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Abstract. Thisis asurey onwearablecomputersonsistof acomprehense introduction
andanoverview of researclactiitiesin I/O interface,searchingcommunicationandpower.

1 Introduction

Wearable computes in a loose senseare computerspeoplecanwear effortlessly
In a strictersensg11], wearablecomputersshouldrun continuouslyandbe oper
atedhands-fee This stricterdefinition helpsdistinguishwearablecomputerdrom
portableones.For instance pocket watchesare not wearablecomputersn a sense
thatpeopleneedatleastonehandto hold themandsometimesnothethandto open
thecovers.Wristwatchesjn contrastcanbe easilyflipped overandreadwhenboth
handsareengagingtheractuities.

Many smalllaptops(Figurel, left [5]), arenotwearablecomputersither They
do notlastlong enoughto meetthe continuousun requirementWearablecomput-
erslike MIT’ s Lizzy [21] (Figure 1, middle left) canrun muchlongerbecausef
carefullyselectecbower-consenative componentandefficient batteries.

Thewearablesindsmalllaptopsdiffer in I/O featuresaswell. To operatéhands-
free, wearablesare usually equippedwith head-mounbr eyeglass-basedisplays
(Figure2, left) andone-handkeyboards(Figure2, middleleft) or microphonewith
speectprocessingoftware. Two pictureson theright of Figure1 shav a prototype
of IBM ThinkPad560X shrunkto 10.50z (300gram)andto a sizesmallenoughto
fit into regular pockets. This prototype,introducedin Septembe998,consistsof
a233MHz PentiumCPU,64 MB DRAM, 340MB IBM micro harddisk, a micro
head-mountlisplay anda microphonewith speectprocessingoftware.

RelationshipMth UbiquitousComputing Ubiquitouscomputersjn the purest
form of definition[17], arecomputersnvisibly embeddedn the ervironmentand
wirelesslycommunicatingwvith eachother Somemay useothertermssuchasem-
beddedsystenj9], smartroom[10], andsensometwork[4]. Butin principle,it does
not matterif the computersarefixed or migratable situatedin a room or outdoor
They all fall into the broaderdefinition of ubiquitouscomputing,i.e., computesin
theenvironmentBy natureubiquitouscomputerdave easyaccesso theresources
in theervironment,.e.,environment-centricesourcesWearablecomputersin con-
trast,arecomputersnovedwith peopleall thetime,i.e.,computesonpeople These
computerdave easyaccesso personainformation,i.e., human-centricesources.
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The wearableand ubiquitouscomputerseachclasshasits strengthandweak-
ness.t is oftenthatone’s weaknesss the other’s strength.That meansubiquitous
and wearablecomputerscan complimenteachother, and applicationsadoptinga
combinationof wearableandubiquitouscomputerscantake advantageof the both.
This avoidsthe pitfall of puttingmucheffort makingoneclasswork for all whenin
facta muchsmalleramountof work is sufficientif cooperatinghetwo. In general,
applicationsinvolving interactionwith the ervironmentare betteroff introducing
ubiquitouscomputersnto the systemsSimilarly, wheninteractionwith peopleare
involved,applicationsarebetteroff usingwearablecomputers.

Fig. 1. (Left): Two PopularMini-notebooks,ToshibaLibretto 50 (Top) and Sory PCG-C1
(Bottom). (Middle Left): A UserWearingMIT’ s Lizzy Design.(Middle Right): A UserEf-
fortlesslyWearingthe IBM Prototype(Right): Piecesof the IBM Prototype.

Fig. 2. Typical I/O Devices: (Left) is a micro-displayto be clippedonto a eyeglassframe.
(Middle Left) shavs atwiddlerkeyboardwith integratedmousefunctionality (Middle Right)
shavs aPrivateEyemicro-displaymountedbnaglass (Right) shavs stateof theartintegrated

eyeglassdisplay

2 History and motivation

Wearablecomputershave quite a long history [15] — 732 yearsto be exact. Eye-
glassegonsideredswearablecomputersverefirst mentionedn literatureasearly
as1268.Recentproposalshav acommontrendon improving humanabilitiesbe-
yondourbiologicallimits —socalledcyborg applicationsAnotherhistoricaltrendis

