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Abstract— This paper is composedof a survey on wearable computers
and a research agendato further pursue topics in the communicationarea.
We begin with a brief walk-thr ough of the terminology and examples,fol-
lowed by motivation originated fr om two historical tr ends– enhancinghu-
man biological ability and increasingresourceaccessibility. Then,weinves-
tigate the existing technologiesand relevant research proposalsin four ma-
jor areas: I/O interface, searching, communication, and power. After ad-
dressingsomeconcerns on wearable computer’s practicality, we proposed
a number of small-scaleprojectsaiming at developinghigh-level communi-
cation protocolssuitable for the wearablecomputing environment.
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I . INTRODUCTION

Wearable computers in a loosesenseare computerspeople
canweareffortlessly. In a strictersense[13], wearablecomput-
ersshouldrun continuously1 andbe operatedhands-free. This
stricter definition helps distinguishwearablecomputersfrom
portableones. For instance,pocket watchesarenot wearable
computersin a sensethatpeopleneedat leastonehandto hold
themandsometimesanotherhandto openthe covers. Wrist-
watches,in contrast,canbe easilyflipped over andreadwhen
bothhandsareengagingotheractivities.

Many small laptops(Figure 1, left [6]), are not wearable
computerseither. They do not last long enoughto meet the
continuousrun requirement2. Wearablecomputerslike MIT’ s
Lizzy [23] (Figure1, middleleft) canrun muchlongerbecause
of carefully selectedpower-conservative componentsandeffi-
cientbatteries.

The wearablesand small laptopsdiffer in I/O featuresas
well. To operatehands-free,wearablesare usually equipped
with head-mountor eyeglass-baseddisplays(Figure2, left) and
one-handkeyboards(Figure2, middleleft) or microphonewith
speechprocessingsoftware. Two pictureson the right of Fig-
ure1 showsa IBM prototypeof ThinkPad560X shrunkto 10.5
oz (approximately. 300gram)andto a sizesmallenoughto fit
into regular pockets. This prototype,introducedin September
1998, consistsof a 233 MHz PentiumCPU, 64 MB DRAM,
340MB IBM microharddisk,amicrohead-mountdisplay, and
a microphonewith speechprocessingsoftware.
�
Ideally, thepower unitsshouldrun aslong aspossible,at leastfrom 9 A.M.

to 5 P.M. with noor very shortinterruptions.�
Onecancarry extra batteriesto make the portablecomputersrun continu-

ously but extra batteriesalsomeanextra burdenwhich violatesthe ’effortless
use’criteria.

RelationshipWith UbiquitousComputing. Ubiquitouscom-
puters,in the purestform of definition [19], arecomputersin-
visibly embeddedin theenvironmentandwirelesslycommuni-
catingwith eachother. Somemayuseothertermssuchasem-
beddedsystem[10], smart room [12], andsensornetwork[5].
But in principle, it doesnot matterif the computersarefixed
or migratable,situatedin a room or outdoor. They all fall into
thebroaderdefinitionof ubiquitouscomputing,i.e., computers
in theenvironment. By nature,ubiquitouscomputershave easy
accessto the resourcesin the environment,i.e., environment-
centricresources.Wearablecomputers,ontheotherhand,mean
computersthat arewith peopleall the time, i.e., computers on
people. Thesecomputershave easyaccessto personalinforma-
tion, i.e.,human-centricresources.

The wearableand ubiquitouscomputers,eachclasshasits
strengthand weakness.It is often that one’s weaknessis the
other’s strength.Thatmeansubiquitousandwearablecomput-
erscancomplimenteachother, andapplicationsadoptingacom-
binationof wearableandubiquitouscomputerscantake advan-
tageof the both. This avoids the pitfall of putting much ef-
fort makingoneclasswork for all whenin facta muchsmaller
amountof work is sufficient if cooperatingthetwo. In general,
applicationsinvolving interactionwith theenvironmentarebet-
ter off introducingubiquitouscomputersinto thesystems.Sim-
ilarly, when interactionwith peopleare involved, applications
arebetteroff usingwearablecomputers.

Organization. We first review the wearablecomputer’s his-
tory. Basedon lessonslearned,we project its potentialexis-
tencein the future. To realizedirectionsfor future research,
we survey relevantwork in four areas,I/O interface, searching,
communicationandpower. Then,were-examinethemotivation
andaddresssomespeculationson the practicalityof wearable
computers.Finally, we proposeexploratoryprojectsaiming at
developingsuitablesoftware-level communicationsolutions.

I I . MOTIVATION

We found that wearablecomputershave quite a long his-
tory [17] – 732 yearsto be exact3. Recentproposalsshow a
commontrendonimproving humanabilitiesbeyondourbiolog-
ical limits – so calledcyborg applications4. Anotherhistorical
�
Eyeglasseswerefirst mentionedin literatureasearlyas1268.�
Accordingto the Merriam-Webster’s collegiate dictionary, cyborgs arehu-

manhaving normalbiologicalcapabilityor performanceenhancedby or asif by
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Fig. 1. (Left): Two PopularMini-notebooks,ToshibaLibretto50(Top)andSony PCG-C1(Bottom). (Middle Left): A UserWearingMIT’ sLizzy Design.(Middle
Right): A UserEffortlesslyWearingtheIBM Prototype.(Right): Piecesof theIBM Prototype.

Fig. 2. Typical I/O Devices: (Left) is a micro-displayto be clippedonto a eyeglassframe. (Middle Left) shows a twiddler keyboardwith integratedmouse
functionality. (Middle Right) shows aPrivateEyemicro-displaymountedonaglass.(Right) shows stateof theart integratedeyeglassdisplay.

trendis computersbeingsmallerandincreasinglyaccessible.If
thesetrendscontinue,next generationcomputersaremorelikely
to bewornaroundour waistsandreadyto computeanytime.

