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Abstract

Wearable computing moves computation from the desktop to the user. We are forming a community
of networked wearable computer usersto explore, over a long period, the augmenrted realities that these
systemscan provide. By adapting its behavior to the user's changing environment, a body-worn computer
can assistthe user more intelligently, consistertly, and contin uously than a desktop system. A text-based
augmerted reality, the Remembrance Agent, is preserted to illustrate this approach. Video camerasare
usedboth to warp the visual input (mediated reality) and to sensethe user's world for graphical overlay.
With a camera, the computer tracks the user's nger, which acts as the system's mouse; performs face
recognition; and detects passive objects to overlay 2.5D and 3D graphics onto the real world. Additional
apparatus such as audio systems, infrared beaconsfor sensinglocation, and biosensorsfor learning about
the wearer's a ect are described. Using the input from these interface devicesand sensors,a long term
goal of this project is to model the user's actions, anticipate his or her needs, and perform a seemless

interaction betweenthe virtual and physical environments.

1 Intro duction

With the growing acceptanceof multimedia and the Internet, desktop computers are becoming all-purp ose
information appliances, incorporating everyday devicessud the telephone, fax, answering maciine, and

television. However, these computers are still con ned to the deskand are not available to the user during



most of the day. By designing a networked, multimedia computer that can be worn as clothing or is built
into the user's clothes, the power of computing can assisteveryday tasks. Following the trend of desktop
computing, the networked wearable computer can replace most portable consumer electronics including
the wristwatch, cellular phone, fax machine, palmtop, compact disk player, camera, camcorder, and health
monitor. Using \heads-up" displays and earphones,wearable computers can provide an improved interface
for thesefeatures by overlaying graphics, text, and sound on the physical world (seeFigure 1). In addition,
such augmerted realities enable a new range of applications that are location and context specic. For
example, hypertext interfaces can be extended to the physical world to aid in on-site repair, construction,
museumtours, and interactive games.

Wearable computersallow a much closerassaiation with the user. In replacing the consumerelectronics
listed above the sensorsadded allow the wearable to seewhat the user sees,hear what the user hears,
sensethe user's physical state, and analyze what the user is typing. If this information is combined into
a user model, an intelligent agert may be able to analyze what the user is doing and try to predict the
resourceshe will neednext or in the near future. Using this information, the agen may download les,
resene communications bandwidth, post reminders, or automatically send updates to colleaguesto help
\smooth" the user'sdaily interactions. To usea metaphor, such an agert would act as a butler/con dan t,
who always stands behind the user's shoulder, knows his employer's personal preferencesand tastes, and
trys to streamline interactions with the rest of the world.

By maintaining a community of wearablecomputing users(Figure 2) we hope to encouragea diversity of
applications and styles. Often the physical interfacesare customizedto addressthe variabilit y in physiology
between users. Software interfacesare also adapted to work habits and primary applications. In addition,
the networked community of usersitself o ers researd opportunities in computer supported cooperative

work (CSCW).



2 Extending the Traditional Computer Interface with W earable

Augmen ted Realit y

Augmented and virtual reality often focuson extending the human-computer interface through sophisticated
3D graphics. Howewer, while graphics have had a signi cant impact on the computing world, the written
word still dominates computer use. In general, 95% of human-computer time is spent word processing.
Through the augmerted environment made available by wearable computers, word processingcan occur
almost anywhere. With the heads-updisplay, the computer hasthe ability to display messagesinobtrusively
or urgertly grab the user's attention. In addition, the wearable computer can display text or graphicsin
physically meaningful locations in the visual eld, provided that it is aware of where the user is looking.
Using these concepts,word processingcan be signi cantly enhancedwith a sort of augmerted memory. In
the systemdescribed below, a one-handedchording keyboard is usedfor entering text (seeSection5), though

the system can be adapted easily for those instancesin which speedt recognition is appropriate.

2.1 Augmen ted Memory

Computers perform well at storing data and executing repetitiv e functions quickly. Humans, on the other
hand, make intuitiv e leaps and recognizepatterns and structure, even when passive. Thus, an interface in
which the wearablecomputer helpsthe userremenber and accessnformation seemspro table. While word
processingmay comprise the majority of computer use, it requiresonly a small fraction of the computer's
processingpower. Instead of wasting the remaining power, an information agert can usethe time to seard
the user'spersonaltext databasefor information relevant to the current task. The namesand short excerpts
of the closest matching les can then be displayed. If the seard engineis fast enough, a continuously
changing list of matches can be maintained, increasing the probability that a useful piece of information
will be recovered. Thus, the agert can act asa memory aid. Even if the user mostly ignoresthe agen, he
will still tend to glanceat it wheneer there is a short break in his work. In order to explore such a work

ervironment, the Remenbrance Agent (Rhodesand Starner, 1996) was created.



