Building a Userlevel Direct AccessFile System
over In niband

Murali RangarajarandLiviu Iftode
Departmenbof ComputerScience,
RutgersUniversity, Piscatavay, NJ 08854-8019

muralir, iftode

Abstract—In this paper, we present the design and
implementation of a userspaceDirect AccessFile System
(DAFS) over In niband using channelaccessand portable
programming interfaces viz., the Verbs APl (VAPI) and
the User Direct AccessProgramming Library (uDAPL).
We presentan implementation of DAFS using the Virtual
Interface Architecture (VIA) for comparison.

We discuss design issuesin providing a high perfor-
mance DAFS implementation over In niband: descriptor
and buffer management, ow control, completion mech-
anisms and zero-copy data transfers through ef cient
use of scattergather and Remote Direct Memory Access
(RDMA). We presentoptimizations to reduceoverheadsin
buffer/descriptor managementaswell asmemory registra-
tion/deregistration. We also shov how an extended DAFS
sessionmanagementAPI could be usedby applications to
query sessionattrib utes and achieve better performance
using DAFS. We present a performance evaluation to
demonstrate bandwidth characteristics of our DAFS im-
plementation, and the impact of reducing overheadsin 1/0
requestprocessingand memory registration.

. INTRODUCTION

Networking architecturesuchas In niband [1], and
Virtual Interface Architecture (VIA) [2], designedto
achieve low-lateny and high-bandwidthin a System
AreaNetwork (SAN) ervironment,offer anattractve so-
lution for reducingcommunicatiorsoftwareoverheadsn
network storagesystemsThesenetworking architectures
rely on two key featuresto provide low lateng, high
throughputcommunication- (i) Userlevel networking
and (i) RemoteDirect Memory Access(RDMA).

Theln niband Architecture(IBA) [1] is ervisionedas
the default communicatiorfabric for future SANs. IBA
provides a channel-basedswitchedfabric, interconnect
architecturefor seners. The In niband 1/O fabric pro-
videsreliablelow lateny communicatiorfor senersin
clusteredenvironments.

Programmingnterfacesfor In niband maybebroadly
classi ed into two main categories, (i) channelaccess
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Fig. 1. DataTransferPathin DAFS
interfaces(provided by adaptervendors),that commu-
nicatedirectly with the driversof channeladaptersand
(i) portableinterfaces,layeredon top of thesechannel
accessnterfaceshiding the platform speci ¢ details.

The Direct AccessFile System(DAFS) [3] protocol
is speci cally designedo take advantageof memory-to-
memory interconnectcapabilitiesin clusterederviron-
ments. DAFS enableszero-coly data transfersin and
out of application buffers by allowing applicationsto
accessthe network interface (NI) directly from user
space.Figure 1 shaws the data transfer path between
applicationbuffers on the DAFS client and the storage
physicallylocatedon the DAFS sener.

In this paper we presentour implementationof the
DAFS protocolover In niband in userspaceusingboth
channelaccesandportableprogrammingnterfaces We
usethe Mellanox VerbsAPI (VAPI) [4] for the channel
accessinterface, and the User Direct AccessProgram-
ming Layer (uDAPL) [5] for the portableinterface.

We presenta performanceevaluation of our DAFS
implementationsover theseinterfacesand also provide
a comparisonwith a VIA-based implementation.To
our bestknowledge, this is the rst study of a DAFS
implementatiorover In niband. To reduceoverheadsn
memory registration/dergistration, we use a combina-
tion of the Fast Memory Registration (FMR) mecha-
nism provided by VAPI and a lazy cachingschemeto



amortize registration costs. We showv that applications
canusean extendedDAFS sessiormanagemenfPI to
guery sessionattributes and harnesghe bene ts of the
lazy cachingscheme We combinea selectve signaling
schemewith pre-allocateddescriptorsetsto reducethe
overheadsn requestnitiation and completionhandling.

We presenta performancesvaluationthat covers per
formancecharacteristicfor workloadswith small and
large le sizes.Using our performanceevaluation, we
show the following:

Bandwidth and CPU Utilization: We show that
applicationsare able to achiave more than 90%
of the available bandwidth using our DAFS im-
plementationson VIA and In niband. Using our
DAFS implementationover In niband, we showv
that applicationsare able to achieve a read band-
width of up to 675 MB/s. Basedon the ratio of
CPU utilization to achieved bandwidth,we predict
thatour DAFS implementationsvill notsaturatehe
processor®n our sener if a higher bandwidth (1
GBY/s) is available from the underlyingtransports.
Optimizations in Descriptor Management: We
demonstratethe performanceimpact of reducing
the overheadsesultingfrom buffer/descriptorman-
agementand memory registration. For metadata
intensve workloads and small le 1/O, we shav
improvementsof up to 50% in throughputusing

our stratgy for buffer and descriptormanagement.