Thefirst wearablecomputer[26] wasrevealedin 1966. It is
a roulettewheelpredictor. Theideastartedfrom 1955whenEd
Thorp wasa secondyeargraduatestudentat UCLA’s physics
department.In 1960,almostby accident,hedescribedthe idea
of roulettewheelpredictorto ClaudeShannon,amathematician
at MIT. Soonthe next year, the two built a wearablecomputer
from scratchin Shannon’s basement.It was a cigarette-pack
sizedanalogcomputerwith four buttons.Thefour buttonswere
usedto indicatespeedandthepredictedresultsweretransmitted
by radio to an earpiece. Thorp andShannonfield-testedtheir
wearablecomputerin Las Vegasand confirmedthe expected
gainof 44%obtainedby laboratoryexperiments.Until theend
of 1980s,mostapplicationstendto stick to this gamblingand
gamingtheme.However, thereis graduallyanoticeableamount
of medicalapplicationsfor the hearingandvisually impaired.
ThentherecametheblockbusterTerminatorandthefirst com-
mercializedhead-mountdisplay– PrivateEye(Figure2, middle
right). Theamountof proposalsstartedto bloomin 90s. In the
meantime,thethememadea sharpturn towardsapplicationsof
daily andeffortlessuse,in particular, augmentedmemory[18],
location/context awareness[8], andvery smallcomputerscapa-
ble of running theseapplications[14]. Theseproposalswere,
moreor less,drivenby thehumandesireto know – fast,more,
anywhereandanytime. As Sir Baconhadnicely put it – knowl-
edgeis power.

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

electronicor electro-mechanicaldevices.

watches,to wristwatches. Thesetime piecesget smallerand
moreaccessible.With the wristwatchesnow, peoplecanread
time anywhereandanytime. Datacomputershasbeenfollow-
ing thesametrend,evolving from mainframes,mini computers,
desktopPCs,to laptops(someof themarereally small). The
next generationdatacomputersare likely to be even moreac-
cessibleandwearable,muchlike thewristwatches.If we think
todaythatwristwatchesareindispensable,perhapsonedaywe
will think the samefor wearablecomputers.Or many have al-
readythoughtsoif cellularphonesqualify aswearablecomput-
ers. Strictly speaking,we do not needwearablecomputersto
survive, but like many technologiestodaythey provide conve-
nienceandconvenienceis somethingdifficult to resist.

Fromthehistory’spointof view, weconcludethathumande-
sire of knowledgeandconvenienceis the hiddenforce behind
the currentwearablecomputerresearch.In SectionV, we will
arguetheimportanceof pursuingresearchfurtherfrom its prac-
ticality.

I I I . STATE OF RESEARCH

Thereare primarily five areasof research– I/O, searching,
communication,power, and heat. Some of them deal with
higher-level softwareissueswhereastheothersdealwith lower-
levelhardwareones.Wediscussthesetopicsin atop-downfash-
ion excluding heat,which is ratherdistantfrom the computer
scienceandelectricalengineeringregimes. Exampleapplica-
tionsaregivenduringthediscussionof I/O interfaceandsearch-
ing techniquesprimarily becausetechnologiesusedareclosely
relatedto thenatureof applicationsandshowcasingapplications
helpshighlight relevantI/O technologies.
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A. I/O Interface

Wehavetraditionallyreliedontext inputdevicessuchaskey-
board,pointing device suchasmouse,andoutputdevicesthat
sit about.5-1 meteraway from users’eyeson desktopor lap-
top. Becauseof thehands-freeandcontinuoususerequirements,
theseI/O devices do not suit the useof wearablecomputers.
In particular, traditionalkeyboardsareto beoperatedwith both
hands. The scaleof conventionaldesktopmonitorsor laptop
LCD panelsis too largeto carry for a long time andtoo power
consuming.To solve theseproblems,peoplehave soughtalter-
nativesfor conventionalI/O devicesandexplore techniquesin
computervision, graphics,andspeechprocessingto enableI/O
in visualandaudioformats.

Input. Solutionsfor input include one-handkeyboardwith
integratedmousefunctionality, handwriting, videosensor, and
speechprocessors.The integratedkeyboardis expectedto be
usedas the main input methodand the restascomplimentary
alternatives.

One immediatesolution to replace the conventional key-
boardsand mouseis to re-arrangekeys and to integrate the
mousefunctionalityfor one-handoperation.Thereexist a num-
ber of commercialproductsand lab prototypes. Twiddler [1]
(Figure2, right) is oneof themostpopularkinds. It consistsof
6 functionkeys and12 letterkeys. Thefunctionkeys areoper-
atedby thethumb. The letterkeys arein 4 rows,3 in eachrow
andoperatedby oneof theother4 fingersrespectively. Twiddler
comeswith driversfor Windows andLinux, aswell astraining
programs.Someusershave reportedgettingup to thespeedof
10+wordsperminutewithin aweek[16]. Shortcutscanbepre-
setto speedup frequentactions.Operatinga Twiddler is pretty
muchlike playingchoruseson aguitar.

Hand-writingrecognitionis usedin many palm-topdevices.
Someof them, e.g., Apple’s Newton, recognizecharactersas
they are written naturally, whereasothers,e.g., 3Com’s Palm
Pilot, recognizecharactersin morecrypticpatterns.While hand
writing may appearas an intuitive input method,it doesnot
work well for fast and bulk data input [21]. First of all, the
recognitionsoftwarecanaccommodatehandwriting in various
formsonly to certaindegree.For peoplewho never really learn
how to form the lettersproperly, this input methodwill not be
anoption. Secondly, to write fast,peopletendto scribble.The
formationsof lettersgetevenworseandbecomevery difficult,
if possible,to recognize.Dueto thesetwo reasons,handwriting
serveswell asan alternative but will not be the primary input
method.

