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Abstract—Ef�cient intra-node shared memory communication
is important for High PerformanceComputing (HPC), especially
with the emergenceof multi-cor e architectures.As clusters con-
tinue to grow in sizeand complexity, the useof Virtual Machine
(VM) technologies has been suggestedto ease the increasing
number of management issues. As demonstrated by earlier
research, 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 envir onments.We proposea one-copyapproach.
Instead of following the traditional approach used in 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 dir ectly copied to its
destination. We also proposea grant/mapping cache to reduce
expensive buffer mapping cost in VM envir onment. We integrate
this approach into MVAPICH2, our implementation of MPI-2
library . For intra-node communication, we are able to reduce
the large messagelatency in VM-based envir onments by up to
35%, and increasebandwidth by up to 38% even as compared
with unmodi�ed MVAPICH2 running in a native envir onment.
Evaluation with the NAS Parallel Benchmarks suite shows up to
15% impr ovement.

I . INTRODUCTION

Modern Virtual Machine (VM) technologyhas beencon-
sidereda solutionto many managementdif�culties appearing
on today's computingsystemsof increasingsizeandcomplex-
ity [8], [16]. However, in many performance-criticalscenarios,
such as High PerformanceComputing (HPC), adoption of
VM technologydependsheavily on having very minimal per-
formanceoverheadto achieve thesemanagement�e xibilities.
Bene�ts of VM-basedHPCincludeon-linemaintenance,fault
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-
basedenvironmentfor HPC, variousissuesremainto further
reducethe overheadof virtualization.

Shared memory communication is an area in need of
additionalenhancementfor VM environment.In clusterenvi-
ronments,sharedmemory communicationallows computing
processeswithin the samecomputingnode to communicate
throughsharedmemorypagesthataremappedinto theaddress
spaceof bothprocesses.To senda message,thesenderprocess

copiesthe datainto the sharedregion andthe receiver copies
thedataout of thesharedregion to theuserbuffer. Especially
with multi-core systemsdominatingthe market, it is an ef�-
cientalternative to network loopbackfor intra-nodecommuni-
cation.As a result,mostpublicly-availableimplementationsof
MPI, the de facto standardfor parallelprogramming,support
intra-nodesharedmemorycommunication.

In a VM-based environment, sharedmemory communi-
cation is signi�cantly more complicated,as the computing
processesmay be hostedin separateVMs (OSes)and page
mappingacrossOSesis not natively supported.Our previous
work [10] addressedthis limitation by an Inter-VM Commu-
nication library (IVC), which mapsmemory pagesbetween
computingprocessesin separateVMs throughthe Xen grant
tabledevice [23]. Having successfullyachievedclose-to-native
performance,IVC demonstratedthe potentialof a VM-based
HPC solution with both competitive performanceand man-
agementadvantages.However, thesesolutions are still not
optimal. For example,the size of the sharedmemoryregion
is limited. Thus, it may take multiple copies to send large
messages,wastingCPU cycles to coordinatebetweensender
and receiver. It should be noted,however, that this problem
existsnotonly for IVC, but for theaforementionedMPI shared
memorycommunicationin native environmentsaswell. Thus,
the challengeis how to remove this bottleneckand increase
performance.

In this paper, we take further advantageof the Xen grant
table device and proposean ef�cient one-copy protocol for
sharedmemory communicationbetweenVMs. We take a
similar approachas kernel-assistedone-copy communication
in native environment[13]. We dynamicallyestablishshared
mappingsof user buffers to allow receiver processto di-
rectly copy data from senderbuffers. There are additional
complexities, however. For example,mappingpagesbetween
VMs is a costly operation.Furthermore,the numberof pages
that can be mapped between VMs are limited based on
the Xen implementation.Thus, we also proposean Inter-
VM Grant/MappingCache(IGMC) framework to reducethe
mappingcost while using limited resources.By integrating
our designin MVAPICH2 [17], our implementationof MPI-
2 library, we are able to achieve up to 15% improvementin



several NAS Parallel Benchmarks[19] when comparedwith
original MVAPICH2 in a native environmentover eight-core
Clovertown [11] systems.Bene�ts on system management
togetherwith the further enhancedperformancethroughour
designmake VM-basedsolutionsfor HPC becomenot only
feasible,but attractive. Besidesfor HPC, the paradigmpro-
posedin this paperis applicableto otherapplicationsdomains
aswell, including VM-baseddata-centers,etc.

