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Abstract - In context-aware computing environment, some corigestharacterized by a single event, but many otlmertexts are
determined by a sequence of events which occurswitie timing constraints. Therefore, context infeeeshould be conducted by
monitoring the sequence of event occurrence aloitly etecking their conformance with timing consttai Some context could be
described with fuzzy which can be easily usedtiraon description. Multiple entities may interagith a service system, and thus the
context inference mechanism should be facilitatethandle multiple entities in the same situatiohisTpaper proposes a context
inference model which is based on Petri net. Thdehepresents and handles the sequential occuer@ficsome events along with
involved timing constraints, deals with the mutigntities using the colored tokens, and emplogsctincept of fuzzy tokens to
support the fuzzy concepts.

constraints determines a context. Therefore, contex
1 Introduction inference is involved with the task to effectivelgtect a
specific occurrence sequence of events and the ttask
check whether those events satisfy the specifieihd
constraints. To our best knowledge, the existingtex-
aware service systems have not explicitly taken in
consideration such kind of context inference.

This paper is concerned with a Petri net-basedesont
inference model called fuzzy colored timed Petrt ne
information. Hence, the quality service systemsdn&e model which allows to e_asily represent complicated
collect sensor data from which context could beuded contexts which are determined by a sequence ofteven

with timing constraints, enables to model multiplgects

and to have a mechanism to conduct such context] ted in th uati d'in additioori t
inference. Context denotes any kind of informatidrich ocated In the same situations, and in additionnporates
the notion of fuzzy tokens to deal with fuzzy codte

can be used to characterize the state of an eAtitgntity Th ind f thi . zed fol
can be either user or anything involved in therad#@ons € remainder ot this paper IS organized as Iolows
Section 2 presents some related works including Ret

between user and the application.[1] Typical examulf - . .
contextual information i?w%lude Io[cagtio?lf,) identit;impeﬂ, m(_)dels and existing context inference apprc_)acrmm@_
behaviors and so on which give some clues to antweer 3 mtroduce; the proposed fuzzy colored timed ”“_5‘“
questions aboutwha, what when and where An mode;l. Section 4 shows how.to mpdel thg contexig,ia
application which takes into account the workingiteat 1l it addresses the conclusions in Section 5.
in providing information or services is calledcontext-
aware systemThe data used in determining some context 2 Related Works

are collected by sensors and transmitted to a xbnte

aware service system through sensor networks. Satae  2.1. Petri Net M odels

are inherently stream data since the sensors cautity ~ Petri nets are one of well-known tools used for eting,
monitor some interesting aspects of the environm@nt ~ formal analysis and design of systems. A Petriiged
the other hand, each sensed datum can be regasdmd a bipartite directed graph defined as a tupfe ¥ F, M>, in
event in the environment. Some context can be méted which P = {Py, P,, ..., P, } is a finite set of places with
by a specific single event, yet in many situaticms =0; T={Ty, Ty, ..., Ty} is a finite set of transitions with
collection of events satisfying some sequential éméhg m=0andP nT=0; F O (P xT) O (TxP) is the flow

With the advances in information technologies, sens
technologies, various pilot context-aware serviggtesns
have been developed for context-aware information
services in ubiquitous computing environment, ligeht
services in intelligent robots, and various otheelligent
application software.[1-9,11,16] In order to pravid
quality services, it is valuable to make use oftertual
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relation, a mapping representing arcs between gland the summarized information about their concerndd da

transitionsM: P - 1,1 ={0, 1, 2, ...}, is a function that  interpret them and then they also store the precess
associates a number of tokens to places. information into the blackboard, the application
A Petri net is graphically visualized by represegtits implements context-aware services by referring He t

places with circles, transitions with bars, arctarrows, contextual information from the blackboard. Due to
and tokens with small black dots. A place contajnime restricted flexibility of the blackboard model, tH&EA
or more tokens is said to be marked. When eacheplac project architecture has difficulty in handling ttype of
incident on a transition is marked that transiti@said to context inference that we have interested in.

be enabled. An enabled transition may fire by rengv

one token from each of its input places and putting 3 The Propo%d Fuzzy Colored Time Petri
token into each of its output places. In the b&stri net Net Mode

tokens have no identity. From the basic Petri seteral
extended Petri nets have been proposed, whichdeslu
colored Petri net, timed Petri net, colored timedrimet,
object-oriented Petri net, and so on.[10,13,15]

A colored timed Petri net(CPN) is defined as adupl
>, P, T, Ft > in whichZ is a finite set of token color®,

T andF are the same with those of the classical Petri net
respectively. . T - {0, 1, 2, ...} x{0, 1, 2, ...,0} is a
function mapping from each transition to a paivafues
corresponding tagelease time(i.e., delay) andnaximum
latency(i.e., timeout), respectively. For any transittoi

T, we writet (t) = (T, ™) and we require that< 1™.