Optimizations in Memory Ragistra-

tion/Deregistration: For applications that use
memory registration in the critical path of data
transfers,performancecan be improved by up to

35% usingtechniquessupportedn VAPI. We also
demonstrateadditional gainsin throughput(about
25%) for applicationghat useour extendedsession

presentsa descriptionof our userspaceDAFS imple-

mentation. Section V presentsthe issuesin the im-

plementationof DAFS over In niband and VIA, and
describesthe stratgjies usedin our implementationto

reduceoverheadsSectionVI presentghe resultsfrom

our experimentalevaluation, and Section VIl presents
the conclusions.

[I. BACKGROUND AND RELATED WORK
A. Userlevel Communicatiorand RDMA

Userlevel communicatioraimsto signi cantly reduce
the overhead associatedwith TCP/IP networking by
bypassingthe operatingsystemin the common send-
receve path. It provides applicationsdirect accessto
the network interface(NI). The applicationmustregister
memory buffers usedin datatransferswith the OS/NI.
The registrationlocks the appropriatepagesin physical
memory allowing for direct DMA operationsto and
from user memory buffers. The operating system is
involved only for connectionmanagemeni@and mem-
ory registrationoperations.Previous work in userlevel
communication[6], [7] hasled to the developmentof
standarddike VIA [2] and IBA [1].

In niband associates pair of work queueswith each
communicationend point called a Queue Pair (QP).
Applications accessthe NI by identifying themseles
with a communicationendpoint and posting requests
on work queuesassociatedvith the QP Theserequests
are called descriptors.The network interface controller
(NIC) asynchronouslyprocessetheseposteddescriptors
on the Work Queues,and marks them completewhen
they are done. It is the applications responsibility to
remove the completeddescriptorsrom the queues.

Userlevel networking architecturesinclude the Re-
moteDMA (RDMA) modelfor datatransferan addition

managemenAPI to achieve a bettermanagement tg the conventional Send/Receie model. The RDMA

of databuffers.
VAPI vs uDAPL: We shawv that programmingusing
the VAPI layer resultsin higher performancecom-
paredto usinguDAPL. uDAPL providesportability
with bandwidth close to that of VAPI but is not
suitedfor applicationsthat are lateng sensitve.
Comparisorwith VIA: The VIA-basedimplementa-
tion exhibits good performancefor workloadsthat
are metadatantensve and perform small le 1/0.
However, it is limited by availablebandwidthin the
underlying network and doesnot supportfeatures
like RDMA Read.
Therestof thepapetis organizedasfollows. Sectionll
describeghe backgroundand relatedwork. Sectionlll
presentsan overvien of the DAFS protocol. SectionlV

modelallows applicationsto read/writeremotememory
without interruptingor consuminghost processocycles
ontheremotenode.ln the RDMA model,theinitiator of

the datatransferspeci es both the sourcebuffer andthe
destinatiorbuffer of the datatransfer In general RDMA

operationsdo not consumedescriptorson the remote
nodes receve queue,and no noti cation is signaledto

the remotenodethat the requesthascompleted.

B. Programminglnterface

IBA describesthe service interface betweena host
channeladapter(HCA) and the operatingsystemby a
setof semanticxalled Verbs.Verbsdescribeoperations
thattake placebetweera HCA andthe operatingsystem
basedon a particularqueuingmodelfor submittingwork
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Fig. 2.

requestgo the channeladaptemandreturningcompletion
status. Programminginterfacesfor In niband may be
broadlyclassi edinto two cateyories,(i) Channelaccess
interfacesthat communicatedirectly with the HCA and
(i) Portable interfacesthat operateabove the channel
accessinterfaces, thereby providing portability across
differenthardware platformsand implementations.

The Mellanox IB-Verbs APl (VAPI) [4] is a chan-
nel accessinterface for In niband verbs provided by
Mellanox [8]. The most notable among the portable
interfacesare the User Direct AccessProgrammingLi-
brary (UDAPL) [5] andthe SandiaPortalsinterface[9].
uDAPL provides a generic API for network adapters
capableof RDMA. uDAPL provides a commonevent
modelfor noti cations, connectionmanagemengvents,
datatransferoperationsasynchronougrrors and other
noti cations.

Figure 2 shaws the architectureof an In niband-
basedplatformwith VAPl anduDAPL. The HCA Verbs
Provider Driver is the lowestlevel of softwarein the op-
eratingsystemandinterfaceswith the hardwaredirectly.
The HCA driver consistsof two parts,a kernel mode
driver, anda usermodelibrary.

