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Abstract. The rapidly increasing demand for ubiquitous communica-
tion has led to the widespread use of wireless networks. These systems
consist of a group of independently executing components which may
migrate through some space during the course of the computation, and
the connectivity between the components changes with their migration
[13][14]. This new communication paradigm, the distribution-dependent
communication model, cannot be directly supported by the communica-
tion model of the m-calculus [1][5][6][16]. In this paper, we first analyze
the communication features of mobile network systems. Sequentially, we
propose a two-layer connection model for the communication between
components in mobile network systems. Finally, an extension of the 7-
calculus , entity calculus, is introduced. The entity calculus can also act
as a starting point for a designer-friendly approach for the modelling of
mobile network systems by incorporating it in tooling support.

1 Introduction

Formal methods refer to the use of mathematic frameworks to model, calculate,
analyze and predict target systems. In principle, formal methods bring a set of
eagerly wanted merits: unambiguity, clarity, conciseness and consistency which
are helpful for verifying correctness of system properties and finding design faults
at the earliest possible design stages [15]. Process algebras, such as CCS [9]
and its successor the m-calculus [10], have been demonstrated very efficient for
verifying interactive systems such as wired communication systems and mobile
agent systems at the system level, and the formal languages based on these
algebras have gained great success in modelling such systems.

However, the new communication paradigm of mobile network systems, the
distribution-dependent communication model, cannot be directly supported by
the communication model of the w-calculus or most other process calculi. This
argument comes from the following simple example:
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Fig. 1. Communication Models

Fig.1a shows the synchronous communication model of the w-calculus using
a simple ideal communication system. It is described in the 7w-calculus as follows:

System = (Sender|Receiver)

Sender ! inz.Sender

Receiver def c.out.Receiver

In Fig. 1b, we insert a Med between the Sender and the Receiver to repre-
sent the non-ideal communication channel where messages are transmitted. We
assume that the behavior of the Med is independent from the Sender and the
Receiver . The system is given as follows:

System = (Sender{a/c}|Med|Receiver{b/c})

Med ? a.(b.Med + Med)

The Med receives a message from the Sender and may or may not forward
it to the Receiver. This communication model is general enough to represent all
kinds of wired communication paradigms. However, in mobile network systems,
the media between the Sender and the Receiver is not independent from them
any more. The location (or other physical states) of processes may affect the
interaction results between them (see Fig 1c). In this paper, we denote these
physical states of processes as the external state which indicates the physical
distribution of processes.

It is technically difficult to model the dynamic physical distribution of pro-
cesses in m-calculus and most other process calculi. Furthermore, the verification
of these models based on these calculi often neglects the physical distribution
effect, which is an important feature of mobile network systems. Most of the
properties of mobile network systems, such as the presence of deadlock states,
are relevant to the resource allocation strategy of systems, and the dynamic
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physical distribution is one of the most important factors that lead to resource
reallocation. Section 5 of this paper gives an example to show that a deadlock-
free model may present deadlock states when extended with a dynamic physical
distribution.

Since the physical distribution of systems imposes a considerable effect on
the interaction between the processes, the main motivation of the entity calculus
is to integrate the dynamic physical distribution into the calculus. This is also
quite useful for “executable models” of mobile network systems where the de-
signer can check the properties of a system based on different dynamic physical
distributions.

The content of this paper is organized as follows. In section 2, we present re-
lated work in the context of process calculi. In section 3, we analyze the mobility
issue in mobile network systems; the entity calculus is introduced in section 4.
In section 5, a simple case study is presented to demonstrate the effect of the
dynamic distribution. Finally, we summarize the work and give a direction for
future research.

2 Related Work

Mobility of concurrent distributed systems has received much attention in the
last ten years, and several calculi have been proposed to model mobile systems.
According to different aims, these calculi can be categorized into two important
subgroups: one is aimed at examining the causality which states the action se-
quence of concurrent processes; the other is focused on investigating the locality
which addresses the distribution of systems [16]. Both approaches investigate
different aspects of concurrent systems.

The n-calculus is a typical causality calculus whose dynamic reconfiguration
is expressed by passing the name of a channel between processes through com-
munication. This is a flexible and moderately simple way to express dynamic
connections [10][17]. However, the m-calculus can not directly support the mod-
elling of the dynamic physical distribution of systems.

