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Specification of a Concurrent System Based on Propositional Logic

KAORU TAKAHASHI,! KANA SUGAWARA,"* TOSHIHIKO ANDO,?
YAsusHI KATOt and NORIO SHIRATORI!

Formal Description Techniques (FDTs) are needed to achieve a highly reliable system design.
In many FDTs, a system is specified by explicitly describing its behavior. However, in such a
specification, the logical property of the system may be unclear and a modification of part of
the specification may affect the entire specification. To cope with these problems, we propose
a propositional logic based functional requirement description method for a concurrent system
consisting of several subsystems. A method for synthesizing a state transition system as a
formal specification from the given functional requirement specifications is also given with an

application example.

1. Introduction

As information systems become large and
complex, it is recognized that FDTs (Formal
Description Techniques) are needed to achieve
a highly reliable system design (e.g., Ref.1)).
A number of FDTs is based on the concept of
state transition and the specification of a sys-
tem is obtained by explicitly describing its be-
havior. However, in such a specification, the
logical property of the system function may be
unclear, and modifying a part of the specifica-
tion may affect the entire specification.

To cope with these problems, a description
method based on propositional logic has been
proposed ~%). In that method, the following is
focused on: the logical functional requirement
of a system, the pre-condition for the execution
of individual function, the input and output in
the function execution, and the post-condition
after the function execution. It is possible to de-
scribe the local functions of a system, thereby
a modification of a specification can be flexi-
bly performed. Consequently, we can think of
a specification based on that method as a re-
quirement specification of a system and a speci-
fication based on the state transition concept as
a formal (behavioral) specification of a system.
As a related and similar formalism, a specifica-
tion method called STR® has been proposed.
But, that lacks logical and formal treatments.

In this paper, the above propositional logic-
based method, in which single system is only
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dealt with, is extended so that a concurrent sys-
tem consisting of a number of subsystems can
be dealt with. For this purpose, we propose
a functional requirement description method
for each subsystem and a functional require-
ment description method for a concurrent sys-
tem as a collection of subsystems. Furthermore,
a method for synthesizing a sound and complete
state transition system is given as a formal spec-
ification from the given functional requirement
specifications. We also show an application ex-
ample.

2. Requirement Specification and For-
mal Specification

As a description method for the requirement
specification of a system, we use a functional
requirement in which the specification is de-
scribed as a collection of functions. The func-
tional requirement of a concurrent system con-
sists of the functional requirements of its sub-
systems. On the other hand, as a description
method for the formal specification of a system,
we use a state transition system in which the be-
havior of the system is explicitly represented.

In this section, first, the syntax and seman-
tics of propositions are defined. A proposition
is used as a condition of a function in the func-
tional requirement of a system. Next, a func-
tional requirement and a state transition sys-
tem are defined.

