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ABSTRACT
We presentHybridOS, a set of operatingsystemextensionsfor
supporting�ne-grainedrecon�gurableacceleratorsintegratedwith
general-purposecomputingplatforms. HybridOSspeci�cally tar-
getsthe applicationintegration,datamovementandcommunica-
tion overheadsfor a CPU/acceleratormodelwhenrunninga com-
modityoperatingsystem.HybridOSprovidesasimpleAPI for ap-
plicationsandawell-de�ned hardwareinterfacefor recon�gurable
accelerators.Thegoal is to reducethedif�culty in mappingappli-
cationsinto a CPU/acceleratormodelcomparedto anunrestrained
FPGAplatformwhile achieving whole-applicationspeedups.

HybridOSis integratedinto a full Linux distribution runningon
theembeddedprocessorof anFPGA.Application-speci�cacceler-
atorsareimplementedin therecon�gurablefabricof theFPGAthat
areallocatedto userapplicationsrunningon Linux. We have de-
velopedandevaluatedfour methodsfor accessingthedatabuffers
requiredby hardware-acceleratedapplicationsusingourprototype.
The resultsof our work show the feasibility of our systemfor a
casestudy, JPEGencodingwith two accelerators,andan evalua-
tion of HybridOSfor varyingdatamovementrequirementsthatcan
beusedasaguidefor futureapplicationsdevelopers.

Categoriesand SubjectDescriptors
D.4.7[Software]: OperatingSystems—OrganizationandDesign

GeneralTerms
Design

Keywords
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1. INTRODUCTION
WepresentHybridOS,asetof CPU/acceleratoroperatingsystem

(OS) extensionsthat addressthe needfor high-performancecom-
putingplatformswhich canbetterexploit recon�gurableaccelera-
tors by providing consistentinterfacesto applicationsdevelopers.
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Furthermore,wedevelopandcharacterizedataaccessmethods,the
coreof HybridOS,for an architecturemodelintegratingrecon�g-
urableacceleratorsinto commonapplications.Weseparatethedata
accessmechanismfrom thecalling mechanismto provide consis-
tency while also allowing for �e xibility of implementation.Our
platformsupportsa commoditydesktop-andserver-classOS.Hy-
bridOSenablescommonsoftwaremethodologiesto beemployed,
easingapplicationsdevelopers'transitionto CPU/acceleratorplat-
forms. The end goal is to provide a framework for applications
developersto target multi-userrecon�gurableplatformsandhave
appropriatedatatransfermechanismassigneddynamically.

The CPU/acceleratormodel neednot replaceexisting parallel
programmingmodels,but insteadis a complementarytechnique
for exploitingdataparallelismpresentin applications.Ourmodelis
complementaryto threadedmodelswhichaimto separatecodeinto
explicitly parallel tasks,exploiting control independenceamong
�o wsof execution.Thegranularityof parallelismutilizedin thread-
edmodelsisnotthegranularityof computationthatwill necessarily
be mappedinto accelerators.Instead,we envision multiple data-
parallel kernelsmappedinto acceleratorsto be accessedby mul-
tiple threadsof executionin an interleavedandspace-multiplexed
fashion.However, beforehybrid CPU/acceleratormodelscangain
wide acceptance,protocolsand interfacesmust be developedto
easetheintegrationof acceleratorswith currentprogrammingmod-
els.Furthermore,themechanismsmustprovideprotectionbetween
applicationsandaccelerators,whilealsoprotectingthesystemfrom
defectiveor maliciousaccelerators.HybridOSachievesthesegoals
by enablingcommontool �o ws and programmingmodelsto be
maintained,while extendinga widely-usedoperatingsystemand
computingenvironment.

We develop a CPU/FPGAprototypethat runsthe Linux OS to
studydataaccessmethodsin ourCPU/acceleratormodel.Webuild
the necessarysupportinto the OS to allow acceleratorsto be ac-
cessedby userspaceapplicationsby wayof alibrary call-likeinter-
face. Theapplicationdeveloperusesanapplicationprogramming
interface(API) thatabstractsaway thedetailsof thehardwareim-
plementation.Differentmodesof communicationareimplemented
to transferdatafrom theapplicationrunningonthegeneral-purpose
processorto theaccelerators.We refer to thedifferentmodelsfor
datatransferasaccelerator accessmethods. HybridOScreatesthe
abstractionbetweenapplicationandacceleratorsuchthatmany dif-
ferentmodesof operationarepossible,while maintainingthesame
applicationinterfaceusedto accesstheacceleratordata. We refer
to theencapsulationof theaccessmethodandof thecomputation
methodusedby the OS asaccelerator virtualization. The virtu-
alizationof theacceleratorresourcesallows applicationsto access
theacceleratorswithout theneedto understandthestructureof the
underlyingresources.



We evaluateHybridOSusinganacceleratorframework thatwe
havedeveloped.Theframework includesembeddedmemories,bus
interfaces,controllogic, anda switchableinterconnectfor acceler-
ator developersto target. The embeddedlogic of our framework
would be moreef�cient thana generalrecon�gurableplatform in
termsof area,cost,speed,andpower. Our framework reducesthe
mappingcomplexity experiencedby acceleratordeveloperscom-
paredto anunrestrictedplatformat theexpenseof �e xibility . Tar-
getingour acceleratorframework allows acceleratordevelopersto
take advantageof thesoftwareinterfaceswe developaspartof the
HybridOS platform. As a result, the acceleratorframework en-
hancesef�ciency andperformance,while reducingthecomplexity
experiencedby designers.

As a casestudyin acceleratordevelopment,andto demonstrate
ourCPU/FPGAplatform,wedevelopasetof acceleratorsfor JPEG
imageencoding.We have characterizedour differentaccessmeth-
odsto provide theneededinsight for datatransfermechanismsto
adaptto changingconditionswithin the system. For eachaccess
method,our resultsshow thecostof eachcomponentof theover-
headassociatedwith accessingaccelerators.The resultsdemon-
stratethe feasibility of our approach,the needfor adaptive data
transfermappingsbetweenapplicationsand associatedaccelera-
tors,anddirectionsthat future researchcanpursueto advancethe
stateof CPU/acceleratorplatforms.

The contribution of this paperis the demonstrationandevalua-
tion of HybridOS,protectedaccessmethodsconsitutingasetof OS
extensions,targettinga CPU/acceleratormodel. We extendprevi-
ouswork in operatingsystemsupportfor recon�gurablesystemsby
addingdatamappingtechniquesthatmaybeincorporatedinto the
various recon�gurableresourceallocation techniquespreviously
studied.TheentireHybridOSplatformprovidessoftwareandhard-
wareinterfaces,decouplingtwo dissimilardesignprocesses.The
modelallows for betteruseof the recon�gurableresourcesby al-
lowing theOSto mapdataaccessmethodsto applicationsdynami-
cally in responseto varyingworkloads.Themappingis madepos-
sibleby thevirtualizationprovidedby themethodswedevelopand
characterize.Wehavedevelopedanacceleratorframework thatex-
ploits the commonalitiesof many acceleratorsto provide consis-
tent,easy-to-useinterfaces,while takingadvantageof thebene�ts
of embeddedlogic.

