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We present formal frameworks tCCA, tLCA, and
tICCA for verifying composition of agents. Behav-
iors of composite agents are described in tCCA and

specifications for them are described in tLCA. Since
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consistency between specifications in tLCA is unde-
cidable as proven in this paper, we propose to use
intermediate specifications described in tICCA in-
stead of directly checking the consistency, and then
give useful propositions for verifying composition of
agents in tICCA.

1 Introduction

We are members of a project called ESP (Evo-
lutionary System Project). The purpose of ESP is
to develop an agent-system where agents can evolve
by spontaneously moving over networks, combining
with other agents, and communicating with them.
In such systems, unexpected behavior such as dead-
locks may be caused by composition of agents. To
avoid unexpected behavior, the members of ESP
are discussing an agent-system where each agent
has specifications, and if specifications between
two agents are not consistent, then they cannot

combine. These agents are modeled as shown in
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Fig.1 The image of agents with specifications

Fig.1. In ESP, we are studying how to formally
verify consistency between specifications. This pa-
per presents a process algebra tCCA to describe be-
haviors of composite agents, a process logic tLCA to
describe specifications, and a process algebra tICCA
to describe intermediate specifications, and then
shows useful propositions for effectively verifying
composition of agents.

tCCA (a timed Calculus of Composite Agents)
is a non-interleaving timed process algebra. Many
non-interleaving process algebras have already been
proposed (e.g. in [1][4][8][14]) by considering local-
ity or causality between actions, and many timed
process algebras also have been proposed (e.g. in
[3][5][15][20]). The features of tCCA are summa-
rized as follows:

(1) non-interleaving: it is possible to observe

which agents have performed actions,
(2) durational action: the passage of time is

needed for executing any action.

By the feature (1), concurrent behavior is explic-
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itly distinguished from interleaving behavior. The
feature (2) removes unnatural situations such that
actions can infinitely be performed in a finite time.
Note that each feature is not new. For example,
(1) is expressed in Distributed CCS[8] and (2) is
discussed in [3]. The purpose of this paper is not
to propose a new process algebra, but to show rela-
tions between a process algebra and a process logic
with considering both of the features (1) and (2).

tLCA (a timed Logic for Composite Agents) is a
process logic for describing specifications for agent-
behaviors described in tCCA. As shown in Fig.1, if
each agent ag; has a specification s; (i.e. each be-
havior P; satisfies s;), then it is important to verify
the consistency between s1 and s2 before composi-
tion of ag: and ag>. However, we prove that the
consistency is undecidable in Section 4.

tICCA (a timed Intermediate Calculus of Com-
posite Agents) is a timed basic process algebra.
Since the consistency in tLCA is undecidable,
we use intermediate specifications (also called im-
specifications) between behaviors ((CCA) and speci-
fications (tLCA). Im-specifications express abstract
behaviors of agents by hiding uninteresting actions
because verification often considers some actions
(not all actions). Therefore, the number of states
in im-specifications can decrease. In Section 5, we
show how to verify composition of agents in tICCA
instead of in tC'CA.

The outline of this paper is as follows: Sections 2
and 3 define tCCA and tLCA, respectively. Section 4
shows that satisfiability in ¢LCA is undecidable us-
ing undecidability of the membership problem in
unrestricted grammars[9]. Then, Section 5 presents
tICCA to use im-specifications. Section 6 and Sec-
tion 7 discuss related works and our approach, re-
spectively. Section 8 concludes this paper. The

omitted proofs are given in the Appendix.

2 Process Algebra tCCA

In this section, tC'CA is defined for describing be-
haviors of composite agents. At first, it is assumed
that a set N, ranged over by a,b,---, of action-
names are given. Then, the set Act, ranged over by
a,f3,- -, of actions is defined as: Act = Nae U {1},
where the time action ‘1’ represents the passage
of one time-unit, where a time-unit is an abstract
unit of time, and it may be a second, a minute, or
a clock of CPU. Also, it is assumed that a set A,
ranged over by ¥, @, - - -, of agent-names are given.
Then, the set Acts of single-actions is defined as:
Acts = {a@y : a € Nae, ¥ € Nog}, and subsets
of Actgs are represented by u,v,---. Especially, if
a subset p of Acts contains one single-action a@,

at most, for each agent-, then u is a multi-action.

Thus, the set Actas of multi-actions is defined as:
Acty = {p: p C Acts,Va@Qy) € p.

VbQy € p — {a@y}. o # p}
A multi-action {a;@Qv; : i € I} € Actm repre-

sents that agents-1; (i € I) simultaneously perform
actions-a;, respectively, where action-a and agent-
9 are an action named a and an agent named 1,
respectively. Thus, the number of actions which an
agent can simultaneously perform is one at most.
Subsets of the set Actar of multi-actions are repre-
sented by M, N, ---.

It is also assumed that a set Kppn, ranged over
by K, - - -, of behavior-constants is given. Then, the
set Bh, ranged over by P, Q, - - -, of behaviors is the
smallest set which contains the following expres-

sions:
K : Recursion (K € Kyp),

I : Idling,
a.P : Prefix (a € Nye),
P @ : Timeout,
> ic; Pi : Summation (I an indexing set),
where P, P;,Q are already in Bh. Also, the set
CBh, ranged over by C, D, - - -, of concurrent behav-
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tors is the smallest set which contains the following

expressions:
P@q) : Naming (P € Bh,y € N,g),

C|D : Composition (Agn(C) N Agn(D) = 0),

C\ M : Restriction (M C Acty),
where C, D are already in CBh. The function Agn :

CBh — 2Ms is defined as follows: Agn(PQy) =
{v}, Agn(CID) = Agn(C)U Agn(D), and Agn(C\
M) = Agn(C).

these operators have the binding power such that:

To avoid too many parentheses,

Prefix > Timeout > Summation > Naming > Re-
striction > Composition. Notation C' = D repre-
sents that C' and D are syntactically identical.
Each operator is briefly explained as follows. The
behavior a.P represents that an agent can perform
action-a and thereafter behaves like P. Here, it
is important that the passage of one time-unit is
always necessary for executing any action. An ac-
tion a(n) which needs n time-units (n > 1) for its

execution is inductively defined as follows:
a(l).P = a.P,

a(n+1).P = a.a(n).P.
Here, note that ‘a’ of a.P does not represent ‘1’.

Alteration by time is represented by the Timeout
operator >.

Ziel P; behaves like P; for some j € I, and the
choice is made by the first action of P; except for
the time action 1. The passage of time must be
made by all behaviors P; (¢ € I). This operator
corresponds to ‘strong choice’ in TCCS[15]. We
also use a short notation for binary choice as fol-
lows: Py + P> = Zie{1,2} P

Meaning of each behavior-constant is given by
a defining equation. It is assumed that for every
behavior-constant K € [Cpp, there is a defining
equation of the form K X" P for some P € Bh,
where P can contain behavior-constants. Thus,
we can express recursive behavior by behavior-
constants.

P>@Q now behaves like P and behaves like Q after
one time-unit. Thus, P >(,) Q@ which behaves like
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P until n time-units pass and behaves like @ after

that is defined as:
ProyQ=Q,

Pl>(n+1) Q = P> (P D(n) Q)
Furthermore, (n).P which behaves like P after n

time-units are defined as: (n).P =1Ip,) P.

The Naming operator @ defines that an agent
named 1 behaves like P by P@Qi. The function
Agn is used for uniquely assigning an agent-name.
The concurrent behavior (C|D) concurrently exe-
cutes C and D. C\M can execute only multi-actions
contained in the set M U {(}.

Note that Prefix is not p.P but a.P. For example,
(a.b.1Q1|c.I@p) \ {p1, p2} cannot be expanded to
p1.p2. X, where p1 = {a@v} and p2 = {bQy, cQp}.
It means that the number of actions which an agent
can simultaneously perform is one at most.

Semantics of behaviors and concurrent behav-
iors is given by the labelled transition systems
(Bh, Act,{-%>: a € Act}) and (CBh, Actar, {:
u € Actyr}), respectively, where the sets —— and
£, of transitions are the smallest relations satis-
fying the inference rules in Figs.2 and 3.

As shown in the rules Id, Act2, Sum2, Rec in
Fig.2, behavior of agents does not alter by the pas-
sage of time 1 without the Timeout operator >. The
rules TOj,2 show that the timeout process of P is
ignored in P> @, and the timeout process of P> Q)
is Q.

The rule Name; in Fig.3 assigns an agent-name
1 to an action a performed by the agent-i, and
Com combines all simultaneously performed ac-
tions into a multi-action. On the other hand, the
passage of time cannot be observed as shown in
Names. Thus, the passage of one time-unit for
behaviors is —1>, and one for concurrent behaviors
is 2. From the inference rules in Figs.2 and 3, it
is easily proven that the passage of time is always
possible (i.e. for any C, for some C’, C 2, '),

and alteration by the passage of time is determinate
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Name Hypothesis = Conclusion

Id >1-51

Acty =aP P

Act, =a.P 5 alP

Sum; Jiel. -5 P =Y, PSP

Sumy, Vi€l Pi— Pl=Y,  Pi— Y, P

TO;: PP =PrQ-—>P
TO, =PrQ —Q
Rec K& p PP =oK-5P

Fig.2 Inference rules for -2,C Bh x Bh
(note: a € Nge, 0 € Act = Nge U {1})

Name Hypothesis = Conclusion
Name; P % P'= pay % pray
Name: P p=pay L pay
Com C-%¢'.D-%D=cCDYc|D

Res C -5 pe MU{py=C\M 2 c'\M

Fig.3 Inference rules for Lg CBh x CBh

(ie. if C —% ¢’ and € % ", then C' = C").
We also use a behavior-constant P ) Q for each
P, Q € Bh defined as follows:
P)Q ™ T{a(P)Q): P P'.Q
U{eQ: Q - Q'}
P AP Q)P PLQ— Q)
The constant (P) Q) represents an interrupt for P

by Q. Thus, it usually behaves like P but behaves

1

—Q'}

like @ after @ has performed an action (not 1). In
this definition, @Q can alter (Q LN Q') by the pas-
sage of time even before the interrupt.