2.1 Propositional Logic

Let A be a finite set of atomic propositions
in propositional logic that depends on a target
system. An atomic proposition represents a ba-
sic condition which enables a function of the
system and/or a basic condition to be changed
by a function of the system. A more general
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or complex condition can be given by a propo-
sition generated from the atomic propositions
and logical operators.
Definition 1 The propositions generated
from A are inductively defined as follows:
(1) A€ Ais a proposition.
(2) Let f be a proposition, then —f is a
proposition.
(3) Let f and g be propositions, then f A g,
fVgand f = g are propositions. O
Definition 2 For an atomic proposition
A€ A, Aor —Ais called a literal of A. i
Definition 3 Let £ be the set of proposi-
tions generated from 4. Then, the semantics
of a proposition is given by using an interpre-
tation I : L — {true, false} where true and
false are the truth values of propositions. In
the following, A is an atomic proposition and f
and g are propositions.
(1) Z(A) =true or Z(A) = false
) Let I(f) = true, then Z(—f) = false
(3) Let Z(f) = false, then I(—f) = true
) Let Z(f) = true and Z(g) = true, then
Z(f A g) = true otherwise Z(f A g) =
false
(5) Let Z(f) = false and Z(g) = false, then
I(f Vv g) = false otherwise Z(f V g) =
true
(6) Let Z(f) = true and Z(g) = false, then
I(f = g) = false otherwise Z(f = g) =
true O
Definition 4 A proposition f is said to be
true under an interpretation 7 iff Z(f) = true.
A proposition f is said to be false under an in-
terpretation I iff Z(f) = false. If a proposition
f is true under an interpretation Z, then we say
that 7 satisfies f. m]
Definition 5 Let f and g be propositions.
(1) fis consistent iff there is an interpreta-
tion which satisfies f.
(2) fis inconsistent iff f is not consistent.
(3) fis dependent on g iff either every inter-
pretation satisfying g satisfies f, or every
interpretation satisfying g satisfies —f.
(4) f is independent of g iff neither f is de-
pendent on g nor g is dependent on f.
O
From these definitions, the following proposi-
tion holds: '
Proposition 1 Let v be a consistent con-
junction of literals. Then, an atomic proposi-
tion A is independent of v iff A and —A do not
appear in . —A is independent of v iff A and
—A do not appear in 7. m]
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2.2 Functional Requirement
A concurrent system consists of a number of
subsystems which interact with each other. We
introduce the concept of a port to associate sub-
systems. That is, a subsystem performs interac-
tion (input/output) with other subsystems (or
environment) via the specified ports.
We denote a finite set of ports of a subsystem
k as Pr. A finite set of inputs and a finite set
of outputs are denoted as I, and Oy, respec-
tively. Using these, input and output actions of
a subsystem are defined as follows:
Definition 6 Input actions Xj and output
actions Ay of a subsystem k are the following
sets:
Yk C Py x I
Ay C Py x O |
As actions performed by a subsystem, we con-
sider the following three types of actions:
e input via a port from the outside
e output via a port to the outside
o internal action® independent of the outside
It can be considered that an action of a sub-
system is possible to occur only if the subsys-
tem satisfies some condition. From this point
of view, the state set of a subsystem can be di-
vided into a set in which the action is possible
to occur and another set in which the action is
not possible to occur. Moreover, it can be con-
sidered that there exist actions which become
executable newly and actions which become un-
executable newly, in consequence of the execu-
tion of the action which may change conditions.
Definition 7 Let A; (A C A) be a finite
set of atomic propositions of a subsystem k, and
Ly be the set of propositions generated from
Apg. Then, a function p of the subsystem k is a
3-tuple .
p= <.fz'na a, fout)
where f;, is a pre-condition to be satisfied be-
fore execution of p (fin, € L), a is an input,
output or internal action (a € X3 U Ay U {e}),
and f,y: is a post-condition to be satisfied after
execution of p (four € Ly)- O
For understandability, a function p is repre-
sented as p : fin = fou; particularly, for an
input, it is represented as p : fi, e fout and
is called an input function; for an output, it
is represented as p : fin = fout and is called
an output function; for an internal action, it is
represented as p : fi, = four and is called an
internal function. When a function is an input

* We denote every internal action as e.
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or output function, its action a is divided into
the port part p and input/output part e, and is
represented as p : e.

A functional requirement of the whole sub-
system is defined as a collection of functions.

Definition 8 A functional requirement Ry
of a subsystem k is a 5-tuple

Ri = (Ry, Py, X, Dg, Ax)
where Ry, is a finite set of functions of the sub-
system k, P is a finite set of ports of the sub-
system k, Xj is a finite set of input actions of
the subsystem k, Ay is a finite set of output
actions of the subsystem k, and Ay is a finite
set of atomic propositions of the subsystem k
(Ak C A). O

We define a functional requirement of a con-
current system as a collection of functional re-
quirements and initial conditions of subsystems.

Definition 9 A functional requirement R
of a concurrent system is a set

R ={(Rk, 10r)} (1<k<n)
where n is the number of subsystems, Ry =
(R, Py, Xk, Ak, Ag) is a functional require-
ment of the subsystem k (4; NA; = ¢, § #
4, Ujeq A = A), and 7o is the initial condition
of the subsystem k and is a consistent conjunc-
tion of literals of all the atomic propositions in
.Ak. . O

2.3 Formal Specification

A formal specification is a specification in
which the behavior of a system is explicitly de-
scribed. We use a state transition system as a
formal specification.