The goal of HybridOS is to understandthe overheadsassoci-
atedwith dataaccessin aprotected,OS-supportedCPU/accelerator
modelallowing for betterperformingacceleratedapplications,there-
bygainingwideracceptancefor recon�gurableacceleratorsongen-
eral-purposeplatforms.

2. SYSTEM MODEL
In this section,we describethe interfacesthatbothapplications

and acceleratordevelopersuseto target applicationsat our plat-
form. Theinterfacesdecoupleandsimplify theprocessof integrat-
ing recon�gurableacceleratorsinto commonapplications.We de-
scribethe library-like interfacethatencapsulatestheapplications'
interactionswith HybridOS.We introducethe recon�gurableac-
celeratorframework to simplify accelerator/processorintegration.
We concludethe sectionby discussingthe implementationof the
interfacesandframework onourCPU/FPGAprototypeplatform.

2.1 Application Interfaces
Applicationsaccessacceleratorsin our model througha well-

de�ned API managedby the OS layer. The API is a setof calls
to a sharedlibrary subsystemthatusesbothuser-spaceandkernel-
spacecomponentsto transferdataandcommunicatecontrol infor-
mationto acceleratorsresidentin theacceleratorframework. The
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Figure1: Block diagram of the acceleratorframework.

HybridOSplatformleveragessoftwaredevelopers'familiarity with
library andsystemcall useandtheapplicationsupportof awidely-
usedclient-andserver-classOS.

The applicationinterfaceof HybridOSenablesthe OS layer to
performdynamicresourceallocationandvirtualizeacceleratorre-
sourcestransparentlyto theuserapplication.Whenacceleratorsare
directly accessedby an applicationthe ability to reallocateaccel-
eratorresourcesandwell-de�ned portableinterfacesarelost,mak-
ing accelerators'usein apreemptivemulti-taskingOSenvironment
dif�cult. Dispensingwith anOSto avoid theoverheadof acceler-
ator accesshasthe drawbacksof systemservicesbeinglost, pos-
sible lossof protectionboundaries,andlost abstraction.The loss
of systemservicesresultsin increaseddif�culty for applicationde-
velopmentanddebugging. HybridOSis anattemptto avoid these
dif�culties.

Applicationsbuilt for HybridOS can continueto operatein a
multiprocessingenvironment,whileexploiting thedata-parallelpro-
cessingcapabilitiesof hardwareaccelerators.Theschedulingand
resourcesharingcapabilitiesprovidedby theOS,critical for mul-
tiprocessingenvironments,will be lost if no OS is used. Making
theoperatingsystemawareof theacceleratorsallows theacceler-
ator resourcesto be allocateddynamicallyto applications,while
still allowing for the systemservicesand multiprocessingcapa-
bilities necessaryfor a CPU/acceleratormodel to be adoptedfor
general-purposecomputingplatforms.HybridOSremainsagnostic
to schedulingpolicy andde�ning sucha policy is not thepurpose
of thiswork.

Virtualizationof acceleratorresourcesenablescompatibilityand
resourcesharing.Thevirtualizationof therecon�gurableresources
is similar to thevirtualizationof physicalmemorywherebyevery
processbelievesthatit hasfull accessto thephysicalresources,but
in reality theprocessesoperateusinganabstractionof thephysical
resources.For HybridOS,we usein-memorybuffers to virtualize
acceleratormemoryanddo copying asnecessary, transparentlyto
the applicationand accelerator. In this environmentmemoryre-
sourcesareallocatedby virtual memorymechanismssupportedby
theOSandprocessorarchitecture.As physicalcanbevirtualized,
so too canhardwareacceleratorresources.Adding supportto the
architectureandto theOSallowsacceleratorstobevirtualized,pro-
viding low-overheadaccessanda simpli�ed programmingmodel
for developers.

2.2 Accelerator Interfaces
We demonstratea recon�gurablehardware acceleratorframe-



work for acceleratordevelopersto target. A block diagramof the
framework is depictedin Figure1. Theacceleratorframework sim-
pli�es theprocessof acceleratordevelopmentby reducingthenum-
ber of signalsa designermust model on our platform by nearly
80%.Thereductionis acheivedby de�ning a lessgeneralinterface
thantheunrestrictedbusinterfaceattachedto theembeddedproces-
sor coreof our design. The de�ned interfaceallows for accelera-
torsto bechainedtogetherandaccessedthroughade�ned interface
from thegeneral-purposeprocessor. Thefunctionsprovidedby the
framework would be implementedasembedded,hardwiredlogic
in futureCPU/acceleratorsystems,takingadvantageof thedensity,
poweref�ciency, andspeedof �x edlogic. Furthermore,theframe-
work interfaceprovidesaconsistentplatformthatenablesstandard
acceleratorlibrariesto bebuilt. As a partof achieving thegoalof
reducedcomplexity whendevelopingCPU/acceleratorsystems,we
usetheframework asa targetfor theHybridOSplatform.

The systeminterfaceof the acceleratorframework is a set of
control registersanddatabuffers. Control registersfor the DMA
controllerandregistersto startandstoptheacceleratorsareacces-
sibleto theOSlayer. A singlecontrolregisteris usedfor settingup
theinterconnectnetwork thatchainstogethertheseparateaccelera-
torsandtheprocessor-accessiblebuffers.Controlregisterscanalso
bemappedinto individual acceleratorsto de�ne variousmodesof
operation. The databuffers areaddressableby the processorand
donotoverlapwith theaddressspaceof systemmemory. Thecon-
trol registersandbuffersprovide a setof primitives,supportedby
HybridOS,for acceleratordevelopersto build upon.

Acceleratorscan be maderesidentinside an areaof recon�g-
urable fabric which we refer to as a recon�gurable frame. The
recon�gurableframehasthe input andoutputstubsnecessaryfor
attachingan acceleratorto the acceleratorframework. The inter-
acceleratormodelthattheacceleratorframeworkemploysisstream-
likeandusesasimpleaccelerator-to-acceleratorprotocol,with pre-
cise semantics,that allows for streamsto passthrougha set of
accelerators.Details of the inter-acceleratorprotocol and access
modelareavailablein [13]. A key featureof themodelis that the
acceleratordevelopersneednotbeconcernedwith whatsystemin-
terfacesareavailableandtheprotocolsthatgoverntheirusage.Ac-
celeratordeveloperswho useour modelneedonly targeta simple
stream-like acceleratorinterfaceand applicationsdeveloperscan
take advantageof our platform,OSsupport,embeddedframework
resources,andasimpli�ed programmingmodel.

HybridOSarbitratesaccessto andpartitionstheresourcesof the
framework by settingup addressmappingsandmanipulatingcon-
trol registerstransparentlyto the userapplication. The consistent
but generalinterfacesprovided by the acceleratorframework al-
lows HybridOSto targeta broadrangeof accelerators.Moreover,
HybridOSis ableto interfaceapplicationsrunonageneral-purpose
CPUwith asetof acceleratorsresidentin theframework in a trans-
parent,ef�cient, andwell-supportedmanner.

