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Abstract—The gap betweenthe memory bandwidth and the bandwidth
of modern high–performance interconnects is getting smaller. This in-
creasesthe relative performancepenalty for eachcopy operation on a data
buffer to be transferred betweentwo user processeson different nodesof
a cluster. The optimal solution is dir ect data transfer betweenthe source
and destinationbuffers, without any in–betweencopyoperations,so–called
zero–copytransfer. Support for this zero–copytransfer modeis inherent in
the designof the SCI interconnectasits communication is basedon trans-
parent remote read and write accesses.However, with the available SCI
dri ver software,the userneedsto allocatea designatedSCI sharedmemory
segmentwhich then can be exported to or which representsremotemem-
ory imported fr om other nodes.In this paper, we presenta solution which
allows to usearbitrary regionsof a process’addressspacefor SCI commu-
nication by mapping it into the global SCI addressspace.Sucha technique
allows advancedand efficient usagemodelsof SCI lik e true zero–copying
in communication libraries.
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I . INTRODUCTION

Currenthigh–speedinterconnects(e.g. SCI [1], Myrinet [2],
cLAN [3], Servernet[4]) for thePCII/O busof commodityclus-
ters deliver more than 2 GBit/s bandwidthon the link–level.
However, this doesnot meanthat this bandwidthis generally
available for messageexchangebetweenuser–level processes
runningondistinctnodesin suchacluster. Thereasonfor this is
that for different,often compatibility–motivatedreasons,com-
municationprotocolsare usedwhich perform additionalcopy
operationson the datato be transmitted,reducingthe effective
bandwidth.

A. TheNeedfor ThinCommunicationProtocols

Protocolswhichareoptimizedto avoid any temporarycopies
of datato exploit thelink–level bandwidthto thehighestdegree
possibleare commonly called thin communicationprotocols.
A varietyof suchprotocolshasbeendefinedandimplemented
(e.g. U–Net [5], VIA [6]; SHRIMP [7], andVMMC [8], [9])
on differentinterconnects,makingmoreor lessuseof the on–
boardhardwareof the PCI–to–interconnectadapters.The SCI
protocolinherentlydefinesthethinnestcommunicationprotocol
available,namelytransparentaccessof theCPUto remotemem-
ory locations. Next to this CPU driven communication,cur-
rentPCI–SCIadaptersalsofeatureaDMA engineto allow data
transferwith minimizedCPUload.However, thisdoesnotallow
datatransfersfrom andto any user–allocatedmemoryarea,but
only from memoryareasallocatedby theSCI driver. Although
it is definedby theSISCIAPI [10] to registerusermemorywith
thedriver, thisfeaturehasnotbeensupportedsofar. For thisrea-
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sonDMA transferscanonly berealizedby intermediatecopies
to driverallocatedSCIsegments(calledregular segmentsin the
following) which hasbeenexaminedin [11]. Threecopy op-
erationsarerequiredthereto transportdatabetweentwo user–
allocatedsegmentson distinct nodes.In this paperwe present
a solutionthatallows to export andimport arbitraryusermem-
ory underLinux makingit availablefor DMA operations,thus,
enablingzero–copy protocolsin higherlevel communicationli-
brariessuchasMPI. This hasbeenachievedby extendingboth
theIRM andSISCIdriversof theDolphinPCI–SCIadapter. We
alsoshow theideasof makingusermemoryavailablefor remote
PIO access.

B. Necessityof MemoryLocking
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Fig. 1. Addressmappinganddatapathfor inter-nodecommunicationvia the
I/O bus

Inter–node communicationin commodity clusters is per-
formedvia network adapterslocatedin theI/O busof thenodes
(typically a PCI bus). Figure1 (from [12], slightly modified)
illustratessucha setupfor two nodesincluding the datapath
betweentwo user buffers for inter–nodecommunicationand
themappingof virtual to physicaladdressesfor communicating
processes.

