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Abstract

The Ambientintelligene visionis abstfact and as such
notusefulfor fundng decisiors, reseach projectdefinition,
and businessplan development. Thisis in particular the
casefor the electonic designcommuity. The European
Commissiorintends for the EU to achieve world leader
shipin Information Societiededhnologieswithin tenyears.
To that end, it hasincorpaated the Ambientintelligene
visionin its SixthFramevork. Microelectonicsand naro-
andopticd devicesare seeraskey techndogies. Interesting
chip-level chalengesare foundin, amorgstothers, explicit
modding of mobility andself-mangementandnovel com-
puting substates, basedon electonic textiles or orgaric
electonics.

1. Introduction

Ambientintelligence(Aml) is thevisionthattechnolgy
will becomeinvisible, embededin our natual surraund-
ings, presentwhenaer we needit, enabledby simpleand
effortlessinteractiors, attunedo all our sensesadaptve to
usersand contet and autonanously acting High quality
informationandcontert mustbe availableto ary user ary-
where atary time,andon ary device.

Thisvisionis abstracindassuchnot usefulfor fundng
decisiors, researclprojectdefinition,andbusinesgplande-
velopment. Thisis in particularthe casefor the electroric
designcomnunity. Theris alargedifferencein abstraction
level betweerthethinking aboutAmbiert Intelligencesys-
temsandthemicro-,nano; andoptoeletroniccompaments,
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needd to implenentthosesystems.Indeed,it is very im-
portant to bridge thoselevels of abstractionbecausefter
all, it' sthosecompnentghatprovide theoptionsfor future
developmerisin theInformationSocietyrealm.Ontheone
hand AmbientIntelligenceis sucha wide field thatalmost
ary technolgical developmenm canbe situatedsomavhere
in the compgex structureof requred techndogies. On the
otherhand one should be cautiows not to view develop-
mentsin isolation, sincethe examges of ineffective local
maxima areabundant.

This articleis areflectionof the SpecialSessioron Am-
bientintelligene Visionsand Achievementof DATE-03. It
brings togeherthe EuropeanUnion's view on Ambientin-
telligence,asstipulatedn its Sixth Framevork, with some
techndogicaldevelopmeristhatareseerasdrivers of future
compnenttechrologies. Particulaty the link with elec-
tronic designis beingexplored.

For true Ambient Intelligerce to becone a reality, it
shouldcomgetely envelopehumars, without constraiing
them. Distributedembedéd systemdor Aml aregoingto
chan@ the way we designembedled systemsijn gereral,
aswell astheway we think aboutsuchsystemsBut, more
importantly, they will have a greatimpacton the way we
live. Applicatiors rangirg from safedriving systemssmart
buildings andhomesecurity smartfabricsor e-textiles, to
mandacturingsystemsandrescueandrecovery opeations
in hostile ervironmetts, are poisedto becane part of so-
ciety andhumanlives. Techndogy advance alreadyshowv
thatembedihg logic in textiles is possiblein the next 3-4
yearswhile foldade plasticdisplaysandtagshave already
beenshavnto work,andmolecularttransistorpave theway
for nanologic designghatcouldincorspicuouslybe sprin-
kled onto smartsurfacesor ervironments. After elabaat-
ing the EuroppanCommissiors vision on Aml, we touch
upan the emeging technola@ies of electronictextiles and
organic (plastic) electronics. We endthis paperwith the



challergesin managng the highly dynamicemeging Aml
ernvironment.

2 European Community Research in Infor-
mation Society Technologies

2.1 Thevision

In 2001, the Information Society Technolgies Advi-
sory Group (ISTAG) proposeda longer-term persgective
in prepaation of the next Eurgpean Community Frame-
work Progammefor Researchand Technolgical Devel-
opment[7]. With thehelpof expertsfrom acrossEurope, a
visionwaselaborgeddescribimg whatliving with ’Ambient
Intelligence’'mightbelik e for ordnary peope in 201Q