2.3 Implementation Details
We have implementedour CPU/acceleratormodel on a CPU/

FPGAprototypeplatformto show its feasibility andto explorethe
designspaceof our model. Figure 2 depictsour systemimple-
mentedin a Xilinx Virtex-II Pro FPGA [25]. The designusesa
single 32-bit PowerPC405[24] processor, running at 300 MHz,
supportingthe Linux 2.6.18Kernel. The systemmemoryof the
platformis externalDRAM attachedto asynthesizedmemorycon-
troller. The acceleratorframework is developedin VHDL andis
attachedto the64-bit processorlocalbus(PLB), bothof whichare
clockedat 100MHz. Control informationis transmittedto theac-
celeratorframework usinga setof 32-bit device control registers
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Figure 2: Block diagram of the CPU/accelerator platform.
Note that the systemmemory is locatedoff chip.

(DCR), separatefrom the PLB to allow for concurrentdataand
control communication.Peripheralsaresupportedby an on-chip
peripheralbus(OPB)thatis bridgedto thePLB.

ThesynthesizedVHDL of theacceleratorframework mapsinto
1638slicesof theVirtex-II FPGA.The framework occupies1735
�ip-�ops, 30004-LUTs,andnine2 kB block RAMs. Theacceler-
ator framework is not highly optimizedandis mainly usedin this
work asaprototype.

Theplatform is capableof runningstandardLinux applications
that are compiledfor the PowerPC.The Xilinx CPU/FPGAsys-
temrunningLinux servesasthebasisfor themodelsandplatform
developedin thiswork.

3. HYBRIDOS ACCESSMETHODS
In this sectionwe describefour accessmethodsfor applications

to transferdatatoacceleratorsthatwehavedeveloped.Eachmethod
providesthe sameinterfaceto the application,allowing for trans-
parentswitchingbetweenaccessmethodsby the runtime. We de-
scribetwo methodsbasedon directmemoryaccess(DMA): user-
spacebuffers with low startupcostsandusermappedDMA with
addedstartupcost,but reducedper-accesscost. We will conclude
by examiningour cacheabledirect mappinganduncacheabledi-
rect mappingaccessmethodsthat canprovide ef�cient bus usage
and reducedcopying by mappingacceleratorlocal memoriesdi-
rectly into user-spaceapplicationsandlibraries.

3.1 Example: Character DeviceDri ver Access
As a baselinefor comparingthe four accessmethodsandto il-

lustratehow it is possibleto integraterecon�gurableaccelerators
usingexistingsoftwaresupport,wehavedevelopedasimpleLinux
device driver. Theaccelerator-as-a-device modelhasbeenusedby
commercialproducts[16]. However, aswe will show, the model
hasde�ciencieswhenappliedto closely-coupled,�ne-grainedre-
con�gurableacceleratorsintendedfor usewith a multitaskingop-
eratingsystem.All methodswe presentfollow thesamepatternof
executinga setuproutine,writing datato a (possiblyvirtualized)
buffer and then calling the HybridOS runtime, and in doing so,
transfercontrol of the buffer to the runtimesystemallowing Hy-
bridOSto initiate thenecessaryactionsto run theaccelerator. In a
blockingmodel,aswe will assumeherefor simplicity, thecall re-
turnswhentheacceleratorresultis ready. Theapplicationcanread
andwrite thebuffer asneededexceptwhenblockedin acall.

Thedevicedriverwehavedevelopedisaccessedvia theioctl()
systemcall. Oncetheapplicationhassetup thedevice interfaceby
calling the open() systemcall, it canaccessthe acceleratorby
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issuingioctl() commands.Oneachcall, theapplicationpasses
a pointerto aninput buffer anda countof dataitemsfor theaccel-
eratorto process.Thesystemcall sendsthedatain theuser-space
buffer to theaccelerator, retrievestheresults,andstoresthemback
into the samebuffer for the userto access.The systemcall then
returnscontrolof thebuffer to theaccessingapplicationandwakes
it up.

Figure3 showstheactionsof asinglecall to theacceleratorfrom
the time theapplicationmakesa call to thedevice driver until the
time wherethe OS returnscontrol to the application. In this ex-
ample,it is assumedthatonedatablock of 128bytesis sentto the
acceleratorandthatoneblockof equalsizeis retrieved.Thedevice
driver �rst copiesthedatain from theuser-spaceinputbuffer to the
DMA-capablebuffer and�ushesthecorrespondingcachelinesout
of thedatacacheto ensurecoherencewith thesystemmemory. The
driver performsDMA setupto transferdatainto thelocal memory
of theaccelerator. Whentheacceleratorreceivesthedata,thecom-
putationbegins. The driver can then invalidatethe cacheregion
associatedwith theresultbuffer andsetuptheDMA transferto ob-
tain theresults.Whentheacceleratorcompletestheprocessingfor
theblock, theDMA transferis performed,moving theresultsback
into a buffer in systemmemory. The kernelcopiesthe databack
into theuserbuffer andreturns.

Thetime spentdoingextra copiesandthecostof usinga prede-
�ned systemcall fareclipsesthetimespentexecutingon theaccel-
erator. Thebreakdown for thecostof eachcomponentof thedevice
drivermethodis discussedin Section4. Whenusinglargedatasets,
suchasthoseusedby loosely-coupledaccelerators,theoverheadof
a runtimesystemconstituteslessof thetimespentexecuting;how-
ever, using our accessmethods,we show that acceleratoraccess
with lessoverheadis possible,evenwhensmallertransfersizesare
used,thusenabling�ner -grainedaccelerators.

Eachof the four accessmethodsthatwe have developedusesa
sequenceof eventssimilar to whatis shown in Figure3. However,
we aim to reducethe overheadassociatedwith the device driver
modelandto provide thetransparency lackingin thedevice driver
modelnecessaryto allow for dynamicremappingof application-to-
acceleratoraccessmethods.

3.2 DMA AccessMethods
Two of theaccessmethodsavailableto HybridOSinteractwith

acceleratorssimilar to what is shown for a characterdevice driver
usingDMA, but with muchlower overhead.A customsystemcall
is implementedtoavoid theadditionaloverheadof usingprede�ned

systemcalls, suchas ioctl() from the previous example. We
�rst show amethodthatusesuser-allocatedbuffersto providedata
to HybridOS.Our secondDMA-enabledaccessmethodprovides
even lessper-call overheadby directly mappinga DMA-capable
buffer into theapplication's virtual addressspace.