The network adapterlocatedin the I/O bus doesnot know
anything aboutvirtual addressesandthusneedsto write to and
readfrom physicaladdresses.This requiresthat the mapping
to physicaladdressesfor a user–specifiedrangeof virtual ad-
dresses(representinga sendor receive buffer) doesnot change
until the communicationis complete. The pagesmust not be
swappedout, which is achieved by locking the memory. This
implies that for a systemwith no swappingor pagingenabled,
memorylocking is not required.

C. Organizationof thePaper

The next section presentsan efficient mechanismfor the
Linux operatingsystemto lock arbitraryrangesof virtual pro-
cessmemory. SectionIII explainshow the kerneldriver of the
Dolphin PCI–SCIadapterhasbeenextendedto handleuser–
allocatedmemory. The resultingperformanceeffects are de-
scribedin sectionIV. SectionV summarizestheachievements,



comparesthemwith relatedwork andconcludesfor work to be
donein thefuture.

I I . MEMORY LOCKING WITH L INUX

Zero–copyingmeansthatthenetwork hardwaretransfersdata
directly from or to usermemoryspecifiedby virtual addresses.
However, nearly all NICs, amongthem the PCI–SCIadapter,
operateon physicalinsteadof virtual addresses.This imposes
two requirements:
� the virtual addressesmust be translatedinto physical ad-
dressesandpassedto theNIC
� thephysicaladdressesmustnot changeduringtheI/O opera-
tion, i.e. thevirtual pagesmustbelocked.
The standard way for locking memory on UNIX is the
mlock() system call, but it has got some strong limita-
tions. First, only superuserprocessesare allowed to call it,
and secondly, mlock() calls do not stack, that meansone
munlock() operationreleasesthe given memoryrangeeven
if hasbeenlocked several times. The permissionproblemcan
besolvedinsidethedriver. Thesecondlimitation might beac-
ceptableif only dedicatedbuffersareusedthatarelockedduring
MPI startupandunlockedonMPI shutdown, for instance.How-
ever, sincebuffer addressespassedto MPI cannot bepredicted
in any way, a network driver that supportszero–copy commu-
nicationprotocolsmustbeableto lock andunlockany address
rangereliably atany time.

In orderto solve theproblemfor Linux thesocalledLocked
MemoryManager(LMM) hasbeendevelopedatChemnitzUni-
versity of Technologyin the courseof a VIA implementation
[13], [14]. The LMM is a separatekernelmoduleproviding a
small interfaceto lock andunlock userspacememoryand to
retrieve the physicaladdresses.It is basedon a recentkernel
mechanismcalledkiobufs. It was originally developedto en-
ableraw disk I/O. A kiobuf describesthesetof physicalpages
belongingto a part of a process’useraddressspace,whereall
pagesarelocked.While it providesa safeway to getthephysi-
cal addresses,its major limitation is thatany physicalpagecan
be held at mostonekiobuf at a time. Thereforean additional
mechanismhasbeendevelopedto allow for multiple lockings.
We give only a brief explanationhere. A detaileddescription
canbefoundin [13], [14].

The LMM’ s central data structureis the Locked Memory
Area(LMA). An LMA describesa continuousrangeof virtual
addresseswith the samelock count. Thereis one kiobuf per
LMA, thatdescribesthe correspondingphysicalpages.LMAs
arekeptin per–processlists. Thelock countspecifieshow many
lock operationshave beenperformedon thatarea.Whena new
areais to belocked,theLMM scansthecurrentprocess’list of
LMAs andchangesthemappropriately.

Figure2 shows anexamplesituation.Dependingon thetype
of intersectionof thenew areaandtheexistingLMAs, different
actionshave to be taken. Theseare: createa new LMA, incre-
mentthelock countof anexistingLMA or split anLMA andin-
crementthelock countof onepart.To unlockanareatheLMM
stepsthroughthe LMA list anddecrementsthe lock countsof
the LMAs in question.SinceLMAs with the samelock count
arenevermeltedtogether, anunlockoperationwill alwaysspan
wholeLMAs which easestheimplementationof this operation.
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Fig. 2. Lockinganew area

Onceanareahasbeenlocked,a userof the LMM, which is
anotherdriver, canretrieve the physicaladdressesof all pages
belongingto thisarea.AnotherLMM functionreturnsthephys-
ical addressesgroupedinto consecutiveblocksto allow for con-
venientbuilding of scatter/gatherlists.

