
Arti�
ial Intelligen
e in Wearable Comput-ing � Perspe
tives and ChallengesHolger Kenn, Tom Ni
olai, Hendrik Witt, Stéphane Beauregard,Mi
hael Lawo, Mi
hael Boronowsky, Otthein HerzogResear
h in wearable 
omputing has pursued the goal to build a ubiquitous wearable assistant for more than a de
ade. Althoughsigni�
ant progress was made, key 
hallenges remain still unsolved. In this paper, we suggest the appli
ation of AI te
hniques inwearable 
omputing that may build a path towards su

essful wearable systems and their appli
ations in four areas; user interfa
es,knowledge management, 
ontext awareness and 
ooperation through agent-based 
omputing. By applying AI te
hniques in designand implementation, wearable 
omputing appli
ations 
an be made adaptable, user- and use-
entri
 at the same time. In turn,these will then result in better end user a

eptan
e.1 Introdu
tionThe resear
h area of wearable 
omputing has been a
tive for a
ouple of years now, but only few examples of su

essful large-s
ale implementations of wearable 
omputing appli
ations su
has [SFH+98℄ are known. There are probably many 
auses forthis. Often, the bene�t of wearable 
omputing was overesti-mated, while the ne
essary e�ort to implement a wearable 
om-puting solution was underestimated. In this paper, we argue thatthe appli
ation of AI te
hniques may show a path to solve bothproblems in the implementation of su

essful wearable 
omput-ing appli
ations.The de�ning 
hara
ter of a wearable 
omputing system isthe fa
t, that working with the 
omputer is not the primary taskof the user. Although it is possible to run standard appli
a-tion software on wearables, it is often not desirable. Usability ofstandard appli
ations is limited by the existing input and outputdevi
es, the un�tness of the WIMP (Windows, I
ons, Menus,Pointer) user interfa
es and the fa
t that su
h interfa
es re-quire the user's full attention. Moreover, a

eptan
e of su
h
omputers is low when they 
apture the attention of the user,dire
ting it away from real-world tasks or events or human dialogpartners. In our experien
e, in a su

essful wearable 
omputingappli
ation, the 
omputer takes the se
ondary task, supportinga primary task that takes pla
e in the real physi
al world sur-rounding the user. To support the user e�
iently, the wearablehas to keep tra
k of the user's primary task, providing informa-tion when needed, limiting expli
it human 
omputer intera
tionand be
oming truly wearable in the sense of 
lothing that pro-vides its prote
tive fun
tion without requiring neither attentionnor intera
tion.As 
ommer
ial produ
ts su
h as the one des
ribed in [SFH+98℄show, it is possible to build and optimize a wearable 
omputersystem for a single task and situation. However, sin
e users oftenhave to perform multiple tasks in various situations, a systemhas to be designed for and tested in all these situations perform-ing all these tasks. Even for a simple set of tasks and situations,it be
omes tedious and expensive to perform this optimization.The appli
ation of AI te
hniques provides an alternative. Bythe spe
i�
ation of tasks on an abstra
t level, an appli
ation
an be adapted automati
ally to �t the user's 
urrent task and

environment.This approa
h is suitable for ambient intelligen
e in gen-eral, but in wearable 
omputing, the goal is to implement thesefun
tions in a devi
e worn by the user instead of devi
es inthe environment. The two approa
hes 
omplement ea
h other.Wearable 
omputing is espe
ially suitable for spa
es that 
annotbe instrumented easily, su
h as large-s
ale industrial environ-ments, and for appli
ations in unknown environments, su
h as�re�ghting and urban sear
h-and-res
ue. The wearable natureof the devi
es pose well-known limitations [Sta01℄ that have tobe taken into a

ount.We will illustrate our approa
h in four areas of wearable
omputing resear
h: adapting user interfa
es, knowledge man-agement for wearable assistants, 
ontext awareness and 
ooper-ation through multi-agent systems.2 User Interfa
es for WearablesToday, WIMP user interfa
es are ubiquitous. They dominatedesktop 
omputers and even mobile devi
es. Although the useof the WIMP metaphor on mobile devi
es is often a burden, itis usually reused. Consequently, it la
ks usability when the userfo
uses on a primary task [Sta02℄. E.g., to 
ontrol a mousepointer, 
onstant visual attention to the interfa
e is required.However, it is impossible to spend a lot of attention on theUI, when a primary task has to be performed as well. There-fore, wearables 
all for new user interfa
es that regard its unique
hara
teristi
s of being involved in a mobile, dual-task situationwhile having the possibility to make use of available 
ontextinformation, the user's a
tivity, and environmental 
onditions.To su