Visual input is importantto applicationsof more graphical
nature.Physicalprofilesof anobjectsuchassize,shape,loca-
tion, andmovementaremoredirectandprecisewhenobtained
throughcamera-likeinputdevicesandanalyzedby computervi-
sion technologies.Take the Billiards Assistant[13] (Figure3,
left) for example.A head-mountcameratakesasnapshotof the
pool table. The computervision part of the softwareidentifies
thewhiteball, thetargetball andthepocket. Thesedataarethen
fed into theanglecalculationpartfor furtherprocessing.

Audio input is inevitable in situationsthat users’eyes and
handsmustengagein critical activities, e.g.,driving a car. In

thesecircumstances,audiois a nice,naturalalternative to pro-
voke simplecommands.Microphonesare typical audio input
devices. They areoften usedtogetherwith speechprocessing
technologies[20]. For instances,speech recognition translates
analogousaudioclips into digital formsthatcomputerscanun-
derstandor furtherprocess.Speaker identificationhelpsidentify
personsor objectsby theirvoicefingerprints.Noisefiltering en-
hancestheprecisionof speechrecognitionandhasthepotential
of discoveringcontext in thebackground.

Output.Solutionsto outputincludehead-mountdisplayswith
augmentedreality andheadphonefor synthesizedaudio. The
head-mountdisplaysreplacethe relatively bulky monitors or
LCD panelsas primary output devices for wearables. Head-
phonesare,on theotherhand,a complimentaryalternative.

In the wearableparadigm,hardwarecomponentstendto be
small,sodoesthedisplay. Thenext logical solutionis to place
micro-displaysin the proximity of users’eyes. Thereexists a
small numberof commercializedproductsandmostof the so-
phisticatedones,with full VGA capability, arestill in develop-
ment. More commonlyusedmicro-displaysare composedof
320x240smallpixelswithin a roughly12 cm x 8 cm area(Fig-
ure2, middleright). Moreadvancedonesusemuchsmallerand
four timesmore,640x480,pixels that fit into a 1.2 cm x .8 cm
area(Figure2, left). Thesemicro-displayscanbemountedonto
a hat,aglass,ahelmet,or acustom-madeheadpiece.

Currentstateof the art (Figure2, right) is rathera projector
thana micro-monitor. Thebeameris integratedinto oneleg of
an eyeglassframe. Computerscreenis projectedonto a small
areaof the lens. By that,userscanseethroughthedisplayand
overlayvirtual informationwith thereality [24]. In theBilliards
Assistantexample,theexactangleto hit thewhite ball is over-
layedwith the realwhite ball andpool table. This is assuming
theuserscanhold their headssteadyandthedirectionsof eye-
glassesandeye surfacescoincidecompletely. In practice,these
two factorsneedtobetakenintoconsiderationandusedto adjust
computationaccordingly. For applicationsthat requirepercep-
tion of depth,advancedcomputergraphicstechniques,suchas
2D-3Dconversions,arenecessary.

Audio outputis preferablein situationsthathumaneyesmust
bededicatedto morecritical activities,similar to thereasonsfor
audioinput. Speech synthesistechnologieswill comein handy
assolutionsto generatecomprehensibleaudiooutput.

B. Searching

Thereis a new classof applicationsuniqueto wearablecom-
puters.They work like personalassistants,handingdocuments
uponrequestandproactively remindingusof relevantinforma-
tion [18]. Searchingtechniquesarecritical to this classof ap-
plications.Challengesmainly comefrom dealingwith non-text
documentsandgivereally relevantreminders.Theformerprob-
lem is equivalentof how to index one’s text, audio,andvideo
archivesfor easyandfastsearch– field search.Thelatterprob-
lem is to imitatehow oneassociatescurrentcontext with mem-
ories– contentmatch.

Existing Web searchingengineswork reasonablywell with
text-baseddocuments.Thesesearchingenginesareinadequate
in thecontext of wearablecomputingwheredocumentsarecom-
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Fig. 3. (Left) plot showssnapshotsof theBilliard Assistantbeforeandafteranglecalculation.(Middle Left) plot is asnapshotof theRemembranceAgentworking
with Emacs.(Middle Right)depictstheprototypeasshoeinsert.(Right) depictstheBody AreaNetwork working throughhandshakes.

monly found in more’cryptic’ (or binary) formats– pdf texts,
jpg images,and mpg video streams. Indexing and searching
thesedocumentsposesanon-trivial challengeandis aemerging
areaof research.Mostsolutionsadopta2-tiermodel.Non-text-
baseddocumentsarefirst convertedinto text formatsor smaller
audio/videoentities.Indexing andsearchingaredonebasedon
theseconvertedtextsor smallerentities.

Anotherdesirablemodeof searchingis to matchcontentand
give relevantsuggestionsto users,muchlike recallingrelevant
experiencein thememories..Indexing andsearchingtechniques
in thiscontext differ from thoseusedin field searching.Whereas
thefield searchinglocatesfiles with exactvaluesin fieldsspec-
ified in the queries,the contentmatchingmode tries to find
similar files by matchinga significantly wider rangeof con-
tents.Thecontentmatchingtechniquesoftenbreaka document
into smallerelements,e.g.,words,allocateweightsto theseel-
ements,andcomputetherelevancecombiningsimpleheuristics
anduser-specifiedratings.

MIT’ s RemembranceAgent [18] (Figure3, middle left) im-
plementsbothmodesof searches–field-andcontent-based.The
contentmatchingusesa word vectorapproach.Eachdocument
is convertedinto avectorof unique,meaningfulwordswith cor-
respondingoccurrencefrequencies.This is referredto as the
datavector. Sameconversionis doneon thetext beingeditedat
themomentandresultingin thequeryvector. They useasimple
heuristicto calculateadocument’srelevance,which is basically
a weightedsumof frequenciesfor wordsoccurringin both the
dataandqueryvectors.

