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Abstract—Ef cient intra-node shared memory communication
is important for High Performance Computing (HPC), especially
with the emergenceof multi-cor e architectures. As clusters con-
tinue to grow in sizeand complexity, the use of Virtual Machine
(VM) technologies has been suggestedto easethe increasing
number of management issues. As demonstrated by earlier
reseach, shared memory communication must be optimized for
VMs to attain the native-level performance required by HPC
centers.

In this paper, we enhanceintra-node shared memory commu-
nication for VM ernvironments.We proposea one-copyapproach.
Instead of following the traditional approach usedin most MPI
implementations, copying data in and out of a pre-allocated
shared memory region, our approach dynamically maps user
buffers betweenVMs, allowing data to be directly copied to its
destination. We also proposea grant/mapping cacheto reduce
expensve buffer mapping costin VM ernvironment. We integrate
this approach into MVAPICHZ2, our implementation of MPI-2
library . For intra-node communication, we are able to reduce
the large messageatency in VM-based ervironments by up to
35%, and increasebandwidth by up to 38% even as compared
with unmodi ed MVAPICH2 running in a native environment.
Evaluation with the NAS Parallel Benchmarks suite shaws up to
15% impr ovement.

|. INTRODUCTION

Modern Virtual Machine (VM) technologyhas beencon-
sidereda solutionto mary managemendlif culties appearing
ontoday's computingsystemsof increasingsizeandcomple-
ity [8], [16]. However, in mary performance-criticagcenarios,
such as High PerformanceComputing (HPC), adoption of
VM technologydependseaily on having very minimal per
formanceoverheadto achieve thesemanagemente xibilities.
Bene ts of VM-basedHPC includeon-line maintenancefault
tolerance,performanceisolation, OS customization,etc. On
the other hand, while recentadvancessuch as Xen [7] and
VMM-bypass I/O [15] have proved the feasibility of VM-
basedervironmentfor HPC, variousissuesremainto further
reducethe overheadof virtualization.

Shared memory communicationis an area in need of
additionalenhancemenfor VM ervironment.In clusterervi-
ronments,sharedmemory communicationallows computing

copiesthe datainto the sharedregion andthe recever copies
the dataout of the sharedregion to the userbuffer. Especially
with multi-core systemsdominatingthe market, it is an ef -
cientalternatve to network loopbackfor intra-nodecommuni-
cation.As aresult,mostpublicly-availableimplementation®f
MPI, the de facto standardfor parallel programmingsupport
intra-nodesharedmemory communication.

In a VM-based environment, shared memory communi-
cation is signi cantly more complicated,as the computing
processesnay be hostedin separateVMs (OSes)and page
mappingacrossOSesis not natively supportedOur previous
work [10] addressedhis limitation by an InterVM Commu-
nication library (IVC), which maps memory pagesbetween
computingprocessesn separaté/Ms throughthe Xen grant
tabledevice [23]. Having successfullyachiesedclose-to-natie
performance]VC demonstratedhe potentialof a VM-based
HPC solution with both competitive performanceand man-
agementadwantages.However, these solutions are still not
optimal. For example, the size of the sharedmemoryregion
is limited. Thus, it may take multiple copiesto sendlarge
messagesyasting CPU cyclesto coordinatebetweensender
and recever. It should be noted, however, that this problem
existsnotonly for IVC, but for theaforementionedPI shared
memorycommunicationin native ervironmentsaswell. Thus,
the challengeis how to remaove this bottleneckand increase
performance.

In this paper we take further advantageof the Xen grant
table device and proposean efcient one-copy protocol for
shared memory communicationbetweenVMs. We take a
similar approachas kernel-assiste@ne-coy communication
in native ervironment[13]. We dynamically establishshared
mappingsof user buffers to allow recever processto di-
rectly copy data from senderbuffers. There are additional
compleities, however. For example,mappingpagesbetween
VMs is a costly operation.Furthermorethe numberof pages
that can be mappedbetweenVMs are limited basedon
the Xen implementation.Thus, we also proposean Inter
VM Grant/MappingCache(IGMC) framework to reducethe

processewithin the samecomputingnode to communicate mapping cost while using limited resourcesBy integrating
throughsharednemorypageghataremappednto theaddress our designin MVAPICH2 [17], our implementationof MPI-

spaceof bothprocesseslo senda messagehe sendeiprocess
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several NAS Parallel Benchmarkq19] when comparedwith
original MVAPICH2 in a native ervironmentover eight-core
Clovertovn [11] systems.Bene ts on system management
togetherwith the further enhancedperformancethrough our
designmake VM-basedsolutionsfor HPC becomenot only
feasible,but attractive. Besidesfor HPC, the paradigmpro-
posedin this paperis applicableto otherapplicationsdomains
aswell, including VM-baseddata-centersetc.