I I I . SCI SEGMENT REGISTRATION

If theSCIdriver is told to establisha localSCIsegment,it al-
locatesthe requiredmemoryareaasonecontinuouschunkof
physicalmemorywhich is locked to theseaddresses.Under
Linux, this is donevia thebigphysareamechanism[15] or via a
similarmechanismwhichwasintroducedfor thispurposein the
2.4 releaseof thekernel.However, thelattermethodcanfail in
caseof highmemoryfragmentationsothatusingbigphysareais
still thesafestway.

A. User–allocatedmemoryin SCIaddressspace

Usinguser–allocatedmemoryfor SCI communicationrepre-
sentsanew challengesincesuchmemorydoesnot fulfill there-
quirementsof continuityandresidency. While thesecondcon-
dition canbe met afterwardsby meansof the locking mecha-
nism introducedabove, the non–continuityproblemcannot be
removed. Hence,the SCI driver must be changedin order to
be ableto handleusermemory. The majorproblemlies in the
mappingsbetweenthe different addressspaces.Regular SCI
segmentsspana continuousrangeof physicalmemoryandare
consequentlycontinuousin theSCI space,too. Hence,only the
startaddressand the lengtharenecessaryto locatea segment
in thoseaddressspaces.Virtually continuoususermemoryis
scatteredacrossthephysicalmemorydueto thedemandpaging
mechanism.Onecouldassumethat thereareblocksof consec-
utive pageswithin a virtual area,but experimentshave shown
that usermemoryconsistsof nearly no physically continuous
pages.More than99 percentof the pagesarenon–continuous,
evenfor memoryareasaslargeas4096pages.Theconsequence
is thatoptimizationsfor continuousblockswill not improveper-
formanceif not makingit worse.

Further, theamountof informationthathasto betransferred
duringanimportoperationis proportionalto thesizeof theseg-



mentasthe importing nodeneedsthe addressesof all individ-
ual pages.Dueto thenon–continuousphysicaladdressesDMA
operationsmustbemadepagewisewhich will reducethemax-
imally achievablebandwidthaswill beseenbelow.

Theusageof user–allocatedmemorycanbedividedinto three
categorieswith ascendingcomplexity:
1. localusersegmentsasDMA source
2. remoteusersegmentsasDMA target
3. remoteusersegmentsfor PIO access

In thefollowing wewill describewhatthesestepsrequireand
how it hasbeenresp.canbeachieved.

B. LocalusersegmentsasDMA source

Any DMA transferwith regular SCI segmentsinvolvestwo
intermediatememorycopies.First,thedatamustbecopiedfrom
theuserbuffer to a local SCI segmenton thesenderside.Then
a DMA transferis initiated from the local segmentto the re-
motesegment. Sincethat remotesegmentis a local SCI seg-
ment on the receiver’s side a final memory copy to the user
buffer is needed.Thefirst copy operationcouldbeavoidedif the
DMA enginecould fetch thedatadirectly from theuserbuffer.
Fortunately, the SISCI API knows abouta specialfunction for
this purpose,althoughit hadnot beenimplementedin the SCI
driver so far. It is possibleto createso–calledemptylocal seg-
ments,i.e. thedriverdoesnotallocatememoryfor it. After that,
a userbuffer canbe registeredwith this segmentby meansof
SCIRegisterSegmentMemory().