The vision was shapedthrough a set of scenariosin
whichpeope (notjust’users’,’consuners’ or 'employees’)
areat theforefront of the InformationSociety Besidesad-
dressinghe critical socio-plitical factorsrequred for the
evertual societalacceptangeand the businessand indus-
trial modds likely to make a successfubusinesscase the
visionalsoidentifiedanumker of key techndogical require-
mentsthatwould be instrumemal in makingit all hagpen:
(1) very unobtusive hardware, (2) a seamlessnoble/fixed
comnunicatiors infrastructue, (3) dynamic andmassvely
distributed device networks, (4) naturd feeling human in-
terfacesand(5) dependbility andsecurity Thosetechnol-
ogyrequiementsverealsoputonatimelineidentifying the
main techndogical roaddocks and potertial breakpoints
duiing this 10 yeartimeframe

2.2 TheFramework Programme

The 6th Framevork Progamme (FP6) is the Union’s
maininstrumen for thefunding of researchn Eurqe.

Sevenkey areador the advencemenf knowledgeand
techrological progesswithin FP6 have beenchasen: ge-
nomics and biotechmlogy for health; information society
techrologies;nanotebinologesandnanaciencesaerorau-
tics and space;food safety; sustainablalevelopmert; and
ecoromic andsocialsciences.

Themainfocus of FP6is thecreationof a EurgpeanRe-
searchArea as a vision for the future of researchin Eu-
rope. It aims at scientific excellene, improved competi-
tiveressandinnovationthroudh the promdion of increased
co-qperation greatercomplenentarity and improved co-
ordnationbetweerrelevart actorsatall levels.

The specificprogmmmeaiming at integrating European
researclithelargestcompmentof FP6)defines Information
SocietyTechrologies(IST) asa thematicpriority with the
objedive to ensureEurgeanleadershign the gereric and
appied techndogiesat the heartof theknowledgesociety

FP6will coverthetime horizon 200B-203. It matches
with theISTAG timelineasthelastactiorsto belaunchedn
2005 arelikely to terminatearourd 201Q delivering by then
the techndogies undepinning the Aml scenarios.There-
fore, thefocus of IST in FP6is on the future generatio of
techndogiesin whichcompuersandnetworks will beinte-
gratedinto the everyday ervironment,rendeing accessible
amultitude of servicesandapplicatimsthrough easy-teuse
humaninterfaces.

2.3 Thechallenges

The ability to develop suchadwarced productsandser
vicesincreasinglydeperls on excellercein designirg and
producingthe basicbuilding blodks of the InformationSo-
ciety techndogies,namdy microelectronic,optcelectronic
andmicrosystencommneris. R&D in thoseareads lead-
ing to ever-growing levels of device andfunction integra-
tion atcompamentlevel. Ontheonehand thisintegrationis
leadingto theabsorptim of increasingiumkbersof functions
in thecompmentsso thata systemis built with ever fewer
commnents.Ontheotherhand it meanghatanincreasing
nunber of different functions suchaslogic, memoy, /O,
analog RF, sensorsandsoftware,needto be integratedon
asinglecompaent,therebyraisingthe conplexity of their
designandmandacturing

The embedling of compuing andnetworking capabili-
tiesinto more and more objectsand ervironmers, ascan
be anticipatedfrom the Aml vision, resultsin distributed
andreal-timeforms of compuation that placenew andse-
vere demands onto micro-/optoeletronic devicesin terms
of functionality, design,power, robustnesswirelesscom-
murication, packagng, andalsocost.

More thanever, micro/optoelectonicswill have to in-
creasinty integrate apgication know-how. It is impor
tantfor Europeanapgication systemproducersto forge al-
lianceswith trustedpartrersfor the integration of comp-
nentsandto ensurghatanimportar partof theinnovation,
addedvalueandhigh-qualityjobsremainandaredeveloped
in Europe.