In the colored timed Petri nets, tokens have cipes
and a token of one color is discernible from a toké
another color. Within a color class, an individwaken
cannot be distinguished from one another.

3.1 The Context Inference

In the applications to have to catch the contexinfthe
data acquired by the sensors, some context isnlietent

by a specific event, and other types of context are
characterized by a collection of events that happea
way to satisfy the specified timing constraints agi¢them.
For example, suppose that a person had turnedabe g
range on and went out home, where we consider the
situation as being in danger of fire if a specif@adount of
time has passed yet the person did not come badkder

to provide contextual services, it is needed toeham
effective way to describe contexts of interest, tmtiave

an efficient inference mechanism to determine takdv
contexts from available data some of which areastre
data. As an effective framework for the context
representation and the context inference, this mpape

2.2 Context Inference _Systems introduces a new model namégdrzy colored timed Petri
There have been various efforts to support context,.;

inference for context-aware service applicationhie T
Stick-e Notes system[2] is a generic framework éiph
develop context-aware applications, on which they
represent the context-aware knowledge ugftigen rules
and apply the inference mechanisms (e.g., forward o
backward chaining) to conduct context inferenceedam
the rules. Schilit's System Architecture[3] is an
architecture to support context-aware mobile comgut
applications which is focused on the contexts efsisnd X
devices. The architecture contains the following constrgmts. . . .

interacting components: device agents to manage the The |f-the_n rules which are widely used in knowledge
states and functions of devices, user agents t&odate of representation could be employed to represent smwrte

users' preference, and the active map to keep thtte of contexts. Theif-then rules allow to easily describe
location information for the users and the devicEse somel S|mplet cct)ntﬁ(xts, bltJ_tIhave cilftf)lculté/ in (:xpnag
architecture allows the restricted forms of context COMP!EX CONLEXIS fike mulliple event-based con extEen

inference because it is designed to care aboutdhtext though a ”.‘”.'“p'e event-based context is expredsdi
between users and devices. CALAIS[4] is an architec Fhenrl_JIes, itis hard to follow the progress of thenexts

for the context-aware applications which are mainly in theif-themrules on the fly. .
focused on location-related contexts. It is nofflegible Plr_olcedural mt())dulec:is can be emphlpyed to rechogr;:ze
to handle various kinds of contexts. TEA projectipn ]qwu _tlpl_e _e\r/]ent-l_ase cont_e]>c<ts. This ?‘ppToaCI. as
architecture designed to support context-awarecEon exibi |ty_ n andling context inference, yet !Ba Implies
personal mobile devices. It employs a blackboardieho complexities becausg we have to build procedural
for context inference in which sensors record their modules for every single context and to pay special

. . . ttention to possible conflicts among those modules
acquired data into the blackboard, context integuseget attent . :
q B addition, since events should be delivered to each

3.2 Context Representation based on the Fuzzy
Colored Timed

For the convenience of description, let us densteaa
single event-based context a context which s
characterized by a single event, and as a mulépént-
based context a context which is characterized by a
collection of events which satisfies some timing
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procedural module, it could cause the structurethef
implementation to be entangled. On the other hénid,
not easy to keep track of context progress withctvhie
are in part concerned in this study.
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Due to two kinds of events, such contexts with events
can be categorized infbE-TE contexts,SE-SEcontexts,
TE-SEcontexts, anGE-TEcontexts. Foil E-TE contexts,
there are two related triggering evemisand e,, their

In order to handle context inference, the proposedtiming constraint is expressed as follows:

method adopts a colored timed Petri net-based ntodel
describe contexts and to conduct inference. Inta Ret
model to represent a context, a place may correspmn
an event and transitions are used to describeirtiagt

Ci:TEXTE - (Tey, Tar, Tep)
In the above T is called theexclusive timeof evente;
during which the following everd, should not occur, and
Ta is called the allowance time during whiehshould

relationships among events. When a specific eventhappen. In a similar way, the other constraints are

happens, the corresponding place turns out to &doken.
Each transitiort is bound with a timing constraint label
[a, B'], wherea' is the release time, afil is the latency
time. The release tima' indicates that the transition is
enabled aftera' time under the condition that all its
incoming places have their token. The latency tjghe
indicates the transitionto be fired aftef' time under the

described as follows:

