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Abstract

This paperis composedf a surney on wearablecomputersand a researchagendato further
pursuetopicsin the communicatiorarea. We begin with a brief walk-throughof the terminology
and examples,followed by motivation originatedfrom two historical trends— enhancinghuman
biologicalability andincreasingesourceccessibility Then,weinvestigateheexistingtechnologies
andrelevantresearctproposaldn four major areas:l/O interface,searchingcommunicationand
power. After addressingomeconcernnwearablecomputers practicality we proposeda number
of small-scaleprojectsaiming at developing high-level communicationprotocolssuitablefor the
wearablecomputingervironment.

1 Intr oduction

Wearablecomputesin aloosesensearecomputergpeoplecanweareffortlessly In astrictersense[1p
wearablecomputersshouldrun continuously andbe operatechands-fee This stricterdefinition helps
distinguishwearablecomputersfrom portableones. For instance,pocket watchesare not wearable
computersn a sensethat peopleneedat leastone handto hold them and sometimesanotherhandto
openthe covers. Wristwatches,in contrast,canbe easilyflipped over andreadwhenboth handsare
engagingotheractvities.

Many small laptops(Figure 1, left[6]), are not wearablecomputerseither They do not lastlong
enoughto meetthe continuousrun requiremertt Wearablecomputerdike MIT’ s Lizzy[22] (Figure1,
right) canrun muchlongerbecausef carefully selectedpower-conserative componentandefficient
batteries.

Thewearablesandsmalllaptopsdiffer in 1/0 featuresaswell. To operatehands-freeywearablesre
usually equippedwith head-mounbr eyeglass-basedisplays(Figure 2, left) andone-hanckeyboards
(Figure 2, right) or microphonewith speechprocessingoftware. Figure 3 shovs a IBM prototypeof
ThinkPad 560X shrunkto 10.5 oz (approximately 300 gram)andto a size small enoughto fit into
regular pockets. This prototype,introducedin Septembef998, consistsof a 233 MHz PentiumCPU,
64 MB DRAM, 340 MB IBM micro harddisk, a micro head-moundisplay and a microphonewith
speecltprocessingoftware.

Lideally, the power unitsshouldrun aslong aspossible atleastfrom 9 A.M. to 5 PM. with noor very shortinterruptions.

2Onecancarryextrabatterieso make the portablecomputersun continuouslybut extra batteriesalsomeanextra burden
whichviolatesthe’effortlessuse’ criteria.




Figurel: Left: Two PopularMini-notebooks,ToshibalLibretto 50 (Top) and Sory PCG-C1(Bottom).
Right: A UserWearingMIT’ s Lizzy Design.

T ICorporation
ClipOn Display Prototype

Figure2: Typical I/O Devices: left pictureis a micro-displayto be clippedonto a eyeglassframe;right
pictureshavs atwiddler keyboardwith integratedmousefunctionality:

RelationshipWith Ubiquitous Computing Ubiquitouscomputersin thepurestform of definition[1§,
arecomputersnvisibly embeddedn the ervironmentandwirelesslycommunicatingwvith eachother
Somemay useothertermssuchasembeddedystern®], smartrooni11], andsensometworK5]. Butin
principle,it doesnotmatterif thecomputersarefixedor migratable situatedn aroomor outdoor They
all fall into thebroademefinitionof ubiquitouscomputingj.e.,computesin theervironment By nature,
ubiquitouscomputerdave easyaccesso theresourcesn theervironment,i.e., ervironment-centrige-
sourcesWearablecomputerspn the otherhand,meancomputerghatarewith peopleall thetime,i.e.,
computes on people Thesecomputershave easyaccesgo personalinformation,i.e., human-centric
resources.

The wearableand ubiquitouscomputersgachclasshasits strengthandweaknessllt is often that
onesweaknesss the others strength.Thatmeansubiquitousandwearablecomputersancompliment
eachother andapplicationsadoptinga combinationof wearableandubiquitouscomputerscantake ad-
vantageof the both. This avoidsthe pitfall of puttingmucheffort makingoneclasswork for all when
in fact a much smalleramountof work is sufficient if cooperatingthe two. In general,applications
involving interactionwith the ervironmentarebetteroff introducingubiquitouscomputersnto the sys-
tems. Similarly, wheninteractionwith peopleareinvolved, applicationsare betteroff usingwearable
computers.

Organization We first review the wearablecomputers history. Basedon lessondearned,we project
its potentialexistencen thefuture. To realizepotentialdirectionsof futureresearchye surey relevant
researchin four areas,l/O interface,searchingcommunicatiorandpower. Then,we re-examinethe
motivationandaddressomespeculationsnthepracticalityof wearablecomputersFinally, we propose
exploratoryprojectsaiming at developingsuitablesoftware-lezel communicatiorsolutions.



Figure3: Left: A UserEffortlesslyWearingthelBM Prototype Right: Piecesof theIBM Prototype

2 Motivation

We found that wearablecomputershave quite a long history[1§ — 732 yearsto be exac. Recent
proposalshov a commontrendon improving humanabilities beyond our biological limits — so called
cyborg applicationé. Anotherhistoricaltrendis computersbeingsmallerandincreasinglyaccessible.
If thesetrendscontinue,next generatiorcomputersare morelikely to be worn aroundour waistsand
readyto computeanytime.