C. RelatedwWbrk

Zhouetal [10] shovedthatthe VI architecturecanbe
usedto improve I/O performancebetweenthe database
systemand the storageback-end.In [11], the author
describesa storage-netarking transportlayer for the
Lustre le systembasedon VI-lik e networks. An evalu-
ation of le systemsover variousstorageareanetworks
was presentedby Bancroft et al [12]. A client/serer
communicationmiddlevare over systemareanetworks
wasproposedy Liu etal [13]. Otherwork hasfocused
on using In niband transportsto provide high perfor
manceMPI implementationsn a cluster[14], [15].

Recentwork has explored the performancecharac-
teristics of DAFS and demonstratedhat lower client
overheadusing DAFS can improve application perfor
manceover optimizedNFS whenapplicationprocessing

and I/0 demandsare well-balanced[16]. The use of
RDMA asan RPCtransportfor NFS was proposedand
higher throughputwas reported,comparedto usinga a
corventional TCP transport[17].

More recently work hasbeendoneonusingin niband
transportsto build clusterbased le systemg[18]. This
work is similar to our work in exploring the use of
In niband asa transportto build high performancele
systems.They presenta transport-layeimplementation
designedto achieve good performancefor applications
usingPVFS[19]. In contrastwe presenthe rst studyof
Direct AccessFile Systemsover In niband and present
techniquego reduceoverheadn the descriptorhandling
andthe memoryregistration/dergistrationmechanisms.

I11. DIRECT ACCESS FILE SYSTEM PROTOCOL

The Direct Access File System (DAFS) [20] is a
le accessand managemenprotocol designedfor local
le-sharing or clusteredervironments.It addresseswo
primary goals: (i) Provide low-latengy, high-throughput,
and low-overheaddata movementthat takes advantage
of modernmemory-to-memonnetworking technologies
like In niband [1] and VIA [2]. (ii) De ne asetof le
managementnd le accessoperationsfor local le-
sharingrequirements.

The DAFS API providesa simpleandcorvenient le-
orientedprogramminginterface that hides mary of the
details of the DAFS protocol. It hides transport-layer
semanticdik e reliability levels but exposedfeaturedike
memoryregistrationto applicationsto enablezero-coy
datatransferdo/from applicationbuffers. The DAFS API
de nes new read andwrite operationsthat include
the memory addressof the client's destination/source
buffer.

Session Management: DAFS communicationis a
session-basegrotocol that utilizes a request-response
model of messagexchangebetweenclient and sener.
The sessiondesignincorporatesa numberof attributes
including authenticationfeaturesrelatedto seggmentsof
the le systemnamespace,messageow control, and
transport-lgel resourcemanagement.

Protocol Messa@ing: The requestand responsemes-
sagesexchangedas part of the DAFS communication
protocolare divided into two categories:

Messaesthat are boundedn sizeby the le access
protocol. Thesearetypically protocolmessagethat
are sentas requestor responsewithout involving
ary datatransferto/from the application.
Messages that transfer large variable-sized(usu-
ally greaterthan 1 KB) bulk user data. e.g., the
dap read anddap _write operations.
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Fig. 3. DAFS ImplementationArchitecture

IV. DIRECT ACCESS FILE SYSTEM IMPLEMENTATION

In this section, we presentour implementationof
the DAFS protocol. We start with a description of
our DAFS implementationarchitecture We presentour
implementationof the DAFS sessionmanagemenbp-
erationsalong with our proposedextensionsthat help
applicationsachieve better resourcemanagementWe
presentour lazy cadhe schemeto reducememory reg-
istration/dergistration costs by combining it with our
sessionmanagemenextensions.We describethe de-
scriptor/uffer managementschemewe have used in
our implementationto reducethe overheadof handling
descriptorcompletions.Finally, we presentour imple-
mentation of zero-coy data transfersin and out of
application buffers. In this section, we presentonly
implementatiordetailsthatare commonacrossall three
implementationgover VAPI, uDAPL andVIA).

A. DAFS ImplementationArchitecture

Our clientandsener prototypesmplementthe DAFS
protocolentirelyin userspacemakingit portableacross
ary POSIX-basedsystem.Our DAFS implementation
supportsthe completeDAFS API including operations
for asynchronou#/O andsessiormanagement-igure3
a andb shaw the architectureof our DAFS implementa-
tions usingIBA andVIA respectiely. The thick arrons
shav the data transfer path in and out of application
buffers andthe dottedarrons shav the interactionof the
DAFS client with the transportprovider library.

Our DAFS clientis providedto applicationsasa user
level library. Whenthe applicationinvokesa DAFS API
primitive, thelibrary translatest into anRPCrequesfor
the correspondind/O operationon the sener. Applica-
tion threadscan choosebetweenusing the synchronous
or asynchronou\PI for 1/O, providing the application
bettercontrol anduseof 1/0 concurreng.