2.1.1 The Remem brance Agent

The bene ts of the Remenbrance Agent (RA) are many. First, the RA provides timely information. If the
useris writing a paper, the RA might suggestrelevant references.If the useris reading email and scheduling
an appointment, the RA may happen to suggestrelevant constraints. If the useris holding a cornversation
with a colleagueat a conference the RA might bring up relevant assaiations basedon the notesthe useris
taking. Sincethe RA \thinks" dierently than its user, it often suggestscombinations that the user might
never assenble himself. Thus, the RA can act asa constart \brain-storming” system.

The Remenbrance Agent can also help with personalorganization. As new information arrives,the RA,
by its nature, suggestsles with similar information. Thus, the user gets suggestionson where to store the
new information, avoiding the commonphenomenonof multiple les with similar cortent (e.g. archives-linux
and linux-archives). The rst trial of the prototype RA revealedmany sud inconsistencieswithin the sample
databaseand suggesteda new researd project by its groupings.

As a user collects a large databaseof private knowledge, his RA becomesan expert on that knowledge
through constart re-training. A goal of the RA is to allow co-workersto accesgshe \public" portions of this
databasecornveniertly without interrupting the user. Thus, if a colleaguewants to know about augmerted
reality, he simply sendsa messageto the user's Remenbrance Agent (e.g. thad-ra@media.mit.edu). The
RA canthen return its best guessat an appropriate le. Thus, the useris not interrupted by the query, and
he never hasto format his knowledge explicitly, aswith HTML. Knowledgetransfer may occur in a similar
fashion. When an engineertrains his successorhe can also transfer his RA's databaseof knowledge on the
subject sothat his replacemen may cortinually receive the benet of his experienceeven after he has left.
Finally, if a large collective of peopleuse Remenbrance Agents, queriescan be sert to communities, not just
individuals. This allows questions of the form \How do | reboot a Sun workstation?" to be sert to 1000
co-workers whosesystems,in their sparecycles,may senda response. The questioner'sRA, who knows how

the user\thinks," can then organizethe responsesinto a top 10 list for convenience.



2.1.2 Implemen tation

The Remenbrance Agent (RA) is comprisedof two parts, the userinterface and the seard engine. The user
interface cortin uously watches what the user typesand reads, and it sendsthis information to the seart
engine. The seard engine nds old email, notes les, and on-line documerts that are relevant to the user's
context. This information is then unobtrusively displayed in the user's eld of view.

Currently, the user interface runs in elisp under Emacs-19,a UNIX basedtext editor that can also be
used for applications such as email, netnews, and web access. The Remenbrance Agent displays one-line
suggestionsat the bottom of the emacsdisplay bu er, along with a numeric rating indicating the relevancy
of the documert. Theseitems contain just enoughinformation to represen the cortents of the full documert
being suggested.For example, the suggestionline for a piece of email includes the subject line, the sender,
and the date received. The suggestionline for a notes le cortains the le name, owner, date last modi ed,
and the rst few words of the le. With a simple key combination, the user can display the full text of a
suggesteddocumert. The RA may suggest les basedon the most recert 500 words of the user's current
documert, the most recert 50 words, the most recert 10 words, or it may display suggestionsin a hierarchy
of all 3 contexts. In this way, the RA can be relevant both to the user's overarching context and to any
immediate ass@iations. Each usermay customizethe number of suggestiondisplayed, the type of documerts
referenced,and the update frequency of the display.

The current implementation usesSavant, an in-houseinformation retrieval system,which is similar to the
SMART information retrieval program (Salton, 1971). This seard engine determines documert similarity
basedon the frequency of words commonto both the query and referencedocumerts. In order to improve
its speed, Savant createsan index of all words in eady documert source nightly. While Savant is not as
sophisticated as many more modern information-retriev al systems,it doesnot require human pre-processing
of the documerts to be indexed.