Aceto [1] and Boudol et al [5] first try to combine processes with a lo-
cation attribute using different ways and extend CCS with different location
bisimulations. Later, Sangiorgi [16] makes the same extension to the w-calculus
based on similar notations. These “locality calculi” focus on the location-sensitive
equivalence and treat the locality and the causality as two orthogonal concepts.
However, This assumption fails to hold in mobile network systems because the
interaction between components of mobile network systems are influenced by
locations (or other physical states) of processes(see Fig. 1c).

Fournet’s distributed join-calculus [6][7] attempts to provide language sup-
port for asynchronous, distributed, and mobile programming. A simple failure
model is provided to detect the failure of communications due to locations of
processes. The 7F calculus [3][4] derived from the w-calculus is more closely re-
lated to our work. The authors, Ando et al, define a field concept which is a
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set of locality constraints on communications; they also model the environment
independently.

The motivation of our work is to present a generalized calculus for mobile
network systems based on the former work. This calculus incorporates the dy-
namic distribution of systems, which allows the designer to have the capability
of verifying system characteristics such as absence of deadlock, in the scope of
different dynamic distributions.

3 Mobility in Mobile Network Systems

Mobile network systems are composed of a group of independently executing
components which may migrate through some space during the course of com-
putation. The connectivity between the components may change with their mi-
gration [13][14]. Every component in mobile network systems may exhibit two
behaviors: one is migration in some space which is denoted as the physical be-
havior; the other is independent computation and synchronous communication
which is denoted as the logical behavior. The physical behavior and the compu-
tation behavior of components may cause the physical mobility and the logical
mobility respectively.

(1)
& & o,
(/2) (13) @

Fig. 2. Two kinds of Mobility
(a) Logical Mobility: R changes its interaction relation with P and Q. The topology of
the processes is changed. (b) Physical Mobility: 1, l2, Is and I5 are physical locations
of the processes; () changes its physical location from > to 5. The topology of the
processes may not be changed.

The mobility concept has been widely used, but the meaning of mobility
is a bit vague. The m-calculus adopts "links movement in the virtual space of
linked processes" as its mobility concept [10]. This captures logical mobility: the
dynamic process topology (see Fig. 2a). We add to this the concept of physical
mobility (see Fig. 2b): "physical devices movement in the physical space of phys-
ically linked devices". The link concepts in these two kinds of mobility are not
the same; the former represents the interaction relationship between computa-
tion processes and is called logical communication channel; the latter addresses
physical constraints on the communication between components. It is an enabler
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for the former. In the following parts of this section, we investigate the roles of
different factors in mobile networks systems, and examine how both kinds of
mobility act on each other.

1. The Ezxternal State: Abstraction of physical attributes, such as physical lo-
cation, antenna height, power level, sensitivity, etc.

2. The Global Environment: A function determining whether a physical channel
can be formed by two given external states.

3. The Logical Channel: A channel through which two processes can interact
with each other.

4. The Physical Channel: A path through which physical signals can be trans-
mitted from one terminal to another. It puts the constrains on the logical
channel.

The Logical Channel The Physical Channel

Component 1 Component 2

Physical Computation Computation Physical
Process 1 Process 1 ' Process 2 Process 2
/ N | 4
| Environment I

The External
States

The External
States

Fig. 3. The Basic Elements of Mobile Network Systems

In 7 -calculus, a logical channel is represented by a pair of names. It is not
easy to use the same way to represent the physical channel. In our calculus the
physical channel will be determined by the external states of both components
and the environment. Changes of the physical connections of components can
be regarded as changes of the external states of components.

A typical component in mobile network systems may consist of three parts:
one or more physical processes, one or more computation processes and the
external state. Both kinds of processes can change the external state. A com-
putation process residing in a component can interact with other computation
processes through a logical channel. If two computation processes reside in differ-
ent components, the interaction between them will be constrained by the physical
channel between the two components. In this paper, we denote this interaction
as external-state-constrained synchronized communication. If there is a physical
channel between two components, the communication between the two compu-
tation processes is synchronized in which the receiver gets messages from the
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sender; otherwise, it is still a synchronous communication, but the receiver does
not get any message from the sender and still keeps its state.