The restof the paperis organizedasfollows: we startwith
a brief introductionof sharedmemorycommunicationin both
native andVM environmentsin SectionII. Then,we present
the designof our one-copy protocol in SectionsIII and IV,
andcarryout performanceevaluationin SectionV. Lastly, we
discussrelatedwork in SectionVI andconcludethe paperin
SectionVII.

I I . SHARED MEMORY INTRA-NODE COMMUNICATION

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

A. Intra-nodeCommunicationin NativeEnvironment

Modern HPC clustersare typically built from computing
nodeswith multi-corearchitecture.Thus,parallelapplications
running on clusters will exchangedata among computing
processesthroughboth inter- and intra-nodecommunication.
MPI is a commonlyusedstandardfor parallel programming.
Computingprocessesof a MPI applicationare identi�ed by
a unique rank and typically run on a dedicatedcore. With
the numberof coresper computingnodeincreasing,thereis
a larger chancethat processeswith adjacentranks will be
hostedwithin the samecomputingnode.Previous study [4]
reveals that many parallel applicationstend to communicate
more often amongadjacentlyranked processes,emphasizing
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
userspacememorycopy mechanisms.Thesecopy-basedmech-
anismsare generally consideredto be more ef�cient. Here
the key idea is to setup a sharedmemory region that can
be accessedby both communicatingprocesses.Theseshared
regions can be createdthrough systemcalls. After a shared
memory region is created,the senderprocesscan copy data
into the sharedregion, while the receiver polls to detectdata
arrival and copiesthe data to correspondingreceive buffers.
DifferentMPI implementations,suchasMVAPICH [17], Open
MPI [21], and MPICH2-Nemesis[1], may have additional
optimizations,but they all follow the sameparadigm.

B. Intra-nodeCommunicationin Virtual Machines

In a VM-basedenvironment, computingprocesseswithin
the samecomputingnodecanbe eitherhostedin oneVM, or
separateVMs. If processesare hostedin the sameVM, the
intra-nodecommunicationcanbe realizedwith no difference

as the aforementionedsharedmemoryscheme.Hosting pro-
cessesin separateVMs, however, can be more bene�cial for
several reasons.First, themanagementactivities in VM-based
environment,including VM migration, are at the granularity
of eachsingle VM. Hosting individual computingprocessin
different VMs allows the management�e xibility at a �ner
grain. Further, OS customizationand simpli�cation is one
of the main advantage of VM-based computing [16]. In
extreme cases,the OSescan be so simpli�ed that they do
not necessarilyunderstandmultiple processors/cores.Hosting
onecomputingprocessper VM is thentheonly choicein this
case.

Oncethecomputingprocessesarein separateVMs, creating
a sharedmemoryregion becomesa non-trivial task.Figure1
shows the architectureof a physical machinehosting Xen,
which is a popularopensourceVMM distribution [7]. Above
the Xen hypervisor(the VMM) are the Xen domains(VMs)
runningguestOSinstances1, which hostcomputingprocesses.
Since the computing processesare now in separateguest
OSes,sharedmemory regions can no longer be easily cre-
atedthroughsystemcalls.Using this VM-basedenvironment,
however, allows guestOSesto be migratedto other physical
machines,bringing additionalsystemmanagement�e xibility .
Note that an additionalspecialdomain0 (dom0) is typically
not usedto hostcomputingprocesses.Dom0 runssoftwareto
create/destroy/migrateguestVMs, andalsohandlesthedevice
accessrequestsfrom the guestVMs.
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Fig. 1. Structureof the Xen Virtual MachineMonitor (VMM)