The first wearablecomputer[25] wasrevealedin 1966. It is a roulettewheelpredictor Theidea
startedfrom 1955whenEd Thorp wasa secondyeargraduatestudentat UCLA's physicsdepartment.
In 1960, almostby accident,he describecthe idea of roulettewheel predictorto ClaudeShannona
mathematiciamt MIT. Soonthe next year thetwo built awearablecomputerfrom scratchin Shannors
basementlt wasa cigarette-paclsizedanalogcomputemwith four buttons. The four buttonswereused
to indicatespeedandthe predictedresultsweretransmittedoy radioto anearpiece. ThorpandShannon
field-testedheir wearablecomputerin Las Vegasandconfirmedthe expectedgain of 44% obtainedby
laboratoryexperiments. Until the end of 1980s,mostapplicationstendto stick to this gamblingand
gamingtheme.However, thereis graduallya noticeableamountof medicalapplicationgor the hearing
andvisually impaired. Thentherecamethe blockbusterTerminatorandthefirst commercializedhead-
mountdisplay— Private Eye (Figure5, left). Theamountof proposalsstartedto bloomin 90s. In the
meantime the thememadea sharpturn towardsapplicationsof daily and effortlessuse,in particular
augmentednemory[17, location/cont&t awareness[8]andvery small computers[1Bcapableof run-
ning theseapplications.Theseproposalsvere,moreor less,drivenby the humandesireto know (more,
faster anywhereandarytime). As Sir Baconhadnicely putit —knowledgeis power.

Anothertrendwe seefrom the generalhistory of technologyis the increasingaccessibility Take
time computatiorfor example.It hasevolvedfrom clock towers,wall clocks,pocket watchesto wrist-
watches. Thesetime piecesget smallerand more accessible With the wristwatchesnow, peoplecan
readtime anywhereand anytime. Datacomputershasbeenfollowing the sametrend, evolving from
mainframesmini computersdesktopPCs,to laptops(someof themarereally small). Thenext genera-
tion datacomputersarelik ely to beevenmoreaccessiblendwearablemuchasthewristwatcheslIf we
think todaythat wristwatchesare indispensableperhapsone day we will think the samefor wearable
computers Or mary have alreadythoughtsoif cellularphonesqualify aswearablecomputers Strictly
speakingwe do not needwearablecomputergo survive, but like mary technologiesodaythey provide
convenienceandcornveniencds somethinglifficult to resist.

Here,we concludethatfrom thehistory’s pointof view, humandesireof knowledgeandconvenience

3Eyeglassesverefirst mentionedn literatureasearlyas1268.
4Accordingto the Merriam-Websters collegiate dictionary cyborgs are humanhaving normal biological capability or
performancesnhancedby or asif by electronicor electro-mechanicalevices.



Applicaion
/O
Communication

Heat \ Power \

Figure4: WearableResearchTopicsDividedinto 5 Areas(going from software-to hardware-specific
ones):. Application,l/O, CommunicationPowver andHeat.

is thehiddenforcebehindthecurrentwearablecomputeresearchin Sections, we arguetheimportance
of pursuingwearablecomputerresearchurtherfrom theviewpoint of practicality

3 Stateof Reseach

Thereare primarily five areasof research- I/O, searchingcommunicationpower, andheat. Someof
them deal with higherlevel softwareissueswhereasthe othersdeal with lower-level hardware ones.
Figure 4 shaws their relationshipin layers. We discussthesetopicsin a top-davn fashionexcluding
heat,which is ratherdistantfrom the computerscienceand electricalengineeringegimes. Example
applicationsaregivenduringthediscussiorof I/O interfaceandsearchingechniquegprimarily because
technologiesusedare closely relatedto the natureof applicationsand mentioningof the applications
helpshighlight relevantl/O technologies.

3.1 1/O Interface

We have traditionally relied on text input devices suchas keyboard, pointing device suchas mouse,
andoutputdevicesthatsit about.5-1 meteraway from users’eyeson desktopor laptop. Becausef the
hands-freandcontinuousiserequirementshesd/O devicesdo notsuittheuseof wearablecomputers.
In particular traditionalkeyboardsareto be operatedvith bothhands.Thescaleof corventionaldesktop
monitorsor laptopLCD panelds too largeto carryfor along time andtoo power consuming.To solve
theseproblems peoplehave soughtalternatvesfor corventionall/O devicesandexploretechniquesn
computervision, graphicsandspeectprocessindgo enable/O in visualandaudioformats.

Input.  Solutionsfor inputincludeone-handkeyboardwith integratedmousefunctionality, handwrit-
ing, video sensorand speechprocessorsThe integratedkeyboardis expectedto be usedasthe main
input methodandtherestascomplimentaryalternatves.

Oneimmediatesolutionto replacethecorventionalkeyboardsandmouses to re-arrangéeysandto
integratethe mousefunctionality for one-handperation.Thereexist a numberof commercialproducts
and lab prototypes. Twiddler[1] (Figure 2, right) is one of the mostpopularkinds. It consistsof 6
functionkeys and 12 letter keys. The function keys are operateddy thethumh The letter keys arein
4 rows, 3 in eachrow andoperatedby one of the other4 fingersrespectrely. Twiddler comeswith
driversfor Windows andLinux, aswell astrainingprograms Someusershave reportedgettingupto the
speedf 10+wordsperminutewithin aweek[15]. Shortcutscanbe pre-seto speedip frequentactions.
Operatinga Twiddleris pretty muchlik e playingchoruse®n a guitar.

Hand-writingrecognitionis usedin mary palm-topdevices. Someof them,e.g., Apple’s Newton,
recognizecharactersasthey arewritten naturally whereasothers,e.g.,3Com’s Palm Pilot, recognize
charactersn morecryptic patterns While handwriting mayappeaiasanintuitive input method,it does



The MicroOptical Corporation
Integrated Eyeglass Display Prototype

Figure5: WearableDisplay: left picture shavs a PrivateEyemicro-displaymountedon a glass;right
pictureshaws stateof the art integratedeyeglassdisplay

not work well for fastandbulk datainput[20. Firstof all, the recognitionsoftwarecanaccommodate
handwriting in variousformsonly to certaindegree.For peoplewho neverreally learnhow to form the
lettersproperly this input methodwill not be a choice.Secondlyto write fast,peopletendto scribble.
The formationsof lettersget even worseand becomevery difficult, if possible,to recognize.Due to
thesetwo reasonshandwriting seneswell asanalternatve but will notbetheprimaryinput method.