Definition 10 A state transition system M
is a 4-tuple

M= (Q: E7 -, q0>
where @ is a finite set of states, E is a finite set
of events (actions), — is a transition relation
(— CQ x E x @), and g is the initial state
(g0 € Q). o

A transition (p, a, ¢) €— is often repre-
sented as p —— ¢ which means that when the
system is in a state p, if an event a occurs then
the system state changes to a state ¢. In a tran-
sition p — ¢, p is called the source state of the
transition and q is called the destination state
of the transition.

Definition 11 Let X = X or X = —-X for
any X € B (B C A)*. That is, X is a literal of
X. By letting a state ¢ of a formal specification
M = {Q, E, —, qo) have a property as a

* The symbol = represents that the left hand side and
right hand side of = are syntactically equal.
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proposition, we define ¢ as ¢ = Ay .z &. The
property as a proposition that the state ¢ has
is called the proposition of the state q. O
Proposition 2 Let ¢ be any state of a for-
mal specification M = (@, E, —, qo). Then,
the proposition of ¢ is consistent.
(Proof) From the above definition of a state,
if we choose an interpretation Z such that
Z(X) = true for any X € B (B C A), then
I(Axep &) = I(q) = true. 0
Proposition 3 Any atomic proposition A €
B (B C A) is dependent on any state g of a
formal specification M ={Q, E, —, qo).
(Proof) Clear from Proposition 1. e
Definition 12 Let f be .the proposition
of a state ¢ of a formal specification M =
(Q, E, —, q) and A € B (B C A). If
I(f = A) = true for every interpretation Z,
then we say that q satisfies A and denoted as
q |= A. If ¢ does not satisfy A, then denoted as
ql=-A. O
Proposition 4 Let f be the proposition
of a state ¢ of a formal specification M =
(Q, E, —, q) and A € B (B C A). For
every interpretation Z, Z(f = A) = true iff A
appears as a literal in f.
(Proof) By definition, f is represented as f =
L AXAL (X =Aor X =-A). If A appears
as a literal in f, ie. f = ...ANAA ..., then
by the definitions of A and =, Z(f = A) =
true for every interpretation Z. If A does not
appear as a literal in f,ie. f=...A-AA..
then, by choosing an interpretation J such that
J (1) = true for any literal ! (including —A) in
f, J(f = A) = false. O
We extend an interpretation Z defined in Def-
inition 3 as follows. This represents the inter-
pretation of an atomic proposition A € B (B C
A) in a state g.

20)(4) = { frpe

false

if gF=A
if q|=—|A

By this extension, we can define the interpre-
tation of a proposition in a state.

Definition 13 Let g be a state of a formal
specification M = (Q, E, —», qo) and g be
a proposition generated from B (B C-A). If ¢
is interpreted as true in ¢, then we say that ¢
satisfies g and denoted as ¢q = g. If ¢ does not
satisfy g, then denoted as ¢ = —g. O

3. Synthesis of Formal Specification

This section describes a method for synthe-
sizing a formal specification from a given func-
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tional requirement. First, a transformation

method of a functional requirement of a subsys- -

tem into a canonical form is given. In a canon-
ical form, all the propositions are represented
as a conjunction of literals. Next, a method
for synthesizing a formal specification from a
functional requirement of a subsystem is given.
Finally, we give a synthesis method of a formal
specification for a concurrent system consisting
of a number of subsystems.

3.1 Canonical Form

Let Ry = (Rg, Pr, Xk, Ok, Ag) be a func-
tional requirement of a subsystem k.

First, we equivalently transform all the
propositions in Ry into a disjunctive normal
form v V...V, where 7; (1 < i < n)is a
conjunction of literals. For this transformation,
see Refs. 8), 9) for example.

Next, apply the following rules to the trans-
formed R; as much as possible:

rulel Ry U{m V...V =o$fy} = Rp U
M2y m=>

rule 2 Ry U{mAAAY 2 9} = Ry U
MmMAAANY S yAA}
where neither A nor —A (A € Ag) appears in

5.

rule 3 RyU{mi A-AAv2 27} => R U
{MMmA-AAy %’)’A—‘A}
where neither A nor ~A (A € Ag) appears in

v- )

The resulting Ry, is denoted as Ri. We de-
note the transformed functional requirement as
Ri = (Rk, P, Tk, Ak, Ai) and call it the
canonical form of Ry.