In our previous work [10], we proposedInter-VM Com-
munication(IVC), which createsthe sharedmemoryregions
through the Xen grant table device [23]. To allow sharing,
a guest VM �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
pagesinto its local addressspacethroughthe help of the Xen
VMM. Basedon this mechanism,several memorypagescan
be mappedfrom oneguestVM 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 computingenvironmentdescribedabove.
The drawbackof the userspacememorycopy approach(in

bothnativeenvironmentsandIVC), however, is thatit requires
two copiesto senddata – one copy by the senderand one
by the receiver process,which requirescareful coordination.
The sharedmemory regions are also createdwith limited
size. Thus, when sending large messages,it is very likely
that sharedmemory region will not be large enoughto �t
all the data. The senderand the receiver will then have to
coordinateto �nish the sendwith multiple roundsof copies.
Such coordination lies in the communicationcritical path,
which can affect communicationprogressand waste CPU
cycles.We alsorefer to theuserspacememorycopy approach
as the two-copyapproachin this paper.

I I I . ONE-COPY PROTOCOL FOR INTER-VM SHARED

MEMORY COMMUNICATION

In this sectionwe presenta new protocolfor ef�cient inter-
VM sharedmemorycommunication.The key ideaof our de-
sign is to dynamicallymaptheuserbuffer of thesenderto the
addressspaceof the receiver. With this mappingin placethe
datacanbedirectly copiedinto theuserbuffer of the receiver,
saving onecopy from the traditionaluserspacememorycopy
(two-copy) approachdescribedin the last section.

Figure 2 shows an overview of the proposedprotocol. It
illustratesthe processto sendan MPI messagebetweentwo
computingprocessesusing the two-copy approachproposed
in [10] as well as our new one-copy approach.Thesetwo
computing processesare hosted in separateVMs on the
samephysicalhost.The two-copy approach,as illustratedin
Figure2(a),exchangesthemessagethrougha sharedmemory
region. This sharedmemoryregion is createdwith thehelpof
the IVC kerneldriver and the Xen VMM. The sendercopies
thedatato thesharedregion(step1 and2), thereceiverdetects
the data throughpolling, and copiesthe data to the receiver
user buffer (step 3). After the copy completes,the receiver
acknowledgesthe message(step4) so that the sendercanre-
usethe sharedmemoryregion.

To reducethenumberof copies,we directly mapthesender
userbuffer to theaddressspaceof the receiver. Detailedsteps
arelabeledin Figure2(b) andreferredto next. Oncethe MPI
library gets a sendrequest,it grantsaccessto the memory
pagescontainingthesenderuserbuffer throughtheIVC kernel
driver (step1). Unlike thepreviousmethod,insteadof copying
the data to the sharedmemory region, it only copies the
aforementionedreferencehandles(step 2). The MPI library
at the receiver side discovers the sendrequests(step3) and
mapsthe userbuffer of the senderto its own addressspace
usingthegrantreferencesfrom thesender(step4 and5). With
the mappingin place,the receiver directly copiesthe datato
the destinationuserbuffer (step6). Oncethe copy completes,
the receiver unmapsthe senderpagesand noti�es the sender
sothatthesendercanrevoke thegrantof theuserbuffers(step
7).

Grantingpageaccessto remotedomainsat the senderside
and mappinguserbuffers at the receiver side are both privi-

legedoperationsthat requirethe involvementof guestkernels
as well as the VMM. Thus, they are computationallycostly
operations.Given this startupoverhead,we only usethe one-
copy protocolto sendlargemessages,with smallmessagesstill
transferredusing the traditional two-copy protocol described
in Figure2(a).