More molility, lessenegy consumption, more perfor-
mance smallersizeandweight, lower cost,highreliability,
moreflexibility andubiquty have upto now beenachieed
with further downscaling (miniatuisation). However, we
arereachimy a stageof develogpmentwherefurther scaling
will createoppasite effects suchas growving enegy con-
sumptia in standbymode andperfamancerestrictionsin
active moce. Therebre, further pushingof existing tech-
nology limits also demails competely new solutionsin
micro/optoelectonicsin orderfor Eurgpe to capitaliseon
the opportunities offered by masteringthe enablingtech-
nologies of the Information Society As an exampge, the
themeof very low power electranics would bring togetter



specificresearchiopicssuchaslow voltagedevice architec-
tures,multi-voltace Intellectual-Poperty(IP) blocks,asyn-
chranousdesign low power manugcturingtechnolaies.
At the nanescalelevel, overall progresscan only be
achievedif new devicescanbedesignedmanufcturedand
integratedinto overall systemarchtectures. This requres
increaingly rareinterdisciplirary expertise,i.e. the contri-
butionof mary areasf scienceandtechniques.Thiswill be
amajorchallergein therealisationof the Aml landscap.

3 Integrated Microelectronicsin Smart Tex-
tiles: Wear able Electronics

The world of electronicsis nowadgs centredon “de-
vices”. Personaktompuers, hone cinemasystemscellu-
lar phanesandalike are piecesof equipnentableto offer
us services:computation, information, entertainnent, and
comrmunication The developmert of electrotic devicesas
weknow themhasbeerfollowing thepathof addirg perfor-
man@ andcompleity. Thetechndogy of electrorics has
beenfollowing the samepath, growing on an exponential
increaeof integratian in time (Moore’s law), which results
in arapidincreasen speedperformarce andcompleity.

The Aml vision suggests differentway for electroiics
to existin ourworld. In the Aml modé electrorics hasto be
penasve, embedied,easyto accessandableto intergper
ateautoromously. To gaintheseattributeselectronicswill
have to leave the exclusive domain of objectsrecoqisedas
“electranic devices”andbecone alsopartof theambient of
eachobject. Thereareseveralwaysof achieving this result.

An apppoachis to proced on the way of miniatuiisa-
tion, producingelectronc systemghatareableto sensehe
environment, interactwith peoge, communicatewith other
electranic systems,andstill that are so small, cheapand
power efficientthatthey canbeattachedo ary possibleob-
jectordispesedin theambier. The“smartdust”concepis
anexanple of suchanappoach[25]. Another possibilityis
to coneive waysof integratingthe electrorics in tradition-
ally “non electroic” objectsike, for instanceclothing

For integration into everday’s clothing, electromc com-
porentsshouldbe designd in a functioral, undostrusve,
robust, small,andinexpersive way [8, 21]. With the ongo-
ing progressof miniatuiizationin microdectronics,a num-
ber of entertaiment, safety comnunciatiors, and health
careapplicatiors for 'wearable electrotics’ canbeexploited
usingoff-the-shelfchip systemgoday

Theimplemenationof microelectroniccompaentsinto
clothesandtextile structueshasbeendemamstratedhrough
aspeech-cotrolledMP3 playersystem[14]. Attentionhas
beenpaidto achieze comgtibility betweerelectroncs and
textile design

The demorstratedintercomect and packagng technol-
ogy usespolyestemarrav fabrics. Severalwarpthread of

this fabric include appraximately 50 micrors thick copper
wireswhich arecoatedwith silver andpolyester Theelec-
trical isolationof thewiresis first locally removed by laser
treatmeh Thenathin flexible circuit boad with structued
electroesis gluedandsolderedo thetextile structue.

A miniatuized modue contairing the MP3 playerelec-
tronics(audiomodule)is intercoanectedvith anelectrically
condictive polyesterfabricvia a flexible circuit boardcon-
nector Thecompleteunit is molded forming a waterproof
andmechanicly robust casing.