computerseingsmallerandincreasinglyaccessiblelf thesetrendscontinue next

generatiorcomputersarelik ely to beworn aroundour waistsandreadyto compute
arnytime.
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The first wearablecomputer[23] wasrevealedin 1966. It is a roulettewheel
predictor The ideastartedfrom 1955whenEd Thorpwasa secondyeargraduate
studentat UCLA's physicsdepartmentin 1960, almostby accident,he described
the idea of roulettewheelpredictorto ClaudeShannona mathematiciarat MIT.
Soonthe next year the two built a wearablecomputerfrom scratchin Shannors
basementlt wasa cigarette-packizedanalogcomputemwith four buttons.Thefour
buttonswere usedto indicatespeedandthe predictedresultswere transmittedby
radioto anearpiece.ThorpandShannoriield-testedheirwearablecomputelin Las
Vegasandconfirmedthe expectedgainof 44%obtainedoy laboratoryexperiments.
Until theendof 1980s,mostapplicationgendto stick to this gamblingandgaming
theme However, thereis graduallya noticeableamountof medicalapplicationgor
thehearingandvisually impaired.Thentherecamethe blockbusterTerminatorand
thefirst commercializedhead-mountlisplay— Private Eye(Figure2, middleright).
Theamountof proposalstartedo bloomin 90s.In themeantimethethememadea
sharpturn towardsapplicationsof daily andeffortlessuse,in particular augmented
memory[16], location/cont&t awvarenes$7], andvery smallcomputersapableof
runningtheseapplicationg12]. Theseproposalsvere,moreor less,driven by the
humandesireto know —fast,more,anywhereandanytime. As Sir Baconhadnicely
putit —knowledgeis power.

Anothertrendwe seefrom the generalhistory of technologyis the increasing
accessibility Take time computationfor example.It hasevolved from clock tow-
ers,wall clocks,pocketwatchesto wristwatchesTheseime piecesgetsmallerand
more accessibleWith the wristwatchesnow, peoplecanreadtime anywhereand
anytime. Datacomputershasbeenfollowing the sametrend, evolving from main-
frames,mini computersdesktopPCs,to laptops(someof themarereally small).
Thenext generatiordatacomputersarelik ely to be evenmoreaccessibl@andwear
able,muchlik e thewristwatcheslf we think todaythatwristwatchesareindispens-
able, perhapsone day we will think the samefor wearablecomputers.Or mary
have alreadythoughtsoif cellular phonesqualify aswearablecomputersStrictly
speakingwe do not needwearablecomputergo survive, but like mary technolo-
giestodaythey provide corvenienceandcorvenienceas somethinglifficult to resist.
Fromthehistory’s point of view, we concludethathumandesireof knowledgeand
cornveniencas the hiddenforce behindthe currentwearablecomputeresearch.

3 Stateof research

Thereareprimarily five areasof research- I/O, searchingcommunicationpower,
andheat.Someof themdealwith higherlevel softwareissueswhereaghe others
dealwith lower-level hardwareones We discusshesetopicsin atop-dovn fashion
excluding heat,which is ratherdistantfrom the computerscienceand electrical
engineeringegimes.Exampleapplicationsare given during the discussiorof 1/0
interfaceandsearchingechniquegprimarily becauseechnologiesisedareclosely
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relatedto the natureof applicationsand shovcasingapplicationshelpshighlight
relevantl/O technologies.

3.1 1/OInterface

We have traditionally relied on text input devices suchas keyboard,pointing de-
vice suchasmouse,andoutputdevicesthat sit about.5-1 meteraway from users’
eyeson desktopor laptop.Becauseof the hands-freeand continuoususerequire-
ments,thesel/O devicesdo not suit the useof wearablecomputersin particular
traditionalkeyboardsareto be operatedvith bothhands.The scaleof corventional
desktopmonitorsor laptop LCD panelsis too large to carry for a long time and
too power consuming.To solve theseproblems peoplehave soughtalternativesfor
cornventionall/O devicesandexploretechniquesn computervision, graphicsand
speectprocessindo enablel/O in visualandaudioformats.

Input. Solutionsfor input include one-handkeyboard with integratedmouse
functionality, handwriting, videosensorandspeectprocessorsT heintegratedkey-
boardis expectedo be usedasthe maininput methodandtherestasalternatves.

