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Abstract. Traditionalwaysto handleuserinput in softwareareuncomfortable
whenanapplicationwishesto usenovel inputdevices.This is especiallythecase
in gesturebaseduserinterfaces.In this paperwe describetheseproblemsand
asa solutionwe presentan architectureandan implementationof a userinput
toolkit. We show that the higher level processingof userinput suchasgesture
recognitionrequiresawholenew kind of paradigm.Thesystemwedesignedand
implemented- FLexibleUserInputDesign(FLUID) - is alightweightlibrary that
canbeusedin differentkindsof software.Thepotentialapplicationareasinclude
all systemwherenovel input devices are in use:virtual reality, entertainment
systemsandembeddedsystems.

1 Intr oduction

Input devices usedby most of the computersoftware are a mouseand a keyboard.
Still therearemany applicationsandplatformsin which usingthesestandarddevices
is awkwardor impossible.Currently, interestin alternative inputmethodsis increasing,
becauselots of new kinds of devicesthat cannotusethe conventionalinput methods
are emerging into the market. Thesedevices include informationappliancessuchas
mobilephonesandhand-heldcomputersaswell asembeddedsystems.Embeddedsys-
tems,suchasthosein modernwashingmachines,have beenaroundfor long,but their
programmingis still doneon relatively low level withoutsophisticatedtoolkits for user
interaction.

Thispaperintroducesanew paradigmandatoolkit for managinginputdevices.This
architectureis suitablefor any applicationwherenovel inputdevicesarein use.Thesys-
tem is scalablefrom embeddedsystemsto ordinarycomputers.The designtakesinto
accounttheneedsof higher-level applicationdevelopment– supportfor inputdatapro-
cessing(gesturedetectorsetc.)andeaseof programming.While thesystemis generic
in naturewehavedevelopedandusedit primarily in virtual reality (VR) applications.

The novelty of our approachis in the new architectureto handlemultimodaluser
input. While our approachsharescommonfeatureswith someprevious systems,the
overall structureis unique.Also it seemsthattheFLUID architectureis thefirst to em-
phasizethe needto designthe low-level input API anddataprocessinglayersat the
sametime. In additionto restructuringideasfrom previousresearchour systemintro-
ducestheconceptof device-specifichistory buffer. Thispaperfocusesonpresentingthe



architecture,but alsointroducesour implementationof the architectureandexamples
of how wehaveusedit.

Whendesigningthearchitecturewehavetakeninto accounttheneedto collectdata
from variousdevicesandthe needto furtherprocessthedata.It alsoenablesefficient
sharingof input processors(gesturedetectorsetc.)betweenpossiblyvery differentap-
plications.The architectureis composedof two layers: the input layer and the data
processinglayer (figure1). Theinput layerhandlesthedevicesandmaintainsa buffer
of historydatafor eachdevice.Thedataprocessinglayer is usedto processthedata–
detectgestures,generateeventsandcalculatefeatures.The purposeof theselayersis
to offer a simpleanduniversalmethodfor applicationdevelopersto accessthedevices
andto refinethedata.
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Fig.1. Overview of theFLUID architecture.

Thearchitecturewe designedsatisfiesthefollowing requirements:

– Managearbitraryinputdevicesfor any kind of application
– Offer agoodinfrastructurefor dataprocessing
– Offer a way to sharedataprocessingelements(gesturedetectorsetc.)betweenap-

plications
– Specifyasimplearchitecturefor thesetasks

In theendwehopeto makemulti-modalinputmanagementeasyfor theapplication
developer. In theidealcasea developerwouldselectthedesiredinput devicesanddata
processingmodules(gesturesdetectors,signalconvertersetc.),addthenecessarycall-
backsto passtheeventandsignalinformationfrom theinput toolkit to theapplication
andthenconcentrateon theapplicationdevelopment.

Ourtest-bedfor theseexperimentsis avirtual realitysystem.Sincenormalinputde-
vices– mouseandkeyboard– functionbadlyin VR applicationswemustemploy novel
devicesandcombinedatafrom those.TheFLUID projectwasstartedto enablefaster
andmorecost-effectiveapplicationdevelopmentin VR environments.At thesametime



we wantedto createa systemthat is not VR-centric.Insteadthesenew toolsshouldbe
re-usablein other contexts – desktopcomputing,entertainmentsystemsand even in
embedded(or ubiquitous)systems.

This paperfirst describestheFLUID architectureandtoolkit for collectingandre-
fining input data.We then introducea way in which it canbe usedin virtual reality
softwareandgiveexamplesof applicationsthatwe havebuilt with FLUID.

FLUID is an attemptto createa framework that fits to the needsof applications
thatneeduserinput andthatneedto processthatdata.It’sdesignsupportsany number
of concurrentinput devicesandfulfills the needsof dataprocessingalgorithms.It is
easyto extend– a programmercanaddnew device drivers,device typesanddatapro-
cessingalgorithms.FLUID offersa designframework thatenablesdevelopersto avoid
application-specificcustom-solutions.ThusFLUID promotessoftwarere-usability.

This work is heavily influencedby our earlierwork on full-body gesturerecogni-
tion andgesture-baseduserinterfaces[1][2]. TheseearliersystemswerenotVR-driven,
insteadthey werebuilt for musicalgoals.As wekeptworkingwith multimodalgesture-
basedinterfacesit becameclearthat working with variouskinds of non-conventional
input devicesis anything but straightforward.We think that it is necessaryto try to at-
tackthisproblemandtry to maketheapplicationdevelopmentfor multimodalenviron-
mentseasierin thisaspect.Duringourpreviousresearchwecreatedhighly customized
piecesof softwarefor collectingandprocessingthe input data.Unfortunatelyit is dif-
ficult to reusethesecomponentsin any otherapplicationdueto lack of well designed
standardframework. We would like to avoid this situationin thefuture.FLUID project
wasstartedsincewecouldnotfind toolkitsor architecturesthatwouldoffer thefeatures
thatwereneeded.TheFLUID toolkit will bereleasedunderanopen-sourcelicense.

2 Multimodal Interaction

As long as peopleare forced to interactwith computersusing mice and keyboards
importantelementsof humancommunicationarelost.Onecannotusegestures,speech
or bodymotion with suchclumsydevices.Insteadwe areforcedto expressourselves
with key-pressesandmouse.