The restof the paperis organizedasfollows: we startwith
a brief introductionof sharedmemorycommunicatiorin both
native and VM ervironmentsin Sectionll. Then,we present
the designof our one-copy protocolin Sectionslll and IV,
andcarry out performancesvaluationin SectionV. Lastly, we
discussrelatedwork in SectionVI and concludethe paperin
SectionVIL.

Il. SHARED MEMORY INTRA-NODE COMMUNICATION

In this section, we look at intra-node shared memory
communicationin both native and virtualized computingen-
vironment.

A. Intra-nodeCommunicatiorin Native Environment

Modern HPC clustersare typically built from computing
nodeswith multi-corearchitecture Thus, parallelapplications
running on clusterswill exchange data among computing
processeshroughboth inter and intra-nodecommunication.
MPI is a commonlyusedstandardfor parallel programming.
Computingprocesse®f a MPI applicationare identi ed by
a unique rank and typically run on a dedicatedcore. With
the numberof coresper computingnodeincreasing thereis
a larger chancethat processesvith adjacentranks will be
hostedwithin the samecomputingnode. Previous study [4]
revealsthat mary parallel applicationstend to communicate
more often amongadjacentlyranked processesemphasizing
the importanceof intra-nodecommunication.

Although intra-node communication can be trivially
achieved through network loopback, most current MPI im-
plementations support intra-node communication through
userspacenemorycopy mechanismsThesecopy-basednech-
anismsare generally consideredto be more efcient. Here
the key idea is to setupa sharedmemory region that can
be accessedby both communicatingprocessesTheseshared
regions can be createdthrough systemcalls. After a shared
memoryregion is created,the senderprocesscan copy data
into the sharedregion, while the recever polls to detectdata
arrival and copiesthe datato correspondingeceve buffers.
DifferentMPI1 implementationssuchasMVAPICH [17], Open
MPI [21], and MPICH2-Nemesis[1], may have additional
optimizations,but they all follow the sameparadigm.

B. Intra-nodeCommunicatiorin Virtual Machines

In a VM-based environment, computing processeswithin
the samecomputingnodecanbe eitherhostedin oneVM, or
separateVMs. If processesre hostedin the sameVM, the
intra-nodecommunicationcan be realizedwith no difference

as the aforementionecsharedmemory scheme Hosting pro-
cessesn separateVMs, however, can be more bene cial for
several reasonskFirst, the managemendctiities in VM-based
ervironment,including VM migration, are at the granularity
of eachsingle VM. Hosting individual computingprocessin
different VMs allows the managemente xibility at a ner
grain. Further OS customizationand simpli cation is one
of the main adwantage of VM-based computing [16]. In
extreme cases,the OSescan be so simpli ed that they do
not necessarilyunderstandnultiple processors/coresiosting
onecomputingprocesger VM is thenthe only choicein this
case.

Oncethecomputingprocessearein separat&/Ms, creating
a sharedmemoryregion becomesa non-trivial task. Figure 1
shaws the architectureof a physical machinehosting Xen,
which is a popularopensourceVMM distribution [7]. Above
the Xen hypervisor(the VMM) are the Xen domains(VMs)
runningguestOSinstance$ which hostcomputingprocesses.
Since the computing processesare now in separateguest
OSes,sharedmemory regions can no longer be easily cre-
atedthroughsystemcalls. Using this VM-basedervironment,
however, allows guestOSesto be migratedto other physical
machinespringing additional systemmanagemente xibility .
Note that an additional specialdomain0 (domO)is typically
not usedto hostcomputingprocessedDom0O runs softwareto
create/destgymigrateguestVMs, andalsohandleghe device
accesgequestsfrom the guestVMs.