C. Communication

Communicationfor wearablecomputersincludescommuni-
cationbetweenthewearablepieces,e.g.,betweentheeye piece
andthecomputingunit, andcommunicationbetweenthewear-
ablecomputersto therestof theworld, e.g.,betweenthewire-
lessmodemandan ISP dialup pool. We focusour discussion
on thecommunicationbetweenwearablepieces,giventhat the
communicationbetweenthewearableandtherestof theworld
is a moregeneralandnot specificto wearables.Communica-
tion betweenwearablepieceshasa specialsetof requirements.
Due to theserequirements,suitablesolutionsare more likely
to befoundin short-rangelow-frequency wirelesstechnologies.
In this subsection,we discusstheserequirements,review gen-
eralwirelesscommunicationtechnologies,andfinally presenta
plausiblesolutioncalledBodyAreaNetwork[27].

In general, requirementsfor wearablecommunicationtie

backto thestrict definitionof wearablecomputer– continuous
and intuitive use. For intuitive and easyuse,wearablecom-
municationshouldbewireless.For continuoususe,it needsto
beenergy efficient,which oftenmeanslow frequency transmis-
sion. Additionally, due to the high confidentialityof databe-
ing communicatedamongthewearablepieces(oftenpasswords
andcreditcardnumbers),it is desirablethatthecommunication
methodcomeswith addedsecurityfeatures. This usually im-
pliesthatthewirelesstransmissionneedsto beshortrangedsoit
hasa lowerprobabilityof leakinginformation.Theultimateso-
lution is to somehow wirelesslytransmitsignalsthroughhuman
bodies,which avoidsleakingimportantinformationinto theair
at all. It is alsodesirableto reduceinterference.However, in-
terferenceis notspecificto wearablecommunication.It is more
a generalproblemthat canbe solvedby signalattenuationand
noisefiltering techniques.In short,a wireless,low-frequency,
body-rangecommunicationtechnologyis preferableto network
thepiecesof a wearablecomputer.

Wirelesscommunicationtechnologiescanbe classifiedinto
two classes– far-field and near-field communications.Liter-
ally, technologiesin the far-field classare more suitablefor
longrangedcommunication,andsimilarly thosein thenear-field
classarefor theshortrangedcommunication.Typical radio fre-
quencytechnologiesfall into the far-field classwhereasBlue-
tooth[7] looselyqualifiesasatechnologyin thenear-field class.
To bemorespecific,atypical radiofrequency antennacanreach
locationsthatareseveralhundredmetersaway. Bluetoothtypi-
cally coversa regionof abouttenmeterradius.Thetwo classes
of communicationsdiffer technicallyin signaldegradationratio
andcarrierrequirement.In termsof signaldegradationratio,the
far-field classis proportionalto

�����	�
, where

�
is thedistanceto

signalsource.Thenear-field class,on theotherhand,is propor-
tionalto

�����	

. In termsof signalcarrierrequirement,for devices

sizeof a watchor creditcard,thefar-field classrequirescarrier
frequency in thescaleof gigahertzwhile thenear-field classre-
quirescarrierfrequency in thescaleof 0.1to 1 megahertz.

For wearables,technologiesin the near-field classthat can
cover the humanrange,roughly a three- to five-meterradius
area,is preferable. AT&T LabsCambridge’s Piconet [3] is a
very low frequency radio network with a roughly five meter
range.Piconetmeetsthe requirementsof intuitive useandlow
powerconsumption.However, dueto its radiotransmissionna-
ture,it is still possibleto leakoutpersonal,confidentialinforma-
tion in theair. Anotherpromisingsolutionis MIT MediaLab’s
Body Area Network [27]. Humanbodiesareusedaswet con-
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ductorandtakepartin acircuit connectingaspecialtransmitter,
receiver andthe earth. Whenthe body is in a steadystate,the
circuit is balancedwith zeropotential. Whenthe body moves,
theresultingpotentialcarriessignalsthroughthecurrent5.

It is measuredthat the carrierstrengthis 330 kilohertz and
the power consumptionis as little as 1.5 milliw atts6. Middle
right pictureof Figure3 shows MIT’ s prototypeasa shoein-
sert[15]. Theprototypeis testedwith anapplicationexchanging
electronicbusinesscards.Right pictureof Figure3 shows two
peoplewearingtheBody AreaNetwork transceiver seamlessly
exchangebusinesscardsby shakinghands.

D. Power

Power is essentialto meetthe criteria of continuousrun. It
alsostronglyinfluencesauser’sdecisionto useawearablecom-
putercontinuously. Unlessthe computerperforms,thereis no
pointof wearingoneall thetime. Batteriesaretheconventional
solutions.They shouldbeintegratedinto thewearablecomput-
ers to provide the last layer of reliability in casethat all other
power sourcesfail. However, batteriesshouldnot be the sole
powersourcegiventhatwearablecomputersaresupposedto be
operatedanywhereanytime, includinghiking in mountainsand
standingin queueto get into the Germanembassyin Switzer-
land7. Next interestingquestionis how andwhereto getpower.
Becausewearablecomputersarewith peopleall the time, it is
only naturalto seekpowergeneratedby people.Below weeval-
uate the power requirementsof wearablecomputers,provide
theoreticallyfigureson humanpotential,andfinally look into
somepracticalpowersolutions.

To understandbetterwhat typesof power sourceare more
practical,we first examinethe averagepower consumptionof
thewearablecomputers.Traditionalbiggerwearablecomputers
consume5 watt energy. A typical configurationincludesa head
mount display, 2 gigabytehard disk, 133 megahertzPentium
CPU, and20 megabyteRAM. More advancedwearablecom-
puterscanconsumeaslittle as0.7 watt power. This is possible
by putting stateof the art MicroOptical eyeglassdisplay, flash
memory, andStrongArmmicroprocessor(.3W at 115MIPs) al-
together. A powersourcethatcancontinuouslygenerateseveral
wattsof power is ideal.

