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Abstract—The mass deploynent of sensos and pervasive
computing sysems expected inthe next few years, will require
novel approachesto program and gather information from such
systems. Suitable approaches will be general purpose,
indepencent of a pecific scenaio and sersor deployment, ard
able to adapt autonomically to different scaks and to a number
of unforesen d¢rcumstances This paper focuses on the
requirements and issues of upcoming pervasive computing
scenario, and surveys current research intiatives to deal with
them. In particular researches addressng data retrieval and
aggregation, macro-programming and data integration in
pervasve conputing infrastructures will be detaled. Overall, the
paper illustrates our ideas on collectng information from both
sensor systems and Web resourcesand on linking them together
in overlay knowledge netwrk offering applications
comprehendve and understandable information about their
computational environment.

Index Terms—Pervadve conputing, Sensor network, RFID
tags Self-organization.

I. INTRODUCTION

I n the rear fiture, canputer-based systens will be
embedled in all our everyday objectsand in our everyday
ervironments. These gstens will be typically
communication eralded, am camble of coordinating with
eah other in the caitex of complex mobile distibuted
apgicatiors.
Currert realzations of swch scearios, mainly in researcHabs,
focus on special purpose systens, taibred for a 9Pecific
apdication task This specialzation comes rather directly
from the exremely limited capalilities d pervasive devices,
thatimpose to rle out arcillary ard genera properties for the
sake of optimization. In sensor neawork scenarios, for
exanple, in order 1 be conpliant with the thin batterybudget
of each sersor, applicationsrely on special purpose algorithms
tailored for a specific snsors’ dedoyment ard for a gecific
setof data o be measued [WerlL06].
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In our opinion, swch exreme specidization is trarsitory and
more general-purpose approactes ae likely to ermerge smn.
We think that future pervasive computing systens will be
general purpose and users will be ableto instdl and execute
applicatiors both on their private pervasive corputing
infrastricture (e.g., in smart home scendos), and in publicly
available ames €.g., citywide infrastuctures offering tourist
information and sevices) [JonGb,Sri06]. In our opinion, this
vision is motivated by the following considerations

1. Advances in the manufacturing of pevasive computing
devices €.g., wireless ensors) will dramaticaly increase
their performance, mth in terms of computational
capbilities aml erergy resaurces [Chu06].

2.Advances in enepgy-optimized and resaurce-gotimized
algaithms will provide efficient mecharsms to perform a
number of basic services (e.g., rauting), thuslowering the
“resource-constiat-pressue” even further [Jon01]

3. Specialzation hinders apgication developmert from a
sdtware emineerirg point of view. To create coplex,
dynamic ard flexible sewices, it is nandatory to rely on
gener-purpose Dftware infrastrictures faciitating the
programming task [Zam04].

All the alove cmsiceratiors show that geeralpurpose
pervasive g/sters will be feasble in the next future, ard will
be required to ofer advanced flexible, robust and
custamizahle sewices.

Given the extenme hetergeneity of future pewasve
computing systens, their inherent dynarmism amd — most
importartly — the incredble anmount of data hey will be able
to produce, aplicatiors will have to autcomously ada their
behavior to differert circumstances raging from the sca¢ o
the pervasive retwork, to the quartity and grandarity of
information that will be availalte.

To achieve swch a flexiblity, applications will have to be
highly context-aware(to understam and mearingfully interact
with their environmert) and to this erd, they will needto
acces poperly repreentedcontextual information.

In this direction, a number of recert researclestry to represent
contextual informaton by relying on overday knowledge
networks [Jel®6, ManzZ05 NagM04, Zam04]. Overay
knowedge neworks can be regarded as distributed deta
structures encaling specific asgcts of the application
components’ operational ervironment. Ovelday knowledge
networks are easilyaccesible by the conponents am provide
eay-to-use context information (.e., the woerlays are
specifically conceived to support their access ah fruition).



The strength of these ovelay knowledge networks is that they
canbe accessegiecewse asthe application components \isit
different placesof the distributed ervironment. This lets the
components to access theight information at the right
location.

From our pergective, “chssc” overday networks such as
spaming tree and mesh data strictures (i.e., outing
distributed data stratures providing camponens with a
suitabe application-specific view d the network) are
patticular exanples of the nore gereral caocef of overday
knowledge naworks [Jel05, IntGO0, MadF02].

Overlay data stretures seh as felds and gradents
[Mamz05], usd in a number of macro-programming
mechanisns [HadVi06, Nag\04], are anther exanple of
overlay knowedge network.

This paper is devoted to the above conoepts and its main
contribution is twofold:

1.We will better illustrate the sceario of general purpose
pervasive computing slowing its evdution and
highlighting requirements and issues. In paticular, we will
discus how considering the systemas composed of a
“continuum” of sersors anddevices,rather thana discrete
collection of them, may provide useful ideas and
abstractiors to deal wih gener purpose pevasive
computing scenarios.