VMO VM1 VM2
(Domain0) (Guest Domain)  (Guest Domain
Device Manage Unmodified Unmodified
and Control User User
Software Software Software
Dom0 OS Guest OS Guest OS

Xen Hypervisor

Hardware (SMP, MMU, Physical Memory, Ethernet, SCSI/IDE)

Fig. 1. Structureof the Xen Virtual Machine Monitor (VMM)

In our previous work [10], we proposedinterVM Com-
munication(IVC), which createsthe sharedmemoryregions
through the Xen grant table device [23]. To allow sharing,
a guestVM rst generatesa referencehandle through the
grant table device for each memory page that it needsto
sharewith anotherVM. The referencehandlesare passed
to the remote domain, which usesthe handlesto map the
pagesnto its local addresspacethroughthe help of the Xen
VMM. Basedon this mechanismseveral memorypagescan
be mappedfrom one guestVM to anotherto createa shared
memory region. With this sharedmemory region, the intra-
node communicationcan happenin a similar manneras in

1In this paper domain,VM, andguestOS are interchangeable.



native computingervironmentdescribedabove.

The drawback of the userspacenemorycopy approach(in
bothnative environmentsandIVVC), however, is thatit requires
two copiesto senddata— one copy by the senderand one
by the recever processwhich requirescareful coordination.
The shared memory regions are also createdwith limited
size. Thus, when sendinglarge messagesit is very likely
that sharedmemory region will not be large enoughto t
all the data. The senderand the recever will then have to
coordinateto nish the sendwith multiple roundsof copies.
Such coordinationlies in the communicationcritical path,
which can affect communicationprogressand waste CPU
cycles.We alsoreferto the userspacememorycopy approach
asthe two-copyapproachin this paper

I1l. ONE-COPY PROTOCOL FOR INTER-VM SHARED
MEMORY COMMUNICATION

In this sectionwe presenta new protocolfor ef cient inter
VM sharedmemorycommunicationThe key idea of our de-
signis to dynamicallymapthe userbuffer of the sendetto the
addressspaceof the recever. With this mappingin placethe
datacanbedirectly copiedinto the userbuffer of the recever,
saving one copy from the traditional userspacenemorycopy
(two-copy) approachdescribedn the last section.

Figure 2 shawvs an overview of the proposedprotocol. It
illustratesthe processto sendan MPI messagéetweentwo
computing processesising the two-copy approachproposed
in [10] as well as our new one-coly approach.Thesetwo
computing processesare hosted in separateVMs on the
samephysical host. The two-copy approachasillustratedin
Figure2(a), exchangeghe messagé¢hrougha sharedmemory
region. This sharedmemoryregion is createdwith the help of
the IVC kerneldriver andthe Xen VMM. The sendercopies
thedatato thesharedegion (stepl and2), thereceverdetects
the datathrough polling, and copiesthe datato the recever
user buffer (step 3). After the copy completes,the recever
acknavledgesthe messagéstep4) so that the sendercanre-
usethe sharedmemoryregion.

To reducethe numberof copies,we directly mapthe sender
userbuffer to the addresspaceof the recever. Detailedsteps
arelabeledin Figure2(b) andreferredto next. Oncethe MPI
library gets a sendrequest,it grantsaccessto the memory
pagescontainingthe sendewuserbuffer throughthe IVC kernel
driver (stepl). Unlike the previous method,insteadof copying
the data to the sharedmemory region, it only copies the
aforementionedeferencehandles(step 2). The MPI library
at the recever side discovers the sendrequestg(step 3) and
mapsthe user buffer of the senderto its own addressspace
usingthe grantreference$rom the sendei(step4 and5). With
the mappingin place,the recever directly copiesthe datato
the destinationuserbuffer (step6). Oncethe copy completes,
the recever unmapsthe senderpagesand noti es the sender
sothatthe sendercanrevoke the grantof the userbuffers (step
7).

Grantingpageaccesgo remotedomainsat the senderside
and mappinguser buffers at the recever side are both privi-

leged operationghat requirethe involvementof guestkernels
aswell asthe VMM. Thus, they are computationallycostly
operationsGiven this startupoverheadwe only usethe one-
copy protocolto sendlargemessagesyith smallmessagestill
transferredusing the traditional two-copy protocol described
in Figure2(a).