essfully build wearable user interfa
es (WUIs) thereare a number of AI te
hniques available that 
an be applied. Inparti
ular, resear
h in the �elds of intelligent user interfa
es (IUI)and multi-modal interfa
es have yielded already many usefulte
hniques and approa
hes.2.1 Semanti
 Modeling LanguagesDue to the highly dynami
 environment in whi
h wearable 
om-puting takes pla
e, environmental 
onditions and user a
tivities
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often 
hange over the time an appli
ation is used. E.g., 
hanginglight 
onditions impa
t the readability of information on a head-mounted display (HMD), similar to reading text on a notebookwhen being outdoors on a sunny day. A similar situation 
ano

ur when spee
h intera
tion is used in noisy environments. Ifba
kground noise in a 
ertain situation is too high, re
ognitionerrors will likely in
rease. Then, a dynami
 
hange of the inter-a
tion method used would allow for warranting usability. Hen
e,intelligent UIs that adapt automati
ally by taking available 
on-text information into a

ount, are deemed to be valuable interms of usability.An abstra
t des
ription of the UI, independent of I/O de-vi
es and intera
tion paradigms, is a fundamental approa
h toa
hieve an �intelligent� alteration of the interfa
e. By inferringits semanti
 properties under a given situation, an optimized in-terfa
e 
an be generated (see [SJ04℄ for an overview). Insteadof programming one spe
i�
 WUI in the usual �hard-wired� way,an abstra
t and thus �exible des
ription of the interfa
e, thatdes
ribes the semanti
s of an interfa
e instead of spe
ifying its
on
rete representation and intera
tion style, is preferable. Forthis purpose, di�erent model-based approa
hes have been pro-posed (see e.g. [TCC04, FDM04, Pat99℄). They usually relyon spe
ial modeling languages that provide the interfa
e de-s
ription. Although these are supposed to be independent ofits representation they often su�er from being designed withhaving the WIMP metaphor in mind. Languages and systemsusually implement a �write on
e run anywhere� approa
h thatonly 
onsiders devi
e adaptation. To be appli
able for wearable
omputing, extensions are needed that allow intera
tion beyondthe WIMP metaphor and easy integration of 
ontext-awarenessbased on sensory information of the lo
al system or distributedsour
es.2.2 Constraint Satisfa
tionWhen 
onsidering UI adaptation beyond output devi
es, render-ing and layout of interfa
e 
omponents be
omes 
hallenging. Ina wearable 
omputing environment many 
onstraints are giventhat in�uen
e a rendering pro
edure. These likely ex
eed thoseof mobile or desktop environments whi
h typi
ally fo
us on stati
aspe
ts su
h as display resolution or size. Constraint satisfa
tionte
hniques are deemed to support these kind of problems.E.g., SUPPLE [GW04℄ uses 
onstraint satisfa
tion te
hniquesand treats the layout and generation of UIs based on an abstra
tdes
ription as an optimization problem. Although, it has beenargued that automati
 UI generation has not yielded satisfa
toryresults for 
omplex UIs yet [SJ04℄, WUIs are usually rather simplein stru
ture to be easily 
ontrollable even in a dual-task situa-tion. Hen
e, 
onstraint satisfa
tion is a promising te
hnique toimplement automati
 adaptation. Even though the te
hniqueitself is promising, 
onstraints are needed that des
ribe the 
o-heren
y of interfa
e 
omponents, layouts, intera
tion styles, andI/O devi
es.Today, appli
ation designers 
an rely on a large amount ofUI widget libraries, known and tested UI designs, and usabil-ity guidelines. Unfortunately, these are usually not appli
ableto wearable UI design [WNK06℄. So far, design knowledge forWUIs only exists in the form of system des
riptions of more orless su

essful implementations or 
omparative studies for singleUI elements (e.g. [LPS03, BNSS01℄). Unlike traditional ap-