For this first stage,empty segmentsmust also be private,
that meansthey cannotbe exportedto other nodes. The dif-
ferenceto regular local segmentsis that the physicaladdresses
arenon–continuous.Consequently, thephysicaladdressesmust
be storedwith the empty local segment. This is doneduring
theSCIPrepareSegment() SISCIcall, wherethememory
rangeto be registeredis locked andthe pageaddressesarere-
trieved by meansof the LMM. Furthermore,the initiation of
a DMA transfer(SCIEnqueueDMATransfer()) hadto be
changed.While asingleDMA controlblockpertransferrequest
is sufficientin conjunctionwith regularsegments,usersegments
requirea separatecontrolblock for eachphysicalpage.As fig-
ure 3 shows, the performancedegradationcausedby the scat-
teredDMA transferis lessthan20 percentand thusquite ac-
ceptable. However, this is only true for properlyaligneduser
buffers, i.e. alignedat 128 byte boundariesat least. For other
alignmentstheperformancedropsto valuesaslow as134MB/s.
Originally we thoughta solution to this problemwould be to
copy thefirst bytesto thenext 128byteboundaryby PIO mode
andthenstarttheDMA transfer. For exampleassume,thelocal
PCI addressstartseight bytesbeyonda pageboundary, the re-
moteSCIaddressis page–aligned.To getto an128bytealigned
PCIaddressthefirst 120bytesaretransferredby PIOmode.The
PCIaddressis well–alignednow, but theSCIaddressis notany-
more. Whenwe implementedthis we realizedthat thereis no
differencein bandwidthwhetherPIOoptimizationis performed
or not. This ledusto theconclusionthattheDMA engineof the
PCI–SCIadaptersusedis sensitive to PCI addressalignmentas
well as to SCI addressalignment. Consequently, we removed
thePIO optimizationagain,which reducedthe time to connect
to a remotesegmentslightly, aswewill seein thenext section.
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The applicationhasto ensurethat the DMA queueis large
enough. Due to page alignment issuesit should comprise
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C. RemoteusersegmentsasDMA target

The next stepis to make usersegmentsavailable to remote
nodessothatthey canbeusedasDMA target.This removesthe
needfor thesecondmemorycopy onthereceiverside.Theonly
restrictionis thatsuchremotesegmentscannotbeusedfor PIO
mode.Thatis subjectof sectionIII-D.

Themajorchallengehereconsistsin transferringthepagead-
dressesfrom the exporterto the importer. As opposedto regu-
lar, continuousSCI segments,which are identifiedby a single
address,usersegmentsaredescribedby a list of addresses,the
length of which dependson the segmentsize. We have real-
ize thisby usingtheIRM driver’s internalmail boxmechanism.
The connectionto a regular segmentis establishedby the im-
portersendingaconnectionrequestandtheexporterresponding
by a singleacknowledgementmessage(calledACK here)con-
taining thesegment’s startaddressandits size. We have intro-
ducedtwo new typesof acknowledgesfor usersegments:ACK1
(1st acknowledge)andACKI (i-th acknowledge). In caseof a
usersegmentthe responseto a connectrequestconsistsof one
ACK1 and ' ACKI messages,where ')(+* . ACK1 contains
thesegmentsize,thenumberof pages,theso–calledpageoffset
andup to four pageaddresses.Sinceusersegmentscanstartat
any (minimally aligned)address,but exportingandimportingis
basedon whole pagesonemustknow wherethe segmentsac-
tually startswithin its first page. This is the meaningof page
offset.For thesamereasonthenumberof pagesis neededin ad-
dition to thesegmentsize.As IRM mail boxmessagesarerather
short(64bytein total)pageaddressesarestoredin acompressed
format. For a systempagesizeof 4 KB only 20 aresignificant,
for larger pageseven less. Thus, we can put eight addresses
into a 20 byte buffer (five doublewords). An ACKI message
containsup to eightpageaddresses.

Uponreceptionof ACK1 theimportercancalculatethenum-
ber of expectedACKI messages.Whenall messageshave ar-
rivedandthepageaddresseshavebeencopiedto thedatastruc-



turedescribingtheremotesegment,theconnectoperationis fin-
ishedin thesamewayasfor regularsegments.

