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Abstract In this paper, we provide a formal definition oframework of two
layered nested predicate transition nets. We agddhesvarious technical issues
in such a definition. We show the applicability mir approach in addressing
different cooperation behaviors of mobile agentsmndeling a two-tiered
network consisting of a top-level mobile-device watk and a lower level
network of sensor nodes, and demonstrate the uesfulof formal modeling in
revealing hidden and missing requirements.

1 Introduction

Nets-within-nets paradigm [10] provides a natural abstractibrmany complex
software systems such as multiple agent systems whenésaaye mobile. In recent
years, several approaches based on this paradigm wegespd for modeling the
mobility of mobile agents ([8], [2]). In [8], the communiaati between an agent net
and the system net was synchronized through the concept ohaetlizfined by a
fusion of two enabled transitions [1]. The firing of thesensitions allows bi-
directional information exchange between the agent anagbkat system, and the
movement of the agent. In [2], the synchronized communicatiorekatan agent net
and the system net was through some input and output tranditcmmsyer no formal
definitions were providedn this paper, we propose a nested Petri net framefoork
modeling two-tiered networks. We provide a new definitibrcltannels and extend
predicate transition nets [4] with this channel concept. The cleannel concept
adapts the input and output commands in Hoare’s process alG&ita[7]. The
communication between an agent and an agent system cofisigteloronous control
and unidirectional information flow, with which we can nicehodel the essential
characteristics of reactivity (input) and pro-activeness)(of agents.



Unlike many existing nets-within-nets approaches, our nefinitlen has the
following features: (1) it supports the use of both datens and agent tokens in a
higher level net (agent system net); (2) it provideseailfle and concise dynamic
channel representation; and (3) it addresses the interplayedre synchronized
communication and timing constraints.

We demonstrate the use of our paradigm by modelingdobedination mechanism
proposed in [9] to efficiently deal with the communicationsuined in a multi-tiered
network consisting of a lower level wireless sensor netvemrtk an overlay higher
level network of mobile devices. Additionally, we show haviormal model can help
reveal subtle behaviors of such a two-tiered network atpduseto better understand
interactions among various participants under normaladmdrmal situations, which
is necessary for a correct realization of such a syste

2 A Nested Petri Net Framework

To model various aspects of a mobile agent and an agstetm, we need to not only
capture the communications and movements, but also addrassutiationality and
other issues such as real-time requirements, whick net adequately dealt with in
existing nets-within-nets approaches. We found that priedicansition nets (PrT net)
[4] form a sound basis for our framework.

2.1 Predicate Transition Nets

We use the PrT net definition in [6]. A PrT net is a tuple Spec, ins where:

(1) N=(P, T, F)is a net structurd? andT are finite sets of places and transitions of
N, whereenT=0,POT2z0and F O(PxT)O(TxP) is @ set of arcs, which define
the flow relation,

(2) Specis an algebraic specification, which includes sorts, atpes, and equations.
Terms defined irspecinclude tokens ifP, labels orF and constraints associated
with T,

(3) ins=(¢,L,R,M,) is an inscription that maps net elements to their déoosain
the algebraic specificatioBpec ¢ is a mapping fronP to the set of sortg; is a
sort-respecting mapping fromto the set of label$} is a mapping fronT to the

set of constraints; and, is the initial marking — a mapping frofto the set of
tokens.

The dynamic semantics of a PrT net can be defined asviall

(1) A marking of a PrT net is a mapping framto sorts defined iSpe¢

(2) An occurrence mode dfl is a substitutionr = {x; < Cy, ..., Xn < Cp}, Which
instantiates typed label variables. We aseto denote the result of instantiating
an expressior with @, in whiche can be either a label expression or a constraint;



(3) Given a markingv, a transitiort [0 T, and an occurrence modet is a_enabled
at M iff the following predicate is trugdp: p O P.(L (p,t):a) O M(p)) OR(Y):a;
where

L(x,y) if(x,y)OF

L(x,y) =
(x.y) O otherwise

(4) If tis a_enabled aM, t may fire in occurrence mode The firing oft with a
returns the markiny?’ defined byM’(p) = M(p) —L (pt):a O L (t,p):a forp O
P. We useM[t/a>M’ to denote the firing of with occurrencex under marking
M. As in traditional Petri nets, two enabled traosis may fire at the same time
as long as they are not in conflict;

(5) For a markingM, the set 1> of markings reachable froM is the smallest set of
markings such thatl 0 [M> and ifM’'0 [M> andM’[t/a>M" then M” O [M>,
for somet O T and occurrence mode (note: concurrent transition firings do not
produce additional new reachable markings);

(6) An execution sequend®@,ToM;T;... of N is either finite when the last marking is
terminal (no more enabled transition in the lastkimg) or infinite, in which
eachT; is an execution step consisting of a set of narflico firing transitions;

(7) The behavior oN is the set of all execution sequences startinm ftive initial
marking.