Our DAFS sener implementationusesa connection
managerthread,along with a pool of protocol handler
threads.The connectionmanagerthread handlescon-
nection requestsfrom clients and assignsa protocol
handlerthreadto eachestablishedclient session.This

protocolhandlerthreadrecevesDAFS requestdrom the
client, performsthe requiredl/O operationandsendshe
results back to the client. We use a pool of protocol
handlerthreadswhich expandsin sizeto a con gurable
maximumbasedon the load on the DAFS sener.

B. ExtendedSessiorManagementAPI

Our implementationsupportsthe sessionoperations
specied by the DAFS protocol that cover connec-
tion/sessiorestablishmenandcredentialregistration. At
the time of sessionsetup, the client establishewvarious
sessionattributes with the sener. Establishingthese
attributes enablesclients and seners to managetheir
transport-lgel resourceslike protocol communication
buffers and descriptorson a persessiorbasis.

DAFS enableszero-coy datatransfersin and out of
applicationbuffers, by allowing applicationsto manage
databuffersusedin communicationlt is possiblefor ap-
plicationsto implementan ef cient buffer management
schemef they canuseinformationaboutthe transport-
level resourcesallocatedby the DAFS implementation.
We propose extensionsto the DAFS APl to query
sessionattributes establishedat the time of sessionset
up. Using theseattributes, an applicationcan tailor its
buffer managemenschemeaccordingto the transport-
level resourcesissociatedvith the session.

C. MemoryRaistration Using Lazy Cache

Memory registrationand deregistrationare expensve
operationssincethey requirepinning/unpinningof pages
in physicalmemoryand accessinghe on-chip memory
of the HCA/NIC. Our DAFS client usesa lazy cache
which combinesa cacheof registration mappingswith
a lazy approachto memoryderaistration. The caching
stratgy is similar to the pin-dovn cache mechanism
proposedby Tezukaet al [21]. This cacheis imple-
mentedusing an LRU list combinedwith a x ed size
hashtable for fast access.Our DAFS client adoptsa
lazy approachto memory derggistration by postponing
the actualderggistrationuntil the hashtableis full. This
provides scopefor re-usingregistrationmappingsif the
samevirtual addresss registeredmultiple times.

Althoughthistechniquehasbeenusedpreviously[18],
[21], we proposea novel mechanismfor applications
to leveragebene ts from this techniquein the context
of DAFS. Applications can use the extended session
managemenAPl to query the DAFS client for infor-
mationabouttransport-lgel resourcesncluding the size
of the buffer/descriptorset and the size of the lazy
cache Applications can use this information to ensure
that their working set of data buffers t in the lazy



cache This resultsin a hit in the cacheevery time an
application buffer is re-registered,thus amortizing the
costof memoryregistration.

D. Buffer Managementand Flow Control

Communicationusing RDMA interconnectsrequire
that buffers/descriptorsbe pre-postedon the receve
work queueto receive messagesOur implementations
use a window-based ow control schemefor buffers
and descriptorsused in  communication. Clients and
seners set their sendand receive windows at the time
of sessionsetup. The send/receie window sizes are
used to allocate and pre-ragister a set of send and
receve descriptors/bffers that are associatedvith the
sessionPre-allocatingandregisteringthis descriptorset
enablespipelining of datatransferswithout waiting for
completionof previously posteddescriptors.

E. Messaing and Data Transfer

Our implementatiorusesthe Send/Receie modelfor
all messageghat do not involve data transfer Fixed
sizepre-rayisteredbuffers areusedfor sending/receing
such messagesThe numberand size of thesebuffers
associatedwith each sessionare basedon the ow
control parametergstablishedat the time of settingup
the session.The receve buffers are also postedon the
receve queueat this time. To senda protocol message
which doesnot carry data, the DAFS implementation
builds the headerin one of the pre-ragisteredbuffers,
and copiesthe applicationspeci ed parametersnto this
buffer beforesendingit out.

Data transfersinvolve variable sized buffers that are
transferrecusingRDMA or scattergatherSend/Receke,
dependingon the transport.All RDMA operationsare
initiated by the sener. On the DAFS client, the applica-
tion determinesvhen the buffers usedin datatransfers
are allocatedandregistered.

For dap _read , the applicationincludesa handleto
a registeredbuffer in the request,and the sener uses
RDMA write to sendthe datadirectly to the application
buffer without ary intermediatecopies.

For dap_write , our In niband-basedimplementa-
tions supportboth client-initiated writes using gather
sendandsener initiated RDMA Readfrom client mem-
ory. In our VIA-based implementation,data transfers
from the client to sener in dap write are supported
only using client-initiated writes, since the underlying
transportprovider doesnot supportRDMA Read.For
client-initiated writes, the client uses gathersend to
transferthe dataout of the applicationbuffers without a
copy. The messageonsistsof two segments the header

and the datato be transferred.For RDMA Read, the

client sendsa write requestto the sener with a handle
to the memoryregion containingthe data,andthe sener

usesRDMA Readto fetch the data.The type of transfer
(RDMA Reador client-initiated writes) as well asthe

sizeof thewrite buffer, arechoserat the time of session
setup.