To further hide the senderside cost from the recever we
useda pipelined sendprotocol. Insteadof grantingaccesgo
the entiresendetbuffer andthencopying thereferencehandles
to the sharedmemory region, the senderbuffer is divided
into multiple chunksof memory pages.Eachtime accesss
granted,one chunkof memorypagesandthe grantreferences
are immediately sentto the recever. The recever then can
discover the messageand begin the transfersooner In this
way, the costof grantingpageaccessesan be totally hidden
exceptfor the rst chunk.Note that grantsdo not needto be
revoked immediately after the recever nishes copying one
chunk,but canbe delayeduntil the whole messagés nished.
This eliminatesthe needto coordinatebetweernthe senderand
therecever while sendingthe messageAnotherreasono use
a pipeline mechanisnis that the numberof pagesthatcanbe
mappedrom anothedomainis limited. Thus,if anapplication
needgo sendan exceptionallylarge messagea pipelinedsend
is the only option. It is to be notedthat such casehappens
rarely sincethe limit is at leasttensof Mega-bytes.

The pipeline size (number of pagesper chunk) must be
carefully chosenlt is inefcient to usetoo small of a chunk
becausehereare high startupoverheaddo grantpageaccess
at the senderside and map pagesat the recever side. Larger
chunksize allows us to amortizethesecosts.Figure 3 shavs
the cost to grant/mapchunks of various numbersof pages
and the per page cost. We obsene that mappingthe pages
at the recever side is the most costly operationand a 16-
pagepipelinesizeallows usto achieve a reasonablef ciency
(grant/mapcost per page)to map the pages.This value can
be adjustedfor differentplatformsasneeded.
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Fig. 3. Costof granting/mappingages

Once the pipeline size is determined,we also force the
start addressof eachchunkto be aligned with the pipeline
size (64KB alignedin our case)except for the rst chunk.
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As we will seein the next section,this greatly improvesthe
grant/mappingcachenhit ratio.

IV. IGMC: INTER-VM GRANT/MAPPING CACHE

A pipelinedsendprotocolcanonly hide the costof granting
pageaccessat the senderAt therecever side,howvever, map-
ping pagesand copying dataareboth blocking operationsand
cannotbe overlapped.Unfortunately as we have obsened in
Figure 3, the recever mappingis a more costly operationdue
to heavier VMM involvementthanthe sendermpagegranting.

To addressthe high mapping cost, we proposean Inter-
VM Grant/MappingCache(IGMC). The objectie is to keep
pagechunksmappedat the recever aslong aspossible. Then,
if the senderuser buffer is re-usedlater, it doesnot need
to be mappedagain and the data can directly be copied.In
the areaof high performancenterconnectssimilarideashave
beenproposedto reducethe registration cost for zero-coy
network communication[9]. Despitethe similarity, IGMC is
much more complicateddue to two reasons:

To keepa pagemappingat the recever, the sendemust
alsokeepthe correspondingpagegrantedaswell. Thus,
IGMC consistsof two separatecachesa grant cache at
senderwhich cachesll the pagechunksthataregranted,
and a mappingcade at the recever, which cachesthe
mappingof thosechunks.

Thereare upperlimits on both the numberof pagesthat
can be grantedat the senderas well as the numberof

pagesthat can be mappedat the recever. Thus, cache
eviction may occur at eitherthe senderor recever side.

The cachinglogic compleity at both sidesis hiddenwithin
IGMC, simplifying its use.After the IGMC recevesa request
to granta chunk of pagesat the senderside, the grantcache
is searchedor entriesthat containthe requestecagechunk
asidenti ed by the startbuffer addressand the length of the
chunk. Sincea pipelined sendprotocol is used,most entries
will beof thepipelinechunksize,andthe startaddres®f those
chunkswill be aligned. This allows us to achieve higher hit
ratioswithout complicatedmechanismso expand/megecache

entries.An additionalcompleity is that the buffer addresses
usedto index the cachesare user spacevirtual addresses,
whichcanbebacledup by differentphysicalpagesn different
referencesgcausingfalse hit. We can usetwo approacheso
addresghis issue.First, the memorypagesare pinnedwithin
the OS by the sendemntil the grantsarerevoked, so thatthey
will not be swappedout while thereceveris copying the data.
Secondwe canusemallopt 2 to ensurethatvirtual addresses
are not reusedwhen the computingprocesscalls free  and
malloc operationsThus,we canensurethatthe samevirtual
addressealwayspoint to the samedataduring applicationlife
time.

Each chunk of pagesgrantedat the senderis assigneda
unique key. At step 3 in Figure 2(b), this key is sentalong
with the referencenandlesto the recever. The mappingcache
at the recever usesthis key to determineif the corresponding
chunkis alreadymappedor not.