Accordingto atheoreticalanalysis[22], humanenergy in dif-
ferentforms,bodyheat,breathing,bloodpressure,armmotion,
fingermotion,andwalking,cangeneratepower from milliw atts
to several tensof watts. Seeleft plot of Figure4. Body heat
canbeconvertedinto 2.8-4.8wattsenergy. Blood pressurehas
thepotentialof 0.37-0.93watts8. Breathingcangenerateenergy
in two ways– facial andchestmotionsby inhaling andexhal-
ing. They cangenerate0.4-1.0and0.42-0.83wattpowerrespec-
tively. Thesethreeformsof energy sourcesdo not requireextra
actionsby the wearableusersbecausepeoplealwaysdispense
heat,breath,andhavebloodpressure.
�
Peoplemustwearshoesto preventshortcircuits.�
BodyAreaNetwork, however, utilizesa30 volt power source.

Oh yes, peoplehave to arrive before6:30 AM to make sure they have a

chanceto getinto thevisaoffice by 11:00AM. Fromthen,they canstartworry-
ing aboutconvincing theembassyofficials they shouldbegrantedavisa.�

Peoplehaving highbloodpressuremayironically generatemoreenergy than
others.

The next three forms, however, require extra movements.
Arm motionenergy spansa wider range,from 0.33to 60 watts.
Given that we aremore likely to type whenusingcomputers,
finger motion canbe an interestingalternative. Unfortunately,
fingermotionsgenerateonly about0.76-19milliw attsof power.
The last energy form, walking, hasthe potentialof generating
minimum5 watt to maximal67watt power.

All above figuresaretheoreticallyderived. Converting heat
andbloodpressureto reusablepoweris technologicallydifficult.
Breathingandfinger motion power is almostnegligible. Arm
motion and walking are both practical. However, walking is
preferablefor two reasons.The energy convertingunit canbe
easilyintegratedasshoeinserts,andtakinga walk looksmuch
morenaturalthanswingingarmsfor no obviousreasons.

Therearetwo waysto transferthepowerof walkinginto elec-
tricity. Seeright plot of Figure4. Oneis to usepiezoelectric
materialsthat convert pressuresof steppinginto electricalen-
ergy. A 52 kilogram usercangenerateapproximately5 watts
of power. Theotheris to usemoretraditionalrotarygenerators
thatconvertheelmotionsinto electricity. Theefficiency is deter-
minedby thedistanceof thespringsystemmountedin theheel,
energy storageof the spring system,and the efficiency of the
generator. The figure is about12.5%which means.625to 8.4
wattsenergy output. Together, a pair of shoeswith bothpiezo-
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. Entertainmentand medicalappli-
cationswereproposedearlyby designersin thepre-1990s(see
SectionII). In a remarkablemedicalapplication– artificial vi-
sion [4], a teamof doctorsandcomputerscientistsmanagedto
recover a blind patient’s eyesightto 20/400with the help of a
wearablecomputer. During theearly90s,researchersfelt more
comfortableto exploit practicaluseof wearablesin military, in-
dustrialtraining,andeducationareas.Sincelate1990s,aswear-
able hardware getting matured,peopleproposedapplications
thatareof daily use,for example,MIT’ s RemembranceAgent.
Moredetailsof theartificial visionandtheRemembranceAgent
applicationscanbefoundin [9].

V. DISCUSSION

Much of currentdebateis whetherwearableswill be useful,
or usedat all, in the future. In this section,we attemptto ad-
dresssomeof thespeculationsandsummarizethe discussions.
In general,we find that it is difficult to argue, for or against,
if we will needwearablecomputersin the future like we need
wristwatchestoday, or if therewill be a killer application that
peoplewill behappy to buy wearablecomputersfor. Thereality
couldbeany of thefollowing cases:
� Thereis no needandno killer applicationat all.
� We havenot discoveredtheneedor killer applicationyet.
� We do not realizewe alreadylive in theneedandthereexist
alreadymany killer applications.
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body heat: 2.8-4.8 Watt

blood pressure: 
0.37-0.93 Wattarm motion: 

0.33-60 Watt

finger motion: 
0.76-19 mWatt

breath: 0.4-1.0 Watt 

breath (chest motion):
 0.42-0.83 Watt

walking: 5.0-67 Watt

Piezoelectric 
insert Metal 

spring

Alternative 
generator 

system

Fig. 4. HumanPower: left plot illustratesthetheoreticalpotentialof bodymovements;right plot demonstratespiezoelectricmaterialandmechanicalspringscan
beintegratedinto shoesto convert walking power.

In any case,the industryshouldnot investmuchfor widely de-
ployment:in thefirst two cases,thereis noapparentmarket9; in
thethird case,themarket is likely to bealready-taken.However,
we aspartof theresearchcommunityhave theresponsibilityto
answerthis question– which caseis true? This promptsfor
more understandingto all aspectsof the wearablecomputers.
To namea few:
� to what extend will the wearablecomputersbe effortlessly
operatable?
� to whatextendwill thewearablecomputersruncontinuously?
� to whatextendwill thewearablecomputerapplicationsassist
our daily lives,e.g.,accessto relevantinformation?
� to whatextendwill thewearablehardwareandsoftwaretech-
nologiesimpactour lives?
With answersto thesequestions,wemighthaveaclearerpicture
asto whetherwearableswill beusefulor necessaryin thefuture.
In thecomingsubsections,wesummarizesomeof thequestions
raisedanddiscussionfollowed.

A. Do We ReallyNeedWearableComputers?

Oneimportantquestionneedsto be carefully examinedis –
doweneedwearablecomputers?Theshortansweris – notnow
for daily life, but thatdoesnot precludetheneedin medicaluse
nowadaysandpotentialdaily usein the future. Onething we
learnedfrom the history is that thereseemsto be delicatedy-
namicsbetweenthesocietyandtechnology. Thesocietyadapts
to technologies;in themeantime,technologiesadaptto theso-
ciety. This formsanendlessspiral.Whenlookingbackacouple
cycles,presentandnecessarytechnologiesarenot reallyneeded
then. This supportsthe possibility of future needin wearable
computers,andcounterarguesthat technologiesarenot to be
pursuedif thereis no presentneed.