Visualinputis importantto applicationsof moregraphicainature.Physicalprofilesof anobjectsuch
assize,shapejocation,andmovementaremoredirectand precisewhenobtainedthroughcamera-lile
input devicesandanalyzedoy computervision technologiesTake the Billiards Assistant[12 (Figure6,
left) for example. A head-mountameratakesa snapshobf the pool table. The computervision part
of the softwareidentifiesthe white ball, the target ball andthe pocket. Thesedataarethenfed into the
anglecalculationpartfor furtherprocessing.

Audio input is inevitable in situationsthat users’ eyes and handsmust engagein critical activi-
ties, e.g.,driving a car. In thesecircumstancesaudiois a nice, naturalalternatve to provoke simple
commandsMicrophonesaretypical audioinput devices. They areoftenusedtogethemith speechpro-
cessingechnologies[1P For instancesspeeb recanition translateanalogousudioclips into digital
formsthatcomputercanunderstanar further processSpeakr identificationhelpsidentify personsor
objectsby their voicefingerprints.Noisefiltering enhanceshe precisionof speectrecognitionandhas
the potentialof discoveringcontext in the backgrounél.

Output. Solutionsto outputinclude head-mountisplayswith augmentedeality andheadphonéor
synthesizedaudio. The head-moundisplaysreplacethe relatively bulky monitorsor LCD panelsas
primary outputdevicesfor wearablesHeadphoneare,onthe otherhand,acomplimentaryalternatve.

In the wearableparadigm,hardware componentgendto be small, so doesthe display The next
logical solutionis to placemicro-displaysin the proximity of users’eyes. Thereexists a smallnumber
of commercializedproductsand mostof the sophisticatednes,with full VGA capability arestill in
development. More commonlyusedmicro-displaysare composedf 320x240small pixels within a
roughly 12 cm x 8 cm area(Figure ??). More advancedonesusemuchsmallerandfour timesmore,
640x480 pixelsthatfitsintoal.2cmx .8 cmarea(Figure2, left). Thesemicro-displaysanbemounted
ontoa hat,aglass,ahelmet,or acustom-madéeadpiece.

Currentstateof the art is rathera projectorthana micro-monitor The beameris integratedinto
oneleg of an eyeglassframe. Computerscreenis projectedonto a small areaof the lens. Seeright
pictureof Figure5. By that, userscanseethroughthe displayandoverlayvirtual informationwith the
reality[23]. In the Billiards Assistantexample the exactangleto hit thewhite ball is overlayedwith the
realwhite ball andpooltable. This is assuminghe userscanhold their headssteadyandthe directions

SUserscanberemindedof atrain or buscomingwhile waiting andconcentratingn a corversation.



Billiards Assistant RA (desktop version)
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Figure 6: ExampleApplications: left plot shovs snapshot®f the Billiard Assistantbeforeand after
anglecalculation;right plot is a snapshobf the Remembrancé@gentworking with Emacs.

of eyeglassesandeye surfacescoincidecompletely In practice thesetwo factorsneedto be takeninto
consideratiorandusedto adjustresultsaccordingly For applicationghatrequireperceptionof depth,
advancedcomputergraphicstechnologiessuchas2D-3D corversionsarenecessary

Audio outputis preferablan situationghathumaneyesmustbededicatedo morecritical actuities,
similar to thereasongor audioinput. Speeh synthesigechnologiesvill comein handyassolutionsto
generateomprehensiblaudiooutput.

3.2 Searhing

Thereis anew classof applicationsuniqueto wearablecomputers.They work like personabssistants,
handingdocumentsiponrequesiand proactvely remindingus of relevantinformation[17. Searching
techniquesrecritical to this classof applications.Challengesnainly comefrom dealingwith non-text
documentsandgive really relevantreminders.Theformerproblemis equivalentof how to index one's
text, audio,andvideo archivesfor easyandfastsearch- field search.The latter problemis to imitate
how oneassociatesurrentcontect with memories- contentmatch.

Existing Web searchingengineswvork reasonablyvell with text-baseddocumentsThesesearching
enginesare inadequaten the context of wearablecomputingwheredocumentsare commonlyfound
in more’cryptic’ (or binary) formats— pdf texts, jpg images,and mpg video streams. Indexing and
searchinghesedocumentgosesa non-trivial challengeandis a emeging areaof research.Most so-
lutions adopta 2-tier model. Non-text-baseddocumentsarefirst corvertedinto text formatsor smaller
audio/videoentities.Indexing andsearchingaredonebasedn thesecorvertedtexts or smallerentities.

Anotherdesirablanodeof searchings to matchcontentandgive relevantsuggestiono usersmuch
like recallingrelevant experiencein the memories..Indexing and searchingechniquesn this context
differ from thoseusedin field searching.Whereaghe field searchingocatesfiles with exact values
in fields specifiedin the queries,the contentmatchingmodetries to find similar files by matchinga
significantly wider rangeof contents. The contentmatchingtechniquesften breaka documentinto
smallerelementse.g.,words,allocateweightsto theseelementsandcomputethe relevancecombining
simpleheuristicsanduserspecifiedratings.

MIT’ s Remembrancégent[17 (Figure6, right) implementsboth modesof searches- field- and
content-basedThe contentmatchingusesa word vectorapproach.Eachdocumentis corvertedinto
a vectorof unique,meaningfulwordswith correspondingccurrencdrequencies.This is referredto
asthe datavector Samecorversionis doneon the text being editedat the momentand resultingin
the queryvector They usea simpleheuristicto calculatea document relevance which is basicallya
weightedsumof frequenciedor wordsoccurringin boththe dataandqueryvectors.Furthertechnical
detailsareprovidedin Section4.2.



Figure7: Body Area Network: left depictsthe prototypeasshoeinsert; right depictsthe Body Area
Network working throughhandshales.