The physical mobility is triggered by changes of the external state. The logical
mobility is always invoked by interactions between the computation processes.
The physical mobility may cause some expired logical channels go into effect and
at the same time may lead to the expiration of some available logical channels.
Note that this change of expiration state of the logical channel itself is not logical
mobility. In mobile systems, the expiration state of the logical channel will affect
the interaction result between the computation processes.

4 The Entity Calculus

In the context of process calculi, locality and causality are treated as somehow
orthogonal concepts in most literature [1][5][16]. However, in mobile network
systems, the distributions of systems are influenced by a great variety of physical
states of mobile terminals such as power level, antenna height and location. These
physical features of mobile terminals are not orthogonal to the action sequences
of processes anymore. For example, in GSM network systems, a mobile terminal
can adjust its power level according to its interaction with others, and in turn,
its power level influence the interaction with others terminals. In our calculus,
we generalize the locality of processes to the external state of processes. The
external state puts constraints on the communication between processes.

4.1 Basic Concepts

Syntax of the entity calculus is based on that of the standard w-calculus, but
the external state for processes is extended and used for describing the dynamic
physical distribution of systems. Several basic concepts are introduced first.

Basic Entity A basic entity consists of two components: a group of processes
and an external state.

For example, {P, ¢} is a simplest entity representation where P is a process,
q is its external state and they are bounded by a pair of braces.

Two parallelism granularities, process-layer granularity and entity-layer gran-
ularity, can be checked in the entity calculus. In two entities {P|,Q,p} and
{P,p}|{Q, q}, |, and |. represent the process parallelism and the entity paral-
lelism respectively. Processes P and @ in the former expression run concurrently
and synchronize in the same way as in the w-calculus; whereas in the latter one,
the synchronization is affected by the physical channel between them.

Constraint set C'set and the Physical Channel In the entity calculus, we
model the global environment as a global constraint set C'set, which determines
the existence of the physical channel between two entities having specific external
states.
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For example, if there are only three external states p, ¢, r in the specification
and Cset is given as the following:

Cset = {(p.q), (¢,p), (0. p), (¢:9)}

{a.P,p}|.{a.Q, ¢} and {a.P,q}|.{a.R,r} are two possible entity combina-
tions based on the above external states. The synchronization result of the former
combination is {P, p}|.{Q, ¢} because (p,q) belongs to Cset, whereas the syn-
chronization result of the latter combination is {«.P,q}|.{R, 7}, because there
is no physical channel between two parallel entities ((¢,7) ¢ Cset).

4.2 Syntax of the Entity Calculus

The entity calculus supports process-layer and entity-layer parallelism. Syntax
of the calculus is given in the following.

Process-layer Syntax:

State action set: Sact < {a, 3, q...}.
Send action set: Csact 2 {@,7...}.

Receive action set: Cract < {a, 8, ...}

Process action: n ::= o (Z) | @ (Z) | 7| &. The parallel communication actions
at the process layer are represented by « (Z) and @ (Z), where @ (Z) sends a
message with a value list 7 and «(T) receives a message with a parameter list
T. 7 is an unobservable action between processes. & is a state action which
changes the shared external state of processes to a.

5. Process: P := NIL|n.P|Q|,R|P+R|(z)Q|Q(Z) | [r = y]Q. Action prefix
7 has one more choice than that of the standard m-calculus. |, is a process
parallel operator. )|, R is a process in which P and () run concurrently and
synchronize with each other by a pair of send and receive actions in the same
entity.

=W o=

Entity-layer Syntax:

1. Entity action: pu = o (7) @E|a<§> @B| T@E| a@B| e. The parallel actions
at the entity layer are represented by « () @B, a(T) @5, T@B, &@ﬁ and
e, where 3 represents the external state of a basic entity. ¢ is an internal
action between entities. 7Q3 and ¢ are two different unobservable actions
of entity. The former represents the internal action in one basic entity and
cannot be observed at the process layer. The latter represents the internal
action between two different basic entities.

2. Entity: A == {P,p}|A|.B|(z)B|B{(x). |. is an entity parallel operator.
Al.B is an entity in which A and B run concurrently and synchronize with
each other by the external-state-constrained communication. The synchro-
nization of processes in different entities are constrained by the physical
channel between entities.
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Constraint set Cset: Cset C Sact x Sact. Cset puts constraints on the
interaction of processes belonging to different basic entities. For example: A
and B are basic entities having external states a, [3 respectively. If B can
receive messages from A, (q, 6) belongs to C'set.