Figure 3 shows the output of the Remenbrance Agent (in the bottom bu er) while editing an earlier
version of this documert (top buer). The referencedatabasefor the RA was the third author's e-mail

archives. Personal email and notes les are good sourcesfor an RA to reference,becausethese les are



already personalizedand automatically changewith the user'sinterests. This personalreferencedatabaseis
much richer in potentially relevant information than, for example,the Web. Such personalization also helps
solve many \homonym" problems. For example, when an Al researtier mentions \agents" in a memo or
paper, that person'sRA will suggestwork on autonomousagerts. A chemist's RA, on the other hand, will
bring up lists of various solvernts and other chemical agerts. Additionally , becausethe referencedatabaseis
the user'sown work, the one-line summary may be all that is necessaryto remind the user of a documert's
relevancy. Finally, given the greater opportunity to record personal and experiertial knowledge using a
wearable computer, the user generatesa fertile referencedatabasefor the RA.

While the Remenbrance Agent gains most of its contextual information from typed text, wearablecom-
puters have the potential to provide a wealth of contextual featuressimilar to those discussedin (Lamming
and Flynn, 1994). With the systemsdescribedin later sections,additional sourcesof usercontext information
may include time of day, location, biosignals, face recognition, and visual object tags. Thus, the RA begins
to shav the advantagesof wearable, context-driv en augmerted reality. However, with a more comprehensie
agert, the wearable computer may be able to uncover trends in the user's everyday life, predict the user's

needs,and pre-emptively gather resourcesfor upcoming tasks.

2.2 Finger-trac king as a Pointing Device

Many di erent user interfaces becomepossible when a video camerais added to the wearable computer.
While appropriate wearable video digitizers are just now becoming available, a wirelessremote processing
systemis currently beingusedto experiment with this modality (seeSection5). A camerasystemallows the
userto have an intuitiv e and corveniert replacemen for the mouse. Figure 4 shaws tracking of the user's
nger while he selectsan item from a pull-down menu. Here, the computer tracks the color of the user's
hand, though template matching techniques are also possibleat higher computational expense. Thus, the
nger can replace the mousewheneer a pointing deviceis desired. Such a pointing device itself takes no
extra room, can not be lost, and can be usedalmost anywhere there is light.

The systemsdescribed above augmert the traditional computer interface. However, much more can be



done when the corntext-sensing nature of the Remenbrance Agernt is extendedto the physical world. Much
of a user'slife is spent away from a desk. Thus, the computer must be adapted to take advantage of user

mobilit y.

3 Camera-based Realities

Wearable camerasystemsgive remote usersa rst-hand view of a local problem (Mann, 1994;Kraut et al.,
1996;Baum et al., 1996). Such \over the shoulder” telepresencehas applications in repair and maintenance,
medicine, courtroom proceedings,security, conferencing,and many other elds. Camera systemscan also
enable userswith visual disabilities. When a wearable system has accesso a digitizer and the CPU power
to processthe images,the camerabecomesa sensorwhich can be integrated into the user interface itself.
In addition, wearable computers enable a unique, rst-p erson viewpoint for computer vision researters

concerrating on understanding human gesture and context.

3.1 Physically-based Hyp ertext

Museum exhibit designersoften have the dilemma of balancing too much text for the easily bored public
with too little text for an interested visitor. With wearable computers, large variations in interests can
be accommalated. Each room could have an inexpensive computer embedded in its walls, say in a light
switch or power outlet. When a visitor enters the room, the wall computer can wirelessly download museum
information to the visitor's computer. Then, as the visitor exploresthe room, graphics and text overlay
the exhibits according to his interests. Taking this example farther, such a system can be useto create a
physically-based extension of the \W eb." With augmened reality, hypertext links can be assa&iated with
physical objects detailing instructions on use, repair information, history, or information left by a previous
user. Such an interface can make more e cien t use of workplace resources,guide tourists through historical
landmarks, or overlay a role-playing gameervironment on the physical world.

