputercomparedo a clusterequippedwith a corventional
communicatiorsystemwith similarraw performanceharacteristicBut for very short
transmissiorsizesa programmedO over global distributed sharednemorywon'’t be
reachedy farin termsof latengy andbandwidth Thisis anaturaffactbecauseve can'
comparea simplememoryreferencevith DMA descriptompreparatiorandexecution.
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Figurel. Comparisonof MPI Implementationgor Dolphins PCI-SCIBridgesand GigaNets
CLAN VIA Hardware

Figure 1 showns bandwidthcurvesof MPI implementationdor bothan SCl anda
native VIA implementation(GigaNetcLAN). The hardwareis in both casesasedon
thePClbusandthemachinesvherethemeasurementseretakenarecomparableThe
concretevaluesare basedon ping—pongmeasurementand wheretaken from [7] in
caseof SCI,andfrom [10] (Linux case)or thecLAN hardware.

As expectedthe bandwidthin caseof SClis looking betterin the rangeof smaller
messagsizes For largermessagsizesthecLAN implementatiordemonstrateligher
bandwidthbecauseof its advancedDMA engine.But not lessimportantis the fact
thata DMA enginegivesthe CPU moretime for computationsDetailsof suchCPU
utilization considerationgre outsidethe scopeof this paperandarealreadydiscussed
in [14] and[8].
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As summarizatiorof thesemotivating factswe can statethat besidesa powerful
DMA enginecontrollablefrom userlevel adistributedsharednemoryfor programmed
10 is animportantfeaturewhich shouldnt be missedn acommunicatiorsystem.

2 What arethe Memory ManagementConsiderations?

First of all we wantto make a shortdefinition what belongsto memorymanagement
regardingthis document.
This canbe statedby thefollowing aspectexpressedn theform of questions:

1. How aprocessmemoryareais madeavailableto the Network InterfaceController
(NIC) andin whatway mainmemoryis protectecagainstvrongaccesses?

2. At whichpointin thesystemaDMA engineis workingandhow arethetransactions
of this DMA enginevalidated?

3. In whichway memoryof aproceson aremotenodeis madeaccessibléor alocal
process?

Basedon thesequestionsve can classifythe differentcommunicatiorsystemar-
chitecturesn termsof advantages/disadntage®f their memorymanagementn the
analysisthatis presentedn the following sectionswe’ll reveal theseadwvantagesand
disadwantagesrisenfrom commonPCI-SClarchitectureandtheVI Architecture.

3 PCI-SClvs.VIA discussionand comparison

3.1 Questionl: How a process'memory areais madeavailable to the NIC and
in what way main memory is protectedagainstwrong accesses?

Common PCI-SCI case: CurrentPCI-SClbridgesdevelopedby Dolphin realizea
quiet staticmemorymanagemen] to getaccesso main memoryor ratherPCl ad-
dressspace.To avoid unwantedaccesset sensitve locations,the PCI-SClbridgeis
setup to allow accessesnly to a dedicatednemorywindow. Memoryaccessequests
causedy remotemachinesareonly allowedif they fall within the specifiedwindow.
This causeswo big disadwantages:

— Continuousexportedregions mustalso be continuousavailable inside the phys-
ical addressspace Additionally, theseregions must be alignedto the minimum
exportableblock sizewhich s typically quitelarge (512kBfor Dolphin’s bridges).

— ExportedMemory mustresidewithin this window.

To handletheseproblemsit is requiredto reserne main memoryonly for SCI pur-
posesThis,in practice,wastes’a partof memoryif it is not really exportedlater

In consequencthesedisadwantage®f commonPCl-SClbridgearchitecturanake
their usewith MPI applicationsrery difficult. Especiallyin view of zero—cop transfer
operationsBecausealatatransferscanbe processedisingthe resened memoryregion
only, it would requirethat MPI applicationsusespecialmalloc()  functionsfor al-
locatingdatastructuresusedfor send/receie purposedater. But this violatesa major
goalof the MPI standardArchitecturelndependence.
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VIA case: The VI Architecturespecifiesa much betterview the NIC hason main
memory Insteadof a flat one—to—oneepresentationf the physicalmemoryspaceit

implementsa moreflexible lookup—tableaddresgranslation.Comparingthis mecha-
nismwith the PCI-SClpendanthefollowing advantage®ecomevisible.

— Continuougegionsseenby the VIA hardwarearenot requiredto bealsocontinu-
ousinsidethe hostphysicaladdresspace.

— Accesseso sensitve addressangesarepreventedby just notincludingtheminto
thetranslatiortable.

— The NIC cangetaccesdo every physicalmemorypage,evenif this may not be
possiblefor all physicalpagesat once(whenthe translationtable haslessentries
thanthenumberof physicalpages).

Thetranslationtableis not only for addresgranslationpurposesbut alsofor pro-
tection of memory To achieve this a so—calledProtection Tag is includedfor each
translationandprotectiontableentry Thistagis checled prior to eachaccesgo main
memoryto qualify theaccesskor moreinformationaboutthis seelaterin section3.2.

Conclusionsregarding question 1: It is clear thatthe VIA approachoffers much
moreflexibility . Using this local memoryaccesstratey in a PCI-SClbridgedesign
will eliminateall of the problemsseenin currentdesigns.

Of coursethedrawbackis the morecomplicatechardwareandtheadditionalcyclesto
translateheaddress.

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

Common PCI-SCI case: The DMA engineaccesse®cal memoryin the sameway
asalreadydiscussedn section3.1. Thereforeit inheritsalsoall disadwantagesvhen
dealingwith physicaladdressesnthe PCI-SClbridge.

For accessetn global SCI memorya moreflexible translationtableis used.This
DownsteamTranslationTablerealizesavirtual view ontoglobal SCl memory— simi-
lar astheview of aVIA NIC ontolocalmemory Every pageof thevirtual SCImemory
canbemappedo a pageof theglobal SCI memory

Regardingvalidation,the DMA enginecant distinguishbetweenregions owned
by differentprocessegneitherlocal nor remote).Thereforethe hardware cant make
a checkof accesgights on—the—flov. Ratherit is requiredthat the DMA descriptor
containingtheinformationaboutthe blockto copy is assuredo beright. In otherwords
the operatingsystemkernelhasto prepareor at leastto checkany DMA descriptorto
bepostedo theNIC. ThisrequiresOS callsthatwe wantto remove atall cost.

VIA case: A VIA NIC implementsmechanismgo executea DMA descriptorfrom
userlevel while assuringprotectionamongmultiple processesising the sameVIA
hardware.An userprocesanown oneor moreinterfacesof the VIA hardware (so—
calledVMirtual Interface$. In otherwords,a virtual interfaceis a virtual representation
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of a virtual uniqguecommunicatiorhardware. The connectiorbetweenthe virtual in-

terfacesandthe VIA hardwareis madeby Doorbellsthatrepresent virtual interface
with its specificcontrol registers.An userlevel processcaninserta nev DMA de-
scriptorinto a job queueof the VIA hardwareby writing an appropriatevalueinto a
doorbellassignedo this processThe size of a doorbellis equalto the pagesize of

the hostcomputerand so the handlingwhich processmay accesswvhich doorbell (or

virtual interface)canbe simply realizedby the hosts’virtual memorymanagemergys-
tem. Protectionduring DMA transferss achieved by usageof ProtectionTags These
tagsareusedby the DMA engineto checkif theacces®f thecurrentprocessedirtual

interfaceto a memorypageis right. The protectiontag of the accessednemorypage
is comparedvith the protectiontagassignedo the virtual interfaceof the procesghat
providedthis DMA descriptorOnly if bothtagsareequal,the accesss legal andcan
be performed A more detaileddescriptionof this mechanisnis outsidethe scopeof

thisdocumen(referto [13] and[16]).

Conclusionsregarding question2: Thelocationof theDMA engineis in bothcases
principally the same.The differenceis thatin caseof VIA areallookup—tablebased
addressgranslatioris performedetweertheDMA engineandPClmemory Thatis, the
VIA DMA operate®navirtual localaddresspacewhile thePCI-SCIDMA operates
directly with local physicaladdresses.

The answerfor the accesgrotectionis simple: The commonPCI-SCIDMA engine
supportao protectionin hardwareandmusttruston right DMA descriptorsTheVIA
hardwaresupportdull protectionin hardwarewherethe DMA engineis only onepart
of thewhole protectionmechanism.

3.3 Question3: In which way memory of a proceson a remotenodeis made
accessibldor alocal process?

CommonPCI-SCI case: Makingremotememoryaccessiblés akey functionin aSCl
system,of course EachPCI-SClbridge offers a specialPCl memorywindow which
is practicallythe virtual SCI memoryseenby the card.So the sameSCIl memorythe
DMA enginemayacces&anbealsoaccessettia memoryreferencegalsocalledpro-
grammedO here).Theproceduref makingglobally availableSClI memoryaccessible
for thelocal hostis alsoreferredasimportingglobal memoryinto local addressspace
Ontheotherside,every PCI-SClbridgecanopenawindow to local addresspace
andmalke it accessibléor remoteSClnodesThemechanisnof thiswindow is already
describedn section3.1regardingquestionl. The procedureof makinglocal memory
globally accessiblés alsocalledexportinglocal memoryinto global SClspace
Protectionis totally guaranteeadvhendealingwith importedandexportedmemory
in point of view of memoryreferencesOnly if a processhasgot a valid mappingof a
remoteprocessmemorypageit is ableto accesshis memory

VIA case: TheVI Architectureoffersprincipallynomechanisnto accessemotemem-
ory asit is realizedin adistributedsharednemorycommunicatiorsystemsuchasScCI.
Butthereis anindirectway by usingaso—calledkemoteDMA (or RDMA) mechanism.
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This methodis very similar to DMA transfersasthey areusedin commonPCI-SCI
bridges.A procesghatwantsto transferdatabetweenits local memoryand memory
of aremoteprocessspecifiesa RDMA descriptor This containsan addresdor the lo-
cal VIA virtual addresspaceandan addresdor the remotenodes’local VIA virtual
addresspace.

Conclusionsregarding question 3: While a PCI-SClarchitectureallows processes
to really sharetheir memoryglobally acrossa system this is not possiblewith a VIA
hardware.Of courseVIA wasneverdesignedor realizingdistributedsharednemory

4 A newPCI-SCI Ar chitecture with VIA Approaches

In our designwe wantto combinethe advancesof an ultra—low lateng SCI Shared
Memory with a VIA-lik e advancedmemory managemenand protecteduserlevel

DMA. This combinationwill make our SCI hardware more suitablefor our message
passingorientedparallelapplicationgequiringshortaswell aslongtransmissiorsizes.

4.1 AdvancedMemory Management

In orderto eliminatethe discusseabove restrictionswith continuousandalignedex-
portedmemoryregionsthatmustresidein a speciawindow, our PCI-SClarchitecture
will implementtwo addresdranslationtables— for both local and remotememory
accessedn contrastcommonPCI-SClbridgesuseonly onetranslationtablefor ac-
cesseso remotememory This new andmoreflexible memorymanagementombined
with reducedminimal pagesize of distributed sharednemoryleadsto a muchbetter
usageof themainmemoryof the hostsystem.

In fact,ourtargetedamountbf importedSClmemoryis 1GBwith apagegranularity
of 16kB. With a larger downstreamaddresgranslationtable this pagesize may be
reducedfurtherto matchexactly the pagesize usedin the hostsystemgsuchas4kB
for x86 CPUs).

In caseof the granularityof memoryto be exportedin SCI terminologyor to be
madeavailable for VIA operationgheres no question:lt must be equalto the host
systempagesize.In otherwords,4kB sincethe primary target systemis a x86 one.
128MB is the plannedmaximumwindow sizehere.

4.2 Operation of Distrib uted Shared Memory fr om a memory-relatedpoint of
view

Figure2 givesan overall exampleof exporting/importingmemoryregions.The exam-
pleillustratesthe addresgranslationgperformedwhenthe importing processaccesses
memoryexportedby a procesontheremotenode.

The exporting processexports someof its previously allocatedmemoryby regis-
teringit within its local PCI-SClhardware.Registeringmemaoryis doneon a by—page
basis.Remembethatin caseof a commonPCI-SClsystemit would be requiredthat
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this exportedmemoryis physicallylocatedinside this specialmemoryarearesened
for SCI purposesBut herewe cantake the advantageof the virtual view onto local
memorysimilarto thisin VI Architecture.

Oncetheupstreanaddressranslatiortableentriesareadjustedthe exportedmem-
ory canbeaccesseffom remotemachinesinceit becamepartof theglobal SCl mem-
ory. To accesshis memory theremotemachinemustimportit first. The majorstepto
do hereis to setup entriesinsideits downstreamaddresgranslationtablesothatthey
point to the region inside the global SCI memorythat belongsto the exporter From
now, the only remainingtaskis to mapthe physicalPCl pageghat correspondo the
preparediownstreantranslatiorentriesinto thevirtual addresspaceof theimporting
process.

Whentheimportingprocessaccessetheimportedareathetransactioris forwarded
throughthe PCI-SClsystemandaddressearetranslatedhreetimes.At first the host
MMU translateghe addresgrom the processVvirtual addresspaceinto physicalad-
dressspace(or ratherPCl space).Thenthe PCI-SClbridge takes up the transaction
and translateghe addresdnto the global SCI addressspaceby usageof the down-
streamtranslationtable. Thedownstreamaddresdranslationincludesgeneratiorof the
remotenodeid and addresoffsetinside the remotenodes’virtual local PCl address
space Whenthe remotenoderecevesthe transactionjt translategshe addresgo the
correctlocal physical(or ratherPClI) addresdy usingthe upstreanmaddresgranslation
table.
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4.3 Operation of ProtectedUserLevel RemoteDMA from a memory—related
point of view

Figure 3 shaws the principle work of the DMA engineof our PCI-SClbridgedesign.
This figure shaws principally the sameaddresspacesandtranslationtablesasshovn
by figure 2. Only the processVirtual addresspacesndthe correspondingranslation
into physicaladdresspacesreskippedto not overloadthefigure.

TheDMA engineinsidethebridgeis surroundedy two addresgranslatiortables,
or morecorrectsaidby two addresdranslation and protection tables.On the active
node(thatis, wherethe DMA engineis executingDMA descriptors— nodel here)
bothtranslationtablesareinvolved. However, on theremotenodetherehaspractically
nothingchangedcomparedo the programmedO case Hencetheremotenodedoesnt
malke ary differencebetweentransactionsvhetherthey were generatedy the DMA
engineor not.

Both translationtablesof one PCI-SClbridge incorporateprotectiontagsas de-
scribedin section3.2. But while thisis usedin VIA for accesse® local memory here
it is alsousedfor accesse® remoteSCIl memory Togethemwith VIA mechanism$or
descriptomotificationandexecutionthe DMA engineis unableto accessvrongmem-
ory pages— whetherlocal (exported)nor remote(imported)ones.Note thata check
for right protectiontagsis really madeonly for the DMA engineandonly ontheactive
node(nodel in figure 3). In all othercaseghe sametranslationand protectiontables
areused but the protectiontagsinsideareignored.

