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Abstract. Traditionalwaysto handleuserinputin software areuncomfortable
whenanapplicationwishesto usenovel inputdevices.Thisis especiallythecase
in gesturebaseduserinterfaces.In this paperwe describetheseproblemsand
asa solutionwe presentan architectureand an implementatiorof a userinput
toolkit. We shaw that the higherlevel processingof userinput suchasgesture
recognitionrequiresawholenew kind of paradigmThe systemwe designedand
implemented FLexible UserlnputDesign(FLUID) - is alightweightlibrary that
canbeusedin differentkindsof software.Thepotentialapplicationareadnclude
all systemwherenovel input devices arein use:virtual reality, entertainment
systemandembeddedystems.

1 Intr oduction

Input devices usedby most of the computersoftware are a mouseand a keyboard.
Still therearemary applicationsand platformsin which usingthesestandarddevices
is awkwardor impossible Currently interestin alternatve inputmethodss increasing,
becausdots of new kinds of devicesthat cannotusethe corventionalinput methods
are emeging into the market. Thesedevicesinclude information appliancessuchas
mobile phonesandhand-helccomputersaswell asembeddedystemsEmbeddedys-
tems,suchasthosein modernwashingmachineshave beenaroundfor long, but their
programmings still doneon relatively low level without sophisticatedoolkits for user
interaction.

Thispapetintroducesanew paradigmandatoolkit for managingnputdevices.This
architectures suitablefor any applicatiorwherenovel inputdevicesarein use.Thesys-
temis scalablefrom embeddedystemso ordinary computersThe designtakesinto
accounthe need=f higherlevel applicationdevelopment- supportfor input datapro-
cessinggesturedetectorsetc.) andeaseof programmingWhile the systemis generic
in naturewe have developedandusedit primarily in virtual reality (VR) applications.

The novelty of our approachis in the new architectureo handlemultimodaluser
input. While our approachsharescommonfeatureswith someprevious systemsthe
overall structureis unique.Also it seemghatthe FLUID architecturas thefirst to em-
phasizethe needto designthe low-level input APl and dataprocessindayersat the
sametime. In additionto restructuringdeasfrom previous researctour systemintro-
ducegheconcepbf device-specifichistory buffer. This paperfocuseson presentinghe



architectureput alsointroducesour implementatiorof the architectureand examples
of how we have usedit.

Whendesigninghearchitecturave have takeninto accounthe needto collectdata
from variousdevicesandthe needto further procesgshe data.lt alsoenablesfficient
sharingof input processorg¢gesturedetectorstc.) betweerpossiblyvery differentap-
plications. The architectureis composecdbf two layers:the input layer and the data
processindayer (figure 1). Theinput layerhandleghe devicesandmaintainsa buffer
of history datafor eachdevice. The dataprocessindayeris usedto processhe data—
detectgesturesgenerateeventsand calculatefeatures The purposeof theselayersis
to offer a simpleanduniversalmethodfor applicationdeveloperso accesshedevices
andto refinethedata.
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Fig. 1. Overview of the FLUID architecture.

Thearchitectureve designedsatisfieghefollowing requirements:

— Managearbitraryinput devicesfor ary kind of application

— Offer agoodinfrastructurefor dataprocessing

— Offer away to sharedataprocessinglementggesturedetectorsetc.) betweenrap-
plications

— Specifyasimplearchitecturdor thesetasks

In theendwe hopeto make multi-modalinput managemenrgasyfor theapplication
developer In theideal casea developerwould selectthe desirednput devicesanddata
processingnodules(gesturegsletectorssignalcorvertersetc.),addthe necessargall-
backsto passthe eventandsignalinformationfrom the input toolkit to the application
andthenconcentrat®n the applicationdevelopment.

Ourtest-bedor theseexperimentds avirtual reality system Sincenormalinputde-
vices— mouseandkeyboard-functionbadlyin VR applicationsve mustemploy novel
devicesandcombinedatafrom those.The FLUID projectwasstartedto enablefaster
andmorecost-efective applicationdevelopmenin VR ervironments At the sameime



we wantedto createa systemthatis not VR-centric.Insteadthesenew tools shouldbe
re-usablein other contexts — desktopcomputing,entertainmensystemsand evenin
embeddedor ubiquitous)systems.

This paperfirst describeghe FLUID architectureandtoolkit for collectingandre-
fining input data.We thenintroducea way in which it canbe usedin virtual reality
softwareandgive examplesof applicationghatwe have built with FLUID.

FLUID is an attemptto createa framework that fits to the needsof applications
thatneeduserinput andthatneedto procesghatdata.lt’s designsupportsary number
of concurrentinput devices andfulfills the needsof dataprocessingalgorithms.lIt is
easyto extend— a programmeicanaddnew device drivers,device typesanddatapro-
cessingalgorithms.FLUID offersa designframewnork thatenablesievelopersto avoid
application-specificustom-solutionsThusFLUID promotessoftwarere-usability

This work is heavily influencedby our earlierwork on full-body gesturerecogni-
tion andgesture-basegserinterfaceq1][2]. ThesesarliersystemsverenotVR-driven,
insteadthey werebuilt for musicalgoals.As we keptworking with multimodalgesture-
basedinterfacesit becameclearthat working with variouskinds of non-corventional
input devicesis arything but straightforvard. We think thatit is necessaryo try to at-
tackthis problemandtry to make the applicationdevelopmentor multimodalernviron-
mentseasielin this aspectDuring our previousresearctwe createchighly customized
piecesof softwarefor collectingandprocessinghe input data.Unfortunatelyit is dif-
ficult to reusethesecomponentsn ary otherapplicationdueto lack of well designed
standardramework. We would lik e to avoid this situationin thefuture.FLUID project
wasstartedsincewe couldnotfind toolkits or architectureshatwould offer thefeatures
thatwereneededThe FLUID toolkit will bereleasedinderanopen-sourcdicense.

2 Multimodal Interaction

As long as peopleare forced to interactwith computersusing mice and keyboards
importantelementf humancommunicatiorarelost. Onecannotusegesturesspeech
or body motion with suchclumsydevices.Insteadwe areforcedto expressoursehes
with key-pressesndmouse.