Using the describedprotocol the grant cacheand the map-
ping cachewill work perfectly given unlimited resourcego
grant/mappages. Unfortunately only a limited number of
pagescan be grantedor mappedat one time in Xen. Thus,
beforecreatingany new entriesin thegrantor mappingcaches,
unusedentriesmay needto be evictedto free resourcesf the
limit is beingapproachedwhile identifying unusedentriescan
be detectedhroughreferencecountersevicting cacheentries
requirescoordinationfrom boththe grantandmappingcaches.

A. Evicting Cache Entries

We limit the number of entriesin both the grant cache
and the mappingcaché. Since eachentry correspondgo a
chunk of up to the pipeline size, we also have a limit on
the maximum numberof pagesthat can be granted/mapped
at a single time. IGMC behaes more elegantly in this way
by avoiding granting/mappindailure at the guestOS/VMM

2More advancedmechanismsncluding interceptingall memory manage-
ment calls can be usedhere to avoid false hits. We will not discussthese
schemesincethey are beyond the scopeof this paper

3This limit is setto be 8,192pagesin our implementation.



level. Limiting grantcacheentriesmay not be neededn Xen,
becausegranting accessto a pageonly consumesew bytes
of bookkeepinginformationin the Xen hypervisor Thus, this
is less of a concerncomparedto the limit on the maximum
allowed mappedpages.However, we do not want to limit
oursehesto suchXen-speci c featureswe insteaddesignour
protocolbe applicableto otherVMM implementationgaswell.
An additionalreasorto limit the numberof entriesin the grant
cache(at the sender)is that if we run out of resourcesat the
recever and fail to map the pages,the recever will have to
notify the senderto fallback to the two-copy approach.t is
muchmore ef cient for the senderto detectimminentfailure
so the two-copy approachcanbe directly selected.

Before evicting grantcacheentriesand revoking accesso
the correspondingnemory page chunks,those page chunks
must not be mappedat the recever side. If the chunkis still
mapped,the senderhas to notify the recever to unmapit
beforerevoking the grant. Thus, at the senderside, we must
be ableto track which chunksarestill in the recever mapping
cacheaswell asnotify thereceverto unmapa speci ¢ chunk.
To achieve this, we allocatetwo bitmapsin the sharedmemory
region, asshawvn in Figure4. Eachof themcontainsthe same
numberof bits asthe maximumnumberof allowed entriesin
the grant cache.The sendernoti es the recever to unmapa
chunk by settingthe correspondingit in the control bitmap.
The recever will poll on the control bitmapin every library
call. Once the recever discovers the ith bit in the control
bitmapis set,it unmapsthe entry with the key i. The second
bitmap, the mapping bitmap, is set/clearedby the recever
mapping cache.A set bit in the mapping bitmap indicates
thatthe recever is still keepingthe map of the corresponding
chunk.

Sender Receiver

Grant cache needs
to free the entry with
key i

Mapping cache
unmaps chunk i

Shared memory region

Control bitmap

D]]]#D]]]

Set the ith bit if the

chunk is still mapped Needs to unmap

chunk i

Mapping bitmap

Djjjﬁgmjj

Check if the ith entry
is still mapped

Clear bit i after
unmapping

Fig. 4. Exchangingcontrolinformationthroughbitmaps

At the recever side, the mappingcachewill evict entries
whenit is runningout of availableresourceto mapnew page
chunks,or whenit is advisedby the senderto do so. In either
case,the correspondingoits in the mappingbitmap must be
clearedto notify the senderthatit no longeris maintaining
the mappingof the speci ed chunk.

B. Improving the Cache Hit Ratio

Since it is very costly to map/unmappages,optimizing
the cachehit ratio will be an important issue. We choose

to use LRU currently to manageboth the grant cacheand
the mappingcache sinceit is relatively simpleto implement.
Using simple LRU replacementhowever, may resultin poor
hit ratioin somecasesTherearenumerousstudiesn literature
to improve the cachehit ratio, suchas LRU/k [20], 2Q [14],
LIRS [12], etc. We plan to implement2Q as it admitsonly
re-visited cacheentriesinto the main LRU queue,which can
effectively reducethe impact of cacheentriesthat are only
referredonce. Since the grant cacheand the mappingcache
can interfere with each other (i.e., before an entry can be
removed from the grant cache,the correspondingentry must
beremovedfrom the mappingcache) othercachereplacement
algorithmswhich take more accesshistory information into
accountcould be more effective. However, the actualimpact
of differentcachereplacemenalgorithmsis beyondthe scope
of this paperandis left for future study