2. We will survey curert researchinitiatives ajplying overay
knowledge retworks to seweral adonomic ard self
organizing pervasive computing gplications In particular,
we will discuss how overlay knowledge neworks could be
sutabe to the generd scerario depicted atove. By mears
of this suwvey, we will preset how different research
fields, ranging from data mining to distributed systens, are
beginning to merge andcornplement each ther toprovide
viable sdutions to these nwel scerarios.

The res of this paper will be organizedasfollows. Section2
detaik the ypcoming scenaio of pewasve conputing and
sen®r networks, ard illustrates tte curent shift from special-
purpose and single-owner system, to gnera-purpose and
public pewvadve infrastrictures. Section 3 disclssesissLes
and currert approachesto program ard gatter information
from pervasive distributed systers. In particular, it
emphasizes the important role of overlay knowledge network
in the mejority of the poposals. Finally, Section4 concludes
the paper presentilg same future researchaverues in this aea.

Il. SCENARIO

As pointed out in the introduction, pervasive conputing
scenaios are noving toward gereralpurpose ard widely
available infastiuctures that wil enable a wide rarge of novel
apdicatiors. In this section we ae gang to pesent the carent
seting dof the scenaro ard its pasilde future ewolution.

A. Current Setting

Reent advarces in manufactuing and  wireless
communication are kadng to the vision of pewasive and
ubiquitous computing [But06, JonG05, Si06]. The following

tecmologies, currertly widespreadin researchlabs and likely
to impact soon the real wald, are the workhorses of this
vision:

1. Sensor networks corsist of severl micro sersors scattered
acrassan envronmert that cdlect envronmertal data (e.g.
saund and temperature), poces data (e.g., conpute
average and aggegate vales) anl wirelesslytransnit such
data to otrer seisors orbase stabns. The wirelesssersor
networks of the nearfuture are ewisioned to corsist of
hundreds to thousands d inexpensive wireless nodes, each
with some conputational power and sensing capbility,
operating in an unatterded mode. They ae intended for a
broad range of environmental sensng applications from
vehicle fracking to halitat monitoring. The hardware
techrologies for these mtworks (low caost procesors,
miniature sersing and radio modules) are available today,
with further improvements in cog ard capaliities
expectedwithin the rext decae [WerlL0g].

2.Radio Frequency ldentification (RFID) tags are snall
wireless rado transeiers that can be attached
unobtrusively to objects as small as a watch or a
toothbrush. Tags are extrenely cheap andbattery-fee.
Thus, they donot have power-exhaugion problems. Each
tag is narked with aunique idertifier and providedwith a
tiny memory allowing to stae dota. Sutade devices,
called RFID readrsaccessRFID tags by rado for read or
write operatiors. The tags respnd or stoe data
accadingly usng power scaerged from the signal
coming from the RFID readr [Warn06, Mamz05]. For
exanple, amobile device detecing tagged objectsneatby
canbuild a sat of databaseof the dyjectsavailable. This
could have sewral aplications in invertory ard ware
house management [LegT06].

In our opinion, these relaively sttic and had-coded
applications will be soon @mplemented by much more
dynamic ones that will leverage sensors and RFID tags as a
general, publicly-available infrastucture to “interface” wit
the physica world. Sensor daa and RFID tags will be
accesedby hardheld devices wecarly on evelyday ard will
provide us with information such as crowded pubs nearby,
dynamicaly-computed bus time téles andcugomized and
useful information about objects and poduds arourd
[ManQZz06, CurG05, Bor05, NaR06]. Fa exanple, RFID
tags will possbly host scripts that will enableto tell how the
daain it shoud be handed. This can enable forms o parasitic
computing (the scrip is exected whena reader in range
powes up the tag) [Rie06]. In addition, RFID tags can be
coupled with sensors. A reader can power up the sensor that
takes a neasue ard returns it to the readeffWan04].

3. Localization techndogies are ley erabers for pewasve
computing apgdicatiors. Sewral nechanisms and
technobgies arecurrenty propogd bothfor outdoor and
indoor localization [HigB01, Sat03. Location in the
physical world remains the primary contexual information
for almost all pervasive conputing apgications

4. The Web. Given the ewr improving coverage and
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bandwidth of wireless neéwork technologies, dl kind of
application scenarios could benefit from the ewer
increasiry information awailable on the Web For exanple,
it is posside can find information abaut the snall shop
round the corner ard discover the nenu ard the price Ist
of that nice restaart you hawe seen in thatittle \illage a
few days ag. Stll, the Web is missirg connection with
the physical world ard with your actual physicallocation.
So that a query as simle swch as“where isthe closest
Chinese resurant?’ is samething that curent Web camot
arswer satsfactoiily. There isalot of work in this kind of
location-based senices, but sill some general purpose
architecture to implement the idea is nissing [EspOl,
Eadgds, HarkK03.

On the bass of the albove cadderatins, fuure pewasive
infrastrictures will be hosting sewral sewices aml will
integrate data rfom various saurces, ranging from RFID,
sensor neworks and Web resaurces (®e Fig. 1). Usersin this
scenaio, will be ade to access- via a umber of handheld
and wearalle devices — several senices dspersed in the
environment.

e Userscould query, eitherdirectly or via a poper base
station, ®nsors in the environment to ge various
information such astraffic reports, weaher canditions, and
ervironmental paameters €.g., tenperatue, light-
condition) [Bal06, Si06].

