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Abstract— This paper is composedof a survey on wearable computers
and areseach agendato further pursuetopicsin the communicationarea.
We begin with a brief walk-thr ough of the terminology and examples,fol-
lowed by motivation originated from two historical trends— enhancinghu-
man biological ability and increasingresourceaccessibility Then, weinves-
tigate the existing technologiesand relevant reseach proposalsin four ma-
jor areas: I/O interface, searching, communication, and power. After ad-
dressingsomeconcens on wearable computer’s practicality, we proposed
anumber of small-scaleprojectsaiming at developing high-level communi-
cation protocolssuitable for the wearable computing environment.

Keywords— Wearable Computing, Personal Area Network, Embedded
System,Ubiquitous Computing

I. INTRODUCTION

Wearable computes in a loose senseare computerspeople
canweareffortlessly In a strictersensg13], wearablecomput-
ersshouldrun continuously andbe operatechands-fee This
stricter definition helps distinguishwearablecomputersfrom
portableones. For instance pocket watchesare not wearable
computersn a sensahatpeopleneedat leastonehandto hold
them and sometimesanotherhandto openthe covers. Wrist-
watches,n contrast,canbe easilyflipped over andreadwhen
bothhandsareengagingotheractiities.

Many small laptops (Figure 1, left [6]), are not wearable
computerseither They do not last long enoughto meetthe
continuousrun requiremert. Wearablecomputerdike MIT’ s
Lizzy [23] (Figurel, middleleft) canrun muchlongerbecause
of carefully selectedpower-consenrative componentsand effi-
cientbatteries.

The wearablesand small laptopsdiffer in I/O featuresas
well. To operatehands-freewearablesare usually equipped
with head-mounbr eyeglass-basedisplays(Figure2, left) and
one-handkeyboards(Figure2, middleleft) or microphonewith
speechprocessingsoftware. Two pictureson the right of Fig-
urel shavsalBM prototypeof ThinkPad560X shrunkto 10.5
oz (approximately 300 gram)andto a size small enoughto fit
into regular pockets. This prototype,introducedin September
1998, consistsof a 233 MHz PentiumCPU, 64 MB DRAM,
340MB IBM micro harddisk,a micro head-mountlisplay and
amicrophonewith speectprocessingoftware.

L|deally, the power units shouldrun aslong aspossible at leastfrom 9 A.M.
to 5 PM. with no or very shortinterruptions.

20necancarry extra batteriesto make the portablecomputersrun continu-
ously but extra batteriesalso meanextra burdenwhich violatesthe 'effortless
use’criteria.

Relationshipwith UbiquitousComputing Ubiquitouscom-
puters,in the purestform of definition [19], are computersn-
visibly embeddedn the ervironmentandwirelesslycommuni-
catingwith eachother Somemay useothertermssuchasem-
beddedsysten{10], smartroom[12], and sensometwork[5].
But in principle, it doesnot matterif the computersare fixed
or migratable situatedin a roomor outdoor They all fall into
the broaderdefinition of ubiquitouscomputing,i.e., computes
in the ernvironment By nature,ubiquitouscomputershave easy
accesdo the resourcesn the ervironment,i.e., ervironment-
centricresourcesWearablecomputerspntheotherhand,mean
computerghat arewith peopleall the time, i.e., computes on
people Thesecomputerdave easyaccesso personainforma-
tion, i.e.,human-centricesources.

The wearableand ubiquitouscomputers,eachclasshasits
strengthand weakness.lt is often that one's weaknesds the
other’s strength. That meansubiquitousandwearablecomput-
erscancomplimenteachother andapplicationsadoptingacom-
binationof wearableandubiquitouscomputerscantake advan-
tage of the both. This avoids the pitfall of putting much ef-
fort makingoneclasswork for all whenin facta muchsmaller
amountof work is sufficientif cooperatinghetwo. In general,
applicationgnvolving interactionwith the ernvironmentarebet-
ter off introducingubiquitouscomputersnto the systems Sim-
ilarly, wheninteractionwith peopleareinvolved, applications
arebetteroff usingwearablecomputers.

Organization. We first review the wearablecomputers his-
tory. Basedon lessondearned,we projectits potential exis-
tencein the future. To realize directionsfor future research,
we surnwey relevantwork in four areas)/O interface searhing,
communicatiormndpower. Then,we re-examinethemotivation
and addresssomespeculation®n the practicality of wearable
computers.Finally, we proposeexploratory projectsaiming at
developingsuitablesoftware-level communicatiorsolutions.

Il. MOTIVATION

We found that wearablecomputershave quite a long his-
tory [17] — 732 yearsto be exact. Recentproposalsshov a
commontrendonimproving humanabilitiesbeyondour biolog-
ical limits — so calledcyborg applicationg. Anotherhistorical

3Eyeglassesverefirst mentionedn literatureasearlyas1268.
4Accordingto the Merriam-Websters collegiate dictionary cyborgs are hu-
manhaving normalbiologicalcapabilityor performancenhancedby or asif by



Fig. 1. (Left): Two PopulaMini-notebooks;Toshibalibretto 50 (Top) andSory PCG-C1(Bottom). (Middle Left): A UserWearingMIT’ s Lizzy Design.(Middle
Right): A UserEffortlesslyWearingthe IBM Prototype.(Right): Piecesof the IBM Prototype.