Figurel givesanoverview of theMP3 demastratorsys-
temandits integration into clothing A detaclablemodule
contairing a rechageableLi-lon batteryfor power supply
of the systemand a Multimeda Card for datastorageis
conrectedto the audiomodue via a Serial Peripteral Bus
(SPI) bus by meansof the textile intercomecttechnolay.
Furthemore, earplones,the microphore for speechinput,
anda capacitve keypadmodule aredirectly comectedand
integratedinto the clothing
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Earphones & Micro
(1) stereo earphone (cord or cable)
(2) microphone

Audio Module
(1) 35mm x 35mm x 5mm (inelastic)
(2) 50mm x 50mm (elastic connector)

Battery & MultiMediaCard Keypad

(1) 65mm x 35mm x 1mm (mounting fixed on cloth) (1) 5 keys structured by thin conductive foils
(2) 65mm x 35mm x 8mm, 40g (cetachable battery)  (2) top cloth with printed symbols

(3) MultiMediaCard (32mm x 24mm x 1.4mm) (3) 15mm x 40mm x 5mm {controller)

Figure 1. The textile wiring of the voice contr olled MP3
player system is realized by polyester fabrics with inter -
woven thin copper wires.

An overvien on the technicalschematicand software
for this architectureis depictel in Figure 2 [1]. The core
chipin theaudiomodule is basedon an 8-bit 8051 micro-
contoller and 16-bt OAK DSP architectue, giving suffi-
cientperfamanceor applicatiors like spealkerindependent
voice recoquition and MP3 decaling at a reaso@able chip
compexity.

The proposedsystemis expardableby furthermodules,
suchaswirelessdatatranscevers and a variety of sensor
devices. Sincethe power supplyis crucialfor all wearable
systemsfor specificlow-eremy applicatimsthegeneréon
of electricalpower from body heathasbeendemorstrated
in [18] as a possiblesolution Using a standad silicon
MEMS techrology, athermogneratowith 16.0® therno-
cougdesona7mn? chip hasbeenrealized.For atempea-
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Figure 2. Architecture of the speech-controlled MP3
player application. [1]

turedifferenceof 5K acrosshechip anoutputpowerof 1.6
uW/cmz is obtainedwhich is sufiicient to power devices
like awrist watch.

In the future, mechaically flexible andinexpensvie in-
tegratedplastic electronicsarelikely to play animportan
role in wearablesystemscf. thefollowing section.In the
cortext of the Aml vision, themanifold of new possibleap-
plicatiors shows thatsmartclothes area prime examge of
the corvergence of variows existing techrologiesenabling
new solutiors.

4 ThePossible Roleof Organic Electronicsin
the Ambient Intelligence World

Still moreways of “embedling” electronicsin our en-
vironmentcouldbecone feasibleif thetechnolay of elec-
tronics would looseits focus on "wafers” and "chips” to
becane compaible with the objectswe useeachday If,
for instance,one could produceat low coston thin, flexi-
ble substratelectroric andopto-electronicdevices, com-
putatianal electrorics, radiosand displayscoud be glued
oncommonobjectswithoutarny needfor higherintegraion.
Possiblythe objectitself (a packageor abod for instance)
coud becone thesubstratdor the electrorcs andwe could
print electronicasnowadayswe print letters.Organicelec-
tronics promisego enablethesedevelopments.

Organic electrorics is a new technol@y whereorganic
materials (similar to the common plastic) are used as
corductorsand/a semicondatorsto build electronicand
opto-electromc devices. This new discipline startedwith
the discovery of condictive polymersin 1977 [5] and
with the early studieson the semi-canductive and electro-
luminescen{3] propeatiesof theso-called'conjugated”or-
garic materials At the stateof theartit is possibleto make

with organic materialsbright light-emissve diodes[9] in
all colouss, transistorswith periormane conparablewith
amophoussilicon (mokility around 1 cm?/Vs [24]) andso-
lar cellswith 2.5%power efficiengy [23]. All thesedevices
aremandactureddepositingandpatterring thin films of or-
garic condictors,insulatorsand/or semi-condctors. Or-
garic films canbe depaitedin vacuum but alsoinexpen-
sively from solutions[10, 17, 11, 16] or via high-resolution
ink-jet printing [2]. Processindempeatureis alwayslow
(< 200°C) sothatorganicdevicescanbe mandacturedon
cheapthin andflexible plasticsubstratespbtaning flexible
electrorics. Organic transistordave sufficient perfamance
to manufcturecheapdigital electronicswith a comgexity,
at the stateof the art, of around 100 transistorg12, 6].
Thedepaition processearealsocompmtible with large ar-
eas,which meansfor instancethatorganic transistorsan
be usedto addresshe pixels of a displayin anactive ma-
trix arrargemen[19, 13]. Large, possiblyflexible displays
basedn organicmaterialsarepresentlyin thefocus of sev-
eral researctgroups andcould becane a challengeto cur
rentrigid, amorgoussilicon based|.CD screens.