Whetherwearablecomputerswill be really neededdepends
on how much convenienceor productivity they have to offer.
Thereasonis thatusuallypeopleadaptonly to usefultechnolo-
gies. Whena significantamountof peopleadapttheir livesto
thetechnologies,thetechnologiesbecomenecessary. Thus,the
questionis really how muchmoreconveniencewearablecom-
puterscan offer. Sinceservicesthat are desirablenow have
higherchancesof becomingnecessaryin thefuture,wecheckif
�
Typically, the industrywaits for break-throughsin technologies,comesup

with businessmodels,andthendeploys thetechnologies.

thesedesirableservicescanbesomuch’conveniently’provided
by thewearablecomputersthatpeoplewill bewilling to adapt
to thecomputers.

We find, in general,peopledesirethesetwo services:
� to accessinformation– voice,web,andlocation
� to find relevant information– searching,browsing,proactive
reminders

Today, we have cellular phonesfor voice communication,
WAP andwirelessLAN technologiesfor datacommunication,
andGPStransceiversfor locationawareness.Thesedevicesare
quasi-wearable,i.e., they fit moreor lessin ourpocketsandcan
becarriedaroundeasily. It is not difficult to imagineaftera few
morecyclesof Moore’sLaw takingeffect, thesedevices’ phys-
ical sizesandpower consumptioncanbe reducedto an extend
that they actuallymeetthe stricterdefinition of wearablecom-
putersandbecomeaffordable. Given thepopularityof cellular
phonesandsteadygrowth of GPSandwirelessLAN userbases,
it is very likely thatwe will needwearablecomputersin thefu-
ture at leastin the forms of cellular phones,andperhapsother
wirelesscommunicationdevicesaswell.

To getinformationontheWeb,aWAP capablecellularphone
might besufficient. However, whenpeoplewantotherservices
not yet integratedor new servicesjust introduced,they have to
carry extra devices. It is cumbersometo carry them all and
makesno senseto have a display and a keyboardper device.
Besides,thefact thatwearablecomputersbeingwith peopleall
the time suggeststhey cancoordinatethenumerousservicesto
bettersuit users’life styles.Most wearable,or quasiwearable,
devices today are highly heterogeneousand it is a very chal-
lengingtaskto coordinatethem,sometimesimpossiblewithout
softwareor hardwaremodification.Only whentheservicesare
moretightly coupled,thecoordinationcanbedonemoreeffec-
tively. Concludingfrom theabove,wethink theexistingdevices
will continueto beheterogeneousbut plug-insor modifications
will slowly be addedto easethe burdenof inter-operation. In
the meantime,we alsoseemoregenericandflexible comput-
ers emerging as the central coordinatingunit that can effort-
lessly, economicallyandeffectively accommodateexisting ser-
vicesandapplicationsnot foreseen.This breedof coordinator
computers driveswearablehardwaretowardstiny, bare-boned,
extendiblecomputerswith significantprocessingpower.

Furthermore,asaccesstechnologyadvances,the amountof
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informationavailablebecomesintractable– so calledinforma-
tion overflow. That increasesthe difficulty of pinpointing the
information in need. We have actuallyexperiencedthe infor-
mation overflow problem once before when the World Wide
Web bloomed. Most information providers, for exampleYa-
hooandAltaVista,addressedtheproblemby crawling theWeb
overnight,indexing, classifyingandorganizingtheinformation
into a browsabledirectoryandsearchabledatabase.We antici-
patesolutionsfor thewearablesfollowing asimilar thread.

In spiteof beingusefulalreadyfor the existing information
services,we seegreatpotentialsof themworking with another
classof services– enhancinghumanabilities.Thatcomesfrom
the most valuablepropertyof wearablesbeing with usersall
the time. Therearemany examplesof suchservices. For in-
stance,artificial vision[4] helpsblindssee.Signlanguagetrans-
lators [25] helpsdeaf-mutesspeak. RemembranceAgent [18]
helpspeopleremember. As long aswe continueto improve the
wearabletechnologies,alife saving scenariolikethiscouldhap-
pen– a wearablecomputercallsan ambulancewhendetecting
signalsof its ownergettinga heartattack.

B. Is Therea Killer Application?

Anotherinterestingquestionis that‘is thereankiller applica-
tion?’ We approachthis problemby proposingexampleappli-
cationsandthenself-debatewhetherthey aresignificantenough
to impactour daily lives. Below are two instancesof the de-
bate.Whenhoppingfrom seminarsto seminars(or meetingsto
meetings),having a wearablecomputerthat would tell exactly
whereto go next andwhatcontext to switch to canbehelpful.
However, it seemsthatsimply askingothersin thebuilding and
context switchingduringtheseminars/meetingswork too. Fur-
thermore,knowing exact locationof a tram andeasyaccessto
the tram scheduleswill help make a decisionwhetherto take
anotherconnectionthat might arrive earlierat the destination.
However, Zurich city tramsarepunctualandthe schedulesare
convenientlylocatedby the tramstops.Peopleof Zurich seem
to copewith their busyschedulesfine without sucha tramnet-
work informationsystem. In the end,we found it difficult to
identify asingleapplicationthatimpactsasignificantportionof
our lives.