¢ Users could join profile matching sevices and gplications
Profile matching goplications condst of a sensor network
composed of the smart-phones o the persons joining the
application (note that a Bluetooth phone can be easiy
regamded as awireless sesor, in that it canprovide various
daa to other devices around). Such sensors will monitor
their surounding ervironment looking for neaby
“compatible’ pasonsand notify their users upon positive
matches. [Eag05.

e Users could benefit of a number of automated pervasive
sewices to camplete ecamomic transacton ard acqlre
informaton. For exanmple, RFID allows tke vision of
casherfree rtallers where a user just entersa retailer,
takes what he need and when exiting RFID reades
installed at the retaier door read he itens beingtakenand
charge the cugomer credit card accadingly. RFID cauld
also allow to stae informaton where they will be most
useful. For example, information on gods and products
could bestored in RFID tags stuck at that product [Bor05,
NatR0O6].

e Users cold canplement and integate allthe abae data
ard information by mears of sutade Web resairces. Fo
example, a sensor ndwork detecting some kind of
polluting agen could integate cdlecteddata with a mep
showing nearly industrial implarts to dscover possible
causes of the pollution, or in a map showing natura
resenes topredict dangerous effects[JRDMS]. Smilarly,
a goup of friends calld decide o share with each otler
their actual GPS lcaions, and to disday them on a map
which highlights pubs and bars (coming from Web-based
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yellow pages) [Cas06].

Base Slauo\ ‘/335(9 Station RFID Reader
I

’

Figure 1. Generd pervasve architecture

B. FutureVision

The techndogies described above could lead, in the next
future, to a sceario in which sersors, actwators, memory and
computatonal infrastuctues wil seanlessly wrap the real
world. This will allow to cadlect aml handle data coming from
an unpredictable nunmbe of devices (®nsors and Web
resaurces) that wil produce a sat of eniiched percegion of
the world. With swh an infragructue in place, sesral
interesting apdications in which users will be aHbe to
perceive the wod beyad their five senss, will becane
feasible. Fo exanple, while walkng on a street, it will be
posside to perceive(i.e., ¢gt real-time information) on how
much the resaurants rearly a cravded In a simlar way, it
will be always possible to “serse” where fiends andrelaives
are located, s@s to arange for meetingonthe 1y.

From our perspectiw, there ae twomain streans of research
fueling thisvision:

1. Novel approactes ae reededto provide human users and
applicaton corrponents with “extra-sersoty” information
without overloading their coguitive capahlities With
regard to human users reseach on wearalte canputer is
developing mecharisms to enalle a peson to see (by
mears of sutable seethrough visors) conputer-generated
images overlaid to the plysical world. Swch images can
augment the word by providing additiond information
[Dan0g]. For exanple, theycoud show directiors overaid
to the actual environment, or provide persona information
overaid to the person we ae actuallytalking with. With
regard to appliaion conponents, sitiable software
infrastucturesare neededto represer cortext information
in a way that wil be easy for the camponents ©
understand and use [MamZz05].

2.1t is fundamental to actudly sore and manage that
information at the infrastructure level. Reseah on RFID
tags and sensors infrastructures, is a promising approach
(complementary to the pevious one) leadng to this vision
In this cantext, the dea is to stoe ard later retieve
information in the RFID tags and sensass that ae likely to



populate (ard satuate) arr physical environmert. Such an
infragructure coud be used to errich the world with
context informaton that coud be retrieved propery
[MamQz0g. For exanple, the nfrastricture would allow
to stare “virtual” post-it notesacross an environmert to be
foundlater on

It is rather clearthat sich a vision implies a huge anount of

information and data pevadng the physicalworld that (given

its scale) requires novel methodologies to be dealt with. In our
opinion, a paradigm leading to the development of prope

methodologies, in this context, could be based on the

“continuum” abgraction [BeaB®]. Following this agproach
the systemis designed having in mind a continuum of data
souces (ather than a discrete network of devices)and sothe

abstacion being realizd have to scaled an abitrary number

of devices. Of courseto deal wih swch kind of large scale
sysens, auonomic ard sef-organizaton principles are
neeckd [Dob07]. This is becawse nmanaging the systemat a

fine-grainedscak and addressng individual componerts wil |

not be feasibe (with the corinuum abstraction in mind, the

very concept of individud component tend to vanish), and so

autchomic and self-organzaton mechaimsms — where
individual comporents manage themselves -- have to be
introduced.

In paticular, we ewision an architectue, like the one

depicted in Fig. 2. There, a courtless number of sensors

(wireless mote sensors, RFID, smart phones, and yet-to-come

devices) enich the wald with digital information. This layer
(representedasthe tottom layer in Fig 2) will be constituted

by a huge number of heterogeneousand dynamically varying

devices. Tle cita at this basc lewel is at he finest possible
grandarity, and becawseof thatwill be hadly manageable and
undestandable by application components (i.e.,, too much

data, too garse knowledge.