3.2 "Synthesis of Formal Specification

for Subsystem

Given a functional requirement Ry =
(Ry, Py, Tk, Ag, Ag) and the initial condition
~Yor of a subsystem k, the corresponding state
transition SyStem 7;(Rk? ’YOk) = (Qa E5 —, q0>
is synthesized by the following transformation
Ts:

Transformation 7, )

(1) Derive the canonical form Ry =
(Rkv Pka Eka Akv Ak) from Rk -
(Rk, Pr, Xk, A, Ag).

(2) @ ={~|~isaconsistent conjunction of
literals of all the atomic propositions in Ar}

(3) Ez{alp:fin%fout ERk];

(4) For each p : fin =3 fout € Ry, v e

' (v, 7" € Q) such that
(a) YEfin
(b) 7 fou
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(¢) If an atomic proposition A € Ay is in-
dependent of fyye, then v = A iff v/ = A.
(5) g0 =10k o

In the synthesized formal specification, states
of the subsystem and inputs/outputs between
the subsystem and the (external) environment
are ezplicitly expressed. Thus, the formal spec-
ification can be regarded as an abstract imple-
mentation of the subsystem.

3.3 Synthesis of Formal Specification

for Concurrent System

The synthesis of a formal specification for a
concurrent system given here is based on the
following notion:

Since a functional requirement of a concur-
rent system is a collection of functional require-
ments of subsystems, we make the whole of
the conditions prescribing the execution of the
functions of the subsystems correspond to the
states of a formal specification of the concurrent
system. We can think that an input/output
interaction among subsystems can occur when
the conditions of the related subsystems are si-
multaneously satisfied. This input/output can
correspond to the occurrence of the event (ac-
tion) of a transition in a formal specification.
In order to enable a multicast communication
among subsystems, a one-to-many communica-
tion mechanism is considered. Similar to pro-
cess algebras such as CCS'9) and CSP1V, we
assume that communication among subsystems
is synchronous*. Such an event is said to be
closed within a concurrent system and is inde-
pendent of the external environment of the con-
current system. An internal action in a subsys-
tem is spontaneous and so in the whole concur-
rent system. We think that an input /output ac-
tion not related with an interaction among sub-
systems, in other words, an action at a port that
does not play a role of an interaction among
subsystems, contributes to an interaction with
the external environment of the concurrent sys-
tem. Therefore, such an action is straightfor-
wardly mapped to the event of a transition in
a formal specification.

Consequently, the formal specification syn-

* Thus, in a formal specification, distinction between
input and output of an event disappears; only the
occurrence of an event is represented. This commu-
nication model makes it easy to analyze the formal
specification. For implementation of synchronous
communication, see Ref.7) for example. Inciden-
tally, asynchronous communication can be easily
modeled by introducing a subsystem which repre-
sents a channel.
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thesized from a functional requirement of a con-
current system represents not only event occur-
rences and state transitions inside the system
but also the possibility of inputs/outputs from
and to the external environment. If we identify
input /output events inside the system, with in-
ternal actions €, then the formal specification
of the concurrent system can be treated equiv-
alently with a formal specification of a subsys-
tem.

3.3.1 Preliminary

Definition 14 We introduce the following
notation for a function p : fi, == four (a=1p
e? or a=p:el or a=¢):

pre(p) = fin
post(p) = fout
act(p) = a
e if act(p)=p:e?

ev(p) =< e if act(p)=p:e!
€ otherwise

D if act(p) =p:e?
port(p) =< p if act(p) =p:e!
undefined otherwise
O
Definition 15 Let p : fin g fout € Rk
be an output function of a subsystem % in a
functional requirement R = {(Rg, Yor)} (1 <
k < n) of a concurrent system. Then, we define
the set of input functions peer(p) of the other
subsystems as follows:

:e?
peer(p) = { pi | Pit Finy B2 foutys

pj € U Rl} O
I£k

A function belonging to peer(p) can input the
event specified in p.