Identificationtagsare very cheapcode gener#ors that
are enepized by an extemal field and can radiotransmit
a unigwe code,identifying the itemsto which they are at-
tached.Thesdabelsandwearableslectrotics, asdiscussed
in the previous section,are otherapplicatiors in which or-
garic electrorics could be exploited at the shortterm as
a potertial solutionfor large area,flexible, low cost, and
mayke ubiqutouselectronics.

Despitewhathasbeenachiesed, within organic electran-
ics thereis still acomplex challergein improving lifetime,
speedandcircuit comgexity. But it alsoaninterestinge-
searchobjectfor otherdisciplinesin electronics.The spe-
cific charactastics of organic transistorgonly p-type,nor
mally on devices)requite theattentionof mocelling expetts
and circuit designes to createelectronics with sufficient
perfamane andyield [4]. The influene of mectanical
stresson electronicsprodicedon flexible substratesieed
to be undastoodand modelled The integration of these
low-cost, ubiquitous piecesof electranics with the other
commnentfanAml world will createaseriouschallenge
to systemdesign An analysisof suchproblensis presented
in thenext section.

5 Mobility and Self-Management of Ambient
Intelligence

Theintegrationof computingdevicesinto everydayervi-
ronmentshasbeeranobjectof researchior severaldecades.
As device techrologiesimprove, devices becane smaller
and cheape it is possibleto ervision, and perlapseven
build, new substrategor compuing [6]. Theseplatforns
will take adwartage of the possibility of emplg/ing large



nunbersof physically minute devices,andpernit theirdeep
embeldinginto environments. For instancereguar fabrics
andlarge plastic sheetscanbe usedto turn windows into
big TVs. Indeed bothplasticsandyarrs codd provide in-
corspicuouscomputing power for a variety of applicatiors.

Insteadbf todays rigid programmirg paradgm - design,
build, andrun - intelligentambientsoffer a defect-tderant
programning paradgm wheresystembehaior monitoting
is interleaved with application (re-)mappingand architec-
ture (re-)canfiguring. In suchsmartspacescompuational
elemers areinconspcuouslyembededinto their erviron-
ment, while offering a wide areanetwork for increased
defect-tolerantcomputationalpower. For instance,in the
cortext of e-textiles mentioredin Section3, redundantfil-
amens androuting pathswould bypassfabricspecificde-
fects,thusofferingalmostseamlessperatim under hostile
or unreliabe conditilns[15]. Fromwearableaudioto mo-
bile phanesandpersmal healtitarethe trendis towardsthe
pottability and softenirg of conventional plastic informa-
tion devices(e.g. cell phores, PDAs, etc.). As shawvn in
sections3 and 4, thesenew computing substrategprovide
opporturities for new userinterfacesthat can also appear
andfunction like everydayaccessories.

Although intelligent ambierts ostensibly presentdis-
tributive compuing challenge similar to those currently
being pursuedin penasive compuing research22], the
specificcharacteastics anddemaudls of the info-compuing
environment addnew dimensims. Specifically sincesuch
systemswill be compaedof highy unrelialde, low cost,
and simple compments and intercannects, the desire to
achiere anoverall robustsystemwill reqgure exploiting ul-
tra redindantanddistributed compmpnen networks. Com-
paral to other real-life applicatiors (e.g. datanetworks,
deskt@ multimeda), the following issuesare critical for
theclassof applicatimsthatwe envision:

e limited enepgy, processingcapaliities and buffering
spacepercomputationalnode

o failuremechamsmsthatmayaffea bothcompuational
nocesandcomnunicationlinks

e highly spatially correlated node and/or link failures
dueto topdogical placemen

¢ highly tempaally corrdatednodeandor link failures
dueto extemal everts (suchastemperureor erviron-
mentalchangs)

e theneedfor scalabilityandflexibility of resouiceman-
agenent,aswell aslocalvs. global manageranttrade-
offs.