V. IMPLEMENTING DAFS OVER INFINIBAND

In this section,we presentdetails of our DAFS im-
plementation.We use the terms DAFS-VAPI, DAFS-
uDAPL and DAFS-VIA to refer to the respectie im-
plementationsWe presenttransport-speci cimplemen-
tation details of various issuesincluding connection
managemerdandcompletionmechanisms/ie presentan
outline of how ourimplementatiorusesVAPI featureso
reduceoverheadgor memoryregistration/dergistration
and senddescriptorhandling.

A. Platform Details

We usedMellanoxIn niHost HCAs for theln niband
transportand cLAN adapterdrom Emulex for the VIA
transport.We useda VAPI provider suppliedwith the
In niHost SDK for the VAPI interface. We used a
versionof the uDAPL library (implementedusingVAPI)
customizedor the Mellanox HCA. For VIA, we useda
native implementatiornprovided by Emulex.

B. ConnectionManagement

DAFS-\API: A reliable connection-orientetransport
modelis usedby creatingQPswith the ReliableConnec-
tion (RC) serviceoption. VAPI doesnot include prim-
itives for connectionmanagemenand connectionsare
establishedisinga ConnectionManager(CM) provided
with VAPI. Senersregister their serviceswith the CM
andthe CM calls back the sener to acceptconnection
requestscreateQPsand changetheir state.Clients call
the CM to issuea connectrequestand the CM calls
backthe client to changethe QP state,accordingto the
connectionstatusand parameters.

DAFS-uDAPL: uDAPL supportsreliable connections
usingaclient-senerconnectiormodel. The DAFS sener
usesa dedicatedconnectionacceptorthreadto accept
client connectionrequests.Once a connectionrequest
is accepted,an EndPoint (EP) is createdand passed
to a protocol handlerthreadfor servingclient requests.
uDAPL mapsEPsto queuepairsin the underlyingVAPI
layer and usesthe CM serviceprovided with the VAPI
layer for connectionmanagement.

DAFS-VIA: Virtual Interfaces(VIs) are createdwith
the Reliable Delivery option and explicitly connected
using a client-sener connectionmodel. A dedicated



connectionacceptorthreadis usedon the DAFS sener
to accepincomingconnectionsThenewly createdVl as
aresultof acceptinga connectioris passedo a protocol
handlerthreadfor servingclient requests.

C. CompletionMedchanisms

DAFS-\API: With VAPI, the completionof requests
is reported through Completion Queues (CQs). The
CQs associatedvith a QP are speci ed at the time of
creatingthe QP VAPI supportstwo modelsfor request
completionnoti cations:

A callback-basedmechanismthat allows asyn-
chronousoti cations. Completionnoti cations can
be selectvely enabledfor a batch of requestsor
evenon a perrequestbasis.

Checking the CQ for requestcompletionsusing
polling or blocking.

DAFS-uDAPL: The resultsof nearlyall operationsn
the uDAPL interface are communicatedthrough asyn-
chronousevents. Event Dispatcher(EVD) objects are
createdfor various event streamsassociatedwith an
EP EVDs are queuesto collect noti cations for con-
nection requests,connectionestablishmentdisconnect
noti cations, data transfer completions,memory bind
completions,asynchronouserrors, and software gener
atedevents.TheseEVDs are associatedvith the EP at
the time of creationof the EPs. Consumersplace an
operationon the EVD queuedfor processingand either
poll or wait ontheappropriateEVD queuefor theresult.
The uDAPL interfacedoesnot supporta callback-based
noti cation or a selectve signalingmechanisnon a per
event basislike VAPI. In our implementationeachEP
is associatedwvith its own setof EVDs. On the DAFS
sener, this enablesthe protocol handlerthreadmapped
to the EP to usetheseEVDs without ary locking issues.

DAFS-VIA: Each VI is associatedwith send and
receve work queuesEachVI work queueis optionally
associatedwith a Completion Queue (CQ) when the
VI is created.Our implementationdoesnot attachary
CQsto the VI work queuesOn the DAFS sener, each
protocol handlerthreadusesits own VI and associated
work queueswithout arny locking issues.

D. ReducingOverheaddJsing VAPI

Fast Memory Rayistration: In order to reduce the
overheadof performingthe memoryregistrationin the
critical path of data transfers, VAPI provides a fast
memory registration (FMR) mechanismas part of an
extended API. Using the FMR mechanism,memory
registration is performed by rst creating an FMR,
followed by mappingthe FMR to a memoryregion in

a subsequenbperation.Our implementationcreatesa
set of FMRs at the time of sessionsetup and maps
application buffers on to FMRs when the application
invokes dap _register _mem Even though the FMR
is mappedto a memoryregion in the critical path, this
is a relatively lightweight operation.