2.2 Modeling Time Concepts with Predicate Transitio Nets

Many time/timed Petri net models have been proposéte past three decades, and a
discussion of those different models and theirdraffs can be found in [11]. It is
well known that a high-level Petri net model camdia time concepts adequately by
representing time information as an additional eetmof tokens and adding time
constraints as additional conjuncts to transiti@js

Here we introduce a special variableand use it exclusively as part of a transition
constraint. A time expression has the followingeyahforma < r < b, wherea andb
indicate the lower and upper time bounds respdgtivighis time expression has the
same meaning as a time interva) ] associated with a transition in classical time
Petri nets; such that an enabled transitiovith time constrainf < 7 < b is fireable
within the relative time intervala] b] or the absolute time interval[+ a, 6 + b].
denotes the moment (absolute time) that transitisras enabled. Furthermore, we
adopt thestrong fireabilityrule, i.e., a fireable transition must fire by tivae limit &

+ b. Transitions without timing constraints can bewee to have fireable intervals of
[0, ]

To model timing concept, we need to modify the dyitasemantics of PrT nets.

Since tokens now carry timing information, we da agplicitly add a time element

into the definition in markings. Thus we only ndedmnake the following changes to

the definitions of dynamic semantics of PrT nets:

(3) Given a markingM, a transitiort 0 T, and an occurrence modet is a_enabled
atM iff the following predicate is truélp: p O P.(L (p,t):@) O M(p)) ORy(Y): ¢



whereR(t) = R,(t) O R{t). Ry(t) is a non-timing constraint, amj(t) =a<t<bis
a timing constraint. We do not explicitly write thiene interval [0,0] for non-
timed transitions;

(4a) An enabled transitionwith timing constrainR(t) = a < < b under markingv
with occurrencex is fireable within time interval P+ a, 8+ b], and must fire ag
+ bif it is continually enabled,;

(4b) The firing of fireable transitionunderM with a returns the markiniy!” defined
by M'(p) =M(p) —L (pt):a O L(tp):a forpOP. We useM[t/a>M’ to denote
the firing of t with occurrencex under markingV. As in traditional Petri nets,
two fireable transitions may fire at the same tia®elong as they are not in
conflict.

2.3 Nets within Nets

There are several ways to use Petri nets to modebalination mechanism between
a two layered communication network; however aetke8tetri net framework seems
to be a natural and logical choice, which providesice abstraction of the system
under study. Although we can define a general giracof deeply nested nets as in
other works [8], here we elect to just define a-teaxel net structure that is adequate
for our study and is much simpler.

The lower level nets are used to model the behawibindividual mobile agents and
thus PrT nets are appropriate. Since lower leved serve as tokens of the higher
level net, some care must be taken to ensure gtehlevel nets are well defined.

First, the higher level net has its own data abtra and processing capabilities; thus
we still need to have the full description powePol nets. Second, agents have their
own behaviors that cannot be described by statia. des a result, we have to treat
agent tokens as black boxes. Only their identiéies visible and accessible in the
higher level net. This treatment allows these agek¢ns to be grounded and thus
well-defined. This treatment also respects the rartyy characteristic of an agent.
Third, the creation and removing of an agent tokan be done through some
boundary transitions without input and output ptaaespectively. We can leave the
functionality (constraints) of these transitions eopand view these as the
responsibilities of an external environment. Fountte only model the logical
mobility of an agent token and thus do not consttlerimplementation details with
regard to whether to use value or reference inipgss agent’s information from one
location to another as discussed in [8].