Definition 16 Let R = {(Rx, Yox)} (1 <
k < n) be a functional requirement of a con-
current system. If there exist an output func-
tion p € R; and an input function p’' €
R; (i # j) such that port(p) = port(p’), then
we call port(p) an internal port. We denote the
whole of functions which have internal ports as
INT(R). On the other hand, we call a port
an external port if it is not an internal port.
We denote the whole of functions which have
external ports as EXT(R)*. O

3.3.2 Synthesis

Given a functional requirement R =

* Note that INT(R) N EXT(R) =
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{(Rk, vor)} (1 < k < n) of a concurrent sys-

tem, the corresponding state transition system

T(R) =(Q, E, —, qo) is synthesized by the

following transformation 7

Transformation 7

(1) For each Rk - (Rkv Pka Eka Aka Ak) (1
< k < n), derive the canonical form Rk =
(Rk, Py, X, Ag, Ag)-

(2) Q@ ={~|~is a consistent conjunction of
literals of all the atomic propositions in A }

(3) E={ev(p)|peINT(R)}U{c}U
{act(p) | p€ EXT(R) }

(4) TForeachpe Uy Ri, v =7 (7,7 € Q)
such that
(a) If p is an output function and p €

INT(R), then for a non-empty subset S C

peer(p):

(1) v Epre(p)

(ii) Vp; € Sey = pre(p;)

(iil) o' = post(p)

(iv) Vp; € S ey |=post(p;)

(v) If an atomic proposition A € A is
independent of post(p) A A ; post(p;),
then v |= A iff v' = A.

(vi) a=ev(p)

(b) If p is an internal function or p €

EXT(R), then:

(i) v Eprep)

(ii) ' = post(p)

(iii) If an atomic proposition A € A is

independent of post(p), then v |= A iff

7 = A
(iv) a=act(p)
(5) 0= Ay0k 0

Example 1 Let R be a functional require-
ment of a concurrent system (see Fig.1):

R = {(Rh A/\B)) (R27 C)? (R3a D)}
where R; = {{p1 : Rag! —A, ps : B = Bl
A}, {pa; po}, {po : b}, {pa : a}, {4, B}>,
'R,2=<{p3:C:>"|C p41—|Cpb:>
C}, Apa, 2o}y {pa : a}, {p : 0}, {C}), an
Rs3 ='<{P5 : =D ™3 =D, pg: D =D, p;:
D% D}, {Pas pe}, {Pa: a}, {pc:c}, {D}).
The canonical forms of R1, Ro and R3 are as
follows:

7€1=<{p1:Alga!—lA, pngz‘)—i—P;
A A B}, {pa, o}, {pp : b}, {pa :
a}, {4, B})

Ra2=R2

Rg = Rg

The internal ports are p, and py. The external
port is p.. The functions are classified into:
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/

b
Subsystem 2 Db
pa a? -C

P4 : -C = By C Da

Subsystem 1 \

Pa Subsystem 3

ps: =D %% D
ps:D==5D Pel c

p7:D’—’°—-ic>!~|D

Fig. 1 An example of a functional requirement of a concurrent system.

Fig. 2 The synthesized formal specification of the ex-
ample concurrent system (note: e represents

€).

INT(R) = {Pl, P25 P35 P4; Ps } and
EXT(R)={pr }*
The peer functions to p; and p4 are as follows:
peer(p1) ={ p3, ps }
peer(ps) ={ p2 }
The corresponding formal specification (state
transition system) is synthesized as Fig. 2. In
the formal specification, the state 0 is the initial
state. The correspondence between the states

* pe belongs to neither INT(R) nor EXT(R).

Table 1 Correspondence between states and proposi-
tions in the synthesized formal specification
of the example concurrent system.

state proposition

0 ANBACAD

1 -“~AABA-CAD
2 ANBANCA-D

3 -~AABA-CA-D
4 “AABACA-D
5 AABA-CAD

6 AANBA-CA-D
7 AN-BACAD

8 -“AAN-BA-CAD
9 AAN-BACA-D
10 —“AA-BA-CA-D
11 -AA=-BACA-D
12 AN-BA-CAD
13 AAN-BA—-CA-D
14 “AANBACAD
15 ~AA-BACAD

and propositions is shown in Table 1. An ac-
tion p. : ¢! is an output to the external environ-
ment of the concurrent system and the others
are actions closed within the concurrent system.