Global
SCI Address Space

Node 1 — Node 2
[ ] [ ]

Physical Physical
PCI Address Space o PCI Address Space
Translation
Upstream Table
Translation

Upstream
Translation
Table

Table

1

I
| ! !
| ! !
v |

(’) - - (‘)

Translation to Source and Translation to Translation to

Host 1 PCI Destination Global SCI Host 2 PCI
Address Addresses Address Address

Figure3.AddressTranslationperformedduringRDMA Transfers

4.4 A freechoiceof usingeither ProgrammedI/O or UserLevel RemoteDMA

This kind of a globalmemorymanagemenrdllows applicationsor more exactly com-
municationlibrariesto decideon—the—flydependingndatasizein whichway it should
be transferredin caseof a shortmessage P10 transfermay be used,andin caseof
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alongermessag@ RDMA transfermay be suitable.The correspondingemotenode
is not concernedn this decisionsinceit doesnt seeary differencesThis keepsthe
protocoloverheadsery low.

And finally we want to rememberthe VIA case.Although we alreadyhave the
opportunityof a relatively low—lateny protecteduserlevel remoteDMA mechanism
withoutthememoryhandlingproblemsasin caseof commonPCI-SCl theresnothing
like a PIO mechanisnfor realizinga distributedsharedmemory Hencetheadwantages
of anultra—low lateng PIO transferarenot availablehere.

5 Influenceon MPI Libraries

To shav the advantagef the presentecadvancedmemorymanagemenive want to
take a look at the so—calledRendezvou®rotocol thatis commonlyusedfor Send—
Receve operations.

Figure4 illustratesthe principle of the Rendezweusprotocolusedin commonMPI
implementationd7] basedon Dolphins PCI-SClbridges.One big problemin this

Sender Receiver

Sender Receiver [T Request_Sen Register and Export private

Memory (if necessary)
Import remote Memory, Ok_to_Sen and return Acknowledge
(necessam)|

Allocate SCI Buffer Space
and return Acknowledge

Copy Data from private]
local Memory into SCI
Buffer Space of Receivel

(remote Write) I ™=~~~ - Block_Ready- - - - -

Copy Data from private]
local Memory into
private Space of Receive]
(remote Write)

T~~~ --- Block_Ready. ____
Copy Data from SCI

Buffer Space into private
Memory Transfer

Transfer completedl ——————— Ready Ready

Transfer completed
Transfer completed

Y LTI
| cPU busy

| cpu free

| cpu free

Figure5. Improved Rendezwous—Protocol
based on adwanced PCI-SCI Memory
Management

modelis the copy operationthat takes place on the recevers’ side to take dataout
of the SCI buffer. Althoughthe principallyincreasindateny canbehiddendueto the
overlappingmechanisnalot of CPUcyclesareburnedthere.

Figured. Typical Rendezwus—Protocolin
commonPCI-SClimplementations

With our proposednemorymanagemertheres a chanceto remove this copy op-
erationon therecevers’ side.The basicoperationof the Rendezweusprotocolcanbe
implementedas describedn figure 5. Here the senderinforms the recever asusual.
Beforetherecever sendsbackan acknavledgeit checksif the datastructurethe data
is to be written to is alreadyexportedto the senderIf not, the memoryregion that
includesthe datastructureis registeredwithin the recevers’ PCI-SClbridgeand ex-
portedto the senderThe sendeiitself mustalsoimportthis memoryregionif this was
not alreadydonebefore.After this the sendercopiesdatafrom privatememoryof the
sendingprocesdirectly into private memoryof the receving processAs further op-
timizationthe sendemay decideto usethe DMA engineto copy datawithout further
CPUintervention.This decisionwill betypically basednthemessagsize.
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6 Stateof the project (November 1999)

We developedour own FPGA-basedCl-SClcard and have prototypesof this card
alreadyrunning.At the momentthey only offer a so—calledVlanual Padket Mode for
now thatis intendedfor sidebanccommunicatiorbesideghe regular programmedO
andDMA transfers.

The carditself is a 64Bit/33MHz PCl Rev.2.1 0one[8]. As SCl link controllerwe
areusingDolphinsLC-2 for now, andwe arelooking to migrateto the LC-3 assoon
asit is available. Thereprogrammabl&PGA designleadsto a flexible reconfigurable
hardwareandoffersalsothe opportunityfor experiments.

Linux low—level driversfor Alphaandx86 platformsandsereral configuration/test
programsveredeveloped.In additionour researclgroupis working on anappropriate
higherlevel Linux driverfor ourcard[5, 6]. This offersa software—interace(advanced
Virtual InterfaceProviderLibrary) thatcombinesSClandVIA featuresuchasimport-
ing/exportingmemoryregions,VI connectiormanagemengtc. Also it emulategarts
of thehardwaresothatit is possibleto run othersoftwareon top of it althoughthereal
hardwareis not available. As an example,a parallelizedMPI—-versionof the popular
raytracelPOVRAY is alreadyrunningoverthis emulation.This programusesan MPI|-2
library for our combinedSCI/VIA hardware.This library is alsounderdevelopmentat

ourdepartmenf3].
For moredetailsandlatestnews referto our projecthomepaget
http://www.tu-chemnitz.de/" mtr/VI ASCl/

7 Other Works on SCl and VIA

Dolphinalreadypresentedomeperformanceneasurements [1] for their VIA imple-
mentationwhichis a emulationover SCl sharednemory Althoughthe presented/1A
performances looking very good,it’'s achiezed by the costof too big CPU utilization
again.

The numberof vendorsof native VIA hardwareis growing moreandmore.One
of thesecompanieds GigaNet[17] whereperformancevaluesare alreadyavailable.
GigaNetgivesontheirwebpagedatencief 8usfor shorttransmissiorsizes Dolphin
givesalateng for PIO operationgremotememoryaccessdf 2.3us. Thisdemonstrates
therelatively big performanceidvantagea distributedsharednemoryoffershere.

University of California, Berkeley [2] andthe Berkeley Lab [9] are doing more
openresearchalsoin directionof improving the VIA specification.The work at the
Universityof California,Berkeley is concentratednoreon VIA hardwareimplementa-
tionsbasedon Myrinet. In contrastthework atthe Berkeley Lab is targetedmainly to
softwaredevelopmenfor Linux.

8 Conclusionsand Outlook
The combinedPCI-SCI/VIA systemis not just a simpleresultof addingtwo different

things.Ratheiit is arealintegrationof bothin onedesignMore concretet is anintegra-
tion of conceptglefinedby the VIA specificatiorinto acommonPCI-SClarchitecture

30



sincemajorPCl-SClcharacteristicarekept. Theresultis ahardwaredesignwith com-

pletely new qualitative characteristicslt combineshe mostpowerful featuresof SCI

andVIA in orderto gethighly efficient messagingnechanismsnd high throughput
over abroadrangeof messagéengths.

The advantagethat MPI librariescantake from a moreflexible memorymanage-
mentwas illustratedfor the caseof a Rendezwous Send—Recege for MPI. The final
proofin practiceis still pendingdueto lack of a hardwarewith all implementedea-
tures.
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Abstract

Rapiddevelopmentin computerarchitectueandin net-
workingtednolagy havedriventhe constructiorof clustes
of cluster Nowclustercomputes are an inexpensivealter-
nativeto parallel computes.

High bandwidthlow latency communicatiomnetworks
have becomemore and more important. In conjunction
with the ScalableCoheent Interface(SCI) the Mirtual In-
terfaceArchitectuie (VIA) offers excellentopportunitiesfor
high speedetworks.For thisreasonour reseach groupis
developingsud a VIA/SClnetworkcard.

This paper describesthe demandsand the design of
a new MPI library for hetepgenouscommunicatiomet-
works. Theimplementatiorof this MPI library is demon-
stratedon anexampleVIA/SClcard.

Keywords: MPI, VIA, SCI,shaied memorycommunica-
tion protocol

1. The VIA/SCI card
1.1 Motivation

Our researclgrouphasbeeninvestigatingclusterarchi-
tecturesfor sometime. Connectionnetworks are a very
importantcomponenbf clustersof workstationsand SCI
(ScalableCoherentinterface [1]), an example of sucha
connectiometwork, hasbecomewell acceptedor clusters
computing. Theintentionof the designof SCl wasto pro-
vide afastnetwork for distributedsharednemoryapplica-
tions,but thehigh bandwidthandthelow lateng allowsthe
usein applicationsdasedn messag@assingtoo. Our pri-
mary focusare applicationsbasedon messaggassingoe-
causethe othermemberf ourresearctprojectusingMPI
for their applications'. For this reasonsur researctgroup

1This work is partof the GRANT SFB 393/B6of the DFG (German
nationalSciencd~oundation)

}@informatik.tu-che
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is developingan SCI card especiallyfor messagepassing
purposes[#3].

Thesimplestwayto implementanMPI library on SClis
to emulatemessag@assingon sharednemory but thisim-
pliesthatthe CPU actively participateon thedatatransfer
e.g. for copying the datainto the SCl memory The DMA
engineoffersanalternatve solutionfor this problem.After
theirinitializationit copiesthe datato the SCI cardwithout
additionallyusageof the CPU.But theuseof the DMA en-
gineleadsto anothemproblem. To avoid accesgo memory
which is not part of the processt is necessaryo involve
the operatingsystenmkernelfor startingDMA transfershe-
causeonly thekernelis ableto performthis securitycheck.
With the VIA (Virtual InterfaceArchitecture,discussedn
next section)a mechanisnfor protecteduserlevel DMA
withoutakernelcall is provided.

For this reasorour cardsupportsSCl sharednemoryas
well asVIA and, thus, allows very high performancefor
messag@assing.

1.2 What isVIA ?

The idea of removing the the kernel from the critical
pathof communicatioroperationds describedn projects
like U-net[4 or SHRIMP[5] already Out of theseprojects
the industry—drien standardvIA[6] was created initially
by Intel, Compagand Microsoft. This standardspecifies
aninterfacebetweerthe high—speechetwork cardsandthe
system.Later Intel haspublishedsomeenhancementand
somesuggestionfor theimplementation[}.

The structureof the VIA is shawvn in Figurel. For the
creationof anew MPI library thetwo importantpartsof this
structurearethe VI UserAgentandthe VI Kernel Agent.
TheUserAgentprovidestheuserlevel partof theinterface
to thenetwork(card)whereaghe KernelAgentis akernel—
level device driverthatperformsoperationghatrequireker
nel calls (e.g. memoryregistration). Intel calledtheir ex-
ampleUser Agent"VIPL" (Virtual InterfaceProvider Li-



Application

Communication Library (MPI)

VI User Agent

Initialization/ VI Control
Setup Stuff (Kernel Bypass
via Doorbells)
User
Mode | | _______ AT
Kernel e § ® § e § 2
Mode 20|l 3
Sollao|l8 o
OCS|IOS|O > =
csollca|c® g'
VI Kernel Agent 5o|lca|lca S
(Driver) nel|llne|lna o

VI Network Adapter

Figure 1. Structure of the Virtual Interface Ar-

chitecture

brary?).

The VI Architectureis basedon so—calledvl‘s (Virtual
Interface),a kind of a bidirectionalcommunicationchan-
nels comparablewith soclets. Communicationbetween
two processewiill be establishedby connectingheir local
VI's. Two principlesexist for the connectiorof two VI's,a
client—sererbaseneanda peerto—peebasedne.

VIA makes the two communication methods
Send/Recee and RDMA (Remote Direct Memory
Access)available. Both methodsare basedon descripto?
processingso there is now way to archve ultra low
latencies.

The Send/Recee mechanisnis well suitablefor mes-
sagepassing.EachSend/Receke requirestwo descriptors
oneon the sendersidandthe otheron thereceverside.A
receve descriptowith a databuffer of sufiicientsizehasto
be postedbeforethesenders dataarrives. Thisrequirement
leadsto anincreasedynchronizatioreffort for themessage
passingoftware.

The RDMA modeis a one sidedoperation. Hence, it
requiresa descriptoronly at the active node. Thereare
two typesof RDMA operationsRDMA ReadsandRDMA
Writes. Theinitiator of the RDMA operationspecifieshe
sourceaswell asthedestinatiorof the operation.

TheVIA requirego identify memoryusedfor datatrans-
fer. For this identificationthe memoryhasto be registered
beforethe transfer The registrationof the memoryworks
with so—calledprotectiontagg. As alreadynotedthe mem-

2Thistermwasintroducedn [7].

3A datastructurethatdescribes datatransferrequest.

4Usually a processisesa uniqueprotectiontagwhich is createdafter
openingthe VIA ernvironment. This protectiontag is boundedo eachVI
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ory registration(aswell asthederaistration)is realizedby
courtesyof theVI KernelAgentandconsequentlyequires
a kernelcall. Onceregistered,the memorycan be used
withoutary additionallykernelcall asoftenasneededBe-
causethe registrationof the memoryis independenfrom
the communicatioroperationthe kernel call for the secu-
rity checkis removed from the critical path. In orderto
gethighperformancat is profitablyto useregisterecbuffer
againlike in the MPI persistentommunication.Because
the amountof memoryfor registrationis limited it is im-
portantto deregistermemorynotrequiredary longer

Sender Receiver

me

| Test if buffer is registerddz | Test if buffer is registered

| |

n n
register memory register memory

! |

| post receive descriptor

y

| post send descriptpr

wait for completio+

[wait for completiof

operation completed
Figure 2. Simple VIA Send/Receive

Figure2 describessimpleblockingSend/Receein the
VIA ervironment.

2. An brief overview of related MPI libraries

In this sectionsomeimportant membersof the atlun-
danceof MPI librarieswill be presentedn relationto the
VIA/SCI cardandtheir advantageanddisadantagewill
bediscussed.

2.1 MPICH

MPICH (MessagéPassinginterfaceCHameleon)[Bis a
resultof a cooperatiorof the ArgonneNationalLaboratory
andthe MississippiStateUniversity It is oneof the old-
est MPI libraries with supportof mary architecturesand
communicationnetworks and today is the most common
implementatiorof the MPI-1 Standard[R The simplified
structureof MPICH is shovnin Figure3.

The main advantageof MPICH is the layereddesign.
MPICH divides the MPI-1 functionality into a hardware
independentind a hardware dependenpart (layer). Due

andusedfor all registrationpurposes.
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Figure 3. Simplified structure of MPICH

to this structureit is possibleto generatean MPI imple-

mentationfor a new (or not yet supportedrommunication
network with small effort becausehe effort to implement
a hardwaredependenpartis muchsmallerthanthe imple-

mentatiorof thefull MPI functionality.

MPICH hassomeperformancealisadwantagesvhich re-
sultsfrom its design.The chancegor optimizationarelim-
ited becausesomeimportantfeatures(e.g. memoryman-
agementareimplementedn thehardwareindependenpart
which shouldnotbechangedy thecreationof anew hard-
ware dependenpart. Hencesomeproblemsresultfor the
VIA registrationandderagistrationwhich shouldbe a part
of thememorymanagementMPICH hassomeproblemso
supportmultiple devicesaswell.

Thedesignof MPICH is notthreadsafeandsoit is diffi-
cult to overlapcomputatiorandcommunicationTherefore
the communicatiorprogressesnly whenan MPI function
is called. As MPICH usespolling for synchronizatiorit
wastesCPUtime.

2.2 MPI-Pro

MPI/Pro[1q, a productof the MPI Software Technol-
ogy Inc., wasthefirst MPI library for the Virtual Interface
Architecture.