Ourresearchs inspiredby the needdor differentinteractionmodalities. This need
is causeddy the factthatmouseandkeyboarddo not offer the bestinteractionmethod
for all applicationsEmbeddedpplicationgphonesPDAs) aswell asimmersive appli-
cations(virtual andaugmentedeality) cannotrely on the sameinteractionmodalities
asnormaldesktopcomputers.

We believe thattheinteractionstyle hasdirectimpacton how peoplepercevetech-
nology. Thereis a differencebetweerenteringtext by handwriting,typing andtalking.
Eventoughpeopleseldomusecomputergust for the sale of interactingwith themthe
methodof interactionneedgo be consideredtarefully. For this reasonwe believe that
it is necessaryo offer alternatve interactionmodalitieswhenappropriate.

Having alternatye interactionmethodss alsoa way to find new target groupsfor
technology For examplechildrenor illiterate peoplecannotusetext-basedcommuni-
cationwith a computer By enablingmultimodalinteractionwe canmake information
technologymore accessibldor thesepeoplethusleadingto more universalaccesof



computersSince FLUID canbe usedto enabledifferentinput stratgjiesfor a single
applicationit is a usefultool for building applicationswith universalaccessn mind.

In this partwe shareview with Cohenwho arguesthatvoice/gestureinteractioncan
offer significantadvantagesver classicalinteractionmodalities[3]. Cohenalso gives
examplesof how a multimodal interface hasbeenfound to make applicationsmore
productive. Although Cohenis primarily concernedwith immersie applicationswe
feelthatmultimodalinteractionis importantin otherervironmentsaswell.

An interestingview to human-computeinteractionis given by Schoemaer et al.
who have studiedthe levels of obsenation[4]. Their work classifiesfour levels of ob-
senation — physical/physiologicalinformation theoretical,cognitive and intentional.
Many userinputtoolkits work on theinformationtheoreticalevel of this model-they
areonly concernedvith raw input dataor simple manipulationof the input data.For
real applicationsthe cognitive level is usually moreimportantsincethis is wherethe
datagetsits meaning.

The word “multimodal” is widely usedto describeinteractionsystems.Unfortu-
natelyit is a word with mary meaningsTerm multimodal canbe usedto describea
systemwith multiple communicationdevices (mice, keyboards,cameras).The term
canalsobe usedto meancommunicatiorthatusesdifferentmodalities(writing, draw-
ing, gesturingtalking). Thefirst definitionis device-centricwhile the seconds more
human-centric.

To beableto utilize differentcommunicatiormodalitiescomputersnustalsohave
differentinputdevices.This is whereour researclis targeted.In this papemwe useterm
“multimodalinput” to referto systemswith multiple novel inputdevices.Of courseary
multimodalapplicationis likely to have multiple outputdevicesaswell.

2.1 Softwarefor Multimodal Input

Multimodal softwareis difficult to create Thereareseveralobstacles- novel inputand
outputdevicesandthe needfor diversespecialsoftware (rendering,animation,audio
processing)ln ourown work we have foundthattherearefew if ary toolkitsthatwould
male it easierto handlemultimodaluserinput.

Thefirst taskfor an applicationis to collectthe input data.This is a difficult task
whenoneconsiderall thepossiblegoalsthatshouldbesatisfied Thesystenshouldnot
consumeexcessve amountof resourcesit shouldbe portable,it shouldaccommodate
differentversionsof the samedevice class(devices from differentmanuficturers),t
shouldbe extendibleandit mustfulfill the need=of thedataprocessinglgorithms.

An applicationseldomusesthe input datadirectly. Insteadof usingraw input data
anapplicationneedgefineddata— informationaboutwhatthe useris doing. To bridge
this gapwe utilize gesturedetectorsandfeatureextractors.Thesealgorithmsturn the
low-level numericsignalsinto moredescriptve form, oftencompressingmultichannel
signalto just a few events.An algorithm canbe very simple— for exampleit is easy
to createad-hocalgorithmsto detecthand claps, provided that the userhastracker
sensorattachedo both hands A morecomplec algorithmmight be usedto interpret
signlanguage.

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



with constant-ratsignals.Thatis, theinput device generatesamplestfixedintervals
andtheanalysisalgorithmis designedo work with suchconstanfrequeny signal.For
exampleall digital filtering algorithmsrely on constansamplingrate (seefor example
thealgorithmsin commonDSPbooks[5]).Thesameis truefor artificial neuralnetworks
thatusethetime-delayapproach.

Theseconsiderationteadusto setthefollowing requirementsor theinputlayer:

— Datashouldbe collectedat constansamplingrate

— Thesystemshouldknow whena givensamplewassampled

— It mustbe possibleto utilize signalsof differentsamplingrates

— Theapplicationmustbeallowedto accessheinputdevicesat arbitraryrate
— Theusermayinstantiateseveraldevicesof the sametype

Thedataprocessofayerin turn musthave thefollowing properties:

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

— Ability to transformsignalsto otherkindsof signals—we mightbe only interested
in thevelocity of asensoror the meanvelocity of a sensor

— Supportre-useof dataprocessors- we want to re-usethe analysistoolsin mary
applications

3 RelatedInteraction Reseach

In interactiongesearctour topicis thedesignof input toolkits. While thereareseveral
competingoolkits for graphical2D userinterfaceqGUI) we have notbeenableto find
general-purposmmolkitsthatwould bedesignedo managenultiple novelinputdevices
andsupporttheinput dataprocessing.

The othertrendsin interactionsresearchare not directly relatedto this work. For
exampleNigay’s andothers’work on the designspacess directedtowardsthe classi-
fication of differentinteractionmodesand modalities[6]. The authorsalsoproposean
architecturefor complex multimodalsystemshput their architecturdés moreconcerned
with applicationlogic andapplicationinteractiondesign.Thusit haslittle to sayabout
how theuserinputis collectedandprocessedihile ourwork is notdirectly connected
to their'sit is worth notingthattheseapproachearenot conflicting.