Overlay krowledge retworks ae distrituted data structures
encaling specific aspects fo the aplication conponens

operatimal ervironment. Owerlay knowledge networks are
easly accessite by the canponents ard provide easy-teuse
context information [MamzZ05]. These overday knowledge

networks come into play to organize the dataof the bottom

layer into higherdevel and more senantically expressve

corcefds. An exanple d this idea wald be an overday

knowledge network that aggregates the daa produced in a
region of the undelying nework to offer application

components a sinde agregated value (e.g., the averag)

representing the whole region. In other words, daa produced

by the ottom sen®rs canbe aggregatedat different lewel of

abstacions. This aggregation produce discretedataelenrents

eat one managing portions of the cortinuum sersor space.
Thee elenerts o the overday knowledge network are
represetted in the higher layers of Fig. 2 and the upward

arrows represelt the processof creatinghigher-level concepts

from low-level sesors.

This yward direcion is not the only possble. In sewral
situation, overlay krowledge network needto integate and
contextualize high-level concefds to a lower layer sing sersor

data. This itegration is repesentedby the ottomward arrows

inFig. 2.
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The resuting scemrio is that ¢ a Herarchy of an arhitrary
number of overlays represerting context information at
different level of granularity Applicaion conponents,
depending on their task, d@cide at which levelto corsider the
context. Lowerdevel information will be aggregatedto the
proper level of abstraction. Highe-level information will be
possildy contextualized to that level, ard all this information
will be integrated together in coherent view supporting
application tasks.

Although the abowve description is a the level of modeling,
arnd data aggregation, catextualizaton and integation
mechanisns could be realized via whatewer approach in
pracice the nodel easily sypport a herarchical arclitectue
where hgherdevel senerscalect ard provide data ata cettain
level of grandarity. Adopting this viewpoint, at te top level
of Fig. 2, we haw globally accessite Interret sewer
providing worldwide aggregated information At the lower
layers there are seners poviding more and more specific
data (e.qg, stde-wide, city-wide, kuilding-wide cata). At the
bottom-layer there are the imividual sensors offering
extremely localized— but extremely detailed ard up-to-date --
information.

Whatewer the achitectue, in order to realze the cancepual
model in Fig. 2, t will be fundanenta to rely on self-
organizaion and autaomic principles. h fact, to guarantee
robustness and saability, the overlay knowledge nework
will hawe to maintain its ccherercy degite network glitches,
sensors failures, tle adlition ard renoval of pat of
knowledge and other kind of contingendies.

Continuous pervasive network

Data is gathered and
perceived at the right
level of abstraction

aggragated at the right
level of abstraction

Figure 2. Continuum pervasive network with an arbitrary
number of overlays describing cotext at different
granularity

I1l. 1ssuss AND CURRENT APPROACHES

Sewral rew techologies aml mechanisms are neeced D
fulfill the alove vision ard to create geeral pupose
pervasive applicatons In patticular, we thik that the main
challenge is to provide applicatiors with sutade overay



knowledge networks to gather, understand and exploit context
information at the proper level of abstacion for their
apdication task If a sutable cotex-representation is
available, d&ten the application task becanes easy, since
apdication components see keaty from their context how to
achiewethe task [Mamz05].

From our persgective, there are thee nain researchfields that
are fruitfully tacKing the abwe problems by exgdoiting
overlay knowledge networks.

1. Data Retrieval and Aggregation comprises a number of
researcles tying to get cita from a dstributed sesors in
an efficient way. In this cmtex, overlay knowledge
networks areusedto create lhe rauting stuctures tocallect
ard agyregate chta.

2.Macro Programming deals with programming a
distributed system withou explicitly deining sngle
ertities acivities, hut letting a compiler or a distributed
middleware to translate high-level task into individual
componert activitiesin an auomatic way. In this cortext,
overay knowledge netwoks are wsed tocreateregions and
areas in a distributed systerm alowing to sutaly
differertiate application executiondisregarding individual
componerts’ activities.

3.Data Integration allows to integrate data from various
saurces (Web senices and pervasive seisors) to offer
application conponens an all-ewompassig view d the
operationa ernvironmert (context). In this catext, overday
knowledge retworks are used to actually repesent he
integrated view that will be provided to application
componerts.

In the rext subsections we will presenta suvey of current
reseach initiatives in these aeas, sbwing also how the
differen areas thenselves complements ae andher and
pursue from differernt persgective the samultimate gals.