3.3 Communication

Communicationfor wearablecomputersincludescommunicationbetweenthe wearablepieces,e.g.,
betweerthe eye pieceandthe computingunit, andcommunicatiorbetweenhe wearablecomputergo
therestof theworld, e.g.,betweerthewirelessmodemandanISPdialuppool. We focusour discussion
on the communicatiorbetweenwearablepieces,given that the communicatiorbetweenthe wearable
andthe restof the world is a more generaland not specificto wearables. Communicationbetween
wearablepieceshasa specialset of requirements.Due to theserequirementssuitablesolutionsare
more likely to be found in short-rangdow-frequeng wirelesstechnologies. In this subsectionwe
discusgheserequirementsteview generalwirelesscommunicatiortechnologiesandfinally presenta
plausiblesolutioncalledBodyAreaNetworKk26].

In general requirementgor wearablecommunicatiortie backto the strict definition of wearable
computer— continuousand intuitive use. For intuitive and easyuse,wearablecommunicatiorshould
be wireless. For continuoususe, it needsto be enepgy efficient, which often meanslow frequeng
transmissionAdditionally, dueto the high confidentialityof databeingcommunicate@mongthewear
able pieces(often passwordsandcredit card numbers);t is desirablethat the communicatiormethod
comeswith addedsecurityfeatures. This usually implies that the wirelesstransmissiomeedsto be
shortrangedsoit hasa lower probability of leakinginformation. The ultimate solutionis to somehav
wirelesslytransmitsignalsthroughhumanbodies,which avoids leakingimportantinformationinto the
air atall. It is alsodesirableto reduceinterference.However, interferencds not specificto wearable
communicationlt is morea generaproblemthatcanbe solvedby signalattenuatiorandnoisefiltering
techniguesin short,a wireless,low-frequeng, body-rangecommunicatiortechnologyis preferableto
network the piecesof awearablecomputer

Wirelesscommunicationtechnologiescan be classifiedinto two classes- far-field and neafrfield
communications.Literally, technologiesn the far-field classare more suitablefor long rangedcom-
munication,andsimilarly thosein the nearfield classarefor the shortrangedcommunication.Typical
radio frequencyechnologiegall into thefar-field classwhereasBluetooth7] looselyqualifiesasatech-
nologyin the nearfield class.To be morespecific,atypical radiofrequeng antennacanreadlocations
thataresereralhundredmetersaway. Bluetoothtypically coversaregion of abouttenmeterradius.The
two classe®f communicationgliffer technicallyin signaldegradationratio andcarrierrequirementin
termsof signaldegradationratio, the far-field classis proportionalto 1/d?, whered is the distanceto
signalsource.The nearfield class,on the otherhand,is proportionalto 1/d3. In termsof signalcarrier
requirementfor devicessizeof awatchor creditcard,thefar-field classrequirescarrierfrequeng in the
scaleof gigahertavhile the nearfield classrequirescarrierfrequeny in thescaleof 0.1to 1 megahertz.

For wearablestechnologiesn the nearfield classthatcancover the humanrange, roughly athree-
to five-meterradiusarea,is preferable. AT&T LabsCambridges Piconef3] is a very low frequeny
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Figure 8: HumanPower: left plot illustratesthe theoreticalpotential of body movements;right plot

demonstratepiezoelectrianaterialandmechanicaspringscanbeintegratednto shoego cornvertwalk-
ing power.

radio network with roughly five meterrange. Piconetmeetsthe requirement®f intuitive useand low
power consumption.However, dueto its radio transmissiomature,it is still possibleto leak out per
sonal,confidentialinformationin the air. Anotherpromisingsolutionis MIT MediaLab’s Body Area
Network[26]. Humanbodiesare usedaswet conductorandtake partin a circuit connectinga special
transmittey recever andthe earth. Whenthebody s in a steadystate the circuit is balancedwith zero
potential. Whenthe body moves,the resultingpotentialcarriessignalsthroughthe curren®.

It is measuredhatthe carrierstrengthis 330 kilohertzandthe power consumptioris aslittle as1.5
milliw atts’. Left pictureof Figure7 shavs MIT’ s prototypeasa shoeinsert[14. Theprototypeis tested
with anapplicationexchangingelectronicbusinessards. Right picture of Figure 7 shawvs two people
wearingthe Body AreaNetwork transcerer seamlesslgxchangebusinesgardsby shakinghands.

3.4 Power

Pawer is essentiato meetthe criteria of continuousrun. It alsostrongly influencesa users decision
to usea wearablecomputercontinuously Unlessthe computerperforms,thereis no point of wearing
oneall thetime. Batteriesarethe corventionalsolutions. They shouldbe integratedinto the wearable
computersto provide the last layer of reliability in casethat all other power sourcesfail. However,
batteriesshouldnot bethe solepower sourcegiventhatwearablecomputersaaresupposedo beoperated
anywherearytime,includinghiking in mountainsaandstandingn queueto getinto the Germanembassy
in Switzerland. Next interestingquestionis how andwhereto getpower. Becausevearablecomputers
arewith peopleall thetime, it is only naturalto seekpower generatedby people.Below we evaluatethe
powerrequirementsf wearablecomputersprovide theoreticallyfigureson humanpotential,andfinally
look into somepracticalpower solutions.

To understandetterwhat typesof power sourceare more practical,we first examinethe average
power consumptiorof thewearablecomputersTraditionalbiggerwearablecomputerconsumeb watt

6peoplemustwearshoego preventshortcircuits.

’Body AreaNetwork, however, utilizesa 30 volt power source.

80hyes,peoplehave to arrive before6:30 AM to make surethey have a chanceto getinto the visaoffice by 11:00AM.
Fromthen,they canstartworrying aboutcorvincing the embassyfficials they shouldbe granteda visa.




enegy. A typical configurationincludesa headmountdisplay 2 gigabytehard disk, 133 megahertz
PentiumCPU,and20 megabyteRAM. More advancedvearablecomputersanconsumeaslittle as0.7
watt power. This is possibleby putting stateof the art MicroOptical eyeglassdisplay flashmemory
and StrongArmmicroprocessof.3W at 115 MIPs) altogether A power sourcethat cancontinuously
generateseveralwattsof poweris ideal.