To further hide the sender-side cost from the receiver we
useda pipelinedsendprotocol. Insteadof grantingaccessto
theentiresenderbuffer andthencopying thereferencehandles
to the sharedmemory region, the senderbuffer is divided
into multiple chunksof memorypages.Each time accessis
granted,onechunkof memorypagesandthe grantreferences
are immediatelysent to the receiver. The receiver then can
discover the messageand begin the transfersooner. In this
way, the costof grantingpageaccessescanbe totally hidden
except for the �rst chunk.Note that grantsdo not needto be
revoked immediatelyafter the receiver �nishes copying one
chunk,but canbedelayeduntil thewholemessageis �nished.
This eliminatestheneedto coordinatebetweenthesenderand
thereceiver while sendingthemessage.Anotherreasonto use
a pipelinemechanismis that the numberof pagesthat canbe
mappedfrom anotherdomainis limited. Thus,if anapplication
needsto sendanexceptionallylargemessage,a pipelinedsend
is the only option. It is to be noted that such casehappens
rarely sincethe limit is at leasttensof Mega-bytes.

The pipeline size (number of pagesper chunk) must be
carefully chosen.It is inef�cient to usetoo small of a chunk
becausetherearehigh startupoverheadsto grantpageaccess
at the sendersideandmappagesat the receiver side.Larger
chunksizeallows us to amortizethesecosts.Figure3 shows
the cost to grant/mapchunks of various numbersof pages
and the per pagecost. We observe that mapping the pages
at the receiver side is the most costly operationand a 16-
pagepipelinesizeallows us to achieve a reasonableef�ciency
(grant/mapcost per page)to map the pages.This value can
be adjustedfor differentplatformsasneeded.
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Once the pipeline size is determined,we also force the
start addressof eachchunk to be aligned with the pipeline
size (64KB aligned in our case)except for the �rst chunk.
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Fig. 2. Protocolsto sendMPI messages(detailsexplainedin SectionIII)

As we will seein the next section,this greatly improves the
grant/mappingcachehit ratio.

IV. IGMC: INTER-VM GRANT/MAPPING CACHE

A pipelinedsendprotocolcanonly hidethecostof granting
pageaccessat thesender. At the receiver side,however, map-
ping pagesandcopying dataarebothblockingoperationsand
cannotbe overlapped.Unfortunately, aswe have observed in
Figure3, the receiver mappingis a morecostly operationdue
to heavier VMM involvementthan the senderpagegranting.

To addressthe high mappingcost, we proposean Inter-
VM Grant/MappingCache(IGMC). The objective is to keep
pagechunksmappedat the receiver aslong aspossible.Then,
if the senderuser buffer is re-usedlater, it does not need
to be mappedagain and the datacan directly be copied. In
theareaof high performanceinterconnects,similar ideashave
beenproposedto reducethe registration cost for zero-copy
network communication[9]. Despitethe similarity, IGMC is
muchmorecomplicateddueto two reasons:

� To keepa pagemappingat the receiver, the sendermust
alsokeepthe correspondingpagegrantedaswell. Thus,
IGMC consistsof two separatecaches:a grant cache at
sender, whichcachesall thepagechunksthataregranted,
and a mappingcache at the receiver, which cachesthe
mappingof thosechunks.

� Thereareupperlimits on both the numberof pagesthat
can be grantedat the senderas well as the numberof
pagesthat can be mappedat the receiver. Thus, cache
eviction may occurat either the senderor receiver side.

Thecachinglogic complexity at bothsidesis hiddenwithin
IGMC, simplifying its use.After the IGMC receivesa request
to grant a chunk of pagesat the senderside, the grant cache
is searchedfor entriesthat containthe requestedpagechunk
as identi�ed by the start buffer addressand the length of the
chunk. Sincea pipelinedsendprotocol is used,most entries
will beof thepipelinechunksize,andthestartaddressof those
chunkswill be aligned.This allows us to achieve higher hit
ratioswithoutcomplicatedmechanismsto expand/mergecache

entries.An additionalcomplexity is that the buffer addresses
used to index the cachesare user spacevirtual addresses,
whichcanbebackedupby differentphysicalpagesin different
references,causingfalse hit. We can use two approachesto
addressthis issue.First, the memorypagesarepinnedwithin
theOS by thesenderuntil thegrantsarerevoked,so that they
will not beswappedout while thereceiver is copying thedata.
Second,wecanusemallopt 2 to ensurethatvirtual addresses
are not reusedwhen the computingprocesscalls free and
malloc operations.Thus,we canensurethatthesamevirtual
addressesalwayspoint to thesamedataduringapplicationlife
time.