The main advantageof MPI/Prois the threadeddesign
thatleadsto a high degreeof overlappingcomputatiorand
communication.The optimizedpersistenbperationsallow
to reuseregisteredbuffers and to reducethe registration
overheadn thisway. For large messagea zero-copy pro-
tocolis implementedasedn the VIA RDMA operations.
HenceMPI/Proachievesa very high bandwidt.

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

5up to over 100 MB/sec on 400 Mhz Xeon Pentiumll systemwith
GigaNetGNN1000network
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thatultra—low latenciegor shortmessageandsynchroniza-
tion are not reachable.BecauseVviPI/Prois a commercial
productsthe codeis not available and changesand opti-
mizationsof the codeareimpossible.

2.3 Other relatedprojects

ScaMPl(or ScaliMPI[11]) by ScaliisacommerciaMPI
implementatiorfor SCl connectealustersof workstations.
ScaMPlis athreadsafe high—performancébrary but there
is noVIA supportavailable.

MVIA[12], a projectof the National Enegy Research
CenterScientificComputingCenterat LawrenceBerkeley
National Laboratory is a VIA implementatiorfor Packet
EnginesGigabit Ethernetcardsrespectiely Fast Ethernet
Cardswith the Tulip Chips underLinux. Currently the
FunctionalConformance[Jof the VIPL is implementedo
thatthis projectis agoodervironmentfor developinga new
VIA-MPI library. It is plannedto make an MPI for MVIA
availablewith release2.(f.

The Universityof California,Berkeley developsanVIA
implementatiorfor Myrinet Cards,the so-calledBerkeley
VIA[13].

3. Requirementsfor the newMPI library

As shavn in thelastsectionno MPI implementatiorof-
fersoptimalconditionsfor the VIA/SCI card.But thereare
mary goodapproacheandconceptsvhich shallinfluence
thedesignandtheimplementatiorof the new library.

3.1 Generalrequirements

The first requirementis the designof aninternalinter-
facewhich separateshe hardwaredependentunctionality
in a speciallayer (so—calleddevice) similar to MPICH. In
contrastto MPICH it is necessaryo provide an excellent
supportfor multiple devices becauseclustersof worksta-
tion often use heterogenousetworks, e.g. our research
clusterOSCAR[14]. The optimal multiple device support
involvesa specialdesignof the hardwareindependenpart.
The managementf the network information and the de-
cisionwhich devicesarenecessaryor an MPI application
requiresa globalinstance a so—calleddaemon. Addition-
ally, thedaemordecidesvhereto startthe MPI application
onthestrengthof thedemandf theapplicationandsoreal-
izesa staticload—balancingSomeapproacheor multiple
devicescanbefoundin [15].

An othergeneralrequirementis to supportthe threaded
programmingnodelwhichimpliesthatthe MPI library has

SIndeedthe currentreleasds 1.0sothatthe MPI shouldtake awhile.



to bethread—safeMany modernapplications usethistech-
niguefor fine-grainparallelprocessing.

An enhancementf the lastrequirementis the decision
to usea threadeddesignfor the newv MPI library. Thereby
computationand communicationcan take place simulta-
neouslyandcommunicatiorprogressesvithout MPI calls,
too. To getthisfeaturest is necessario implementhenet-
work connectiorin the devicesasanindependenthread.

The last generalrequirementis to put the MPI1-2[16
functionality into the designbecausdeatureslik e the dy-
namic processmanagemenare requestedy the applica-
tions. It is not our first intentionto implementthe complete
MPI-2 functionality but it is betterto designthe full stan-
dardthanto changehe designlater.

3.2 Specialrequirementsfor VIA/SCI

The necessityf registrationandderagistrationmemory
for VIA requiresa VIA memorymanagementf the data
buffers. Thereare3 kinds of databuffers:

Data memory of the MPI library This memory is allo-
catedand deallocatedby the MPI library and not by
the application. Usually such memoryis usedfor
bufferedSend/Recee or for noncontiguouslatatypes
thathave to be pacledbeforecommunication.

Usermemory for persistentcomm. Memory for persis-
tentoperationhasto be registeredonceandthereafter
thememorywill beusedtime andagair?.

Normal usermemory Thesebuffersareallocatedby user
for acommunicatioroperationand may be usedonly
oncein themostcases.

When the free registration memory runs off the VIA
memorymanagementasto decidewhich memoryshould
be choserfor deraistration. The bestsolutionis to select
the memorywith the smallestprobability for reuseand so
normalusermemorywill bechoser(if suchmemoryis reg-
isteredalready).

Anotherproblemis thepartitionof theregistrationmem-
ory betweendifferentMPI applicationson a node. A fair
solution requiresthe use of the global instancedaemon.
The daemorshoulddeliver a initial registrationbuffer size
which couldbe enlagedor reduceddependingn startand
finish of otherMPI applications.For the exchangeof such
informationa permanentonnectionto the daemonis re-
quired.

As mentionedabove the VIA/SCI cardssupportsSCI
sharedmemoryaswell asVIA. Soit is very usefulto sup-
portthefollowing protocolsfor differentmessagsizes:

“e.g. physicalapplicationsof our SFB393

8Strictly speakinga reusableor persistentequesis createdandstart
addres®f thebuffer, sizeanddatatypeis savedin therequestThisrequest
canbeuseduntil it is freedexplicitly.

36

e A sharedmemoryprotocolthatwill be usedfor short
messages.

A protocol that usesthe VIA Send/Rece&e mecha-
nism. This protocolfor mediumsizemessageshould
requirea smallamountof synchronizatioronly in ex-

changeto an additionalcopy operation(on recever-

side).

A protocolthat usesthe VIA RDMA mechanism.It
will be require more synchronizatioreffort then the
previousone.But this protocolwill notrequirethead-
ditional copy operationandallow zero—cop for large
messages.

4. The designof CHEMPI
4.1 Raw structure

Deducingfrom the requirementsdescribedin the last
sectionswe now presentthe designof CHEMPI. Its raw
structures illustratedin Figure4.

%] MPI-2 AP
-Binding (C++/Fortran)

Chempid
daemon

Device Independent
Layer (DIDL)

Y Device Dependent
Interface (DDI)

Device A
e.g VIA/SC

Device N| Device Dependent Layer

Figure 4. Raw structure of CHEMPI

CHEMPIis dividedinto two mainpartstheso-calledde-
vice independentayer (DIDL) which is discussedn 4.2
andthe so-calleddevice dependentayer or device (an ex-
ampleof a device is introducedin section5). A shortde-
scription of the interface betweenthe two layers can be
foundin section4.3.

As mentionedin 3.1 the CHEMPI daemon (short
chempid) distributes MPI applicationsand information
aboutthe network. Additionally the chempidprovidesan
administratiometwork which canbeusedto setupthecon-
nectionsn thedevice dependentayer.

4.2 Deviceindependentlayer

Thefunctionalityof the device independentayeris sub-
dividedinto thefollowing modules:



collective operations— a mappingof the collective
operationslike Barrieror Broadcasto point—to—point
communication

communicatorsand groups — handling of groups,
contextsandcommunicators

connectionhandling— managemenof the network,
decidesvhich deviceshave to beused

daemorbinding— the connectiorto thechempid

datatypes— provides predefinedand user defined
datatypes

ervironment— everything for the managemenof
startupand shutdavn and useful routinesfor admin-
istration

error handling— centralhandlingandlogging of er-
rorsandwarnings

memorymanagement— managementf systemcom-
municationbuffers

onesidedcommunication— mappingof the MPI|-2
onesideccommunicatiorto point—to—pointcommuni-
cationandsystemmessages

parallellO — a mappingto point—to—pointtommuni-
cation

processnanagement- managementf the MPI tasks
andthreads

point—to—pointommunication— sendingandrecev-
ing of messagem differentmodes

systemmessages— handlingof systeminternalmes-
sage$

topologies— creationandhandlingof virtual topolo-
gies

4.3 Device dependentinterface

Writing adevice for CHEMPI shouldbeaneasytask,so
only a small part of the device dependeninterface(DDI)
is required(so so—calledcore functions). The major part
of the DDI consistsof optional functionswhich could be
implementedo increasehe performance Part of the core
functionalityare:

e initializationandshutdavn

e basic  point-to—point communication
chronous/normandblocking/nonblocking

(syn-

9Systemmessageareusedto provide a routing of messagemsidean
MPI application.A detaileddescriptioncanbefoundin [15].
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¢ sendingandreceving systemmessages
And the optionalfunctionality hasthefollowing parts:
e collective operations

e onesidedcommunication(recommendedor shared
memorynetworkslike SCI)

e otherpoint—to—pointtommunicatioomodes

e memorymanagement

5.The VIA/SCI Device
5.1 Initialization

Firstof all theinitializationhasto bringuptheVIA ervi-
ronment(e.g. openingof the Network InterfaceController
andcreationof a protectiontag). Thereaftethe maintasks
arethecreationandthe connectiorof VI‘s respectiely the
export andimport of the sharedmemorybetweerthe MPI
tasks.

The VIA client/sener modelis usedfor connectingthe
VI's. The differentprotocolsfor datatransfer(explained
in the next sections)equireseveral VI's so thattwo VI's
areconnectedetweereachcoupleof MPI tasksduringthe
initialization.

For the creationof the sharedmemorythe VIPL exten-
sionsdescribedn [17] are used. Sinceremotereadis an
expensve operationthe synchronizatiortakes placeusing
sharedmemory betweenpairs of tasksinsteadof global
sharednemorypageson amastemode.

For all VI's and the sharedmemory of a MPI task a
unigueprotectiontagis used.

An exampleof connectionsgstablishedfter the initial-
izationfor four nodesis showvn in Figure5.

5.2 Community of the communication protocols

The basisof all communicationprotocolsusedin the
VIA/SCI deviceis the SCl globalsharednemory

Everymessages representelly asocalledmessag@nfo
struct. This structconsistof:

e tag

e communicatord

messagé&d

protocoltype

protocolspecificdata



- Z

D)

%

\

< ”””

local SCI shared memory
remote SCI shared memory

=~ = connected VI's

Figure 5. VIA/SCI device after initialization

This messagénfo structis locatedin the sharedmem-
ory atrecever sideandis filled by the sendeibecausehe
receverwill needthis informationto determinehow to get
the data. Tag and communicatotid are MPI| specificdata,
messagéd is aninternalnumberandmanageshe message
ordering.The protocoltype signalsthe recever which pro-
tocolis usedfor datatransfer The protocolspecificdatais
explainedin the next sections.

Sender
(T TS TITT]

Ready array

Receiver
(T TSI TT]

Used array

message info struct area
Figure 6. Structures for sync hronization

Figure6 shavsthe structuresisedfor a simplesynchro-
nization.As all structuresrelocatedin thesharednmemory
areapothsendelandreceverareableto write andreadthe
structure’. Eachmessagénfo structhasan entryin the
usedarrayandin thereadyarray The managemendf the

10sincea remotereadis anexpensve operationin the SCl ervironment
only remotewritesandlocal readsareused.

38

messagnfo structareais doneby amoduleon senderside.
Following the roughplot of a communicatioroperation
onsenderside:

1. getafreemessagénfo structfrom the management

2. fill in themessagénfo structandsetthe messagénfo

structactive in theusedarray
. transferthe datawith the specifiedprotocol

. wait for thecompletiorwith thereadyflagin theready
array

And onreceverside:

1. searchthe first matchingentry in the messagédnfo

structareaof thesendef*
. if notfoundwait for amatchingentry
. transferthe messagén therecever buffer

. signalizethesendethattheoperationis completedria
thereadyflag

Dependingon the transferprotocol somestepswill be
changed.

In thecaseof recevefrom MPI_LANY _SOURCEall mes-
sagenfo structareasnustbesearchedh stepl respectrely
step2 insteadof the messagénfo structof thesendeionly.

5.3 Shared memory protocol

The sharedmemory protocol usesa dedicatedshared
memorybuffer for datatransfer For this reasonghe mes-
sagehasto be copiedinto thesharednemoryon senderside
(concurrentlythisis the copy operatiorto therecever)and
from sharedmemoryinto the userbuffer on the recever
side.

The managemenbf the sharedmemory for the data
transferis doneby a sharedmemory module (as part of
the VIA/SCI Device) on senderside.The termsallocate
andfreehave a speciaimeaningandshouldnotbeconfused
with the systemmemorymanagementllocate meanghat
the caller getsa pieceof sharedmemoryfrom the shared
memorymoduleand free meansthat the caller give back
the memoryto the sharedmemorymodule. The protocols
of the previoussectiongetthefollowing enhancements:

In step2 on senderside: Before settingthe messagenfo
structactive abuffer is allocatedn thesharednemory
andthe userbuffer is copiedinto this buffer. The pro-
tocol specificdatacontainsthe location of this buffer
asan offsetto the startof the sharednemoryandthe

This areais local ontherecever node.



sizeof thebuffer. Now theactieflagin theusedarray
signalizeghereceverthatthe datatransferis finished
already

In step4 on senderside: Whenthe sendedetectghatthe
readyflags setit freesthe memorybuffer allocatedn
step2.

In step3 onreceverside: When the recever detectsa
matchingentry in the messagénfo structareait has
to copy thedatafrom the sharedmemoryinto the user
buffer andsetthereadyflag.

5.4. One Copy VIA protocol

As mentionedabose the VIA Send/Recymechanisnre-
quiresthatthe receve descriptorwill be postedbeforethe
senddescriptor For this reasonthe recever hasto posta
sufficient numberof receve descriptorswith fixed buffer
sizeM. Eachdescriptohasa uniquenumber Therecever
writes the numberof the descriptorpostedlastly in the
sharednemoryof thesenderHencethesendercoulddeter

minetheminimal numberof postedout unusediescriptors.

Lik ewise the sendemrites the numberof the lastly posted
senddescriptoiin thesharednemoryof thereceversothat
therecever canpostnew receve descriptorsf the number
of postedbut unuseddescriptorgeaches minimal value.

The following enhancementare necessaryor the one
copy VIA protocol:

In step2 on senderside: Before ary datatransferwill be
donethe sendethasto checkif the memoryis already
registeredin the VIA memorymanagemenand reg-
ister it if not. Thereafterthe VIA memorywill be
setusedso thatthe VIA memorywill not be derey-
isteredduringthe datatransfer Thanthe sendeisplits
the messagén N chunkswith size M*? and testsif
thereareenoughfreedescriptorpostedby recever. If
not it setsa flag in the receiver sharedmemoryto in-
dicatethat morereceie descriptorshouldbe posted
andwaitsuntil thenumberof posteddescriptorss >=
N. The sendeffills the protocolspecificdatawith the
numberof the first descriptorX and the numberof
the last descriptorY. Afterwardsthe sendempostsev-
ery chunkin anindividual descriptorandsetsthe used
flag.

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

In step3 onreceierside: Whenthereceverfind amatch-
ing entryfor hisrequestn themessagénfo structarea

L2certainlythelastchunkcouldbe smaller
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it completeghereceve descriptorsX to Y. Thereafter
therecever copiesthe datafrom the VIA Buffer into
theuserbuffer andsetsthereadyflag.

Theonecopy VIA protocolsis describedyraphicallyin
figure?.