0

4. Soundness and Completeness

In this section, we discuss the soundness and
completeness as relations between a functional
requirement and a formal specification (state
transition system). The soundness represents
that for any transition in the formal specifica-
tion, there exists a function in the functional
requirement which is satisfied by the transition.
The completeness represents that for any exe-
cutable function in the functional requirement,
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there exists a transition in the formal specifica-
tion which reflects the function.

We deal with only functional requirements
and formal specifications of concurrent systems;
we omit those of subsystems since a similar dis-
cussion to the traditional researches?:® is ap-
plicable to subsystems.

4.1 Soundness

Let R = {(Rk, vor)} (1 < k <n) be a func-
tional requirement of a concurrent system, and
M = (Q, E, —, qo) be a formal specifica-
tion in which the interpretation of propositions
generated from A is defined. An action in F
is an input, output, internal or closed action.
In particular, as described in the previous sec-
tion, a closed action means an action as a result
of an interaction among subsystems within the
concurrent system.

Definition 17 We say that a transition ¢t =
(p -+ q) €—> satisfies a function p : fi,, ==
fout € Uy R and write t |= p if the following
conditions are satisfied:

(1) Ifaisaninternal, input or output action,
then:

(a) pF fin

(b) qF fou

(¢) If an atomic proposition A € A is in-
dependent of fou:, then p = A iff g E A.

(d) b=a
(2) If ais closed, then for some output func-

tion p, € |J, Rx and some non-empty subset

S C peer(p,):

(a) pe{p}uUsS

(b) Vps € {ps}USep=pre(p,)

(c) Vpz € {po}US eq = post(ps)

(d) If an atomic proposition A € A is
independent of A, . {po}us Post(pz), then
pEAiffgE A

(e) ev(p)=a O

Although there is a distinction between ac-
tions, the above definition states that the source
state and destination state of the transition
have to satisfy the pre-condition and post-
condition of the function, respectively. Actions
are differentiated depending on their types, i.e.
actions which can result from synchronization
among the related subsystems, or actions which
can result from a single subsystem.

Using this definition, we define the soundness
as follows:

Definition 18 A state transition system M
is sound with respect to a functional require-
ment R of a concurrent system if the following
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conditions are satisfied:

(1) 90 F Agvok

(2) For every transition ¢ €—», there exists
a function p € |J,, Ry such that ¢ |= p. O
The first condition of this definition implies

that for every atomic proposition A € A,

A is positively (negatively) appeared in
the proposition of gg iff A is positively
(negatively) appeared in A 7yox.

4.2 Completeness

The soundness does not guarantee that states
and transitions are sufficient for a functional
requirement.

As a preliminary of the definition of the com-
pleteness, we introduce a homomorphism be-
tween state transition systems.

Definition 19 Let M = (Q, E, —, ¢)
and M' = (Q', E', —', ¢}) be state transi-
tion systems in which the interpretation of the
propositions generated from A is defined and
which are sound with respect to a functional
requirement R = {(Rg, yor)} (1 <k<n)ofa
concurrent system. A mapping ¢ : Q — Q' is
said to be a homomorphism from M into M' if
the following conditions are satisfied:

(1) »lg) =g

(2) {(p = q) €— implies (p(p) -
©(q)) €—

(3) Forastate p € Q of M and a proposition
f generated from 4, pl=fiffp(p) = f. O
If a homomorphism ¢ is a bijection and the

inverse function ¢! is a homomorphism from

M' into M, then ¢ is called an isomorphism.