Our researchis inspiredby theneedsfor differentinteractionmodalities.Thisneed
is causedby thefact thatmouseandkeyboarddo not offer thebestinteractionmethod
for all applications.Embeddedapplications(phones,PDAs) aswell asimmersiveappli-
cations(virtual andaugmentedreality) cannotrely on thesameinteractionmodalities
asnormaldesktopcomputers.

Webelieve thattheinteractionstylehasdirectimpactonhow peopleperceivetech-
nology. Thereis a differencebetweenenteringtext by handwriting,typingandtalking.
Eventoughpeopleseldomusecomputersjust for thesake of interactingwith themthe
methodof interactionneedsto beconsideredcarefully. For this reasonwe believe that
it is necessaryto offer alternative interactionmodalitieswhenappropriate.

Having alternative interactionmethodsis alsoa way to find new targetgroupsfor
technology. For examplechildrenor illiterate peoplecannotusetext-basedcommuni-
cationwith a computer. By enablingmultimodalinteractionwe canmake information
technologymoreaccessiblefor thesepeoplethusleadingto moreuniversalaccessof



computers.SinceFLUID canbe usedto enabledifferent input strategiesfor a single
applicationit is ausefultool for building applicationswith universalaccessin mind.

In thispartweshareview with Cohenwhoarguesthatvoice/gesture-interactioncan
offer significantadvantagesover classicalinteractionmodalities[3].Cohenalsogives
examplesof how a multimodal interfacehasbeenfound to make applicationsmore
productive. Although Cohenis primarily concernedwith immersive applicationswe
feel thatmultimodalinteractionis importantin otherenvironmentsaswell.

An interestingview to human-computerinteractionis given by Schoemaker et al.
who have studiedthe levelsof observation[4]. Their work classifiesfour levelsof ob-
servation – physical/physiological,information theoretical,cognitive and intentional.
Many userinput toolkits work on theinformationtheoreticallevel of this model– they
areonly concernedwith raw input dataor simplemanipulationof the input data.For
real applicationsthe cognitive level is usuallymoreimportantsincethis is wherethe
datagetsits meaning.

The word “multimodal” is widely usedto describeinteractionsystems.Unfortu-
nately it is a word with many meanings.Term multimodalcanbe usedto describea
systemwith multiple communicationdevices (mice, keyboards,cameras).The term
canalsobeusedto meancommunicationthatusesdifferentmodalities(writing, draw-
ing, gesturing,talking). Thefirst definition is device-centricwhile the secondis more
human-centric.

To beableto utilize differentcommunicationmodalitiescomputersmustalsohave
differentinputdevices.This is whereour researchis targeted.In thispaperweuseterm
“multimodal input” to referto systemswith multiplenovel inputdevices.Of courseany
multimodalapplicationis likely to havemultipleoutputdevicesaswell.

2.1 Softwarefor Multimodal Input

Multimodalsoftwareis difficult to create.Thereareseveralobstacles– novel inputand
outputdevicesandthe needfor diversespecialsoftware(rendering,animation,audio
processing).In ourown work wehavefoundthattherearefew if any toolkitsthatwould
make it easierto handlemultimodaluserinput.

The first taskfor an applicationis to collect the input data.This is a difficult task
whenoneconsidersall thepossiblegoalsthatshouldbesatisfied.Thesystemshouldnot
consumeexcessive amountof resources,it shouldbeportable,it shouldaccommodate
differentversionsof the samedevice class(devices from differentmanufacturers),it
shouldbeextendibleandit mustfulfill theneedsof thedataprocessingalgorithms.

An applicationseldomusesthe input datadirectly. Insteadof usingraw input data
anapplicationneedsrefineddata– informationaboutwhattheuseris doing.To bridge
this gapwe utilize gesturedetectorsandfeatureextractors.Thesealgorithmsturn the
low-levelnumericsignalsinto moredescriptiveform,oftencompressingamultichannel
signalto just a few events.An algorithmcanbe very simple– for exampleit is easy
to createad-hocalgorithmsto detecthandclaps,provided that the userhastracker
sensorsattachedto bothhands.A morecomplex algorithmmight be usedto interpret
signlanguage.

All the dataprocessoralgorithmshave onething in common;they needdatathat
is preciselyin specificform. Most time-basedgestureanalysisalgorithmswork best



with constant-ratesignals.Thatis, theinput devicegeneratessamplesatfixedintervals
andtheanalysisalgorithmis designedto work with suchconstantfrequency signal.For
exampleall digital filtering algorithmsrely on constantsamplingrate(seefor example
thealgorithmsin commonDSPbooks[5]).Thesameis truefor artificialneuralnetworks
thatusethetime-delayapproach.

Theseconsiderationsleadusto setthefollowing requirementsfor theinput layer:

– Datashouldbecollectedat constantsamplingrate
– Thesystemshouldknow whena givensamplewassampled
– It mustbepossibleto utilize signalsof differentsamplingrates
– Theapplicationmustbeallowedto accesstheinputdevicesat arbitraryrate
– Theusermayinstantiateseveraldevicesof thesametype

Thedataprocessorlayerin turn musthave thefollowing properties:

– Ability to turn input datainto events– for examplemotion signalcanbe usedto
detectgestures

– Ability to transformsignalsto otherkindsof signals– we mightbeonly interested
in thevelocityof asensor, or themeanvelocityof a sensor

– Supportre-useof dataprocessors– we want to re-usethe analysistools in many
applications

3 RelatedInteraction Research

In interactionsresearchour topic is thedesignof input toolkits.While thereareseveral
competingtoolkits for graphical2D userinterfaces(GUI) wehavenotbeenableto find
general-purposetoolkits thatwouldbedesignedto managemultiplenovel inputdevices
andsupporttheinputdataprocessing.

The othertrendsin interactionsresearcharenot directly relatedto this work. For
exampleNigay’s andothers’work on thedesignspacesis directedtowardstheclassi-
ficationof differentinteractionmodesandmodalities[6].Theauthorsalsoproposean
architecturefor complex multimodalsystems,but their architectureis moreconcerned
with applicationlogic andapplicationinteractiondesign.Thusit haslittle to sayabout
how theuserinput is collectedandprocessed.While ourwork is notdirectlyconnected
to their’s it is worthnotingthattheseapproachesarenot conflicting.