To model synchronized communications between rethfferent levels, we extend
the constraint definition to include channel express. We borrow the input and
output commands in CSP [7] for representing chaempressions. Thus a channel
expression isnle (output) orn?x (input), wheren is a channel nameg is an
expression, ankis a variable. Channel names are the identifinataf agent nets and
the identification of the system net. A synchrodio®mmunication occurs when two
fireable transitions at two different net levelsrd@matching pairof input and output



channel expressions, i.e, a transition in the aystet with identificationsys-id
containsagent-id! exp(or agent-id? x), and a fireable transition in an agent net with
identifier agent-idcontainssys-id? x (or sys-id! exp. To enforce well-definedness of
communications, the channel names in agent nets bmisonstants; however, a
channel namen in the system net can be a variable ranging obver agent
identifications, which is instantiated with an eliradp agent token identification. This
allows great flexibility and concise representatainsynchronized communications.
During the synchronization, a unidirectional infatmn flow occurs such that the
value ine of the output command is assigned to the variglbliethe input command.

We further revise the definitions of dynamic ser@nbf PrT nets to capture the

synchronized communications as follows:

(3) Given a marking, a transitiort 0 T, and an occurrence modet is a_enabled
atM iff the following predicate is truedp: p O P.(L (p,t):@) O M(p)) OR\(1):a;
whereR(t) = Ry(t) OR{t) OR(t). R,(t) is a non-timing constrainB{(t) =a<t<b
is a timing constraint, anB(t) = nle | n?x is a channel expression. We do not
explicitly write the time interval [Ox] for non-timed transitions;

(4a-1) An enabled transitianwith a channel expressidR(t) is readyif a transition
with a matching channel expression is also ready;

(4a-2) A ready transitioh with timing constrainR(t) = a < r < b under markingv
with occurrencer is fireable within time interval P+ a, 8+ b], and must fire ag
+ bifitis continuously enabled.

Note: The effect of information flow during a symehized communication has been

reflected in the arc label expressions and thushamge to the definition of (4b) from

Section 2.2 is needed. Of course, the value oftimpdablex can affect the new

marking defined by the firing rule in (4b).

It is obvious that this modified semantics is omganingful in the context of a net
model that consists of two levels. The synchronizechmunications only happen
vertically not horizontally (i.e., no direct comnication between two agent nets.)
With the input and output commands, we can natudgfine the reactivity and pro-
activeness of an agent.

3 A Modeling Example

3.1 Wireless Sensor Network with Mobile Devices

Mobile devices are introduced into a wireless senstwork system (WSN) to take
advantage of the mobile devices’ storage, commtiniteability and computation
power [3]. In order to gather and share sensor, daddile devices have to effectively
cooperate with each other. To help develop suclstées, we use the nested net
framework defined in the previous section to démcthe behavior of a coordination
mechanism for a WSN with mobile devices [9]. A kdga of the coordination is that



mobile devices share common interest (sensor)wlidtén the same group or among
different groups.

The coordination mechanism is a form of publish @wtbscribe and provides a
paradigm for organizing multiple mobile devicesotngh an interest-management
server, in which groups of mobile devices are fairbased on the location of their
interested information. Mobile devices that issueertes for sensor data are
subscribers. The server manages subscribers' iafammbut does not directly publish
sensor data; that task is actually done by molglecgs using a multicast mechanism
that sends the shared data to a group address lgyvélie server. The sensor nodes in
WSN are divided into clusters according to theioggaphic locations and the
information of clusters is kept in the server. Eathister, identified by a unique
cluster id, has a cluster head and the sensomdtitia a cluster is periodically sent to
the cluster head, which serves as a communicationt pvith entities outside the
cluster. We have identified the following entitiesvolved in communication
behaviors shown in Fig. 1. The arrows representiibssage flows.

subscribe
friendly update
pickup data
Cluster [ Mobile | group joining Server
Head | Device
sensor data unsubscribe
» fail
A
gain publish
Y

Group Address

Fig. 1. Message flows between entities.

Based on the communication relations of these iestitthe mobile devices are
modeled as tokens of a server net since there afpla mobile devices that
communicate with the server. Mobile devices as riekare active elements in the
server net, i.e., a mobile device has its own biehaf issuing a query (subscribe),
pickup sensor data, publish shared data, gain dhdaita and unsubscribe when a
result for the query has returned. Thus a mobilécdeis modeled by a mobile device
net, which communicates with a server net througéinoels. In [9], there were no
explicit descriptions of behaviors of sensor no@es the interaction between mobile
devices and a cluster head was not precisely sgecifhus, we mainly focus on the
interaction behaviors between the mobile devicestha server, and define the server
net and the mobile device nets. We discuss thevimmhenodels separately in the
following sections.