However, this is perhapsjust the way of life. We do a lot
of little thingsor requestlittle piecesof informationeveryday.
Whenlookedatoneby one,eachis small.But whenagooddeal
of thesedaily taskscanbeperformedconvenientlyandubiqui-
touslyatourfingertips,it will impactourlives.In otherwords,a
collectionof smallapplicationscankill justasasinglekiller ap-
plicationcan.Take PalmPilot, which is gainingmoreandmore
popularityamongbusinessandcomputerprofessionals,for ex-
ample.It providesa collectionof personalorganizationutilities
suchasaddressbook,calendar, emailandflight schedule.Each
of theseapplicationcanbe doneotherwisewithout Palm Pilot,
but when they are put together, the accumulatedconvenience
attractspeopleto adaptto thetechnology.

VI . SUMMARY

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

puting. After reviewing the history of relevant research,we
sensethetrendof wearablecomputinggoingtowardsdaily and
wider spreaduse. From there, we brain-stormabout poten-
tial applicationsof daily useandrationalizedesirablefeatures.
With acleardefinitionof wearablecomputerandspecificgoalin
mind, we survey availabletechnologiesin four of thefive rele-
vantresearchareas,I/O interface,indexing andsearching,com-
municationandpower. In conclusion,we find progressin re-
searchhaspushedwearabletechnologiescloseto anidealstate,
but notquitethereyet. Muchwork is neededin threedirections:
1) hardwaredevelopment, 2) AI techniqueenhancement, and3)
systematicperformanceevaluation. In particular, theintegrated
one-handkeyboardandhead-mountmicrodisplayareplausible
I/O solutions,but relatedaudioandvideoI/O techniques(com-
putervision andspeechprocessing)do not seemrobustenough
for daily use. Communication-wised,Body AreaNetwork and
Piconetprovidereasonablesolutions.However, theseproposals
aremoreor lessin thedevelopmentstageandno formalevalua-
tion hasbeendoneto comparetheirusefor wearablecomputers.
Thepoweraspectis somewhatsimilarto communication.While
piezoelectricandspringsysteminsertsarepromisingsolutions
to convert the power of walking into electricity and to a level
that ’continuousrun’ seemsa reachablegoal,no formal exper-
imentsareconductedto evaluatetheir efficiency with wearable
computers.

After addressingsomeof the concernsaboutwearablecom-
puter’s existencein the future, we decideto pursuestudiesin
areasthatexisting technologiesareinadequate,especiallyin the
areaof communication.In next section,westateourprogressive
goalsand plansfrom acquiringwearablehardware to longer-
termwearable-ubiquitouscommunicationproblems.

VI I . EXPLORATORY PROJECTS

As mentionedin SectionIII, thereare several areasof re-
search,somemorehardware-orientedandsomemoresoftware-
oriented.Our interestlieswithin thesoftware-level communica-
tion issues.Typical problemsarerouting,scheduling,andend-
to-endtransporting(i.e., flow control anderror recovery). To
avoid the bitter lesson10 learnedfrom designingTCP, we think
thesecommunicationissuesshouldbepursuedin themeantime
applicationsand lower-level communicationtechnologiesare
beingdeveloped.In otherwords,we needto learnmoreabout
the low-level communicationcharacteristicsand the environ-
mentandapplicationswith whichwearablecomputersarelikely
to operate.Our methodologyis thus: 1) to selecta target ap-
plicationthatareusefulin anacademicenvironment(sowe can
conductfield tests).2) to characterizeusageandinteractionwith
users,aswell as the environment. 3) to understandthe impli-
cationof differentunderlyingcommunicationtechnologies.4)
finally to deviseplausiblehigh-level communicationsolutions.
We intend to consultandcollaboratewith local expertise11 in
theSwissFederalInstituteof Technologyonrelevanthardware,
���

Peoplefound TCP’s window-basedcontrol is the sourceof many perfor-
manceandfairnessproblems,so they proposedchanges.Becausethechanges
works well, partial deploymentof themmeansunfair disadvantagesto the old
versionusers.Userswill jumpandsowearestuckin a local maximum.���

Prof. Troester’s WearableComputerLaboratory, Prof. Mattern’s Ubiqui-
tousComputingGroup,andProf. Schiele’s ComputerVisionGroup.
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system,and user interfaceissues. The overall plan gradually
expendsfrom communicationamongpiecesof awearablecom-
puter, communicationbetweenwearablecomputers,to commu-
nicationbetweenwearableandubiquitouscomputers.Overview
of theseincrementalprojectsaregivenbelow. More detailscan
befoundin thetechnicalreportversionof thispaper[9].

A. WirelessCyborgs

A wearablecomputerusuallyconsistsof threecomponents:
input device, display, and computingunit. Consideringthe
availability, quality, andcost, we selecta one-handintegrated
keyboardastheinput,ahead-mountdisplayasthedisplay, anda
sub-notebookasthecentralcomputingunit. In thisfirst project,
we seekto replacecommunicationwires with wirelesstech-
nologies,suchas IrDA [2], Piconet[3], and Body Area Net-
work [27]. We hopethat during the processof experimenting
with various wirelesstechnologies,we learn more about the
potential impact of low-level wirelesstechnologiesmay have
to higher-levels communicationprotocols. After the wearable
piecesare successfullyun-wired, we then switch our empha-
sis to characterizingthe usage,loss,andpossibleinterference.
Basedonthesefindings,weaimto designsuitabletransportpro-
tocolsfor theintra-wearablenetwork.

B. SeamlessBusinessCard Exchange

To understandrelevant inter-wearablecommunicationprob-
lems,we proposean applicationthat allows seamlessbusiness
cardexchangesamongwearablecomputersor devices.Eachex-
changewill bedonebetweena wearablePCandanotherwear-
abledeviceof existingtechnology, e.g.,acellularphoneor Palm
Pilot. Our approachto identify appropriatesolutionsfor inter-
wearablecommunicationwill besimilar to theonedescribedin
the first project. Oneadditionis thatwe intendto includetwo
morewirelesscommunicationtechnologies,Bluetooth[7] and
wirelessLAN [11], in ourevaluation.