Salberhaspublisheda “The Context Toolkit” for sensingthepresenceof the user
actinguponthat information[7].Their approachis to gatherdatafrom environmental
sensorsandcreatewidgetsandturn theinformationinto events.Thecontext toolkit has
beenusedin anotherprojectby Mankoff whereit wascombinedwith speechrecogni-
tion engineto collect andprocessambiguoususerinput data[8].FLUID differs from
the context toolkit by beingaimedat a wider audience– while the context toolkit is
targetedat sensingthe presenceof the userFLUID is intendedfor any kind of work.
The exampleapplicationsdescribedby SalberandMankoff do not apparentlystress
low latency, high performanceor quality of the input dataor the easyprogramming
interfacethatarethebasicrequirementsof theFLUID architecture.Thecontext toolkit
could be implementedwith FLUID by creatingthe desireddevice driversandcoding



theprocessorobjectsthatcorrespondto thewidgetsin thecontext toolkit. Theambigu-
ity managementdescribedby Mankoff hasno directequivalencein FLUID althoughit
seemsit couldbeimplementedon top of thegenericFLUID framework.

Theneedto extracthigher-level informationfrom low-level datais sharedbetween
many kindsof applications.Oftensuchapplicationsseparatethe informationretrieval
(or gesturedetection)to separatelayer. This is thecasewith applicationsthatusecom-
putervision for userinput andgesture-basedinteractionsystems.For exampleLanday
hasusedsuchapproachin creatingtheSILK-library for handling2D-sketches[9].While
thisapproachresemblestheFLUID is structuredit doesnot implementsomeof thekey
featuresthata multimodalinput systemneeds:inclusionof arbitraryinput devicesand
accommodationof deviceswith differentsamplingrate.

4 RelatedVirtual Reality Research

In VR applicationsoneis alwaysconfrontedby non-conventionalinput hardware.As
a resultVR toolkits usuallyoffer a way to accessinput devices.A practicalexample
of sucha systemis the VR Juggler[10].VR Juggleroffers an abstractionfor a few
input device types– motion trackers,dataglovesandanaloginputs.It alsoincludesa
few utilities thatcanprocessthedatafurther. VR Jugglerincludessimplefingergesture
detectorcodeandcoordinatetransformationcodefor themotiontrackers.Also theolder
CAVELib[tm] toolkit canmanagemotiontrackers[11].

Therearealso VR toolkits for input device management.OpenTracker is an ex-
ampleof suchanapproach[12]. It is a toolkit that is aimedat makingmotion tracker
managementandconfigurationeasyandflexible. TheVRPN (virtual reality peripheral
network) systemis anothertoolkit for managinginputdevices[13].While OpenTracker
is aneffort at high-qualitytracker managementVRPN is a moregeneral-purposesys-
tem– it canbeeasilyextendedto handleany kind of input devices.TheVRPN shares
many featureswith FLUID. Themaindifferenceis thatFLUID includesanarchitecture
for processingtheinputdata.

Cohenhascreateda QuickSet -systemfor multimodal interactionwith distributed
immersive application[3].QuickSetis directedtowardscommanding2D and3D envi-
ronmentsandit supportsgestureandvoiceinteraction.It coversall areasof multimodal
applicationdevelopment– input, applicationlogic andoutput. It is createdwith dis-
tributedprocessingin mind. Our approachdiffers in that FLUID architectureis more
simple, it is not targetedonly at detectingcommandsand it is doesnot addressthe
distribution of processingelements.FLUID is alsointendedto be a small component
thatcanbeaddedto any application– not anapplicationframework thatwould require
specificprogrammingapproach.

Bimberhaspublishedamulti-layeredarchitecturefor sketch-basedinteractionwithin
virtual environments[14].Althoughthatwork is directedat sketchingapplicationsthe
softwarearchitecturecouldprobablybeusedfor otherpurposesaswell.



5 The Fluid Ar chitecture

At presentthereis no commonway to handlethe novel input devices.If onebuilds a
2D GUI thenthereareseveral toolkits available.All of thesetoolkits includesimilar
structure– a collectionof graphicalelementsanduserinput via call-backfunctions.
This contraststheway onehandlesnon-standarddevices.Eachapplicationhasits own
specialway of handlinginput devices and -data.For this reasonwe proposea new
architecturefor handlingmulti-modaluserinput.

TheFLUID architecturecontains1) input layer, 2) dataprocessorlayerand3) ap-
plication(seefigure1). Theapplicationexecutesin its own mainloopandrefreshesthe
fluid layersfrequently. All theinputdevicesaremanagedby acentralobject– theinput
device collection.The applicationmay useoneor moredataprocessorcollectionsto
refinetheinputdatainto moreusableform.

The main purposeof the input layer is to collect datafrom variousdevices and
presentit to the applicationand dataprocessorswith a simple,monolithic API. Al-
thoughthis processis simple therearestill pitfalls that mustbe taken careof. If we
think aboutmultimodalinteractionthis layercorrespondsto thedevice-orienteddefini-
tion – it is responsiblefor handlingmultiple differentdevices.

Thedataprocessorlayer refinesthe input datain a way thatapplicationcanbetter
utilize it. The purposeof this layer is to extract semanticinformation from the raw
input data.If we follow Schoemaker’s terminologythenwe cansaythatthis layertries
to obtaincognitive informationfrom theuserinput.

If necessarytheprocessorlayercanbeusedto hidetheinputdevicesfrom theappli-
cation.Thisway theinputdevicescanbechangedwith minimalchangesto application
structure.For examplehandclapscanbedetectedwith differentinputdevices– camera,
microphoneor motiontracker. If theapplicationonly wantsknow thattheuserclapped
his handstogetherthenit doesnotmakedifferencehow this informationis obtained.

6 Input Layer

All the input devicessharethe sameabstractbaseclass.To createa device type one
needsto inherit this baseclassandaddthe device-specificdatastructuresto the new
class.This new classis effectively anAPI for thatdevice.TheFLUID library contains
definitionsfor a limited numberof input device types,but userscanaddnew device
typeswithout modifying thecorelibrary. In practiceall device APIs shouldbedefined
in thebaselibrary. If they arenot,thenpeoplemaycreatedifferentandconflictingAPIs
for the samedevice types.At any rate we feel that is it necessaryto offer usersthe
possibilityto adddevice typesof their own.