Fig. 2. Typical I/O Devices: (Left) is a micro-displayto be clipped onto a eyeglassframe. (Middle Left) shavs a twiddler keyboardwith integratedmouse
functionality (Middle Right) shaws a PrivateEyemicro-displaymountedon a glass.(Right) shavs stateof theart integratedeyeglassdisplay

trendis computerdeingsmallerandincreasinglyaccessiblelf
thesdrendscontinue next generatiorcomputeraremorelik ely
to beworn aroundour waistsandreadyto computeanytime.

Thefirst wearablecomputef26] wasrevealedin 1966. It is
aroulettewheelpredictor Theideastartedfrom 1955whenEd
Thorp was a secondyear graduatestudentat UCLA’s physics
departmentln 1960,almostby accidenthe describedheidea
of roulettewheelpredictorto ClaudeShannona mathematician
at MIT. Soonthe next year, the two built a wearablecomputer
from scratchin Shannors basement.It was a cigarette-pack
sizedanalogcomputemwith four buttons.Thefour buttonswere
usedto indicatespeedandthe predictedesultsweretransmitted
by radioto an earpiece. Thorp and Shannorfield-testectheir
wearablecomputerin Las Vegasand confirmedthe expected
gain of 44% obtainedby laboratoryexperiments.Until the end
of 1980s,mostapplicationstendto stick to this gamblingand
gamingtheme.However, thereis graduallya noticeableamount
of medicalapplicationsfor the hearingand visually impaired.
Thentherecamethe blockbusterTerminatorandthe first com-
mercializechead-mountlisplay— Private Eye(Figure2, middle
right). Theamountof proposalsstartedto bloomin 90s. In the
meantimethethememadea sharpturn towardsapplicationsof
daily andeffortlessuse,in particular augmentednemory[18],
location/contat awarenes$8], andvery smallcomputersapa-
ble of runningtheseapplications[14]. Theseproposalswere,
moreor less,drivenby the humandesireto know — fast,more,
anywhereandarytime. As Sir Baconhadnicely putit — knowl-
edgeis power.

Anothertrendwe seefrom the generahistory of technology
is the increasingaccessibility Take time computationfor ex-
ample. It hasevolved from clock towers, wall clocks, pocket

electronicor electro-mechanicalevices.

watches,to wristwatches. Thesetime piecesget smallerand
more accessible.With the wristwatchesnow, peoplecanread
time anywhereandanytime. Datacomputershasbeenfollow-

ing the sametrend,evolving from mainframesmini computers,
desktopPCs,to laptops(someof themarereally small). The

next generatiordatacomputersarelikely to be even more ac-

cessibleandwearablemuchlik e the wristwatches.If we think

todaythatwristwatchesareindispensableperhapsone day we

will think the samefor wearablecomputers.Or mary have al-

readythoughtsoif cellularphonegyualify aswearablecomput-
ers. Strictly speakingwe do not needwearablecomputergo

survive, but like mary technologiegodaythey provide corve-

nienceandcorveniencds somethingdifficult to resist.

Fromthehistory’s point of view, we concludethathumande-
sire of knowledgeand conveniencels the hiddenforce behind
the currentwearablecomputerresearch.n SectionV, we will
arguetheimportanceof pursuingresearcturtherfromits prac-
ticality.

I1l. STATE OF RESEARCH

Thereare primarily five areasof research- I/O, searching,
communication,power, and heat. Some of them deal with
higherlevel softwareissuesvhereaghe othersdealwith lower-
level hardwareones.We discusgheseopicsin atop-davn fash-
ion excluding heat, which is ratherdistantfrom the computer
scienceand electricalengineeringregimes. Exampleapplica-
tionsaregivenduringthediscussiorof I/O interfaceandsearch-
ing techniquesprimarily becauseaechnologiesisedare closely
relatedto thenatureof applicationsandshoncasingapplications
helpshighlight relevantl/O technologies.



A. 1/O Interface

We havetraditionallyreliedontext inputdevicessuchaskey-
board, pointing device suchas mouse,and outputdevicesthat
sit about.5-1 meteraway from users’eyes on desktopor lap-
top. Becaus®f thehands-freendcontinuousiserequirements,
thesel/O devices do not suit the use of wearablecomputers.
In particular traditionalkeyboardsareto be operatedwvith both
hands. The scaleof conventionaldesktopmonitorsor laptop
LCD panelsis too largeto carryfor along time andtoo power
consuming.To solve theseproblems peoplehave soughtalter
nativesfor corventionall/O devicesand explore techniquesn
computervision, graphicsandspeectprocessingo enablel/O
in visualandaudioformats.

Input. Solutionsfor input include one-handkeyboardwith
integratedmousefunctionality, handwriting, video sensorand
speechprocessors.The integratedkeyboardis expectedto be
usedasthe main input methodand the restas complimentary
alternatves.