In the rest of this section, we give an example
of expression in tCCA. It is interaction between a
researcher and a pizza-worker. In this example, a
time-unit is a minute. At first, the behavior RES

of the regefarcher is defined as follows:
RES < order.( study(30).1

) (receive.cat(20).1
>(60)cancel.angry(10).1))

(4)
The researcher orders a pizza, and then studies for
30 minutes, but if he receives the pizza, then he
stops studying and eats the pizza for 20 minutes.
However, if 60 minutes have passed, then he can-
cels the order and is angry for 10 minutes. For
example, the following transition is possible:

RES " (TR TS ()20,
where (%)™ represents —— - - - — with n occur-
rences of —. In addition, since the researcher can

rest during study, he may cancel the order before
finishing the study as follows:
RES * ()10 ()10
(e st (L,

where (—)*® means that the researcher does not
anything for 45 minutes. This idle time (i.e.
study(20).0 — study(20).1) is inferred by Acts.
Note that n of the Timeout operator >(,) decreases
without respect to his actions by the definition of
the constant (---) (--- Dy ---)).

Next, the behavior PIZ of the pizza-worker is de-

fined asdf(%llows:
PIZ = accept.( bake(15).drive(10).deliver.I

) canceled.I)
If the pizza-worker accepts an order, then he bakes

a pizza for 15 minutes, and then drives for 10 min-
utes, and finally delivers the pizza. However, the
order may always be canceled. In the fastest case,
the pizza-worker can deliver the pizza after 25 min-
utes (bake(15) and drive(10)), but the order may

be canceled if he is idle as follows:
prz occert (;)10 (%)15
()% ()P ety

Finally, the researcher and the pizza-worker are

concurrently combined as follows:
RP = (RESQbob|PIZQjohn)\ Myp

where bob and john are names of the researcher
and the pizza-worker, respectively. And M, is the
set of feasible multi-actions in RP and is given as

follows:
Myp = Moyne UM, UM,

WpUrv:pe M.,ve My}
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Fig.4 A transition-sequence by RP

where Msync, M, and M, are given as follows:

Msyne = {{order, accept}, {receive, deliver},
{cancel, canceled}}

M, = {{study}, {eat}, {angry}},

M, = {{bake}, {drive}}
where agent-names bob and john to be appended

to each action are omitted (e.g. {order,accept}
is the abbreviation of {order@bob, accept@john}).
Mync is the set of multi-actions which must syn-
chronize between the researcher and the pizza-
worker. M, and M, are the sets of multi-actions
which can independently or simultaneously be per-
formed by the researcher and the pizza-worker, re-
spectively. For example, an order must synchronize
with an acceptance, and the pizza-worker can bake
and drive while the researcher is studying. For ex-
ample, the following transition can be inferred and
it means that the researcher rests for 10 minutes
after the order, and then studies for 20 minutes,

and then receives the pizza, and then eats it.
RP {order,_ac)cept} ({%})10 ({study_,b)ake})5

{study} 5  {study,drive} 19 {receive,deliver}
C—)C = ) —

(20 (1@bob[1@john)\ My,
This transition-sequence is depicted in Fig.4.

3 A Process Logic tLCA

Although specifications can be expressed in pro-
cess algebras, process logics such as Hennessy-
Milner logic[12] or p-calculus|[18] have an advantage
of not always requiring to specify the full behavior
of systems. For example, in process logics, spec-
ifications can be loosely expressed by possibilities
(a) or disjunctions V; and they can be refined by
necessities [a] and conjunctions A. In this section,

a process logic tLCA is defined to describe specifi-
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cations for concurrent behaviors in tCCA.

First, it is assumed that a set Ksp, ranged over by
K, ---, of specification-constants (also called Con-
stants) is given. Then, the set Sp, ranged over by
s,t, -+, of specifications is the smallest set which

contains the following expressions:
K : Recursion (K € Ksp),

(uys : Possibility (p € Actar),
[u]s : Necessity (u € Actar),
Niersi

Ve, 8i + Disjunction (I an indexing set),
where s, s; are already in Sp. And subsets of Sp are

Conjunction (I an indexing set),

represented by o, p,---. These operators have the
binding power such that: {Possibility, Necessity}
> Conjunction > Disjunction. The following short

notations are also used for the true tt, the false ff,

and so on.
tt = Ao 50 51 A 82 E/\ie{m} Si,
fff = \/ie@ Si, s1V sy = \/ie{l,2} Si,
(n)'s = (u)s, ()" s = (u)()"s,
[u]'s = [u]s, [W]" s = [[u]"s,

(a;Q1p; : i € I)s = ({a:Qup; : 1 € 1})s,

[@i@Q; : i € I]s = [{a:;Qp; : i € T}]s.

The Possibility (a;@; : i € I)s requires that all
agents-1; (i € I) can simultaneously perform a; re-
spectively, and then s can be satisfied after that.
The Necessity [a;@1); : ¢ € I]s requires that if all
agents-1); simultaneously perform a; respectively,
then s must always be satisfied after that. Since
c o is always possible and determinate, the
requirements of (#)s and [@]s are equal.

It is assumed that for every Constant K € Kgp,
there is a defining equation K 4f ¢ for some s € Sp,
and each Constant is guarded by Possibilities or Ne-
cessities. For example, K &' (1)K is guarded and
K KA (1) K is not guarded. This recursive re-
quirement corresponds to maximum fixpoint. Since
tLCA has no minimum fixpoint, it cannot be ex-
pressed that a specification s is eventually satisfied

(in a finite expression), but it can be expressed that

s is satisfied by n time-units pass instead.
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Next, a function DC : Sp — 22% g inductively

defined as follows:

DC((u)s) = {{(w)s}},

DC([p]s) = {{luls}},
DC’(/\Z.EI 8i) = {Uiel gi:Viel. o, € DC(s:)},
DC(V;epsi) = Ue; DC(s1),

DC(K) = DC(s), if K< s.
This function is used for translating any specifi-

cation s into a disjunctive normal form such that
VAN{s' : s € o} : 0 € DC(s)}.

Then, satisfaction relation between a concurrent

behavior (in tCCA) and a specification (in tLCA) is
defined by using this function DC.
Definition 3.1Let v C Acts. A set R C CBh x Sp
is a (v)-satisfaction-subset, if (C,s) € R implies
that for some o € DC(s), the following conditions
(1) and (ii) hold for every u,u” € Actn, s° € Sp,
and C" € CBh,

(i) if {u)s’ € o, then for some C" and /',

CHL 0 =y i, and (C,8') € R,

(#) if [u]s’ €0, C LN C", and p =, p",

then (C",s") € R,
where the (v)-restricted equivalence relation =,

over multi-actions is defined as follows:
w1 =y pe if and only if p1 Nv = us Nv.
Then, if (C,s) € R for some (v)-satisfaction-subset
R, then C satisfies s with respect to v, written
C kv s. For the special case v = Acts, C Eactg s
is abbreviated to C = s. 1
The parameter v in =, is used for partial verifi-
cation and the set v of single-actions are called an
available set. Although =, can be indirectly de-
fined from = (e.g. C | (w)tt iff C = V{{(w)tt :
u=, ' € Actum}), we directly define |=, for con-
venience and effective verification. The satisfaction
relation |, is the largest (v)-satisfaction-subset
and such definition style is similar to one of bisimi-
larity [12]. This satisfaction relation can be verified
by algorithms similar to ones for bisimilarity.

The following expected properties hold.

(6)
Proposition 3.1Let v C Acts, u € Actm, C €
CBh, s,s; € Sp. Then,
(1) CEy (s

&3, C). (CE5 0, w= i, C Ey s)
(2) C kv [u]s

SV, ). (C25 0 p= W)= C by s)
B)C v Niersi & Viel.Ckys;
4) CE, \/ielsi & Fiel. CEysi
def

B)CE/ K & 3s. (CEys, K =5) 1

The following short notations are useful for ex-

pressing requirements for the passage of time:
sV t =1t

SVt t = sV V(s Vi t) : p € Actar},

sVt =t

SVt t = sV A{pl(s Vi t) : p € Actar},
s Ny t = ¢,

SAmiy E=sAV{{ (s Ay t) : p € Actar},
SN\t =t

S Ant1) t = sAN{p](s Ay t) : € Actar}.
The specification s V) t (resp. s Vi, t) requires

that s can be satisfied before n time-units pass or
t can be satisfied after that, for some (resp. any)
execution path. On the other hand, s A,y t (resp.
s A[n) t) Tequires that s is always satisfied until n
time-units pass and ¢ is satisfied after that, for some
(resp. any) execution path.

The example of the researcher and the pizza-
worker in Section 2 is used again. Since the pizza-
worker can bake a pizza for 15 minutes and can
drive and deliver for 1041 minutes, the researcher
can begin to eat in 26 minutes after an order as

follows:
RP = s1 = (orderQbob, accept@john)

((eat@bob)tt V(o7 £f),
where ((eat@bob)tt V(o7 ff) requires that the re-

searcher ‘bob’ can eat in 26 minutes because ff can-
not be satisfied. However, since the pizza-worker
can idle, the researcher can not always begin to eat

it as follows:
RP K s2 = (order@bob, accept@john)

((eat@bob)tt V(97) £f).
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where note the difference between V(27y in s1 and
V(27] in s2. The specification s; implies that the re-
searcher can eat before 26 minutes pass if the pizza-
worker works hardly (i.e. for some execution path).
On the other hand, s2 implies that the researcher
can eat before 26 minutes pass without respect to
the pizza-worker (i.e. for any execution path).
Furthermore, the following satisfaction relation
holds because the researcher never eats until 26

minutes pass.
RP = (order@bob, accept@john)

([eat@bob]£f Ag6) tt).
Local specifications for the researcher bob can be

easily verified by |=,,,,, where vy, = {a@bob : a €
./\/;c}. For example, it can be verified that the re-
searcher can receive a pizza just after study for 30
minutes as follows: RP Izybob Sbob, Where

Shob = (order@bob) (study@bob)* (receive@bob)tt
The satisfaction relation =,,,, makes partial veri-
fication for bob possible by hiding actions of john.
It is important to note that RP £ spop because the
pizza-worker john must bake the pizza and then
drive while the researcher bob is studying if the be-

havior of john is considered.