3.2 The Interest-Management Server Model

In response to a query request from a mobile detheeserver performs two actions.
First, it checks whether there exists some commterest group with interest in the

current location of the mobile device. If theraisexisting common interest group in
the region of current location of the requestingbiteodevice, a message containing
the group address is sent back to the mobile ddwidastruct the mobile device to

perform ‘friendly update' by picking up the sendata from the relevant cluster head
and multicasting the data according to the groufiress received from the server to
share sensor data. Second, followed by the frienglgate, the requesting mobile

device is added to the identified common interestig(s) that have the same query
region as the subscribing mobile device. In theedast no existing cluster region

covers the query region, a failed message is sanbbile device. Mobile devices can

unsubscribe after getting the result; thereforeenvlan unsubscribe message is
received, the server removes the information ofibasribing mobile device. Table 1

shows the relevant actions of the server with @gy&o the algorithm in [9].

Table 1.Conditions of the server's actions.

Actions Pre-conditions Post-conditions

Subscribe Mobile device sends a querfuery received

Instruct Mobile device’s current Sends a message to mobile

friendly location exist common device to instruct a friendly

update interest sharing group. update at its current location.

Adds the mobile device to the

Mobile device's query common interest sharing group

Group o . .

Joining region is covered at least by (s) with the same query region
one cluster and sends a joining message tp

mobile device.
None of the cluster regions | Sends a fail message to mobile
covered the query region. | device.
Received the unsubscribe
Unsubscribe| message from a mobile
device

Fail

Removes the information of the
unsubscribing mobile device

We have used the following conventions: (1) our etatbes not restrict the multiple
subscriptions of the same group for the same malgiéce; (2) we assume that the
information required for multicasting is kept inetlserver, and the information is
accessible during multicasting; (3) there is noioactfor a mobile device to
temporarily join a group to perform a friendly upgta(4) we use the original query
content as the unsubscribing message and assutrteelgroup address described in
the requirement is a unique and fixed value likestr id.

Fig. 2 presents the server's behavior model acogtdi information and control flows
identified in Table 1.
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Fig. 2. Server's Behavior Model.

Semantic Definitions of Server's PrT Model
Token Types:

QUERY = QuerylDx MobileIDx CurrentLo@tionx Query_regionx TimeToLive

CLUSTER= ClusterIDx Cluster_regionx GroupAddresx[] (MobilelD)

#(pl) =0 (MobileNe)

#(p2) = ¢(p4) =0 (MobileNetx QUERY)

#(p3) =0(CLUSTER
/I QUERYand CLUSTERare Cartesian product of predefined data typesdétne
the contents of a query and subscribed informatibout common interest group
respectively. Query_regiomandCluster_regionare of the same type that can be used
to represent a set of coordinates that define tivercregion of a query and cluster
region respectively. ThiglobileNetis the net token defined by a mobile device net.
Transition Constraints:
R(subscribg=n?qCm=md
R(f _updatg = (c0C.(q[3] 0 d2]] Od4] # O) Odq2]!(c[2],c[3],q)
R(join) = CcOC.(2] n q[4] # 0) O0cOC.(d2] n q[4] # O Oc[4] = d4] O q2]) Ogf2]!(c[2],¢[3], q)
R(fail) =OcOC.(c[2] n q[4] =0O) Oq2]!" subscriptbn_ failed'
R(unsubscrib) = n?q 00cOC.(c[2] n 4] # O Oc[4] = d4] - q2])
/I Transitionsubscribeis fireable when a matched output chanméh other net is
ready. Transitiori_updateis enabled if mobile devicg[2]'s(id) current locatiorg[3]
is in cluster regiorc[2] and a non empty se&f4] of mobile devices subscribed to
cluster regiorc[2]. After firing, the friendly update message ensthrough channel.
Transitionjoin add mobile device id[2] to the set of subscribed mobile devicg$.
If query regionq[4] is not covered by any cluster regici2] in C, transitionfail will
fire and fail message is sent through chagf@l Transitionunsubscribeemoves the
active query token and its subscribed information.