One immediate solution to replacethe corventional key-
boardsand mouseis to re-arrangekeys and to integrate the
mousefunctionalityfor one-handperation.Thereexist anum-
ber of commercialproductsand lab prototypes. Twiddler [1]
(Figure2, right) is oneof the mostpopularkinds. It consistsof
6 functionkeys and12 letterkeys. The functionkeys areoper
atedby thethumh Theletterkeys arein 4 rows, 3 in eachrow
andoperatedy oneof theother4 fingersrespectiely. Twiddler
comeswith driversfor Windows andLinux, aswell astraining
programs.Someusershave reportedgettingup to the speedof
10+wordsperminutewithin aweek[16]. Shortcutanbepre-
setto speedup frequentactions.Operatinga Twiddler is pretty
muchlik e playingchoruse®n aguitar.

Hand-writingrecognitionis usedin mary palm-topdevices.
Someof them, e.g., Apple’s Newton, recognizecharactersaas
they are written naturally whereasothers,e.g., 3Com’s Palm
Pilot, recognizecharacterén morecryptic patterns While hand
writing may appearas an intuitive input method, it doesnot
work well for fastand bulk datainput [21]. First of all, the
recognitionsoftware canaccommodatéandwriting in various
formsonly to certaindegree.For peoplewho never really learn
how to form the lettersproperly this input methodwill not be
anoption. Secondlyto write fast,peopletendto scribble. The
formationsof lettersget even worseand becomevery difficult,
if possibleto recognize Dueto thesetwo reasonshandwriting
seneswell asan alternatve but will not be the primary input
method.

Visual input is importantto applicationsof more graphical
nature. Physicalprofiles of an objectsuchassize,shapejoca-
tion, andmovementaremoredirectandprecisewhenobtained
throughcamera-like inputdevicesandanalyzedy computewi-
siontechnologies.Take the Billiards Assistant[13] (Figure 3,
left) for example.A head-mountameraakesa snapshobf the
pool table. The computervision part of the softwareidentifies
thewhite ball, thetargetball andthe pocket. Thesedataarethen
fedinto theanglecalculationpartfor furtherprocessing.

Audio input is inevitable in situationsthat users’eyesand
handsmustengagein critical actvities, e.g.,driving a car In

thesecircumstancesaudiois a nice, naturalalternative to pro-

voke simple commands. Microphonesare typical audioinput

devices. They are often usedtogetherwith speechprocessing
technologieg20]. For instancesspeeb recanition translates
analogousaudioclips into digital formsthatcomputersanun-

derstandr furtherprocessSpealkr identificationhelpsidentify

personsr objectsby their voicefingerprints.Noisefiltering en-

hanceghe precisionof speectrecognitionandhasthe potential

of discoveringcontext in thebackground.

Output. Solutionsto outputincludehead-mountlisplayswith
augmentedeality and headphondor synthesizedaudio. The
head-mountdisplaysreplacethe relatively bulky monitorsor
LCD panelsas primary output devices for wearables. Head-
phonesare,onthe otherhand,a complimentaryalternatie.

In the wearableparadigm,hardware componentgendto be
small,sodoesthe display The next logical solutionis to place
micro-displaysin the proximity of users’eyes. Thereexists a
small numberof commercializedproductsand mostof the so-
phisticatedones,with full VGA capability arestill in develop-
ment. More commonlyusedmicro-displaysare composecdf
320x240small pixelswithin aroughly 12 cm x 8 cm area(Fig-
ure2, middleright). More advancednesusemuchsmallerand
four timesmore, 640x480,pixelsthatfit intoal1.2cmx .8 cm
area(Figure2, left). Thesemicro-displayscanbe mountedonto
ahat,aglass,ahelmet,or acustom-madé&eadpiece.

Currentstateof the art (Figure 2, right) is rathera projector
thana micro-monitor The beameris integratedinto oneleg of
an eyeglassframe. Computerscreenis projectedonto a small
areaof thelens. By that, userscanseethroughthe displayand
overlayvirtual informationwith thereality [24]. In theBilliards
Assistantexample,the exactangleto hit the white ball is over-
layedwith the real white ball and pool table. This is assuming
the userscanhold their headssteadyandthe directionsof eye-
glassesandeye surfacescoincidecompletely In practice these
two factorsneedo betakeninto consideratiomndusedo adjust
computationaccordingly For applicationsthatrequirepercep-
tion of depth,advancedcomputergraphicstechniquessuchas
2D-3D corversionsarenecessary

Audio outputis preferabldn situationghathumaneyesmust
bededicatedo morecritical actwities, similarto thereasongor
audioinput. Speeh synthesigechnologiewill comein handy
assolutionsto generate&omprehensiblaudiooutput.

B. Seaching

Thereis anew classof applicationsuniqueto wearablecom-
puters. They work like personakssistantshandingdocuments
uponrequesiandproactiely remindingus of relevantinforma-
tion [18]. Searchingechniquesare critical to this classof ap-
plications.Challengesnainly comefrom dealingwith non-text
documentsandgivereally relevantreminders.Theformerprob-
lem is equivalentof how to index one's text, audio,and video
archivesfor easyandfastsearch- field search.Thelatterprob-
lemis to imitate how oneassociatesurrentcontext with mem-
ories— contentmatch.