Oneimmediatesolutionto replacethe conventionalkeyboardsandmouseis to
re-arrangekeys and to integratethe mousefunctionality for one-handoperation.
Thereexistanumberof commerciaproductsandlab prototypesTwiddler[1] (Fig-
ure 2, right) is one of the mostpopularkinds. It consistsof 6 function keys and
12 letter keys. The function keys are operatedby the thumh The letter keys are
in 4 rows, 3 in eachrow and operatedby one of the other4 fingersrespectiely.
Twiddler comeswith driversfor Windows andLinux, aswell astrainingprograms.
Someusershave reportedgettingup to the speedbf 10+wordsper minutewithin a
week[14]. Shortcutanbe pre-setto speedup frequentactions.Operatinga Twid-
dleris prettymuchlik e playingchoruseon a guitar.

Hand-writingrecognitionis usedin mary palm-topdevices.Someof them,e.g.,
Apple’s Newton, recognizecharacterasthey arewritten naturally whereasthers,
e.g.,3Com’s Palm Pilot, recognizecharactersn morecryptic patternsWhile hand
writing may appearasan intuitive input method,it doesnot work well for fastand
bulk datainput[19]. First of all, the recognitionsoftware canaccommodatéand
writing in variousforms only to certaindegree.For peoplewho never really learn
how to form thelettersproperly this input methodwill not bean option.Secondly
to write fast,peopletendto scribble.The formationsof lettersgetevenworseand
becomevery difficult, if possible,to recognize.Due to thesetwo reasonshand
writing seneswell asanalternatve but will notbethe primaryinput method.

Visualinputis importantto applicationsof moregraphicalnature Physicalpro-
files of anobjectsuchassize,shapejocation,andmovementare moredirectand
precisewhenobtainedhroughcamera-lileinput devicesandanalyzedyy computer
visiontechnologiesTake the Billiards Assistan{11] (Figure3, left) for example.A
head-mountameraakesa snapshobf the pool table. The computervision partof
the softwareidentifiesthe white ball, the targetball andthe pocket. Thesedataare
thenfedinto the anglecalculationpartfor furtherprocessing.



PromotingWearableComputing 5

Audio inputis inevitablein situationghatusers’eyesandhandsmustengagen
critical actwities, e.g.,driving a car. In thesecircumstancesqudiois a nice, natural
alternative to provoke simplecommandsMicrophonesaretypical audioinput de-
vices. They are often usedtogetherwith speechprocessingechnologie§18]. For
instancesspeeb recanitiontranslatesanalogousudioclipsinto digital formsthat
computerscanunderstancdr further process Speakr identificationhelpsidentify
personsor objectsby their voice fingerprints.Noisefiltering enhanceshe precision
of speechrecognitionandhasthepotentialof discoseringcontext in thebackground.

Output. Solutionsto outputinclude head-moundisplayswith augmentede-
ality and headphondor synthesizecaudio. The head-moundisplaysreplacethe
relatively bulky monitorsor LCD panelsasprimary outputdevicesfor wearables.
Headphoneare,in contrasta complimentanalternatie.

In the wearableparadigm hardwarecomponentgendto be small, so doesthe
display The next logical solutionis to place micro-displaysin the proximity of
users’eyes. Thereexists a small numberof commercializegproductsand mostof
the sophisticatenes,with full VGA capability are still in development.More
commonly used micro-displaysare composedof 320x240small pixels within a
roughly12 cmx 8 cmarea(Figure2, middleright). More advancedonesusemuch
smallerandfour times more, 640x480,pixels that fit into a 1.2 cm x .8 cm area
(Figure2, left). Thesemicro-displayscanbe mountedontoa hat,a glass,a helmet,
or acustom-madéeadpiece.

Current stateof the art (Figure 2, right) is rathera projector than a micro-
monitor. The beameris integratedinto one leg of an eyeglassframe. Computer
screenis projectedonto a small areaof the lens. By that, userscan seethrough
the display and overlay virtual information with the reality [22]. In the Billiards
Assistantexample,the exact angleto hit the white ball is overlayedwith the real
white ball and pool table. This is assuminghe userscan hold their headssteady
andthe directionsof eyeglassesandeye surfacescoincidecompletely In practice,
thesetwo factorsneedto betakeninto consideratiomndusedto adjustcomputation
accordingly For applicationsthat requireperceptionof depth,advancedcomputer
graphicgechniquessuchas2D-3D corversionsarenecessary

Audio outputis preferablein situationsthat humaneyes mustbe dedicatedo
morecritical activities, similarto thereasongor audioinput. Speeh synthesigech-
nologieswill comein handyassolutionsto generat&eomprehensiblaudiooutput.