4 Satisfiability

Before two agents combine, it is useful for avoid-
ing unexpected behavior to verify consistency be-
tween their specifications. In tLCA, the consistency
between s and t is replaced to satisfiability of s At
defined as follows.
Definition 4.1Let s € Sp.
only if for some C € CBh, C = s. ]

In this section, we show that satisfiability in tLCA

s is satisfiable if and

is undecidable by translating the membership prob-
lem in unrestricted grammars [9] into the satisfia-
bility problem in tLCA. At first, action-sequence
grammars G, a specification GR ), and a concur-
rent behavior CB(g) are defined for proving the
undecidability.
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Definition 4.24 tuple G = (A, ao, \) is an action-
sequence grammar, where A C Ny is a finite set
of action-names, ao € MNyc is the initial action-
name, and X\ is a finite set of rewriting rules such
that: A C (A" — {e}) x A", where A", ranged over
by @,b,---, is the set of finite action-sequences ob-
tained by concatenating zero or more action-names
in A. The symbol € is the empty action-sequence,
thus ae = €a = a. 1
Definition 4.3Let G = (A, a0,\) be an action-
sequence grammar. The G-language L(G) is de-
fined as follows: L(G) =, ., L"(G), LOG) =
{ao}, and LOD(@) = {aibas
LM(@), (a,b) € A}. I

By Definition 4.2, action-sequence grammars are

Ja. aiaaz €

unrestricted grammars because there is no restric-
tion on rewriting rules. It is known that the mem-
bership problem (a € £L(G) or @ ¢ £(G) ?) in such
grammars is undecidable.
Next, we define a finite-state specification GR(q)
for each G.
Definition 4.4Let p,q € Mg and G = (A, ao, \)
be an action-sequence grammar (note: p,q are not
variables but instances). The finite-state specifica-
tion GR(q) is defined from G as follows:
GR(c) = RW () A EQEY A (ao@p)d(endQp)tt
RWe) = N{la@p]"(baq)* EQ®Y : (a,b) € A}
U{0[a@p]0{a@Qq) RW (q) : @ € Aena}
BQLY = N{01a@y]0(a0p) BQ(L : a € Auma}
where Aena = A U {end}, end € N, end ¢ A,
and specifications (aQi)*s and [aQ]"s are short

notations defined as follows:

(e@Qy)*s =5, (ad’@Qy)*s = 0{a@ip)(a' Q)" s,

[c@y]*s = s, [ad'@QyY]"s = d[a@i][a’Qr]*s
Furthermore, for any specification s, a Constant Os
is defined as follows: 9s < s A [0]0s. ]

The part EQ%I;) copies execution-sequences of
agent-q into agent-p. And RW (s copies execution-
sequences of agent-p into agent-q, rewriting accord-

ing to rules (a, l;) € A. The Constant Os is necessary
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for waiting while another agent performs actions.
Consequently, GR(¢) requires agents to perform all
the action-sequences contained in £(G) as shown
in the following lemma.
Lemma 4.11f C |= GR(g) and & € L(G), then for
some C', C {3 endOp} C', where C {orzan @V} oo
if and only if C (L)* {a104} (L)*(L)*
{an0yp) (L)* C’', where (L)* is the passage of
zero or more lime-units. 1

Then, a concurrent behavior CBg) is defined for
each G.
Definition 4.5Let p,q € Aoy and G = (A, ao, \)
be an action-sequence grammar. Then, the concur-
rent behavior CB(q) is defined as follows:

CB(¢) = Bh()@p | Bh()Qq,
Bh) =3}, Bh@m,
Bh(g,0) = ao.end I,
Bh 1) = Rwg)(Bhg ),
where Rw ) (P) is defined as follows:
Rw () (P) = S {b.P': P 5 P',(a,b) € \}
U{a.Rw ) (P) : P - P'}

where a.P is defined as: €. P = P, ab.P = a.b.P.
And P - P’ represents P = P', and P od, pr

represents P —— P N P’ for some P". 1
Lemma 4.2 shows that any action-sequence ex-
ecuted by CB(g) is contained in £(G). And
Lemma 4.3 shows that CB ¢ satisfies GR(g).
Lemma 4.2If CB g, {6 end0e} C’, then a € L(G). g
Lemma 4.3 CB(g) = GR(g) 1
Finally, the following result is obtained from
Lemmas 4.1, 4.2, and 4.3.
Theorem 4.4 Satisfiability in the process logic
tLCA is undecidable.
Proof Let G = (A, ao0,\) be an action-sequence
grammar. Then, we show that the following rela-
tion holds because a ¢ L£(G) is undecidable.
(GR (¢ N [a end@p]* ff) is satisfiable < @ ¢ L(G)
Only if part (=):
some C, C' = (GR() A [ end@p]™ff). Now assume
that @ € £(G). Thus, by Lemma 4.1, C {aend0e} o

By the assumption, for

(8)
because C }= GR (). However, this contradicts the
assumption C |= [@a end@p]*£f. Hence, a ¢ L(G).
If part (<): We show the contraposition. As-
sume that (GR(g) A [Gend@p|"ff) is not satisfi-
able. By Lemma 4.3, CB(g) = GR(g). There-
fore, CB(g) F~ [ end@Qp]™ff because if CB(g) =
[@ end@p]* ff then CB(q) |= (GR () A [@ endQp] " £f)
and this contradicts the assumption. This unsat-
isfaction (CB(g) [ [@ end@p]"ff) implies that for
some C’, CB g {aedle} o, Hence, by Lemma, 4.2,
ae L(G). 1

5 A Process Algebra tICCA

In this paper, our purpose is to show how to
avoid unexpected behavior caused by composition
of agents. For example, suppose that agent-¢ and
agent-¢ behave like P and @ (described in tCCA),
and must satisfy s and t (described in tLCA), re-
spectively. Then, it is a useful method for avoid-
ing unexpected behavior to verify the consistency
between s and t before agent-¢ and agent-¢ com-
bine. However, there is no algorithm for verifying
the consistency as shown in Theorem 4.4. To solve
this problem, although it is expected to use a de-
cidable and useful subclass of tLCA, we have not
been able to define such subclass yet.

The other solution is to directly verify whether
PQy|QQy satisfies sAt (i.e. PQY|QQyp = sAt), or
not. There are algorithms for verifying the satisfac-
tion relation |=. However, the number of reachable
states of concurrent behavior explosively increases
with concurrency level. To decrease the number of
states, it is useful to hide useless actions for verifica-
tion because verification often considers only some
actions (not all actions). Therefore we propose to
use a process algebra tICCA for expressing inter-
mediate specifications (also called im-specifications)
between concurrent behaviors (¢CCA) and specifi-

cations (tLCA). In tICCA, the number of reach-
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able states can decreases by hiding uninteresting
actions. In such approach, it is important to know
which actions can be hidden. In this section, we
show how to verify composition of agents in t/CCA
instead of in tCCA.

First, it is assumed that a set K., ranged over
by K,---, of im-Constants is given. Then, the set
ISp, ranged over by S, T, - - -, of im-specifications is
the smallest set which contains the following ex-

pressions:
K : Recursion (K € Kim),

0 : Stop,
;S : (Insistent) Prefix (u € Actar),
@D,c; Si : (Weak) Summation
where S, 5;, T are already in ISp. These operators
have the binding power such that: Prefix > Sum-
mation.

It is important that the Prefix is not a.S but
;S comparing with tCCA. The multi-action p is
directly prefixed to S, and the execution of p is
not delayed (i.e. p;S »70L> u;S). For Summation
@iel S;, the choice is made even by a time pas-
sage .. This operator is similar to ‘weak choice’
in TCCS[15]. We use a short notation for binary

selection as follows: S1 @ S2 = P S;. Fur-

ie{1,2
thermore, it is assumed that for every{imeonstant
K € Kim, there is a defining equation K df g
for some S € ISp, and also that an idling im-
Constant for each S € ISp is defined as follows:
98 ' S @ ;05. Although the symbol & has al-
ready been used for s € Sp in Definition 4.4, we
use the same symbol 9 for s and S because their
function is the same.

Semantics of im-specifications is given by the
labelled transition system (ISp, ActM7{'i>: IS
Actar}), where the set += of transitions is the
smallest relation satisfying the rules in Fig.5.