In order to experiment with suc an interface, the head-mourted cameraand display system as shavn

in Figure 5 is used. Visual \tags" uniquely identify ead active object. These tags consist of two red



squaresbounding a pattern of greensquaresrepresetting a binary number unique to that room. A similar
identi cation system has been demonstrated by (Nagao and Rekimoto, 1995) for a tethered, hand-held
system. Thesevisual patterns are robust in the presenceof similar badkground colorsand can be distinguished
from ead other in the samevisual eld. Once an object is identi ed, text, graphics, or a texture mapped
movie can be rendered on top of the user's visual eld as shown in Figure 5. Since the visual tags have
a known height and width, the visual tracking code can recover orientation and distance, providing 2.5D
information to the graphics process. Thus, graphics objects can be rotated and zoomed to match their
courterparts in the physical world. This systemis usedto give mini-tours of the laboratory spaceas shawvn
in Figures6 - 8. Active LED tagsare shawn in this sequencethough the passive tags work aswell. Whenever
the cameradetects a tag, it rendersa small red arrow on top of that object indicating a hyperlink (Figure
6). If the useris interestedin that link and turns to seeit, the object is labeledwith text (Figure 7). Finally,
if the user approades the object, 3D graphics or a texture mapped movie are rendered on the object to
demonstrate its function (Figure 8). Using this strategy, the useris not overwhelmedupon walking into a
room but can explore interesting objects at leisure.

By recognizingand tracking physical objects, the wearable computer can assigncomputation to passiwe
objects. The virtual version of the object maintained in the wearable computer (or on a wirelessnetwork)
can then perform tasks on behalf of the user, communicate with other objects or users,or keeptrack of its
own position and status. For example,the plant in Figure 5 may \ask” passers-ly for water basedon a time
schedule maintained by its virtual represenation. This method is an e ective way to gain the bene ts of
ubiquitous computing (Weiser,1991) with a sparseinfrastructure.

Unfortunately, the visual tag system described above has a limited number of unique codes. To avoid
running out of identi ers for objects, an additional senseof location is needed. Outdoors, the Global
Positioning System can be used to subdivide the space. Howewer, for indoor use, a system of low-cost,
infrared, light-p owered beaconswas developed to sene this purpose(Figure 9) (Poor, 1996). Each of these
beaconsconsists of a low-power microprocessor,an infrared transmitter, and an infrared receiver. A solar

cell is usedto avoid constart battery replacemen. These systemsare typically mounted under uorescent



light xtures wherethey can draw power and e ectiv ely cover a region.

By listening to theselR transmitters, the user's wearable computer can determine its location and load
the appropriate set of tag identi ers for the region. In addition, the IR receiver and microprocessorenable
location basedinformation uploading. Userscan leave location-based,encrypted \P ost-it" notesor graphics
for ead other, thus extending the physical hypertext system.

Sudch a beaconarchitecture protects user privacy. While the user's computer listens to the beaconsto
determine its position, it does not reveal its position without explicit instruction by the user. If the user
desiresto reveal his position, a location daemon can be run over the wearable's wireless data network to
processinquiries. Signi cantly, sincethe beaconsthemselesare not networked even in upload mode, there

is no remotely monitorable network trac to reveal the presenceof a userat a particular node.

3.2 3D Graphical Overlays and Activ e Tags

When three or more tags are used on a rigid object, and the relative positions of the tags are known, 3D

information about the object can be recovered using techniques developed in (Azarbayejani and Pentland,

1995). Registered3D graphics can be then be overlaid on the real object. Sudc registered graphics can be
very useful in the maintenance of machinery. Extending a conceptby (Feiner et al., 1993), Figure 10 shows
3D animated imagesdemonstrating repair instructions for a laser printer. The registration method becomes
increasingly stable with additional known feature points. Sincethe tags have known dimensions,two feature
points can be recovered: the right and left-hand sidesof the tag. More recertly, 2D visual tags have been
developed which encade 32 to 128 bits of information in a 7 by 5 grid of color squares.Due to the inherent

planar structure of thesetags, only onetag is neededto a align a 3D graphics overlay.

Note that the visual tags shown in Figure 10 consistof small LED alphanumeric displays. For expensive
machinery such as an aircraft, a manufacturer may want to enmbed such tags to aid in repair diagnostics.
Sud displays may indicate error codes(similar to someof today's printers and copiers)that the technician's
wearable computer can sense.Thus, appropriate graphical instructions can automatically overlay the user's

visual eld. In addition, activetags may blink in spatial-temporal patterns to communicate with the wearable



computer or to aid tracking in visually complex ervironments. Adding infrared or radio communications
betweenthe repair object and the wearable computer may allow more complicated cooperative diagnostics
or repair instructions tailored to the user'slevel of expertise. Of course,the features of thesemore advanced

systemsmust be weighedagainst the low cost of the passiwe tags discussedearlier.