The type of the datathat is storedinto the buffers dependson the type of the de-
vice.Thusmotiontracker samplesarestoredasanarrayof rotationmatricesandloca-
tion vectors,dataglove samplesarestoredasanarrayof finger joint anglesetc..Each
dataelementis timestampedwith its measurementtime. The time-stampingis neces-
sarysincethehigher-level componentsmayneedto fusesignalsof differentsampling
ratestogether(for examplemagnetictracker at 68 Hz anddataglove at 50 Hz). With-
out timestampingtherewould beno way to tell which samplescomingfrom different
sourcestookplacesimultaneously.



6.1 Thr eadingand Buffering
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Fig.2. Theinput thread,buffers,anddatatransferpaths

The input layer containsobjectsthat take careof all the input devices.Figure 2
outlinesthe way input deviceswork. Input objectsarethreaded– they collect datain
thebackgroundandmove thedatato a temporarybuffer. This meansthateachdevice
objectcontainsaninternalthreadthatreadstheinput from thedevice’snativeAPI. The
datais thenmovedto ahistorybuffer whenrequested.Thismakesthedataavailablefor
theapplication.

Doublebuffering is necessarysinceit is theonly way to guaranteethatevery input
samplebecomesavailableto the applicationanddataprocessors.If this wasnot done
thentheapplicationwouldhaveto updatetheinputdevicesatsucharatethatnosample
canescape.In practicethis is a difficult requirement– theapplicationmainloopwould
have to checkthe devices at fixed samplingrate.With our approachthe application
simply needsto re-sizethe history buffer andtemporarybuffer to be large enoughto
containthe necessaryamountof data.While the sizeof the history buffer determines
how muchhistorydatais availablefor higherlevel analysisthe temporarybuffer sets
theupperlimit for the input layerupdateinterval. In any casethehistorybuffer needs
to beat leastaslargeasthetemporarybuffer.

As a resulttheapplicationcanrun its main loop in variableframerateandupdate
the input layeronly whennecessary. Eventoughthe input layer is updatedat random
intervalsit will readtheinputdataatfixedrateandstorethedatain theinternalbuffers.
This threadingapproachis similar to theapproachusedby VRPN[13].

Wechoseto storethedatato bufferssincethismakesthehistorydatadirectlyacces-
sible to theprocessorlayer. Thusif a processorin thehigherlevel needsto accessthe
historydata(asgesturedetectorsfrequentlydo) thenthedatais availablewith no extra
cost.A gesturedetectormay requireseveralsecondsof input data.It is naturalto use
theinput databuffer to storethis datasothat thegesturedetectorsdo not needto keep
separateinput historybuffers.In thegeneralcasethe input device objectcannotknow
how muchhistoryis requiredby high level analysis.For this purposetheprocessorob-
jectsrequestthe input device to enlarge its buffer to be large enoughfor the needsof



theprocessor. This leadsto minimal memoryconsumptionasall datais bufferedonly
once(in theinputdeviceobject).

Thebuffering canalsoincreaseperformance:If the sampleswerehandedout one
ata time(via call-backasin VRPN) theneachnew samplewouldhaveto beseparately
handled.This is not a problemwith deviceswith low samplingrate,but if we consider
audio input at 44.1 kHz then this approachtakes lots of computationalresources.In
thesecasesthemostefficient approachis to handlethedataasa buffer of samplesand
processmany sampleswhenever theapplicationmainloopexecutes.

Thebufferingapproachis alsousefulwhendifferentkindsof dataareusedtogether.
If thereis oneobjectreceiving datafrom severalsourcesit is usuallybestto updatethis
objectonceall the sourcedeviceshave beenupdated.Then the receiver canprocess
all thenew dataat once.If we usedcall-backfunctionsto deliver eachnew sampleto
the high-level processorsthena processormight needto first wait until it getsall the
necessarydatafrom varioussourcesvia the call-backs,storethe datainternally and
eventuallyprocessthedata.

6.2 DeviceManagement

Even toughthe input layer is highly threaded,this is invisible to the applicationpro-
grammer;the history buffers areguaranteedto changeonly when they areexplicitly
updated.Thustheapplicationprogrammerdoesnot needto take threadingissuesinto
account.

The input device driversarehiddenfrom the application.This is necessarysince
they areusedto abstractthe exact device brandandmodelfrom the user. The drivers
aredesignedto beverysimple– they simply outputonesampleat a time.

The driver canbe usedin onecomputer, its datais sentover the network to the
applicationrunning FLUID and received by the correspondingnetwork driver. This
distribution of device driversover a network is necessarysinceVR installationsoften
have several computerswith one computerhandlingone physical input device. For
examplein our installationwehaveanSGIcomputerfor graphics,but thedatagloveis
connectedto a Linux PC.Thespeechrecognitionsoftwarealsorunson theLinux PC.
Theonly way to copewith suchcomplex hardware/softwaredependenciesis to run the
device-specificserversin the machinesthat canrun themandtransferthe datato the
computerthatis runningtheactualapplication(likeVRPN).

6.3 Input DeviceCollection

The input devicesaremanagedby a centralinput device collection-object.This is a
singletonobjectthatis globallyaccessible[15].Thedevicedriversareplug-insthatare
loadedinto theapplicationastheinputdevicelayeris initialized.Theusercanconfigure
thedevicesvia atext file. Thusthereis noneedto recompiletheapplicationtogetaccess
to new devicesor to changethedevices.

Whenanapplicationneedsa particulardevice it requeststhedevice from theinput
devicecollection.If thedevice is alreadyinitialized it is returned,but if not, thesystem
tries to initialize it andthenreturnsit. This allows applicationstheeaseto askfor any



device at any time. Sincethe input collectionkeepstrack of devicesthe programmer
doesnot needto worry abouthow to startor shutdown thedevices.

If the applicationneedsto do complex operationson the input devices then this
approachmaynotfit theneeds.Themostproblematicpartis acasewhereanapplication
would like to reconfiguretheinput devicesafterthey have beeninitialized.As this is a
rarecasewe have not createdvery elaboratesystemfor thesecases.In thesecasesthe
applicationcanhow-everstopthedesireddevice, reconfigureit andrestartthedevice.

7 Data ProcessorLayer

Typically applicationscannotusetheinputdatadirectly. Insteadtheinputdataneedsto
berefinedto beuseful.For thispurposeFLUID hasa dataprocessorlayer. Theobjects
in the dataprocessinglayer transformthe datainto a form that is moreusablefor the
application.