3.2 Searching

Thereis a new classof applicationsuniqueto wearablecomputersThey work like
personahssistantshandingdocumentaiponrequesiandproactively remindingus
of relevantinformation[16]. Searchingechniquesrecritical to this classof appli-
cations.Challengegmainly comefrom dealingwith non-text documentsand give
really relevantremindersTheformerproblemis equivalentof indexing text, audio,
andvideoarchivesfor easyandfastsearch- field searchingThe latter problemis
to imitate associatiorof currentcontext with memories- contentmatching.



6 Polly Huang

Fig. 3. (Left) plot shavs snapshotsf theBilliard Assistanbeforeandafteranglecalculation.
(Middle Left) plot is a snapshobf the Remembrancégent working with Emacs.(Middle
Right) depictsthe prototypeasshoeinsert.(Right) depictsthe Body Area Network working
throughhandshales.

Existing Web searchingengineswork reasonablywell with text-baseddocu-
ments.Thesesearchingenginesareinadequaten the context of wearablecomput-
ing wheredocumentsarecommonlyfoundin more’cryptic’ (or binary) formats—
pdf texts, jpg images,andmpg video streamslndexing andsearchinghesedocu-
mentsposesa non-trivial challengeandis a emeging areaof researchMost solu-
tions adopta 2-tier model. Non-text-baseddocumentsarefirst corvertedinto text
formatsor smalleraudio/videoentities.Indexing andsearchingare donebasedon
thesecorvertedtexts or smallerentities.

Anotherdesirablemodeof searchings to matchcontentandgive relevantsug-
gestiongo usersmuchlik e recallingrelevantexperiencen thememories.Indexing
and searchingechniquesn this context differ from thoseusedin field searching.
Whereaghefield searchindocatesfiles with exactvaluesin fields specifiedin the
queries,the contentmatchingmodetries to find similar files by matchinga sig-
nificantly wider rangeof contentsThe contentmatchingtechniqueoften breaka
documentnto smallerelementse.g.,words,allocateweightsto theseslementsand
computetherelevancecombiningsimpleheuristicsanduserspecifiedratings.

MIT’ sRemembrancégent[16] (Figure3, middleleft) implementdbothmodes
of searches- field- and content-basedlhe contentmatchingusesa word vector
approachEachdocumentis convertedinto a vectorof unique,meaningfulwords
with correspondingccurrencerequenciesThis is referredto asthe datavector
Samecorversionis doneon thetext beingeditedat themomentandresultingin the
queryvector A document relevanceis measured weightedsum of frequencies
of wordsoccurringin boththe dataandqueryvectors.

3.3 Communication

Communicatiorfor wearableeomputersncludescommunicatiorbetweerthewear
ablepiecesg.g.,betweerthe eye pieceandthe computingunit, andcommunication
betweerthe wearablecomputerdo therestof theworld, e.g.,betweerthe wireless
modemandan ISP dialup pool. We focusour discussioron the communicatiorbe-
tweenwearablepiecesgiventhatthe communicatiorbetweerthewearableandthe
restof theworld is amoregenerabndnotspecificto wearablesCommunicatiorbe-
tweenwearablepieceshasa specialsetof requirementsDueto theserequirements,
suitablesolutionsare morelikely to be found in short-rangdow-frequeny wire-
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lesstechnologiesln this subsectionywe discusgheserequirementsteview general
wirelesscommunicatioriechnologiesandfinally presentplausiblesolutioncalled
BodyAreaNetwork[24].