Salberhaspublisheda “The Context Toolkit” for sensinghe presencef the user
actinguponthatinformation[7]. Their approachs to gatherdatafrom environmental
sensorandcreatewidgetsandturn theinformationinto events.The context toolkit has
beenusedin anothermrojectby Mankoff whereit wascombinedwith speectrecogni-
tion engineto collectand processambiguoususerinput data[8]. FLUID differs from
the context toolkit by beingaimedat a wider audience- while the context toolkit is
targetedat sensingthe presencef the userFLUID is intendedfor ary kind of work.
The exampleapplicationsdescribedby Salberand Mankoff do not apparentlystress
low lateng, high performanceor quality of the input dataor the easyprogramming
interfacethatarethebasicrequirement®f the FLUID architectureThe context toolkit
could beimplementedwith FLUID by creatingthe desireddevice driversand coding



theprocessobbjectsthatcorrespondo thewidgetsin the context toolkit. Theambigu-
ity managemendescribedy Mankoff hasno directequivalencein FLUID althoughit
seemst couldbeimplementedn top of thegenericFLUID framework.

Theneedto extracthigherlevel informationfrom low-level datais sharedbetween
mary kinds of applications Often suchapplicationsseparatehe informationretrieval
(or gesturadetection}o separatéayer. Thisis the casewith applicationghatusecom-
putervision for userinputandgesture-baseihteractionsystemsFor exampleLanday
hasusedsuchapproacthin creatingthe SILK-library for handling2D-sketches[9]While
thisapproachresembleshe FLUID is structuredt doesnotimplementsomeof thekey
featureghata multimodalinput systemneedsinclusionof arbitraryinput devicesand
accommodatiof deviceswith differentsamplingrate.

4 RelatedVirtual Reality Reseach

In VR applicationsoneis alwaysconfrontedby non-corventionalinput hardware.As

aresultVR toolkits usually offer a way to accessnput 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 thatcanprocesghedatafurther. VR Jugglerincludessimplefingergesture
detectoicodeandcoordinatdransformatiorcodefor themotiontrackers.Also theolder
CAVELIb[tm] toolkit canmanagemnotiontrackers[11].

Therearealso VR toolkits for input device managementOpenTacker is an ex-
ampleof suchanapproach12]. It is atoolkit thatis aimedat makingmotion tracker
managemenrdndconfigurationeasyandflexible. The VRPN (virtual reality peripheral
network) systems anothettoolkit for managingnput devices[13].While OpenTacker
is an effort at high-qualitytracker managemen¥RPN is a moregeneral-purpossys-
tem— it canbe easilyextendedto handleary kind of input devices.The VRPN shares
mary featureswith FLUID. Themaindifferencds thatFLUID includesanarchitecture
for processingheinputdata.

Cohenhascreateda QuickSet -systemfor multimodalinteractionwith distributed
immersie application[3].QuickSetis directedtowardscommanding2D and 3D envi-
ronmentsandit supportgyestureandvoiceinteractiont coversall areaf multimodal
applicationdevelopment— input, applicationlogic and output. It is createdwith dis-
tributed processingn mind. Our approachdiffersin that FLUID architecturds more
simple, it is not targetedonly at detectingcommandsandit is doesnot addresghe
distribution of processingelementsFLUID is alsointendedto be a small component
thatcanbeaddedo ary application— notanapplicationframevork thatwould require
specificprogrammingapproach.

Bimberhaspublisheda multi-layeredarchitecturdor sketch-basethteractionwithin
virtual ervironments[14] Althoughthatwork is directedat sketchingapplicationghe
softwarearchitecturecould probablybe usedfor otherpurposesswell.



5 The Fluid Architecture

At presenthereis no commonway to handlethe novel input devices.If onebuilds a
2D GUI thenthereare several toolkits available. All of thesetoolkits include similar
structure— a collection of graphicalelementsand userinput via call-backfunctions.
This contrastgheway onehandlesnon-standardievices.Eachapplicationhasits own
specialway of handlinginput devices and -data. For this reasonwe proposea new
architecturdor handlingmulti-modaluserinput.

The FLUID architecturecontainsl) input layer, 2) dataprocessotayerand3) ap-
plication(seefigure 1). Theapplicationexecutesn its own mainloop andrefresheshe
fluid layersfrequently All theinput devicesaremanagedy acentralobject—theinput
device collection. The applicationmay useone or more dataprocessorcollectionsto
refinetheinput datainto moreusableform.

The main purposeof the input layer is to collect datafrom variousdevices and
presentit to the applicationand dataprocessorsith a simple, monolithic API. Al-
thoughthis processs simplethereare still pitfalls that mustbe taken careof. If we
think aboutmultimodalinteractionthis layercorrespondso the device-orienteddefini-
tion —it is responsibldor handlingmultiple differentdevices.

The dataprocessotayer refinesthe input datain a way thatapplicationcanbetter
utilize it. The purposeof this layer is to extract semanticinformation from the raw
inputdata.lf we follow Schoemakr’sterminologythenwe cansaythatthis layertries
to obtaincognitive informationfrom the userinput.

If necessartheprocessotayercanbeusedto hidetheinputdevicesfrom theappli-
cation.Thisway theinput devicescanbe changedvith minimal changego application
structure For examplehandclapscanbedetectedvith differentinputdevices—camera,
microphoneor motiontracker. If theapplicationonly wantsknow thatthe userclapped
his handstogetherthenit doesnot make differencehow thisinformationis obtained.

6 Input Layer

All the input devices sharethe sameabstractbaseclass.To createa device type one
needsto inherit this baseclassand addthe device-specificdatastructureso the new
class.This new classis effectively an API for thatdevice. The FLUID library contains
definitionsfor a limited numberof input device types,but userscanadd new device
typeswithout modifying the corelibrary. In practiceall device APIs shouldbe defined
in thebasdibrary. If they arenot,thenpeoplemaycreatedifferentandconflicting APls
for the samedevice types.At ary rate we feel thatis it necessaryo offer usersthe
possibilityto adddevice typesof their own.