3.3 Augmen ting Realit y Using Inherent Visual Features

One of the traditional goals of computer vision is the identi cation and tracking of objects by their video
images. While this is a hard problem in general, constrained situations may be addressedwith su cien t
processingpower. For example, (Uenohara and Kanade, 1994; Baum et al., 1996) have shawvn tethered
systemswhich can overlay graphicson computer internals for repair or marked human legsfor surgery. This
section describesattempts to bring such vision sensingto wearable computing-basedaugmerted realities.

Using face recognition methods deweloped by (Turk and Pertland, 1991; Pertland et al., 1994), a face
can be comparedagainst an 8000face databasein approximately one secondon a 50Mhz 486 classwearable
computer. Aligning the facein order to perform this seard is still costly (on the order of a minute on R4400-
basedmachines). Howewer, if the seard can be limited to a particular sizeand rotation, the alignment step
is much more e cien t. In the caseof wearablecomputing, the seard can be limited to facesthat are within
conversational distance. In the current implementation, the userfurther assiststhe systemby certering the
head of his corversart on a mark provided by the system. The system can then rapidly compare the face
versusimagesstored in the database. Given the speed of the algorithm, the system can constartly assume
a facein the proper position, return the closestmatch, and withhold labeling until its con dence measure
reaches a given threshold. Upon proper recognition, the system can overlay the returned name and useful
information about the personasin Figure 11.

Without visual tags, other methods of aligning the real and virtual are necessary Using the \p enci-
graphic" imaging approach (Mann, 1995), the virtual image of a rigid planar patch (Huang and Netravali,
1984) may be superimposedon to the wearer's real world visual eld, creating the illusion of the virtual

image oating in 3D space. Figure 12 shaws six frames of video from a processedmage sequence.The com-
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puter recognizesthe cashierand superimposesa previously entered shopping list on her. When the wearer
turns his head to the right, not only doesthe shopping list move to the left on the wearer's screen, but
its \c hirp-rate" and keystoning are manipulated automatically to follow the ow eld of the video imagery
coming from the camera. Note that the tracking (initially triggered by automatic face-recognition)cortin ues
even when the cashier'sfaceis completely outside the camera'svisual eld, becausethe tracking is sustained
by other objects in the room, sudh asthe courters, walls, row of ourescent lights, and the video surveillance
camerasinstalled on the ceiling. In this way, the shopping list appearsattached to a plane on the cashier.
Sud techniques demonstrate how computer vision can directly aid the registration problem in augmerted

reality.

3.4 Aids for the Visually Disabled

Wearable computers and augmerted reality techniques can assistusersby adapting their physical sensesas
well asaugmerting them. Approximately 2 million Americans are a ected by low vision, a set of conditions
which can not be correctedwith normal eyeglassesand se\erely a ects the individual's sight. However, some
of their needsmay be addressedby remapping the visual input. To do this remapping, a camerais mounted
on an opaquehead-mouned display. The imageis wirelessly transmitted to a remote computer, processed,
and sert bad to the head-mourted display. The processof completely cortrolling the user's visual eld
has beentermed \mediated reality" (Mann, 1994)to distinguish it from the \see-through" e ect generally
assaiated with augmerted reality. With o -the-shelf SGI hardware, the incoming video may be remapped
arbitrarily in real time. Figure 13 shaws how text can be magni ed by applying a simple 2D “hyper- sheye'
coordinate transformation. This allows individual letters to be magni ed soasto be recognizablewhile still
providing the context cuesof the surrounding imagery. Figure 14 shows how the sametechnique can be used
to map around scotomas(\blind spots”). Until self-coriained systemssud as (Baker, 1994) can include
the processingpower necessaryto perform this amount of computation, suc systemscan provide a general
experimertal platform for testing theories of low vision aids. If considerablewireless bandwidth is made

available to the public, asper (Nagel and Lovette, 1995), then this systemmay becomepractical. Sinceonly
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cameras,a HMD, and a transmitter/receiv er pair are needed,the apparatus can be made lightweight from
o -the-shelf componerts. Furthermore, this approach may improve battery life by using just enough power
to transmit the video to the nearestrepeater instead of trying to processthe video locally.

Note that the techniquesfrom previous sectionscanalsobe usedin suc contexts. The wearablecomputer
acts as a guide to physical spacesand also adapts for its user's abilities. For example, for a user with low
vision, the location and visual tracking systemsof the wearable computer may actively direct the userto

objects that would bedicult to nd or manipulate even with the remapped visual eld.