Direct memoryaccessprovides an ef�cient meansto transfer
datato andfrom accelerators,provided that the DMA setupcosts
can be amortizedover the execution time of the acceleratorsto
yield a netgain in performance.Anotherperformance-relevant is-
sueis memorycoherenceenforcedby usinguncacheablememory
or cachingdatabuffers followed by the explicit cache�ushes we
employ, both of which incur additionaloverheadthat mustbe ac-
countedfor. Onourplatform,DMA transfersrequirefour memory-
mappedregistersto be written specifyingthe source,destination,
typeof transfer, andlength.DMA transactionsoccurin 16x 64-bit
burstsinitiatedby theDMA controller(DMAC).Transactionsneed
notbealignedto 8-byteboundaries,but asmallcostis incurredfor
writesthatareunaligned.Requeststhataregreaterthan128bytes
arebrokeninto multiple transactionsof 128bytes,with theDMAC
arbitratingfor thebusbetweentransactions.

3.2.1 UserSpaceBuffers
The user-spacebuffer accessmethodis similar to the device

driver model except that a low-cost systemcall is usedand the
library API provided to the userapplicationis implementedsuch
thatit is consistentwith our threeotheraccessmethods.HybridOS
hasthefurtheradvantagethat theuser-spacebuffer methodavoids
thecostof maintainingstatenecessaryfor standarddevice drivers.
Anotherkey featureof theuser-spacebuffer accessmethodis that
it doesnot requireany setupprior to use.

A user-spacebuffer canexist asany contiguousregionof theap-
plication's virtual addressspace.Whenthe OS layer is accessed
by theapplicationusinga user-spacebuffer, thedatain thebuffer
mustbe �rst copiedby theOS into a DMA-enabledregion which
is pinnedin memory. The costassociatedwith the copy is simi-
lar to what is shown for the characterdevice driver method. The
buffer usedby theapplicationis allocatedin userspace,theuser-
spacebuffer methodprovidesa meansfor accessingaccelerators
thatrequiresnoOS-level setup.Thesetuproutineis still presentto
maintainconsistency acrossmodels,but is essentiallya null oper-
ation.Requiringno setupallows developersto chooseaccelerators
wherethe costof acceleratorsetupcannotbe amortizedover the
runof theaccelerator.

Table1 shows the costof makingsetupandtear-down system



Table1: Mapping overheadfor useraccessmethods.
Call Overhead

AverageCase FirstAccess
Call Cycles Time(� s) Cycles Time(� s)
open() 14381 47.94 34472 114.8
mmap() 8 422 28.01 24487 81.62
munmap() 7 357 24.52 14467 48.22
close() 4 509 15.03 9 581 31.94
Total 34699 115.5 83007 276.7

calls from a userapplicationrunningon our testplatform. In the
characterdevicedriverexample,bothopen() andclose() sys-
temcallsneedto beissued,requiringasmany as44,000cycles. If
setupwererequiredby all of our accessmethods,thehigh startup
costswould reducetheapplicabilityof our interfacesto only those
applicationsthat accessthe acceleratorsnumeroustimes or use
largedatasets.Instead,we provide a varietyof methodsthat take
advantageof specialmappingsusing setuproutineswhen setup
costscan be tolerated,but also user-spacebuffers that allow for
acceleratoraccesswithout thehigh costof setupto enableclosely-
coupled�ne-grainedaccelerators.

3.2.2 UserMappedDMA Buffers
User mappedDMA buffers avoid the additional copiesasso-

ciated with the user spacebuffer methodby mappinga DMA-
capablebuffer directly into the applicationaccessingthe acceler-
ators. DMA transfersoff-load the task of datamovementto the
DMA controller, providing an opportunity for increasedconcur-
rency betweenacceleratorsandthegeneral-purposeprocessor. The
main tradeoffs for reducedoverheadarethe costof settingup the
mappingand the needto pin DMA-capablebuffers into system
memoryfor eachusermapping.For eachnew mapping,HybridOS
mustallocatea new setof memorypagesin pinnedphysicalmem-
ory. Whenthepagesare�rst accessed,theapplicationwill fault-in
thepageandsuffer thecostof having theOSinsertthepagetable
entryinto thetranslationlook-asidebuffer (TLB). Ourresultsshow
that above a certainnumberof transactionswith the accelerators,
thecostof settingup the initial mappingscanbeamortized.User
mappedDMA buffers area viable option when the startupcosts
canbemadenegligible, providing low-overheaddatatransfersand
openingup greaterpossibilitiesfor concurrency betweenthe pro-
cessorandtheaccelerators.

3.3 Accelerator Dir ectMapping
Acceleratordirect mappingmethodsattemptto avoid the cost

associatedwith settingup andexecutingDMA transfersfor small
datasets.Thesemechanismsmapthe acceleratorlocal memories
directly into the virtual addressspaceof the calling application.
Both directmappingmethodsrequirea setuproutineto createthe
mapping,but offer thelowestoverheadaccessmethodonaper-call
basis.Uncacheabledirectmappingwritesdirectly to theaccelera-
tor memory, bypassingthecache,therebyavoidingcachepollution.
Cacheabledirect mappingwrites to the acceleratorlocal memory
usingtheprocessor's datacacheasa buffer. Thecachingprovides
moreef�cient useof thebusby leveragingcacheline transfersand
exploits otherbene�tsof cachingdatasuchaslower latency when
locality is present.

Thereare no DMA buffers that must be pinned into memory
for this modelandno backingstorefor thememoryhostedby the
acceleratorlocal memories.As a consequenceof writing directly
to the local memoryof the accelerator, no copiesmust be made
betweenuserspaceand kernel spacenor from a DMA buffer to

theacceleratorlocal memory. Furthermore,removing theneedfor
pinnedbuffersis of greatestbene�t to acceleratorswith potentially
largebuffer requirements,e.g.,GPUswith 100'sof MB of memory.

Both modelshave thedrawbackthatonly onemappingbetween
the applicationandthe local buffer canexist at any time. Future
systemscouldleveragetheabstractionwehavecreatedfor theuser-
spaceapplicationto changethemappingsatruntime,allowing mul-
tiple applicationsto sharedirectmappedaccess.

3.3.1 UncacheableDirectMapping
Uncacheabledirectmappingtransfersdatadirectlyfromthesoft-

ware applicationto the local memoriesof the acceleratorusing
standardload andstoreinstructions. Oncethe mappingis setup
by theHybridOSinitialization routine,theapplicationwritesdata
into thevirtually addressedinput buffersandthenstartsexecution
of the acceleratorby executingan acceleratorsystemcall. While
servicingthesystemcall, theOSdeterminesthatthemappingis un-
cacheabledirect,meaningthatall of theinputdatais alreadyavail-
ablein the buffer, andimmediatelystartsthe computation.When
theacceleratoris �nished, thecall returns,andtheapplicationcan
accessdatadirectly from theacceleratorlocalmemory.

Uncacheabledirect mappingsavoid extra copies,avoid cache
pollution, remove the cost associatedwith DMA setup,and re-
move the needfor explicit cachecoherencemechanisms.How-
ever, uncacheabledirect mappingsdo not ef�ciently usethe bus
andmayforcecomputationsto stallwaiting for writesto theaccel-
eratorlocalmemoryto complete.Thecostof notcachingbecomes
performance-limitingfor transfersgreaterthana few wordsdueto
inef�cient busutilization. For instance,uncachedwriteslimit each
transferto beatmost32bitswhile thesystembusthatattachesthe
processorto theacceleratoris a 64-bit bus,leaving thesystembus
only half-utilizedwhenuncacheablemappingsareemployed. Fur-
thermore,eachwrite will requirearbitrationfor the bus, reducing
performanceif multiple busmastersexist. Write combiningcould
alleviatethelow utilizationof thebus,but still doesnotprovidethe
cachingbene�tsof ourcacheddirectmappingmethod.