Each chunk of pagesgrantedat the senderis assigneda
uniquekey. At step 3 in Figure 2(b), this key is sent along
with the referencehandlesto the receiver. Themappingcache
at the receiver usesthis key to determineif the corresponding
chunk is alreadymappedor not.

Using the describedprotocol the grantcacheandthe map-
ping cachewill work perfectly given unlimited resourcesto
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 evicted to free resourcesif the
limit is beingapproached.While identifyingunusedentriescan
be detectedthroughreferencecounters,evicting cacheentries
requirescoordinationfrom boththegrantandmappingcaches.

A. Evicting Cache Entries

We limit the number of entries in both the grant cache
and the mappingcache3. Since eachentry correspondsto 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 behaves more elegantly in this way
by avoiding granting/mappingfailure at the guestOS/VMM

2More advancedmechanismsincluding interceptingall memorymanage-
ment calls can be usedhere to avoid false hits. We will not discussthese
schemessincethey arebeyond the scopeof this paper.

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



level. Limiting grantcacheentriesmay not be neededin Xen,
becausegrantingaccessto a pageonly consumesfew bytes
of bookkeepinginformationin the Xen hypervisor. Thus,this
is lessof a concerncomparedto the limit on the maximum
allowed mappedpages.However, we do not want to limit
ourselvesto suchXen-speci�c features;we insteaddesignour
protocolbeapplicableto otherVMM implementationsaswell.
An additionalreasonto limit thenumberof entriesin thegrant
cache(at the sender)is that if we run out of resourcesat the
receiver and fail to map the pages,the receiver will have to
notify the senderto fallback to the two-copy approach.It is
muchmoreef�cient for the senderto detectimminent failure
so the two-copy approachcanbe directly selected.

Before evicting grant cacheentriesand revoking accessto
the correspondingmemory pagechunks,thosepagechunks
must not be mappedat the receiver side. If the chunk is still
mapped,the senderhas to notify the receiver to unmap it
beforerevoking the grant.Thus,at the senderside,we must
beableto trackwhich chunksarestill in thereceiver mapping
cache,aswell asnotify thereceiver to unmapa speci�c chunk.
To achieve this,we allocatetwo bitmapsin thesharedmemory
region, asshown in Figure4. Eachof themcontainsthe same
numberof bits asthe maximumnumberof allowed entriesin
the grant cache.The sendernoti�es the receiver to unmapa
chunkby settingthe correspondingbit in the control bitmap.
The receiver will poll on the control bitmap in every library
call. Once the receiver 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 receiver
mapping cache.A set bit in the mapping bitmap indicates
that the receiver is still keepingthe mapof the corresponding
chunk.

Shared memory region

Sender Receiver

Mapping bitmap

Control bitmap

Grant cache needs
to free the  entry with 
key i

chunk is still mapped
chunk i
Needs to unmap

Mapping cache 
unmaps chunk i

unmapping
Clear bit i afterCheck if the ith entry 

is still mapped

Set the ith bit if the

Fig. 4. Exchangingcontrol information throughbitmaps

At the receiver side, the mappingcachewill evict entries
whenit is runningout of availableresourcesto mapnew page
chunks,or whenit is advisedby thesenderto do so. In either
case,the correspondingbits in the mappingbitmap must be
clearedto notify the senderthat it no longer is 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 replacement,however, may result in poor
hit ratio in somecases.Therearenumerousstudiesin literature
to improve the cachehit ratio, suchas LRU/k [20], 2Q [14],
LIRS [12], etc. We plan to implement2Q as it admitsonly
re-visitedcacheentriesinto the main LRU queue,which can
effectively reducethe impact of cacheentries that 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 themappingcache),othercachereplacement
algorithmswhich take more accesshistory information into
accountcould be more effective. However, the actual impact
of differentcachereplacementalgorithmsis beyondthescope
of this paperand is left for future study.