Sender

(register memory)

set memory used
VIA memory
management

: meﬁ

0 1 N-2 N-1
local shared memory

Receiver

rem. shared memofy

lest send :Isend
test Ipost-Isend >=

Y N

request for more

receivedesc. \ local shared memory
; more_desc =1

: post receivedesc.
wait until
""Ipost - Isend >=
post mess. 0 to N-1 -
with ID’s Isend+1 to Isend-+N VIA Driver

update Isend in rem.memofy
= - local shared memor)
fill message info stru Fo— - - = 2=~ =~
message info struct

protocol spec. data:

first ID
last ID

wait for completion fgr
VIA Driver first ID ... last ID
&
\2

copy data in user
buffer
set readyflag

llocal shared memory |
ready flag =1

set memory unuse
VIA memory
management

Figure 7. One copy protocol

5.5. Zero Copy VIA protocol

ThetermZeroCopy meanghatthedatatransferequires
no additionalcopy operationsieitheron sendersideor on
receverside. The userbuffers on sendersidaswell ason
receversidehave to beregisteredfor this reason.Thecon-
dition to postthereceie descriptotbeforepostingthe send
descriptodemands highersynchronizatioreffort in com-
parisonwith the onecopy protocolin thelastsection.

For the purposeof synchronizatiora new structure the
socalledpostedring (aring of messagéD’s)is introduced.



The postedring is necessaryo justify the descriptorpost-
ings on sendersidandreceverside. The recever controls
thisjustificationthatimpliesthatthe structureis locatedin

thesendessharedmemoryandwritten by therecever.

Sender Receiver
register user buffer register user buffer
set memory used set memory used

: VIA memory VIA memory

management management

fill message info stru¢
| local shared memory
message info struct:

message id : L
post descriptof
VIA Driver for message
add entry in
local shared memary
osied gt | —— |

posted_ring with
L

message ID L
po;t descriptof wait for completio
VIA Driver
local shared memo

VIA Driver

ready flag = 1
set memory unused

o) |

Figure 8. Zero copy protocol

set ready flag
set memory unus%:d

)

VIA memory
management

VIA memory
management

Thefollowing enhancement@readdedo theprotocolin
section5.2:

In step2 on senderside: Firstthesendethasto register(if
necessarythe userbuffer andto setthis memoryused
(like in the one copy VIA protocol). Thereafterthe
sendeffills out the messagénfo struct® andsetsthe
structureactive. Here settingthe messagénfo struct
active hasthe meaningthat the messages readyfor
send(not that the messageas alreadysentasin the
othertransfemprotocols).

In step3 on senderside: When the senderdetectsa new
entryin the postedring it poststhe descriptorfor the
messagéelongingio themessagéD of thenew entry.

In step4 on senderside: After detectingthe readyflagthe
userbuffer is setunusedn the VIA memorymanage-
ment.

13This protocoldoesnot needprotocolspecificdata.
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In steplrespectvely 2 onreceverside: When
thereceverfindsamatchingentryit hasto registerthe
userbuffer and setthe registeredmemory used(see
step2 on senderside).Thereafterit builds a receve
descriptorfor the userbuffer and poststhis descrip-
tor. Afterwardsthe recever insertsan entry with the
messagé¢D belongingto the postedreceve descriptor
in the postedring to signalizethe senderto postthe
matchingsenddescriptor

In step3 onreceverside: After completing the receve
theuserbuffer hasto besetunusedn theVIA memory
management.

A graphicaldescriptiorof the zerocopy VIA protocolis
depictedn Figure8.

6. Futur e 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 independentayer is the implementationof
this functionality. But sincethis paperis dedicatedo the
VIA/SCI devicethenext stepsor the device shouldberep-
resentedhere.

The next task is the evaluation of the protocolswith
the real hardwareé** andthe determinatiorof the switching
pointsfor thedifferentprotocols.

Anotherimportantpart of the future work is the imple-
mentationof collective operationsdecause/IA aswell as
SCl offer excellentfeaturedor theimplementatiorof, e.g.,
abarrier(SCI) or abroadcastVIA).
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Abstract

SCI has many advantages compared with ather modern high-speeal interconredions that makes it very
attractive for building cost-effedive dusters from standad computer systems and PCI-SCI bridges. In this
paper we present some ideas for new architecure of such communication hadware, which will combine the
benefits of SCI distributed shared memory with high system throughpu and low latencies of proteded user
levé DMA of the Virtual Interface Architedure (VIA). The final god of our research isto devdop PCI-SCI
Bridge with completely new design that will be vey suitable for building inexpensive dusters optimized for
message passng appications.

Keywords: Message passng, Cluster Computing, Proteded User—Levd DMA, Distributed Shaed
memory, Scalable Coherent Interface (SCI), Virtua Interface Architecure (VIA), Network Interface.

l. Motivation and Introduction

Scdeédble Coherent Interface (SCI) [1] is modern communication techndogy with very high
bandwidth, extremely low latency, scadable achitedure, and suppat of distributed multiprocessng
that allows building d large systems out of many inexpensive building docks. It is also truly open
standard, fully standardized from ANSI, IEEE, and 1SO andis a stable standard since 1991

SCI ads like amodern equivalent of processor/memory/IO bus and Locd Areanetwork, which
uses a single address paceto spedfy data & well as its urce and destination when being
transported and in this way implements distributed shared memory with cade mherency. For this,
when two tasks dhare data using SCI, the data remains dored in ordinary variables, with ordinary
memory addresses, at all times. Thus processor instructions like Load and Store suffice to address
the data for doing computation with it. Load and Store instructions are highly optimized in all
procesrs, and uncerlying SCI transport medanism is transparent to the user, performing al the
network protocol effedively as afradion d one instruction. It is a grea advantage compared with
other modern high-speed interconredions (ATM, HIPH, etc.), where data is moved as greams. In
thiskind d strean communicaions the data must be wpied from user home variables to bufers.
After cdl of library routine it’s further transferred from the buffers to an 1/O interface for
transporting as a byte stream. On receving end, when the data arives and fills buffers, filled
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 nat surprising
that communicaion latencies of these stream-based channels or networks are typicdly abou 1000
microseconds, becaise of the many instructions required at eat end involved in transfer. For
comparison, in case of SCI because data is moved from one cwmputational context to ancther,
withou unlabeling the data enroute, typicd latencies are under microsecond

All mentioned above advantages of SCI makes it a preferred communication techndogy for
cluster computing and it is also the dhoice we made for building ou OSCAR [12] cluster. It's is
built from standard PC systems conreded together with Dolphin’s PCI-SCI bridges.

Applicaions that we running onthis g/stem are based on message passng (MPI) [3]. These
applicaions takes big acceeration becaise of low latencies of underlying dstributed shared
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memory witch is used like communicaion media for message passng. Major Problem of these MPI
applicaions 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 transfersin
badkgroundwithou CPU utili zation. The Dolphin bridges that we use offer such DMA engine, but
it is not controllable direaly from user tasks withou violating the system protedion. So every
DMA transfer require a kernel cdl (to prove the process access rights) which introduce
unaccetable latencies, killi ngin thisway one of the main advantages of SCI techndogy.

One of the more promising approades for removing the operating system kernel from the
criticd communicaion paths is the Virtual Interface Architedure (VIA) [2] introduced in
Decanber 1997 by Intel, Microsoft and Compag. It defines relatively high-level, hardware
independent mecdhanisms for accessto the network interfacefrom user level ensuring in the same
time protedion between multiple processs. This is achieved by poviding ead consumer process
with ore or more proteded, diredly accessble interfaces to the network hardware, cdled Virtua
Interface(VI).

VIA asoisnot an ided solution. It is targeted mainly to provide mechanisms for high-speed
message passng and is not so effedive for very short messages. This is becaise we car't compare
the ssimple memory referencein case of PIO over shared memory with preparation and exeaution o
DMA descriptors in case of VIA. So the goal of our reseach is not only to implement a
combination d these two tedndogies but also to find ways for improving the VIA using the shared
memory concepts of SCI. As end result we want to have cmmunicaion hardware with low
latencies and high throughpu for short as well for long message sizes and therefore suitable for
building clusters for wide range of message passng applications.

[I.  Memory Management and Remote DM A mecdanism in conventional PCI-SCI bridges.

Before start discusson about propased by us modified model for proteded user level RDMA,
we will make brief analysis of the remote DMA model, typicaly used in PCI-SCI bridges.

In the anventional PCI-SCI bridge designs SCI distributed shared memory is used like a
communicaion media by mapping parts of remote memory from processes in their address pace
All these designs until now have the disadvantage that the whole memory protedionis based onthe
standard virtual to physicd addresstrandation at CPU level. Thus, memory protedion works only
for the remote memory accesses by CPU but not for the DMA transfers. For seaurity reasons, the
processes can na build and adivate DMA descriptors becaise there is no way to qualify addresses
spedfied by the process There is another approach cdled Restricted User Level DMA in which
descriptor contents are dhedked by the kernel only oninitial preparation and after this it can be
exeauted from user level whenever and howv often is needed. But if DMA descriptors are rarely
reused this becomes ineffedive.

Besides of missof user level DMA current bridge designs suffer also from inflexible static
memory management. They offer a one-to-one mapping d whole exported memory (which in this
case ads like ommunication memory) in orly one memory window. This causes two significant
disadvantages:

= Continucs exported regions must also be continuows and aligned to the minimum exportable
block sizeinside the physicd address pace
= Exported memory must reside within thiswindow.

It's not possble in this dort writing to go in details but we must mention that these two
problems make implementation d MPI applicaions on top d such hardware very difficult and
resource wasting.
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[l . Memory Management and User Level Remote DM A medhanism by VIA

The central point in the VIA are Virtua Interfaces or shortly VI. They alow dired access of
VIA NIC to the processes memory. Applicaions sefour comporents of VI: Send and Receve
Queue and Send and Receave Doorbell. The queues hold descriptors that describe adata transfer
request. Doorbell s represent afast mecdhanism for a processto ndify aVIA NIC that work has been
placed on hs Work Queue. The Doorbell mechanism is proteded by operating system — orly 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 pradicdly memory mapped
hardware registers. Only the two processes asociated with pair conneded VI's are dlowed to
exchange memory contents and a VI can be unconreded or conneded to ore and orly one other
VI.

VIA offer quite flexible memory management. For communicaion can be used any part of
virtual memory but before use it must be registered to gven Virtua Interface

There ae two types of data transfer fadliti es provided by the VI Architedure. These data
transfer models are traditional Send/Receve messaging model and the Remote Dired Memory
access(RDMA) model. The RDMA transfer model is more suitable to be implemented in our PCI—
SCI bridge design kecause of the SCI distributed shared memory used like communication media.

In RDMA operations the user processor consumer in terms of VIA has to spedfy the source
and the destination d data transfer which must reside within registered memory regionsin locd and
remote memory. Thisis achieved by pating a descriptor to Send/Recave Queue of a VI. Memory
protedion is based onMemory Protedion Tags that is assgned to VIs on creaion and to Memory
Regions on registration to gven VI. The VIA NIC only allows a memory accesif the Memory
Protedion Tag of the VI where the descriptor has been pcsted and the Memory Regions involved
are identicd. Access that violates this rule result in a memory protedion error and no dita is
transferred. We must mention here that in addition to the protedion tag, the VIA spedficaion also
defines Read/Write Enable atributes for Remote DMA transfer mode.

IV. New PCI-SCI bridge design with improved Memory Management and Proteded User
Level DMA

Because the analysis we made [8] showed that usage of efficient and low latencies DMA is
very important for overall system performance we implemented in ou design a VIA like proteded
user level DMA with similar Memory Management. We must sightly extend the mecdhanisms
spedfied by VIA to become suitable for PCI-SCI architedure becaise DMA engine must chedk
accessrights nat only to exported (locd), but also to imported (remote) memory. We adieve this
by adding a Protedion Tag to bah downstrean and upstream address trandation and protedion
tables witches are used for translations from virtual SCI to Global SCI and from virtual PCI (inside
the bridge) to physicd PCI (inside the host) address paces respedively.

Introduction o upstrean address trandation table dso gves additional flexibility to the
Memory Management scheme and eli minates 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 leals to more df edive usage of host system memory.

Fig. 1 ill ustrates the principle work of the Proteded User Level DMA in ou design. It shows
flow of addresstrandations of the aldresses generated by the DMA Engine while data transfer is
performed between two nodes. Every nodk has implemented two addresstrandglation tables becaise
now DMA works between the virtual PCI and the virtual SCI address gaces. In contrast in
conventional architedures DMA works between the physicd PCl and the virtua SCI address
spaces. Node 1, which is initiator of the transfer, adivates its DMA Engine. The generated
addresses for addressng the locd (exported) memory are translated from virtual PCI to physicd
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PCl addresss. This is © cdled upstreamn address trandation. In the same time aldresses that
address the remote (imported) memory are tranglated from virtual SCI to the Global SCI address
space which is cdled dowvnstream address tranglation. On the remote Node 2, the addresss are
trandated finally to the physicd addresses inside the PCI address paceby the upstrean translation
table of its PCI-SCI Bridge. Here no dfferentiation between transadions initiated by DMA and
PIO ismade.
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Fig. 1. Addresstranslations during DM A transfer in the improved PCI-SCI bridge design.

Upstrean and davnstrean Tranglation Tables of the bridges except trandated bases contain
also the VIA Protedion Tags and for this are cdled also Protedion and Translation Tables. The
Protedion Tags are set by system software when processcreaes and registers memory regionsto its
Virtual Interfaces. The DMA engine is cgpable to initiate transfers only between locd and remote
regions that belongto the same @ntext that DMA is currently running (and therefore have identicd
Protedion Tags). The Initiator PCI-SCI Bridge doesn’'t perform Protedion Tags chedk of PIO
transfers, because in these caes protedionis guaranteed by the memory management system of the
host CPU. The Remote node doesn’'t perform Protedion Tag cheding reither in case of DMA nor
in case of PIO transfers because in bah casesthisis already dorein the Initiator node.

V. Conclusion

In conclusion we can say that this improved Proteded User—Level DMA combined with
flexible Memory Management helps to increase significantly the system throughpu and to closes
the latency gap between data transfers by PIO and by DMA. Even more the gplicaions or more
exadly communication libraries have flexibility depending on dtasize and applicaionto deddein
which way message shoud be transferred. Short messages may be transferred by PIO while long
may be transferred by DMA. Of course aommunication aiented applicaions 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 st of more high CPU usage.

To prove in pradice our new architedure concept we airrently work oncreaion d a hardware
prototype. For more information from architedural asped about our projed and cetail s of hardware
redizaion d the prototype refer to [7], [8]. Currently (Sep, 1999 we have implemented some basic
functionality and we @ntinue working onthe firmware and low-level device drivers improvement.
We plan initialy to suppat two attradive platforms for building cost effedive dusters — Intel and
Alpha PC. So additional parts of our reseach group invalved in this projed work on appropriate
High-Level device drivers for integrating the PCI-SCI bridge in memory management system of
Linux[9], [10] and aso onadoption d MPI-2.0 — high-level communicaion library [11].
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Abstact— Both the ScalableCoherent Interface (SCI) and the Virtual
Interface Architecture (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, have differ ent 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 performinginterconnecsystemsareof key importance
for effective clustercomputing.Several solutionshave beenin-
troducedpneof whichis the ScalableCoherentnterface(SCl),
atechnologyto build distributedsharednemoryaswell asmes-
sagepassingsystemsntop of it. Its outstandingharacteristic,
however, is thesharednemory SClallows nodego shareparts
of their physicaladdressspaces.Hence,in combinationwith
an appropriategpagingsystemprocessegare ableto sharetheir
virtual addresspaces.Communicatiorcanthustake placeby
the processorsssuingsimpleload andstoreinstructions. That
meanghereis no needfor additionalprotocollayersto transfer
datafrom onenodeto anothey not to mentionoperatingsys-
temkernelcalls. This givesSCl a clearadwantagein termsof
latengy. Dolphin ICS states2.3us for their PCI-SCI-bridges
(type D310),whichis theversionwe usedfor ourtests.