It is possiblefor theapplicationto transferpartsof theapplicationlogic to thepro-
cessorobjects.Althoughwe make cleardistinctionbetweeninput dataprocessingand
applicationit shouldbe notedthat thesearenot at all independentcomponents.This
separationis only intendedto serve asborderlinebetweenreusablesoftwarecompo-
nentsandapplication-specificcode.A developercanfreelyuseminimaldataprocessor
layer and keepthe applicationmonolithic. An extremealternative is to put as many
applicationcomponentsaspossibleto thedataprocessorlayer.

Onereasonwhy onemightputapplicationlogic into thedataprocessinglayeris that
it canbeusedasanabstractionlayerbetweentheinputdevicesandandtheapplication.
For examplean applicationmight be ableto operatewith mouseor camerainput. If
thecamera-andmouse-specificpartsof theapplicationcanbeisolatedto theprocessor
layer, thentheapplicationlogic doesnotneedto know how theinputdatawascollected.

Anotherelementfurther confusesthe separationof input processingandapplica-
tion: Situation-specifictuningof thedataprocessors.This meansthat thebehaviour of
the dataprocessorsmay needto be adjustedto matchthe currentprogramstate.For
examplewe might needto instruct somegesturedetectorthat someof the potential
gesturesarenot acceptedwhentheapplicationis in somestate.This hasalreadybeen
the casein our previous researchwherethe gesturedetectorsandsemanticanalyzers
formedfeedback-cycles[16].With FLUID this is possible,but onemustbuild thedata
processorsto offer thenecessaryapplication-specificfunctionality.

7.1 ProcessorCollections

The dataprocessinglayer is a collectionof data-processingobjects.Eachobjectper-
formssomeoperationon eithertheinput dataor datacomingfrom otherprocessorob-
jects.Theprocessorobjectsfall into roughlytwo categories:gesturedetectorsanddata
converters.Thegesturedetectorsservetheapplicationby detectinggestures(or events)
as they take place.Dataconvertersdo someoperationson the input data,but do not
try to detectexplicit gestures.In somecaseshigh-bandwidthsignalscanbecompressed
into simpleevents.In someotherstheprocessorobjectssimply changetherepresenta-
tionsof thedata– for examplefrom 3D locationdatato 3D accelerationdata.Figure3
showshow datamight flow from theinput devicesto theapplication.
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Fig.3. An exampleof how datacanflow from inputdevicesto theapplication.

In the dataprocessinglayer we have adopteda designprinciple that algorithms
arebroken down into partswhenpossible.The advantagesof this approachare that
processorobjectscanrely on otherobjectsto performsomeroutinecalculations.This
enablesdifferentprocessoralgorithmsto shareparts,resultingin lesscodingwork due
to codere-use.

This approachcanalsoresultin bettercomputingperformance.Thereasonfor this
is thatif two or morealgorithmsusethesamefeaturethatis extractedfrom input data,
this featurecanbecalculatedonly onceandtheresultsaresharedby all thealgorithms
utilizing it. For examplein figure3 thereareseveralgesturedetectorsthatneedvelocity
information.With thisapproachthevelocitycanbecomputedonly onceandthedatais
thenavailableto all interestedobjects.While this designpromotesmodularityit does
not rule out big monolithicdataprocessors.

Originally the dataprocessinglayer wassplit into four parts.The purposeof this
split wasto separatedifferentpartsof thesignalprocessingto differentlayerswith one
layerfollowing another. Laterwerealizedthatthelayeringwasartificial andany layer-
ing would betotally application-specific.In practiceonecandesigndifferentlayering
structureswith eachlayer performingsomesmall operationon the data.For example
Bimber’sarchitecturecontainseightlayers[14].Of theseeightsix correspondto thesin-
gle dataprocessinglayer in FLUID. Suchlayeringcanbe usefulfor separatingtasks,
but it alsorequiresapplicationprogrammersto beawareof all the layersandtheir in-
teraction.Oncewe take into accountthe fact that modulesthat operatein lower level
may needto be controlledby modulesfrom higher level we endup with feedback-
cyclesthatessentiallybreakdown thelayeringapproach.For thesereasonsweselected
asinglemonolithicdataprocessinglayer. Theuserscancreatearbitrarydataprocessing



networkswithin this layer. SincetheFLUID datapassingmechanismsareveryflexible
it is possibleto createany kind of layeringwithin dataprocessinglayer.

7.2 Data Flow

FLUID hasa data-flow architecturethat allows arbitrarydatato be passedfrom one
object to another. Thereare two waysto passdata:datastreamingvia IO-nodesand
eventpassing.

Eachprocessorobjectcanhave anarbitrarynumberof namedoutputnodes.When
othernodesneedto accessthedatathey typically needto performtwo tasks.First they
get accessto the nodethat containsthe data.At this phasethey mustalsocheckthat
thenodeis of correcttype.Typically a processorobjectstorespointersto its input data
nodesandonly performsthisoperationonceduringits life-time.Oncetheprocessorhas
accessto the IO-nodethey canreaddatafrom it. Sincethe IO-nodeis of known type
theprocessorobjectcanaccessits datadirectly, with minimaloverhead.Thisdata-flow
architecturecausesminimal run-timeperformancepenalty. Theusercanintroducenew
IO-nodetypesby inheritingthevirtual baseclassandaddingthedatastructuresfor the
new type.In practicethisschemeis similartoOpenTracker’sdata-flow architecture[12].
Theprimarydifferencesarethatin FLUID theuserscancreatenew processorsandIO-
nodetypesandFLUID doesnot (yet) supportXML-basedprocessor-graphcreation.
Additionally theFLUID data-flow architectureis basedon polling – datais not pushed
from processorto another. In fact the OpenTracker framework could be implemented
on top of FLUID’s input-deviceanddata-flow components.

While thedata-flow architectureis goodfor dealingwith fixed-ratesignalsit is not
idealfor passingeventsthattakeplaceseldom.For thesesituationswehaveaugmented
the systemwith message-passinginterface.Eachprocessorcan sendeventsto other
processors.Eventsare deliveredwith push-approach.FLUID hasdefinitionsfor the
mostcommonevent types(integer- andfloating point numbersandcharacterstrings)
anduserscanintroducenew eventtypeswhenneeded.