Efcient SendDescriptor Handling: VAPI provides
an option in the requestdescriptorthat allows request
completionsto go unsignaled.This helps amortizethe
costof removing the completeddescriptorfrom the work
gueuebeforereusingthe descriptormr theassociatedata
buffer. In ourimplementationpnly the lastdescriptorin
a setof descriptorsassociatedvith a QP hassignaling
turned on. After the last descriptoris submitted to
the work queue,there are no free descriptorsand the
last descriptorin the CQ is checled for completion.
The completion of the last descriptor guaranteeghe
completionof all the previously submitteddescriptors
sincedescriptoraareguaranteedo completein the order
thatthey are submitted.

VI.

In this section,we presentperformanceresultsusing
a rangeof applicationsand benchmarksvith our DAFS
implementationsThegoalis to evaluatethe performance
of the DAFS implementationsover differenttransports,
comparethe performanceover different programming
interfaces,and quantify the impactof the variousissues
and featureswe have discussed.

EXPERIMENTAL RESULTS

A. ExperimentalSetup

The client and sener nodesusedin our experiments
were equippedwith an Intel E7501 chipset,two Intel
Xeon 2.4 GHz P4 processors512 KB L2 cache,400
MHz front side bus, 1 GB DDR SDRAM and 64-bit
133MHz PCI-X interfaces Eachnodewasalsoequipped
with a 36 GB, 15K RPM Seagatealisk. Both the client
and sener nodesran the Linux-2.4.18kernel.

For the In niband-basedimplementationswe used
Mellanox In niHost MT23108 DualPort 4x HCA
adaptersconnectedthrough an In niScale MT43132
Eight 4x Port Inniband Switch. For the Mellanox
In niHost HCA, we used rmw are version fw-23108-
1.18.000and SDK versionthca-x86-1.0.1For the VIA-
basedmplementationwe usedEmulex cLAN adapters.
In Table I, we shav the raw bandwidthand four-byte
one-vay lateng for the In niband andVIA networks.

B. Applicationsand Workloads

We used three different applications and multiple
workloadsfor our performanceavaluations.



TABLE |
NETWORK CHARACTERISTICS

In®niband/Mellanox| VIA/cLAN
Bandwidth(MB/s) 746 112
Lateny ( S) 7.5 8

To shav the bandwidthachiesableby applicationsfor
le accesswe usedasynclOperfto read/writea large
le onthesener usingvariousblock sizes.asynclOperf
is a simplebenchmarldevelopedby us, thatusesDAFS
asynchronougO operationgo performsequential/O. It
usesasynchronou$/O operationgo Il thel/O pipeline
to the sener with a setof requestsWe useda le size
(758MB) that ts in thesener physicalmemory(1 GB),
anda warmedup sener buffer cachesinceour intention
wasto stressthe network datatransferpath.

To measurethe performancesmall le 1/0, we used
Postmark[22]. Postmarkis a syntheticbenchmarkthat
measurede systemperformancewith a workloadcom-
posedof mary short-lved, relatively small les. Post-
mark workloadsare characterizedby a mix of metadata-
intensive operations.The benchmarkbegins by creating
a pool of les, performsa sequencef transactionsand
concludesby deletingall the les created.Eachtrans-
action consistsof two operations:a randomly chosen
CREATE or DELETE, pairedwith a randomly chosen
READ or WRITE. TheREAD/WRITE of a le translates
to an open, followed by a read /write  of the entire
le anda close . The CREATE of a le translateso
an open followed by a write  of randomtext and a
close .DELETEremosesarandomle from theactve
set. The client wascon gured to startwith a requestset
of 200 les andissued60,000transactiongor eachrun.
All resultspresentedvere averagedover ten runs.

To illustrate the performanceimpact of using the
memory registration optimizations, we used Berkeley
DB [23]. Stubs were used to translate data access
primitives to DAFS operations. These stubs perform
memory registration and deregistration in the critical
path, on buffers usedfor dataaccessby the Berkeley
DB client core.Berkeley DB managests own buffering
and caching,independenbf the underlying le system
buffer cachelt canbe con guredto usea speci ¢ block
sizeandinternal cachesize.

C. Bandwidthand CPU Utilization

In this experiment,we measuredhe read and write
bandwidthobtainedwith the different DAFS implemen-
tationsusingasynclOperfThegoalis to demonstrat¢he
maximum bandwidththat can be achiesred by applica-
tions usingour DAFS implementationsThe application

useda pipe of length eightto submitasynchronou$/O
requestsandusedpolling to checkfor completionof the
requests.