Figure 1: The HotWire primary manual task simulator.
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ess of the WUI-Toolkit.pli
ations, wearable appli
ations are 
urrently still implementedfrom s
rat
h, be
ause there are no 
ommon tools or frameworksavailable, yet.When 
onsidering desktop appli
ations, most 
onstraints 
anbe derived from resear
h in human-
omputer intera
tion (HCI).For WUIs, however, this approa
h has pitfalls. Resear
h in wear-able 
omputing has to fo
us on the establishment of a 
ommonunderstanding of how intera
tion has to be designed to be ap-pli
able in dual-task situations where the 
omputer is only se
-ondary. E.g., �gure 1 shows the so-
alled HotWire apparatus[WD06℄. It provides a possibility to simulate a primary real-worldtask while retaining the properties of wearable 
omputing in alaboratory environment. A user has to pass a ring atta
hed to aspe
ial tool over an intri
ately bent metalli
 wire from one endto the other without tou
hing the wire. The apparatus providesa method that fa
ilitates the evaluation of interfa
e 
omponentsfor wearable 
omputers. Out
omes of su
h kinds of evaluationsthat dire
tly fo
us on wearable 
omputing properties, are likelyto be more valid in interfa
e design than a dire
t adaptation ofdesktop knowledge. In turn, these �nding 
an then be used toformulate general 
onstraints about a 
ertain aspe
t of the WUIneeded during an interfa
e generation or adaptation pro
ess.2.3 Reusing Available KnowledgeTo further support the pro
ess of establishing basi
 propertiesof a WUI, a
quired knowledge has to be stored in a way thatmakes it reusable in other appli
ations similar to style guides orwidget libraries for desktop environments.The Wearable User Interfa
e Toolkit (WUI-Toolkit) [Wit05℄provides a kind of knowledge base that appli
ation developers
an use even with a limited understanding of wearable 
om-puting. It o�ers a tool set that supports the development of
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WUIs with reusable 
omponents to redu
e implementation ef-forts. Therefore, the WUI-Toolkit utilizes a model-driven ap-proa
h, where the envisioned UI is spe
i�ed in an abstra
t, i.e.devi
e- and 
ontext-independent, way (see �gure 2). Duringinterpretation, the toolkit tries to �nd a 
orresponding repre-sentation of the UI by solving a 
onstraint satisfa
tion prob-lem. For this, environmental 
ontext and user 
ontext as wellas design 
onstraints obtained from experiments, e.g., with theHotWire, are taken into a

ount. Finally, a 
on
rete WUI isgenerated. The WUI-Toolkit is 
urrently developed as a 
entralpart in the WearIT�work proje
t [wea04℄ in whi
h the establish-ment of an European Wearable Computing Framework (EWCF)is envisioned.3 Knowledge Management in Wear-able ComputingAs des
ribed in the last se
tion, the development of a WUI islimited by the available 
ognitive resour
es of the user and therestri
ted in- and output modalities of the wearable 
omputer.Complementary to the UI te
hniques of the last se
tion, the userexperien
e 
an be improved with a knowledge management sys-tem that provides 
ontextual a

ess to information and servi
es.3.1 The Smart WearableThe development of wearable 
omputing systems is often guidedby the metaphor of the smart assistant. A human assistant isexpe
ted to 
losely wat
h his master and understand what he isdoing. Thus, he is able to look up relevant information and 
aneven anti
ipate whi
h tools and information might be needed inthe next step. The basis of a wearable smart assistant is theability to dete
t the 
ontext of its user. Queries like �Show thepart list of this area of the air
raft 
abin� or �Show defe
t entriesthat are related to the 
urrent� 
an only be resolved with theappropriate knowledge about the 
ontext of the user�in this
ase the lo
ation of the user inside an air
raft or the defe
the is 
urrently working on, respe
tively. Compared to desktopprograms, queries involving the 
urrent position and a
tivity ofa user are a new 
hallenge.On top of the knowledge about 
ontext, proa
tive me
ha-nisms 
an be implemented. The ability to a
t pro-a
tively is oneof the de�ning 
riteria of a wearable 
omputer and regarded asa key to its su