4 Curren t Eorts: User Sensing and Mo deling

Augmented reality attempts to provide informativ e or entertaining overlays on the physical world. Howevwer,
it is easyto crossthe boundary betweenuseful information and overwhelming clutter. A copier repairman
does not need diagrams to replace the most commonly broken belt. In fact, sudh interference would be
consideredannoying. In order to assistthe user unobtrusively, the wearable computer must model its user's
knowledge, actions, goals,and even emotions. This paper has preseried systemsto track the user'sposition,
visual eld, and current interests as revealedby what is being typed. Howewver, a more personaland striking
interface may be possibleif the user's emotional a ect can be sensedas well.

Emotional a ect plays a large part in everyday life. In fact, there is evidencethat without a ect, even
rational intellect is impaired (Damasio, 1994). To date, computer interfaces have mostly ignored human
aect. Howewver, wearable computers, which are in cortact with their usersin many dierent conexts,
allow an unprecederted opportunity for a ect sensing. Picard discussesways in which computers might
recognizea ect (Picard, 1995), as well as a number of potential applications of a ectiv e wearables. To this
end, we have begunto interface temperature, blood volume pressure,galvanic skin response,foot pressure,
and electromyogram biosensorswith our wearable computers. While simply providing a body \status line"
overlay for the user'sbene t is an interesting application, we hope to create a sophisticated model of the user
by combining a ect and environment sensingas well as pattern recognition techniques similar to (Orwant,

1993).
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Through sensordata and the usermodel, the wearablecomputer cantrack the state of its userand adjust
its behavior accordingly. For example, supposethe useris attending an important businesslunch. The user's
computer, realizing that the userdoesnot want to be disturb ed, should take messages$f phone or electronic
messagesrrive. Howewer, in the caseof an emergencymessagethe computer should understand enough of
the context to grab the user'sattention immediately. The computer should alsobe able to identify urgent or
time-critical message¢Schmandt, 1994)and wait for a break in the corversationto post a summary message
discreetly onto the user's heads-updisplay.

A usermodel should also predict the user'snext action or state. Such information canbe usedto allocate
resourcespre-emptively. For example, supposethe user enjoys music while he's working. When working on
a late night project, the user likes hard rock to keephim alert. Howewer, during the day, the user prefers
classicalmusic to lower his stress. Through having learned these preferences knowing the time of day, and
sensingthe user's stresslevel, the wearable computer can predict what the user may want to listen to next
and can download potential selectionsover the wirelessnetwork.

This predictive ability becomesvital when network-stored video clips are to be usedfor overlays during
repair tasks. For example, the wearable computer may begin downloading diagnostic tools for near-future

usewhile displaying an informativ e overlay for a current repair task.

5 Apparatus

While a standard hardware set allows apparatus to be sharedamoungthe members of the comnmunity, eadh
useris encouragedto customize his wearable computer. The result is a constartly changing and improving
ervironment. This section gives a brief overview of the systemsused for the work in this paper, but for
detailed or recert information, the reader is encouragedto visit the MIT wearable computing web site
(Starner et al., 1995).

A standard systemconsistsof a Private Eye display, Twiddler one-handedkeyboard, PC-104based50MHz
486 computer, 16M of RAM, and approximately 1G of hard disk. The PC-104 3.6" by 3.8" board standard

allows eadh userto add o -the-shelf 16-bit sound boards, video digitizers with on-board DSP's, PCMCIA
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adaptors, higher end 586 processors,or extra communications ports as desired. Cameras, biosensors,CRT
or LCD displays, extra disk capacity, and custom clothing are also incorporated. Network connectivity in
the region is achieved either through commercial digital cellular data service or a custom wireless system
supported by the secondauthor. When on-board processingpower is not su cien t for analyzing video for
the above techniques, a self contained, full duplex amateur television transmitter/receiv er (Figure 15) is
usedin conjunction with HP or SGI workstations. Video is transmitted from the head mounted camera,
analyzedremotely, and returned to the user'sdisplay with appropriate graphicsoverlaid on the image (Mann,
1994). This method emulates the experienceof having signi cant processingpower locally and allows rapid
prototyping. As techniques are proven, the code is optimized and moved to the processor(s)of the local
wearable computer, if possible. Thus, concept demonstrations are gradually integrated into everyday use.
As of this writing, the facerecognition code hasbeenported, and ports of the nger tracking and visual tag

code are underway.