C. Fall-back Mechanism

No matterhow hard we try to optimize the cachereplace-
mentalgorithm,therecouldalwaysbefew applicationshaving
poor accesspatterns,which causesa low cachehit ratio. This
is true especiallyif the applicationworking set (userbuffers
involvedin intra-nodecommunication)is too largeto �t in the
cache.In this case,insteadof frequentlymapping/unmapping
process,which hurts the performance,it is more ef�cient to
fall backto theoriginal two-copy basedsharedmemorycom-
munication.Thedecisionon falling-backis madebasedon the
hit ratio of the morecostly mappingcacheat receivers.Each
processwill track the overall hit ratio andthe communication
(receive) frequency to eachsendingpeer. If theoverallhit ratio
is under a certain thresholdfor a long period of time (i.e.,
severalhundredmessages),theprocesswill decidea groupof
sendingpeersthatcommunicatetheleastoftenandstartto use
two-copy protocol with thesesenders.To notify the senders,
theprocesswill raisea �ag at thesharedmemoryregionsothat
thecorrespondingsenderwill sendmessagesusingtraditional
two-copy protocol. We treat eachpeer differently since the
communicationpatterncould be different amongeachpeers.
It alsoallows the�e xibility to fall-backonsomeof thepeersto
reducetheapplicationworking set.In this case,thereis a good
chancethat theuserbuffersusedin communicationto therest
of the peerscan �t in the IGMC cache.It is to be notedthat
the fall-backcaseswill 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 causeinef�ciency to
grant/mapwholeall buffer pages.Additionally, thecomplexity
of passingdata layout information to the receiver may also
overshadow the bene�ts of one-copy protocol.

V. EVALUATION

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



inter-VM sharedmemory communicationprotocol. We also
comparewith unmodi�ed MVAPICH2 running in a native
Linux environment. We �rst demonstratethe improvements
on latency andbandwidthbenchmarks.Thenwe presenteval-
uation resultsusing the NAS Parallel BenchmarkSuite [19].

A. ExperimentalSetup

The experimentsare carried out on a Intel Clovertown
system.The computing node is equippedwith dual-socket
quad-coreXeonE53452.33GHzand6 GB of memory. We run
Xen-3.1with the2.6.18kernelon thecomputingnodefor VM-
basedenvironments.We launchup to eight VMs on thenode.
Eachof VMs will be assigneda dedicatedcorewhenrunning
CPU intensive jobs. EachVM consumes512MB of memory.
Eventhoughthemodi�ed MPI is certainlycapableof running
multi-node applications,our experiment is within one node
sincethe focusof this paperis intra-nodecommunication.As
demonstratedby our earlierwork [5], [10], bene�ts shown by
single-nodestudycanbe effectively propagatedto multi-node
tasksdueto the importanceof intra-nodecommunication.For
nativeenvironmentevaluation,we run RHEL 5 with the2.6.18
kernel.We evaluatethreecon�gurationsin this section:

� IVC-one-copy - Our new one-copy basedschemein a
VM-basedenvironment;

� IVC-tw o-copy- Previousinter-VM sharedmemorycom-
munication in VM environment, as proposedin [10],
usinga two-copy method;

� Native - Unmodi�ed MVAPICH2 running in native en-
vironment,usinga two-copy method.