Existing Web searchingengineswork reasonablywell with
text-baseddocuments.Thesesearchingenginesareinadequate
in thecontext of wearablecomputingvheredocumentsrecom-



Fig. 3. (Left) plot shavs snapshotsf theBilliard Assistanbeforeandafteranglecalculation.(Middle Left) plotis asnapshobf theRemembranc@gentworking
with Emacs.(Middle Right) depictsthe prototypeasshoeinsert. (Right) depictsthe Body AreaNetwork working throughhandshales.

monly foundin more’cryptic’ (or binary) formats— pdf texts,
jpg images,and mpg video streams. Indexing and searching
thesedocumentposesa non-trivial challengeandis aemeging
areaof researchMost solutionsadopta 2-tier model. Non-text-
baseddocumentsarefirst corvertedinto text formatsor smaller
audio/videoentities. Indexing andsearchingaredonebasedon
thesecorvertedtexts or smallerentities.

Anotherdesirablemodeof searchings to matchcontentand
give relevant suggestion$o users,muchlik e recallingrelevant
experiencan thememories.Indexing andsearchingechniques
in this context differ from thoseusedn field searchingWhereas
thefield searchindocatesdfiles with exactvaluesin fields spec-
ified in the queries,the contentmatchingmode tries to find
similar files by matchinga significantly wider range of con-
tents. The contentmatchingtechnique®oftenbreaka document
into smallerelementsg.g.,words,allocateweightsto theseel-
ementsandcomputetherelevancecombiningsimpleheuristics
anduserspecifiedratings.

MIT’ s Remembrancégent[18] (Figure 3, middle left) im-
plementdothmodesof searches field- andcontent-basedlhe
contentmatchingusesa word vectorapproach Eachdocument
is corvertedinto avectorof unique,meaningfulwordswith cor-
respondingoccurrencerequencies. This is referredto asthe
datavector Samecorversionis doneon thetext beingeditedat
themomentandresultingin thequeryvector They useasimple
heuristicto calculateadocumentrelevance whichis basically
aweightedsumof frequenciedor wordsoccurringin boththe
dataandqueryvectors.

C. Communication

Communicatiorfor wearablecomputersncludescommuni-
cationbetweerthewearablepiecese.g.,betweerthe eye piece
andthe computingunit, andcommunicatiorbetweerthe wear
ablecomputergo therestof theworld, e.g.,betweerthe wire-
lessmodemandan ISP dialup pool. We focusour discussion
on the communicatiorbetweenwearablepieces giventhatthe
communicatiorbetweerthe wearableandthe restof the world
is a more generaland not specificto wearables.Communica-

tion betweenwearablepieceshasa specialsetof requirements.

Due to theserequirementssuitablesolutionsare more likely
to befoundin short-rangdow-frequeny wirelesstechnologies.
In this subsectionwe discusstheserequirementsreview gen-
eralwirelesscommunicatiortechnologiesandfinally present
plausiblesolutioncalledBodyAreaNetwork[27].

In general, requirementsfor wearablecommunicationtie

backto the strict definition of wearablecomputer— continuous
and intuitive use. For intuitive and easyuse, wearablecom-
municationshouldbe wireless. For continuoususe, it needso
be enepy efficient, which oftenmeandow frequeng transmis-
sion. Additionally, dueto the high confidentiality of databe-
ing communicatedimongthe wearablepiecegoftenpassveords
andcreditcardnumbers)ijt is desirableghatthe communication
methodcomeswith addedsecurityfeatures. This usually im-
pliesthatthewirelesstransmissiomeeddo beshortrangedsoit
hasalower probability of leakinginformation. The ultimateso-
lution is to somehav wirelesslytransmitsignalsthroughhuman
bodies,which avoidsleakingimportantinformationinto the air
atall. It is alsodesirableto reduceinterference.However, in-
terferencas not specificto wearablecommunicationlt is more
a generalproblemthat canbe solved by signalattenuatiorand
noisefiltering techniques.In short, a wireless,low-frequeng,
body-rangecommunicatiortechnologyis preferableo network
thepiecesof awearablecomputer

Wirelesscommunicationtechnologiescan be classifiedinto
two classes- farfield and nearfield communications. Liter-
ally, technologiesin the farfield classare more suitablefor
longrangeccommunicationandsimilarly thosein thenearfield
classarefor theshortrangedcommunicationTypical radio fre-
guencytechnologiedall into the farfield classwhereasBlue-
tooth[7] looselyqualifiesasatechnologyin thenearfield class.
To bemorespecific,atypical radiofrequeng antennaanreach
locationsthatareseveralhundredmetersaway. Bluetoothtypi-
cally coversaregion of abouttenmeterradius.Thetwo classes
of communicationgliffer technicallyin signaldegradatiorratio
andcarrierrequirementln termsof signaldegradatiorratio, the
farfield classis proportionalto , Where isthedistanceo
signalsource.Thenearfield class,onthe otherhand,is propor
tionalto . In termsof signalcarrierrequirementfor devices
sizeof awatchor creditcard,thefarfield classrequirescarrier
frequeng in the scaleof gigahertawhile the nearfield classre-
quirescarrierfrequeny in thescaleof 0.1to 1 megahertz.