Figure4 shaws the readandwrite bandwidthachiezed
with our three DAFS implementationdor variousblock
sizes.The block sizeis the datatransfersize of each le
I/O requestmadeby the application. DAFS-VAPI and
DAFS-VIA achieze morethan90% of the available net-
work bandwidthfor the underlyingtransportsreported
in Tablel. The bandwidthobtainedusing DAFS-uDAPL
is about10% lessthanthat obtainedusing DAFS-VAPI
due to overheadsarising from event managementThe
maximumread bandwidthof 675 MB/s is achieved by
DAFS-VAPI sinceit usesin niband for thetransportand
hasthe minimum perl/O overheadThe readbandwidth
achieved is slightly higher than the write bandwidth
acrossall implementationsincethe readoperationuses
RDMA Write for datatransferwhereaghe write opera-
tion usesgathersend.

We also evaluateda version of our In niband-based
DAFS implementation using senerinitiated RDMA
Readto transferdatafor the write operation.However,
thewrite bandwidthwe obtainedusingRDMA Readwas
lesserthanthatreportedn Figure4, dueto theadditional
lateng in initializing the RDMA Readoperation.

Figure5 shaws the ratio of sener CPU utilization (in
%) to readbandwidth(in GB/s) for variousblock sizes.
The userlevel DAFS sener performsa datacopy from
the le systembuffers to the communicationbuffersin
the critical pathof datatransfer which contritutesmost
to the CPU utilization. The gure canbe interpretedto
representthe CPU utilization (in %) for the different
DAFS implementationsto achieve a readbandwidthof
1 GB/s.OurlIn niband andVIA platformsdo notsupport
a bandwidthof 1 GB/s. However, we can interpretthe
datain Figure 5 to speculatethat on a system with
similar processingpower, our DAFS implementations
are not expectedto saturatethe processorseven at a
bandwidthof 1 GB/s, for block sizesgreaterthan4 KB.
We obsened similar characteristicgor write, but we do
not presenthem here.

D. Performancefor Small Packet Trafc

In Figure 6, we presentthe throughput (transac-
tions/second)btainedwith Postmark-Mixedacrossall
three DAFS implementationsfor various le sizes.The
goal is to comparethe performanceof our implementa-
tionsfor workloadsthatinvolve small le 1/0O and/orare
metadata-intenge.

We canseethat DAFS-VAPI hasthe highestthrough-
put for le sizesgreaterthan8 KB but the interesting
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obsenationis thatDAFS-VIA outperformghe othertwo
implementationgor small le sizes.TheVIA/CLAN net-
work exhibits good performancdor small paclet traf c
and Postmark-Mixedhas a high ratio of DAFS control
messageto datamessagesA carefulexaminationof the
messagdrafc for Postmark-Mixedfor a le sizeof 4
KB revealedthat small pacletsdominatethe trafc and
that the averagepaclet sizeis small (43 B for the con-
trol messages)The main overheadssuffered by DAFS-
uDAPL result from checking for requestcompletion,
whereit hasto checkan internal queueas well asthe
CQ in the VAPI layer. uDAPL drainsthe entire CQ to
checkfor a single eventcompletion,in orderto support
a thresholdparameteiin the primitive usedto wait for
eventcompletions Sincethe x ed costof processingan
I/0O requesis dominantfor this workload,DAFS-uDAPL
performsworsethanthe othertwo implementations.

E. ReducingDescriptor ManagementOverheads

In this experiment,we usethe Postmark-Readvork-
load with small le 1/O to demonstratéhe performance
impact of the descriptormanagemenstratgy usedin
DAFS-VAPI. In DAFS-VAPI, removing completedde-
scriptors from the send queueinvolves an ioctl  to
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check for completion and a potential wait inside the
kernel. The descriptormanagemenschemehelps im-

prove performanceby amortizing the cost of checking
for requestcompletions.Two stratgies are used: (i)

Using multiple buffers/descriptorgor eachsessionthus
avoiding the checkfor descriptorcompletionin the crit-

ical path of every sendoperation.(ii) Using a selectie
signalingschemeto enablenoti cations only on the last
descriptorof a descriptorset.

In Figure 7, we comparethe Postmark-Readhrough-
put using two versions of DAFS-VAPI, for various
le sizes(with le size used as the block size). We
comparea version that usesa descriptorset of size
32 (DAFS-VAPI32), with anotherversionthat usesonly
one descriptorper sessionFor small le sizes,we can
see an improvementof up to 50% in Postmark-Read
throughputby usingour descriptormanagemergcheme.
Thegainin throughputcomesfrom usingdescriptorsets
and selectve signaling.