Thebene�t of notcachingtheacceleratorinputbuffersis thatdo-
ing soavoidscachepollution associatedwith othermethods.The
data-parallelkernelsthatareamenableto implementationasrecon-
�gurable acceleratorsareoftenstreamingin nature.Streamingap-
plications[12] producedatasetsthatareread,manipulatedby aset
of functionalunits,andthenproducea result.Much of thelocality
a CPUdatacacheis meantto exploit is lost in sucha modelsince
onceaninput to theacceleratoris produced,theprocessorwill not
accessit again. Not cachinginputsto streamingacceleratorsallows
the cacheto be put to moreeffective useto achieve betterperfor-
mance.

3.3.2 CacheableDirectMapping
CacheabledirectmappingsusetheCPU datacacheto leverage

existing prefetcherswhenstreamingandlocality whenthereexists
persistentdatasharedbetweenacceleratorandCPU.Blocksof data
to bewritten to theacceleratorlocal memoryareallowedto reside
in the cache. When the applicationissuesthe start commandto
the accelerator, the only additionalstepis to �ush the cachelines
that may not have written back to the acceleratorlocal memory.
Thebene�tsof thecacheabledirectmappingaremoreef�cient use
of physicalmemory, increasedbusutilizationoveruncacheddirect
mapping,andnocopy overheadassociatedwith DMA-basedmeth-
ods.

Better bus utilization in the cacheabledirect mappedmethod
comesfrom two factors: overlappedcommunicationandcompu-
tationandbursttransfersfor cachelines.Writing to thecachetakes



many fewer cyclesthanwriting directly to memorydueto the in-
orderpipline anduncacheablestorepolicy of our processor. The
reducedwrite time allows for fewer cycles wastedspentwaiting
for writes to complete.With thedatain thecache,thecachecon-
troller is ableto combinethewritesand�ush thedatabackto the
acceleratorlocal memoryin parallelwith computation,increasing
concurrency. In the bestcase,all the datageneratedduring the
computationphasewill havebeenwrittenbackprior to startingthe
accelerator, renderingtheexplicit �ush a null operation.In a fash-
ion similar to write-combiningon contemporarymicroprocessors,
the bus will be ableto make useof full-width burstsbetweenthe
cacheandtheacceleratorlocal memorythatarenot possiblewhen
issuingsingle,uncacheableloadsandstores. For cache-coherent
multicoreprocessorswe avoid unnecessarycacheprobing,which
could otherwisereduceperformance,andwe avoid the complex-
ity of participatingin thecachecoherenceprotocol. Both probing
andprotocolparticipationwouldberequiredif theacceleratorlocal
memorywerekeptcoherent.

Themajordrawbacksto usingdirectaccessarecoherencecon-
cerns,cachepollution, andthe needfor one-to-onemappingsbe-
tweenuser-spacebuffersandthelocalmemoriesof theaccelerator.
Our currentprototypeplatformdoesnot provide supportfor cache
coherenceusingthesystembus.Theacceleratorlibrary mustthere-
foreensurethatthedatain theCPUcacheis coherentwith thedata
that theacceleratorwill accessfrom theacceleratorlocal memory.
In our implementation,we explicitly �ush the cachelines corre-
spondingto the acceleratorlocal memoryandadda synchroniza-
tion barrierprior to allowing the acceleratorto begin. Cachepol-
lution is a valid concernfor streamingapplicationsthat may trig-
ger many writebacksto cache-allocatedacceleratordata; that is,
datathatmaynever bereadagain. We avoid total cachepollution
by mappinga �x ed-sizedregion of acceleratormemoryinto the
cacheto createa cacheableacceleratormemorywindow. Thecase
wheremultiple buffers needto map into the samelocal memory
is beyond the scopeof this work, but the virtualizationprovided
by our CPU/acceleratorinterfaceallows for the mappingmethod
to bealtered.Thevirtualizationallows a methodthatdoesnot re-
quireone-to-onemappingsto beusedandthedatafor theacceler-
atorbuffered.Althoughconcernsexist with usingcacheabledirect
mappings,our resultsdemonstratethat for certainworkloads,they
arethemostappropriatemechanism.

We usethe samemechanismalreadypresentedfor the acceler-
ator input buffer to handlethe acceleratorresultbuffer. Thusfar
we have focusedon writing data to the acceleratorlocal mem-
ory throughthe cache;however, oncethe acceleratoris �nished,
a mechanismmustexist suchthat resultscanbe readby the pro-
cessor. To do so, the applicationaccessesthe resultbuffer using
normalloadinstructions,but insteadof goingout to theaccelerator
local memoryon eachaccess,the �rst accesstriggersthe corre-
spondingcacheline to betransferredinto theprocessordatacache.
The cacheline transferprovides fasteraccessto subsequentdata
while at thesametimenotaffectingthelatency of thecritical word.
Moreover, thedatacannow becached,allowing for fasteraccesses
whenresultdatais repeatedlyaccessedafter theacceleratedcom-
putationcompletes.

3.4 Summary
Four accessmethodsfor transferringdatabetweensoftwareap-

plicationsandacceleratorsarepresented.Themethodsimplemented
areencapsulatedin a library call API that accessesthe recon�g-
urableacceleratorHybridOSplatform.Thedevicedrivermodelfor
accessinghardwaredevicesis describedto demonstratethelackof
accelerator-speci�c OSsupportavailableto acceleratordevelopers

andservesasa baselinefor performancecomparisons.The user-
spacebuffer accessmethodprovidesa custom-tailoredaccelerator
systemcall alongwith runtimesupportthatrequiresnosetupprior
to use. The user-spacemappedDMA buffer methodprovidesthe
samebene�tsof theuser-spacebuffer method,but alsoreducesun-
neededcopiesat theexpenseof requiringinitializationprior to use.
Uncacheabledirectmappingsprovideavery low-overheadmecha-
nismfor accessingaccelerators,but providelow busef�ciency. For
slightly moreoverhead,bus ef�ciency is greatlyimproved by our
cacheabledirectmappingmodel.

4. EXPERIMENT AL RESULTS
In this sectiontheacceleratoraccessmethodsareevaluated.We

�rst explore the overheadfor our variousaccessmethodsusing
JPEGimagecompressionasanexample.Next we provide general
resultsto show that for differentdatasets,differentaccessmeth-
odsareoptimal. A discussionof theresultsandtheutility of those
resultsfor futurehybrid systembuildersconcludesthesection.