3.3 The Mobile Device Model

A mobile device communicates with the user, serwter mobile devices and cluster
heads. First, a user may generate a query thrdwegginterface on the mobile device
when he/she needs information. Then, the mobileicdesends a query request
message to the server for subscription. Variousre&imay be taken according to the
responding message from the server. If a frienglgate instruction message is
received, the mobile device has to pick up the@edata from the cluster head at the
region of its current location, and publishes tatado a group address received in the
friendly-update message for sharing. Upon receivimg group-joining instruction
message, by the expiration of Time-To-Live timenfea the mobile device may
receive the data through other mobile devices.therocase, if the mobile device
traveled to the same region with its query regiefole receiving the interested data
through group sharing performed by other mobileicks; the mobile device will pick
up the sensor data itself and share the data hétimembers in the same group. If no
such group sharing event happens when the timevaefié query is going to expire,
i.e., no one in the same group ever reaches they gegion or no friendly update is
performed, the mobile device will perform the ‘ditenjection’, which is a way of
getting the sensor data from the query region tinosensor network routing. After
getting the data and publishing the data, the raatelvice will unsubscribe from the
server. The data received is properly extracteddisplayed on the interface of the
mobile device for the user. Table 2 shows the ptessictions of a mobile device.

Table 2.Conditions of a mobile device’s actions.

Actions Pre-conditions Post-conditions
A query is generated containing
input auer The user of the mobile query id, mobile id, current
PULQUETY | Jevice needs information location, query region and Time-
To-Live(valid time)
Subscribe A query message is ready Waits for the reply from the
to send to the server. server.
friendly The server instructs a Geé the ;rlendly llipda(;e m::ssage
update friendly update and ready to pickup data from
cluster head in the current regior
(1) received sharing data from
group members, or
. Server has sent a group- | (2) picks up the sensor data
] joining message directly by itself
(3) performs direct injection to
acquire the data and publish
Eail Server has sent a failed | Outputs the error message to the
message user
Gai Cluster data is published | Got the data and ready to
ain ;
by group members unsubscribe
. Sensor data has been Published the data and ready to
Publish . .
picked up. unsubscribe




Direct Current location is inside | Interact directly with cluster head
pickup the query region to acquire sensor data

Current location is not in
the query region and the
valid time for the query
is about to expire and no
sharing data is available
Received the data and
Unsubscribe| sends an unsubscribe Outputs the data to the user
message to the server

Request sensor data from query
region cluster head remotely
through sensor network

routing

Direct
injection

We use two pairs of channels to represent the caruation behaviors between
these entities. Based on the actions listed in efahlwe developed the behavior
model of a mobile device shown in Fig. 3. Fig. 4éad 4(b) provide the group
address multicast sharing data behavior model krstec head’s behavior model. It is
assumed that a mobile device knows its locationGRS or other localization
techniques. Placp8 in Fig. 3 keeps the mobile device’s id and itsrent location.
Placep2 in Fig. 4(a) refers to the same database as gdde Fig. 2, which is
assumed to be accessible during multicasting. In roadel, the content of the
responding message from the server contains thgy qnfermation.

Semantic Definitions of Mobile Device’s PrT Model
Token Types:
QUERY = QueryIDx MobileID x CurrentLo@tionx Query_regionx TimeToLive

#(pl) = QuerylDx Query_regionxTimeToLive

#(p2) =0(QUERY)

#(p3) =0 (Cluster_regionx GroupAddresx QUERY)

#(p4) =0 (GroupAddresx QUERY)

#(p5) =0 (DATAx GroupAddres)

#(p6) =0 (QUERYx DATA

#(p7) =0 (DATA

#(p8) = MobilelD x CurrentLo@tion

/I QUERY, Cluster_regionand Query_regionare of the same type as defined in
Server's behavior modelQuerylD, MobileID, CurrentLocation TimeToLive
GroupAddresaindDATA are predefined data types.