The Virtual InterfaceArchitecture[2] alsoaimsat reducing
latencieshowever, ata higherlevel. It definesa genericsystem
architectureindependenthfrom the physicallayer The main
objective of VIA isto movetheoperatingsystenoutof thetime
critical communicatiorpath. For thisa VIA NIC providesap-
plicationsdirectaccesgo the network throughso calledVirtual
Interfacesor Vls. VIs are connectedo eachotherin a point-
to-point fashion. The VI Architectureis basedon descriptor
processingA VI compriseswo work queuesonefor sendde-
scriptorsandonefor receive descriptorsandapair of appendant
doorbells In orderto starta datatransferthe sendepreparesa
descriptothatcontainghevirtual addres®f thedatato besent,
putsit on the sendwork queueandrings the doorbell. Thisis
referredto as postinga descriptor Thereupornthe NIC starts

Thework presentedh this paperis sponsoredby the SMWK/SMWA Saxoty
ministries(AZ:7531.50-03-0380-98/6)t is alsocarriedoutin stronginteraction
with the project GRANT SFB393/B6of the DFG (GermanNational Science
Foundation). We alsothank Giganetinc. and MPI| Software Technologyinc.
for providing uswith their cLAN VIA hardwareandMPI/Prosoftware. Further
thanksare extendedto Scali ComputerAS for providing us with their Scali
SoftwarePlatform.

processinghis descriptori.e. it readsthe datafrom the user
buffer via DMA andsendst throughthe network to NIC host-
ing the peerVI. By this time the recever musthave posteda
receve descriptormpointing to the destinatiorbuffer. Whenthe
messagarrivestheNIC takesthe next descriptofrom thehead
of thespecifiedVI’ sreceve queueandwritesthedata,againby
DMA, into memoryright into theuserbuffer. Thework queues
residein usermemoryandthe doorbellsare mappednto user
addresspaceaswell, thusthereis nokernelcall neededo start
a datatransfer The completionof a descriptorcanbe checled
eitherby polling its statusor by blockingthe procesy means
of a kerneltrap. VIA alsoprovidesa remoteDMA (RDMA)
mechanisnwherethe sendesspecifiedoththelocalandthere-
moteaddress.

Anothercharacteristiof VIA is thatall memorywhichis to
be usedto hold descriptoror databuffersmustberegisteedin
adwance.Thatmeanghatall involvedmemorypagesarelocked
into physicalmemoryandthe addressearestoredin theNIC’s
Translationand ProtectionTable (TPT).

There are several VIA implementationsaround. While
Berkeley-VIA [9], Compags SenerNetl andM-VIA [10] em-
ulatethe VIA functionalityin software’, Giganets cLAN [11],
SenerNetll [12], Finisars FC-VI hostbusadaptef13] andFu-
jitsu’s Synfinity CLUSTERarenative implementations.

It is importantto mentionthat a combinationof both tech-
nologies,SClandVIA, is alsopossible.In Februaryl998Dol-
phinannounce VIA implementatiorbasedn their PCI-SCI
bridge[3]. Althoughthey did not publishary technicaldetails
of their systemi,it is very likely thatit is a caseof software-
emulated/IA, asthey saidnomodificationgo theexistinghard-
warewereneeded4]. Unfortunatelytherehave beenno more
public announcementaboutprogressn this direction, neither
hasthis softwarebeenmadeavailablefor testing.In contrasto
Dolphin’s puresoftwaresolutionour researctgroupis working
on anative, i.e. hardwaresupportedextendedVIA implemen-
tation basedon SCI [5], [6], [7], [8]. However, until now the
projectis in antoo early stageto be suitablefor comprehensie
measurements.

In this paperwe wantto investigatethe performancdliffer-
encesbetweenthesetechnologiesand how they affect the run
time of parallelapplicationsby meansof one specificimple-
mentationof each,Dolphin’s SCI hardwareandGiganets VIA
hardware. For comparisorto corventionalnetworking technol-
ogy we alsoincludedFastEtherneinto our tests.Sinceall tests
are basedon MPI [16] the resultsgive an overall assessment

3M-VIA 2.0is intendedo supportnative implementationsiswell.



of thecommunicatiorhardwareandsoftware,whichis whatan
applicationprogrammeexperiences.

Il. THE TEST BED
A. Hardware

Outtestenvironmentconsistedf nine Pentiumlll 450 MHz
machines.Half the machinesvereequippedwith 512 MB, the
otherswith 384 MB. All of themwere connectedy switched
FastEthernefusinga 3comSuperStaclkwitch)andby SClin a
ring topologybasedon Dolphin’s D310 PCI-SCIl-bridgesUs-
ing our SCI switchwasimpossiblebecauset is not supported
by Scali’s Software(seebelow). Moreover, eightmachineshad
acLAN 1000VIA adaptefrom Giganetnc. connectedhrough
aneight-portcLAN5000switch.

B. Softwae

All machinesvererunningRedHatLinux 6.0resp.6.1. For
the SCl testwe usedScali's SSPversion2.0[14]. It hasbeen
designedor 2D-torustopologies,which rings are a subsetof.
MP-MPICH from Aachen[15]would have beenan alternatve
MPI implementatiorbut at the time of the testsit wasstill in
an early stageanddidn’t run stableon our cluster Besidesit
shavedperformancegroblemson Linux platforms.

The measurementen Giganetand FastEthernetvere done
usingMPI1/Pro by MPI Software Technologyinc., which is the
only MPI with supportffor Giganets cLAN hardwareatthemo-
ment.

The NAS Parallel Benchmarksvere compiledusingthe Fu-
jitsu C++ ExpressCompilerversion1.0 andFujitsu Fortran95
ExpressCompilerversionl.0.

I1l. MEASURING MESSAGE PASSING PERFORMANCE USING
NEeTPIPE

To measuréhe pureMPI performanceve chosethe NetPIPE
(Network ProtocolindependenPerformancévaluator)bench-
mark[18]. It wasdesignedasa tool to evaluatedifferenttypes
of networks and protocolsand gives answergo the following
guestions:

« How long doesit take to transfera datablock of a givensize
to its destination?

« What'sthemaximalbandwidth?

« Whichnetwork andprotocoltransferablock of givensizethe
fastest?

« Whatoverheads incurredby differentprotocolson the same
network?

As weexamineonly oneprotocolonall networks,whichis MPI,

thelastquestionis of lessinterestfor us,andwe concentrat®n

throughputandlateng.

A. NetPIPEs measuringnethod

The heartof NetPIPEis a ping-pongloop. A messagef a
givensizeis sentout. As soonasthe peerrecevesit, it sends
amessag®f equalsizebackto therequesterThis is repeated
several timesfor eachsize andthe smallestroundtrip time is
recorded.The amountof datais increasedvith eachpass.The
numberof repetitiongdepend®nit. It is calculatedn awaythat
the transferlastsfor a fixedtime (0.5 seconddy default). The
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programproducesa file containingtransfertime, throughput,
block sizeandtransfertime variancefor eachmessagsize.

B. Throughput

Figurel shaws the MPI send/receie throughputof Giganet,
SCI and FastEthernetin Mbit/sec)dependingon the message
size. Thereis, asexpected a cleardifferencebetweenFastEth-
ernetandthe othersystems.
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For large messageMPI/Pro on Giganetdeliversthe highest
performanceat 748 Mbit/s or 93.5 MB/s. The kink at 4 KB
is causedby switchingfrom eagerto long protocol. The for-
mersendsnessagesnmediatelyusingVIA send/receie mode
which arethenbufferedasunexpectedmessageattherecever.
Thereis anadditionalcopy neededrom the MPI-internalbuffer
to the userbuffer. Thelong protocolis arendezwusprotocol.
The sendemwaits until the receve operationis started. The re-
ceiverregistersthe destinatiorbuffer with theVI NIC andsends
the destinationaddresgo the senderwhich thentransfersthe
databy RDMA. If the protocolswitch point, which is at 4 KB
by default, is movedto 8 KB the curve becomesmootheri.e.



the throughputbetweernd and8 KB is improveda bit. Above
that messagesize the copy operationof the eagerprotocolis
more expensve than the additionalmessageand the memory
registrationof thelong protocol.

ScaMPIs peakperformanceas about20 percentower at 608
Mbit/s (76 MB/s). Thereis onemajorkink in the curve at 128
KB. It resultsfrom switching from eagerprotocolto transport
protocol,by analogyto MPI/Pro. The default eagerbuffer size
of ScaMPlis just 128 KB. Thereis onemore protocol,thein-
line mode,whichis usedfor messagesp to 560bytes,but this
switchpoint cannotbe seenin the curve. This suggestshatthe
ScaMPldeveloperschosethe optimal valuein orderto getan
evenperformanceurve.

MPI/Pro on TCP is able to exploit about 83 percentof
FastEtherneswire speedij.e. 10.3MB/s.
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Fig. 3. Bandwidthratio of SClandVIA

For smallmessagethe relationbetweerthe networksis dif-
ferent. While for large message&iganetis the fastesfor mes-
sagesipto 16 KB SClis clearlyahead As it canbe seenfrom
figure3 SClis upto eighttimesfastethanVIA. An explanation
for thiswill begivenin thefollowing section.

C. Latency

Besidesthe bandwidthchartNetPIPEoffers a so called sat-
uration chart. It shovs whatamountof datacanbe transfered
within a giventime. The minimal transfertime representshe
lateng of the network andthe softwarelayers. The following
tablesummarizeshetimesmeasured:

| Network | Lateny |
FastEthernet 125pusec
SCI 8 usec
VIA 65 usec

SCI shaws the bestlatenciesby far dueto its sharedmem-
ory concept.A simplestoreoperationby the CPUis neededo
transfera dataitem. The PCI-SCI-bridgetransparentltrans-
latesit into an SCI requestand sendsit to the targetnode. In
contrastto the value given by Scali (seesectionl) the lowest
raw latencieswe could measureon SCI sharedmemorywere
about5 usec, i.e. MPI imposesanoverheadf 3 usec for very
smallmessages.

49

T T T
"MPIPro_FastEthernet" using 1:4 —+— K
"MPIPro_Giganet" using 1:4 ---x--- XA
"ScaMPI" using 1:4 ---a--- ¢

1.04858e+06

T

32768

1024

Blocksize in Byte
b&
B
Ld
5y
XX:
\\\ \

32

“IRETHORAIHHHRRH KK S5

- B BB

1 1
le-06 le-05 le-04 0.001 0.01 0.1 1

Time in sec

Fig. 4. NetPIPEsaturation

The reasonfor the higherlatenciesof Giganetcanbe found
in theVI Architectureitself. As describecabove, VIA usesde-
scriptorbasedcommunication.A descriptormustbe prepared
andpostedo the NIC. Thenthe hardwarestartsreadingthe de-
scriptorfrom mainmemoryby meanof DMA. After retrieving
thedataaddresst mustperformanotheDMA cyclein orderto
gettheactualdata.VIA alsoprovidesa mechanisnto save the
secondDMA action: a descriptormay containup to four bytes
of immediatedata, whichis transferedrom the senddescriptor
directly to the receve descriptor However, this cannotreduce
lateng essentiallysince,on the onehandthe amountof imme-
diatedatais rathersmalland,ontheotherhand the DMA trans-
fer for readingthe descriptoremains.Thus, SCI sharednem-
ory will alwayshave bettershortmessag@erformancehanary
VIA implementatioronacomparabl@hysicalmedia.With SCI
the dataitself is written to the NIC, not a oneor eventwo step
referenceo thedata.

But thatdoesnot really explain the eighttimeshigherlaten-
ciesof VIA. The hardware lateny of Giganetis aslow as7
psec afterall. Anotherreasoris thesynchronizatiomeedede-
tweenthe sendelandtherecever. TheVI Architecturerequires
thatareceve descriptobe postedbeforethepeerstartsthesend
operation. Otherwisethe messageavould be droppedand the
even connectiorwould be brokenif the VI connectionvases-
tablishedin reliablemode. That's why an MPI implementation
for VIA mustunconditionallyavoid suchsituationsby synchro-
nizing senderandrecever. Thesesynchronizatormessagesn-
creaseommunicatiorstartuptimes.

A third reasonfor the higher latenciesof VIA is the way
MPI/Pro checkscompletionof sendand receve descriptors.
The versionwe testeduseswaiting mode wherethe commu-
nicating threadis blocked until a descriptorhas beencom-
pleted. Reavakeninga processs, of course,more expensve
thanpolling onalocalmemorylocationasit it donein ScaMPI.
Future versionsof MPI/Pro will also be able to use polling
mode.A prototypeimplementatiorhasalreadyshowvn latencies
below 20 psec [19].



D. Summary

The NetPIPEbenchmarkrevealedclear performanceliffer-
encesbetweenthe high speednetworks examined. SCI's ex-
tremelylow startuptimesprovide superiorbandwidthfor mes-
sagesup to 16 KB. For larger messages&iganetis faster but
not significantly In thefollowing sectionwe will examinehow
thesedifferencesmpactsparticularparallelapplications.

1V. NAS PARALLEL BENCHMARK

Lateny andbandwidthfiguresare often usedfor marketing
purposeso corvince potentialcustomer®f thecapabilitiesof a
certainnetwork technology However, the performanceyainfor
parallelapplicationcannotederiveddirectlyfromthem.It de-
pendsxtremelyonthecommunicatiompatternof thealgorithms
used. Of course,a high speednetwork is uselessf the tasks
exchangeonly a few bytesevery now andthen. But evenfor
intenselycommunicatingrrogramgheinfluenceof the network
depend®n the sizeof the messagesWe have choserthe NAS
Parallel BenchmarkNPB) suiteversion2.3, which consistsof
five parallelkernelsand threesimulatedapplicationsfrom the
field of ComputationaFluid Dynamics(CFD). They have been
designedoy NASA AmesResearclCenter The benchmarks,
which are derived from computationaffluid dynamicscodes,
have gainedwide acceptancasa standardndicatorof super
computerperformancg20]. Of course,the NAS benchmark
suiteis limited to specificnumericalproblemsandhenceis not
representatie for otherkinds of applicationssuchasdatabases
ordatamining However, sinceourgroupis involvedin aCollab-
oratve ResearchCenter“Numerical Simulationon Massiely
Parallel Computers”we've foundthis benchmarlsuitable.We
will give theresultsof all thesetestsat the endof thisdocument
(seefigure 7), and we will discussone benchmarkfrom each
groupin moredetailin this section.