For wearablestechnologiesn the nearfield classthat can
cover the humanrange,roughly a three-to five-meterradius
area,is preferable. AT&T LabsCambridges Piconet[3] is a
very low frequeng radio network with a roughly five meter
range. Piconetmeetsthe requirement®f intuitive useandlow
power consumption However, dueto its radiotransmissioma-
ture, it is still possibleto leakoutpersonalconfidentiainforma-
tion in the air. Anotherpromisingsolutionis MIT MedialLab’s
Body Area Network [27]. Humanbodiesare usedaswet con-



ductorandtake partin a circuit connectinga speciattransmitter
recever andthe earth. Whenthe body s in a steadystate,the
circuit is balancedwith zeropotential. Whenthe body moves,
theresultingpotentialcarriessignalsthroughthe curren®.

It is measuredhat the carrier strengthis 330 kilohertz and
the power consumptionis aslittle as 1.5 milliw att$. Middle
right picture of Figure 3 shons MIT’ s prototypeas a shoein-
sert[15]. Theprototypeis testedvith anapplicationexchanging
electronicbusinesscards. Right picture of Figure3 shows two
peoplewearingthe Body Area Network transcerer seamlessly
exchangebusinessardsby shakinghands.

D. Power

Power is essentiato meetthe criteria of continuousrun. It
alsostronglyinfluencesausersdecisionto useawearablecom-
putercontinuously Unlessthe computerperforms,thereis no
point of wearingoneall thetime. Batteriesarethe corventional
solutions.They shouldbeintegratedinto the wearablecomput-
ersto provide the last layer of reliability in casethatall other
power sourcedail. However, batteriesshouldnot be the sole
power sourcegiventhatwearablecomputersaaresupposedo be
operatedanywhereanytime, including hiking in mountainsand
standingin queueto getinto the Germanembassyin Switzer
land’. Next interestingguestionis how andwhereto getpower.
Becausewvearablecomputersare with peopleall the time, it is
only naturalto seekpower generatedby people.Below we eval-
uate the power requirementf wearablecomputers,provide
theoreticallyfigureson humanpotential,andfinally look into
somepracticalpower solutions.

To understandetterwhat typesof power sourceare more
practical,we first examinethe averagepower consumptionof
thewearablecomputersTraditionalbiggerwearablecomputers
consumeb wattenegy. A typical configurationincludesa head
mountdisplay 2 gigabytehard disk, 133 megahertzPentium
CPU, and 20 meggabyteRAM. More advancedwearablecom-
puterscanconsumeaslittle as0.7 watt power. Thisis possible
by putting stateof the art MicroOptical eyeglassdisplay flash
memory andStrongArmmicroprocessof.3W at 115MIPs) al-
together A power sourcethatcancontinuouslygenerateseveral
wattsof poweris ideal.

Accordingto atheoreticabnalysiq22], humanenepy in dif-
ferentforms, bodyheat,breathingblood pressurearmmotion,
fingermotion,andwalking, cangeneratg@ower from milliw atts
to several tensof watts. Seeleft plot of Figure4. Body heat
canbe corvertedinto 2.8-4.8wattsenegy. Blood pressuréhas
thepotentialof 0.37-0.93watts. Breathingcangeneratenegy
in two ways— facial and chestmotionsby inhaling and exhal-
ing. They cangenerat®.4-1.0and0.42-0.83wvattpowerrespec-
tively. Thesethreeformsof enegy sourceglo not requireextra
actionsby the wearableusersbecauseeoplealways dispense
heat,breath,andhave blood pressure.

Peoplemustwearshoego preventshortcircuits.

Body AreaNetwork, however, utilizesa 30 volt paver source.

Oh yes, peoplehave to arrive before6:30 AM to make surethey have a
chanceo getinto thevisaoffice by 11:00AM. Fromthen,they canstartworry-
ing aboutcorvincing theembassyfficials they shouldbegrantedavisa.

Peoplehaving high bloodpressurenayironically generatenoreenegy than
others.

The next three forms, however, require extra movements.
Arm motionenegy spansawider range,from 0.33to 60 watts.
Given that we are more likely to type when using computers,
finger motion canbe an interestingalternatve. Unfortunately
fingermotionsgeneratenly about0.76-19milliw attsof power.
The last enegy form, walking, hasthe potentialof generating
minimum5 wattto maximal67 watt power.

All above figuresare theoreticallyderived. Corverting heat
andbloodpressuréo reusablgoweris technologicallydifficult.
Breathingand finger motion power is almostnegligible. Arm
motion and walking are both practical. However, walking is
preferablefor two reasons.The enegy cornverting unit canbe
easilyintegratedasshoeinserts,andtaking a walk looks much
morenaturalthanswingingarmsfor no obviousreasons.

Therearetwo waysto transferthepower of walkinginto elec-
tricity. Seeright plot of Figure4. Oneis to usepiezoelectric
materialsthat convert pressure®f steppinginto electricalen-
ergy. A 52 kilogram usercan generateapproximately5 watts
of power. The otheris to usemoretraditionalrotary generators
thatconvertheelmotionsinto electricity Theefficiencgy is deter
minedby the distanceof the springsystemmountedn the heel,
enegy storageof the spring system,and the efficiency of the
generatar The figure is about12.5%which means.625to 8.4
wattsenegy output. Togetheya pair of shoeswith both piezo-
electricandspringinsertshave a realisticpotentialof 11.25to
26.8wattselectricity.