essful appli
ation [Sta01℄. Without pro-a
tivity,the user is for
ed to swit
h ba
k and forth between primarytask and intera
tion with the 
omputer, whenever he needs ad-ditional information. If there are stri
t working pro
edures andsequen
es, pro-a
tivity 
an be in
orporated to realize an au-tomati
 push of 
ontextual information. When the wearabledete
ts that a working step is 
omplete, it 
an automati
allydisplay instru
tions for the next step, e.g. the for
e required to�x a part or se
urity advi
e that applies in the 
urrent situation.3.2 World Model in ContextTo provide appropriate information depending on the 
urrent
ontext, the wearable 
an relate the 
ontext to a model of theworking environment. The lo
ation of the user is an obviouspie
e of 
ontext information for working environments where

the user is required to move between work pla
es, parts or ma-
hines. Di�erent lo
alization te
hniques 
an be deployed. De-pending on the required pre
ision, area of 
overage and pri
ethere are several te
hnologies available, in
luding ultrasoni
 orRFID. A 
orresponding mapping is required to relate a lo
a-tion with resour
es like troubleshooting manuals or task lists.A spatial model 
an provide further information based on theknowledge about the spatial relation of pla
es.The 
urrent a
tivity of a worker is also important. Sen-sors 
lose to the hands, on other parts of the body or in theenvironment may be used to re
ognize his 
urrent movements.Signal pro
essing and ma
hine learning is used to dete
t whi
htool a worker uses. Together with knowledge about the possi-ble working pro
esses, the wearable 
an then infer whi
h taskits user probably works on. Additionally, sensors in the envi-ronment might monitor 
omponents and provide input to themodel, 
omponents with self-diagnosis fun
tions 
an dire
tly be
onne
ted to the model. Apart from reasoning about usefulinformation for the user, the status of the model 
an also be vi-sualized dire
tly. With Augmented Reality displays, hidden and
overed 
omponents 
an be displayed sele
tively depending onthe 
urrent point of view [Miz01℄.3.3 Air
raft Maintenan
e Use CaseThe use of wearable 
omputing in professional environments isan applied resear
h method that has gained attention in there
ent years. The appli
ation of wearable 
omputing 
an leadto in
reased labor e�
ien
y and thus is a tool to redu
e 
ost. Asan appli
ation domain for professional wearable 
omputing, we
hose the maintenan
e of large passenger air
rafts. The airlineindustry is 
hara
terized by signi�
ant 
ost pressure that hasin
reased over the re
ent years with the in
rease of fuel pri
es. Akey �gure in the e
onomi
ally e�
ient operation of an air
raft isthe ratio of a
tual in-�ight time versus ground time. In a proje
twith a major European air
raft manufa
turer, we designed andimplemented a wearable 
omputing system to redu
e the timerequired for maintenan
e as a test-bed for the evaluation of a
omplete wearable 
omputing system [NSW+06℄.The wearable is supported by a knowledge management sys-tem based on the KnowWork system [TALS01℄. There are twodi�erent kinds of models within the air
raft. First, there is a
lassi�
ation of parts, whi
h is 
alled the produ
t model. These
ond model 
ontains the parti
ular parts and their relation-ships among ea
h other. This is 
alled the produ
t stru
ture.These two models are 
ombined to a 
omplex ontology des
rib-ing the whole air
raft. Ea
h part of the air
raft is an instan
eof a 
on
ept, whi
h is de�ned within the 
lassi�
ation. Ea
h
on
ept is set into relationship with one or more do
uments.Ea
h part may be asso
iated with a RFID tag to implementlo
ation-sensitive queries. The ontology is stored on a mainte-nan
e servers on board of air
rafts with variations representingthe spe
i�
 air
raft type and layout. When the maintenan
e
rew enters the air
raft, their wearables 
onne
t wirelessly tothe server and a

ess the air
raft's spe
i�
 data.We found that large and unstru
tured lists of defe
t reportstend to be 
onfusing on the HMD of a wearable 
omputer. Withthe stru
tural knowledge about the air
raft, the system is able to
luster di�erent defe
t reports with a 
ommon 
ause. E.g., theair
raft diagnosti
 system reports a malfun
tioning transformer
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and a �ight attendant reports about defe
t lighting. If there is a
lose stru
tural proximity of the two parts, it is important thatthe te
hni
ian is informed about their 
onne
tion. The 
lusterme
hanism generates stru
ture automati
ally and defe
t reports
an be presented to the user as a 
ohesive group of reports.Thus, the knowledge-based approa
h saves time and improvesthe usability of the system.Another problem in maintenan
e systems is that the experi-en
e knowledge of 
olleagues is usually not a