B. Micro-benchmarksEvaluation

Figures5 and6 aretheMPI level latency andbandwidth.In
our currentdesign,the new one-copy schemeis only usedfor
messageslargerthan64KB. Any smallermessageswill besent
usingtheold two-copy schemes(IVC-two-copy), sowe focus
on messageslarger than 64KB. Our benchmarksrepeatedly
sendand receive using the sameuser buffer. Thus, our one
copy schemecangreatlybene�t from thegrant/mappingcache.
Also, with themappingscached,theone-copy schemesimply
copiesdatabetweenthe samebuffers whensending/receiving
from the sameposition. The performance,therefore,is sig-
ni�cantly betterdue to CPU cacheeffects as comparedwith
two-copy schemes.Here the IVC-one-copy con�guration is
ableto achieve up to 6.5GB/sbandwidth(in-cachecopy) and
reducethe latency by up to 75% comparedwith the native
environment.

One-copy approachshows signi�cant improvementwhen
the samebuffer is used for communication.Unfortunately,
real applicationswill not repeatedlysenddatafrom the same
locationwithout even writing into thebuffer. Thus,to remove
the CPU cacheeffects and evaluate the performancemore
accurately, we modify the benchmarksto send and receive
messagesinto a larger user buffer pool in a cyclic pattern.
After eachiterationof send/receive, both senderand receiver
increasethe user buffer addressso that no two consecutive
operationswill usethe samebuffer. Oncethey reachthe end
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of thebuffer pool,however, they will startagainfrom thehead
of the pool. Figures7 and8 show the latency andbandwidth
usinga 16MB pool, which is much larger than the 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 bene�t from it. In this case,the one-
copy schemeis able to reducethe latency by up to 35% and
increasethebandwidthby up to 38%comparedwith thenative
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
cache.Thegrant/mappingcachewill 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-copy basedschemeis penalizedby the high cost of
grant/mappingpagesin the VM environment.As we cansee
in Figures9 and10, theone-copy schemegetsup to 39%and
31% worseon latency andbandwidth,respectively, compared
with native environment.This is expecteddueto the mapping
cost illustrated in Figure 3. This example demonstratesthe
importanceof optimizing the cachehit ratio anddynamically
falling back to two-copy schemeif too many grant/mapping
cachemissesare observed. If we fall-back to the two-copy
basedscheme,we will still have thenative-level performance,
deliveredby the IVC-two-copy con�guration.
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TABLE I
COMMUNICATION PATTERN OF NPB (CLASS A)

> 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% 32.0 MB/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 Benchmarks

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

NPB containsmultiple benchmarks,each of which have
different communicationpatterns.Table I summarizesthe
communicationcharacteristicsof NPB assumingit is running
on eight processes(maximumfor onedual-socket Quad-core
system).Herewe show the communicationintensity in terms
of thevolumeof messagessentpersecond,andthepercentage
of large MPI messages(64KB, the thresholdabove which
messageswill be sentusingone-copy approach).

Figure 11 presentsthe performancecomparisonbetween
the Native, VM-two-copy and VM-one-copy con�gurations.
As the �gure shows, our one-copy approachis able to meet
or exceed the performanceof both Native and VM-two-
copy con�gurations for all benchmarks.In particular, for
IS a 15% improvementover Native and 20% improvement
over VM-two-copy is achieved. Otherbenchmarks,including
LU and MG also show a 8%/5% improvementand 6%/7%
improvement,respectively over Native andVM-two-copy.
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Both messagesizesas well as messagepatternseffect the
performanceusing the differentmechanisms.For IS, 56% of
messagesand99%of messagevolumeis for messagesgreater
than 64KB. SP shows a similar pattern,with over 98% of
messagesgreaterthan 64KB. Despite thesesimilarities, the
performanceimprovementfor SP using our one-copy design
is minimal as comparedto IS. LU and MG, with signi�cant
large messagetransfer (67% and 79% of volume), but less



than IS or SP, show higher performanceusing the one-copy
mechanism.This canbe attributedto a patternwherelatency
is of increasedimportanceor betterprocessorcacheutilization
sincea one-copy transferdoesnot pollute thesendercacheas
occurswith a traditional two-sidedcopy technique.