Accordingto atheoreticabnalysid21], humanrenepy in differentforms,bodyheat breathingplood
pressurearmmotion, fingermotion,andwalking, cangeneratgower from milliw attsto severaltensof
watts. Seeleft plot of Figure8. Body heatcanbe corvertedinto 2.8-4.8wattsenegy. Blood pressure
hasthe potentialof 0.37-0.93watts. Breathingcangenerateenegy in two ways— facial and chest
motionsby inhaling and exhaling. They cangenerated.4-1.0and 0.42-0.83watt power respectiely.
Thesethreeforms of enegy sourcesdo not requireextra actionsby the wearableusersbecausgeople
alwaysdispensdeat,breath,andhave blood pressure.

The next threeforms, however, requireextra movements.Arm motion enegy spansawider range,
from 0.33to 60 watts. Giventhatwe aremorelik ely to type whenusingcomputersfinger motion can
be aninterestingalternatve. Unfortunately finger motionsgenerateonly about0.76-19milliw atts of
power. Thelastenegy form, walking, hasthe potentialof generatingminimum 5 watt to maximal 67
watt power.

All above figuresaretheoreticallyderived. Corverting heatandblood pressurgo reusablepower
is technologicallydifficult. Breathingandfinger motion power is almostnegligible. Arm motion and
walking areboth practical. However, walking is preferablefor two reasonsThe enegy corvertingunit
canbe easilyintegratedasshoeinserts,andtakingawalk looks muchmorenaturalthanswingingarms
for no obviousreasons.

Therearetwo waysto transferthe power of walking into electricity. Seeright plot of Figure8. One
IS to usepiezoelectrianaterialsthatcornvert pressuresf steppingnto electricalenegy. A 52 kilogram
usercangeneratepproximatelys wattsof power. The otheris to usemoretraditionalrotary generators
that corvert heel motionsinto electricity The efficiency is determinedby the distanceof the spring
systemmountedn theheel,enegy storageof thespringsystemandtheefficiency of thegeneratarThe
figureis about12.5%which means625to 8.4 wattsenegy output. Togetheya pair of shoeswith both
piezoelectriandspringinsertshave arealisticpotentialof 11.25to 26.8wattselectricity.

4 Applications

Thereare,in principle, six areasof applicationsor wearables- medicine military, industrialtraining,
educationgntertainmentanddaily use.Entertainmenandmedicalapplicationsvereproposecdearly by
designersn the pre-19909seeSection2). Amongthe medicalapplicationswe selectoneremarkable
caseo discussn depth.In thisexample artificial vision,awearablecomputehelpedablind patientsee.
During the early90s,researcherelt morecomfortableto exploit practicaluseof wearablesn military,
industrialtraining,andeducatiorareas Sincelate 1990s aswearablenhardwaregettingmatured people
proposedapplicationghatare of daily use,for example,MIT’ s Remembrancé&gent. In the following
subsectionsye provide technicaldetailsof the artificial vision andthe Remembrancégentwork.

4.1 Artificial Vision

This research[ftis conductedby Institut Dobelle AG, Zurich andits branchDobelle Institute Inc., in
New York. By connectinga camera,a computer an electrodearray andthe brain’s visual cortex, a

9Peoplehaving high blood pressurenay generatenoreenegy thanothers.



62-yearold blind patient,receving theimplantin 1978,canseeagain.SeeFigure9.

The magicworks in the following sequence.The cameramountedon the patients eyeglasstakes
shapshotsf the visual context. Theseimagesnapshotsresentto the wearablecomputerwhereedges
of the objectsarehighlightedandif appropriatere-coloredto getbettercontrast.The processeimages
aresentto the arrayof 64 electrodesThe electrodearrayis, in a sensea screerof 64 pixels,very low
resolution.The electrodeshenstimulatethe visual cortex accordingly Thus,theblind patientcansee.

It is claimedthattheblind patienthasavision of roughly 20/400andcannavigatearoundthe exper
imentalervironmentand,in afield test,New York subway stations. This artificial vision systemdoes
notwork for all subjectsin reportedsuccessfutasethe patientlostvisionin oneeye at22,theotherat
34,andrecevedtheimplantat41. Thesystentfailedfor anothempatientlosingvisionat5 andreceving
implantsat40. In additionto theaspecbf usingacameraandcomputerto re-producerisualexperience,
theadvanceof medicalandsugicaltechniquess asremarkablegspeciallyrunningwiresthroughskulls
for 20 yearswithout ary infection.

4.2 RemembranceAgent

The RemembrancéAgent(RA)[17] is developedby Bradley Rhodesaspartof histhesisat MIT Media
Lab. Therearetwo major componentsindexing andsearching.The indexing partis programmedn
C andcanbe executedindependenthdaily. The searchingpart,in LISP, runsin the backgroundf the
emacseditor (Figure6, right).

Two modesof searchingareimplemented- field searchingand contentmatching. The field search
is similar to existing databasesearch.It is passve in a sensethat usersquerydocumentswith certain
valuesin selectedields andthenthe searchenginesprovide entriesfoundin the databaseThe content
matchingis ratheruniquein a sensehatit is proactve andadoptsa word vectorapproacho compute
relevanceof documentdo a fragmenttext beingeditedat the moment. Whenrelevantdocumentsare
located,remindersshav up in a small userdefinedareain emacs. This proactve contentmatching
emulatehow usersassociatenemoriesandhelpsusersememberBelow we describehe detailsof the
word vectormatchingtechniquepossiblecooperatiorwith sensorsandsomepracticalexperience.

Word vectormatchingworksin two phasesThefirst phasas for theindexing programto generate
theword vectorperdocumentcalleddatavectorandwhenatext is edited thecontentmatchingrunning
in the backgroundgenerateshe queryvector. The relevanceis quantifiedandcomputedn the second
phaseasweightsof the queryvectorin thedatavector The RA alsoacceptaiserratingsandtakesboth
theuserandheuristicweightsinto account.