4.1 JPEG CaseStudy
Wehaveintegratedhardwareacceleratorswith acommonlyused

integer-basedJPEGencodinglibrary [15]. Ourmotivatingapplica-
tion is aJPEGencodertestapplicationbuilt ontopof thehardware-
acceleratedlibrary. We have built a quantizeracceleratoranda 2D
discretecosinetransform(DCT) acceleratorinto our framework.
Theinterconnectis setupsuchthattheresultsof theDCT accelera-
tor �o w directlyinto theinputof thequantizervia thein-framework
interconnect.In the bestcase,on a per-call basis,the hardware-
acceleratedversionof DCT andquantizationprovidesa speedup
of 1.85x over software executionwhentaking into accountdata
movementandcall overhead, while maintainingprotectionbound-
ariessetby theOS.

Minimal changesmustbemadeto thesourceto enableaccelera-
tor accessin ourmodel.Library call wrappersareusedto integrate
the hardwareaccelerators,residentin the acceleratorframework,
into theJPEGencoderapplication.Two sourcecodechangesmust
bemadeto theJPEGencoderto accesstheaccelerators.First, the
call to DCT andquantizationin theoriginal codeis replacedwith
a call to our acceleratorlibrary, resultingin no additionallines of
C sourcecode. Second,a call to initialize the desiredmappingis
addedto the initialization codeof the JPEGencoder. The initial-
izationroutineaddsa singleline of C codeto theapplication.The
encoderis now ableto usetheacceleratorsfor DCT andquantiza-
tion with minimalchangeshaving beenmadeto thesourcecodeof
theoriginalapplication.

Theaugmentedversionof theJPEGencoderapplication,which
integratestwo hardwareaccelerators,is usedto studytheoverhead
associatedwith acceleratoraccesses.Theacceleratedcall takesas
input a single8x8 pixel region calleda macroblock. Eachpixel is
representedby a 16-bit signedinteger. Thepixelsarepacked into
a contiguous128-byteregion of memoryfor all accessmethods.
The acceleratorproducesa quantized8x8 matrix of 16-bit signed
integercoef�cients asa resultof its computation.

Throughmajorrefactoringof thesource,theoriginalapplication
couldbeacceleratedby recon�gurableacceleratorsto agreaterde-
gree. However, we choosenot to modify the applicationthereby
demonstratingtheability of HybridOSto providespeedupfor �ne-
grainedacceleratorswhile not increasingthe burdenon software
developers.TheHybridOSinterfaceaimsto avoid having develop-
erschangethearchitectureof theirsoftwareapplicationsto accom-
modaterecon�gurableaccelerators.The streamingnatureof the
applicationis suppressedto studyour model's ability to accelerate
applicationsof �ner granularity.



Figure4: A singlecall to DCT and Quantizer usingeachaccessmethod.

Thereareeightpossibleoperationsthatconstituteasingletrans-
action with the acceleratorframework in our implementationof
HybridOS,but not all arenecessaryfor eachmethod,e.g.,DMA
setupis unnecessaryfor direct mappings.Polling is the time re-
quired for the acceleratorsto processa single macroblockwhen
not consideringany datamovementoverhead.Thebuffer �ll is the
time spentwriting datafrom its sourcein the original codeto the
acceleratorinput buffer in thevirtual addressspaceof theapplica-
tion. Thecachecoherencecomponentis thetimespent�ushing the
cachelinesof themacroblockexplicitly from theCPUdatacache
usingthe PowerPCdcbf instruction. DMA transfers is the time
from when the DMA transactionis initiated until the DMA sta-
tus register, which is polled, signalsthe completionof the DMA
transaction.DMA setupis thetime requiredto setthefour DMAC
control registers. Kernel-to-usercopyingis the time requiredto
performtheLinux copy callsto movedatafrom auser-spacebuffer
to a statically-allocatedoneinsidethekernel.Call overheadis the
time spentgoing into thekernelandany othertime that is not ac-
countedfor in theabovesections.

The resultsrepresentthearithmeticmeanof 11,900accelerator
accesseswhenencodinga1.4MB referenceimage.Measurements
weretakenon our testplatformto determinetheoverheadof each
componentof theJPEGquantizerandDCT call usingeachof our
four accessmethods. Figure 4 depictsthe resultsof thesemea-
surementsalongwith thetimefor thedevicedriver implementation
includedfor comparison.All timing measurementsaretakenusing
the 64-bit timebaseof the PowerPCwith synchronizationinstruc-
tionsinsertedto ensureaccuratetiming results.

We now highlight someof the key insightsgainedfrom the re-
sultspresentedin Figure4. Thedevicedrivermethodis thehighest-
overheadaccessmethoddemonstratingthatour low-overheadsys-
temcall interfaceprovidesnetbene�t over usingthecharacterde-
vicedriver library codewhenonly consideringperformance.Much
of the overheadassociatedwith all � ve methodsis dueto context
switch overheadandthe associatedcacheandTLB missesshown
by the top sectionof eachbar. For the accessmethodsthat re-
quirethem,polling while waitingonacceleratorcompletion,cache
coherenceactions,DMA setup,andDMA transfersarethe same.
Kernel-to-usercopying overheadincurredby theuser-spacebuffer
methodrepresentsthenon-trivial directcostfor adhocprotection
checking.Theprotectioncheckingis theoverheadthat is avoided

throughtheuseof pre-mappedDMA buffersor directmapping.
Thetime requiredto write datainto theacceleratorinput buffer

andsubsequentlyreaddataoutof theacceleratorresultbuffer from
userspaceis the sourceof the greatestvariability acrossaccess
methods. The variability of the buffer readsand �lls is due to
theuseof varying levelsof indirection. Theapplicationis always
�lling andreadingthesamevirtually-addressedbuffer for all four
methods;however, thosebuffersresidein differentplacesin phys-
ical memory. For thedevice driver anduserspacedriver methods,
theinputandresultsbuffersarebothin theapplication'sheaparea.
Thebene�t of thistypeof allocationis thatthecorrespondingpages
of thebuffer sharedatawith otheroftenaccessedvariables,poten-
tially avoidingTLB misses1.

Theresultsshow thatthelowest�ll andreadtimesarefor thede-
vice driver anduser-spacebuffer accessmethods,but theseaccess
methodsrequireadditionalcopiesthatnegateany bene�t. Theuser
mappedDMA buffermethodavoidstheadditionalcopies,butatthe
costof having potentiallyhigherTLB missratesasthecorrespond-
ing pagemay only be accessedwhenthe buffer is accessed.The
uncacheabledirectmappinghastheworstperformanceof all four
methodswedevelopandby far theworstreadandwrite times.The
poorperformanceof uncacheabledirectmappingsis to beexpected
dueto the poor bus utilization andlong-latency write operations.
Uncacheableaccesseswould have evenworseperformanceif each
of thedataelementswereword-alignedsuchthateach32-bit read
andwrite only containeda singlepixel insteadof two packed into
a singleword. The cacheabledirect mappingyields the bestper-
formancefor JPEGencodingdueto low buffer �ll andreadtimes,
avoidingextracopies,andobviating theneedfor DMA setup.One
additionalbene�t of cachingthe resultscomesfrom readsto the
resultbuffer pulling the entireeight-word cacheline into the pro-
cessorcacheon the �rst access.A cacheline transferresultsin
low-latency cachehits for theremainingwordson thecacheline.