C. PersonnelMap

To understandrelevant inter-wearable-ubiquitouscommuni-
cationproblems,we proposeanapplicationthatprovidesmaps
of personnelwearingcomputersin locationsequippedwith sen-
sors.We seekto strategically placesensorsat thecritical points
in a building. Thesesensorsreceive signalsfrom office mem-
bers’wearabledevicesandsendsaggregatedreportsto themap
generationserver (a computerwith more processingpower).
The wearabledevices here can be very small PCs, Palm Pi-
lots,cellularphones,aswell asstudentID cardswith smarttags.
We thenadoptthesameapproachasin thefirst two projectsto
deviseappropriatesolutionsfor inter-wearable-ubiquitouscom-
munication.

VI I I . ACKNOWLEDGEMENTS

The authorwould like to thankProf. Dr. Bernt Shieleand
SvetlanaDomnitchevafor many fruitful discussions.Thanksare
alsodueto Prof. Dr. FriedemannMatternfor theopportunityto
participatein his UbiquitousComputingseminar. Finally, I am
extremelygratefulto Prof. Dr. GerhardTroesterandmy shep-

herdProf. Dr. BernhardPlattnerfor their valuablecomments
andsupport.

REFERENCES

[1] Handykey corp. http://www.handykey.com.
[2] InfraredDataAssociation.Specification1.1,June1996.
[3] F. Bennett,J. B. EvansD. Clarke, A. Hopper, A. Jones,and D. Leask.

Piconet:Embeddedmobilenetworking. IEEE PersonalCommunication,
4(5),1997.

[4] Wm. H. Dobelle.Artificial vision for theblind by connectinga television
camerato thevisualcortex. ASAIOJournal, 35(3& 4), 2000.

[5] D. Estrin,R. Govindan,J.Heidemann,andS.Kumar. Next centurychal-
lenges:Scalablecoordinationin sensornetworks. In Proceedingsof the
Fifth Annual International Conferenceon Mobile Computingand Net-
works(MobiCOM’99), Seattle,Washington,August1999.

[6] X. Feng. Sony pcg-c1 vs. libretto 50. http://www.fixup.net/tips/pcg-
c1.htm.

[7] Bluetooth Working Group. Bluetooth specification 1.0.
http://www.bluetooth.com.

[8] A. Harter and A. Hopper. A distributed location systemfor the active
office. IEEE Network, 8(1),January1994.

[9] Polly Huang. Promoting wearablecomputing: A survey and future
agenda. TechnicalReportTIK-Nr.95, ComputerEngineeringand Net-
worksLaboratory, SwissFederalInstituteof Technology, September2000.

[10] P. J.KoopmanJr. Embeddedsystemdesignissues(therestof thestory).In
Proceedingsof theInternationalConferenceon ComputerDesign(ICCD
96), 1996.

[11] B. E. Mullins, N. J. Davis IV, andS. F. Midkif f. A wirelesslocal area
network protocolthat improvesthroughputvia adaptive control. In Pro-
ceedingsof theIEEEInternationalConferenceonCommunications, pages
1427–1431,June1997.

[12] A. Pentland.Smartrooms.ScientificAmerican, April 1996.
[13] A. Pentland.Wearableintelligence.ScientificAmerican, 9(4),Fall 1998.
[14] D. Platt. Hip-pc. The Lap and Palmtop Expo.

http://belladonna.media.mit.edu/projects/wearables/
timeline.html#1991a,April 1991.

[15] MIT Media Lab PersonalArea Network Project. Intrabodysignalling.
http://www.media.mit.edu/physics/projects/pan/pan.html.

[16] MIT Media Lab Wearable Copumter Project. Keyboards.
http://wearables.www.media.mit.edu/projects/wearables/
keyboards.html.

[17] B. Rhodes. A brief history of wearable computing.
http://wearables.www.media.mit.edu/projects/wearables/
timeline.html.

[18] B. Rhodes.The wearableremembranceagent:A systemfor augmented
memory. PersonalTechnologiesJournal SpecialIssueonWearableCom-
puting, 1(4):1:218–224,1997.

[19] B. Rhodes,N. Minar, andJ. Weaver. Wearablecomputingmeetsubiq-
uitous computing: Reapingthe bestof both worlds. In Proceedingsof
TheThird InternationalSymposiumon WearableComputers (ISWC’99),
pages141–149,SanFrancisco,CA, October1999.

[20] D. K. Roy, N. Sawhney, C. Schmandt,and A. Pentland. Wearableau-
dio computing: A survey of interactiontechniques. TechnicalReport
http://www.media.mit.edu/nitin/NomadicRadio/
AudioWearables.html,MIT MediaLabTechnicalReport,April 1997.

[21] T. Starner. The cyborgs are coming. Submittedto Wired. ftp://www-
white.media.mit.edu/pub/tech-reports/TR-318-ABSTRACT.html, 1994.

[22] T. Starner. Humanpoweredwearablecomputing. IBM SystemsJournal,
35(3& 4):618,1996.

[23] T. Starner. Lizzy: Mit’ s wearable computer design 2.0.5.
http://wearables.www.media.mit.edu/projects/wearables/lizzy/, 1997.

[24] T. Starner, S. Mann, B. Rhodes,J. Levine, J. Heaaley, D. Kirsch, R. W.
Picard,andA. Pentland.Augmentedreality throughwearablecomputing.
Presence, 6(4),1997.

[25] T. Starner, J.Weaver, andA. Pentland.Real-timeamericansignlanguage
recognitionusingdeskandwearablecomputerbasedvideoperceptual.In
Proceedingsof theIEEEPAMI ’98, 1998.

[26] E. Thorp. Beatthedealer. Review of theInternationalStatisticalInstitute,
37(3),1969.

[27] T. G. Zimmerman.Personalareanetworks: Near-field intrabodycommu-
nication. IBM SystemsJournal, 35(3& 4), 1996.