essible. Be
ausethere are 
ertain problems that o

ur repeatedly, the mainte-nan
e personnel 
an save time by having dire
t a

ess to previ-ous repair reports. Beyond standard troubleshooting pro
edures,these reports are a guidan
e to the spe
i�
 problems of an air-
raft. Additionally, it is e�
ient to 
opy and slightly adapt anexisting repair report to do
ument the repair pro
edure. We
omplemented the wearable maintenan
e system with a similar-ity sear
h engine to qui
kly lo
ate relevant reports in an experi-en
e knowledge base. Whenever the user reads a defe
t report,the system lo
ates similar past defe
t reports and displays therelated repair report on request. Instead of standard pro
edures,the user has a

ess to spe
i�
 reports and saves time when writ-ing the new repair report.The 
ontextual a

ess to information in wearable 
omputingsystems is a 
riti
al part with the opportunity to dramati
allyimprove maintenan
e and repair pro
edures as demonstrated inthe air
raft maintenan
e domain. Sensors on the body of theuser and in the working environment relate a
tions of the userto working pro
esses and lo
alize data in spa
e.4 Context in WearablesIn order for wearables to provide a pro-a
tive 
apability and getthe right information to the user at the right time (e.g. a spe
i�
page of an assembly manual), the wearable must have 
ontext-awareness. The lo
ation of the user, in absolute terms, but moreimportantly relative to key landmarks, is an essential feature of
ontext-awareness. Additional to lo
ation, a wearable must alsobe sensitive to general environmental 
onditions su
h as ambientnoise, lighting, temperature, humidity and so on. The user'sphysiologi
al state (heart rate, stress level), body attitude and
urrent task (e.g. drilling, hammering) are also very importantas they may have a dire
t bearing on the user's interruptibility.4.1 Training Data vs. a priori KnowledgeThe tools and te
hniques available from the domain of statisti-
al ma
hine learning (ML) [Bis95, DHS00℄ are in prin
iple veryuseful for re
ognizing 
ontext from multi-sensor data. However,some 
aution must be exer
ised in using ML te
hniques. First ofall, wearables are very often power-
onstrained devi
es so run-ning sophisti
ated probabilisti
 algorithms is typi
ally not an op-tion. Se
ond, ML te
hniques 
an require substantial amounts oftraining data. If this data must be a
quired with the user's par-ti
ipation, not only is this in
onvenient, it may take some timebefore typi
al 
lustering / 
lassi�
ation algorithms give reliableresults. To get around both these problems, one 
an leveragevarying degrees of a priori knowledge about the system under
onsideration [NGP98℄.

4.2 Example: A
tivity Re
ognitionAt one end of the spe
trum, if the analyst does not want to doany system modeling, the agnosti
 appli
ation of ML 
an workwell given su�
ient training data. This approa
h 
an be appliedto a
tivity re
ognition. Using a few simple sensors, su
h as anEKG sensor and a

elerometers in a 
hest strap, and minimalprepro
essing, it is relatively easy to 
lassify physi
al a
tivities,su
h as walking, running, sitting and standing, with high a
-
ura
y using a general-purpose ML algorithm [LCK+05℄. Theresulting 
lassi�ers are however brittle, in the sense that thereare no guarantees that they will behave 
orre
tly with unusualinput not seen in the training data.At the other extreme, if the analyst has a deep understand-ing of the system under investigation, 
omplex mathemati
almodels 
an often be built. In this 
ase, the system behav-ior 
an be spe
i�ed by a few parameters having real physi
almeanings. The optimal values of the parameters 
an usually bedetermined with very little training data from 
arefully-
hosen,
alibrated sensors. E.g., with multiple wearable motion measure-ment units, joint 
onstraints and appropriate kinemati
 models,poses, gestures and lo
omotion 
an be identi�ed with �ne gran-ularity. The ML part of this approa
h 
ould be the estimationof segment lengths and sensor positions using general-purposeparameter optimization routines. The out
ome of this model-ing e�ort is a very �exible system, enabling extensible a
tivitydes
riptions. In between these two extremes is the more fre-quent situation where extensive prior knowledge of the system isavailable but might not be implemented easily. In this 
ase, 
om-plex systems 
an often be redu
ed to mu
h simpler models withlumped parameters. For example, the equations des
ribing theintri
ate bio
hemi
al pathways in play during physi
al exer
ise
ould be redu
ed to a mu
h simpler model with a small numberof parameters [Rid91℄. The optimal values of these parame-ters 
ould be determined from re
orded test data. This type ofmodel might be su�
iently a