In general requirement$or wearablecommunicatiortie backto the strict def-
inition of wearablecomputer— continuousandintuitive use.For intuitive andeasy
use,wearablecommunicatiorshouldbewireless.For continuouduse,it needgo be
enegy efficient, which often meandow frequeng transmissionAdditionally, due
to the high confidentialityof databeingcommunicatedmongthe wearablepieces
(often passverdsandcredit card numbers)jt is desirablethat the communication
methodcomeswith addedsecurityfeatures.This usuallyimplies thatthe wireless
transmissiomeedsto be shortrangedso it hasa lower probability of leakingin-
formation.The ultimatesolutionis to somehav wirelesslytransmitsignalsthrough
humanbodies,which avoids leakingimportantinformationinto the air at all. It is
alsodesirableto reduceinterferenceHowever, interferences not specificto wear
ablecommunicationlt is ageneraproblemthatcanbesolvedby signalattenuation
andnoisefiltering techniquesln short,awireless Jow-frequeng, body-rangecom-
municationtechnologyis preferable¢o connectomponentsf awearablecomputer

Wirelesscommunicatiortechnologiescan be classifiedinto two classes- far-
field andnearfield communicationsLiterally, technologiesn thefar-field classare
moresuitablefor long rangedcommunicationandsimilarly thosein the nearfield
classarefor the shortrangedcommunicationTypical radio frequencytechnologies
fall into thefarfield classwhereaBluetooth[6] looselyqualifiesasatechnologyin
thenearfield class.To bemorespecific,atypical radiofrequengy antennacanreach
locationsthatareseveralhundredmetersaway. Bluetoothtypically coversaregion
of aboutten meterradius. The two classesof communicationgiffer technically
in signaldegradationratio and carrierrequirementln termsof signaldegradation
ratio, the far-field classis proportionalto , where is the distanceto signal
source.The nearfield class,on the otherhand,is proportionalto . In termsof
signal carrierrequirementfor devicessize of a watchor credit card, the farfield
classrequirescarrierfrequeng in the scaleof gigahertzwhile the nearfield class
requirescarrierfrequeng in the scaleof 0.1to 1 megahertz.

For wearablestechnologiesn the nearfield classthat can cover the human
range,roughly a three-to five-meterradiusarea,is preferable AT&T LabsCam-
bridge’sPiconet[2] is averylow frequeng radionetwork with aroughlyfive meter
range.Piconetmeetstherequirementsf intuitive useandlow power consumption.
However, dueto its radiotransmissiomaturejt is still possibleto leakout personal,
confidentialinformationin theair. Anotherpromisingsolutionis MIT MedialLab’s
Body AreaNetwork [24]. Humanbodiesareusedaswet conductorandtake partin
a circuit connectinga specialtransmittey recever andthe earth.Whenthe body s
in a steadystate thecircuit is balancedvith zeropotential. Whenthe body moves,
theresultingpotentialcarriessignalsthroughthe current.

It is measuredhatthe carrierstrengthis 330kilohertzandthe power consump-
tion is aslittle as1.5 milliw atts.Middle right pictureof Figure3 shavs MIT’ s pro-
totypeasa shoeinsert[13]. The prototypeis testedwith anapplicationexchanging
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electronicbusinesscards.Right picture of Figure 3 shavs two peoplewearingthe
Body AreaNetwork transcerer exchangebusinesgardsby shakinghands.

3.4 Power
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Fig. 4. HumanPower: left plot illustratesthe theoreticalpotentialof body movementsyright
plot demonstratepiezoelectrianaterialandmechanicaspringscanbeintegratedinto shoes
to convertwalking power.

Pawer is essentiato meetthe criteria of continuousrun. It alsostronglyinflu-
encesa users decisionto usea wearablecomputercontinuously Unlessthe com-
puterperforms thereis no point of wearingoneall thetime. Batteriesarethe con-
ventionalsolutions.They shouldbeintegratedinto the wearablecomputergo pro-
vide the lastlayer of reliability in casethatall otherpower sourcedail. However,
batterieshouldnotbethesolepowersourcegiventhatwearablecomputeraresup-
posedo beoperatedainywherearytime,includinghiking in mountainsandstanding
in queueto getinto the Germanembassyn Switzerland Next interestingquestion
is how andwhereto getpower. Becausavearablecomputersarewith peopleall the
time, it is only naturalto seekpower generatedy people.Below we evaluatethe
power requirement®f wearablecomputersprovide theoreticallyfigureson human
potential,andfinally look into somepracticalpower solutions.