Then, we define im-Constants S|T, S\ M, and
S/v, for each S,T € ISp, M C Actyr, and v C Actg
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Name Hypothesis = Conclusion
I.Act = wSs s
W.Sum 3Jiel S5 = @, 85+
Rec K¥s s s = Kb g

Fig.5 Inference rules for N C ISp x ISp

as follows:

SITE @B{(nUv) (ST : S+ &', T 5 T'}
S\M E @{(S'\M) : $+ 8", pe Mu{0}}

S/vE B{pnv)(s'/v): 5+ 5

Next, the satisfaction relation between a concur-
rent behavior and an im-specification is defined.
Definition 5.1Let v C Acts. A set R C CBhxISp
is a (v)-im-satisfaction-subset, if (C,S) € R im-
plies that the following conditions (i) and (it) hold

for every u € Actur,
(i) if C L5 ', then for some S,

SHEE S and (C',S") € R,
(ii) if S+ S', then for some y' and S,

w=p Nv, C LN ¢’ and (C',8") e R.
Then, if (C,S) € R for some (v)-im-satisfaction-
subset R, then C satisfies S with respect to v, writ-
ten C'F, S. For a special case, C Factg S is writ-
ten C = S. The bisimilarity ~ for S ~ T is defined
in the same way as C'+ S. 1

By hiding uninteresting single-actions a@Qi) ¢ v,

the number of states of im-specifications can de-
crease. The set v of single-actions in F, is also
called an available set, similarly to the case of |=,.
For example, Cope = a.b.1Q1|c.IQq satisfies the
following Squ. and Sy with respect to the available
sets 11 = {a@Qu,bQy, cQp} and vo = {bQy}, re-

spectively (i.e. Cape Fuy Sape and Cope Fuy Sp)-
Sute = D({a@u}A({b@Y}:0{cap};00
&{c@yp};0{b@y};00
®&{bQy, cQp};00)
©{cQp};0{a@};0{bQ1};00
©{aQ@y, cQp};0{bQ@1)};00)

Sy = 00;0{b@1)};00
The transition graphs of Sqi. and S, are shown in
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Fig.6 The transition graphs of S;,. and S,

Fig.6. The im-specification S, concisely expresses
behavior with respect to the single-action bQp.

The following Propositions 5.1 and 5.2 show how
the (v)-satisfaction relation I, is preserved by the
operators | and \ of concurrent behaviors. The con-
dition (res(act(C),M,v) C M) in Proposition 5.2
is a sufficient condition for preserving the (v)-
satisfaction relation F, when the concurrent behav-
ior C' is restricted within M. In order to gain the
sufficient and necessary condition, since transitions
in C' must be considered, we present the simple (but
useful) sufficient condition which considers only ac-
tions in C. Intuitively, the condition (res) requires
that restricted single-actions must be included in
the available set v.
Proposition 5.1If Agn(C1) N Agn(C2) = 0 and
C1 by, S1 and Cy by, Sa, then C1|C2 by S1]S2,
where v = (v1]Agn(Ch)) U (r2lAgn(C2)), where
vV is a subset of v defined as follows: v|¥ =
{a@y e v:9p € ¥}
Proposition 5.2If res(act(C),M,v) C M and
C ., S, then C\M +, S\M', where M' =
{puNv : pu € M}, the function res : 24°1M x 24¢ta
24¢cts _, 9AtM s defined as follows:

res(Mo, M,v) = {po € Mo : Ju € M U {0}.

Ho =v i, o # 0},
and the function act : CBh — 24°M s defined as
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follows: act(P@Qy) = {{aQ} : a € acn(P)} U {0},
act(C1]C2) = {1 U pz @ p1 € act(Cr),pu2 €
act(Ca)}, act(C\M) = (act(C) N M) U {0}, where
acn(P) is a set of action-names occurring in P.
Thus, act(C) is the set of feasible multi-actions in
C at most. 1

The following Proposition 5.3 is used for hiding
uninteresting actions, in other words, for obtaining
a more abstract im-specification S/u than S. Fur-
thermore, Proposition 5.4 shows that C' =, s can
be verified by S |, s if C F, S, where S |, s is
defined by replacing - in Definition 3.1 with .
Thus these propositions mean that verification-cost
of C |=, s can decrease.

Proposition 5.3 If C F, S, then for any p C

Acts, C'tuap S/p. ]
Proposition 5.4 Assume that C +, S. Then,
C v s if and only if S Eu s. ]

The example of the researcher and the pizza-
worker in Section 2 is used again. Now, assume

that the available sets are given as follows:
vr={order@bob, receive@bob, cancel @bob},

vp={accept@Qjohn, deliver@john, canceled@Qjohn}
Then, an im-specification S, of the researcher

RES@bob with respect to v, and an im-specification
Sp of the pizza-worker PIZ@john with respect to
vp are given as follows (i.e. RESQbob ,,. S and
PIZQjohn |-, Sp):
Sy = 8{order@bob};5'$ggt,
ng”attl) = 0;5",, & {receive@bob};d0,
5 = 0{cancel@bob};00,

wait —
Sy, = B{accept@john};s,(ffzk,
S = 0(B:S(, . @ Se),

A o({deliver@Qjohn};0S. ® S.),

work —

Se = {canceled@john};00.
Then, Propositions 5.1 and 5.2 show that RP

(RES@bob| PIZ@john) \ Myy Fuyiw, (SeSp)\ My
because res(act(RESQbob|PLZQjohn),
vp) C Myp, where M, = Maync U {0}. Further-
more, by Proposition 5.3, RP b, (Sr|Sp)\M,,/vr.

Myp,vr U
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Here, if S, is given as follows, then we can show

that S). ~ (S,[Sp)\ M, /v,
Sl = 8{order@b0b};5(60’25)

wait! ?

S(n+1,m+1) = @S(n,m) ® m's(n,'rrﬂ»l)

wait! wait! wait’ ’

S0 = . gm0 g {receive@bob};00,

wait! wait!

§0m) = 9{cancel@bob};00.

wait

This implies that RP . S,.

Although both of S, and S,. are im-specifications
with respect to the researcher bob (i.e. vr), Sr shows
an abstract behavior of the independent researcher,
and S.. shows an abstract behavior of the researcher
dependent with the pizza-worker. For example, S,
shows that the researcher can immediately receive
a pizza after the order because S, does not con-
sider to make pizza. On the other hand, S, shows
that the researcher cannot receive a pizza until 25
minutes pass because the pizza-worker must bake
it for 15 minutes and drive for 10 minutes before
the delivery.

Now, we consider how to verify RP |=,,. sr, where
sr = (order@bob)((receive@bob)tt V(o6 £f). At
first, we can prove that S .. sr according to Def-
inition 3.1. Hence, by Proposition 5.4, we have that
RP k=, sr because RP +,, S!. The verification-
cost of S, |=,, s, is lower than one of RP |=,, s,
because the numbers of states of S.. and RP are 390

and 34, 991, respectively.

6 Related Work

Many process algebras based on non-interleaving
semantics have been proposed (e.g. in [1][4][8][14])
by considering locality or causality between actions,
and process logics with locality have also been given
(e.g. in [1]). Also, many timed process algebras
such as TCCS|[15] or TPL[5] have been proposed,
and a uniform framework has also been proposed
for extending arbitrary process languages with dis-
crete time[20]. Furthermore, a timed process alge-
bra which has durational actions has been proposed

and a process logic for the process algebra has been
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presented [3]. However, satisfiability in such process
logics has not been discussed.

Many temporal logics for non-interleaving traces
(also called Mazurkiewicz’s traces[11]) have been
proposed (e.g. in [6][10][16][19]), and satisfiability
has been studied. However they have not consid-
ered the passage of time. In these non-interleaving
non-timed temporal logics, a kind of commutativ-
ity of concurrent requirements holds. For exam-
ple, if time is not considered, two specifications
(a@y) (bQp)tt and (bQy)(a@i)tt are equal be-
cause agent-¢ does not alter its own state while
agent-1 performs action-a. In [10][17], satisfiability
problems in several non-interleaving temporal log-
ics can be translated into a recurring tiling problem
which has been shown to be undecidable. The es-
sential property for the translation is the commu-
tativity of concurrent requirements as mentioned
above.

On the other hand, the commutativity of concur-
rent requirements does not hold in tLCA. For ex-
ample, (a@u)(bQp)tt and (bQy)(a@i)tt are not
equal in tLCA because agent-1) consumes one time-
unit for performing the action-a and agent-¢ can
alter its own state in the passage of time. Hence,
undecidability in tLCA cannot be directly proven
from the results in [10][17]. Furthermore, it is im-
portant to note that we have proven undecidabil-
ity in t LCA without Disjunction and Eventuality, as
shown in the specification (GR(g) A [@ end@p] " ff) in
the proof of Theorem 4.4. Disjunction and Even-
tuality were necessary for proving undecidability in

[10] [17].

7 Discussion

In this section, we discuss our approach.

Automatic generation of im-specifications:
Designers of agents need not give im-specifications
because im-specifications (in t/ICCA) can be auto-

matically generated from concurrent behaviors (in
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tCCA). For each concurrent behavior C € CBh, a
full im-specification imsp(C) of C with respect to
Acts (i.e. C'F imsp(C)) is easily given as follows:
imsp(C) Lef @P{;insp(C’) : C 5 C'}.

Then, for each available set v C Actg, imsp(C)/v is
an im-specification of C with respect to v by Propo-
sition 5.3. Furthermore, the reduced normal form
imsp, (C) of imsp(C')/v can be obtained by the al-
gorithms in [7], where the reduced normal form is
defined as follows: an im-specification Sy, is the
reduced normal form of S if the following condi-
tion is satisfied: for every S’ such that S’ ~ S,
[|Smin|l < ||S7]], where ||S|| is the number of reach-
able states from S.

For example, when a behavior P of agent-ag is
given, im-specifications of agent-ag with respect to
several available sets v; (i € I) are generated from
PQag (i.e. imsp, (PQag)) and are saved in agent-
ag. If agent-ag combines with the other agent
under some restrictions, then an im-specification
which satisfies the condition res in Proposition 5.2
is selected and used for verification.

Non-interleaving: We have introduced non-
interleaving for expressing concurrency because
there is not always a concurrent system to satisfy a
given specification even if there is a sequential sys-
tem to satisfy it. For example, if non-interleaving is
not considered, then a specification s = (a){b)tt A
[0])[b]££ is satisfiable (e.g. a.b.I | s). However, if it
is required that a and b are performed by different
agents like s’ = (a@u)(bQyp)tt A [0][bQe]£f, then
s’ is not satisfiable. Non-interleaving is necessary
for correctly checking whether there is a concurrent
system to satisfy a given specification, or not.