C,: SEXSE » (Tsa, Tsw, Tsars Tser Ts2)
For a state-changing everf,y is the exclusive time in
which the changed state is kept and the followiveneis
not allowed to occurTgy, is the valid time intervalTyy,
Tewa] in which the state needs to be reskfy is the
allowance interval Tsau, Tsau] for the following event to

condition thatt has been enabled. It means that a have to occurTseis the exclusive time af; andTsis the
transitiont is enabled when all its incoming places have valid time ofe,. When the reset event is not needed to

had token fon' time and then is fired aft@ time.

There may be multiple entities to participate ire th
environment. Therefore, the colored tokens are ueed
discriminate each entity that plays in the sameteodn
When it is needed to discriminate entities, itésigned to
put colored tokens into the corresponding placegsat

describe context, the valid time interval constraiy,may
be omitted.
os :TEXSE - (Tel: Tal: Tsé: Ts\/Z)
C4:SEXTE - (Tsew, Tovt, Tat, Ted)
The exclusive timfgis measured from the occurrence of
the event, the valid tim@&s,for a state-changing event is

event occurrence and to make the correspondingmeasured from the end of the exclusive time, ar th

transitions produce the corresponding tokens. Tihke s
places containing a circle indicate the place inictvh
tokens arrived are just discarded.

allowance intervallgsi= [Tsai, Tsaul IS Mmeasured from the
end of the exclusive time.
The contexts made of two events can be modeletdy t

In the proposed context inference framework, we Petri net models as follows: Figures 1 to 4 shopicsl

classify the events into triggering events and estat
changing events.

Def. Triggering events and State-changing event

The state-changing eventdenotes ones which change
the state of an entity or the environment and thenged
state keeps persistent until its state is resgt, the light

Petri net models fof E x TE contexts,SE x SE contexts,
TE x SEcontexts, anEXx TE contexts, respectively
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triggering event and a reset event and thus can be Al <4 T

modeling with triggering events. For the conventiah
context modeling, the proposed framework uses dtiem
of state-changing events.

Def. A contextCT with 2 events is defined b@T = ((e,

&), C(e;, &)), wheree OTE O SE TE is the set of
triggering eventsSE is the set of state-changing events,
andC(e,, &) O Cis the timing constraints on the eveets
ande, which are expressed in the seqG@et C,;0 C,[O
G0 Cy.
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values acquired from a thermal sensor is boundiratod
which a membership function expressing the fuzzy
constraintlow is embedded. The persistent event place
keeps providing the membership degree of the
temperature values received to the fuzzy consti@ant
Figure 5 shows an example of a persistent stateepla
for a fuzzy constraintémperatureis low'. The place has
the assigned membership functiag, of fuzzy constraint
low and keeps changing the value of its token atingrto
the membership degree of the just received temyerat
values to the membership functipg,. On the other hand,
as shown in Figure 5 (a), the immediately following
transition of a persistent state place is labeleth \a
threshold value® and the value pairf B] as its timing
constraint. The transition turns into the enabledesif its
incoming place has been the token value greater ¢ha
equal to8 for more thar time, and is triggered whefi
time has passed after its enablement. Each time the
membership degree falls below the threshold, thertifor

As we have seen above, the proposed Petri net-basedhonitoring place enablement is re-started as shown

representation allows us to express various cauméxt
situations in which multiple events are involveddamn
which some timing and sequential constraints aposad.
Single event-based context can be modeled by desing
place to which context-aware service module is bcamd
thus when the corresponding event happens, itsceeiy
made to be triggered. By composing the above-meadio
primitive context modules in their own way, the
developers can easily represent the
contextual situations. The visual representationPefri
net helps developers easily verify and understahdtw
context is designed and how it works. In additién,
allows to visually keep track of the context pragre
responding to the incoming stream of sensed data.