A. Data Aggregation and Retrieval

The main god of a sensor nework (and d the mgority of
pervasve camputing systerns) is to cdlect datafrom the
environment and to sutady presen the data to application
components. For this reasm seeral esearcles try todevise
mechanism to retrieve, cdlect and possily aggregate data
form a sensor nework. The most common approach to collect
data fom the netwrk consists in degoying data collecta
(i.e., sink) nodes which siwbscribe to some type of daaflowing
from sensing nodesabout sone patticular pferomera. Once a
datacadllector is registered to the netwd, eachnode startsto
periodicdly serd data to it. For example there may be a sink
interestedin receiving data from a particular regon “A”
between 2m ard 6pm if the tenperatue in that zone exceed
50°. Eachday, dirring the selectedtime frame, sensa's which
detect terperatuesover the selected thashold will serd data
to the sirk. This is the sinplest psside appoachto retrieve
databut hassewral dsadrantages.Iln general sirce dfferent
sen®r nodes detect ie sane phenomenon, it is likely that
there wil be anhigh degree ofredundancy in the data flowing
to the sink from different sources Moreover each node
located between a source and sink has to sperd erergy to
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route he message toward the @stination. When comparedto
local procesing of data, wieless trarsmission is exremely
expensve. Reseahers at the Universty of Caifornia,
edimate that sewling a sirgle hit over radio is at least tree
orders of magnitude more e)pensive thanexecuing a sirgle
instruction [ShrPM4]. Last but nat least, this approach is very
sengtive to readng erors andsersors fauts. If a rode, broken
or malicious, produces Bke data, there isno sraightforward
way b filter it out.

To overcome the almve poblems, in-network filtering,
processing and aygregation techniques can be used to
conserve the scace erergy resarces ad improve data
qudity. From the information sink point of view in network
data agregaton has two main adwentages. The first one
consist on a reduction of the pdentially overwhelming data
streams produced by the sensors. The second one due to the
activity of filtering andprocessing, is to reduce the cormplexity
ard the anount of data gathered leting further analysismore
manageable. Probably, duiing the next few years, dueto the
increase b the sizeand dendty of sersor netwoks these
advantages will quickly becone deteminart and every
applicationwill use sane mechanisns where same sat of “in
network” aggregaton will be implementednatively.

=

Figure 3. A spanning treeis created in the senso network
to route the collected da& to a root node.

The work described in [JEl05] distinguishes reactive and
proactive protocols for computing aggregate functions in a
sensor network.

¢ Reactive protocols try to respond on demand to queies
injectedby nodes If thearsweris found in same regon of
the retwork, it is routed directly to the isser rmode (see
Fig. 3). Exanples d this agproachare well described in
[INtGOO0, MadF02].

e Proactive protocols continucudy provide aggregated data
usng some function and am to diffuse meaningful values
on ewery nodes in the netwaks in an adagtive way (see
Fig. 4). “Adaptive” meansthat if sensed values change
over time, the autput of the aborithm should track
variations reasmably quickly. Proactive potocols are
often useful when aggregation is used as a building block
for completely decemralized sdutions to complex tasks
[Jel05].



The above computaton of aggegate functions is a key
building block for many appications. Infact, aggregate data
can be regrded asa sinplified view of the components
operatimal environmert. Corrponents nay find simpler to
acess the aggregatevaue ratker thandistill the individual
sen®r readngs.

Same exanples d most wsed aggregatedvalues ae network
size average load, average ugime, location and desciption of
hot spots, am soon. Local accesgo global information is
often very useful, if not indispensable for building
apgicatiors that arerobust ard adaptive. For exanple a fre
alam  system has to trigger an alarm if the awrage
temperature indde a building exceeda cetain threstold or a
distributed storage system has to know the overall free spce
over various device bebre processig a write() reques. To
reachthe goal of alocal access to glml network featueswe
hawe mainly two choices.

e The first one congsts of gahering on some sinks all the
(agoregatedon not) sersor readngs. After thatwe hae to
diffuse the dobal aggregated values into the overall
network. This gpproach is smple and graightforward but
has seweral ®rious limitations. The main one is the par
scalallity. In fact asthe netwok size gows, the anount
of daa that the sink has to manage become quickly
overwhelming.

e On the aher side we can se gossip based aggegations
methods [JXl05]. Using this kind of algorithm local sensor
readings are not ® be convogdto asink, butcan say on
sensors. The core of these protoools is a simple gossip-
based communication sheme in which each node
peiodicaly sdects some othe random node to
communicate with. During this canmunication the rodes
update their local approximate vaues by paforming some
aggregaton ecific ard strictly locd computaton based
on their previous appoximate vales. Ater same
iterations the locd appoximate value cawerge to the
global valle. The main adwantages of thesemethods are
that they aresimple, scalabde ard provide local accessot
global values without any additional burden.

Thelastreported featue is realy importart in our vision. In a
world full of sensors and atuaors, users will need smple
(i.e., agreqated repesenations of the aea of the network
where theywill be inmersed Using tradtional routing based
aggegation algorithm, due to theirinherent “reactive” natue,
will recuire, for each gery, the bulding of a dedicatedtree
and to wait answers from an unknown number of sensors
(which will may be very high). Instead,using gossip based
agorithm, any user will be able to get, without any additional
burdenfor the network, a sinplifiedview o the aea

In general, the resuting aggregate vale distrikuted across he
netwok becones an instanceof overlay knowledge retwork.
The overlay in factextract low level sersor readng to higher
level concepts {.e. agiregate aues)
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Figure 4. A gossip algorithms is run by nodes to agg egate
data and repart them back toan inquiring node.