Transition Constraints:
R(subscribg=q[1] = r[1] Cq2] =cl[l] Cq3] =cl[2] Cq[4] =r[2] Cq[5] =r[3] CSlq
R(f _updatg = S?(cr,ga,q)
R(fail) = S2d
R(join) = S?(cr,0a,q0)
R(gain) = ga?d
R(publish = §2] = gallgds
R(direct_ pickup =cl[2] Ocr Ocr!(q[2], ga)



R(direct_injection) =cl[2]Ocr C7 =q5] — &£ Ccr!l(q2], ga)
R(unsubscrib) = Sq
R(sensor data_in) =cr?d

direct AR p4
injection o <gaq$  direct

<cr.ga.g> I 1 pickup

il

positioning

cl

Output channel query

T "3 Input channel
Fig. 3. Mobile Device's Behavior Model

I/l ¢ is a predefined and small constant value, whiclleiermined by the designer to
enforce the firing of the transition. Transitianput query and output dataare
boundary transitions for user interface. Transitipositioning is the boundary
transition that has the function of obtaining tleerent location (coordinate) of mobile
device itself. Transitiosubscribeis enabled whenever there is tokeavailable from
the input placepl and a matched input chanri&in server net is ready. Transition
f_updatejoin andfail are unconditionally ready for fire whenever outpbiédnnelSin
the server is ready to output messages. Trangi@omis unconditionally ready for
fire whenever output channgh from group address multicast is ready to broadcast
messages. Transitigeublishis ready for fire when sensor daté received through
transitionsensor data irthrough input channelr. Transitiondirect pickupis enabled

if current locationcl[2] is in query regiorcr. After firing, a message is sent through
output channekr to cluster head to request for data.Transitiinect injectionis
enabled if current locatiodl[2] is not in the query region and thiene to liveq[5] is
going to expired withirz. Transitionunsubscribéas enabled if querg is finished and



datad is available inp6. After firing, the datad is output top7 and queryq is sent
through output chann&to server to be removed from subscribed infornmatio

(b)

Fig. 4. (a) Group address multicast (b) Cluster head dat@munication

Semantic Definitions of Group Address Multicast’'s PrT Mocel
Token Types:
CLUSTER:= ClusterIDx Cluster_regionx GroupAddresx (MobilelD)

#(pl) = DATAXxGroupAddres
#(p2) =0 (CLUSTER
Transition Constraints:
R(receivg = md?(d, ga)
R(send =OcOC.(d3] = galOmdOc[4].(md d))

Semantic Definitions of Cluster head Data Communicatiors PrT Model
Token Types:

MD =0 (MobilelD)

#(pl) =MD x GroupAddrss

#(p2) = DATA
TransitionConstraints:

R(receivg = md?(md, ga)

R(send =md!(d, ga)

3.4 A Query Request Scenario

Let us look at a simple scenario based on the lehmodels defined in the previous
sections. A campus WSN system with information-ng@msent server keeps the
information of three cluster regions: library, daféa and gymnasium. The students
on campus are usually interested in the conditmmthese locations (for example,
available space). There are four students, Johmy,NReter and Eric with their own
mobile devices, and each of them is at differecafions on campus. John and Mary
are currently at the library; Peter is at the @fatand Eric is at the gym. Eric
finished his workout and is heading for the cafatéut wondering if the cafeteria is
too crowded or not. So Eric sends a query requesugh his mobile device to
subscribe for information about the cafeteria. le tmeantime, John and Mary
finished their study at the library and are alsadieg to the cafeteria for lunch; they



have sent query requests and subscribed for tbemation about the cafeteria. Peter
has finished his lunch at the cafeteria and is imgafbr the gym having subscribed
for information for the gym. Therefore, two diffetecommon interest groups have
been formed based on the interested regions: Jotirviary for the cafeteria, and
Peter for the gym. We use Eric's query requestssaeas an example to demonstrate
the behaviors. The current markikt of the server for the above scenario is:

Mo (p1)={John, Mary, Peter, Eric}

Mo (p2)=0
Mo (p3)={(1,library,1, (1), (2,cafeteria,2,{md1,md2}), (3,gym,3,{md3})}
Mo(p4)={(John,ql,md1,library,cafeteria,10), (Maryjqti2, library,cafeteria, 10),

(Peter,q1,md3,cafeteria,gym,10)}

For simplicity, we only demonstrate Eric's mobikevite net, which has interactions
with the server net, group address multicast aaccthster head. Initially, only place
p8 has token, which stores the mobile id and curlecdtion of the mobile device.
After Eric sent a query request through the motideice's interface, a query request
message containing the information of query id, heoblevice id, current location,
query region and a maximum waiting time for the rgus generated. A tokeq =
{q1, md4, gym, cafeteria, L& generated. Since the server is ready to impessage
through transitionsubscrib& together with the transitionsubscribéin the mobile
device net, a synchronized communication occurs assult of firing a pair of
matching transitions. After firing the matching risitions, the server received the
query request. A tokenEfic, g1, md4, gym, cafeterid 0} is output top2 in both
nets, resulting a state that is ready to join aroominterest group. This query simply
says that the mobile deviegad4 is interested in the information of regioafeterig
and its location is agym and this query is valid only within 10 secondseathe
query is sent.