Durational actions: We have assumed that the
passage of one time-unit is always needed for exe-
cuting any action. If this assumption is removed,
notions of non-interleaving and time can be sepa-
rately discussed, and undecidability is proven more

easily than one in tLCA. However, there are two
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reasons why we assume it. One is to remove un-
natural situations such that actions can infinitely
be performed in a finite time. Another is to clar-
ify decidability under the assumption because we
prospected that tLCA might be decidable by the as-
sumption (i.e. the restriction) because the commu-
tativity of concurrent requirements as mentioned
in Section 6 does not hold. It is a future work to
define a decidable and useful subclass of tLCA.

Expressive power of tLCA and tICCA: As
shown in the following proposition, specifications
in Sp can not distinguish between two concurrent
behaviors in CBh if and only if im-specifications in
ISp can not distinguish between them.
Proposition 7.1Let v C Acts, C,D € CBh. Then

Spu(C) = Spu(D) <= ISp,(C) = ISp,(D)
where Sp,(C) = {s € Sp: C =, s} and I, (C) =
{Selsp:Ct, S} 1

Errors of clocks: Although tCCA assumes that
each agent has an exact local clock, errors of local
clocks can be simulated by nondeterminism as fol-
lows: a(n+1).P = a(n—1).P+a(n).P+a(n+1).P.
By verifying agents in such situation with errors,
more robust agent systems can be constructed.

A tool: We are now implementing a prototype
of verification tool for tCCA, tLCA, and tICCA in
Java. We have already implemented parts of ana-
lyzing syntax and inferring transitions. Fig.7 shows
a screen shot of the prototype, where the number
of reachable states and the transitions of S, (in
Section 5) and RP (in Section 2) are computed, al-
though symbols in the tool is slightly different from
ones of tCCA and tICCA. We plan to implement
functions for verifying satisfaction relations C' |=, s
and C' F, S, and for generating im-specifications

from concurrent behaviors.
8 Conclusion

We have defined tCCA for describing concurrent

behaviors of composite agents. tLCA has also been
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619 =] L |m| F EmE Al
> def $n = (1,600
> def I = (1,25

> def 3P = §{{order@bob};SP_B0_25)

> def SP_$n_fm = [13SP_(bn-10_($m-1) % {}5P_$n_($n-1)
> def SP_$n_0 = {}:8P_($n-10_0 # {receiveBbobl:fiSton
> def 8P_0_%n = #({cancelBhobl: #iStop)

> def 3P_0_0 = H{{cance|Bbob};#3top)

> Its 3P

State=390, Trn=779

i

H def)l?ES = order. {{study"30. Idle) »» (receive.cal’20.1dle [801> cancel.anzry”10
Idle

> def PIZ = accept.((bake 15.drive’10.deliver.1dle) »> {canceled.Idle))

» def Msync = {{orderfbob,accept®john}, {receivelbob. deliverBjohn}, {cancelBbob, ca
nce led®john}

> def Mr = {{studvBbob], {eatfbob}, {anzrvBbob}}

> def Mp = {{bakeBjohn}, {drive@iohn}}

> def hrp = Msync cup Mr cup Mp cup (Mr prd Wp)

> def RP = (RESEbob | PIZ@jchn)<Mrp

> Its RP

State=34991. Trn=138680

S

Fig.7 A screen shot of the prototype

defined for describing specifications and it has been
proven that satisfiability in ¢tLCA is undecidable.
Then we have proposed to use intermediate spec-
ifications described in tICCA instead of directly
checking consistency between specifications, and
then have shown useful propositions for verifying
composition of agents.

tCCA cannot express mobility such as w-calculus
[13] or mobile ambient[2]. An extension of tCCA

with such mobility is a future work.
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A Appendix

Omitted proofs of lemmas and propositions in

this paper are given.

Proof of Proposition 3.1

(1) Since D) = ({(shh, C koo (s if
and only if for some C' and p/, C 2 ',
uw=, p',and C' |5, s by (i) in Definition 3.1.

(2) Since DC([u)s) = {{[uls}}, C v [us if and
only if for any C’ and x’ such that C 2 ¢’
and u =, u’', C' =, s by (i) in Definition 3.1.

(3) (=) Assume that C =, A, ; si. Thus, for
some o € DC(/\,_, i), the pair (C, o) satisfies
the conditions (¢) and (44) in Definition 3.1.
Here, for each i € I, for some o; € DC(s;),
o= UZ.EI o by the definition of DC(/\ieI 8i).
For every i € I, since the pair (C,0;) satisfies
(7) and (i7), we have C =, s;.

(<) We can reverse the proof of (=).

(4) (=) Assume that C |=, \/,_; si. Thus, for
some o € DC(\/,_, i), the pair (C, o) satisfies
the conditions (¢) and (4¢) in Definition 3.1.
Here, for some ¢ € I, ¢ € DC(s;) because
DC(\,c;5:) = U;ec; DC(si). Hence, for some
iel, CEy s
(<) We can reverse the proof of (=).

(5) This is trivial because DC(K) = DC(s) if

def

K = s. 1

Proof of Lemma 4.1

Let G = (A, a0, A) be an action-sequence gram-
mar. If C' = GR(g), then it can be assumed that
C has the form PQ@p|Q@Qq without losing gener-
ality because GR () contains only requirements of
the form (a@p)s, [a@p]s, or [f]s, for two agents-
p and g. For proving Lemma 4.1, we prove that if
PQ@p|QQq |= GR(¢), then the following sub-lemmas
hold.

(14)

(4.1.1) PQ@p|QQq = ((ao end)), q);

(4.1.2) If PQp|QQq = ((d:1aaz end))

(pa

(,b) € A, then P@p|QQq |= ((d1bisz end)){, ),

) and

(4.1.3) If PQ@p|QQq |= ((@end)){, .,
then PQp|QQq = (G end))’

(psa)
where a,a; € A and ((@)){, ) is a Constant defined

as follows:
def

(@@ Np,e) = (Vozoldl"(@@P) (@), 0)
AN (ad ) (y,p) b € Nac}
AOT(ad’ )7y )

(eNipe) =t
By these sub-lemmas, it is easily shown by in-

duction that if PQp|QQq |= GR(g) and a € L(G)
then PQ@Qp|QQ@q = {((aend));

(p,a)
the definition of ((a end)) szQ)’

that for some P’, P 2% P’ This infers that for
some @', Pap|Qaq "ZX* prap|Qaq.

The base case (4.1.1) is easier than the other

Furthermore, by

we can easily obtain

cases. And a proof of (4.1.3) is a part of a proof of
the case (4.1.2). We show only a proof of (4.1.2).

Proof of (4.1.2) We show that the set R given in
Fig.8 is a satisfaction subset, where we assume that
every action name in Fig.8 is contained in Aeng.

The set R is divided into 13 subsets Ri,---Ris

*

(p,a) and

with respect to aiaaz in ((ai1adz end))
(a,b) € \ as follows:
e To copy a: from p to q: Ri,R2, Rs.
— To read a} from p where a; = aja: Ri.
— To wait: Ra.
— To require a} to q: Ras.
e To copy a from p to q, rewriting according to
(@,b) € A, where b # &: Ra,---,Rr.
— To repeatedly read a from p: R4.
— To wait: Rs.
— To require b to q: Re, Rr7.
e To copy a from p to q, rewriting according to
(a,e) € At Rs, Ro.
— To repeatedly read a from p: Rs.
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R = U1§i§13 Ri

R1 = {(P@p|QQq, ((aa1bsds)y ) : Jaa. (a2,b2) € A,
3Py. Py@p|QQq |= (ad1d2as3))(, q) A 0[a@p]0{aQq) RV}
R2 = {(PQ@p|QQq, [(Z)]"H(a@qM(albgag))(q p) 1 > 0,3ds. (dg,b2) € A,
3Py, Po@plQGq = [0]" (a8p) (@12 A OlaGplO(aBa) RW )}
Rs = {(PQp|QQq, (aQq) (@1b2ds)){, )) : 3aia. (a2, b2) € A,
3Py. Py@p|QQq = (G1G2d3))(,q) N 0(a@q) RW ()}

Ra = {(P@p|QQq, (bV'd')(yy)) : Fa. (a,bb) € A,
3Py Py@p|Q@q = (@@'){, q A [a@p]" (b6'@q)" EQEY}
Rs = {(P@p|QQq, [0]" (b@q) (V'a), ) : 36 = a1 -- S (i +1),
3Py Py@p|Q@q = [0]™ (@1 @p) - - - [0]"™ (am@p) (@) {5 q A [a@p]" (b6’ @Q)" EQY'}
Re = {(P@p|QQq, (bb'a")){, ) : TPo. Po@p|QQq [= (@), ) A (b6 @) EQEY}
Rr = {(PQp|QQq, (bQq) (b'a)(, ) : 3Po. Po@plQQq = (@), 4 A (b'Qq)” EQ(Z,‘)*)}

cAm. M 2 1,3711 (i<m)- n =

Ro = {(PQp|QQq, [0]" (a'Qq) (")) {4.5) :
cam.m > 1,30 Ing <my- =),

1§m(ni +1)+n +1,
3Py. Py@p|QQq k= [0]™ (a1@p) - -+ [0]"" (am@p)[0]" (0’ @p)((@" ) ;.o A [aGp]" BQED}

3&:(11”

Vo A Ola@pld(aQq) BQPY}

R = {(P@p|Q@q, (ad)7, ) : 3Po. Po@plQ@q = ((ad (o

Ru1 = {(P@p|Qaq, [0]"*" (a@q) (@) ) i 7 > 0,
3Py Py@p|Q@q = [0]" (a@p) (@) ,.q) A Ola@p|(a@q) EQED}
Ri> = {(PQp|QQq, (a@q) (@)}, ) : IPo. Po@p|QQq = (@), ) A D(aOq) EQEY}

Ri3 = {(P@plQ@q7 <<E>>Zq,p)) : P7Q € Bh}

Rs = {(P@p|Q@q, (a'a")7, ) : 3a. (a<) € A\, 3Po. R@p|QQq = (@a'a")}, o) A lap]* EQEY}

Fig.8 A satisfaction subset used for proving Sub-lemma (4.1.2)
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— To wait: Ro. The case of (C,s) € R4: Thus C = PQp|QQq,
e To copy as from p to q: Rio, R11, Riz2- = (bb'a @' Nigp (@ b') € A, and Py@p|QQq =
— To read aj from p where a2 = abas: Rio. ((”'))(P o A la@p]” (bb'@q)* Ex Q(p D) Let a =
— To wait: Ri1. ar---am. Since (a,bb') € N\, @ = a1---am # €.