urate for estimating when fatiguethresholds are 
rossed during intense physi
al a
tivity (e.g. �re-man sear
h and res
ue mission). Another example is step lengthestimation in pedestrian dead re
koning (PDR) systems [Lad02℄.In prin
iple, one 
ould estimate step lengths using a 
ompli-
ated biome
hani
al model of the lower limbs, motion sensorson several segments and 
onta
t swit
hes on the shoes. It turnsout however, that there is a very strong empiri
al and theo-reti
al relationship between step frequen
y and walking speed[Kuo01, GMK04℄. Consequently, very few sensors or trainingdata are a
tually required to get a

urate step length estimates[LKST02℄. The step frequen
y 
an be measured with sensorsmounted at various lo
ations on the body [Bea06℄, giving theimplementor great �exibility.This se
tion shows, that there is a large design spa
e for
ontext re
ognition systems in wearables and no single approa
hwill �t all appli
ations. After all, an a
tivity re
ognition subsys-tem for 
onsumer smart phones will look very di�erent fromone built for �remen. The 
hoi
e between an �agnosti
� ap-proa
h or high-�delity engineered modeling (or somewhere inbetween) ultimately depends on end-appli
ation requirementsand 
onstraints, su
h as power, size, weight, 
ost, a

ura
y andreliability.
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5 Multi-Agent Systems Coordinat-ing Wearable AgentsLarge s
ale urban disaster situations su
h as earthquakes, �oodsor terrorist atta
ks pose an important threat to modern urban
ivilization 
enters. Examples su
h as the Kobe earthquake,the pa
i�
 tsunami, the hurri
ane Katrina or the tragi
 eventsof September 11th 2001 demonstrate that although preventivemeasures and disaster response plans were in pla
e, these eventspushed existing 
ountermeasures over their limits, resulting inloss of human lives, 
haoti
 situations and long term adversarye�e
ts on the a�e
ted regions.After the Kobe earthquake, the Japanese government de-
ided to promote resear
hers to work on problems related tolarge-s
ale urban disasters. One of the out
omes of this ini-tiative are the RoboCup Res
ue 
ompetitions. Using the samesu

essful method of 
ompetition-based ben
hmarks that theRobot So

er 
ompetition was applying, the RoboCup Feder-ation added two new 
ompetitions to the RoboCup, RoboCupRes
ue Robot League and RoboCup Res
ue Simulation League.The Res
ue simulation league aims at simulating large-s
aledisasters and exploring new ways for the autonomous 
oordi-nation of res
ue teams [KTN+99℄. In the Res
ue Simulationleague, the goal of a team parti
ipating in the 
ompetition isto provide a software system that rea
ts to a simulated disas-ter situation by 
oordinating a group of simulated agents su
has poli
e, ambulan
e and �re brigade agents. This goal leadto 
hallenges like the 
oordination of heterogeneous teams withmore than 30 agents, the exploration of a large-s
ale environ-ment in order to lo
alize vi
tims, as well as the s
heduling oftime-
riti
al res
ue missions. Ea
h of these agents only has alimited amount of 
ommuni
ation bandwidth they 
an use to
oordinate with ea
h other, so the problem 
annot be addressedby a 
entral 
oordination entity, but has to be solved by a truemulti-agent system. Moreover, the simulated environment ishighly dynami
 and only partially observable by a single agent.Agents have to plan and de
ide their a
tions asyn
hronously inreal-time. Core problems are path planning, 
oordinated �re�ghting, and 
oordinated sear
h and res
ue of vi
tims.The solutions presented in this paper are based on the Open-Sour
e agent software1, whi
h was developed by the ResQ Freiburg2004 team [KBB+05℄, the winner of RoboCup 2004. Applyingthis simulation system in the real world 
urrently la
ks the in-terfa
e to the real world information, i.e., the simulation systemrelies on 
arefully designed spe
ial-purpose map data and obser-vations generated by the simulation itself, e.g., agent motion is
omputed by a tra�
 simulator and 
annot be observed fromreal-world motion of responders. However, by using wearable
omputing te
hnology, we 
an provide su
h observations to thesimulation system. This has three uses. First, it 
an be used tore
ord real-world data from real-world intervention s
enarios andby this, assess the validity of the simulation. Se
ond, it 
an beused to observe the rea
tion of team multi-agent systems to real-world data. Third, it is a step towards using both the simulationsystem and the team multi-agent systems to support in
ident
ommanders and responders in training and real interventions by1ResQ Freiburg 2004 sour
e 
ode, available on: http://gkiweb.informatik.uni-freiburg.de/~res
ue/sim04/sour
e/resq.tgz,released September 2004.