To understandbetterwhattypesof power sourcearemorepractical,we first ex-
aminethe averagepower consumptiorof the wearablecomputersTraditionalbig-
ger wearablecomputersconsumeb watt enegy. A typical configurationincludes
a headmountdisplay 2 gigabyteharddisk, 133 megahertzPentiumCPU, and 20
megabyteRAM. More advancedwearablecomputerscanconsumeaslittle as0.7
watt power. This is possibleby putting stateof the art MicroOptical eyeglassdis-
play, flashmemory and StrongArmmicroprocesso(.3W at 115 MIPs) altogether
A power sourcethatcancontinuouslygenerateseveralwattsof poweris ideal.

Accordingto atheoreticalnalysig20], humanenegy in differentforms,body
heat,breathing blood pressurearm motion, finger motion, andwalking, cangen-
eratepower from milliw attsto severaltensof watts.Seeleft plot of Figure4. Body
heatcanbe corvertedinto 2.8-4.8wattsenegy. Blood pressuréhasthe potentialof
0.37-0.93watts.Breathingcangenerateenegy in two ways— facialandchestmo-
tionsby inhalingandexhaling. They cangenerat®.4-1.0and0.42-0.83watt power
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respectiely. Thesethreeforms of enegy do not requireextra actionsby the wear
ableusersbecausgeoplealwaysdispensdeat,breath,andhave bloodpressure.

The next threeforms, however, requireextra movements Arm motion enegy
spansa wider range,from 0.33to 60 watts. Giventhatwe aremorelikely to type
when using computers finger motion can be an interestingalternatve. Unfortu-
nately finger motions generateonly about0.76-19milliw atts of power. The last
enegy form, walking, hasthe potentialof generating to 67 watt power.

All above figuresaretheoreticallyderived. Corverting heatandblood pressure
to reusablgpower is technologicallydifficult. Breathingandfingermotionpoweris
almostnegligible. Arm motionandwalking areboth practical. However, walking is
preferablefor two reasonsThe enegy corverting unit canbe easilyintegratedas
shoeinserts,andtakingawalk looksmuchmorenatural.

Therearetwo waysto transferthe power of walking into electricity. Seeright
plot of Figure4. Oneis to usepiezoelectrianaterialghatcorvert pressuresf step-
ping into electricalenegy. A 52 kilogramusercangenerateapproximatelys watts
of power. The otheris to usemore traditional rotary generatorghat convert heel
motionsinto electricity. The efficiency is determinedby the distanceof the spring
systemmountedn the heel,enegy storageof the springsystemandthe efficiency
of the generatarThe figureis about12.5%which means.625to 8.4 wattsenegy
output. Together a pair of shoeswith both piezoelectricand springinsertshave a
realisticpotentialof 11.25to 26.8wattselectricity.

4 Summary and outlook

Therearein principle six areasof applicationsfor wearables- medicine military,
industrialtraining,educationentertainmentanddaily use.Entertainmenandmed-
ical applicationsvereproposedetarlyby designersn thepre-1990sin aremarkable
medicalapplication- artificial vision [3], ateamof doctorsandcomputerscientists
managedo recoverablind patients eyesightto 20/400with the help of awearable
computerDuring the early 90s,researcherstartedto exploit practicaluseof wear
ablesin military, industrialtraining, and education Sincelate 1990s,aswearable
hardware gettingmatured applicationsfor daily useshav up, for exampleMIT' s
Remembrancégent.In [8], we furtheraddresspeculationemongthe community
aboutwearablecomputersfuture needandpracticalityfor averageanddaily use.
We find muchwork needsto be carriedon in four directions:1) hardware de-
velopment2) Al techniqgueenhancemenB) opemating softwae developmentand
4) systematigerformanceevaluation In particular the integratedone-handkey-
boardand head-mounticro displayare plausiblel/O solutions,but relatedaudio
andvideol/O techniqguegcomputervision andspeectprocessingjlo not seemro-
bustenoughfor daily use.Communication-wised3ody AreaNetwork andPiconet
provide reasonableolutions.However, thesetechnologiesarestill in development
andno systemati@valuationhasbeendoneto compareheir use. The poweraspect
is somavhat similar. While piezoelectricand spring systeminsertsare promising
and’continuousrun’ seemsareachablayoal,no formal experimentsareconducted
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to evaluatetheir efficiency in practice.Variousgroupsin the SwissFederallnstitue
of Technologyarepursuingtopicsin thesedirections(see[8] for detailedinforma-
tion). We hope,with this article, to encouragecontribution from fellow scientists
world-wide andthuspromoteresearchn thearea.
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