The word vectoris generatedas follows. For eachdocumentor text fragment,words are sorted
andtheir occurrencesire counted.Commonwordssuchas’the’ and’to’ areremoved. For the restof
'meaningful’ words,occurrencdrequenciesrecalculatedthusforming a vectorof uniquewordswith
frequenciesalsoreferredto asweights.Therelevanceis quantifiedby a simpleheuristicwhich sumsup
theweightsof wordsin queryvectorwith their weightsin the datavector(equationl).

Relevance = Y QTW (w)- DTW (w) (1)
wevector

whereQTW is theweightof w in thequeryvectorand DTW is theweightof w in the datavector
QTW andDTW arenotlimited to oneoccurrencdrequeny metric. They canbedevelopedinto more

complicatedconstructgo bettercapturethe actualrelevance.
Oneproblemobsenedwith the currentRA releasds in theindexing processlt is rathertime con-
suming,approximatelyonehourfor 15 megabytesof emailson a Pentium75 megahertz, 16 megabyte
RAM notebookconsiderecasa commonconfigurationfor wearablesatthe moment.lt seemghateven
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Figure9: Artificial Vision: left figure shows interconnectiorof the cameracomputey electrodesand
visual cortex; right pictureshows the subjectwearingthe artificial vision system.

thoughthe RA avoidsindexing binaryfiles, ASCII postscriptsattachedvith the mainmail contentslip
in. Whenthepostscripfiles arelarge,theindexing processisesasignificantlylargeamountof memory
sometimesexceedingthe physicalRAM size and suffering badly from swapping. Postscript-specific,
mostlymeaninglessyotationsalsochallengeheword vectorgenerationf they arenotignoredproperly
in theprocess.

Oneimportantfeatureis thatthe Remembrancégent canwork with sensoreembeddedn the en-
vironment. Informationof the surroundingglocationandpeople)arenotedautomaticallyinto the doc-
umentsbeingeditedat thetime. Thelocationandpeopleinformationis usedby theindexing program,
andcanbesearchedsafield or be partof the contentmatchedn the proactve mode.

The Remembrancé&genthasbeenusedprimarily by researchersReportssuggesRA beinguseful
in mary casesgspeciallywhenpreparingscientificpapers.Usersfind relatedwork sectionmucheasier
to proceeecausdy thetime thetechnicalcontentsaarecompletedthe RA would have suggestedhary
relevantdocumentgo review andpersondo contact. It is often that call for papersalsoshav up and
suggestelevantconferenceandjournalsto submit.

5 Discussion

Much of currentdebatdas whetherwearableswill be useful,or usedatall, in thefuture. In this section,
we attemptto addressomeof the speculation@ndsummarizehe discussionsin generalwe find that
it is difficult to argue, for or against,if we will nheedwearablecomputersn the future like we need
wristwatchestoday or if therewill be a killer applicationthat peoplewill be happy to buy wearable
computerdor. Thereality couldbeary of thefollowing cases:

e Thereis noneedandnokiller applicationatall.
e We have notdiscoveredthe needor killer applicationyet.
e Wedonotrealizewe alreadylive in theneedandthereexist alreadymary killer applications.

In ary case the industryshouldnot investmuchfor widely deployment,becausdhereis no apparent
market'?. or themarkethasalreadybeentaken. However, we aspartof theresearclttommunityhave the
responsibilityto answetthis question! —which casearewe in? This promptsfor moreunderstandingo
all aspect®of thewearablecomputersi.e.,

0Typically, the industrywaits for break-throughsn technologiescomesup with businessnodels,andthendeploys the
technologies.
IAfter all, our mission,asresearcherss notto speculatéut ratherto provide answers.
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o to whatextendwill thewearablecomputerde effortlesslyoperatable?
e to whatextendwill thewearablecomputersun continuously?

e to whatextendwill thewearablecomputerapplicationsassistour daily lives,e.g.,accesgo rele-
vantinformation?

e to whatextendwill thewearableéhardwareandsoftwaretogetherimpactourlives?

Then,we might have a betterpicturewhetherwearableswvill be usefulor necessaryn thefuture. In the
comingsubsectionsye highlight someof the questiongaisedanddiscussiorfollowed.

5.1 Do We Really NeedWearable Computers?

Oneimportantquestionneeddo be carefullyexaminedis — do we needwearablecomputersheshort
answeris — not now for daily life, but that doesnot precludethe needin medicaluse nowadaysand

potentialdaily usein thefuture. Onething we learnedfrom the historyis thatthereseemdo bedelicate
dynamicsbetweenthe societyandtechnology The societyadaptsto technologiesjn the meantime,
technologiesadaptto the society This forms an endlessspiral. Whenlooking backa couplecycles,

presentand necessaryechnologiesare not really neededhen. This supportsthe possibility of future

needin wearablecomputersand counterarguesthattechnologiesare not to be pursuedf thereis no

presenneed.

Whetherwearablecomputerswill be really neededdependson how muchconvenienceor produc-
tivity they have to offer. Thereasons thatusually peopleadaptonly to usefultechnologies.Whena
significantamountof peopleadapttheir livesto the technologiesthe technologiedhecomenecessary
Thus,the questionis really how muchmorecorveniencenvearablecomputersanoffer. Sinceservices
thataredesirablenow have higherchanceof becomingnecessaryn the future, we checkif thesede-
sirableservicescanbe somuch’conveniently’ provided by the wearablecomputerghatpeoplewill be
willing to adaptto thecomputers.