C. Fall-back Medhanism

No matterhow hardwe try to optimize the cachereplace-
mentalgorithm,therecould alwaysbe few applicationshaving
poor accesatternswhich causes low cachehit ratio. This
is true especiallyif the applicationworking set (user buffers
involvedin intra-nodecommunication)s too largeto t in the
cache.In this case,insteadof frequentlymapping/unmapping
processwhich hurts the performancejt is more ef cient to
fall backto the original two-copy basedsharedmemorycom-
munication.The decisionon falling-backis madebasedn the
hit ratio of the more costly mappingcacheat recevers.Each
processawill trackthe overall hit ratio andthe communication
(receve) frequeng to eachsendingpeer If the overall hit ratio
is under a certain thresholdfor a long period of time (i.e.,
several hundredmessages}he processwill decidea group of
sendingpeersthatcommunicatdhe leastoftenandstartto use
two-copy protocol with thesesendersTo notify the senders,
theprocesswill raisea ag atthesharednemoryregionsothat
the correspondingendemwill sendmessagessingtraditional
two-copy protocol. We treat each peer differently since the
communicationpatterncould be differentamongeachpeers.
It alsoallowsthe e xibility to fall-backon someof the peersto
reducethe applicationworking set.In this casethereis agood
chancethatthe userbuffersusedin communicatiorto therest
of the peerscan t in the IGMC cache.lt is to be notedthat
the fall-back caseswill not happenoften especiallyfor larger
scaleapplications,where only part of the communicationis
intra-node.

The two-sidedfall-back mechanismwill also be usedfor
handling non-contiguousdatatype communication. This is
because*holes” in data buffers may causeinefciency to
grant/mapwholeall buffer pagesAdditionally, the compleity
of passingdata layout information to the recever may also
overshadw the bene ts of one-copy protocol.

V. EVALUATION

In this section we evaluate our one-coly approach.We
integrate the one-copy protocol into MVAPICH2 [17], and
comparethe designwith our earlierwork, a two-copy based



inter-VM sharedmemory communicationprotocol. We also
comparewith unmodi ed MVAPICH2 running in a native
Linux ervironment.We rst demonstratehe improvements
on lateny andbandwidthbenchmarksThenwe presenteval-
uationresultsusingthe NAS Parallel BenchmarkSuite [19].

A. ExperimentalSetup

The experimentsare carried out on a Intel Clovertovn
system. The computing node is equippedwith dual-soclet
guad-coreXeonE53452.33GHzand6 GB of memory We run
Xen-3.1with the2.6.18kernelonthe computingnodefor VM-
basedervironments We launchup to eight VMs on the node.
Eachof VMs will be assigned dedicateccorewhenrunning
CPU intensve jobs. EachVM consume$12MB of memory
Eventhoughthe modi ed MPI is certainly capableof running
multi-node applications,our experimentis within one node
sincethe focusof this paperis intra-nodecommunicationAs
demonstratedby our earlierwork [5], [10], bene ts shovn by
single-nodestudy canbe effectively propagatedo multi-node
tasksdueto the importanceof intra-nodecommunicationFor
native ervironmentevaluation,we run RHEL 5 with the2.6.18
kernel.We evaluatethree con gurationsin this section:

IVC-one-copy - Our new one-coly basedschemein a
VM-basedervironment;

IVC-tw o-copy- PreviousinterrVM sharedmemorycom-
municationin VM environment, as proposedin [10],
using a two-copy method;

Native - Unmodi ed MVAPICH2 runningin native en-
vironment,using a two-copy method.

B. Micro-bendimarksEvaluation

Figuresb and6 arethe MPI level latengy andbandwidth.In
our currentdesign,the new one-copy schemds only usedfor
messagekargerthan64KB. Any smallermessagewill besent
usingthe old two-copy schemeglVC-two-copy), sowe focus
on messagedarger than 64KB. Our benchmarksepeatedly
sendand receve using the sameuser buffer. Thus, our one
copy schemecangreatlybene t from thegrant/mappingache.
Also, with the mappingscachedthe one-coly schemesimply
copiesdatabetweenthe samebuffers when sending/receiing
from the sameposition. The performancetherefore,is sig-
ni cantly betterdueto CPU cacheeffects as comparedwith
two-copy schemesHere the IVC-one-copy con guration is
ableto achieve up to 6.5GB/sbhandwidth(in-cachecopy) and
reducethe lateng by up to 75% comparedwith the native
ervironment.