Then, M and M' are said to be isomorphic.
Using the concept of a homomorphism, we

define the completeness as follows:

Definition 20 Let M = (@, E, —, q)
be a state transition system in which the in-
terpretation of the propositions generated from
A is defined and which is sound with respect
to a functional requirement R = {(Rx, 7Yox)}
(1 € k < n) of a concurrent system. M is
complete with respect to R if there exists a ho-
momorphism from M’ into M for every sound
state transition system M’ with respect to R.

a

From the definition, a complete state transi-
tion system represents the largest one of sound
ones except isomorphic ones, and it has all the
states and transitions necessary for a functional
requirement.
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4.3 Soundness and Completeness of
Synthesized Specification

The following theorem validates the transfor-
mation 7 by showing that the synthesized for-
mal specification is sound and complete.

Theorem 1 The formal specification T (R)
=(Q, E, —, qo) synthesized by the transfor-
mation 7 from a functional requirement R =

{(Rk, vox)} (1 < k < n) of a concurrent sys-

tem is sound and complete with respect to K.

(Proof) The soundness is clear from the corre-

spondence between its definition and the con-

struction of 7(R). We will prove the com-

pleteness. Let M’ = (Q', E', —', ¢{) be a

sound state transition system with respect to R

in which the interpretation of the propositions

generated from A is defined. Let ¢ : Q' — Q

be a mapping such that for a state ¢ € @ of

which proposition is the same as that of a state

q € Q', o(¢') = q. From the construction of

Q, such a q € Q exists for any ¢' € Q'. We

prove the completeness by showing that this ¢

is a homomorphism from M' into T (R).

(1) Since both M’ and T(R) are sound with
respect to R, gy = Ay vox and qo = Ay Yok-
This means that the proposition of gy and
that of qo are the same. From the definition
of ¢, ¢(d0) = o-

(2) Let {(p' = ¢') €—'. From the defini-
tion of ¢, p(p') |= pre(p) and ¢(q') = post(p)
for every function p € J, Ry satisfied by
this transition. Furthermore, if A € A is
independent of post(p), then ¢(p') = A iff
©(q¢') = A. Thus, from the construction of
T(R), (p(@) — ¢(d") €—.

(3) Since the proposition of p € @' and that
of o(p) € @ are the same from the definition

of ¢, p E f iff p(p) = f for any proposition
f generated from A4. a

5. Application

We apply our specification and synthesis
methods to a simple mobile system. As shown
in Fig. 3, the system consists of three subsys-
tems:

(1) ms — a mobiie station

(2) basel — a base station interacting with
the mobile station

(3) base2 — another base station

When ms communicates with a base station,
it first issues a signal enter to start a commu-
nication, then communicates with each other
using a signal talk, and finally issues a signal
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talk

o1 enter

enter

talk

Fig. 3 An example of a mobile system.

leave to terminate the communication. ms can
communicate with at most one base station at
a time. Through a movement, it can switch to
another base station. A handover procedure is
executed when ms moves from the current base
station to another base station.
A functional requirement R of this mobile
system may be described as follows:
R = {(R1, 701), (R2, Y02), (R3, Y03)}
R :<R1) {’U,, D I 1S’LS2}7
{u:on, u:of f, pi:talk | 1 <i < 2},
{p; : enter, p; : talk, p; : leave
|1<i<2},
{power, conn, loc;, startHandover,
handover, forceLeave | 1 <1i <2})
~Yo1 = —power A ~conn A locy A —loce
A-start Handover A ~handover
A~ forceLeave
Ra = (R, {m},
{m :enter, py : talk, p; : leave},
{p1 : talk},
{connl})
Yoz = —connl
Rs = (R37 {p2}a
{p2 : enter, ps : talk, ps : leave},
{p2 : talk},
{conn2})
Yo3 = —conn2
R1, Re and R3 are functional requirements
of ms, basel and base2, respectively. Rj, Ro
and Rj3 are described in Table 2*. The atomic
propositions and their meanings used in R are

- explained in Table 3.

In R, the status of the power of the mobile
station ms is affected by an input on/off at the
external port u. ms is initially in the cell of the
base station basel, and a movement of ms is
modeled by an internal action e.

Figure 4 shows the formal specification
(state transition system) synthesized from R

* The names of functions are omitted.