3.3 Fuzzy Context Representation
In the proposed model, there are two types of glace
according to how the state of places is maintaineeent

state placeso represent whether a specific event occurs,

and persistent state placéo continuously provide the
probably changing values of the corresponding state
the case of an event state place, when its evempens, a
token is placed into the corresponding place ar @me
of outgoing transitions is fired, the token is @igted. On
the contrary, the tokens of the persistent staaegs are

not discarded even though some of their outgoing

transitions are fired. The tokens of persistentespdaces
have some numeric values reflecting the statespiegific
stream data from a sensor.

complicated

Figure 5 (d). When the transition is triggeredpribduces

a token into its following place(s). According tbet
developer's design decision, the token may have
selectively either the average membership degree the
enabled period or the final membership degree,oares
other value. The token value, if exists, of thddwing
places could be either used or discarded depermdiribe

designed model specification.
[ow #=05

O—f—0O \\

temperatum [ B]
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Figure 5. A fuzzy persistent state place and its

corresponding transition

Once a transition with an incoming persistent state
place is triggered, it starts over its mission égetting its
timers and monitoring the token value of the inaogni
place. According to the design decision, such asttian
is optionally set to be in the sleep mode for acsigel
time period after its triggering.

3.4 Composition of Context | nference Models
In Section 3.2 we have described how to model stste

The proposed model uses a persistent state place twith a sequence of two events with timing constsin

represent a fuzzy constraint. For example, whepwamt
state'temperature is lowis modeled, it is represented by a
persistent event place to which a stream of tenpera

Those 4 types of context models play the role afidba
building blocks in the proposed context inference
framework. When a context could be characterizeith wi
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more than two events, each pair of events relatitdl w
timing constraints is modeled with a basic buildiigck.
Some context could be described with multiple sub
contexts which need to be satisfied simultaneously
selectively. For the simultaneously satisfying soiext
components, the Petri net models for them are cweabi
by directing their final places into a transitios ghown in

Figure 6. When each of multiple context components

describes a context, their final places are meigtd a
place as shown in Figure 7.
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Figure 6. Composmon of the sub-context compon#ras
need to be satisfied simultaneously
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Figure 7. Composmon of the sub context components
each of which can characterize the designed context

An event might be used in multiple context modwdesl
thus the place bound to an incoming eveig connected
to all the places foe in the built context modules as
shown in Figure 8.

P —— — —
¢ Context C _,:}/‘
A —
,-—k/“\l,- Context € '\j)
[ o
B
v C ’

o ———

Figure 8. Binding an incoming event place with the
corresponding event places of the models

Figure 9 shows an example of context modeling whic
describes the contextual situation thkti$ dangerous to
leave the house for more than 30 minutes after loase
turned the ovef
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Figure 9. A Petri net model fordangercontext
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3.5 Context Inference Module

In the proposed context inference framework, each
transition has an assigned processing module wiitichv
context inference is conducted. The processing feoofu
a transitiont starts the timer foo' once all its incoming
places have a token with the same color, if tokares
colored. If the transition has a persistent eveates it
starts its timer when the token value becomes grehan
or equal to the labeled threshold. In the middleimer
working, if some of its incoming places loses dken or
the token value of its incoming persistent eveatelfalls
below the threshold, the timer is reset and stopjdten
the timer reaches at tine, the transition turns to be in
the enabled state and the timer Rirstarts. After that,
whenp' time has passed, the transition is triggered hed t
tokens of the incoming place(s) is removed, if theg not
a persistent event place, and tokens are addedtheto
succeeding places. Along with that, the timers raset
and the processing module of the transition starés its
mission. When a token is added into a place
corresponding to a context, it is regard as thatcintext
is recognized and the bound service module is iegdhr
context-aware service.

4 Development of Context-aware Service

Applications

When a context-aware service application is dewezop

based on the proposed method, it is modeled in the

following sequence:

Step 1. Enumerate the kinds and characteristics of
available sensor data.

Step 2. Identify all
considerations.

Step 3. Model each contextual situation with a yuzz
colored timed Petri model according to the method
presented in Section 3.

h Step 4. Implement the service modules for eachextuml
situation and bind them to the corresponding cdntex
places.

Step 5. Combine the places corresponding to thee sam
event into a single place, if possible.

contextual situations under
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For each transitioh install as many pairs of timers as
the number of token colors used, where timers sped
to release timex' and latency time3', respectively. In
order to enable flexible context-aware servicesllaws
transitions to use software modules which may ta®s
input the external sensor data and/or the outpudtiodr
modules.

In order to see its applicability, we implemented a [2] P. J. Brown
In the at ’
prototype implementation, the modules bound to the

prototype system for the proposed method.
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several successful application examples developethe
framework in order to show the applicability.
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