In orderto find explanationsfor the resultsgainedwe ana-
lyzedthe communicatiorof the programsby meansof the MPI
profiling interface.We wrotewrapperdor eachMPI datatrans-
fer function usedby the benchmarksand countedtheir calls.
Thatwasdoneseparatelyor eachpower of two of themessage
size. The findingswere quite instructive. So, the EP test, for
instancejs really inappropriatefor evaluatingclusterintercon-
nectsasits entirecommunicatiorconsistf threeallreduceop-
erationsf four to eightbyteandoneallreduceof 64to 128byte,
independentlypn the problemclassandnumberof processes.

A. ThelSbendmark

The IS (Integer Sort) benchmarkis one of the parallelker-
nelsof the NPB suite. It performsa sorting operationthat is
importantin particlemethodcodes In suchkind of applications
particlesareassignedo cellsandmaydrift out. They arereas-
signedto theappropriateellsby meanof the sortingoperation
[21].

A.1 Theresults

Figure5 shaws the performanceor the IS teston FastEth-
ernet,Giganet(both with MPI/Pro) and SCI with ScaMPI.All
NPB testscanbe run for several sizes: W (Workstation),A, B
andC. We werenot ableto run classC asit requiredtoo much
memory IS runsat a power-of-two numberof processesi.e.
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2,4 and8. We alsoaddedthe numbersfor the serial version
to seethe benefitof parallelization. The chartsshawv the total
million operationgersecondate(Mop/s) rateover numberof
processes.

For all casesMPI/Pro on Giganetis the winner. However,
the distanceto ScaMPIshrinksasthe problemsize increases,
so that for classB ScaMPland gets very closeto Giganet.
Thereis a performanceamprovementof factor2.5in compar
isonto FastEthernet.For the latter the two processversionis
evenslowerthanthe serialimplementationandthe speedugor
eightprocessess noteventwo. It is evenworsefor the smaller
classesTheworkstationtestwith eightnodess not fasterthan
the serialversionwhich suggestshatthe communicatiorover
headeatsup all theacceleratiorof thecomputatiorby theaddi-
tional processors.

A.2 Thecommunicatiorpattern

Size Count M ge Type
4 1 send
4 1 reduce
8 1 reduce
8192 11 allreduce
4 11 alltoall
16777216 11 alltoallv
TABLE |

COMMUNICATION STATISTICSFOR ISCLASS B USING 8 TASKS

As tablel showvsthelS algorithmmainly relieson allreduce
alltoall andalltoallv, whichis a vectorizedvariantof the all-to-
all operation.allreduceperformsan certainoperationon a set
of datadistributedacrossll processewhereatall processeget
theresult. In anall-to-all operationasthe namesuggestseach
tasksendsa pieceof datato all others,i.e., onesuchoperation
comprisezi(n — 1) individual messagewith n asthe number
of tasks.

The only parametetthat changeswith the numberof pro-
cesseandtheproblemclasss thesizeof thealltoallv messages.
It increasesvith the problemsize,but it is the smallerthe more
processeareinvolvedsinceeachprocessogetsa smallerpiece
of thedataasshown in tablell.

| ntasks: | 2] 4] 8]
Classw 2MB 1MB | 0.5MB
ClassA 16 MB 8 MB 4 MB
ClassB 64MB | 32MB 16 MB

TABLE Il

MESSAGE SIZES FOR alltoallv

The hugeall-to-all messagesre most probablythe reason
for the dramaticdifferencesbetweenfFastEtherneaindthe two
high speednetworks. For the B classwith eight processes
total amountof 896 MB mustbe transferredat eachall-to-all
exchange.In our opinionthe allreduceandalltoall operations
are of nearly no importancecomparedwith thosevoluminous
ones.



The differencebetweenSCl andVIA aredifficult to explain
by themeasurementivenin sectionlll. Theperformanceise
of ScaMPIfrom classW to A at eight processesould be at-
tributedto the higherbandwidthof about8.5 percentfor 4 MB
messageasagainstt12 KB messagesHowever, this doesnot
hold true for four processesalthoughthetransferratefor 8 MB
is higherthanfor 1 MB. Hencetheremustbe othernonolvious
factorsinfluencingoverall performance.
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Fig.5. ISresults

B. TheLU bendimark

Unlike the name would suggestthe LU benchmark
doesnt perform an LU factorizationbut insteademploys a
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SSOR(symmetrisuccessie over-relaxationnumericalscheme
to solve a regularsparse5x5 lower and uppertriangularsys-
tem. This problemrepresentshe computationgssociatedvith

a newer classof implicit CFD algorithms, typified at NASA

Amesby the codeINS3D-LU [21]. LU is oneof the simulated
applicationbenchmarks.

B.1 Theresults
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Fig.6. LU results

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

All in all thereis nearlyno differencebetweerthe high speed
interconnects. For Workstationclasson eight processesSCI



is slightly fasterthan Giganetwhereaghe things are opposite
in the othercases.Further the advantageof SCI and Giganet
overtraditionalFastEthernebecomeshesmallerthe biggerthe
problemsizeis. For classB thereis no significantdifference
betweenthem any more. This behaior can explainedif one
considercommunicatiorpatternof the algorithm.

B.2 Thecommunicatiorpattern

Size Count Message Type
512 9300 send/recv
1024 9300 send/recv
32768 302 send/recv
65536 302 send/recv
4 3 bcast
8 5 bcast
64 1 bcast
8 4 allreduce
64 4 allreduce
1 barrier
Size Count Message Type
1024 25000 send/recv
2048 25000 send/recv
262144 252 send/recv
524288 252 send/recv
4 3 bcast
8 5 bcast
64 1 bcast
8 4 allreduce
64 4 allreduce
1 barrier
TABLE I

COMMUNICATION STATISTICSFOR LU CcLASS W (TOP)
AND CLASS B USING 8 TASKS

As canbe seenfrom tablelV-B.2 the communicatiorof LU
is dominatedby send/receie operations. The few allreduce
and broadcastoperationscan be neglected. For smallerpro-
cesgyroupsthe messagsizesgrow but thetotal amountof data
transferredemaingrelatively the same Whenthe problemsize
isincreasedhemessagsizesaswell asthenumberf messages
rise.

TablelV givesthetotal executiontimesfor ScaMPlin sec-
onds.

| ntasks: | 2 | 4] 8|

ClasswW || 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
1:6.3:32for W, A andB. Thenumberof messagedyowvever,
risesfar slower. Therelationis 1 : 1.6 : 2.6. This explainswhy
FastEtherneachievesnearlythe sameoverall Mop/srateasSCI
andVIA, sinceruntimeis mainly determinedy computatiorin
this case.
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LU’scommunicatiorcomprisesmallmessagewhereSClis
fasteraswell aslargermessagewhereVIA is faster Thetotal
amountof datasentin largemessage&bove 32 KB) is approx-
imatelytwice this sentin smallmessagegoelon 2 KB). But the
bandwidthfor the smallmessagess only half of thelarge mes-
sagebandwidth. Thusnoneof the high speedechnologiecan
take pureadvantage.

C. Theotherbenthimarks

Theresultsof all NPBtestsaregivenin figure7. Thenumbers
shavn representhe total Mop/srate. The BT and SPtestsrun
onasquarenumberof processorsvhile the othersneeda power
of 2 numberof processorsThis limitation andthe factthatwe
only had an eight port Giganetswitch explain the gapsin the
table. Althoughwe did not analyzetheresultsof the othertests
in thesuite[21], we will give abrief explanationof themfor the
readers corvenience:

ConjugateGradient(CG) Bencimark In this benchmark, a
conjugategradientmethodis usedto computeanapproxima-
tion to the smallesteigervalueof a large, sparsesymmetric
positive definitematrix. This kernelis typical of unstructured
grid computationsn thatit testsirregularlong-distanceom-
municationandemploys sparsematrix-vectormultiplication.

TheEmbarassinglyParallel (EP) Bendymark In this kernel
benchmarkiwo-dimensionastatisticsareaccumulatedrom
a large numberof Gaussiarpseudo-randomumberswhich
are generatedaccordingto a particularschemethatis well-
suitedfor parallel computation. This problemis typical of
mary Monte Carlo applications.Sinceit requiresalmostno
communicationjn somesensethis benchmarkprovidesan
estimateof the upperachievablelimits for floating-pointper
formanceon a particularsystem.

3-D FFT PDE (FT) Bencimark In thisbenchmarla 3-D partial
differentialequationis solved using FFTs. This kernelper
formsthe essencef mary spectraimethodslt is agoodtest
of long-distanceommunicatiorperformance.

Multigrid (MG) Bendmark TheMG benchmarks asimplified
multigrid kernel,which solvesa 3-D PoissorPDE.This prob-
lemis simplifiedin the sensethatit hasconstantatherthan
variablecoeficientsasin a morerealisticapplication. This
codeis a goodtestof both shortand long distancehighly
structureccommunication.

SPSimulatedCFD Application(SP)Bendimark This simula-
ted CFD applicationis calledthe scalarpentadiagona(SP)
benchmarklin thisbenchmarkmultipleindependensystems
of nondiagonallydominant,scalarpentadiagonaéquations
aresolwved.

BT SimulatedCFD Application(BT) Bendimark This simula-
ted CFD applicationis called the block tridiagonal (BT)
benchmarklin thisbenchmarkmultipleindependensystems
of non-diagonallydominantblocktridiagonalequationsvith
a5x5 block sizearesolved. SPandBT arerepresentatie of
computationsassociatedvith the implicit operatorsof CFD
codessuchasARC3D at NASA Ames. SPandBT aresim-
ilar in mary respectsput thereis a fundamentadifference
with respecto thecommunicationto computatiorratio.

NPB resultsfor othersystemsanbefoundatthe NAS Paral-
lel Benchmarkhomepage[21] andalsoat [22].



V. CONCLUSIONS

Summarizingwe must say that both high speedintercon-
nect technologiesshav significantimprovementsover tradi-
tional FastEthernetonnectionsn termsof raw MPI bandwidth
andlatengy. Comparingthe fast networks amongthemseles
ScaMPlis clearly aheadwith the bandwidthfrom 2 to 8 times
higherfor messagekessthan1 KB. It alsoshavsthelowestla-
teng for very smallmessagesMPI/Proon Giganethasgot its
adwantagesbore 16 KB messages.

As theresultsfrom the NAS Parallel Benchmarkestsshav
improving overall applicationperformancedependson mary
factors. The resultingapplicationperformancecannotdirectly
be derived from the speedof the clusterinterconnection.Only
intenselycommunicatingapplicationscanbenefitfrom a faster
network. Although ScaMPlhasa clearadwantagein the small
messageangethe NAS testsdo not take advantageof it. Even
moreVIA shawvsbetterresultan mostof thecasesThisis prob-

ably becaus¢raditionalapplicationgendto uselargemessages.

Soin orderto decidewhich network to choseoneshouldknow
the communicatiorbehaior of the applicationsntendedto be
runonthecluster A notlessimportantcriteriaof courseis the
priceof theentiresystem.
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Abstract

Boththe ScalableCoheentinterface(SCI)[7] andthe Vir-
tual Interface Architectue (VIA) [8] aim at providing ef-
fective cluster communicatiorsystems. In previous pub-
lications we showedthat SCI and VIA can be efficiently
combinedto form a new communicatiorarchitectue (e.g.
(1, 2)).

In this paperwe showthat despiteof havingadoptedan
flexible relativelyslow FPGA-basedlesignan appropriate
architectuial solutionmayleadto a PCI-SClhardware of
which thefinal performancecankeepracealongwith com-
mercial pendantsWe alsodescribeconcetedesignchoices
we madefor our hardware and presentfirst performance
measuementghat demonstatethe strengthof it.

1 Intr oduction

Although SCl is intendedfor distributedsharednemory a
lot of groupg4, 6] includingourworking group[3] useSClI
aslow-level layerfor messag@assingThisresultsin very
low messagindatencies.

Thekey pointsthatour designshallrealizein additionto
featurefferedby currentcommerciallyavailablePCI-SCI
hardwareare:

e ProtectedUserLevel DMA for large block transfersto
unloadthe CPUwheneerpossible.

e An improved memorymanagemento increaseflexibil-
ity for exportinglocal memoryto remotenodesandthus
makingrealzero—cop possible.

This papelis intendedo provide someconcreténforma-
tion abouttheinternaloperatiorof thehardware especially
theinternalsof theFPGAsusedn ourdesignwherethema-
jority of theknow—how is concentratedAlso we areableto

presensomemeasurement&lthoughthesemeasurements

don't show thefinal performancewe candemonstratéhat
our designcankeeppacealongwith otherPCI-SClhard-
ware.

2 Bridge Internals

As describedn [1] thewholecustomlogic is housedn two

FPGAs. Othercomponentsrea Dual-PortedViemoryfor

SClpacletstorageanda SRAMfor otherdatasuchastrans-
lationtables.

2.1 The SCIFPGA

The job of the SCI FPGA s concentratean dealingwith
SCl pacletsandtalking with the SCI Link Controller This
meanghattherearemainlyimplementedereralqueuedor
incomingandoutgoingSCl paclets. A very raw overview
aboutthe things containedin the SCI FPGA is shawvn by
figurel.

SCI FPGA

FiFo Unit

Aut.Out.Req.
Queue (48)

SCI Transaction
Control

Aut.Out.Res.
Queue (64)

' Man.Out.Req. I
Queue (16)

Queue (16)

SCI Packet
Control

PCI
FPGA

LC-2

BLINK Unit

Aut.In.Res,
Queue (64)

ll Qe a9 y
- Man.In gReq+Res)

Queue (64)

DPM

Figurel: Simplifiedinternal Structureof SCIFPGA

As suggestedby the queuescontainedn the FiFo Unit,

therearetwo basictypesof SCI transactionsManualand
Automaticones.



2.2 ThePCIl FPGA

Thisoneis indendedo implementkey featureof thewhole
bridge. The most importantfunctions are translationof
PClinto SCltransactionandreverse DownstreamAddress
Translationfor outgoing transactionsUpstreamAddress
Translationthat is requiredto "virtualize” the exportable
memory for exporting ary arbitrary memory pagerather
thana fixed memoryportion, and a ProtectedJserLevel
DMA EngineincludingVirtual InterfaceArchitecturefunc-
tionality (Doorbells,Work Queues,...) to offer an handy
mechanisnfor userprocesseso useblock—ma/ing DMA
insteadof the processofor datatransmission.

While the first two pointsareknown from currentcom-
mercially available PCI-SClhardware [5], the remaining
onesarededicatednly to our hardwaresolution. Figure2
givesaview of the PCIFPGAInternals.

DPM

PCI FPGA

DPM Unit ‘

FiFo/
SRAM
Unit

Control Unit PCI Unit

PCI Target

T¢

Local
PCI

SCI FPGA 1

& SRAM
PCI Master

Figure2: SimplifiedinternalStructureof PCIFPGA

An importantunit hereis that one labeledwith "EPU".
This standsfor EmbeddedProcessingJnit andis working
like a small processar The EPU is intendedto deal with
relatively comple< hardwareoperations.