In the next pargraph we biefly highlight same gereral
exanples of either reactive and proactive afjorithm
applications

Data agregation andretrieval is atthe basis o number o
relevart applicationin the catext of pervasive computing and
sensor nework. Currently the main application of sensor
networks is environmental monitoring. This application
congst of deploying a sutable number of ad hoc wireless
conneted sasors ina region.Such devicegeriodcally read
some envronmenta properties am route te acqured data
towards a base stationthat is in chage d gathering and
storing them. A good example of this kind gplication has
been deployed on a natura reserve island in front of the
Maine coast [Pol06]. There a hundred of sensors collect data
from the bids nest, nonitoring their micro cdimate. The data
being cdlected are snt over the Internet am publicly
available oerthe web

Another promising goplication, which ha nat yet been fully
developed, is object tracking. This activity consists of
recaynize and stbsequently track moving targets over a
monitored field. To achiew this tasksensas do not have
cadlect masdve ampunt of data to a certral staton for further
analysis, bu the nework have to process sensed information
and produce asimplified view of the pghysicalworld in which
the objectbeing trackedis readly visible. Ths appication has
been originally corceived in the military seting to drive
vehicles inun-trustedareas. Apromising new appoachof this
application involves multi sersory trackng. With this
mechanism the sane phenmomenon can be recanized by
mears of differert sensay inputs. For exanple, a careacling
a Hind spd in a canera retwork could be tracked wing saind
Sensors.

B. Macro Programming

A key chalenge in pevasive computing is to provide
powerful programming models to faciitate the deelopment
of gpplicationsin dynamic and heterogeneousenvironments.
One d the main conceptual difficulties is thatwe hae direct
control only on the agents’ local adivities, wthle the
application task is often expressed a the globd scale
[ZamD4]. Bridging the gap betweenlocal ard global activities
is not easy, It it is possible: dstribued algorithms for
autonomous sensor networks like the ones presented in the
previous sltbsecion hawe been proposed ard success$ully



verified, routing protocols is MANET (in which devices
coadinate to let packets fow from saurcesto destiraions)
hawe alreagy been widely used The problem is still that the
above swccessfll aproacles ae adhoc © a specific
apdicationdomain ard it is very dfficult to gereralizethem
to other scearios.

One promising researchinitiative in this direction is macro
programming. The idea is to pecify the dobal application
tasks tobe achieved anl leavirg to a corpiler or a distributed
middleware[HadMO06, Nagd2, NagM 04] the tasks d mapping
these global task into individual component activities. To
build the® languages thee are o fundamental challengs:

e devise a glha language sutable fa a relewant class of
applications

o devise a set of distributed dgorithms to map the language
into the canponent activities.

The above twotasks aimat hding from the programmer low
level detaik suchas tke heterogeneity ard the scale ofthe
underlying network.

In the last few yeas a number d reseach initiatives
addessing macio progranming have been poposedin seeral
apgdicationscemrios.

In the Amorphous Computing project [Nag02, a macro-
programming language is used to control shape formation in a
recanfigurable sheet composed of thousands of idertically-
programmed, locally-interactingrobotic agers. The desired
global shape is specified at an “alstract” levdl as a blding
condruction an a continuous sheet of pgper (i.e., origami).
This construction is thenauomeatically compiled to produce
the pogram run by the icentically-progranmed agents. The
global larguage allows b define the regons where the sheet
hasto fold, leavng to the canpiler the idertification of the
low level actionneeckdto actualy recanfigure (.e.,bend) the
robats.

Similar approachesfor the catrol of shape andmotion in a
modular robot (i.e. acadlection of simple autaomous actuato
with few degees 6 freedbm connectedwith each ¢hen hawe
been recently poposed [S©NO4, WerB06]. In these
appoachesa gldoal desciption of the stape tobe formed or
of the gait to be followed is provided to the robot, either by
represening the dape in ©me coadinate frame, or by
adopting a description funaionally specifying hav the roba
has to bend its actuaors to move. Such a globd description is
then conpiled into low level messagesand actions to drive
and ocoordinate the individual modues.

TinyDB [MadF0Z and Couga [YaoG02] provide a highdevel
SQL a XML-basedquery interface to ensor network data.
The query is expres®d by mears of a high-level language
indicating the dta to be gathered in a declaatve way. A
conpiler trarslaes the query into the low-level sersor
actvities neeckd for the creaton of the proper data cdlection
and aggregation distributed agorithms.

Spatial Programming (SP) [Bor04] is a nacro progranming
approach to program a sensor network. This approach allows
to define regions in the network adopting a highdevel
senantic. In SP, br exanple, t is posside to address(and get

47

a handle to) dl the sensor in a given geographic region
(descriked e.g. by ts laftude andlongitude). A low-level
distributed middleware h thenin charge to set-ip sutable
routing structures to actely addess the proper sersors.
Abstract Regpns (AR) [NewA®4] is andher macro
programming approach to define regions in a sensor nework.
Ratrer than focusing on geographic regions like in Spatial
Programming, AR focus on néwork regions (e.g., X-hop
neighbors, s@nring tree andplarar nmeshes) A high-level
language allows to specify the netwok region, while low level
algorithm creae the acual routing structure to handle the
proper nocks.