providing autonomous de
ision support and faster-than-realtimesimulation for strategy de
isions.We have implemented a number of wearable 
omputing de-vi
es, a
quiring disaster relevant data, su
h as lo
ations of vi
-tims and blo
kades, and show the data integration into theRoboCup Res
ue Simulation platform, whi
h is a ben
hmarkfor MAS within the RoboCup 
ompetitions. We have shownexemplarily, how the data 
an 
onsistently be integrated andhow res
ue missions 
an be optimized by solutions developedon the RoboCup Res
ue simulation platform [KBK06℄. Thesepreliminary results indi
ate, that nowadays wearable 
omputingte
hnology 
ombined with MAS te
hnology 
an serve as a pow-erful tool for Urban Sear
h and Res
ue (USAR).Our approa
h 
onsists of wearable devi
es that 
an lo
alizethemselves with su�
ient a

ura
y and 
an 
ope with an un-reliable, bandwidth-limited, IP-based 
ommuni
ation 
hannel.Communi
ation is 
urrently implemented through 
ommer
iallyavailable mobile phone networks, but neither availability, band-width, nor laten
y are 
riti
al for our appli
ation. The sear
hfor vi
tims of many res
ue teams 
an only be 
oordinated ef-�
iently if the res
ue teams share information on exploration.We assume that res
ue teams report when they have �nished toexplore a building and when they have found a vi
tim, by trans-mitting the a

ording message to the 
ommand 
enter. The
ommand 
enter utilizes this information for distributing res
ueteams e�
iently among unexplored and rea
hable lo
ations. Inthe future, the system will be tested in real-world training eventsand observations and user experien
es will be used to further in-vestigate the suitedness of our approa
h for urban sear
h andres
ue.6 Con
lusion and Future WorkIn this paper, we have shown examples for the su

essful appli
a-tion of AI te
hniques in wearable 
omputing in the four areas ofadapting user interfa
es, knowledge management for wearableassistants, 
ontext awareness and 
ooperation through multi-agent systems. In these areas, the appli
ation of AI te
hniquesprovides a signi�
ant advantage for the user of a wearable sys-tem. Moreover, some of the appli
ation areas of wearable 
om-puting 
annot be implemented without relying on these AI te
h-niques. Therefore, we 
on
lude that the appli
ation of AI te
h-niques in wearable 
omputing is a key fa
tor for the su

ess ofwearable appli
ations. In addition, wearable 
omputing appli
a-tions provide an ex
ellent test �eld for AI te
hniques, espe
iallyin areas where the performan
e of a user is a dire
t result of the
ooperation between man and ma
hine, ranging from optimiza-tion su
h as adaptation of user interfa
es and 
ontext re
ogni-tion to 
omplex situations su
h as wearable-mediated knowledgemanagement and 
ooperation.The appli
ation of AI te
hniques in wearable 
omputingpaves the way towards the ubiquitous use of AI in the day-to-daylife of mobile 
omputer users. However, there are a number ofopen resear
h questions. As wearable 
omputing tries to min-imize the use of external infrastru
ture, an important questionis how to implement 
omplex AI te
hniques with limited energy,
omputation and bandwidth resour
es. Improvements in mobilehardware ease the situation, but most available mobile hardwareand system software improves energy usage by limiting 
ompu-
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tational resour
es, i.e., redu
ing CPU 
lo
k speeds or puttingdevi
es to sleep altogether, whi
h 
ontrasts the always-on re-quirement for 
ontext-awareness and a
tivity monitoring.Another open question is the response of users to devi
esthat adapt to 
ontext and task. Will it improve user e�
ien
yor add to the 
ognitive load of the user and lead to user 
onfusioninstead? These issues will have to be investigated in more detailin the future.A
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