At this point the importerhasgot all informationneededto
make DMA transfersinto the remotesegment. Not even ATT
(addresstranslationtable)mappingsarenecessarysincethere-
moteSCIaddressesof DMA controlblocksarebuilt solelyfrom
thephysicaladdressesof theremotememorypagesandthere-
motenodeID.

Thingswereslightly differentwhenweimplementedthePIO
optimizationfor DMA operationsexplainedabove. Then,we
allocatedandsetupanATT entryto point to thefirst pageof the
segmentandmappedthecorrespondingPCImemoryinto kernel
addressspace.

Combiningthe first two steps(III-B andIII-C) it is possible
to performDMA transfersdirectly from andto usersegments.
Performancenumbersaregivenin sectionIV.

Up to two DMA control blocks are necessaryfor a single
page,sincea new block mustbe startedat every local andre-
mote pageboundary. Hence,the DMA queuemust comprise, 
���-�.���!�/
����������0 �1��
������2#3%�46587 entries.

D. Remoteusersegmentsfor PIO access

In orderto accessa remotesegmentby PIO mode,the ATT
and the processpagetablesmustbe setupappropriately. The
processpagetabletranslatesvirtual addressesinto physicalad-
dressesbelongingto thePCI–SCIadapter, whichtranslatesthem
into SCI addressesusingtheATT.

Thesimplestwayis to useoneATT entryperhostpage.How-
ever, thiswould limit theamountof total importablememoryto
16 MB (assuming4 KB pages)dueto theATT sizeof 4096en-
triesin thecurrentPCI–SCIadapters.Theonly solutionis to in-
creasetheSCI pagesize,i.e. theATT granularity. This leadsto
thefollowing, morecomplex strategy: Theimporterdetermines
the SCI pagesthe physicalpagesof the remotesegmentreside
within. Thenit checksif thesepagesarealreadycoveredby an
ATT entry. If not, new onesmustbesetup. Whenall physical
pagesaremappedby meansof theATT, their addressesaswell
asthecorrespondingATT indexesarestoredwith the imported
segment. Now the processpagetablesmustbe setup. Note,
that dueto the larger SCI pagesmorememorythanexplicitly
exportedis visible to the outside. However, safeoperationis
ensuredby theCPU’smemorymanagement.Thepagetableen-
tries aregeneratedfrom the ATT index, representingoneSCI
page–sizedpartof thePCI–SCIadapter’sPCImemorywindow,
andtheoffsetof thephysicalpageto bemappedwithin thatSCI
page. This requiresa numberof changesin the IRM driver’s
memorymapfunction. Finally, the pageoffset is addedto the
virtual start addressof the importedsegmentso that it really
pointsto thefirst byteof theremoteuserbuffer.

After that,remoteusersegmentscanbeaccessedbothby PIO
and by DMA just as regular, driver–allocatedsegments. Al-
thoughwe have a fairly clear understandingof what must be
doneto achieve this step,the implementationis subjectof near
futurework.

IV. PERFORMANCE EVALUATION

All test describedin this sectionhave beenconductedus-
ing Dolphin’s PCI–64/66PCI–SCIadapters(64 Bit/ 66 MHz)

on SuperMicro 370DLE mainboardswith ServerWorks Ser-
verSetIII LE chip set, two PentiumIII 800 MHz, FSB clock
133MHzand512MBECC-RAM 133MHz.Exceptthefirst one
all test were run on uniprocessorkernelssincewe discovered
lockupsduringDMA transferswith SMPkernel.This issuestill
waits for its solution,but we suspectan interrupthandlerprob-
lem.