As suchintelligentambientsposeunigue challergesas
opposedto classicembeded systemsdistributed or not.
First, abstiact specificationof desiredsystemcharactas-
ticshasto allow for dynamicchangsin theapplicationsoft-

ware partitioning and (re-)mappingon the hardware plat-
form. In fact,we believe thatsomeof the decisiongelated
to application (re-)mappingandcommunicationhave to be
comgetely moved at runtime. While the initial mappng
of the application onto the platform canreflecta particu-
lar setof constraintsthesemay be change on-thefly, de-
pendng on the operting condtions. Secondadapability

to changsin the commuricationtopdogy andor undety-

ing architecture aswell asernvironmentor operatimg condi-
tion changshave to be explicitly moceled(e.g, finite bat-
tery lifetime or non-zro failure prokabilities) [26]. Such
challengs,naturallyrequireanew computationmocel able
to unify the applicationand architectue characterizéon
in termsof localizedcomptation and looseinter-patrticle
comnunicationwheremary, unreliable commnentscom-
muricateinfrequentlyoneto andher[20].

Fromanimplemantationpersgctive, we believe thaten-
ergy, fault-toleranceandmobility arethethreekey conceps
that desere specialattentionwhendesigningsmartambi-
ents. While enegy andfault-tderanceare concgts more
familiar to the computer systemscommunity, mollity is
a newly addel dimersion which sits at the very heartof
the penasive compuing environments that we are bourd
to build in the nearfuture. Indeal, for sucha heterog-
neots distributedsystem,nodesmay join or leave the net-
work atany momentandthenbeconing unreachablelueto
users’'mobility, enegy sourceslepletion internittent fail-
ures,etc. Consequethy, designig embedéd systemsfor
suchenvironmentscharactaeed by high volatility of the
network topdogy is goingto bevery differentcompaedto
standardpracticein digital design To this end,we believe
that specification,modelirg and analysisof suchsystems
will becone possibleonly by usinga mobility-basedcalcu-
lus wherethe emplasisshouldbe put notonly onmodding
the limited resouices (power, memay, etc.) that usually
charaterize the classof portalde devices, but alsoon the
comrmunicationproperties seerasadynamicpheromena,
that enablesindividual noces in the network to interact,
move arourd andcollectively perfam agiventask.Finding
waysto partitionanddistributecompex tasks,in ascalable
manrer, amongcomputationalnodeswith limited resoures
representsperlapsone of the mostchallengng problems
thatneedto be solvedin orderto seamlesslyntegratecom-
putes into ambients.

In summay, whatis neeekd, is the availability of suf-
ficiently conplex instancesf emeging techndogies(e.g.
organic electrorics) and a setof methalologies andtools
thatwill be ableto provide for Aml systemsvhatmoden
desigrflows have providedfor classiadigital integratedsys-
tems. Irrespetive of the undetying compting substrate,
this researchareais still in its infangy, without muchsup-
portfrom existing methalologiesandtools.



6 Conclusions

Ambientintelligenceis partof the EuropeanUnion’s vi-
sionon the InformationSociety However, its socialbene-
fits canrot berealizedunlessa numter of requiementse-
garding mixedtechndogy designhave beenmet. This in-
volves seemlessntegration of nane and opto-electrorics.
It alsoinvolveselectrorics beconing inconspcuous,by be-
ing incorporatedwithin more natual userinterfacesor even
corsisting of newv computing substratege.g. fabricsand
plastic). Designmethodalogiesand tooling for thesede-
vices, the software runring on them, and the uncerlying
comnunicationarchitectue will have to be basedon new
paraligmsthattake the highly dynamic Aml ernvironmert
into account. This meansthat dynamic application map-
ping (self-mamgemet) at evely level will have to ensue
praperloadandnetwork balancingbasednaccurde mod-
els, not only of processingperfamance power consunp-
tion and network bandvidth, but alsofor enegy soures,
mohlity andquality of service.
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