The type of the datathatis storedinto the buffers dependson the type of the de-
vice. Thusmotiontracker samplesarestoredasanarrayof rotationmatricesandloca-
tion vectors,dataglove samplesarestoredasan arrayof fingerjoint anglesetc..Each
dataelementis timestampedvith its measuremenime. The time-stampings neces-
sarysincethe higherlevel componentsnay needto fusesignalsof differentsampling
ratestogether(for examplemagnetictracker at 68 Hz anddataglove at 50 Hz). With-
out timestampingherewould be no way to tell which samplescomingfrom different
sourcegook placesimultaneously



6.1 Threadingand Buffering
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Fig. 2. Theinputthread buffers,anddatatransferpaths

The input layer containsobjectsthat take care of all the input devices. Figure 2
outlinesthe way input deviceswork. Input objectsarethreaded- they collectdatain
the backgroundandmove the datato a temporarybuffer. This meanshateachdevice
objectcontainsaninternalthreadthatreadsheinput from the device’s native API. The
datais thenmovedto a historybuffer whenrequestedT his makesthe dataavailablefor
theapplication.

Doublebufferingis necessarginceit is the only way to guarante¢hatevery input
samplebecomesavailableto the applicationanddataprocessorslf this wasnot done
thentheapplicatiorwould have to updatetheinputdevicesat sucharatethatno sample
canescapeln practicethisis a difficult requirementthe applicationmainloop would
have to checkthe devices at fixed samplingrate. With our approachthe application
simply needsto re-sizethe history buffer andtemporarybuffer to be large enoughto
containthe necessaramountof data.While the size of the history buffer determines
how muchhistory datais availablefor higherlevel analysisthe temporarybuffer sets
theupperlimit for theinput layerupdateinterval. In ary casethe history buffer needs
to beatleastaslarge asthetemporarybuffer.

As aresultthe applicationcanrun its mainloop in variableframerateandupdate
theinput layer only whennecessaryEventoughthe input layeris updatedat random
intervalsit will readtheinput dataatfixedrateandstorethe datain theinternalbuffers.
Thisthreadingapproachs similarto theapproachusedby VRPN[13].

We choseto storethedatato bufferssincethis makesthehistorydatadirectly acces-
sibleto the processotayer. Thusif a processoin the higherlevel needgo accesghe
history data(asgesturedetectordrequentlydo) thenthe datais availablewith no extra
cost.A gesturedetectommay requireseveral secondof input data.lt is naturalto use
theinput databuffer to storethis datasothatthe gesturedetectorglo not needto keep
separaténput history buffers.In the generalcasethe input device objectcannotknow
how muchhistoryis requiredby high level analysis For this purposehe processobb-
jectsrequesthe input device to enlage its buffer to be large enoughfor the needsof



the processarThis leadsto minimal memoryconsumptiorasall datais bufferedonly
once(in theinput device object).

The buffering canalsoincreaseperformancelf the samplesverehandedout one
atatime (via call-backasin VRPN)theneachnew samplewould have to beseparately
handled.Thisis nota problemwith deviceswith low samplingrate,but if we consider
audioinput at 44.1 kHz thenthis approachtakeslots of computationakesourcesin
thesecasegshe mostefficient approaclhis to handlethe dataasa buffer of samplesand
processnary samplesvhene&ertheapplicationmainloop executes.

Thebufferingapproachs alsousefulwhendifferentkindsof dataareusedtogether
If thereis oneobjectreceving datafrom severalsourcest is usuallybestto updatethis
objectonceall the sourcedevices have beenupdated.Thenthe recever can process
all the new dataat once.If we usedcall-backfunctionsto deliver eachnen sampleto
the high-level processorshena processomight needto first wait until it getsall the
necessarylatafrom varioussourcesvia the call-backs,storethe datainternally and
eventuallyprocesghedata.

6.2 Device Management

Eventoughtheinput layeris highly threadedthis is invisible to the applicationpro-
grammer;the history buffers are guaranteedo changeonly whenthey are explicitly
updated.Thusthe applicationprogrammeidoesnot needto take threadingissuesnto
account.

The input device driversare hiddenfrom the application.This is necessargince
they areusedto abstracthe exact device brandand modelfrom the user The drivers
aredesignedo be very simple—they simply outputonesampleatatime.

The driver canbe usedin one computer its datais sentover the network to the
applicationrunning FLUID and received by the correspondingnetwork driver. This
distribution of device driversover a network is necessarginceVR installationsoften
have several computerswith one computerhandling one physicalinput device. For
examplein ourinstallationwe have an SGI computerfor graphicsput thedatagloveis
connectedo a Linux PC.The speechrecognitionsoftwarealsorunson the Linux PC.
Theonly way to copewith suchcomple« hardware/softvaredependencieis to runthe
device-specificsenersin the machineghat canrun themandtransferthe datato the
computerthatis runningtheactualapplication(like VRPN).

6.3 Input Device Collection

The input devicesare managedy a centralinput device collection-object. This is a
singletonobjectthatis globally accessible[15]The device driversareplug-insthatare
loadednto theapplicationastheinputdevicelayerisinitialized. Theusercanconfigure
thedevicesvia atext file. Thusthereis noneedo recompiletheapplicationto getaccess
to new devicesor to changehedevices.

Whenanapplicationneedsa particulardevice it requestshe device from theinput
device collection.If thedeviceis alreadyinitialized it is returnedput if not,thesystem
triesto initialize it andthenreturnsit. This allows applicationghe easeto askfor ary



device at ary 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 theneedsThemostproblematigartis acasenvhereanapplication
would like to reconfigurgheinput devicesafterthey have beeninitialized. As thisis a
rare casewe have not createdvery elaboratesystemfor thesecasesln thesecaseghe
applicationcanhow-ever stopthe desireddevice, reconfigurat andrestarthe device.

7 Data ProcessoiLayer

Typically applicationscannotusetheinputdatadirectly. Insteadtheinput dataneedgo
berefinedto be useful.For this purposd-LUID hasa dataprocessoftayer. Theobjects
in the dataprocessindayer transformthe datainto a form thatis more usablefor the
application.

It is possiblefor the applicationto transferpartsof the applicationlogic to the pro-
cessombjects.Although we male cleardistinctionbetweeninput dataprocessingnd
applicationit shouldbe notedthat theseare not at all independentomponentsThis
separatioris only intendedto sere asborderlinebetweenreusablesoftware compo-
nentsandapplication-specificode.A developercanfreely useminimal dataprocessor
layer and keepthe applicationmonolithic. An extremealternatve is to put as mary
applicationcomponentsispossibleto thedataprocessotayer.