Regment is a functional macro programming [WelN04]
language that gererdize toth the pevious appoactes.
Regment allows to define regons in the network able b
represen spetially distributed, tine-varying collecions of
node state. The programmer uses the language to express
interestin a group of nodes with sane geographic, logcal, or
topdogical relationship, such as dl nodes within k radio hops
of some archor node. A distibuted middleware is hen in
charge to nap the redons into suitabe sersor-level
coordination protocols. Similar gpproaches to define regions
in a dstribued systemaccading to spatial and functional
charaderistics have beenpresentedn [BecHM]

A more canprehersive suvey of currently proposed macio-
programming languages can befourd in [HadM06].

In general, all the eported macm-programming appoaches
uses guitable overlay knowledge networks to contol the
distributed program. In most of the propcsals, overlay
knowledgenetworks are used tefine the regions wheitbe
components activities will be dfferent. In Spatia
Programming, for exanple, theoverday knowledge network is
represened ty the data streture idertifying the region where
data stould be collectal by the application

To creae canplex, dynanic ard flexible senices, it is
mandatary to rely on gereralpurpose sdftware nfrastricture
facilitating the pogramming task. Tke ablity to program a
distributed gystem without explicitly and drectly defining
individual entites' actvities will be a fundamenal assetin
this direcion.

C. Data Integration

Penasive computing apgdications will be naturally integrated
with Web services and Interret resources Not only Web
services will be a natual technology to access peasve
applicatiors remotely, but it coud alsoprovide further context
information to the pervasive device. For exanple, seners
could get from the Internet the aerage temperatue of the
region they ae in, and conpare their sersor readngs with that
average. With this recard, we thnk that in the rext future
application will integrate togther data caming from the
Internet ard data coning from the real world (sensors) and
actwelly merge it together in a coherent framewolk providing
advancedcontext-aware apfications.

In this cortext, overlay knowledge netwoks are ugd tomerge
the cdlected data taether, am to provide such data to
applicationcomponerts in a coleren view.

A number o recert projects fom different research
communities (data mining, distributed systers, senantic Web,



Web services etc.) are tacking the challenge of data
integration across multiple providers.

One interestingreseach in this areais desribedin [PelP(4].
The goa of this poject is to develop a contex-awaremss
sysemto detect am infer domesticactivities peiformed by the
uses. The proposed appoachis to infer the activties d the
useron the basisof the dijects te touches. Forexanple, by
sengng that the user touches a “teapot”, same “teabag”,
“glasse$ and “spoons’, the systemcan infer that the wser’'s
acton is “making tea”. Ths kind of knowledge could be of
usein a number of smart-home scenaos. To implement such
an ideg the gstem relies onRFID tag asseiated to (and
identifying) eweryday djects, ad gloves ntegrated with
RFID reacer worn by the wer. This alows the systen to
detect, ather naturally, what te wser is towching.

This streamof data caming from pervasive devices regires
models of activitiesto detectwhat the user is doing. Such
models are atomatically mined from the Web. In particular,
the systemcomecs to specifc “How to” sites, desciibing
how to perform a ecific acivity, extracts the lhels
assaiated to the object being used ard creates a Bagan
network descibing probahilistically the objectsinvolvement
in the differert actities. The nodel is inaly, checked
agairst the data cming form the RFID reaar to infer the
actvities keing carried on.

In our opinion, this project is gperfect exanple o the fact that
pewvasve ard Web resourcescomplement each t¢her, ard by
integrating them it is posside to dtain novel ard powerful
senices.

Anacther relevant approach ispresetted n [Eag03]. The goal
of this wark is to infer userscontext by caguring their speech.
The voice d the wser is recod by a PDA cariied on by the
user The voice sigral is sent @er a wireless network to a
sener that pocessthe signal ard transciibes te speech The
sener comect to a Web sewvice caled Concepi Net [Liu04]
that is based on a knowledge network desaibing common-
seng activities. Corncept Net is, in fact a huge repository of
commongense sentences (e.g., you'd orer food in a
restawart) and a suitalbe API to access andmine the
repostory.

By providing ConceptNetwith the speechransciiption, the
seniceis able to infer the nostlikely cortext for the user For
exanple, the speech “Hi, today I'm going to have a
cheesetrger anda beer” wauld let CorcepgNet infer that he
user context is “ordering food d a resturant”. Sich
informationis thensent back tothe PDA fr further actons.
Another interesting mechanism to canbine ®nsa data and
Web information involves the sage d GPS as sewors and
Web-retrieved maps from open GIS+ool like Goodge Earth
(http://earth.googd.con). In [Cas06], we describe two
senices in this direction A first sevice albws a usr
eqgupped with a RFID reacer ard a GPS dvice to ®e his
acta location and past novements, and to dynamically create
Google Earth placenarks of the tagyed objects being read
with the RFID readerat the iight location. This service carbe
fruitfully employed in a number of situations In paticular, we
focused on the sceario in which a tarist wants to
autamatically build and maintain a diay of his journey. To
this erd, the proposed sewice allovs to keeptrack of all the