7.3 ProcessorCreation

The processorobjectsarerecursively createdasneeded.For examplethe application
might requestfor anobjectthatdetectshandclaps.In this casetheapplicationpassesa
request-objectto theprocessorcollection[15](page233).Thisrequestobjectfirst checks
if therequestedobjecttype(with matchingparametersetc.)alreadyexists.If theobject
doesnotexist thentherequest-objecttriesto createone.Thismayleadto new requests
sincethegesturedetectorwouldneedto know theaccelerationof thehands.Thiscauses
a requestfor an accelerationobject.As the accelerationcalculatoris createdit needs
a velocity calculator. The velocity calculatorin turn needsa motion tracker which it
requestsfrom theinput layer.

If thegesturedetectorprogrammerhadbeenveryclever theremightevenbea pos-
sibility thatif thereis no way to detecthandclapswith motiontrackers(they might be
missing)thentherequest-objectcouldtry to createa clapdetectorthatrelieson micro-
phoneinputor accelerometerinput.At any casetherequesttriesto createtheprocessor



objectandall necessaryobjectsrecursively. If theprocessis successfulthenit returns
anobjectthatoutputseventsasuserclapshands.

This infrastructureenablesthe applicationto ask for a particulardataprocessor
withoutknowing whatis theexactmethodby whichthedataprocessingdetectorworks
(or even the neededinput devices).This systemalso enablesdifferentalgorithmsto
sharecommonpartswithoutknowing muchelsethantheoutputnodetypesof therele-
vantobjects.While this infrastructureprovidesawayto sharealgorithmsandalgorithm
partsbetweenapplicationsit is heavy if oneonly needsto createspecificprocessorob-
ject.To accommodatethesecasesthereis apossibilityto directlyaddadataprocessing
detectorto thecollection,bypassingtherequestapproach.

Thesystemincludesdependency managementthat tries to optimizethe call-order
of theprocessors.Thusthesystemfirst calls thenodesthatareclosestto theinput and
oncethey areupdatedit goeson to thehigher-level nodes.

Therecan be multiple dataprocessorcollectionsin one application.This makes
it easyfor an applicationto shutdown oneprocessorsectionif it is not needed.For
examplewhenapplicationchangesits stateanduserinteractiontype it might switch
over to a totally differentsetof dataprocessors.

7.4 Example

An exampleof how the nodesbehave is in figure 3. The left sideof the figureshows
how a streamof datais transformedasit passesthru the system.The motion tracker
objecthasanoutputnodecalled“location”. This nodecontainsa ring-buffer of motion
samples.The sensorselectorreadsdatafrom the motion tracker andstoresdatafrom
onesensorto two outputnodes(velocity androtation).The velocity calculatorreads
datafrom this node,calculatesthevelocity of thetracker sensorandplacesthedatato
its own outputnode.Theaccelerationcalculatoris in factidenticalto thevelocitycalcu-
lator. Theonly differenceis thatit takesits input from theoutputof velocitycalculator.
The runningaveragecalculatorin turn usesthe accelerationdatait obtainsfrom ac-
celerationcalculatorandcalculatestheaverageaccelerationovera periodof time.The
applicationin turn canusethis asparameteraccordingto theapplicationlogic.

In theright handsidethereis asigndetectorthatreliesdetectsdifferentfingersigns.
As thesignchangestheinformationis passedto theapplicationin theform of anevent.

In the centerthereis a network thatcombinesdatafrom two sources.TheFourier
transformcalculatorperformsFourierseparatelyoneachthreedimensionsof theveloc-
ity vector. Thegesturedetectorthenusesinformationcomingfrom theFouriertransfor-
mation,sign detectorandvelocity calculationto triggeran eventasthe userperforms
somegesture.

8 Implementation

Above we have outlined the FLUID architecture.This architecturecould be imple-
mentedin nearly any languageor platform. In this sectionwe outline our proof-of-
conceptimplementation.By proof-of-conceptimplementationwemeanthatthecurrent



FLUID toolkit doesnot havesupportfor awide rangeof input devices,device typesor
dataprocessors.It hasbeenusedin pilot applicationsto testthearchitecturein practice.

We have implementedFLUID with C++. This choicewasmadesincewe already
useC++ andit offershigh performance,reasonableportability andsupportfor object-
orientedprogramming.At the momentthe FLUID core libraries work on IRIX and
Linux operatingsystems.The driversin turn areratherplatform-specific,so someof
them work on IRIX, someon Linux and someon both. The FLUID library is very
compactandit canbeeasilyportedto any platformthatofferssupportfor ANSI C&C++
andPOSIXthreads.FLUID doesnot have any otherexternaldependenciessoporting
it to differentplatformsshouldbefairly easy.

Any applicationcanusethecomponentsof FLUID – it doesnot forcetheapplica-
tion into certainframework (internalmain-loopsetc.).As suchit canbeaddedto nearly
any softwarewith ease.

Theinput layerandprocessorlayerarein separatelibraries.It is thereforepossible
to useonly theinput layerin projectswherethedataprocessorsarenot needed.

FLUID library is internally multithreaded,but it hides the complexity of multi-
threadedprogrammingfrom applicationdeveloper. However, the systemis not thread
safein asensethatif theapplicationdeveloperutilizestheFLUID inputAPI from mul-
tiple threadsthe resultsarebeundefined.It shouldbenotedthat this is a limitation of
the currentimplementationandasthereareonly a coupleof placeswherea conflict
might occur, it shouldnot requiremucheffort to makethesystemfully threadsafe.

The currentversionhasan API and input driversfor mice, motion trackers,data
glovesandspeechrecognition.Thespeechrecognitionsystemis basedonthecommer-
cial softwarepackageViaVoiceby IBM[17]. ThespeechrecognitionAPI is independent
of theViaVoicepackagehowever.

Thereis alsopossibilityto write dataontothediskandreadit later(aswith VRPN).
Thisenablesusto simulateanddebugapplicationbehaviour without actuallyusingthe
physicaldevices.This cutsdown costsasonecantestVR applicationswith realistic
input datawithout usingthe expensive VR facilities. It alsohelpsin debuggingsince
we canuseidenticalinputdatasequencesbetweenruns.