— To require a5 to q: Riz. Thus m > 1. By the definition of ((aa

o To terminate: Ri3.
Then, for each (C, s) € R, we show that (C, s) satis-
fies the conditions (7) and (4¢) in Definition 3.1 for
some o € DC(s).
(C,s) € Ra,---

similar to and easier than these cases.

Here, we show only the cases

,R7 because the other cases are

,»Zp,q)’
for some n; (i<m), Po@p|QQq = [0]™ (a1@p)---
[0]"™ (am@p) (@) {5,q)- Now we set o as follows:

o = {[0)" (@G (B'a N s (DT Vo }

LB @RI(H iy + b € Nic)
where n = Ez<m(”1 4+ 1) > 1. Then, we can show

)
)
that o € DC((b'a')){, ,)-
)

Next, the conditions (¢) and (é¢) are considered.
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(¢) For any p and s', (u)s’ ¢ o.
(i) Let [u]s’ € o and P@p|Q@q -~ C' =

P’@p|Q’Qq. There are 5 possible cases.

1. The case; u = 0, s = (bQq)(b'a @' Niap)s
ny =0, and m =1 (i.e. n = 1): By the rules
Name and Com, @Q LN Q' is implied from
P@p|Q@q LN P’'@p|Q’@q. By the assump-
tion (Po@p|QQq = (a1@p){(a’)(, q), for some
P and Q" PyaplQaq " Rjap|Q"aq
{@')(pq- This transition implies that Q =
Q"”. Thus, Q" = Q" because the passage of

time is determinate. By the other assumption

time is possible, for some P, Py — Pj. These
transitions infer Po@Qp|QQq 2, Pj@p|Q’Qq.
Thus, by the assumption (Po@p|QQq |
@1[@]"* = (a1@p) - - [0]" (am@p) (@) {5, q))» We
have Fi@plQ'Gq k= [0 (a1@p) - (0]
(am@p) (@), because P@plQ@q
P;@p|Q’Qq. In addition, by the other assump-
tion (Py@p|QQq = [a@p]" (b)'Qq)” EQ(LY)
and the definition of [a@p]*, we have that
Py@p|QQq = [0][a@p]* (bb'@q)* EQEY. Thus,
P@p|Q'@q |= [a@p]* (b @q)* FQEY because
P,@p|Q@q o, P;@p|Q'Qq. Here, set 1<,

(Po@p|lQ@q = [ai1@p]* (bb'@q)* EQ(p q))7 we as follows: nj = n1 — 1 and nj = n; ;>9),
have that Pj@p|Q'Qq = (bb'@q)* EQ(Z,‘;) be- thus n — 1 = Zigm(n; + 1).  Hence,
cause Py@p|QQq {210} P;@p|Q"@q. Hence, (C',') = (P'ap|Q'@q, [0)" " (baq) (b'a @ Nap)
(C',s') = (P'@p|Q'@q, (b@q)('a)i,,) € € Rs because n — 1 = 3, (m + 1),

Piap|lQ'@q = [0]" (a1@p) - [0]" (am@p)

Rr because PiQ@p|Q'Qq | (@' ),q A 5
(@) o A [@P]" () Q)" FQ(E .

(bb'@q)" EQEY.

2. The case; =0, s = [0]" " (bQq) (b'a");, 4. The case; p = 0 and s’ = (bba @' Mgp):

(ap)?

ni =0, and m > 2 (ie. n > 2): In the In the same way as the previous case 3, for

some Pj, we can show that Py@p|QQq LN
Pj@p|Q'@q |= [a@p]"(bb'@q)" EQEY. Then,
since Py@p|QQq [= ((aa’))(, ), we have that
PO@P|Q,@q ': <<~~,>>(p q) because <<a’a’ >> (p,q) re-
quires [0]{(@a"), - Hence, we obtain that
(€.s) = (PaplQaq (BFd)yy) € Ri

same way as the previous case 1, we have
that Q — Q' again. Since P,@p|QQ@q E
(a1@p)[0]"*(a2@p) - - [0]" (am@P) (@ N
for some Pj, Py@p|QQq {a18p} Pj@p|Q’'Qq =
[0]"2{a2@p) - - [0]"™ (am@p) (@) (5,q) because
the passage of time (Q SN Q') is deter-

minate. Furthermore, since Py@p|QQ@q £

because (@,bb’) € A and Pj@Qp|Q'@Qq |=
~~ 71 ( )
d[a1@p][as - - - 4, @p]* (bb'Qq)* EQ(Z,‘;), we have (@a’) (5, N [@Qp]" (0b'Qq)" EQ ¢ o q

Py@p|lQ'@q = [asz - - am@p|*(bb'@q)* EQ(P 9 5. The case; u = {b"@p} and s’ = (bb'a’);,
Here, note that n — 1 = 22<i<m n; + 1) be-

By Name and Com, @ SN Q' is im;;:d
from PQ@p|QQq {t"p} P'@p|Q’'@q. In the
same way as the previous case 4, we have
Py@plQaq - Pj@p|lQ'aq {aa’N o9 N
[a@p]* (bb'Qq)* EQEY. Hence, (C', ') € Ra.

cause m > 2 and n1 = 0. Hence, we obtain
(C’,s") = (P'@p|Q'Qq, [0]" " (b@Qq) (B'@' ), »)
€ Rs because m > 2, n—1 = Z2<i<m(m +
1), Py@p|Q'Qq = [0]"2 (a2@p) - - - [0]"™ (am @p)

(@ N fpq A a2+ am@p]* (bb'Qq) " BQED.
Th f (C, Rs: Th C = PaQ Q
3. The cases ju= 0, o' = " (paq) (Fa) iy, o o OF (@8) € Rat Thus, plQ@q,
s = [0 (bQq) (Bd) gy, @ = ar--

ny > 1, and m > 1, (ie. n > 2): At first, we . . s
Py@p|QQq = [0]™ (a1@p)- - (0] (am@p) (@) {5,q)
Aa@p]* (bb'Qq)* BQEY, and n = 37, (ni +1).

*Am, M 2 17

have that @ SN Q' again. Since the passage of
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Since n > 1, we set 0 = {[(2)]”(1;@@((5’&’»;‘%)},
then o € DC([0]" (bQq)(b'a aNiap)-
Next, the conditions (¢) and (i¢) are considered.
(i) For any p and s, (u)s’ ¢ o.
(ii) Let [u]s’ € o and P@p|Q@q -~ O’ =
P'@p|Q'Qq. Thus, s’ = [0]" " (b@Qq) ('a"),
1 = (. There are 3 possible cases, but these are the

») and

same as the above cases 1, 2, and 3 for (C,s) € Ry4.

Hence, we can obtain that (C', 8') € Rs URx.

The case of (C,s) € R¢: Thus, C = PQp|QQq,
(BV'a"Niyp, Po@PIQAq [ (@) A
(bb'@q)*EQEPG‘}). Now we set o as follows:

o = {(bQq) (b'a") g ), 010D ) [y )}

LB @RI(H @)y + b € Nic)

In this case, ¢ € DC({(bb'a @' Niap):

Next, the conditions (¢) and (i) are considered.

(1) Let (u)s’ € o. Thus, u = {bQq} and s’ =
(t'a")iyp- Since Py@p|QQq k= (bb'@q)* EQ(E;‘)‘),
for some (P3,Q'), Py@p|Q@aq ¥ pjap|Q'aq
(b'Qq)* E Q(P Y Furthermore, since P,@p|QQq |=
(@' ) (p.q> We have Py@p|Q'Qq = (@), ,) because
(@) p.q requires that [bQq](@ ), q-
Name and Com, for some P’, PQp|QQq

P'@p|Q’Qq because Q LN Q@' and the passage of

s =

time (P SN P’) is always possible. Then, the fol-
lowing three cases are considered.

1. The case; b’ # e: (P'Qp|Q’Qq, (b'a
Re because Py@p|Q'@q kE
(b'@q} EQ(PCL)

2. The case; l~)’
a': Since Pj@p|Q'@Qq EQ(p q), we have
Pyap|Q'Qq = 8[a1@p]8<a1@q>EQE%?) because
a1 € Aena. Hence, (P'Qp|Q’'Qq, ((a1a2)){, ) €
Rio because PiQ@p|Q'Qq | ((a1a2))(,q A
0Ola1@p] 3<a1@q>EQ(P i

3. The case; b = @’ = e: (P'Qp|Q’'Qq, (N ap)
€ Ris.

(ii) Let [u]s’ € o and P@p|Q@q -~ C’

P’'@p|Q’@q. There are two possible cases.