48

user movements and have them displayed on te map of the

visited pace. Maeover, the sipport for RFID allows to access
lik ely-to-be-soa-available taurist information staedin RFID

tags attached to artpieces. Fom the dary pespecive, tis

allows to stae the vsited art-pieces’ location together with

their description on te journey map. In addition, our service

could aso provide with important logistic information. For

exanple, theadion of readng the tag & the wers carata

cettain locationtriggersa new carplacenark on Google Eatth

showing the acta position of the car.This allows the éurist

to easil recall wrere the car hasbeenpaiked

Another service, allows multiple users to shere their list d

placenarks ard their curent locaion. Again, this sevice can
be employed in severa scenarios and we focused on

supporting a group of tourists cogoeratively \siting a dace.
Sud asituation applies to a class of sudents or to a group of

boy-scauts, where each pepbn can visit the place
indegpendently, while keeping in touch and sharing

information with the aher members To this erd the sevice

allows to share GPS ata with other members aml with the

group leader (e.g., the teacher may be in need of monitoring

the locationof all the stulents). Moreover, placerarks panted

by one person may be slaredacross althe goup. This canbe

useful to share ginions o interestig sightings, but also b

easly agee on sane mesting points. For exanple, by shaing

placenarks,all the userganspota suiableplace(e.g., apub)

that is in the middle d them ard agee to meet here Eee
Figure 5.

Other appoactes h this directi;, dewloped by other

researchgroups, [Pat.04] combine GPSdata and maps to

create a probabilistic model of the u®r actvities. This

approachallowsto the systemto lean the wser motion routine

(e.9., wheredoes he go, where des he park the car, etc.) and
possilly to cleckanomalies agaigt the leaned trerd.

@ filel.kml
~
<?xnh v ersion ='1.0 " enc oding ='UF -8'?2>
<knh xm Ins='h ttp:/ /eart h.goo gle.c omkm /2.0 ">
<Placem ark>
<descri ption> NewY ork C ity</ descr iptio n>
<nane>Ne wYor k Gt y</na ne>
<Point>
<coordi nates> -74.0 06393 ,40.7 14172 ,0</c oordi nates >
< Roint>
</ RHace nark>
< knh>
. J

View KML on the Web. Reload
the file to see any change

|- Sy

RFID Reader

Figure 5. Integration of GPS data and Web maps.

Finally, arother saurce d information that reseahers are
trying to integrate is that coming from images widely
available andaggedby senices Ike Flickr (www.flickr.com).
The idea atthe mre of same recen reseaches is totry to
match gctures talken from caneras withthose available on the



Internet This would allow to get information alout objects
without the needof tagging them artificially. For exanple, he
image of a tower taken by a camera phone could be matched
againg a daa base of images to propely recognize it as the
Pisa laning tower [Jia0g].

All the alove exanples slow ratherclearly that the aproach
of integrating resairrcesand datafrom pervasive system and
Webresaurces ina promising reseach avente.

IV. CONCLUSIONS

In this paper we presentedur visionfor next future pexasive
computing systenms. In our opinion, these systeswill be
gereral purpose ard userswill be able toinstal and execute
apdicatiors both on their private pervasive corputing
infrastricture (e.g., in smart hane scerarios), ard in publicly
available oes (e.g., citwide infrastrictures offering tourist
information andsenices). Given the extreme heteragereity of
this scenario, its inherent dynamism and — most importantly —
the incredble anount of data the sysém will be able @
produce, apiications will be required to metch ard conply
those characteristics. Applidams will haveto aubnonously
adap their befavior to differert circumstarces ranging from
the scale of the pervasive network, to the privacy-level being
requeged by the users. To achiee suwch a flexbility
apdicatiors will hawe to be highly contex-aware (to
mearingfully interact with their emironmen) andautaomic.
To this end they will be ale to gather relevant conext
information boh from the peavasive negwork sensng the
environment and from global-accesible Irternet senices.We
asointrodued how conddering the system as composd of a
“continuum” of sensrs and devices, ratler thana discrete
collecion of them may provide wseful ideas and abstractiors
to deal with the alove challeiges.

In addition, we preseited the key mectanisms and researcles
trying to fulfill the above vision

¢ Retrieve and aygregate daa will provide developes with
advarcedtools to get data fom a distibuted systen in an
efficiernt way.

e Macro Programming a distributed sysem deals with
programming a distributed system withou explicitly
defining single entities actiities, but letting a conpiler o
distibuted middleware to trandate hgh-level task into
individual componert activities. Ths will allow
developes to design g/stems composd of a huge nunber
of commponents that will be able to cary on conplex
coordinated activities.

¢ Integate dita gathered from various saurces allows to fier
application components a cherent view d their catext.

In particular, we tried to present fow the cacept d overay
knowledge networks may be a the basis of most of the
proposal, ard how overlay knowledge netwok may represent
a framewolk to develop applicatiors in future pemwvasive
conmputing scerarios

In our opinion, these esearcles ae anly at the beginning of
addessing satisfactoly the requirementsof future scearios
and severa questiors remain open How to represent cotext
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information in a gereral way? How can we retries and access
swech huge amount of knowledge? Which kind of autonormic
algorithms should we enforce to add robustnes armd self
orgarizaion properties to thee systera?

Our future reseach within the CASCADAS Euopean project
will try to adiress sme of these giestians.
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