IV. APPLICATIONS

Thereare, in principle, six areasof applicationsfor wear
ables— medicine, military, industrial training, education,en-
tertainment,and daily use. Entertainmentaind medicalappli-
cationswereproposecdktarly by designersn the pre-19904see
Sectionll). In aremarkablemedicalapplication— artificial vi-
sion[4], ateamof doctorsandcomputerscientistananagedo
recover a blind patients eyesightto 20/400with the help of a
wearablecomputer During the early 90s,researchertelt more
comfortableto exploit practicaluseof wearablesn military, in-
dustrialtraining,andeducatiorareas Sincelate 1990s aswear
able hardware getting matured, people proposedapplications
thatareof daily use,for example,MIT' s Remembrancégent.
More detailsof theartificial visionandthe RemembrancAgent
applicationscanbefoundin [9].

V. DISCUSSION

Much of currentdebateis whetherwearableswill be useful,
or usedat all, in the future. In this section,we attemptto ad-
dresssomeof the speculation@ndsummarizethe discussions.
In general,we find that it is difficult to argue, for or against,
if we will needwearablecomputerdn the future like we need
wristwatchestoday or if therewill be a killer applicationthat
peoplewill behapyy to buy wearablecomputerdor. Thereality
couldbeary of thefollowing cases:

Thereis no needandnokiller applicationatall.

We have not discoveredthe needor killer applicationyet.

We do not realizewe alreadylive in the needandthereexist
alreadymary killer applications.
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Fig. 4. HumanPower: left plot illustratesthe theoreticalpotentialof body movementsyight plot demonstratepiezoelectrianaterialandmechanicabkpringscan

beintegratedinto shoeso cornvert walking power.

In ary casetheindustryshouldnotinvestmuchfor widely de-
ployment:in thefirst two casesthereis no apparenmarket’; in
thethird casethemarletis likely to bealready-takn. However,
we aspartof theresearclcommunityhave theresponsibilityto
answerthis question— which caseis true? This promptsfor
more understandindo all aspectof the wearablecomputers.
To namea few:

to what extend will the wearablecomputersbe effortlessly
operatable?

to whatextendwill thewearablecomputersuncontinuously?

to whatextendwill thewearablecomputerapplicationsassist
our daily lives,e.g.,accesgo relevantinformation?

to whatextendwill thewearablehardwareandsoftwaretech-
nologiesimpactour lives?
With answergo thesequestionsywe mighthave aclearemicture
asto whethemvearablesvill beusefulor necessarin thefuture.
In thecomingsubsectionsye summarizesomeof thequestions
raisedanddiscussiorfollowed.

A. Do We ReallyNeedWearable Computes?

Oneimportantquestionneedsto be carefully examinedis —
dowe needwearablecomputers?he shortanswelis — not now
for daily life, but thatdoesnot precludethe needin medicaluse
nowadaysand potentialdaily usein the future. Onething we
learnedfrom the history is that thereseemso be delicatedy-
namicsbetweerthe societyandtechnology The societyadapts
to technologiesjn the meantime technologiesadaptto the so-
ciety. Thisformsanendlesspiral. Whenlooking backa couple
cycles,presentindnecessarjechnologiesrenotreally needed
then. This supportsthe possibility of future needin wearable
computersand counterarguesthat technologiesare not to be
pursuedf thereis no presenneed.

Whetherwearablecomputerswill be really neededdepends
on how much corvenienceor productiity they have to offer.
Thereasonis thatusuallypeopleadaptonly to usefultechnolo-
gies. Whena significantamountof peopleadapttheir livesto
thetechnologiesthetechnologiedbecomenecessaryThus,the
guestionis really how muchmore corveniencewearablecom-
puterscan offer. Since servicesthat are desirablenow have
higherchance®f becomingnecessarin thefuture,we checkif

Typically, the industrywaits for break-throughsn technologiescomesup
with businessnodels andthendeplg/s thetechnologies.

thesedesirableservicexanbesomuch’conveniently’ provided
by the wearablecomputerghat peoplewill be willing to adapt
to thecomputers.

Wefind, in general peopledesirethesetwo services:

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

Today we have cellular phonesfor voice communication,
WAP andwirelessLAN technologiedor datacommunication,
andGPStransceversfor locationawarenessThesedevicesare
guasi-wearabld,e., they fit moreor lessin our pocketsandcan
be carriedaroundeasily It is not difficult to imagineafterafew
morecyclesof Moore’s Law taking effect, thesedevices’ phys-
ical sizesand power consumptiorcanbe reducedo an extend
thatthey actually meetthe stricterdefinition of wearablecom-
putersandbecomeaffordable. Giventhe popularity of cellular
phonesandsteadygrowth of GPSandwirelessLAN userbases,
it is very likely thatwe will needwearablecomputersn thefu-
ture at leastin the forms of cellular phones,andperhapsother
wirelesscommunicatiordevicesaswell.