First of all we evaluatedtheachievablebandwidthfor DMA
from areaswhich do not consistof physicallycontinuousmem-
ory. We did this by splitting a DMA transferfrom a regular
segmentinto piecesof 4 KB. Theresultswerealreadyshown in
sectionIII-B.
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Thenwe implementedthe usersegmentregistrationandex-
porting/importingandmeasuredDMA bandwidthbetweenreg-
ular andusersegmentsin all combinations.All segmentswere
page–aligned.Figure4 shows theresults.Thegraphtitles refer
to thetypesof segments,”regular 9 regular” standsfor a trans-
fer from a regular local segmentto a regular remotesegment.
The absolutelymaximumbandwidthof 249 MB/s canonly be
achievedonregularsegmentssincetheDMA enginemustbeset
up andstartedonly oncefor thewholeblock. ”regular 9 user”
yieldsthehighestbandwidthfor usersegmentswith 212MB/s.
Transfersfrom a userto a regular segmentand betweenuser
segmentsachieve only 5 MB/s less. Hence,the DMA engine
seemsto operateslightly betteron linearly ascendinglocal PCI
addresses.However, we have got no explanationfor the small
performanceslumpsat1 and16MB yet. Note,thesmalladvan-
tageover thevaluesfrom figure3 is causedby theuniprocessor
kernelusedhere.

We have madesomemoredetailedanalysisof transfersbe-
tweenusersegmentsusingseverallocalandremotealignments.
Theresultsareshown in figure5. For equalalignmentson both
sidestheperformanceis thesameasfor pagealignedsegments
shown in figure4. Theothergraphsareentitledin theform ” lo-
cal alignment9 remotealignment”. If thealignmentsdiffer by
half a page,the peakbandwidthis as low as 180 MB/s. The
explanationis that a new DMA control block is neededwhen-
evera new pagewith its specificaddressstarts,eitherlocally or
remote.Hence,for 2 KB offsetstheDMA transferis scattered
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into chunksof 2 KB and the full DMA bandwidthcannotbe
exploited.

Thesituationis evenworsefor theminimal alignmentdiffer-
enceof eightbyte. Theperformancedropsto 100MB/s, which
is lessthanhalf of themaximum. Thereasonis that theDMA
transfernow consistsof eightbyteand4088bytechunksin turn,
wheretheextremelyshortblocksobviouslylimit thebandwidth.
What is interestingis the gapbetween”8 9 0” and”0 9 8”.
The numberof DMA chunksandtheir sizesareequalin both
cases.Whatdiffersis thealignmentof thesechunks.While the
tiny blocksarepage–alignedlocally for ”8 9 0” they always
startat offset4088in theothercase.Oneexplanationcouldbe
thatunalignedlocal PCI addressesadditionallyreducetheper-
formancealreadylimited by the small size. This meansthat
any higher level software shouldtry to useonly well–aligned
buffers. Sincethat is practically impossiblefor buffers passed
by anapplicationthePCI–SCIhardwareshouldbeoptimizedto
performwell on arbitraryalignments.
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True zero copy protocolsrequire somekind of on–the–fly
registrationof the communicationbuffers. Hence,the perfor-

manceof theseoperationsis also of high importance. We
measuredthe time spent in the necessarySISCI calls SCI-
CreateSegment(), SCIRegisterSegmentMemory(),
SCIPrepareSegment() andSCIMapSegment(), which
areneededto preparethelocal buffer, andSCIConnectSeg-
ment().

Figure6 shows theresults.Themostexpensiveoperationon
the local segment is SCIPrepareSegment() sincethis is
whenthememorylocking is performed.Thetotal time to make
asinglepagereadyfor DMA transferis about ;=<?>@<�ACB , while the
throughputreachesits peakfor 4 to 8 MB blocksat 25 GB/s.