One-coly approachshavs signi cant improvementwhen
the same buffer is usedfor communication.Unfortunately
real applicationswill not repeatedlysenddatafrom the same
locationwithout even writing into the buffer. Thus,to remove
the CPU cache effects and evaluate the performancemore
accurately we modify the benchmarksto sendand receve
messagesnto a larger user buffer pool in a cyclic pattern.
After eachiteration of send/receie, both senderandreceier
increasethe user buffer addressso that no two consecutie
operationswill usethe samebuffer. Oncethey reachthe end
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of the buffer pool, however, they will startagainfrom the head
of the pool. Figures7 and 8 show the latengy andbandwidth
usinga 16MB pool, which is much larger thanthe L2 cache
on the system(4MB). Since the size of the grant/mapping
cachein our designis chosento be 8K pages,the VM-one-

copy schemewill still benet from it. In this case,the one-

copy schemeis ableto reducethe lateng by up to 35% and

increasehe bandwidthby up to 38% comparedvith the native

con guration.
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If we increasethe size of the user buffer pool to 40MB,
we will exceed the available entries in the grant/mapping
cacheThegrant/mappingachewill beforcedto evict entries.
Those entries, unfortunately contain the grant/mappingof
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the user pagesthat will be re-usedlater. In this case,the

one-coy basedschemeis penalizedby the high cost of

grant/mappingpagesin the VM ervironment.As we cansee
in Figures9 and 10, the one-coly schemeayetsup to 39% and

31% worseon lateny and bandwidth,respectiely, compared
with native environment.This is expecteddueto the mapping
cost illustrated in Figure 3. This example demonstrateghe

importanceof optimizing the cachehit ratio and dynamically
falling backto two-copy schemeif too mary grant/mapping
cachemissesare obsered. If we fall-back to the two-copy

basedschemeywe will still have the native-level performance,
deliveredby the IVC-two-copy con guration.
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TABLE |
COMMUNICATION PATTERN OF NPB (CLASSA)

> 64KB > 64KB Comm.

(count) (volume) rate

IS 56.4% 99.9% 497.4MB/s
CG 0.0% 0.0% 111.5MB/s
LU 1.60% 67.2% 32.0MB/s
MG 14.0% 78.5% 66.7 MB/s
BT 73.3% 90.7% 8.6 MB/s
SP 98.8% 100.0% 26.6 MB/s
FT 52.5% 100.0% 211.1MB/s
EP 0.0% 0.0% 0.0 MB/s

C. NASParallel Bendhimarks

In this section,we evaluateour one-coly approachon NAS
Parallel Benchmarks(NPB) [19]. This is a popular parallel
benchmarkssuite containing computing kernels typical of
various uid dynamicsscienti ¢ applications.

NPB contains multiple benchmarksgeach of which have
different communicationpatterns. Table | summarizesthe
communicatiorcharacteristicef NPB assumingt is running
on eight processegmaximumfor one dual-soclet Quad-core
system).Herewe shov the communicationintensityin terms
of thevolumeof messagesentpersecondandthe percentage
of large MPI messageg64KB, the thresholdabove which
messagewill be sentusingone-coly approach).

Figure 11 presentsthe performancecomparisonbetween
the Native, VM-two-copy and VM-one-copy con gurations.
As the gure shaws, our one-coly approachis ableto meet
or exceed the performanceof both Native and VM-two-
copy con gurations for all benchmarks.ln particular for
IS a 15% improvementover Native and 20% improvement
over VM-two-copy is achieved. Other benchmarksincluding
LU and MG also shav a 8%/5% improvementand 6%/7%
improvement,respectiely over Native and VM-tw o-copy.
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Fig. 11. Relatve performanceor NPB

Both messagesizesas well as messageatternseffect the
performanceusing the different mechanismskor IS, 56% of
messageand99% of message&olumeis for messagegreater
than 64KB. SP showns a similar pattern,with over 98% of
messagegreaterthan 64KB. Despite thesesimilarities, the
performancamprovementfor SP using our one-coly design
is minimal as comparecdto IS. LU and MG, with signi cant
large messageransfer (67% and 79% of volume), but less



than IS or SR showv higher performanceusing the one-copy
mechanismThis can be attributedto a patternwherelateng
is of increasedmportanceor betterprocessocacheutilization
sincea one-copy transferdoesnot pollute the sendercacheas
occurswith a traditional two-sidedcopy technique.