To getinformationonthe Web,a WAP capablecellularphone
might be sufficient. However, whenpeoplewant otherservices
not yet integratedor new servicegust introduced they have to
carry extra devices. It is cumbersomeo carry themall and
malkes no senseto have a display and a keyboard per device.
Besidesthefactthatwearablecomputersdeingwith peopleall
thetime suggestshey cancoordinatethe numerousserviceso
bettersuit users’life styles. Mostwearableor quasiwearable,
devicestoday are highly heterogeneouandit is a very chal-
lengingtaskto coordinatehem,sometimesmpossiblewithout
softwareor hardwaremodification. Only whenthe servicesare
moretightly coupled the coordinationcanbe donemoreeffec-
tively. Concludingfrom theabove,we think theexisting devices
will continueto be heterogeneousut plug-insor modifications
will slowly be addedto easethe burdenof inter-operation. In
the meantime we also seemore genericand flexible comput-
ers emepging as the central coordinatingunit that can effort-
lessly economicallyandeffectively accommodatexisting ser
vicesandapplicationsnot foreseen.This breedof coordinator
computes driveswearablehardware towardstiny, bare-boned,
extendiblecomputerawith significantprocessingower.

Furthermore asaccesgechnologyadvances the amountof



information available becomesntractable— so calledinforma-
tion overflow. Thatincreasedhe difficulty of pinpointingthe
informationin need. We have actually experiencedhe infor-
mation overflow problem once before when the World Wide
Web bloomed. Most information providers, for example Ya-
hooandAltaVista, addressethe problemby crawling the Web
overnight,indexing, classifyingandorganizingthe information
into a browsabledirectoryandsearchablelatabaseWe antici-
patesolutionsfor the wearabledollowing a similar thread.

In spite of being usefulalreadyfor the existing information
serviceswe seegreatpotentialsof themworking with another
classof services- enhancindiumanabilities. Thatcomesfrom
the most valuable property of wearablesbeing with usersall
the time. Thereare mary examplesof suchservices. For in-
stanceartificial vision[4] helpsblindssee.Signlanguagerans-
lators [25] helpsdeaf-mutespeak. Remembrancégent[18]
helpspeoplerememberAs long aswe continueto improve the
wearabldgechnologiesalife saving scenaridik e this couldhap-
pen— a wearablecomputercalls an amhulancewhendetecting
signalsof its ownergettinga heartattack.

B. Is ThereaKiller Application?

Anotherinterestingquestionis that'is thereankiller applica-
tion?" We approachhis problemby proposingexampleappli-
cationsandthenself-debatevhetherthey aresignificantenough
to impactour daily lives. Below aretwo instancesof the de-
bate.Whenhoppingfrom seminargo seminargor meetingso
meetings) having a wearablecomputerthat would tell exactly
whereto go next andwhat context to switchto canbe helpful.
However, it seemghatsimply askingothersin the building and
context switchingduring the seminars/meetingsork too. Fur
thermore knowing exactlocationof a tram and easyaccesso
the tram scheduleswill help make a decisionwhetherto take
anotherconnectionthat might arrive earlier at the destination.
However, Zurich city tramsare punctualandthe schedulesre
cornvenientlylocatedby the tram stops. Peopleof Zurich seem
to copewith their busy scheduledine without sucha tram net-
work information system. In the end, we found it difficult to
identify asingleapplicationthatimpactsa significantportion of
ourlives.

However, this is perhapgust the way of life. We do a lot
of little thingsor requestittle piecesof information everyday
Whenlookedatoneby one,eachis small. Butwhenagooddeal
of thesedaily taskscanbe performedcornvenientlyandubiqui-
touslyatourfingertips,it will impactourlives.In otherwords,a
collectionof smallapplicationscankill justasasinglekiller ap-
plicationcan. Take Palm Pilot, which is gainingmoreandmore
popularityamongbusinessand computemprofessionalsfor ex-
ample.It providesa collectionof personabrganizatiorutilities
suchasaddres$ook, calendaremailandflight schedule Each
of theseapplicationcanbe doneotherwisewithout Palm Pilot,
but whenthey are put togethey the accumulatecdcorvenience
attractgpeopleto adaptto thetechnology

VI. SUMMARY

We start this paperby re-visiting the conceptof wearable
computingandits complimentaryduality with ubiquitouscom-

puting. After reviewing the history of relevant researchwe
sensdhetrendof wearablecomputinggoing towardsdaily and
wider spreaduse. From there, we brain-stormabout poten-
tial applicationsof daily useandrationalizedesirablefeatures.
With acleardefinitionof wearablecomputerandspecificgoalin
mind, we surwey availabletechnologiesn four of thefive rele-
vantresearctareas)/O interface,indexing andsearchingcom-
municationand power. In conclusion,we find progressn re-
searchhaspushedvearablgechnologiesloseto anidealstate,
but not quitethereyet. Muchwork is neededn threedirections:
1) hardware development2) Al techniqueenhancementnd3)
systematiperformancesvaluation In particular the integrated
one-handeyboardandhead-mountnicro displayareplausible
I/O solutions but relatedaudioandvideo I/O techniquegcom-
putervision andspeectprocessingjlo not seemrobustenough
for daily use. Communication-wiseddody Area Network and
Piconetprovide reasonablsolutions.However, theseproposals
aremoreor lessin thedevelopmentstageandno formal evalua-
tion hasbeendoneto compareheir usefor wearablecomputers.
Thepoweraspects somavhatsimilarto communicationWhile
piezoelectricand spring systeminsertsare promisingsolutions
to corvert the power of walking into electricity andto a level
that’continuousrun’ seemsa reachablegoal, no formal exper
imentsareconductedo evaluatetheir efficiency with wearable
computers.