Onereasorwhy onemight putapplicationogic into thedataprocessindayeris that
it canbeusedasanabstractioayerbetweertheinput devicesandandtheapplication.
For examplean applicationmight be ableto operatewith mouseor camerainput. If
thecameraandmouse-specifipartsof the applicationcanbeisolatedto the processor
layer, thentheapplicationlogic doesnotneedto know how theinputdatawascollected.

Anotherelementfurther confuseshe separatiorof input processingand applica-
tion: Situation-specifictuning of the dataprocessorsThis meanghatthe behaviour of
the dataprocessorsnay needto be adjustedio matchthe currentprogramstate.For
examplewe might needto instruct somegesturedetectorthat someof the potential
gesturesarenot acceptedvhenthe applicationis in somestate.This hasalreadybeen
the casein our previous researchwherethe gesturedetectorsand semanticanalyzers
formedfeedback-gcles[16].With FLUID thisis possible but onemustbuild the data
processorto offer the necessargpplication-specifiéunctionality.

7.1 ProcessorCollections

The dataprocessindayer is a collection of data-processingbjects.Eachobjectper
formssomeoperationon eithertheinput dataor datacomingfrom otherprocessoob-
jects.Theprocessobobjectsfall into roughlytwo catejories:gesturedetectorsanddata
converters.Thegesturadetectorsenetheapplicationby detectinggesturegor events)
asthey take place.Datacorvertersdo someoperationson the input data,but do not
try to detectexplicit gesturesln somecasesigh-bandwidthsignalscanbecompressed
into simpleevents.In someothersthe processoobjectssimply changehe representa-
tions of the data— for examplefrom 3D locationdatato 3D acceleratiordata.Figure3
shaws how datamight flow from theinput devicesto theapplication.



Input devices

Motion tracker Data glove

/ |

Data processors

Sensor selector
Velocity calculator

‘ Acceleration calculator ‘

|

‘ Running average ‘ ‘ Gesture detector

Fourier transform

Sign detector

Data-stream Data—stream Events Events

Application

Fig. 3. An exampleof how datacanflow from input devicesto theapplication.

In the data processindayer we have adopteda designprinciple that algorithms
are broken down into partswhen possible. The advantagesof this approachare that
processoobjectscanrely on otherobjectsto performsomeroutinecalculationsThis
enabledlifferentprocessoalgorithmsto shareparts,resultingin lesscodingwork due
to codere-use.

This approactcanalsoresultin bettercomputingperformanceThereasorfor this
is thatif two or morealgorithmsusethe samefeaturethatis extractedfrom input data,
this featurecanbe calculatednly onceandtheresultsaresharedoy all the algorithms
utilizing it. For examplein figure 3 thereareseveralgesturaletectorghatneedvelocity
information.With this approachhevelocity canbe computedonly onceandthe datais
thenavailableto all interestedobjects.While this designpromotesmodularityit does
not rule out big monolithicdataprocessors.

Originally the dataprocessindayer wassplit into four parts.The purposeof this
split wasto separatalifferentpartsof the signalprocessindo differentlayerswith one
layerfollowing anotherLaterwe realizedthatthe layeringwasatrtificial andany layer
ing would betotally application-specificln practiceone candesigndifferentlayering
structureswith eachlayer performingsomesmall operationon the data.For example
Bimber’'sarchitectureontainsightlayers[14].0f theseeightsix correspondo thesin-
gle dataprocessindayerin FLUID. Suchlayeringcanbe usefulfor separatingasks,
but it alsorequiresapplicationprogrammergo be awareof all the layersandtheir in-
teraction.Oncewe take into accountthe factthat modulesthat operatein lower level
may needto be controlledby modulesfrom higherlevel we end up with feedback-
cyclesthatessentiallybreakdown thelayeringapproachFor thesereasonsve selected
asinglemonolithicdataprocessindayer. Theuserscancreatearbitrarydataprocessing



networkswithin this layer. Sincethe FLUID datapassingnechanismareveryflexible
it is possibleto createary kind of layeringwithin dataprocessindayer.

7.2 DataFlow

FLUID hasa data-flav architecturethat allows arbitrary datato be passedrom one
objectto another Thereare two waysto passdata:datastreamingvia 10-nodesand
eventpassing.

Eachprocessobbjectcanhave anarbitrarynumberof namedoutputnodes When
othernodesneedto accesshe datathey typically needto performtwo tasks.Firstthey
getaccesgo the nodethat containsthe data.At this phasethey mustalsocheckthat
thenodeis of correcttype. Typically a processopbjectstorespointersto its input data
nodesandonly performsthis operatioronceduringits life-time. Oncetheprocessohas
accesgo the lI0-nodethey canreaddatafrom it. Sincethe 10-nodeis of known type
theprocessobbjectcanaccessdts datadirectly, with minimal overheadThis data-flav
architecturecausesninimal run-timeperformanceenalty Theusercanintroducenewn
I0-nodetypesby inheritingthe virtual baseclassandaddingthe datastructuredor the
new type.In practicethis schemas similarto OpenTacker'sdata-flav architecture[12].
Theprimarydifferencesrethatin FLUID theuserscancreatenew processorgsnd|O-
nodetypesand FLUID doesnot (yet) supportXML-basedprocessographcreation.
Additionally the FLUID data-flav architecturas basedon polling — datais not pushed
from processoto anotherIn factthe OpenTacker framewvork could be implemented
ontop of FLUID’ sinput-device anddata-flav components.

While the data-flav architecturas goodfor dealingwith fixed-ratesignalsit is not
idealfor passingeventsthattake placeseldom For thesesituationswve have augmented
the systemwith message-passinigterface.Each processoican sendeventsto other
processorsEventsare deliveredwith push-approach-LUID hasdefinitionsfor the
mostcommoneventtypes(integer andfloating point numbersand characteistrings)
anduserscanintroducenew eventtypeswhenneeded.

7.3 ProcessorCreation

The processoobjectsarerecursvely createdas neededFor examplethe application
might requesfor anobjectthatdetectshandclaps.In this casethe applicationpasses
request-objedb theprocessocollection[15](pag®33). Thisrequesbbjectfirst checks
if therequesteabjecttype (with matchingparametergtc.)alreadyexists.If theobject
doesnot exist thentherequest-objedriesto createone.This mayleadto new requests
sincethegesturedetectomwould needto know theacceleratiomf thehandsThis causes
arequestfor an acceleratiorobject. As the acceleratiorcalculatoris createdit needs
a velocity calculator The velocity calculatorin turn needsa motion tracker which it
requestgrom theinputlayer.