Next, the server checks if there exists a commaerest group in mobile device
mdd4s current locationgym Refers to place3, that holds the current information of
subscriptions and regions in the server net (Figthere is a common interest group
indicating cluster id '3', which is regiagym linking a group address '3' and mobile
device id ind3. The server then responds with the friendly updaessage containing
{gym, 3 through output channehmd4, which is the communication channel to Eric's
mobile device. The mobile device's input chanhalipdaté simultaneously receives
that message. Eric's mobile device then requess sdnsor data through the
communication channedirect pickup with the cluster head of the current situated
region. As soon as it gets the response throsghsor data infrom the cluster head,
the data is published to group address ‘3'. Thidose through transitiorptblisH in
Fig. 3. The shared data is sent through multicasd, mobile devicemd3, which is
Peter, will receive that data. After instructindriendly update, the server adds Eric's
mobile device to the group of regiorafeterid through the simultaneous firing of
transition join' in Fig. 2 and 3, Eric’'s mobile device receiveg throup joining
message containingéfeteria, 2, indicating that he has joined in the group addr2

in region cafeteria. After Eric joined the groupaiyl happens to arrive at the cafeteria
and gets the information of the cafeteria. Sheiphbt the information for sharing to
group address '2' and all the mobile devices in shme group, John and Eric,
received the information of the cafeteria througput channelgain. After Eric



receives the shared data, an unsubscribe messagenis through transition
'unsubscribe with output channelS to server. Server receives the message and
removes Eric's subscription information. The firisgquence of mobile device net
regards to Eric's query request is:

Mo [input query M; [subscribe M, [f_update M [direct pickup M, [sensor data

in> Ms [publish> Mg [join> M7 [gain> Mg [unsubscribe My [output data>

The firing sequence of the server net regardsitdsEguery request is:
Mo [subscribe M, [f_updaté> M, [join> M; [unsubscribe

The firing sequence of the group address multicgstiet and the cluster head net
regards to Eric's query request is:
My [receive> M; [send-

The corresponding pairs of communication channeldisted in Table 3.

Table 3. Communication channels

Server Mobile Device Group Cluster head
Multicast
Subscribe(in) Subscribe(out)
F_update(out) F_update(in)
Join(out) Join(in)
Fail(out) Fail(in)
Unsubscribe(in)) Unsubscribe(out)
Publish(out) Receive(in)
Gain(in) Send(out)
Direct pickup(out) Receive(in)
Sensor data in(in) Send(out)
Direct injection(out) Receive(in)

Let Eric's request query firing sequence be theuesece calledReqSegand the
transitions fired in these nets are representetienorder [server net, mobile device
net, group address multicast net, cluster head. M¢g useA to represent no
transition firing in a net. The concurrently firimgequenceReqSeqof these nets
regards to Eric's request query is:

ReqSeq [ A, input query A, A], [subscribesubscribe A, A],

[f updatef update A, A],[A, direct pickup A, receivd, [ A, sensor data inA ,
send, [A, publish receive A], [join, join, A, A],[A, gain, send A],
[unsubscribeunsubscribe A, A1, [A ,output data A, A1]

4 Concluding Remarks

We applied the nested net paradigm to model thedowation processes in a two-
tiered network. During this study, we examined dipplicability of this paradigm in
modeling various aspects of an agent — autonomggctikdty, pro-activeness,
sociability, and mobility; as well as an agent syst We further demonstrated the



usefulness of formal modeling that forces us tolieitly deal with all hidden
assumptions and detect missing requirements. Tdeimmgnt such a nested net
paradigm, many subtle research issues exist suchthasinterplay between
synchronized communications and timing constraiate] the manipulations of data
tokens and behavior tokens (nets). These issuestod®e solved in order to develop
a suitable simulation tool to facilitate the autdechsystem analysis. Our future
research work includes how to extend one-to-onengonications to one-to-many
(broadcasting) communications, and how to generalie two layered nested net
framework to deeply nested net framework.
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