Conventions:

© PN oL

aQ, B, ~...range over state action set Sact.

@, 3... range over communication action set Csact.

«, (... range over communication action set Cract.

Process action set Pact ::= Csact U Cract U Sact U {7} .

7 represents the process action.

Entity action set Fact ::= {nQa|n € Pact and & € Sact} U {e}.
1 represents the entity action.

P, Q, R range over process set Proc.

A, B, C range over entity set Entity.

4.3 Structure Congruence

Two parallel elements, process and entity, are defined in syntax of the entity cal-
culus. Accordingly, process-layer structure congruence and entity-layer structure
congruence are given as follows.

Process-layer Congruence:

5

HP+Q=,Q+P,(P+Q)+R=, P+ (Q+R);

(2) P,Q =, QlpP, (PpQ)pR =, Plp(QR), Pl,NIL =, P;
(3) (@)NIL = NIL, (@) (y)P =p (y)(z)P,
(@)(P[,Q) =p Plp( )Qifx ¢ fn(P )6'
4 Q

4) Q (%) =, {7/7)} Pq where Q (j) ' Py.

Entity-layer Congruence:

(1) AleB =, BlcA, (AlB)[.C = Ale(B|.C), A|ANIL,p} = A
() (@)(y)A =. )()4, @)(A|.B) =, Al.(2)B ifz ¢ fn(4),
(x){P, ﬁj =, {(a:)]i, B} where ﬂ/\e Sact; R R

(3) {P, 8} =. {Q, B} where{P, 5} =. {Q, 5} and § € Sact.

The last structure congruence shows the relation between process-layer con-

gruence and entity-layer congruence.

5

6

In the entity calculus, the restrictions only take effects on send names and receive

names.
fn(P) represents all the free send and receive names of process P;
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4.4 Reduction Rules

In the entity calculus, parallelism of two granularity levels is treated. Entities
concurrently run and are synchronized through external-state-constrained com-
munication. Inside the entity, processes are carried out in parallel and synchro-
nized through communication channels. The processes bound in an entity share
the same external state. Unlike other process calculi, we treat state actions as
observable actions. The state actions change their shared external state, and the
physical channels between entities are changed according to the constraint set.

Similar to the syntax of the entity calculus, the reduction rules of the entity
calculus are also classified into two layers. The process-layer reduction rules
are basically same as those of the standard w-calculus, while three additional
reduction rules are introduced to express the relation of processes and their
entities.

Process-layer Reduction Rules:

pPREFIX : n.P+M % P

P p % Q
pLPAR: — 2T ppap. 99
P|pQ - Pl|pQ P|pQ - P‘pQ/
P p PEP.Q%qQ
pRES: —— "~ ifn#z  pCOMM: —— ;QAQ
(2)P = (z)P’ PlpQ = P'[,Q’
PP
pel : _i\ ifneCsactUT
{P.B} "= {P, 5}
PP
pe2 : - @E_) - ifne Cract
{P.B} "= {P+ P}
PP
ped : — if ne Sact

(P.BY " (P}

Rules pel, pe2, and pe3 describe the relation between the process action and
the entity action. pe2 denotes that there is a non-determination inside an entity
when it issues a receive action.
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Entity-layer Reduction Rules:’

B p
eLPAR: — 2 pap. /1'63770
Al.B— A'|.B B|.A=C
77@5 ,
eRES : %zfx#n

(2) A" () A’

oY) . a@y ~
A P P +P ~
ecCOMM1: = /{A’VS — 4 + X if (B,7) € Cset
A|€{P7 'Y} - A’|€{P’,'y}

oY) . 0@y -
A =" AP, —'"{P'+PA} ., 5 ~
LA} = AP POY i (3,3) ¢ Cset
Ale{PA} = A'l{PA}

Rules eCOMM1, eCOMM?2 together with ePAR describe the external-
state-constrained communication. If there exists a physical channel between two
entities, the process in the receive entity goes into the next state. Otherwise, the
process remains in its original state. These rules explain how the external state
of a entity influence its interaction with other entities.

eCOMM?2 :

4.5 Bisimulation:

To discuss the equivalence of two granularity parallelism, we introduce two bisim-
ulation relations. Process-layer bisimulation is used to check whether two pro-
cesses are identical in the context of the entity calculus, and entity-layer bisim-
ulation is used to distinguish two entities.