Though our MPI is able to run across multiple nodes,
the results are shavn on a single computing node since
the focus of the paperis intra-node communication.On a
larger scale,where part of the communicationwill be inter-
node, applicationscould bene t lessas shavn in Figure 11.
However, simulation of communicationpatternson a larger
clusteras shavn in Figure 12 suggestghat intra-nodecom-
municationis still very importantevenwhenapplicationsspan
acrosgnultiple nodes someapplicationgendto communicate
more frequentlybetweenneighbors We shaws the percentage
of intra-node communicationfor NPB on 16, 64, and 256
processegassumingeach computingnode has 8 cores)and
obsene thatintra-nodecommunicatiorcanbe up to 40%even
on 256 processes.

16 'mmmm 64 mmmm 256 ==

60

50

40 -

30 |-
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MG SP

Fig. 12.
NPB

Percentagef intra-nodecommunicatiorfor larger scalerun with

VI. RELATED WORK

In this paper we discussedan ef cient one-copy protocol
for sharedmemory communicationin VM ervironments.In
literature,thereare mary continuingresearctefforts to make
sharedmemory communicationefcient in native erviron-
ments.Theseefforts take differentapproachesncluding user
spacememory copy, suchas proposedby Buntinaset al. [3]
andChaietal. [5], kernel-assistechemorymapping[13], etc.
In [2], Buntinasetal. hasa moredetaileddiscussioron various
mechanismsor datatransferin SMP machinesEventhougha
kernel-assistethappingschemes a one-cofy schemeaswell,
all theseapproachesequirethe computingprocessebe hosted
in the sameOS, which is not applicableto VM ervironments.

The grant/mappingcachediscussedn this papertakes a
similar approachas proposedby Tezukaet al. [9]. The work
is similar to oursasit avoids costly kernel/hardvareprivileged
operationsy cachingtheresultsof previousentries.Ourwork
is much more complex in the way that grant and mapping
cacheanustcoordinateto ensurecorrectcachingresults.This
coordination, however, will be neededonly when evicting
IGMC entriesandmay not be in communicatiorcritical path.

Thus, application performancewill not be affected by the
additionalcompleity in mostcases.

VMs have beena popular researchtopic in recentyears
and have beendeployed in industry suchas VMware Virtu-
alCenter[22] and Xen Enterprise[23]. Our work is speci c
towardsa VM-basedernvironmentfor HPC. VM technologies
have the potentialto greatly bene t HPC applicationswhich
is thoroughlyanalyzedby Mergenet al. [16].

VII. CONCLUSIONS AND FUTURE WORK

In this paper we presenta one-coly protocol for inter
VM sharedmemory communication.We dynamically map
the senderuser buffer to the addressspaceof the recever.
As comparedwith traditionaltwo-copy approachesyhich are
mostcommonlyused,our approachsavesthe costof copying
data from the senderbuffer to the sharedmemory space.
Becausegrant/mappingoperationsin VM ervironmentsare
expensve, we also proposea grant/mappingcacheto reduce
this cost. We incorporateour schemeinto the MVAPICH2
softwarepackageWith our designwe shav thelarge message
lateny in VM-based ernvironment can be reducedby up to
35% and increasebandwidthup to 38% even as compared
with unmodi ed MVAPICHZ2 runningin a native ervironment.
Evaluationwith theNAS ParallelBenchmarksuitealsoshavs
up to 15% improvement.With advantagef VM technology
for systemmanagemenproposedby relatedresearchand in-
dustrialefforts including[16], [18], [6], [23] andthe enhanced
performancethrough our design,a VM-based ervironment
will becomean attractive solutionfor HPC.

In the future, we plan to further enhanceour designin
multiple aspectsFirst,we will evaluatemoreMPI applications
and study cachereplacementlgorithmsto optimize the hit
ratio of the grant/mappingcachesas this is a core part for
achieving low overheadcommunication.Second,we plan to
explore more intelligent designsfor multi-core architecture.
For example,the sharedmemoryregionscanbe sharedacross
multiple VMs, instead of only betweentwo peers,which
brings opportunityto optimize collective operations.Finally,
our currentdesignis integratedwith MPI. We plan to design
APIs which canbe usedby otherapplicationdn VM erviron-
ments,which will bene t a larger pool of applications.
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