We find, in generalpeopledesirethesetwo services:

e to accessnformation— voice,web,andlocation
¢ to find relevantinformation— searchingbrowsing, proactve reminders

Today we have cellularphonedor voice communicationWAP andwirelessLAN technologiegor
datacommunicationand GPStranscerersfor locationawvareness.Thesedevicesare quasi-wearable,
i.e.,they fit moreor lessin our pocketsandcanbecarriedaroundeasily It is notdifficult toimagineafter
a few morecyclesof Moore’s Law taking effect, thesedevices’ physicalsizesand power consumption
canbe reducedto an extendthat they actually meetthe stricter definition of wearablecomputersand
becomeaffordable. Given the popularity of cellular phonesand steadygrowth of GPSandwireless
LAN userbasesit is verylik ely thatwe will needwearablecomputersn thefutureatleastin theforms
of cellularphonesandperhapstherwirelesscommunicatiordevicesaswell.

To getinformationon the Web, a WAP capablecellular phonemight be sufficient. However, when
peoplewant otherservicesnot yet integratedor new servicegust introduced they have to carry extra
devices. It is cumbersoméo carrythemall andmakesno senseo have a displayanda keyboardper
device. Besides,the fact that wearablecomputersbeing with peopleall the time suggestshey can
coordinatethe numerousservicesto bettersuit users’life styles. Most wearable,or quasiwearable,
devicestodayarehighly heterogeneouandit is avery challengingtaskto coordinatethem,sometimes
impossiblewithout softwareor hardwaremodification.Only whentheservicesaaremoretightly coupled,
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the coordinationrcanbe donemoreeffectively. Concludingfrom theabove, we think theexisting devices
will continueto be heterogeneoubut plug-insor modificationswill slowly addedto easethe burden
of inter-operation. In the meantime,we also seemore genericand flexible computersemeging as
the centralcoordinatingunit that can effortlessly economicallyand effectively accommodatexisting
servicesandapplicationsnot foreseen.This breedof coorinator computes driveswearablehardware
towardstiny, bare-bonedextendiblecomputerswith significantprocessingrower*?,

Furthermoreasaccess$echnologyadwancestheamountof informationavailablebecomesntractable
— so calledinformationoverflon. Thatincreaseshe difficulty of pinpointingthe informationin need.
We have actually experiencedthe information overflov problemonce before when the World Wide
Web bloomed. Most information providers,for example Yahooand AltaVista, addressedhe problem
by crawling the Web overnight,indexing, classifyingandorganizingthe informationinto a browsable
directoryandsearchablelatabaseWe anticipatesolutionsfor the wearablegollowing a similar thread.

In spite of being useful alreadyfor the existing information services,we seegreatpotentialsof
themworking with anotherclassof services- enhancinghumanabilities. That comesfrom the most
valuablepropertyof wearable®eingwith usersall thetime. Suchserviceslreadyexist. Artificial vision
(Section4.1) helpsblinds see. Signlanguagetranslatord24] helpsdeaf-mutespeak. Remembrance
Agent(Section4.2) helpspeoplerememberlf we continueto improve thewearableechnologiesa life
saver like this will be possible— calling an amhulancewhena wearablecomputerdetectssignsof its
ownergettinga heartattack.

5.2 Is ThereaKiller Application?

Anotherinterestingquestionis that ‘is therean killer application?’ We try to addresghis by giving

exampleapplicationsand seewe canargue otherwise. Below are two instancef the debate.When
hoppingfrom seminardo seminargor meetingso meetings) having a wearablecomputerthatwould
tell exactlywhereto go next andwhatcontext to switchto canbe helpful. However, it seemshatsimply
askingothersin the building and context switchingduring the seminars/meetingsork too. Knowing

exactlocationof atramandeasyaccesgo thetramschedulesvill helpmake a decisionwhetherto take
anotherconnectiorthat might arrive earlierat the destination.However, Zurich city tramsarepunctual
andthe schedulesreconvenientlylocatedby the tram stops.Peopleof Zurich seemto copewith their
busy scheduledine without sucha tramnetwork informationsystem.lt seemdlifficult to comeup with

anapplicationthatwill impacta significantportionof our daily schedules.

Thisis perhapgusttheway of life. We do a lot of little thingsor requestittle piecesof information
everyday Whenlooked at one by one, eachis small. But whena gooddeal of thesedaily taskscan
be performedcornvenientlyandubiquitouslyat our fingertips,it will impactour lives. In otherwords,a
collectionof smallapplicationscankill justasasinglekiller applicationcan. Take Palm Pilot, whichis
gainingmoreandmorepopularityamongbusinessandcomputemprofessionalsior example.It provides
a collectionof personabrganizationutilities suchasaddressook, calendaremailandflight schedule.
Eachof theseapplicationcanbe doneotherwisewithout Palm Pilot, but whenthey areputtogetherthe
accumulateaonvenienceattractspeopleto adaptto thetechnology

6 Summary

We startthis paperby re-visitingthe concepiof wearablecomputingandits complimentaryduality with
ubiquitouscomputing.After reviewing the history of relevantresearchye sensehetrendof wearable

12Thesecomputersanbe x86- or StrongArm-based.

13



Application
| Al Techniques|
Programming Interface
(O8] Protocol

Qi /ctom CAarnmrin~ati
Sysiem communiCatlon
Device Access Media

Architecture

Figurel0: High-Level CommunicatiorProtocolDesignis the Areaof Interest. Areaswith darkershades
arehardware-orientedndthelighter areasaresoftware-oriented.

computinggoing towardsdaily andwider spreaduse. From there,we brain-stormaboutpotentialap-
plicationsof daily useandrationalizedesirablefeatures.With a cleardefinition of wearablecomputer
andspecificgoalin mind, we surwy availabletechnologiesn four of the five relevantresearchareas,
I/O interface,indexing and searchingcommunicationand power. In conclusion,we find progressn

researchaspushedvearablgechnologiesloseto anidealstate but not quitethereyet. Much work is

neededn threedirections:

e hardwaredevelopment,
e Al technigueenhancemengnd
e systematigerformancevaluation.