Process Bisimulation: A binary relation S, C Proc x Proc over processes is
a process bisimulation (or a ~, bisimulation), if (P, Q) € S, implies,

(a) WheneverP - P’ then for some Q' , Q - Q' and(P’,Q’) € Sp

(b) WheneverQ > @', then for some P’ , P - P’ and(P', Q") € S, ;

where ) € Pact.

Entity bisimulation: A binary relation S, C Entity x Entity over entities is
a entity bisimulation (or a ~, bisimulation), if (4, B) € S, implies,

(a) Whenever A £ A’, then for some B’ , B % B’ and(A’,B') € S, ;

(b) WheneverB £ B, then for some A’ , A% A’ and(4’,B') € S, ;

where 1 € Fact.

The relation between process bisimulation and entity bisimulation is shown
in proposition 1.
" We can use rules eLPAR, eCOM M1, eCOM M?2 together with ePAR to de-

duce their symmetrical rules. For example: e LP AR together with e P AR deduces

KA
torule eRPAR: —224
Blea® A/|.B
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Lemma 1. P, =, Q1 and P, =, Q2 tmply P| + P, =, Q1 + Q2.
Proof. Whenever Py + P A pr , 1 action may be issued by P; or Ps.

Suppose 7 action is issued by P;. According to the definition of ~,, there exists
some Q’, Q1 -5 Q" and P’ ~p Q. We use pPREFIX to deduce Q1 + Q2 L Q.

Similarly, if 1 action is issued by P», there exists some Q’, Q1 + Q2 — Q'
and P’ =, Q'

Therefore, whenever P, + P, - P/, there exists some Q', Q1 + Qs - Q' and

~p, Q.

Similarly we can prove whenever Q; + Qs —> ', there exists some P’, P, +
P, % Pand P' =, Q.

According to the definition of ~,, Pi + P> =, Q1 + Q2.

Proposition 1. P =, @) implies for all B € Sact, {P, B} Re {Q,B}.

Proof. Construct a binary relation S def {{{P, 5},{(2,3}) | P ~, Q; P,Q €
Proc; V3 € Sact}.

Now, we prove relation S is an entity bisimulation.

It can be easily seen that ¢ can not be performed by a basic entity. Entity
action p for basic entities can be expressed as n@Qg3. According to the different
action sets which 7 belongs to, there are three different cases.

(1) Suppose n € Csact U {7}. In this case, P 2 P'. According to pel,
{P, 3} "gﬁ {P’,B}. For P =, Q, there exists some Q’, P ~, Q and Q - Q'
We use pel to deduce {Q,B\} ngﬁ {Q ,B} According to the definition of S,
({r', 81{Q", B}) € 5.

(2) Suppose n € Cract. In this case, P -> P’. According to pe2, {P, @}
{P'+P, B} For P =~ ~p Q, there exists some @', P ~, Q and Q — 2 Q. We use pe2

to deduce {Q, ﬁ} n@ﬂ {Q’ +Q, } According to the definition of S and Lemma
L, ({P'+PBL{Q +Q,B}) €S

(3) Suppose 1 € Sact. In this case, P -> P’. According to pe3, {P, 3}
{P’,n}. For P =, Q, there exists some Q’, P ~, Q and Q 2 Q). We use pe3 to

deduce, {Q, B} nap {Q’,n}. According to the definition of S, ({P’,n},{Q’,n}) €
S.

We use A represents {P, 5} and B represents {Q, 3} AL A’ there exists
some B', B B and {4',B'} € S

Similarly, we can prove whenever B % B’, there exists some A’, A % A’ and
{A",B'} € 5.

Therefore, S is an entity bisimulation, and the rest is straight forward.

7]@:8\
'y

nap
—
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4.6 Comparison of the entity calculus with the 7nF calculus

The 7F calculus is proposed by Ando et al in [3][4]. Unlike other locality process
calculi, it models the environment as an independent part, which simplifies the
expression of mobile network systems in calculi. In the entity calculus, we adopt
the same idea to model the environment independently. However, there are still
several notable differences between the entity calculus and the 7F calculus.