The JPEGencodingcasestudyprovidesa concreteexampleof
our accessmodelsat work, thevirtualizationthey provide,andthe
viability of sucha model for incorporatinghardwareaccelerators

1The TLB replacementstrategy doesnot favor morerecentlyac-
cessedpagetableentriesandthereforedoesnot provide asmuch
gain on our platformasis possible,but thegain couldbesubstan-
tial onotherplatforms.



into applicationsrun on general-purposeprocessors.We exam-
inetheoverheadsassociatedwith eachmethodfor acceleratorsthat
processa small, �x edamountof dataper transaction.We will re-
turn to thebroaderimplicationsof theseresultsafter investigating
acceleratoraccessmethodswhenconsideringa varietyof transfer
sizes.

4.2 Data Transfer Overhead
Eachof the accessmethodswe describeprovides bene�t to a

classof workloads.TheJPEGexampleprovidesa singlepoint in
this designspaceusingour platform; however, theJPEGexample
doesnot provide the informationnecessaryto make generalstate-
mentsabouttheappropriatenessof theaccessmethodsfor different
applications,or evenJPEGusingdifferenttransfersizesperaccel-
eratortransaction.We measurethe time requiredto transferdata
setsof varyingsizebetweentheapplicationrunningonthegeneral-
purposeprocessorandthe acceleratorframework in our modelto
providetheinformationnecessaryto bestmatchanapplicationwith
thecorrespondingoptimalaccessmethod.

Figure5 shows the numberof processorcyclesper transaction
with theacceleratorframework for eachof our four methods.The
resultscapturethecostassociatedwith call overheadanddatatrans-
fersby settingtheacceleratorexecutiontimeto zero.Threedistinct
regionsarehighlightedin the �gure showing whereuncacheable
directmapping,cacheabledirectmapping,andusermappedDMA
aretheoptimal transfermethodfrom left to right, respectively. A
smallpriceis paidfor unalignedDMA transactionsusingoursetup
resultingin the oscillationseenin the �gure for the DMA access
methods. For all transactionswith the acceleratorlocal memory
exceeding160 bytesin length,usermappedDMA is the lowest-
overheadaccessmethodonaper-call basis; however, possiblestart-
up costsmustbeconsideredwhenassessingthebestsolutionfor a
particularapplication.Wediscussthetradeoffs below.

Uncacheableandcacheabledirectmappingmethodsarethepre-
ferredmethodsfor small datatransfers.The uncacheablemethod
allows for datato bewrittendirectly to thelocalmemoryof theac-
celeratorframework, thusavoidingcachecoherenceactions,DMA
setup,and DMA transferoverhead. However, sucha methodis
inef�cient for largertransfersand,evenfor asmallnumberof trans-
fers,hasahighper-bytecostdueto thesystemcall overhead.Cache-
abledirect mappingsprovide betterper-byte transfercostsabove
16 bytesby having betterbusutilization. Our currentplatformre-
quiresexplicit cachemanagementinstructionsto be issueddueto
lack of cachecoherencesupportin thearchitecture.Therefore,the
advantageof betterbusutilization is not reapeduntil the�ush cost
canbe amortized.Up to a certaintransfersize,direct mappingis
theoptimalchoicefor acceleratoraccess;however, for largerdata
transfers,othermethodsmustbeexplored.

DMA approachesareshown to be betterfor larger datatrans-
fers, overlappingcomputationand communication. For transac-
tionswith datatransfersgreaterthan160bytes,usermappedDMA
is the optimal choiceof dataaccessmethod. The costassociated
with DMA setup,cachecoherenceactions,andtheadditionalcopy
from a DMA-capablebuffer to the local storageof theaccelerator
framework is overcomewith larger transfersizes.An addedben-
e�t of a DMA-basedapproachis the opportunityto overlapmore
computationwith the transferof datafrom theDMA buffer to the
acceleratorlocal memory. UsermappedDMA providesthelowest
overheadfor applicationswith a given transferpro�le, overhead
that continuesto becomea smallerfraction of overall accesscost
asthetransferpertransactionsizeis increased.

For no transactionsize in the �gure doesthe userspaceDMA
accessmethodhave thelowestoverhead.TheuserspaceDMA ac-

cessmethodis still anoptimalmethodfor certainworkloads,how-
ever, sinceit hasnoinitial startupcostassociatedwith it. While the
otherthreeaccessmethodsshown in the�gure have lowerper-call
overhead,the �gure doesnot re�ect the high costassociatedwith
settingupamapping.As Table1 shows,thememorymappingnec-
essaryinsidethelibrary API initialization call of our modelhasan
overheadontheorderof tensof thousandsof processorcycles.For
acceleratoraccessesthatwill only beuseda few numberof times
andcannotamortizethecostof initialization andunmapping,user
spaceDMA offersa viablesolutionasit requireslow initial setup
cost.

4.3 Discussion
A key concernfor softwaredevelopersis �nding anef�cient way

to representinternaldatastructuresthatcanbeeasilytransferedto
theacceleratorsfor processing.Theprocessof aggregatingthedata
neededfor a transactionprior to relinquishingcontrolto theaccel-
eratoris referredto asdatamarshaling. In theJPEGcasestudywe
present,datais alwaysaccessedin linearblocks. For caseswhere
theinputto theacceleratormustbeextractedfrom largerdatastruc-
turesoraccessedviapointer-baseddatastructures,extradatacopies
andpointerdereferencingwould berequired.As anotherexample,
we packtwo 16-bit valuesper transferfor the uncacheabledirect
mappingto providebest-casespeedup.However, if themarshaling
is not performed,writes could be assmall asonebyte per trans-
fer resultingin at bestonly one-eighthof thebusbandwidthbeing
utilized. Answeringthe questionsof how datashouldbe laid out
andwhatarchitecturesupportshouldbeavailableto achieve opti-
mal performancefor applicationsrun on our hybrid systemis left
for futurework.

Direct mappingcan be extendedto allow applicationsto have
more control over acceleratoractionsand reduceoverhead. The
systemcall interfacedevelopedin this work resultsin anoverhead
that canbe removed by mappingcontrol registersinto the appli-
cation's virtual addressspace.The tradeoffs for suffering a small
performancedegradationby usinga systemcall interfaceinstead
of directly mappingall acceleratorresourcesinto the application
arethe opportunityfor virtualizationby handingoff control deci-
sionsto HybridOS,well-de�ned securityboundariesto protectthe
systemandacceleratorsfrom maliciousor defective entities,and
a simpli�ed accessmodel. It is possibleto allow morecontrol to
be put into the userspacelibrary codeandstill maintainprotec-
tion boundariesby addinggreatercomplexity to thedesign,but is
left for future work. Nevertheless,the encapsulationandabstrac-
tion providedby thelibrary call interfaceenablesourprogramming
modelto remainconsistentevenasthespectrumof abstractionlev-
els is explored. Theaccessmethodsexploredherealsoremainin-
tactastheresponsibilityfor acceleratorinteractionsshiftsbetween
userspaceandkernelspace.