In particular the integratedone-handkeyboardand head-mouninicro display are plausiblel/O solu-
tions, but relatedaudioandvideoI/O techniquegcomputervision andspeechprocessingyio not seem
robustenoughfor daily use.Communication-wised3ody AreaNetwork andPiconetprovidereasonable
solutions.However, theseproposalaremoreor lessin the developmentstageandno formal evaluation
hasbeendoneto comparetheir usefor wearablecomputers.The power aspecis someavhat similar to
communication.While piezoelectricand spring systeminsertsare promisingsolutionsto corvert the
power of walking into electricityandto alevel that’continuousrun’ seemsa reachableyoal,no formal
experimentsaareconductedo evaluatetheir efficiency with wearablecomputers.

After addressingomeof the concernsaaboutwearablecomputers existencen thefuture,we decide
to pursuestudiesin areaghatexisting technologiesreinadequategspeciallyin the areaof communi-
cation. In next section,we stateour progressie goalsandplansfrom acquiringwearablehardwareto
longertermwearable-ubiquitousommunicatiorproblems.

7 Exploratory Projects

As mentionedn Section3, therearesereralareasof researchsomemorehardware-orientecandsome
more software-oriented.Our interestlies within the software-lazel communicatiorissues(Figure 10).
Typical problemsarerouting, scheduling,and end-to-endransporting(i.e., flow controlanderror re-
covery). To avoid the bitter lessor® with TCP, we think thesecommunicatiorissuesshouldbe pursued

13peoplefound TCP's window-basedcontrolis the sourceof mary performanceandfairnessproblems sothey proposed
changesBecausehe changesvorkswell, partial deploymentof themmeansunfair disadwantagedo the old versionusers.
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in themeantimeaapplicationsaandlower-level communicationtechnologiesrebeingdeveloped.In other
words, we needto learnmore aboutthe low-level communicatiorcharacteristicandthe ernvironment
andapplicationswvith whichwearablecomputersarelik ely to operate Our methodologyis thus:

1. to selectatargetapplicationthatareusefulin anacademienvironment(sowe canconductfield
tests).

2. to characterizeisageandinteractionwith usersaswell asthe ervironment.
3. to understandheimplication of differentunderlyingcommunicatiortechnologies.
4. finally to devise plausiblehigh-level communicatiorsolutions.

We intendto consultandcollaboratewith local expertiseon relevanthardware (Prof. Troester) system
(Prof. Mattern),and userinterface (Prof. Schiele)issues. The overall plan gradually expendsfrom
communicatioramongpiecesof awearablecomputercommunicatiorbetweernwearablecomputersto
communicatiorbetweenvearableandubiquitous.

7.1 WirelessCyborgs

A wearablecomputerusually consistsof threecomponentsinput device, display andcomputingunit.
Consideringhe availability, quality, andcost,we selecta one-handntegratedkeyboardasthe input, a
head-mountlisplayasthedisplay anda sub-noteboolasthe centralcomputingunit. In thisfirst project,
we seekto replacecommunicatiorwireswith wirelesstechnologiesWe hopethatduringthe procesof
experimentingwith variouswirelesstechnologiesye learnmoreaboutthe potentialimpactof low-level
wirelesstechnologiesnay have to higherlevels communicatiornprotocols. After the wearablepieces
aresuccessfullyun-wired,we thenswitch our emphasido characterizinghe usageoss,andpossible
interferenceBasednthesdindings,weaimto designsuitabletransporprotocoldor theintra-wearable
network. Below is a detailed step-by-steglan.

1. acquireaone-handkeyboardandhead-mountlisplay

2. un-wiretheone-handkeyboardwith variousnearfield wirelesscommunicatiortechnologiese.g.,
IrDA[2], Piconet[3, andBody AreaNetwork[26]

un-wirethe head-mountisplaywith variousnearfield wirelesscommunicatiortechnologies
distinguishsignalskeyboard-to-computefrom computefto-display
characterizeisage)ossandinterference

validateusage)ossandinterferencanodelswith longertermfield tests.

N o M w

designtransportprotocolsfor inter-keyboard-computeand inter-computerdisplay communica-
tion

Userswill jump andsowe arestuckin alocal maximum.
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7.2 Seamles8usinessCard Exchange

To understandelevantinterwearablecommunicatiorproblems we proposean applicationthatallows
seamles®usinesscard exchangesamongPC, Palm Pilot and cellular phones.Eachexchangewill be
donebetweera wearable®C andanothemwearabledevice by existing technologye.g.,a cellularphone
or Palm Pilot in thefollowing logical flow:

1. A wearablePC listensto signalsfrom its peerwearabledevice anddistinguishegshem— a Palm
Pilot or cellular phoneof certainbrandandmodel.

2. ThewearablePCsendghe correspondindpusinessardexchangingprogram.
3. Uponreceptionthe peerdevice executeghe program.

4. The programinsertsa new address/phonkook entry andsendsbackinformationaboutthe peer
device owner—thuscompletingexchangingousinessardselectronically

Our approachto identify appropriatesolutionsfor inter-wearablecommunicatiorwill be similar to the
onedescribedn thefirst project. Oneexceptionis thatwe intendto includetwo morewirelesscommu-
nicationtechnologiesBluetooth[] andwirelessLAN[10], in our evaluation.

7.3 PersonnelMap

To understandelevantinterwearable-ubiquitousommunicatiorproblems we proposean application
that provides mapsof personnelwearingcomputersn locationsequippedwith sensors.We seekto

stratgically placesensorst the critical pointsin a building. Thesesensorgeceve signalsfrom office

memberswearabledevicesandsendsaggr@atedreportsto themapgeneratiorsener (acomputemwith

moreprocessingower). Thewearabledevicesherecanbevery smallPCs,Palm Pilots, cellularphones,
aswell aseETH cardswith smarttags.Programmingvork involvedincludes:

1. identificationannouncemerdaemorfor the wearabladevices
2. identificationannouncemerrecever andreportsendeifor the sensors

3. personnemapgeneratoanduservisualizationfront-endasan auto-reloadveb pagefor the map
sener

We thenadoptthe sameapproachasin thefirst two projectsto devise appropriatesolutionsfor inter-
wearable-ubiquitousommunication.
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