1. We generalize the locality concept to the external state to adapt to mobile
network systems.

2. In most locality calculi, the locality of processes are treated orthogonal to
their action sequences. In the 7F calculus, the movement of processes is
regarded as unobservable actions. We extend the locality of processes to
the external state of processes, which is not independent from their action
sequences. For example, mobile processes can change their power level state
according to their interaction with other processes.

3. Congruence {P|,Q, 5} =. {P,3}|{Q, [} is not satisfied any more in the
entity calculus, because the external state is shared by all the processes in
the entity and may be changed by any one of them.

4. The external-state-constrained communication specifies the communication
between two entities when there is no physical channel between them (see
rule eCOM M2). The #F calculus and other extensions of the 7-calculus do
not give an explicit rule to specify this kind of communication.

5 A Case Study

In this section, we give an example to show how a deadlock-free system may
reach a deadlock state when we consider the dynamic distribution effect.

The whole system is composed of three mobile components, Cy, Cy and Cj.
C1 can move in some physical space defined in Sact & Cset. At the same time,
C1, Cy and C3 independently execute and synchronize with each other. Physical
behavior and computation behavior exist in the system.

First, let us check the correctness of the system without considering the dy-
namic physical distribution. Let P, @ and R represent the computation behaviors

of three mobile components respectively using the syntax of the w-calculus.

PYap).r(x).p

QY aly 5.
R 3(t)7(c).R
System = P|Q|R

The deduction of the system is given as follows:
def __

PIQIR " @ (8) 1 (2).P'la (y) 7 (6) Q15 (1) 7 (c) R
Lo (@) PIB(b).Q1B (1) 7 () R

Lo (@) PIQT (c) R

. PIQ'| R



A Calculus for Mobile Network Systems 13

At the beginning, P and (Q synchronize at action «. P sends a new channel
name to QQ, and @ receives new channel name (§ and dynamically builds a new
channel with R. Then, () and R synchronize with each other at action 3, and
¥ {c).R' and r (z).P’ at action ~. After three synchronizations, P, @, R go into
the states P/, Q', R’ respectively.

Fig. 4. The Physical Space and Entities in the System

Now, let us check the correctness of the system considering its dynamic phys-
ical distribution. First we define the physical space as shown in Fig.4a

Sact ™ {a,b,c,d},
Cset {(a,b), (b,a),(b,c),(c,b),(c,d),(d,c), (a,d),(d,a),(a,a),(b,b),
(c,c), (d,d)}.
The physical movement of C; is given as the following;:
def
P, = d,a.P,.

The system (Fig. 4b) is represented as the following:

Y (PP, a},

System def C1|C4|Cs.

The definitions of P, ), R are the same as in the previous example.

The deduction of the system is given as follows.

C1]C2|Cs

@ (B) r (2) Py P, a}le{or(v) 7 {0).Q 0} (B (1) 7 {e) R}

@ (B) 7 (2) P lpa P, dY| o () 7 (0) Q' bHAB (1) T () K, e}

= {1 (@) P |pa. P, dY o (y) 5 (8) Q' bYAB (1) 7 () R}

At first, C; moves from state a to d; then P tries to synchronize with Q at
action a. But there are is no physical channel between C and C5 according to
C'set, using rule eCOMM?2, C; goes into {r (z) .P’|,a.Py,d}, and Cy goes into
{a(y) .7 (b).Q’, b}. At this moment, the system goes into deadlock state in which
all of the three computation processes are waiting for receiving messages.

In this example, we demonstrate that a mobile network system may exhibit
different behaviors according to its physical distribution. The main motivation
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of the entity calculus is trying to reason about this situation, and provide a
mathematic framework for mobile network system modelling and verification.

6 Conclusion

In this paper, we proposed a concurrent calculus, entity calculus, for formalizing
mobile network systems. In the entity calculus, an entity represents a group
of processes that share the same external state. In this way, the external-state
dependent communication paradigm can be more easily modelled in the entity
calculus than in the 7- calculus.

The future work may involve the incorporation of the entity calculus into the
work of the POOSL group at Eindhoven University. The group has developed a
formal language POOSL [12]that is based on the CCS framework and extended
this framework with real time and probability features [8][18][19]. The effect of
dynamic physical distribution on mobile network specifications will be analyzed
based on a formal model of the GSM hand-over procedure.
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