3 RemoteWrite Latency

Although the FPGAsarenot fully implementedyet (Sept.
2000) and only the manualpaclet modeis ready we are
ableto presensomevaluesfor the expectedateng on re-
mote memoryaccessesThe measurementaeremadeon
a533MHz Alpha 21164(EV56) systembasedon the Sam-
sungUX boardwith 64Bit PClbusanda 450MHzPentium
Il 440BX system.We usedthe ability of the hardwareto
sendout a pre-prepare&Cl paclket manually thatis inter
pretedasanautomaticpaclet at the recever thatgenerates
the PCltransactiorautomatically

For a singleremotewrite operationwe could measurea
hardware lateng of 2.04us (PCl—to—PClI).In caseof the
softwarelateny (CPU-to—CPUjve measure@bout?.78us
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on the Pentiumsystemand2.91us on the Alpha. As com-
parison,Dolphin’s hardwareachiesesa softwarelateng of
2.3usonthe samePentiumsystem.

However, ourfinal hardwarelateng will increaseslightly
for realremotewrite operation@ndshouldbearound?.5us.

4 Conclusions

We gave avery roughdescriptionof bothFPGAswe usein
our design.Thelateng valueswe presentedhaow thatour
proof—of—conceptor new techniqueappliedto SClis not
very far behindfastcommercialASIC implementations.
Latestinformation can be obtainedfrom our web page:
www.tu-chemnitz.de/"mtr/VIA_SCI/
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Abstract

The Virtual Interface Architectue (VIA) [4] is an in-
dustry standad specifyinghow user processe€an access
networkinghardware directly in a protectedmanner One
characteristicof the VI Architecture is that it requiresthat
all memoryusedfor communicatiorbe locked down into
physicalmemory Abovethat, the VIA specificationexplic-
itly allows memoryregionsto be registeled several times.
However, all freelyavailableVIAimplementationor Linux
eitherdo notreliably lock the memoryor they do not allow
multiple registrations. In this paperwe proposea med-
anismfor reliably locking VIA communicatiormemoryin
Linuxthat meetsall requirementslt is basedon a recently
introduceckernel metanism called kiobufs. Althoughthe
proposedocking metanismhasbeendevelopedor a VIA
implementationt can be utilized for any type of userlevel
communication.

1 Intr oduction

The Virtual Interface Architecture(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 the useraddresspacethusen-
abling zero—cop protocols. While U-Net/MM [12], one
of thepredecessois VIA, allowscommunicatioomemory
to be swappedout by maintaininga TranslationLookaside
Buffer (TLB) ontheNIC, whichis keptconsistentvith the
kernelpagetables,the VI Architecturerequiresthatmem-
ory thatis to be accessetby the NIC be pinneddown per

*Thework presentedn this paperis sponsoredy the SMWK/SMWA
Saxoly ministries(AZ:7531.50-03-0380-98/6)lt is also carriedout in
stronginteractionwith the projectGRANT SFB393/B6of the DFG (Ger
manNationalScience~oundation).
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manently This approactsavesthe expensve page—inoper
ationsduring communication.More informationaboutthe
evolution of the Virtual InterfaceArchitecturecanbefound
in [8, Chapter2].

In VIA terminology communicationmemory must be
registeled with the NIC. On the occasiorall pageselong-
ing to that memoryareamustbe pagedin in casethey are
not present. Then they must be locked and, finally, the
physicaladdressesire storedin the so called Translation
andProtectionTable (TPT)ontheNIC. Whensuchamem-
ory region is not neededary more for communicationt
shouldbe deragistered,whereuporthe pagesare released
andmadeavailable for swappingagain. It is importantto
notethatthe VIA specificationexplicitly allows a certain
memoryareato be registeredseveral times. This compli-
catesthe memorylocking mechanismaswe will seelater
on. Multiple registrationscanoccurwhencommunication
buffersareregistereddynamically Thisis necessaryo im-
plementzero-coly protocols. The networking hard must
transferthe datadirectly from andto the userbuffers, the
addressesf which aregivento the communicatioribrary,
e.g. MPI. Sinceary arbitrary userspaceaddresscan be
used MPI cannotpredictit. Neitheris it possibleto register
thewhole userspacen advancedueto resourcdimitation.
Hence,the buffers must be registeredon the fly. This is
actuallya contradictionto the aim of the VI Architecture,
namelyto remove operatingsystemcalls from the commu-
nication pathbut it is the only way to achieve zero-copy.
Furthermorethe badeffectscanberemedieddy “caching”
registeredregions,i.e. by keepingthemregisteredaslong
aspossible However, therearestill situationsvhereanarea
mustbe registeredseveraltimes, 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-
ganets cLAN [2]. Another VIA projectis being con-



ductedby our researchgroup. Our aim is to provide su-
perior messagepassingperformancen terms of lateng,

bandwidthand CPU usageby combiningthe Virtual Inter

faceArchitectureandthe ScalableCoherentnterface(SCI)

[9, 8, 10, 6]. Of coursewe have alsobeenfacedwith the
taskof locking memory We took a differentapproactthan
the other VIA groups, however, our first implementation
still did not meetall requirements.

In thefollowingwewill discusghechallengeén locking
memoryandhow they canbemasteredWe will startwith a
descriptionof the Linux swappingmechanisnin section?2.
After thatwe will point out the weakspotsof the different
implementations.In the fourth sectionwe will proposea
solutionthatis basedon arecentkernelmechanismcalled
kiobufs, andevaluateits performance.

2 TheLinux swappingmechanism

In this sectionwe will take a look at how Linux swaps
memory pagesand where are the points of departurefor
lockingthemdown.

2.1 Administration of physical pages

The Linux kernel keepsa so called memmap.t data
structurefor eachphysicalpagein the system. This struc-
ture containspointersto establisHists for severalpurposes
e.g. the free list or the pagecache,a referencecounter
anda flag field. If the referencecounteris zerothe page
is free, otherwisethe counterdenoteshe numberof users
of the page.Oneof theflags,PGlocked , indicatesf the
pageis currentlylockedfor 1/O. It is setwheneverthe page
is involvedin a disk I/O operation,i.e. whenan memory
mappedile is read.Anotherflag, PGreserved is setfor
pagesthatare not availableto the systemat all. They are
notevencountedo thetotal amountof availablememory

Thearrayof thesememmapt structuress calledpage
map

2.2 Discarding pages

Wheneer 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
memoryis usedfor processmemory pagecache,buffer
cacheor 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
kernelappliesseveralstratgiesin turnin orderto freesome
pages.
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The first units to be shrunk are the buffer cache
and the page cache. The function shrink _mmap()
(mm/filemap.clappliesa socalled”clock algorithm”to go
throughthe pagemapin orderto find pagesthat can be
discarded.Pageswith the PGlocked bit setareleft un-
touched Also pageawith areferenceountemtherthanone
areskipped.Althoughshrink _mmap() is a placewhere
memorypagesarefreedit doesnot touchuserpagesof a
processThusit is notinterestingvhenwe searcHor ways
to lock communicatiorbuffers.

After trying to swap out somesharedmemorythe ker
nel startsthe actual swapping by calling swap_out()
(mm/vmscan.c) It selectsa processrom the tasklist and
passest to swap_out _process() . This function goes
throughthe processllist of virtual memoryareas(alsore-
ferredto 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 marked locked, the kernelgoesthroughthe pageta-
blesto find the physicalpages.Now it writes the pageto
swap spaceif necessanandcalls __free _page() . The
latter function decrementshe referencecounterand adds
thepageto thefreelist if thecountetasreachedzero.Like
in shrink _mmap(), all pageswith the PGlocked bit
setwon’t be touched. The sameholds true for resered
pages.

Summarizingthis analysisof the Linux memoryman-
agementve canstatethatthereare on principal two ways
to lock memory:

e VMA-based: by settingthe VMLOCKEDAbit in the
VMA

e page-basedy settingthePGlocked bit in thepage
map.

3 CurrentVIA implementations

Thereareseveralimplementationsf theVI Architecture
available. Oneof thefirst wasBerkeley-VIA [3] which is
basedon Myrinet. Anotheroneis M=VIA [1], which aims
at providing a modularimplementatiorthat canbe usedin
conjunctionwith a variety of hardwarerangingfrom dumb
FastEthernetardsto native VIA hardware. Giganetinc.
hasdevelopeda native VIA implementatiorcalled cLAN.
All of themsupportLinux andprovide opensourcedrivers,
which enabledusto investigatetheir software. In this sec-
tion we examinehow thoseVIA implementordavetriedto
solvethetaskof lockingmemory We alsodescribeourfirst
approactandits shortcomings.



3.1 The page—basedpproach

All of theimplementationsnentionedabore manipulate
the pagemapin orderto preventregisteredpagesrom be-
ing swappedout. Berkeley—VIA andM-VIA simplyincre-
mentthe referencecounterof the pages.More recentver-
sionsof the Giganetdriver setthe PGlocked resp. the
PGreserverd bitin additionto that. However, eventhis
cannotberegardeda cleansolutionsincethey do notcheck
if the pageis possiblyalreadylocked by the kernel. On
derajistrationthe counteris decrementedgainand,in case
of Giganet,the PGlocked flag is resetregardlessof the
counterstate.

Althoughthe manipulatiorof only thereferencecounter
would make the implementationof multiple registrations
very simple,thatonly is not a solutionto thelocking prob-
lem. We have conductedsomeexperimentsthat shov that
pagesare swappedout even whentheir referencecounters
arebiggerthanone.Following is the experimentin detail:

1. Thelocktestprogramallocatessomememoryandfills
it with data.After thatonecanbesurethateachvirtual

pageis mappedo adistinctphysicalpage.

. We simulatetheregistrationby incrementingherefer
encecountersandstoringthe physicaladdresses.

. Now we startanotherallocator procesghatallocates$
asmuchmemaoryaspossibleforcing alargeamountof
pagedo beswappedout.

. locktest writes againto each page of the memory
block.

. Thekernelagentwritesa certainvalueto thefirst page
of the block usingthe physicaladdresbtaineddur-
ing the registration. In this way we simulatea DMA
operatiorof theNIC.

. The physicaladdressesf all pagesare derived from
the pagetablesagainandcomparedo thoseacquired
duringtheregistration.

. Thememoryblockis derayisteredoy decrementinghe
referencecounters.

. Thecontentf thefirst pageis printed.

If this mechanisnensuresnemorylocking oneshouldas-
sumethatthe physicalpagesarethe samebeforeandafter
theallocator procesgan, andthefirst pageshouldcontain
the value written by the kernel agent. However, in most

1Dueto thedemancpagingmechanisnit is necessarto write to theal-
locatedpagesn orderto causea COW andreally consumephysicalmem-
ory.

59

caseswe obsered a different behaior: all physicalad-
dressedhad changedand the first pagestill containedits
original value. This indicatedclearly that the pageshad
beenswappedout.

This behaior canbe explainedwhenwe take a look at
the swappingmechanisnagain.

Whenthe allocator processunsandwritesto the allo-
catedmemoryit causesilargenumberof majorpagefaults
thataredealtwith by thekernelby allocatingphysicalpages
throughget _free _page() . As describedn section2.2
the kernelwill start discardingpagescurrently owned by
otherprocessewhenall freepagesareusedup. Onthisoc-
casionit happenghatthe locktestprocesdss choserby the
swap_out() function.As noneof theVMAs is lockedby
meanf the VMLOCKEDlag the registeredareabecomes
subjectto swappingsometime. When the swap function
looks at the individual pagesit finds them neitherlocked
nor resened. Soit allocatesa new swap page,writes the
contentsof the memorypageto it, storesthe swap address
in the pagetable and marksthe entry not—present.Then
it callsfree _page() for theold pageon theassumption
that the pageis madeavailable to other processesin our
caseto theallocator processSince,however, thereference
countewasincreasedluringregistrationthe pageis notre-
ally released|t is not associatedvith the virtual pagejust
swappedoutarny morebut it is still in use.

Whenwe cometo step4 in the experimentthe locktest
processwill causea not—presenpagefault. The memory
subsystemnextractsthe the swap file index from the page
table entry and startsreadingthe pagebackfrom disk. A
new pageis allocatedfor this. Note, thatit cannotbe one
of thepagedormerly mappedo theregisteredregionsince
thekernelstill regardsthemused.The contentof the page
beforeit was swappedout is written to the new pageand
the pagetableentryis redirectedo this page.If thekernel
agentow writesdirectly to thephysicalpageof theregis-
teredregion, thatit obtainedduringtheregistration(step5s),
the changeswill not bevisible to the locktestprocessary-
more. In areal VIA ervironmentthatmeanghatthe page
table of the NIC, i.e. the TPT, is not consistentwith the
systems$ pagetablesary longer Consequentlythe NIC
will usewrongmemoryaddressefor its DMA operations.
Communicatiorfails, the systemstability, however, is not
affectedby thislapsesincetheoriginal physicalpageshave
not beenfreedyet and,thus,will notbe usedfor otherpur-
poses.

The experimenthasproventhat 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 mustbe considereca
very risky anduncleansolution. Moreover a specialmech-

2|.e. thereis novalid pagetableentry



anismis neededo determinenvhento resetthe bit.
3.2 The VMA-basedapproach

In this sectionwe will describehow memory can be
lockeddown basedn virtual addresses.

The API of Unix providesa so called mlock system
call. It allows a procesgo disablepagingfor a specified
rangeof its addresspace Thisis exactlywhatis neededor
memoryregistration,andthatis why we took this approach
for our first implementatiorof the KernelAgent, but there
aresomesevererestrictions.

First, only superuser processesare allowed to use
mlock . This makesit at leastimpossibleto useit at user
level, i.e. to call mlock alreadyin theVI UserAgent. As
the Kernel Agent, which is a device driver and hencepart
of the operatingsystemkernel,hasgot higherprivileges,it
is ableto carryout thattask. But it requiressomechanges
in the kernel. Therearetwo possibilitiesto circumwentthe
userid checking:

Rewriting do_m ock() Upon the mlock systemcall
the kernel invokes sys _mlock which again calls
do_mlock . Thelatterfunctionfinally checksthe cur-
rentprocesskffective used-idandreturnsanerrorif it
is notroot. Thereis a so calledUserDMA patch[5]
whichmovesthecheckfromto sys _mlock . Thereby
it is possiblefor thedriverto call do_mlock directly.

Changingthe process'capabilities The privileges of a
processare controlledby capabilities and only root
processebave gotthe CARPIPC _LOCKcapabilityfor
lockingmemory Asthecapabilitiescanbechangedy
thekernel theKernelAgent'sregistrationfunctioncan
grantthatcapabilityto the currentprocesdy meanof
cap raise() ,thencall do_mlock andreclaimthe
capabilityagainby cap _lower()

Eithervariantrequireshatdo _mlock beaddedo theker
nelsymboltablesinceit is not visible to driversin the stan-
dardkernel.

do_mlock setsthe VMLOCKETLflag of all VMAS cor-
respondingo the givenvirtual addressange.The original
VMASs aresplit upif necessaryAs describedn section2.2
theseVMAs will beleft untouchedy the swappingfunc-
tions.

Anothermajor dravbackof this approachs that mlock
calls do not nest, i.e. a single unlock operationannuls
multiplelock operatioronthesameaddressConsequently
thedriver mustkeeptrack of which addressangesarereg-
isteredhow oftenin orderto allow for multiple registrations
of thesameaddressIt mustunlockthe memoryonly upon
thelastderegistration.
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Summarizingve mustsaythatall examinedVIA imple-
mentationglo not provide areliablemechanisnior locking
registeredmemory Eitherthey do notensurehatthepages
arelocked,or they userisky techniquespr they donotallow
for multiple registrations.