All of thedevicedrivershaveoptionfor network-transparentoperation– thephysi-
caldeviceandtheapplicationcanbein differentcomputers.Thedevicedatais transmit-
tedoveraTCP/IPconnectionfrom thephysicaldeviceto theapplication.Thisnetwork
operationis encapsulatedwithin theFLUID devicedriverssothatapplicationdevelop-
ersdonotneedto know aboutsuchdetails.Thisfeaturewasnecessarysincesomeof the
deviceswe usecanonly beattachedto onekind of computer(Linux PC)while theap-
plicationrunsin otherkind of machine(IRIX workstation).Whilenetwork transparency
hasnotbeenaprimarygoalfor usit is apositiveside-effectof ourimplementationstrat-
egy. This only appliesto theinputdrivers,we havenot tried to makeFLUID processor
collection a distributedsystemlike QuickSet[3].A programmercreatinga new data
processorcanof coursedistributetheprocessorsto multipleCPUswith multithreading
or to multiple computersvia network interface.

The FLUID device driversare implementedasplugins that are loadedas the ap-
plication starts.Thusthereis no needto modify the core librariesto addnew device



drivers.This alsoguaranteesthat thedevice APIs do not dependon any particularde-
vicemanufacturer’sproprietaryAPIsor protocols.

An importantdetailwe only realizedwhenimplementingtheinput layeris thatthe
input threadsmusthave a possibility run often enough.The problemis that a multi-
taskingoperatingsystemmaywell give plentyof CPU-timeto themain threadof the
application,but fail to giveenoughCPU-timeto theinput threads.As a resulttheinput
databuffers do not get new dataeven toughtherewould be new dataavailable.This
problemoccurswhenthemainthreadof theapplicationis verybusy(many multimedia
application– gamesandVR systems– do just this).Theway to overcomethisproblem
is by increasingthe priorities of the input threadsso that they canrun asfastasthey
needto run.Thisalsoreducesthelatency causedby threading.

We have alsobuilt a small library of dataprocessors.This library offersa few ges-
turedetectors(simplehandclap-andfingersigndetectors)andsomefeatureextractors
(velocityandaccelerationcalculatorsandfingerflexurecalculator).

8.1 PerformanceIssues

TheFLUID architecturehasbeendesignedwith performanceissuesin mind.Depend-
ing on theapplicationtherearetwo alternatebottle-necks.

Thefirst causefor overheadis theinput layer. Thethreadingandbufferingof input
datacauseextra overheadfor theapplication.In normalcircumstancesthis is hardlya
problem.As abenchmarkwecreatedaminimalapplicationthatreadsdatafrom motion
tracker, mouseandtwo datagloves– all at 33 Hertz samplingrate.This application
consumeslessthan3 percentof theavailableCPUtime on low-endhardware(SGIO2
with 195MHzR10kprocessor).This reflectsthefactthetheinputdriver threadsdonot
havemuchto do.Mostof thetime they wait for new datato come.Thisfiguredoesnot
tell theactualoverheadof theinput layer, but evenif theloadof 3 percentwascaused
solelyby FLUID overheadthis is seldomharmfulfor theapplication.A situationwhere
suchoverheadmight becomesignificantis in the realmof ubiquitouscomputing.In
thesecasesthe hostcomputermay have the computingpower of an old 386 or 486
-processor. In any casethecomputerrunningFLUID mustbepowerful enoughto run
a multitaskingoperatingsystem.Obviouslymany embeddedsystemsdo not fulfill this
criterion.

The other potentialbottle-neckis the data-processinglayer. Even tough the data
processorsmaydoheavy computationthis layershouldnot causesignificantoverhead.
The datais passedfrom oneprocessorobject to anotherdirectly without any gener-
alizationmechanisms.In theorythe only sourceof overheadcomparedto a dedicated
solutionshouldbethesinglevirtual functioncall perdataprocessor.

8.2 Latency

Somemultimodal applicationsrequireminimal latency betweeninput datameasure-
mentandthemomentwhenthedatais used.For examplein immersive virtual reality
systemsit is necessaryto updatethe projectionwith datathat is asnew aspossible.
Thusthetoolkit shouldnot induceextra latency in thedatatransferpath.



In theFLUID architecturethedevicedriverthreadsarerunathigh“real-time” prior-
ity thatguaranteesthat thedriversthreadscanalwaysoperatewhennew databecomes
availablefrom thephysicaldatasource(device/network).As aresultthedevicethreads
canoffer thedataimmediatelyto theapplicationthread.In practicethisapproachmini-
mizesthelatency causedby FLUID to theshorttime thattheoperatingsystemsspends
whenswitchingbetweenthreads.

9 Fluid And Other Toolkits

It is sometimesthe casethat the applicationis usinganothertoolkit that dependson
userinput. This might imposea problem,sinceit is rarethat input device APIs have
supportfor accessingthe input from multiple toolkits at the time. Typical caselike
this arisesin VR systemssincevirtual reality toolkits mustutilize someinput devices
to be successful.The mostcommonreasonfor this is the projectioncalculationsthat
aredoneto compensateusermovements.As aconsequencemany toolkits (VR Juggler,
DIVE) haveintegratedmotiontrackersupport.While thismakeslife easyfor thetoolkit
it posesa problemfor a programmerwho wishesto useFLUID – thetracker device is
managedby theothertoolkit with it’s internalAPI. Thismakesit impossiblefor FLUID
to connectto thedevice.

We have solvedthis problemwith VR Jugglerby creatingnew VR Jugglerdevice
driversthat actuallyrun on top of FLUID input layer. In this way VR Jugglerworks
perfectlywhile theactualdatais comingfrom FLUID. Onemightalsodo thereverse–
useVR Jugglernativedevicedriversandtransmitdatafrom thoseover to FLUID. This
latteralternative would have theproblemthatVR Jugglerdoesnot maintainhistoryof
samplesin thelow-leveldrivers.As aresulttheFLUID driverswouldhaveto re-sample
the VR Jugglerinput deviceswith somefrequency hopingthat no sampleswould be
lost.Thiswouldcertainlyleadto lossof dataquality.

With our currentapproachonehasthebenefitsof bothsystems:VR Juggler’s inte-
gratedprojectionmanagementandFLUID’shighquality inputdataanddataprocessing
libraries.

10 Building Applications with FLUID

The FLUID librarieshasbeendesignedto fit easily into many kinds of applications.
To outline how onecanuseFLUID in a new applicationwe give an exampleof how
onecanuseFLUID in amultimodalapplication.Althoughthisexampleis expressedin
generaltermsit matchesthe AnimaLandapplicationthatwe have build (explainedin
section11).