As hybrid systemworkloadsvary at runtime, so too must the
way the hybrid applicationsaccessthe acceleratorresources.We
have shown that for different transfersizesandpotentialnumber
of accessespersetup,differentaccessmethodsmustbeutilized for
the bestperformanceto be achieved. Eachaccessmethodhasan
arrayof tradeoffs thatfurthercomplicatestheassignmentof appli-
cationsto accessmethods.For general-purposeapplicationsto be
built uponhybrid systems,theremustbea meansto allow for dy-
namicadaptationthat takesinto accounttheaccessmethodtrade-
offs. Without thepossibilityof dynamicallymappingbetweenap-
plicationsandacceleratoraccessmethods,multiprogrammingwork-
loadswill beunableto ef�ciently andeffectively utilize hybrid sys-
tems.Wepresentasetof applicationandacceleratorinterfacesthat
areusedby HybridOSthatwehavedevelopedalongwith acharac-



Figure5: Per-byte transfer costfor the accessmethods.

terizationof themethodsthatcanbeusedasthebasisfor realizing
ahigh-performanceadaptivehybrid system.

5. RELATED WORK
HybridOSpresentsasetof techniquesthatcanbeusedonawide

arrayof hardwareplatformsthatincorporategeneral-purposeCPUs
with coprocessors.Previouswork hasinvestigatedanarrayof hy-
brid CPU/acceleratorsystems[5–7,9,10,18,19,23]. Furthermore,
many devicesthatintegrateaCPUwith therecon�gurablefabricof
anFPGAareavailablecommercially[1,25].

Methodsfor providing accessto datahave beeninvestigatedfor
CPU/acceleratorarchitectures.SCORE[7] usesthe conceptof a
con�gurable memoryblock to link applicationsand accelerators
physically andstreambuffersasa mechanismto convey datalog-
ically. OneChip-98[11] providesa mechanismfor ensuringcon-
sistency of datasharedby theacceleratorandthegeneral-purpose
processor. Although both techniquescould be usedto implement
thelow-level memoryarchitectureof a systemrunningHybridOS,
HybridOS is meantto provide a greaterdegreeof abstractionto
suchmemoryaccesstechniquesto allow for remappingsto bedone
transparentlyto the acceleratedapplication. HybridOS also pro-
videsa differentdataaccessmodelthanwhat streambuffers pro-
vide,allowing for irregularaccessandpersistentdatathatmaynot
beconsumedin FIFOorderaswith streams.

Previous work hasinvestigatedthe allocationof recon�gurable
resourcesto hardwarethreads[8]. HybridOSis not in itself a re-
con�gurableresourceallocationmechanism,but asetof techniques
that allow for transparentremappingof the data resourcesused
acrosssoftware and hardware threadsof execution. Providing a
consistentinterfaceto applicationsby leveragingvirtual memory
for recon�gurabledevices [20] is adaptedfor use in HybridOS.
Furthermore,a consistentview of systemresourcesthat doesnot
deviategreatlyfrom currentpracticeshasthebene�t of supportfor
existing toolsanddevelopmenttechniques.An exampleof a simi-
lar modelusedto mapapplicationsto aCPU/acceleratorsystemare
presentedin [14].

Threadedmodelsfor recon�gurablesystems[2,3] provideaway
to encapsulatethestateof recon�gurableacceleratorsandtheirex-
ecutionover time. Previous work hasfocusedon recon�gurable
resourceallocationand schedulingfor multi-usermachines[22].
HybridOS extendsresourceallocation to the memory that hosts

dataaccessedby therecon�gurableaccelerator. HybridOSis meant
to provide a consistentview of the dataaccessedby the software
runningon thegeneral-purposeCPUanddoesnot imposerequire-
mentsonhow thehardwaretaskis executed.Weleaveinvestigation
of how HybridOScouldbeadaptedfor usein a threadmodelto fu-
turework.

Using a platform similar to the one HybridOS is basedupon,
Noseworthy [17] investigatesa variety of con�gurationsdemon-
stratingthe needto mapapplicationsto appropriateinterconnects
andmemoriesonrecon�gurableplatforms.In thehigh-performance
computingarenathereare examplesof user-level accessmecha-
nismsto provide low-latency accessto sharedresources.Blumrich
et al. have investigatedvirtualizationof device memoriesandpro-
tecteduser-level interfacesin the context of high-speednetwork
devices[4]. Welshet al. look at hostingof device memoryin [21].
Memoryaccessconsiderationsspeci�c to hybrid systemdesignare
investigatedin [11]. HybridOSbuilds on thesepreviousworksby
providing themeansto do resourceremappingtransparentlyto the
applicationwhile still maintainingtheprotectionguaranteesof an
OSmanageddesign.

6. CONCLUSION
We presentHybridOS and its datatransfermechanismsin the

context of a protectedinterfacemodel for recon�gurableacceler-
atorsattachedto general-purposeCPUs. We utilize an accelera-
tor framework thatintegratesrecon�gurablehardwareaccelerators
into commonapplicationswith OSsupport.ThecompleteHybri-
dOSplatform decoupleshardwareandsoftwaredesignto reduce
complexity andto enablethe adoptionof hybrid CPU/accelerator
architecturesandprogramingmodels.We provide both interfaces
to the HybridOSruntimefor applications,usinga library call ap-
proach,and interfacesfor the acceleratorto plug into our hybrid
CPU/acceleratormodel,usingour acceleratorframework. Our ac-
celeratormodel allows for reducedcomplexity by providing an
accessmodelfor acceleratorswith which softwaredevelopersare
comfortable.

We exploredifferentacceleratoraccessmethodsfor transferring
databetweenapplicationsrunningon thegeneral-purposeproces-
sor and the recon�gurableaccelerators.We have found that the
mosteffective accessmethoddependsondatatransfersizeandthe
numberof timesthe applicationwill usean accelerator. It is our



goalto take theinsightsgainedfrom this studyof theaccessmeth-
odson our platform to enabletransparent,dynamicallocationof
acceleratorresourcesto applications,therebyallowing HybridOS
to allocatethemosteffectiveaccessmethodat runtime.

Thecharacterizationof dataaccessin ourhybridCPU/accelerator
HybridOS model will allow for the wider acceptanceof recon-
�gurable acceleratorarchitecturesby enablinga consistentlibrary
API thatadaptsto dynamicworkloads.Having a setof application
interfacesandanacceleratorframework thatdecoupletheprocess
of applicationdevelopmentfrom acceleratordevelopmentis key to
the future successof CPU/acceleratorsystems.Our studyof the
overheadassociatedwith avarietyof dataaccessmethodsprovides
theinsightnecessaryfor developingeffectiveCPU/acceleratorsys-
tems. Furthermore,the framework, our HybridOSinterfaces,and
most importantly, our experimentalresultsprovide the basisfor
systemsthatincorporaterecon�gurableacceleratorswith ageneral-
purposeprocessor.
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