If thegesturedetectoprogrammehadbeenvery clevertheremightevenbea pos-
sibility thatif thereis noway to detecthandclapswith motiontrackers(they might be
missing)thenthe request-objeatouldtry to createa clap detectorthatrelieson micro-
phoneinputor accelerometeinput. At ary casetherequestriesto createthe processor



objectandall necessarypbjectsrecursvely. If the processs successfuthenit returns
anobjectthatoutputseventsasuserclapshands.

This infrastructureenablesthe applicationto ask for a particulardataprocessor
withoutknowing whatis the exactmethodby whichthe dataprocessingletectomvorks
(or eventhe needednput devices). This systemalso enablesdifferentalgorithmsto
sharecommonpartswithout knowing muchelsethanthe outputnodetypesof therele-
vantobjects While thisinfrastructureprovidesawayto sharealgorithmsandalgorithm
partsbetweerapplicationst is heavy if oneonly needgo createspecificprocessobb-
ject. To accommodatéhesecaseghereis apossibilityto directly adda dataprocessing
detectorto the collection,bypassingherequestpproach.

The systemincludesdependeng managementhattriesto optimizethe call-order
of the processorsThusthe systenfirst callsthe nodesthatareclosesto theinputand
oncethey areupdatedt goesonto the higherlevel nodes.

Therecan be multiple dataprocessorcollectionsin one application.This makes
it easyfor an applicationto shutdown one processoisectionif it is not neededFor
examplewhen applicationchangests stateand userinteractiontype it might switch
overto atotally differentsetof dataprocessors.

7.4 Example

An exampleof how the nodesbehae is in figure 3. The left side of the figure shavs
how a streamof datais transformedasit passeghru the system.The motion tracker
objecthasanoutputnodecalled“location”. This nodecontainsa ring-buffer of motion
samplesThe sensorselectorreadsdatafrom the motion tracker and storesdatafrom
onesensorto two outputnodes(velocity and rotation). The velocity calculatorreads
datafrom this node,calculateghe velocity of the tracker sensoandplacesthe datato
its own outputnode.Theacceleratiortalculatoris in factidenticalto thevelocity calcu-
lator. Theonly differences thatit takesits input from the outputof velocity calculator
The running averagecalculatorin turn usesthe acceleratiordatait obtainsfrom ac-
celerationcalculatorandcalculateghe averageacceleratiorover a periodof time. The
applicationin turn canusethis asparameteaccordingo theapplicationlogic.

In theright handsidethereis asigndetectothatreliesdetectdifferentfingersigns.
As thesignchangesheinformationis passedo theapplicationin the form of anevent.

In the centerthereis a network that combinesdatafrom two sourcesThe Fourier
transformcalculatomperformsFourierseparatelypn eachthreedimension®f theveloc-
ity vector Thegesturaletectothenusesnformationcomingfrom the Fouriertransfor
mation,sign detectorandvelocity calculationto trigger an eventasthe userperforms
somegesture.

8 Implementation

Above we have outlined the FLUID architecture.This architecturecould be imple-
mentedin nearly ary languageor platform. In this sectionwe outline our proof-of-
concepimplementationBy proof-of-concepimplementatiorwe meanthatthecurrent



FLUID toolkit doesnot have supportfor awide rangeof input devices,device typesor
dataprocessordt hasbeenusedin pilot applicationdo testthearchitecturen practice.

We have implemented=LUID with C++. This choicewas madesincewe already
useC++ andit offershigh performancereasonabl@ortability andsupportfor object-
orientedprogramming.At the momentthe FLUID core libraries work on IRIX and
Linux operatingsystemsThe driversin turn are ratherplatform-specific.so someof
themwork on IRIX, someon Linux and someon both. The FLUID library is very
compactandit canbeeasilyportedto any platformthatofferssupporfor ANSI C&C++
andPOSIXthreadsFLUID doesnot have any otherexternaldependencieso porting
it to differentplatformsshouldbefairly easy

Any applicationcanusethe component®f FLUID — it doesnot forcethe applica-
tion into certainframework (internalmain-loop<setc.).As suchit canbeaddedo nearly
ary softwarewith ease.

Theinputlayerandprocessotayerarein separatdibraries.|t is thereforepossible
to useonly theinputlayerin projectswherethe dataprocessorsrenot needed.

FLUID library is internally multithreadedbut it hidesthe compleity of multi-
threadedprogrammingfrom applicationdeveloper However, the systemis not thread
safein asensehatif theapplicationdeveloperutilizesthe FLUID input API from mul-
tiple threadshe resultsarebe undefinedit shouldbe notedthatthis is a limitation of
the currentimplementatiorand asthereare only a coupleof placeswherea conflict
might occur, it shouldnot requiremucheffort to make the systemfully threadsafe.

The currentversionhasan API andinput driversfor mice, motion trackers, data
glovesandspeechrecognition.The speechrecognitionsystems basedonthecommer
cial softwarepackageviaVoiceby IBM[17]. ThespeechiecognitionAPl isindependent
of the ViaVoice packagehowever.

Thereis alsopossibilityto write dataontothedisk andreadit later (aswith VRPN).
This enablesisto simulateanddehug applicationbehaiour without actuallyusingthe
physicaldevices. This cutsdown costsasonecantestVR applicationswith realistic
input datawithout usingthe expensve VR facilities. It alsohelpsin deluggingsince
we canuseidenticalinput datasequencebetweerruns.

All of thedevice drivershave optionfor network-transparendperation- the physi-
caldeviceandtheapplicationcanbein differentcomputersThedevice datais transmit-
tedovera TCP/IPconnectiorfrom the physicaldevice to theapplication.This network
operationis encapsulatedithin the FLUID device driverssothatapplicationdevelop-
ersdonotneedto know aboutsuchdetails.This featurewasnecessargincesomeof the
deviceswe usecanonly be attachedo onekind of computer(Linux PC)while the ap-
plicationrunsin otherkind of machingIRIX workstation) While network transpareng
hasnotbeena primarygoalfor usit is apositive side-efectof ourimplementatiorstrat-
egy. Thisonly appliesto theinputdrivers,we have nottried to make FLUID processor
collection a distributed systemlike QuickSet[3].A programmercreatinga new data
processocanof coursedistributethe processorso multiple CPUswith multithreading
or to multiple computersia network interface.