330 Transactions of Information Processing Society of Japan

Jan. 1999

Table 2 The functions of ms, basel and base2.

uion?
—power —> power

pienter?
Ry | power A —conn Aloc; ' —=>

conn (1 <i<2)

i :talk! .
conn A loc; A —~(startHandover V handover V forceLeave) PEXE conn Aloc; (1<i<2)

i talk? ;
conn Aloc; A ~(startHandover V handover V forceLeave) PIERE conn A loc; (1<i<2)

conn A loc; A —(startHandover V handover V forceLeave) e

i :leavel

-conn (1 <17<2)

uiof f7
power A\ —conn :f; —power

uiof f7
conn A —(startHandover V handover V forceLeave) K, forceLeave

pi:leave!
forceLeave A loc; ' —>

—power A -~conn A - forceLeave (1 <1i<2)

conn A ~(startHandover \ handover V forceLeave) = startHandover

i:leave!

1
startHandover A loc; " =3 ~start Handover A handover A —loc; A loc; (1<i<2,1<5j<2,1#3)

pient

]
handover Aloc; ¥ 25" —handover (1 <i< 2)

py:enter?
-connl = connl

talk!
Ry | connl pl——"> connl

p1:talk?
connl "= connl

p1:leave?
connl "' = -—connl

p2:enter?

—conn2 = conn2

talk!
R3 | conn2 p2:> conn2

italk?
conn?2 p2=> conn2

po:leave?

conn2 "= -~conn2

Table 3 The atomic propositions and their
meanings in the mobile system.

atomic Prop. meaning

power the power of ms is on.

conn ms is connecting with a base
station.

locy ms is in the cell of basel.

loca ms is in the cell of base2.

startHandover | start the handover procedure.

handover in handover.

forceLeave force ms to terminate
communication.

connl basel is connecting with ms.

conn2 base2 is connecting with ms.

by the transformation 7. In the formal speci-
fication, only the states reachable from the ini-
tial state (state 0) are shown; the unreachable
states are omitted. If we assume the initial state
of a system, then unreachable states represent
system states that never appear in the behav-

ior of the system. Thus, the formal specifica- -

tion shown in Fig. 4 just represents the whole
behavior of the system.

In the formal specification, the characteristic
transitions are as follows:

(1) state 2 > state 4: a movement of ms
from the cell of basel to the cell of base2.
(2) state 4 '““% state 5: start the handover

procedure.

(3) state 5 ™2 state 6: terminate the han-
dover procedure.

(4) state 6 — state 10: a movement of ms
from the cell (l)f base?2 to the cell of basel.
(5) state 10 2% state 11: start the han-

dover procedure.

(6) state 11 XY state 2: terminate the han-
dover procedure.

It is confirmed that the behavior of interac-
tions between the mobile and base stations, in-
cluding a movement of the mobile station and
its influence (handover), are clearly reflected in
the synthesized formal specification.

6. Conclusion

In this paper, we have proposed a propo-
sitional logic-based description method for a
requirement specification (functional require-
ment) of a concurrent system consisting of a
number of subsystems. Each subsystem is
given as a local functional description, and
their association is represented by a provision
of a communication mechanism between sub-
systems. This communication mechanism has
an ability in a synchronous, multicast commu-
nication.

Given a requirement specification (functional
requirement) of a concurrent system, we have
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leave ‘wff?
u:on?
eny :
u:off? /l'ea.ve
talk : ralk

enter
e

talk
talk
£? leave
enter

0

u:off?
leave u:on?

Fig. 4 The synthesized formal specification of the
mobile system (note: e represents €).

u

also presented a method to synthesize a formal
specification (state transition system) that ex-
plicitly expresses the behavior of the system.
It has been shown that the synthesized formal
specification is sound and complete with respect
to the requirement specification. This gives a
validity of the synthesis method.

In order to show applicability of our meth-
ods, a description of a simple mobile system
has been given, and a formal specification rep-
resenting its behavior has been synthesized.

Our future study includes:

e applying our methods to the development
of a real system;

e providing an ability in a hierarchical de-
scription of a functional requirement, to en-
hance the flexibility of description and to
decrease the number of states in a formal
specification;

e enabling a description of communication
constraints, to reflect communication con-
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ditions in a concurrent system, if any;

e introducing the concept of mobility as in
n-calculus1?); and

e developing a support system for functional
requirement description and formal specifi-
cation synthesis.
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