4 A reliable locking mechanism based on
kiobufs

4.1 Conformancewith Standard Kernels

Beforewe getto explainingour solutionwe wantto dis-
cussthe issueof conformanceo the main streamkernels
briefly.

As Linux is an opensourceprojecteveryonecan con-
tribute and modify it at will to supportnew features.This
facthasmadelinux very popularin researctervironments.
Everything can be changedand every idea can be imple-
mentedmmediately However, if for instancea VIA imple-
mentationis supposedo bereleasedo the"real world” as
a building block for clustersit shouldwork with the main
streamkernelswithout applying additional patches. One
typicaluserof aclusteris anengineewhowantsto docom-
putationalfluid dynamicsinsteadof modifying the kernel.
If we wantto meetthis requirementve mustrestrictour
sehesto usethe mechanismshe standardcernelprovides
orwill doin thefuture.

A furtherquestionisif suchaVIA driverwill beincorpo-
ratedinto the official kernelsometime Althoughthisis not
a strict requirementasthe driver canbe supplieddirectly
with the hardware, it increasests acceptanceBesidesthe
driver will be maintainedand adoptedto new versionsby
the kerneldevelopers.However, thereare somevery strict
rules a driver mustobsenre to be acceptedoy Linus Tor-
valds.Oneof themis thatit mustnottouchthepagetables,
not even readthem. This meansthat not even the VMA-
basedapproacttanbe usedto createan adequatesolution.
It only ensureshatthepagesarelocked. Their physicalad-
dressesnuststill bederiveddirectly from the pagetables.

Thischallengedisto work outasolutionbasednanew
kernelmechanismealledkiobufs

4.2 RAW I/O and kiobufs

The RAW I/O mechanisnwasintroducedto the Linux
kernelby StephenC. Tweedieof RedHatin orderto ac-

30n 18 Aug 1999in thethread’Re: [bigmem-patchiGB with Linux
on IA32" in the linux-kernel mailing list Linus Torvalds wrote: "l will
NOT allow arythingthatwalkspagetables.That's prettymuchcompletely
outof thequestion.Therawio stuff givesaccesso the pagetablesandno
device will be acceptedhatdoesmorethanthat. Pagetablewalking has
always beena completedisasterandit’s muchsimplerto just setup the
arrayof physicaladdresseseparatelyie eitherat mmaptime or through
thefactilitiesthatrawio doesoffer)”



celerateSCSldisk accessés Traditionalimplementations
first readdatafrom disk to kernelbuffersandthencopy it
to the userbuffer. While this allows the kernelto cache
frequentlyuseddata,it consumesdditionaltime and bus
bandwidth.The RAW /O extensioncanbeusedto transfer
datadirectly from disk to userbufferswithoutintermediate
copies.Sincethe buffer pagesamustbelockedinto physical
memoryduringthetransferTweedieinventedthe so called
kiohufs They areanintegral partof the 2.3.xdevelopment
kernels,andhenceof the next stableversion2.4.xaswell.
But thereis alsoa patchfor 2.2.xavailable.

A kiobuf describeshe setof physicalpagesof a part of
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 canbe expandedo spanan arbi-
trary numberof pages.Whena kiobuf is mappedo a part
of theuseraddresspacall correspondingagesarefaulted
in, their referencecounteris incrementedthe PGlocked
bit is setandthe physicaladdressearestoredin the kiobuf
structure. Although it resemblegqquite closely what Gi-
ganetslatestdriverdoesit is by far saferbecausdé checks
for oddsituations.

A drawbackof kiobufs asfor our applicationis thatthe
samephysicalpagecanbeheldin atmostonekiobuf atary
time. Thismeanghatwe needanadditionallayeron top of
thekiobufsthatkeepgrackof which pageis alreadylocked,
i.e. it is alreadyheldin akiobuf.

4.3 The Locked Memory Manager— LMM

Sincekiobufs represena page-basedpproachor lock-
ing memorya perpagelock counterseemsobvious. But
the difficulty is thatthe physicaladdresseare needede-
fore thekiobuf is created This, however, objectsthe condi-
tion to not traversethe pagetables. Hence,the lock count
trackingmustbe basedon virtual addressesandtherevith
separatelyfor eachprocess.The questionis now if differ-
entvirtual addressesouldreferto the samephysicalpage,
becaus¢hemechanismvouldfail in this case For thatpur
posewe have to distinguishtwo cases:

Virtual addressesvithin a processThecopy-on-write
mechanisnensureshateachvirtual pageis mappedo
a distinct physicalpage. Thus,we have to make sure
thata COW hashappenedor eachpageto be regis-
tered.

Virtual addresse®f differ ent processesEExcept for
SystemVsharedmemoryor sharedfile mappingsthe
addresspace®f differentprocesseareisolatedfrom

4The original patchfrom Tweediehasbeenenhancedurther by SGI.
Theoriginal versionaswell asSGI's extensionsandsomedocumentation
canfoundat[11].

eachotherby definition. l.e. thememorymanagement
will never assignthe samephysicalpageto morethan
oneprocessat a time. As for sharedmappings,only
one processcould registersuchan area. The second
processattemptingto registerits mappingof thatarea
would getanerror. A generakolutionto this problem
is subjectto furtherwork.

With the aforesaidexceptionwe canassumehatthe map-
ping
(VirtualPages x Processes) — PhysicalPages

is injective. l.e. with VpP, := (VirtualPage,, Process;)
andPp,, := PhysicalPage,, if

(VpP;) = Pp,
therewill notexist anotherpair
(VpP;) = Pp;

In otherwords,a physicalpageis referencedy at most
onepair VpP; and,thus,we cantrackthelock countof the
physicalpagePp,, by meanf VpP;.

4.3.1 LockedMemory Areas—LMAs

LMA kiobuf
start

end
lock_count
kiobufp
—~*+— _prev

next ——

Figure 1. Structure of an LMA

This leadsusto theintroductionof lockedmemoryarea,
in short LMAs. An LMA describesa contiguousrange
of virtual addressesvith the samelock count. Figure 1
shavsthestructureof anLMA. It spangheaddresénterval
[start,end). Thereis onekiobuf perLMA, thatdescribes
the correspondinghysicalpages.LMAs arekeptin per
procesdists’ in ascendingrderof their startaddresses.

4.3.2 The LMM Interface

The LMAs are managedy the Locked MemoryManager
(LMM). Its interface comprisesthe following three func-
tions(in C syntax):

5This is realizedby meansof arraysthathave oneentryfor every pro-
cesghatis usingthe KernelAgent. More informationabouthow it is done
canbefoundin [7, Section2.3.4]and[8, Sectior4.2.1].



| mrml ock_area(start, end) After successfulre-
turnthevirtual addressange[start, end) is lockedin
physicalmemory It canbe called multiple timesfor
the sameaddresgange. Rangesof subsequentalls
mayoverlap.

I mmunl ock_area(start, end) Releases the
specified address range. Only intervals that
Imm_lock _area has been called on before may
be giverf. The correspondingpagesmay still stay
locked, if the memoryareahasbeenlocked multiple
times. Upon the last unlock operationon an certain
areathepagesaremadeavailablefor swappingagain.

| mmget pages(start, end, *pages) Returns
thephysicalpageaddressesf alockedmemoryarea.

4.3.3 The LMM Implementation

virtual addresses

LMAs Ic = lock count
Icl Ic2 Ic3 Ic4

LMA1 LMA2 LMA3 LMA4
i i i i . i i i
| |
i new area i
| Z2
i i i i i i i i i i
] \ | | | | | | | \
lcl |lc1 |1 Ic2+1 1 Jlc3+1 |1 |ic4+1]ic4

+1
! ! ! ! ! ! b ! !
e Lo Lo 3 1
AT B - : ST Lo
i osplit i @ i modify i = i modify; =i split i
S o =}

Figure 2. Locking a new area

The LMM maintainsan LMA for every partof the vir-
tual addressspacethatis locked down. The lock countof
eachLMA specifieshow mary lock operationshave been
performedonthis area.

Imm_lock_area(start,end) Whenanew areasto belock-
edthe LMM scansthe currentprocess’list of LMAs and
changeghem appropriately Figure 2 shavs an example
situation. Let’'s assumdour LMAs alreadyexist with the
lock countslc; to lcs. Now the“new area”is to belocked
down in the courseof a registrationoperation.As an LMA

describesa contiguousareaof the samelock countsome
LMAs may have to be split up (LMA; and LMA,), new

8Thisapproactis sufiicientsincetheLMM is intendedo beusecdby the
registrationandderagyistrationfunctionsof the KernelAgent,andmemory
regionsareonly dergisteredasawhole.
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virtual addresses
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Figure 3. Possib le types of inter section of new
area and LMA

LMAs have to be createdor thelock countof someLMAs
mustbeincrementeq LM A, and LMA3).

What hasto be donedependson the intersectionof the
new areawith the existing LMAs. Therearefive typesof
intersectionsasillustratedin figure 3. (In thefollowing we
assumehe new areais boundedby start andend, and
theLMA currentlylookedatis boundedy Ima->start
andima->end .)

INTERSECT _FRONT Thenew areaoverlapgheleft (low
addresspartof theLMA. It maystartbeforetheLMA.
Theconditionsare:

start
Ima->start

< Ima->start and
< end < Ima->end

A nev LMA iscreatedor the[start ,Ima->start )



interval andthe LMA is splitatend. Thelock count
of theleft partisincrementedTheremainingnew area
startsatend, i.e. we have reachedhe endof the new

area.

INTERSECT_REAR Thenew areaoverlapgheright (high
addresspartof theLMA. It mayendbehindtheLMA.
Theconditionsare:

Ima->start < start < Ima->end and

Ima->end < end

TheLMA is splitatstart andthelock countof the
right partis incrementedNo new LMA is createdor
the new areaon theright, insteadthe beginning of the
remainingnew areais setto Ima->end .

INTERSECT_MIDDLE The new arealies completely
within the LMA, but it doesnot spanthewhole LMA.

Theexactconditionsare:
Ima->start < start < Ima->end and
Ima->start < end < Ima->end
TheLMA is splitinto threepiecesatstart andend.

Thelock countof themiddle partis incrementedThe
remainingnew areastartsatend, i.e. we havereached
theendof thenew area.

INTERSECT_TOTAL Thenew areacoversthewholeLMA
whereaft maystartbeforeand/orendbehindthe LMA.
Theconditionsfor this caseare:

start < Ima->start and

Ima->end < end

A new LMA iscreatedor the[start ,Ima->start )
interval andthe lock countof the old LMA is incre-
mented. In analogyto the INTERSECT.REAR case
no LMA is createdfor the areabeyondthe old LMA,
andthe beginning of the remainingnew areais setto
Ima->end .

INTERSECT _DISJOINT Thenew areaandtheLMA have
gotno commonpagesn this case.Theconditionsare:

Ima->end < start or

end < Ima->start

Simply anew LMA is createdor the entirenew area
[start ,end).
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Whenan LMA is createda kiobuf is allocatedand ex-
pandedto the requiredsize. Then the given virtual ad-
dressrangeis mappedto the kiobuf by meansof the ker-
nel function map.user _kiobuf (mm/memoryc). Split-
tinganLMA is amorecomple operationasit requireghat
partsof thekiobuf of theoriginal LMA bemovedto another
kiobuf.

Thelmm.ock _area functionseekdor thefirst LMA
endingabovestart . Thenit determineshetypeof inter-
sectionandtakestheproperactionsasdescribedbove. Af-
terfinishinganLMA theproceduras repeatedvith thenext
LMA andtheremainingnew areauntil its endis reached.
All newly created_MAs areinsertedn thelist.

Imm_unlock_area(start,end) Unlockingmemoryis less
comple thanlocking. Thereasoris that,with theproposed
locking algorithmandtherestrictionsfor start  andend,
thegiveninterval alwaysspansntireLMAs. Furtherthere
areLMAs for all partsof theinterval.

Hence,the LMM only needsto traversethe LMA list
fromstart toend anddecrementhelock countof each
LMA. Whenit dropsto zerothe LMA is destryed.l.e. the
kiobuf is unmappedy meanof unmap_kiobuf()
(mm/memoryc). On this occasionthe physicalpagesare
unlocked againand canbe swappedout from now on. Fi-
nally, theLMA is removedfrom thelist andfreed.

Imm _get pages(startend,*pages) Thisfunctionsimply
walkstheLMA list andcollectsthephysicalpageaddresses
from thekiobufs. An erroris returnedf aholein theLMA
list shouldbe detected.

4.4 PerformanceEvaluation

The intention of the Virtual InterfaceArchitectureis to
removethe operatingsystenfrom thetime critical commu-
nicationpath. This is possibleif a fixed setof buffersis
usedfor communication.They needto be registeredonly
onceduringapplicationstartup hencetheregistrationcosts
have nearlynoinfluenceon applicationperformance.

Thingsaredifferentif zerocopy protocolsareto bebuild
ontop of VIA. In this casethebuffersmaychangewith ev-
ery transfer Sinceit is impossibleto registerthe entiread-
dressspacedueto resourcdimitations, the buffersmustbe
registeredbnthefly, i.e. within thesendor recevve function.
This turnsthe timesfor registeringmemoryinto an essen-
tial parameterTable1 shavs thetimesfor registeringand
dergyisteringa memoryregion. The measurementwere
conductedn a 450 MHz Pentiumlll machine.Theregis-
trationtime dependsearlylinearly of thenumberof pages,
whereabout2.7 GB canregisteredpersecond.Thederey-
istrationrateis evenhigheratapproximatelyl0 GB/s. Al-
thoughthe currentimplementationdoesnot yet storethe



Table 1. Times for memory registra-
tion/deregistration  (in us)

| 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

physicaladdressesntheNIC butin mainmemoryinstead,
therateswill beonly slightly worsein thefinal versionsince
awrite accesgo the NIC's memorycostslessthan0.1us,
andonly onewrite operationis neededor eachpage.

Furthermoreary communicatioribrary, suchas MPI,
or applicationon top of VIA should endeaour to reuse
registeredmemoryas muchaspossiblewhetherby means
of MPI’s persistancommunicatioror by usinga caching
mechanisnfor registeredmemory

5 Conclusionsand Outlook

Themechanisnproposednsure®ntheonehandthata
givenrangeof theuseraddresspacsds reliably lockedinto
physicalmemory Ontheotherhandit allows virtual pages
to beregisterednultipletimes,asrequiredby theVIA spec-
ification. Moreover, it appliesonly thosemechanismshat
areprovidedby the mainstreamkernels,resp.will bepro-
vided in the nearfuture, andit meetsthe conditionsfor a
device driverto beacceptedor the official kernel.

Althoughthe proposedocking mechanisnhasbeende-
velopedfor a VIA implementatiorit canbe utilized for arny
typeof userlevel communication.

In thecurrentimplementatiorthe LMAs of aprocessre
storedin linearlists. An optimizationcouldbe achieved by
usingAVL trees.Besidesadjacent. MAs couldbemeiged
if they havethesamdock count.Furtherit shouldbeexam-
ined how the mechanisntanbe extendedto handleshared
mappingsproperly i.e. to allow every procesdo registera
sharedhrea.
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