F. Optimized Memory Ragistration Using Lazy Cade
and FMR

In this experiment,our goal is to demonstratethe
performancempactof using optimizationsfor memory



Fig. 7. Impactof Buffer/DescriptorManagement

TABLE I
CoST OF MEMORY REGISTRATION ( S)

Buffer Size | VAPI | VAPI-FMR | uDAPL
1KB 61 6 110
2 KB 61 6 110
4 KB 61 6 110
8 KB 74 18 115
16 KB 87 33 126
32 KB 117 63 150
64 KB 174 120 217

registration/dergistration, and the bene t of using our
proposedextensionsto the DAFS sessionmanagement
API. In Tablell, we presentthe costof memoryregis-
tration for varioushbuffer sizesusing VAPI and uDAPL.
VAPI-FMR shaws that using the FMR mechanisnpro-
vided in VAPI reducesthe cost of memoryregistration
by about55 s.uDAPL providesatwo stageregistration
process- the rst stage pins the buffer in physical
memoryand the secondstagemalkes the buffer eligible
to be the destinationof an RDMA operation. A wait for
completionof the secondstageincreaseghe lateng of
the uDAPL registrationoperation.

To illustrate the impact of memory registration on

Fig. 8. Berkeley DB Bandwidth

performancewe presentexperimentalresultsusing an
application that performs memory registration in the
critical path.Figure8 shavs the bandwidthobtainedwith

Berkeley DB for variousblock sizes,with and without
the optimization stratgyy for memory registration. The
workload consistedof a single sequentialread of all

recordsin a datasetof size 758 MB, from a warmedup
buffer cacheon the sener. For this workload, reading
eachrecord involved a memory registration, followed
by aread anda memoryderaistrationoperation.The
memory registration and dergistration costs dominate
the overheadsfor DAFS-VAPI, and using the FMR

mechanisnimprovesthe throughputby about35%.

To achiese the maximumbene t from the lazy cache
schemgSectionlV-C), the entireworking setof applica-
tion databuffersshould t in thelazycade Thisensures
that the registrationmappingsof the entire working set
are cachedby the DAFS client, resultingin nearzero
registration/dergistration costs. For Berkeley DB, the
set of buffers usedin dataaccesss determinedby its
internal cachesize. We modi ed Berkeley DB to use
our sessionAPI extensionto query sessionattributes
pertaining to size of the lazy cache and size of the
descriptorset usedin the DAFS implementation.This
informationwasusedto tunethe Berkeley DB cachesize
sothatlazy cadhe could cachethe registrationmappings
of theentireworking set.In Figure8, DAFS-VAPI-FMR-
LAZYCA CHE shows an additionalperformancegain of
25% asa resultof this modi cation.

G. Summary

We shavedthatapplicationsvereableto achieve 90%
of the available bandwidthusing our DAFS implemen-
tations.We demonstrated readbandwidthof 675 MB/s
with our DAFS implementatiorusing VAPI.

The VIA-basedimplementationexhibits good perfor
mancefor workloads that are metadataintensve and
performsmall le 1/O. For suchworkloads,we demon-
stratedhebene tsof reducingoverheads$rom descriptor
managementWe shaved that improvementsof up to
50% in throughputcould be achiered usingour stratayy
for buffer and descriptormanagement.

For applicationsthat use memory registrationin the
critical path of datatransfers,we showved that perfor
mancecould be improved by up to 35% using the fast
registrationmechanisnprovidedin VAPI. An additional
gainof upto 25%in throughputwasdemonstratedsing
the lazy cache schemewhich amortizesthe registration
and dergistrationcostover repeatedegistrations.



VIlI. CONCLUSIONS

In this paper we presentedthe design and imple-
mentationof the DAFS protocol over In niband using
two different programminginterfacesviz., VAPI and
uDAPL. To our bestknowledge, this is the rst study
of a DAFS implementatiorover In niband, andthe rst
performancecharacterizatiorof applicationsusing the
uDAPL interface. Our In niband-based DAFS imple-
mentationssupport zero-coly data transfer operations
using RDMA Write, RDMA Read and scattergather
Send/Receie. We presentediesignissuesnvolvedin the
differentimplementationsvith the objective of achieving
high performance We presentedtechniquesto reduce
overheadselatedto descriptormanagemerandmemory
registration/dergistration.

We presentedhe performanceof DAFS implementa-
tions over In niband using two different programming
interfaces(VAPI and uDAPL), and comparedthe per
formancewith that of a VIA-basedimplementationWe
presentedbandwidth characteristicsand demonstrated
the performanceémpactof reducingoverheadsn 1/O re-
questprocessingagnd memoryregistration/dergistration.
Our implementatiorusing VAPI exhibits the bestperfor
mancecharacteristicsProgrammingat the VAPI layer
provides the advantagesof a richer API, lower perl/O
overheadand higher bandwidth.DAFS-uDAPL demon-
stratesgood bandwidthbut suffers from event manage-
mentoverheadsvhich are dominantfor workloadswith
smallpaclettrafc. DAFS-VIA offersgoodperformance
for workloadswith small paclettrafc but is limited by
the available bandwidthin the underlyingnetwork.
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