Though our MPI is able to run acrossmultiple nodes,
the results are shown on a single computing node since
the focus of the paper is intra-nodecommunication.On a
larger scale,wherepart of the communicationwill be inter-
node,applicationscould bene�t lessas shown in Figure 11.
However, simulation of communicationpatternson a larger
clusteras shown in Figure 12 suggeststhat intra-nodecom-
municationis still very importantevenwhenapplicationsspan
acrossmultiplenodes- someapplicationstendto communicate
morefrequentlybetweenneighbors.We shows the percentage
of intra-nodecommunicationfor NPB on 16, 64, and 256
processes(assumingeachcomputingnode has 8 cores)and
observe that intra-nodecommunicationcanbeup to 40%even
on 256 processes.
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VI. RELATED WORK

In this paper, we discussedan ef�cient one-copy protocol
for sharedmemory communicationin VM environments.In
literature,therearemany continuingresearchefforts to make
sharedmemory communicationef�cient in native environ-
ments.Theseefforts take differentapproaches,including user
spacememorycopy, suchas proposedby Buntinaset al. [3]
andChaiet al. [5], kernel-assistedmemorymapping[13], etc.
In [2], Buntinasetal. hasamoredetaileddiscussiononvarious
mechanismsfor datatransferin SMPmachines.Eventhougha
kernel-assistedmappingschemeis a one-copy schemeaswell,
all theseapproachesrequirethecomputingprocessesbehosted
in thesameOS,which is not applicableto VM environments.

The grant/mappingcachediscussedin this paper takes a
similar approachas proposedby Tezukaet al. [9]. The work
is similar to oursasit avoidscostlykernel/hardwareprivileged
operationsby cachingtheresultsof previousentries.Ourwork
is much more complex in the way that grant and mapping
cachesmustcoordinateto ensurecorrectcachingresults.This
coordination,however, will be neededonly when evicting
IGMC entriesandmay not be in communicationcritical path.

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

VMs have beena popular researchtopic in recent years
and have beendeployed in industry, suchas VMware Virtu-
alCenter[22] and Xen Enterprise[23]. Our work is speci�c
towardsa VM-basedenvironmentfor HPC.VM technologies
have the potentialto greatlybene�t HPC applications,which
is thoroughlyanalyzedby Mergenet al. [16].

VI I . CONCLUSIONS AND FUTURE WORK

In this paper, we presenta one-copy protocol for inter-
VM sharedmemory communication.We dynamically map
the senderuser buffer to the addressspaceof the receiver.
As comparedwith traditionaltwo-copy approaches,which are
mostcommonlyused,our approachsavesthe costof copying
data from the senderbuffer to the sharedmemory space.
Becausegrant/mappingoperationsin VM environmentsare
expensive, we also proposea grant/mappingcacheto reduce
this cost. We incorporateour schemeinto the MVAPICH2
softwarepackage.With our design,weshow thelargemessage
latency in VM-basedenvironment can be reducedby up to
35% and increasebandwidthup to 38% even as compared
with unmodi�ed MVAPICH2 runningin a native environment.
Evaluationwith theNAS ParallelBenchmarkssuitealsoshows
up to 15% improvement.With advantagesof VM technology
for systemmanagementproposedby relatedresearchand in-
dustrialefforts including[16], [18], [6], [23] andtheenhanced
performancethrough our design, a VM-based environment
will becomean attractive solution for HPC.

In the future, we plan to further enhanceour design in
multipleaspects.First,wewill evaluatemoreMPI applications
and study cachereplacementalgorithmsto optimize the hit
ratio of the grant/mappingcaches,as this is a core part for
achieving low overheadcommunication.Second,we plan to
explore more intelligent designsfor multi-core architecture.
For example,thesharedmemoryregionscanbesharedacross
multiple VMs, instead of only betweentwo peers, which
brings opportunity to optimize collective operations.Finally,
our currentdesignis integratedwith MPI. We plan to design
APIs which canbeusedby otherapplicationsin VM environ-
ments,which will bene�t a larger pool of applications.
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