The FLUID device driversareimplementedas pluginsthat are loadedas the ap-
plication starts.Thusthereis no needto modify the corelibrariesto add new device



drivers.This alsoguaranteeshatthe device APIs do not dependon ary particularde-
vice manuficturersproprietaryAPIs or protocols.

An importantdetailwe only realizedwhenimplementingthe input layeris thatthe
input threadsmusthave a possibility run often enough.The problemis that a multi-
taskingoperatingsystemmay well give plenty of CPU-timeto the mainthreadof the
application but fail to give enoughCPU-timeto theinput threadsAs aresulttheinput
databuffers do not get new dataeventoughtherewould be new dataavailable. This
problemoccurswhenthe mainthreadof theapplicationis very busy (mary multimedia
application—gamesandVR systems- do justthis). Theway to overcomethis problem
is by increasingthe priorities of the input threadsso that they canrun asfastasthey
needto run. This alsoreduceghelateny causedy threading.

We have alsobuilt a smalllibrary of dataprocessorsThis library offersafew ges-
ture detectorgsimplehandclap-andfingersigndetectorspndsomefeatureextractors
(velocity andacceleratiortalculatorsandfingerflexure calculator).

8.1 Performancelssues

The FLUID architecturehasbeendesignedvith performancessuesn mind. Depend-
ing ontheapplicationtherearetwo alternatebottle-necks.

Thefirst causdor overheads theinput layer. Thethreadingandbuffering of input
datacauseextra overheador the application.In normalcircumstancethis is hardly a
problem.As abenchmarkve createca minimal applicationthatreadsdatafrom motion
tracker, mouseandtwo datagloves— all at 33 Hertz samplingrate. This application
consumesessthan3 percentof the available CPUtime on low-endhardware (SGI 02
with 195MHzR10kprocessor)This reflectsthefactthetheinputdriver threadsdo not
have muchto do. Most of thetime they wait for new datato come.This figuredoesnot
tell the actualoverheadof theinputlayer, but evenif theload of 3 percentwascaused
solelyby FLUID overheadhisis seldomharmfulfor theapplication A situationwhere
suchoverheadmight becomesignificantis in the realm of ubiquitouscomputing.In
thesecaseshe hostcomputermay have the computingpower of an old 386 or 486
-processarin arny casethe computerunningFLUID mustbe powerful enoughto run
a multitaskingoperatingsystem Obviously mary embeddedystemado not fulfill this
criterion.

The other potential bottle-neckis the data-processintpyer. Even toughthe data
processorsnay do heary computatiorthis layershouldnot causesignificantoverhead.
The datais passedrom one processoobjectto anotherdirectly without any gener
alizationmechanismsin theorythe only sourceof overheadcomparedo a dedicated
solutionshouldbethesinglevirtual functioncall perdataprocessar

8.2 Latency

Somemultimodal applicationsrequire minimal latengy betweeninput datameasure-
mentandthe momentwhenthe datais used.For examplein immersie virtual reality

systemst is necessaryo updatethe projectionwith datathatis asnew aspossible.
Thusthetoolkit shouldnotinduceextralateng in the datatransfempath.



In theFLUID architecturehedevicedriverthreadsarerunathigh“real-time” prior-
ity thatguaranteethatthedriversthreadscanalwaysoperatevhennew databecomes
availablefrom the physicaldatasource(device/netvork). As aresultthedevice threads
canoffer thedataimmediatelyto theapplicationthread.In practicethis approachmini-
mizesthelateny causedy FLUID to theshorttime thatthe operatingsystemspends
whenswitchingbetweerthreads.

9 Fluid And Other Toolkits

It is sometimeghe casethat the applicationis using anothertoolkit that dependson
userinput. This mightimposea problem,sinceit is rarethatinput device APIs have
supportfor accessinghe input from multiple toolkits at the time. Typical caselike
this arisesin VR systemssincevirtual reality toolkits mustutilize someinput devices
to be successfulThe mostcommonreasonfor this is the projectioncalculationsthat
aredoneto compensatesermovementsAs aconsequencmary toolkits (VR Juggler
DIVE) haveintegratedmotiontracker supportWhile thismakeslife easyfor thetoolkit
it posesa problemfor a programmemvho wishesto useFLUID —thetracker device is
managedby theothertoolkit with it' sinternal API. This makesit impossibleor FLUID
to connecto the device.

We have solvedthis problemwith VR Jugglerby creatingnenv VR Jugglerdevice
driversthatactuallyrun on top of FLUID input layer. In this way VR Jugglerworks
perfectlywhile theactualdatais comingfrom FLUID. Onemightalsodothereverse—
useVR Jugglemative device driversandtransmitdatafrom thoseoverto FLUID. This
latter alternatve would have the problemthat VR Jugglerdoesnot maintainhistory of
samplesn thelow-level drivers.As aresultthe FLUID driverswould haveto re-sample
the VR Jugglerinput deviceswith somefrequeng hopingthat no sampleswvould be
lost. Thiswould certainlyleadto lossof dataquality.

With our currentapproactonehasthe benefitsof both systemsVR Jugglers inte-
gratedprojectionmanagemerdandFLUID’ shighquality input dataanddataprocessing
libraries.

10 Building Applications with FLUID

The FLUID librarieshasbeendesignedo fit easilyinto mary kinds of applications.
To outline how onecanuseFLUID in a new applicationwe give an exampleof how
onecanuseFLUID in amultimodalapplication Althoughthis exampleis expressedn
generaltermsit matcheghe AnimaLandapplicationthatwe have build (explainedin
sectionll).