After addressingomeof the concernsaboutwearablecom-
puter's existencein the future, we decideto pursuestudiesin
areaghatexistingtechnologiesreinadequategspeciallyin the
areaof communicationln next sectionwe stateour progressie
goalsand plansfrom acquiringwearablehardware to longer
termwearable-ubiquitousommunicatiorproblems.

VIl. EXPLORATORY PROJECTS

As mentionedin Sectionlll, thereare several areasof re-
searchsomemorehardware-orientedandsomemoresoftware-
oriented.Ourinterestieswithin thesoftware-lezel communica-
tion issues.Typical problemsarerouting, schedulingandend-
to-endtransporting(i.e., flow control and error recovery). To
avoid the bitter lesson? learnedfrom designingTCP, we think
thesecommunicatiorissuesshouldbe pursuedn the meantime
applicationsand lower-level communicationtechnologiesare
beingdeveloped. In otherwords,we needto learn moreabout
the low-level communicationcharacteristiceand the environ-
mentandapplicationswith whichwearablecomputersarelik ely
to operate. Our methodologyis thus: 1) to selecta target ap-
plicationthatareusefulin anacademiernvironment(sowe can
conducffield tests).2) to characterizeisageandinteractionwith
users,aswell asthe ervironment. 3) to understandhe impli-
cation of differentunderlyingcommunicatiortechnologies.4)
finally to devise plausiblehigh-level communicatiorsolutions.
We intendto consultand collaboratewith local expertisé? in
the SwissFederalnstituteof Technologyonrelevanthardware,

1 Peoplefound TCP's window-basedcontrol is the sourceof mary perfor
manceandfairnessproblems sothey proposecthanges.Becausehe changes
works well, partial deploymentof themmeansunfair disadwantagedo the old
versionusers.Userswill jump andsowe arestuckin alocal maximum.

11prof, Troesters WearableComputerLaboratory Prof. Matterns Ubiqui-
tousComputingGroup,andProf. Schieles ComputetVision Group.



system,and userinterfaceissues. The overall plan gradually
expendsrom communicatioramongpiecesof awearablecom-
puter communicatiorbetweernwearablecomputersto commu-
nicationbetweerwearableandubiquitouscomputersOvervien
of theseincrementaprojectsaregivenbelow. More detailscan
befoundin thetechnicalreportversionof this paper9].

A. WirelessCybomgs

A wearablecomputerusually consistsof threecomponents:
input device, display and computingunit. Consideringthe
availability, quality, and cost, we selecta one-handntegrated
keyboardastheinput,ahead-mountlisplayasthedisplay anda
sub-noteboolasthe centralcomputingunit. In thisfirst project,
we seekto replacecommunicationwires with wirelesstech-
nologies,suchasIrDA [2], Piconet[3], and Body Area Net-
work [27]. We hopethat during the processof experimenting
with various wirelesstechnologieswe learn more aboutthe
potentialimpact of low-level wirelesstechnologiesmay have
to higherlevels communicatiorprotocols. After the wearable
piecesare successfullyun-wired, we then switch our empha-
sisto characterizinghe usage loss, and possibleinterference.
Basedonthesefindings,we aimto designsuitabletransporpro-
tocolsfor theintra-wearablenetwork.

B. SeamlesBusinesCard Exchange

To understandelevant interwearablecommunicationprob-
lems, we proposean applicationthat allows seamles$usiness
cardexchangeamongwearablecomputer®r devices.Eachex-
changewill be donebetweera wearablePC andanotherwear
abledevice of existingtechnologye.g.,acellularphoneor Paim
Pilot. Our approachto identify appropriatesolutionsfor inter-
wearablecommunicatiorwill besimilarto the onedescribedn
thefirst project. Oneadditionis thatwe intendto includetwo
more wirelesscommunicatiortechnologiesBluetooth[7] and
wirelessLAN [11], in ourevaluation.

C. PersonnelMap

To understandelevant inter-wearable-ubiquitousommuni-
cationproblemswe proposean applicationthat providesmaps
of personnelvearingcomputersn locationsequippedvith sen-
sors.We seekto stratgically placesensorst thecritical points
in a building. Thesesensorgeceve signalsfrom office mem-
bers’wearabledevicesandsendsaggreyatedreportsto the map
generationsener (a computerwith more processingpower).
The wearabledevices here can be very small PCs, Palm Pi-
lots, cellularphonesaswell asstudentiD cardswith smarttags.
We thenadoptthe sameapproachasin thefirst two projectsto
devise appropriatesolutionsfor inter-wearable-ubiquitousom-
munication.
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