Segmentsize time in ACB # ACKI
4 KB 389 0
8 KB 389 0

16 KB 399 0
32 KB 484 1
64 KB 600 2

128KB 813 4
256KB 1280 8

TABLE I

CONNECT TIMES AND NUMBER OF ACKIS

Thecoststo establishaconnectionto aremotesegmentis one
orderof magnitudehigher, startingfrom about390 ACB for up to
16 KB segmentsto 57 DEB for 16 MB, seealsotableI. These
high timesarecausedby theacknowledgementmessagesintro-
ducedin sectionIII-C. As explainedthere,theACK1 message
cancarryup to four pageaddresses,i.e. a well–aligned16 KB
segment.That is why theconnecttimesa nearlyconstantup to
thatsize. Beyond thatoneor moreACKIs aresent. Linear re-
gressionyieldsa constantoverheadof about380 ACB andabout
110 ACB for every additionalACKI message.The taskof future
work is to reducethe expenseof ACKI messages.Currentlya
remoteinterruptis triggeredfor eachmessagedelivered,which
is thenprocessedby theinterrupthandler. A possibleoptimiza-
tion couldbeto processseveralmessagesduringoneinterrupt.

Finally, we measuredthenetbandwidthof a completeDMA
transferasseenfrom theinitiator includingall necessaryprepa-
rationsteps:localsegmentcreation,registrationof theuserseg-
ment,preparationandmappingandconnectionestablishmentto
theremotesegment.

Figure7 comparesthebandwidthsof pureDMA to transfers
includingonly localpreparation(designated”register+transfer”)
resp. local preparationand connectionestablishment(”reg-
ister+connect+transfer”).While the local preparationaddsa
penaltyof about60MB/s for mediumsizeand20MB/s for large
blocks,theconnectionsetupmakestheperformancedropto 110
MB/s. The small messagebandwidthis worsethanFastEther-
net. Although an optimizationof the connectoperationcould
improve the net performance,it will still stay far below the
peak. Consequently, user–level datatransfers— eitherby PIO
or by DMA — areonly sensibleif expensive setupoperations
arenot performedfor every new transfer. This requiressome
kind of ”caching” mechanism,that keepsregisteredand con-
nectedsegmentsoncethey havebeensetupanddoesnotrelease
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themexceptin caseof resourceshortage.Only the first trans-
fer will show relatively badperformance,subsequentoperations
canfully exploit thezero–copy advantages.

V. SUMMARY, OUTLOOK AND RELATED WORK

We have presentedan extensionof the currentSCI driver to
supportexporting and importing of arbitrary usermemory in
Linux which offersnew andmoreeffective applicationsof SCI
basedcommunication. The necessarymemory locking is re-
alized by the Locked Memory Manager. With this solution,
usersegmentscanbeusedasDMA sourceandtargetallowing
for zero–copy protocols. The requiredscatteredDMA trans-
fer causesa performancepenaltyof about20 percenton the
maximum bandwidthon properly alignedbuffers, but avoids
two memorycopy operationsfor transfersbetweentwo user–
allocatedsegmentson differentnodes.Sincethe currenthard-
ware exposedsevere performancedegradationon unaligned
buffers, higher software layersshould try to useonly buffers
alignedto at least128 byte. Besides,the hardwareshouldbe
revisedto performbetterin suchcases.

Utilization of this techniquein communicationlibrarieslike
MPI is requiredto evaluatethe effective performancegain as
seenby an application. Furthermore,PIO to remote user–
allocatedsegmentsneedsto beimplementedasdescribedin sec-
tion III-D andtheconnectoperationfor usersegmentsshouldbe
optimzed.

Anotherapproachto utilize usermemoryfor SCI communi-
cationwastakenin [16] with VIA overSCI.However, thatwas
implementedusingPIO transfersinsteadof DMA. In [17] and
[18] an advancedPCI–SCIbridgeandsystemsoftwaredesign
is introducedwhich allows mucheasierhandlingof usermem-
ory dueto moresophisticatedaddresstranslationmechanisms.
Themaindifferenceto theDolphin hardwareconsistsin anad-
ditional addresstranslationfor inbounddata,called upstream
translation.This removestheneedto transferall pageaddresses
to the importingnode.Furthermore,theVIA supportallows to
startDMA operationsdirectly from userlevel without a kernel
call.
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