>>(‘1»P)) €
<< >>(p,q) A

= ¢ and for some aiaz =

No. 5 Sep. 2003 17

1. The case; u = @ and s = ((bb'a a'Nap):
By Name and Com, Q — Q'
from PQ@p|QQq 2, P’@p|Q'@q. This infers
Py@p|Q@q %+ Pj@p|Q'@q for some P be-
cause the passage of time is always possible.
Thus, since Py@p|QQq [= (@'){,q
P@pIQ'@q = (@) because (@)7,q e
quires [0](@")){, - Also, since Po@p|QQq |=
(bb'@q)* EQ(Z,‘;), we have that Pj@Qp|Q'Qq |=
(bb'@q)* EQY because (bb'@q)* EQEZY re-
quires [0](bb’ @q} EQ(Z,‘;) (c',s"y =
(P'@p|Q'@q, ((bb'a’Y) (op)) € TR because

P@p|Q'Qq = (@), q A (00/QQ)" EQEY.

2. The case; u = {b"@p} and s’ = (bb'a');,

is implied

we have

Hence,

(a.p)°

By Name and Com, Q — Q' is implied
from PQp|QQq i 3 P'@p|Q’'@q. In the

same way as the previous case 1, we have
0 ~ 7\ *

Po@p|QQ@q — Pi@p|Q'Qq E (@ )q A

(bb'@q)* EQIY . Hence, (C',s) € Re

The case of (C,s) € Ry: C = PQp|QQq,

s = (bQq) V'), Po@plQQq = (@), A
(bb'@q)* BQEY. Now set o = {(b@q)(H'a'){, )},
then o € DC((bQq)(b'a @' )){qp))- Hence, this case is

the same as the case (i) for (C,s) € Re. 1

Proof of Lemma 4.2

Since CB(¢) has no Timeout operator, the tran-
sition CB(gy \"Z%™ implies that CB(g) ' =,
Thus, Bhg) L We prove that, for any n > 0,
if Bhign) ——2%, then @ € |, £(G), by in-
duction over n. )

e The base case (n = 0): If Bhg 0 [, e P,

then @ = ao € LO(G).
e The induction case (n + 1 > 1): Let

a end

Bhg,n+1) —— P’. By the definition of
Bh 1) = Rw(g)(Bh ), there are two
possible cases as follows:

— For some P”, Bh,n) L, P oand
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P'" = Rw () (P"). Hence, by induction,
i€ U<, £G) CUicpsy £7(E).

— For some aiazas and b2, a = aibeaas,
Bhg,) —5-222,%% P and (a2, bs) €
A Hence, by induction,
U< £9(G).
Uicnin LD(G), because (az,bs) € A.

ai1az2a3 €

Finally, @ = daibeds €

Proof of Lemma 4.3

We show that the set R given in Fig.9 is a
satisfaction subset, where Aena = A U {end} and
P C4 @ means that P is a summand of @, thus
Q=---+ P+ ---. Furthermore, BK is the set of
behaviors which have neither Timeouts nor Con-
Thus, if P € B and P —— P’, then
P = P’ € BIP. For example, Bh(g) € BIY. Ev-
ery behavior P, P',Q,Q’,--
tactically assumed to be contained in BF.

The set R is divided into 18 subsets R1,- - Ris

stants.

-, used in this proof is

as follows:
e To collect all the action-sequence: Ri.
o Toidle: Ry,..5
e To require the initial action: Rse,7.
e To copy (p — q) with rewriting: Rsg,.
e To copy (p — q) before rewriting: Rio,..
e To copy (p — q) after rewriting: Ris,...,15.
e To copy (9 — p): Ris,.
Then, for each (C,s) € R, we show that (C, s) sat-
isfies the conditions (¢) and (i¢) in Definition 3.1 for
some o € DC(s).

’

The case of (C,s) € Ri: Thus, C = CB(g) and
s = GR(g). Since GR(g) has no Disjunction, there
is an unique o such that o € DC(GR(g)).

(i) Let (u)s" € o. By the definition of GR (g, p =
{ao@p} and s’ = d(end@p)tt. Here, Bh(gg) —>
Thus, CB(g, %' end.IGp|Bh g Qq.

Hence, (end.1@p|Bhg)@q, s’) € Rs.

end.l.

(18)

(i7) Let [u]S" € o and CB(g) —— C'.

definition of GR(¢), there are four possible cases as

By the

follows:
1. The case; p = {a@p}, s’ = [a'Qp|*(bQq)*
EQEZ‘;*), and (ad’,b) € A: Thus, for some P’,
Bh) — P’ and ¢’ = P'@p|Bhg)@q be-

cause CB (g e gyel Furthermore, by the

definition of Bh(g), for some n, Bhg ,) SN
P' and Rw(g)(Bhg.n) = Bhgaiy Ci
Bh(g). Hence, (C',s") € Rs.

2. The case; p = {a@p}, s’ = 9(a@Qq)RW g,
and a € Aena: For some P’, Bhg, 2, P’ and
¢’ = P'Gp|Bh,gQq because CB(g) % ¢,
Hence, (C’,s") € Ri1.

3. The case; u = {a@Qq}, s’ = 0{a@p)E Q(”,
and a € Aena: For some P’, Bhq, 2, P’ and
' = Bhg)Gp| P'@q, because CB(g) ¥ ¢,
Hence, (C’,s") € Raz.

4. The case; u = 0 and s’ = 9{ap@p)J{end@p)tt
or ' = [a@p|* (baq)*EQEY ((a,b) € A) o
0]a@p]d(a@q) RW gy or 8[a@cﬂa<a@p>EQEZ,})7
Since CB ¢y has no timeout, we can infer that
CBg) Lo = CB(). Hence, (C',s) €

U2§i§5 Ri.

The case of (C, s) € Ra2UR3UR4URs: The proof
of this case is completely included in the above case

(C, S) € Rl.

The case of (C,s) € Re:
the case (i) in the above case (C, s) € R1.

This case is similar to

The case of (C,s) € R7: Trivial.

The case of (C,s) € Rs: C = P'@p|QQq, s =
[@'@p]* (baq) EQEY, P > P/, Rwe)(P) St Q
and (aa’ 7b) € A. This case is divided into three
sub-cases with respect to the lengths of @ and b as
follows:
1. The case; In this
case, by the definition of Rw g (P), P’ C4

¢ = ¢ and b = &
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R = Ui§18 Ri
R1 ={(CB(c),GR))}
R2 = {(CB(g), 0{ao@p)0({end@p)tt)}
Rs = {(CB(q), [a@p]" (b@q)" EQEY) : (4,b) € A}
R4 = {(CB(g), 0[a@pl0(aQq) RW () : @ € Aena}
Rs = {(CB(q), 0[a@q)d(a@p) EQEY) : a € Awa}
Re = {(end.I@p|Q@q, d(end@p)tt) : Q € BH’'}
Rr = {(PQp|QQq,tt) : P,Q € BI{'}
Rs = {(P'@p|Qaq, [@'@p]" (baq)* EQY) : Q € BK,
3P € BI. RW(G)( )C+Q P—>P, (~~l b)€>\}
Ro = {(P'@p|QQq, (b@Qq)* EQ(" ?Y):Qe BIY,3P € BIY. P Cy Q,P . py
RlO = {(P@P|Q@qa RW(G)) : P7 Q € Bh87RW(G)(P) g+ Q}
Ri1 = {(P'@p|QQq, d(a@q)RW () : Q € BK’,3P € BIY. Rw()(P) C+ Q,P - P’}
Ri2 = {(P@p|QQq, d[a@p]d(a@q) RW g)) : P,Q € Bl ,Rw(c)(P) C+ Q}
Ris = {(P@p|Qaq, EQEY) : P,Q € BIY, P C1 Q}
Ris = {(P'Gp|QQq,0(a@q) EQEY) : Q € BIY,23P € BI’. P C1 Q, P - P'}
Rus = {(P@p|Q@q,d [a@pwm@qw@gg? ): P,Q € BIY,P Cy Q}
Ris = {(P@p|Paq, EQEY) : P € BI’}
Ri7 = {(P@p|P'Qq,d <a@p>EQg<g; ): PeBW, P P}
Ris = {(P@p|Paq, d[a@q)d(a@p) EQ(EY) : P € BK'}
Fig.9 A satisfaction subset used for proving Lemma 4.3
Rw(c)(P) C+ Q because P~ P’ and s = oa"agEQEY, P’ £ P, and
(a@',b) = (@,¢) € \. And there is an unique o P C, Q.
such that o € DC(s) = DC(EQE%;? )- (b) The case; s’ = 9[a” @pld{a ”@q}EQ(g‘)l)
(i) o has no requirement of the form (u)s’. and p = 0 (idling): Thus, C = C’ be-

(i) Let [u]s’ € o and C - .
inition of EQ(P )

possible.

(a) The case;

By the def- cause C = P'Qp|QQq L. ¢ and P.Qe

(&) » the following two cases are BF. Hence, (C',s") € Ris because C’' =
P'Gp|QQq, s = 0]a"Op|0{a" Gq) EQ(E
s = 0(a"aq)EQEY and and P' C4 Q.

u = {a”@p}: Thus, for some P, P’ N
P" and C' = P"@p|QQq because C' =
P'@p|lQaq ‘" ¢ and Q € BIY (ie. if
Q - Q then Q = Q"). Hence, we obtain
(C',s") € Ria because C' = P"@p|QQq,

2. The case; @ = ¢ and for some bib' = b: In
this case, Rw (g (P) b5 pr YL P because
P -2 P’ and (a@',b) = (a,bi1b') € A. Now, we
set o as follows:
o = {(b:6q)(Faq) EQES,
0618 @q)* EQEEY ),
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then o € DC((b1b'Qq)* EQ(*;,?) = DC(s).
(i) Let (u)s’ € o. Thus s’ = (V'Qq)*E Q(Pq)
and p = {b1Qq}. We can infer C 0108 o =
P'@pl[b.P'@q from Rwc)(P) — B'.P’ be-
cause Rw(g)(P) €4 Q and C' = P'@p|QQq.
we obtain (C',s') € Ro
C' = P'aplh.P'Qq, s' = (Qq)* BQEY, and
vp P

(ii) Let [u]s’ € o and C -5 C’. Thus, s’ =
(b1b'Qq)* EQE%,? and g = 0. Since C 2, o
= C = P'Qp|QQ@q. Hence, we ob-
tain (C’,s’) € R, because C' = P'@Qp|QQq,
s = <B@q>*EQgg§>, Rw()(P) C+ Q, and
Rw ) (P) - P'.