A typicalmultimodalapplicationcollectsinputdatafrom severaldevicesanddeliv-
ersoutputto theuservia multiple media.Theapplicationhasa main loop that is syn-
chronizedto oneof thedevices– for exampletheapplicationmaydraw anew graphics
frameeachtime themainloop is executed(commonapproachin games).In eachloop
iterationtheapplicationcollectsinput datafrom thedevicesandusesapplicationlogic
to control theoutputdevices(graphics,sound,etc.).Theloop iterationratecanvary as
theapplicationrunsdependingon how heavily thecomputeris loaded.



Thethreadedandbufferedinput device layerof FLUID fits this schemewell – the
applicationcanrun at nearlyany iterationrateandtheinput deviceswill not losedata.
Theapplicationcanusethegesturedetectorlayerto extractinformationfrom theinput
data.Theinput datais turnedinto fixed-ratedatastreamsor eventsthat theapplication
receivesvia call-backsfunctions(asin many GUI toolkits).Theapplicationbuilds one
or moreprocessorcollectionsto matchits needs.While onecollectionmight fit to the
needsof aparticularapplicationtherearecaseswheretheability to removepartsof the
processingis necessary. For examplethe applicationmight requirespecialprocessing
whenit entersa given state.In thesesituationsthe applicationcanbuild new gesture
detectorcollectionson demandanderasethemasthey areno longerneeded.Alterna-
tively theapplicationcancreatethedetectorsin thebeginningandlateron simply use
therelevantprocessorcollections.

Therecanbespecialoutputandinput devicesthatneedto becontrolledseparately
from the applicationmain loop. Often the reasonfor this separationis that arestrict
latency limits that someinput/output-operationsmust meet(force-feedbackandau-
dio systemsbeingcommonexamples).Theprocessingfor thesespecialdevicesoften
happensin a separatehigh-priority thread.If the applicationneedssuchhigh-priority
threadsto processdataat ratethatdiffersfro themainloopratethesethreadsmusthave
processorcollectionsof their own. All the threadscanhow-everaccessthesameinput
devicesaslong astheapplicationmakessurethat the differentapplicationthreadsdo
not updatetheinput deviceswhile anotherthreadis readingdatafrom them.

11 Examples

We have usedFLUID in threecases.Thesecasesillustratehow building multimodal
applicationsis easierwith FLUID and how it can be usedas a small componentto
introducenovel inputdevicesto any application.Thefirst two applicationsalsodemon-
strateuserinteractionthat is very differentfrom the traditionalcomputerusage.Such
new interactionstylescouldpotentiallybeusedto enablemoreuniversalaccessto in-
formationtechnologyandinformationnetworks.Comparedto ourpreviousexperience
with handlingnovel input devices[1][2] thesenew applicationswereeasierto create.

In theAnimaLandprojectwe built anapplicationwhereusercancontrolcomputer
animatedparticlesystemin real-time[18].Thecontrolmechanismsaregesture-based.
For interactionwe selectedgesturesthat are easyto detect– handclapsand finger
gestures.Wealsoincludedsomegenericparametersto beusedascontrol– averageve-
locity of andtheaveragejoint angle(“fistiness”)of user’s left hand.Figure4 showsthe
applicationin use.The processorlayer with its gesturedetectorssimplified the appli-
cationdevelopmentsignificantly. Insteadof building thedata-processingblocksinside
theapplicationwe codedthe gesturedetectorsinto theFLUID library. As a resultthe
gesturedetectorsareusablein otherapplicationsaswell. Theapplicationarchitecture
becamemoremodularsincewecouldseparateinputprocessingfrom theanimationen-
gine.We couldalsotake advantageof FLUID’s ability to storethe input datato a file.
We usedthis featurefor debuggingandalsoasa way to storethe control information
for post-processingtheanimationslateron.



Fig.4. Theuseris working in theAnimaLandenvironment.

In anotherprojectundergraduatestudentsof our universitycreateda virtual reality
sculptingapplication“Antrum” (figure5).Theusercan“draw” linesandsurfacesin 3D
spaceby moving hands.In thiscasetheability to collectdataat constantsamplingrate
is very important.Theapplicationmustcollectmotiondataat constantrateevenif the
renderingprocessslowsdown significantly. In practiceartistsalwayscreatemodelsthat
eventuallychokethecomputer. With FLUID theapplicationcanrefreshthegraphicsat
any rate(beit 6 or 60Hz) andwecanstill guaranteethatall detailsof theuser’smotion
will be storedat the specifiedsamplingrate(be it 33 or 133 Hz). If oneonly got the
motionsamplesastheapplicationmainloop executesoncethenwe would losedataas
thegraphicsframerategoesdown.AlthoughAntrumdoesnotusetheFLUID processor
layertheinput layeris usedsinceit offersasimpleAPI to accessthedevicesandhandle
thebuffering issues.

Ourthird projectwasadesktop-applicationthatneededto getinputdatafrom cheap
amotiontracker. Theapplicationwasasound-processingengineMustajuurithatis run-
ning thesignalprocessingatvery low latency – lessthan10milliseconds[19].Themo-
tion trackeraccesswasacausefor randomlatency – it tooksometimeto readeachnew
samplefrom the device. To move this causeof latency to anotherthreadwe usedthe
FLUID input layer. As a resultthesound-processingthreadcanexecuteat therequired
rateandthedatafrom themotion tracker is madeavailableto it whenthedatais read
from the device. In this caseFLUID wasonly a small componentwithin a large pre-
existing application.SinceFLUID doesnot enforceany particularapplicationframe-
work it waseasilyintegratedin this case.



Fig.5. Sculptingin virtual reality.

12 ConclusionsAnd Future Work

We have presentedan architecturefor userinput datamanagementandoutlinedour
implementationof thearchitecture.

Thisarchitectureincorporatessupportfor arbitraryinputdevicesandarbitraryinput
processingnetworks. It is intendedto make programmingof multimodalapplications
easier.

We have createda toolkit to handleuserinput.Thetoolkit is fit for differentappli-
cations,but it hasbeentestedandprovedonly in VR applicationssofar. Wehavefound
thatFLUID makesapplicationdevelopmenteasier. It offersa cleardistinctionbetween
inputdata,input processingandapplicationandoffersausefulsetof dataprocessors.

TheFLUID architecturehasprovento besolid andthusthereis no needfor major
adjustments.In future we expect that mostof the work will be in addingnew device
driversanddevice types(audio,videoandMIDI input for example).We arealsoplan-
ning to testFLUID in a multimodaldesktopapplicationthatrelieson videoandaudio
input.
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