6 Discussion

Our purposein creating a wearablecomputer community is to explore the various, and often unanticipated,
usesof the augmerted reality interface. The diversity of the community is re ected by the range of projects,
but what are the common threads that make wearable computing-based augmerted reality advantageous
over virtual reality or other forms of portable multimedia?

Wearable computing allows graphics and text to be assaiated with physical objects and locations.
Through overlay displays, the user can concenrate on the task instead of constartly looking down as is
the casewith notebook computers or pen-basedsystems. Using the techniques shovn above to senseat
what object the user is looking, the computer may deducethe user's intention and update the display
automatically.

Wearablecomputersare private and are more discreetin many situations than virtual reality gearor even
such consumerdevicesas cellular phones,pagers,or hand-held PDA's. The usercan concerrate on physical

reality but have immediate accessto the virtual if needed. Conversely the user can engagethe virtual
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world but still be aware of his physical surroundings. Unlik e virtual realities which use opaquedisplays, the
augmerted reality of wearable computers degradesgracefully when sensorsor displays fail, defaulting to the
user's unaided senses.Such a feature is particularly important in time critical applications such as aircraft
cortrol or navigation aids.

Finally, wearablecomputing augmened realities aretruly personal. The usergrowsto expect his interface
to be accessiblecontinually and unchanging, unlessspeci ed otherwise. Such a persistert and consisten
interface encouragedrust. With experience,the user personalizeshis systemto ensure uid usein everyday
cortexts. As a result, the user's personal system becomesa mediator for other computers and interfaces,
providing a familiar, dependable interface and set of tools complemeriing the abilities the infrastructure
provides (more processorpower, additional sensing,etc.). In addition, this interface Iters and managesthe
otherwise overwhelming ow of information. With sophisticated user models and corresponding software

agerts, such an interface can be extendedto recognizeand predict the resourcesneededby the user.

7 Conclusion

Wearablecomputing provides an exciting way to explore augmerted realities and beginsto ful Il the promise
of a truly personaldigital assistart. While wearable computing augmened realities imply the potential for
signi cant additional informational sourcesfor the user, the implementations described also provide better
ways of managing such information. The result is a rich combination of physical and virtual realities that

can intelligently assistthe userinstead of overwhelming him.
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Figure 1: Due to the \sharing" of images between the user's two eyes, monocular displays such as the
Private Eye seemto overlay the display on the world asshawvn. The insert shows the device beingworn. For
a binocular e ect, beam splitters can be usedto combine both the real and the virtual for both eyes.

Figure 2: Dierent styles of wearable computing hardware.
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Figure 3: An example of Remenbrance Agent output while editing an early version of this documen. The
rst number on ead line provides a le label for convenience,while the secondnumber is the \relevance
measure" of the message.
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Figure 4: Using the nger asa mouseto cortrol the system'spointer.
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Figure 5: Multiple graphical overlays aligned through visual tag tracking. Sud techniques as shawvn in the
following 3 gures can provide a dynamic, physically-realized extensionto the World Wide Web.

Figure 6: When atag is rst located, a red arrow is usedto indicate a hyperlink.
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Figure 7: If the user shows interest, the appropriate text labels are displayed.

Figure 8: If the user approacesthe object, 3D graphics or movie sequencesre displayed.
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Figure 9: Environmentally-p owered, microcortroller-based IR transponders.
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Figure 10: A maintenance task using 3D animated graphics. The left side shows the laser printer to be

repaired. The right side shaws the sameprinter with the overlying transparent instructions shawing how to
reach the toner cartridge.
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Figure 11: Upon correct identi cation by facerecognition, information about the conversarnt can be overlaid
on the visual eld.

Figure 12: The \p encigraphic” imaging approad is usedto properly register, keystone,and chirp a shopping
list in spaceusing the video ow eld.
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Figure 13: In order to help those with low vision, the visual eld is remapped through a \hyper- sheye."
Note that while the letters in the certer of the screenare enlarged,enoughof the rest of the eld is included
to provide context.

Figure 14: Visual remapping around a scotomaor \blind-sp ot." Note the desireddistortion in the cobble-
stonesasthe imagein the blind spot is pushedto either side.
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Figure 15: Remote video processingsystem.
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