A typical multimodalapplicationcollectsinput datafrom severaldevicesanddeliv-
ersoutputto the uservia multiple media.The applicationhasa mainloop thatis syn-
chronizedto oneof thedevices—for exampletheapplicationmaydrav a new graphics
frameeachtime the mainloop is executed commonapproactin games)In eachloop
iterationthe applicationcollectsinput datafrom the devicesandusesapplicationlogic
to controlthe outputdevices(graphics sound etc.). Theloop iterationratecanvary as
theapplicationrunsdependingon how heavily thecomputeris loaded.



Thethreadedandbufferedinput device layerof FLUID fits this schemewell —the
applicationcanrun at nearlyary iterationrateandtheinput deviceswill notlosedata.
Theapplicationcanusethe gesturedetectodayerto extractinformationfrom theinput
data.Theinput datais turnedinto fixed-ratedatastreamsr eventsthatthe application
recevesvia call-backsfunctions(asin mary GUI toolkits). The applicationbuilds one
or moreprocessocollectionsto matchits needsWhile onecollectionmight fit to the
needof a particularapplicationtherearecasesvheretheability to remove partsof the
processings necessaryFor examplethe applicationmight requirespecialprocessing
whenit entersa given state.In thesesituationsthe applicationcanbuild newv gesture
detectorcollectionson demandanderasethemasthey areno longerneededAlterna-
tively the applicationcancreatethe detectorsn the beginningandlateron simply use
therelevantprocessocollections.

Therecanbe specialoutputandinput devicesthatneedto be controlledseparately
from the applicationmain loop. Often the reasonfor this separatioris that are strict
lateng limits that someinput/output-operationamust meet(force-feedbackand au-
dio systemdeingcommonexamples).The processindor thesespecialdevicesoften
happensn a separatéigh-priority thread.If the applicationneedssuchhigh-priority
threaddo processlataat ratethatdiffersfro themainloop ratethesethreadamusthave
processocollectionsof their own. All thethreadscanhow-ever accesghe sameinput
devicesaslong asthe applicationmakes surethat the differentapplicationthreadsdo
not updatetheinput deviceswhile anothetthreadis readingdatafrom them.

11 Examples

We have usedFLUID in threecasesThesecasesllustrate how building multimodal
applicationsis easierwith FLUID and how it canbe usedasa small componento
introducenovel inputdevicesto ary application.Thefirst two applicationsalsodemon-
strateuserinteractionthatis very differentfrom the traditionalcomputerusage Such
new interactionstylescould potentiallybe usedto enablemoreuniversalaccesso in-
formationtechnologyandinformationnetworks. Comparedo our previousexperience
with handlingnovel input devices[1][2] thesenew applicationsvereeasierto create.

In the AnimaLandprojectwe built anapplicationwhereusercancontrolcomputer
animatedparticle systemin real-time[18].The control mechanismare gesture-based.
For interactionwe selectedgestureghat are easyto detect— hand clapsand finger
gesturesWe alsoincludedsomegenericparameterso be usedascontrol— averageve-
locity of andthe averaggoint angle(“fistiness”) of usersleft hand.Figure4 shavsthe
applicationin use.The processotayer with its gesturedetectorssimplified the appli-
cationdevelopmentsignificantly Insteadof building the data-processinglocksinside
the applicationwe codedthe gesturedetectordnto the FLUID library. As aresultthe
gesturedetectorsareusablein otherapplicationsaswell. The applicationarchitecture
becamamoremodularsincewe couldseparaténput processindgrom the animationen-
gine.We could alsotake advantageof FLUID’ s ability to storetheinput datato afile.
We usedthis featurefor dehuggingandalsoasa way to storethe control information
for post-processintheanimationdateron.



Fig. 4. Theuseris working in the AnimaLandervironment.

In anothemprojectundegraduatestudentsof our university createda virtual reality
sculptingapplication*Antrum” (figure5). Theusercan“draw” linesandsurfacesn 3D
spaceby moving hands|n this casethe ability to collectdataat constansamplingrate
is very important.The applicationmustcollect motion dataat constanrateevenif the
renderingprocesslowns down significantly In practiceartistsalwayscreatemodelsthat
eventuallychoke the computerWith FLUID the applicationcanrefreshthegraphicsat
ary rate(beit 6 or 60 Hz) andwe canstill guarante¢hatall detailsof theusers motion
will be storedat the specifiedsamplingrate (be it 33 or 133 Hz). If oneonly got the
motionsamplesasthe applicationmainloop executesoncethenwe would losedataas
thegraphicdramerategoesdown. AlthoughAntrumdoesnotusethe FLUID processor
layertheinputlayeris usedsinceit offersasimpleAPI to accesshedevicesandhandle
thebufferingissues.

Ourthird projectwasa desktop-applicatiothatneededo getinputdatafrom cheap
amotiontracker. Theapplicatiorwasa sound-processingngineMustajuurithatis run-
ning thesignalprocessin@tverylow lateng —lessthan10 milliseconds[19].Themo-
tion trackeraccessvasa causdor randomlateng —it took sometime to readeachnewn
samplefrom the device. To move this causeof lateny to anotherthreadwe usedthe
FLUID inputlayer. As aresultthe sound-processinthreadcanexecuteattherequired
rateandthe datafrom the motiontracker is madeavailableto it whenthe datais read
from the device. In this caseFLUID wasonly a small componentwithin a large pre-
existing application.Since FLUID doesnot enforceary particularapplicationframe-
work it waseasilyintegratedin this case.



Fig. 5. Sculptingin virtual reality.

12 ConclusionsAnd Future Work

We have presentedan architecturefor userinput datamanagemenéand outlined our
implementatiorof thearchitecture.

Thisarchitecturéncorporatesupportor arbitraryinputdevicesandarbitraryinput
processingnetworks. It is intendedto make programmingof multimodalapplications
easier

We have createdatoolkit to handleuserinput. Thetoolkit is fit for differentappli-
cations butit hasbeentestedandprovedonly in VR applicationsofar. We havefound
thatFLUID makesapplicationdevelopmentasierlt offersacleardistinctionbetween
inputdata,input processingaindapplicationandoffersa usefulsetof dataprocessors.

The FLUID architecturehasprovento be solid andthusthereis no needfor major
adjustmentsin future we expectthat mostof the work will bein addingnew device
driversanddevice types(audio,videoandMIDI inputfor example).We arealsoplan-
ning to testFLUID in a multimodaldesktopapplicationthatrelieson video andaudio
input.
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