Hence, because

we have C’

3. The case; @' = a1a” for some aia”’: Now, we

set o as follows:
o = {[a16p]["Gp)* (40q)* BQEY,
[0)a’ @p]* (b@q)” EQEL},
then o € DC([a1a" @p]* (bQq)* EQEZ,‘;‘)).
(i) o has no requirement of the form (u)s’.
(i) Let [u]s’ € o and C = €. There are two
possible cases as follows:

(a) The case; s’ = [&"@p]*(g@q)*EQEZ‘;)
and ¢ = {a1@p}: Thus, for some P”,
P2 P" and ¢’ = P"@p|Q@Qq be-
cause C = P'@p|QQq {algp} C’. Hence,
(C',s") € Rs because C' = P"Qp|QQq
' = [a"ap|]* (haq) BQEY, P X% PV,
Rw(e)(P) C4 Q, and (@a1a”,b’) € A

(b) The case; [a’@p]* (b@q)* EQ Pq)

s =

and u = (: Since C l>C,C' EC.
Hence, (C’,s’) € Rs, because C' = C and
s’ =s.

The case of (C,s) € Ro: C = P'@p|QQq, s =
(b@q)* EQ(Z,‘;), PCy Q,and P —*, P'. This case
is divided into two sub-cases with respect to the
length of b as follows:

1. The case; b = e: In this case, P = P’ because

P -5 P’. This case is exactly the same as the

(20)
sub-case 1 in the previous case of (C,s) € Rs
because P’ C1 Q.

2. The case; b = byb': In this case, for some P,
p P 2, P’ because P - P'. Hence,

this case is exactly the same as the sub-case

2 in the previous case of (C,s) € Rg because

P—>P1—>P’andPC+Q

The cases of (C,s) € Rio,...,18¢

similar to and easier than the cases Rs,9. 1

These cases are

Proof of Proposition 5.1
Let v1,v9 C Acts, Uy, Uy C ./\/('Lg, and V1 NW¥y =
(. We show that the following R is a (v12)-im-

satisfaction-subset, where v12 = (11| ¥1)U (v2|V2).
R = {(C1|C2, 51]52) : Vi € {1,2}.

Let (C1]C2, 51|S2) € R.

(i) Let C1|C2 - €. By Com, it implies that
for some (p1, pa, C1,C2), C1 5 Cf, Co 225 €4,
C1|Cy. For each i € {1,2},
since C; F,, S;, for some Sji, S; S; and
C; -y, Si. Furthermore, u Nviz = pN ((11|¥1) U
(12l W2)) = (kN (1] ¥1)) U (0N (12l ¥2)) = (pa N
(1l W1)) U (p2 N (2] W¥2)) = (1 Nv1) U (p2 Nv2)
because agn(u;) C Agn(C;) = ¥, and ¥1 NPy = (.
Finally, by the definition of the im-Constant S1|S2,
S1]S2 AOve2 51|55 because S h L S1 and So Hae
S5. Furthermore, we have that (C1|C5,S1|S3) € R
because for each i € {1,2}, agn(C;) = agn(C;) =
U; and C/ -, S.

=1 Upsz, and O’ =

pi Mg
—

(#4) By a symmetric argument with (7). 1

Proof of Proposition 5.2

Let v C Acts. We show that the following R is
a (v)-im-satisfaction-subset.

R ={(C\M,S\M') : res(act(C),M,v) C M,

Ch, S, M' ={unv:peM}}
Let (C\M, S\M') € R.



(21)

(i) Let C\M - D’. By Res, it implies that for
some ¢, C 5 ', p e MU{D}, and D' = C'\ M.
Since C' k-, S, for some ', S #7% " and O+, .
Here, pnv e {u' Nv:p € MU{0}} = M U {0}
because u € M U {0}. Hence, by the definition of
the im-Constant S\M’, S\M' 2% §'\ M’ because
S ™ 8" and pnv € M’ U{0}. Furthermore, we
have that (C'\M,S'\M’') € R because C' I, S’
and act(C’) C act(C) (ie. res(act(C’),M,v) C
res(act(C), M,v) C M).

(i) Let S\ M’ ~“ T'. By the definition of
the im-Constant S\ M’, for some S, S R S’
w e M'U{p}, and T" = S'\M’. Since C +, S,
for some po and C’, p' = po Nv, C 2% C' and
C’ +, S’. By the definition of act(C), we have
po € act(C) because C X% ¢,

e The case; ' # 0 and po # 0: Thus u' €
M ={unv:u€e M} because p' € M’ U{0}.
This means that for some p € M, ' = pNv.
Then, po =, p because o Nv = p' = pNo.
Therefore, po € res(act(C),M,v) C M be-
cause po € act(C), p € M, and O # po =, p.

e The case; ¢/ = 0 and po # 0: Thus, po =, 0
because po Nv = ' = @. Therefore, po €
res(act(C), M,v) C M because uo € act(C),
0 e MU{0}, and @ # po = 0.

e The other case; thus po =0 € M U {0}.
Consequently, always uo € M U {0}. Hence, by
Res, C\M X% C’'\ M is inferred from C' £% ¢’
and po € M U {0}. Furthermore, we have that
(C'\M, S"\M") € R because C' -, S" and act(C") C
act(C). 1

Proof of Proposition 5.3
Let p,v C Acts. We show that the following R
is a (v N p)-im-satisfaction-subset.
R={(C,S/un):CkF, S}
Let (C,S/p) € R, thus C'+, S.
(i) Let C X% C'. Since C +, S, for some S,
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S Y 8" and €', S'. By the definition of the
im-Constant S/u, it infers that S/u #1R00w) S’ /.
Here, (C',S"/u) € R.

(#4) By a symmetric argument with (7). 1

Proof of Proposition 5.4

Only if part (=): Let v C Acts. We show that

the following R is a (v)-satisfaction-subset.
R={(S,s):CtF,S,C k., s}

Let (S,s) € R, thus C F, S and C |=, s. Since

C =y s, for some o € DC(s), C =, No.

(i) Let {u)s" € o. Since C =, A\ o, for some C’
and u', C LN C'y =, ', and C' =, s'. Also,
since C' I, S, for some §', § %% &' and ' I, .
Hence, (S',s") € R because C' +,, S’ and C' =, .
Here, p =, ¢/ Nv because p =, p’ means that
pNv=pNv=Env)nv.

(i) Let [u)s’ € o, S > &, and pu =, 4.
Since C' +, S, for some C’ and p”, ¢/ = p' Nv,
c C’, and C' -, §’. Here, u =, p’ because
pNv=p' Nv=("Nv)Nnv=yp"Nv. Thus, since
C Ev Ao, we have C' =, ¢’ because [u]s’ € o,
C N C’', and p =, p”. Hence, (9,5") € R.

If part («<): Let v C Acts. We can prove
that the following R is a (v)-satisfaction-subset by
a symmetric argument with the “only if part”.

R={(C,s):CkF, 585 E, s}

Proof of Proposition 7.1
Only if part (=):
Sp2(C) defined as follows:

Spo(C) ={s € °: C |z, S}

where Sp° is defined by removing Constants (re-

In this proof, we use a set

cursion) from Sp. In this case, for any s € Sp°, a
negative specification —s (i.e. C = —s iff C £ s)

is inductively defined by a well-known way as fol-
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lows: —(u)s = [u]=s, —[pls = (u)=s, =\, 80 =
\/iel -84, and — VieI Si = /\ie] —Si-

We show that the following R is a (v)-im-
satisfaction-subset because Sp,(C) = Sp, (D) im-
plies Sp)(C) = Sp(D).

R ={(C,S):3D. $P2%(C) = Sp%(D),D +, S}

We use a contradiction, thus assume that for
some (C,S) € R, either

(=) for some p and C’, C £ ¢, for every S

such that S 225 8, (C', ') ¢ R, or

(—ii) for some p and ', S+ S, for every C”

and g’ such that C . ¢ and w=u Nu,
(C',S) ¢ R.
Since (C,S) € R, for some D, Sp%(C) = Sp%(D)
and D F, S. First, assume (—i), thus for some u
and C¢’, C 5 C’. And set p; and D; (i € I) as
follows:
(s D) i € Iy = {(/, D) s D #5 Dy =, '}
Then, for each i € I, for some s;, C' | s; and
D; E£ s; as follows:
Since D F, S, for some S;, S gy S; and D; F,
S; because D X% D;. Here, s Nv = pNv
because p =, p;. Thus, by (=), (C',S;) ¢ R.
Furthermore, by the definition of R, Sp2(C”) #
Spg(Di) because D; +, S;. Hence, for some
s; € 5p°, C' = s; and D; B si.
Now set s = (u)(/\,o; s:) € Sp°. Then, C |= s be-
cause C - C" and for every i € I, C' = s;. On
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the other hand, D k£ s because for any transition
such that D %5 D’ and u =, p', for some i € I,
D' = D; H s;. But, they (C |= s and D E£ s) con-
tradict the assumption Sp%(C) = SpS(D). Hence
(—i) is impossible.

The second assumption (—ii) is also impossible

by a symmetric argument with the case of (—i).

Consequently R is a (v)-im-satisfaction-subset.

If part («<): Assume that ISp,(C) = ISp.(D).
Here, ISp.(C) # 0 because C F, imsp,(C), where
imsp,(C) is defined in Section 7. Thus, for some
S,Ct,Sand DF, S.

We show that the following set R is a (v)-

satisfaction-subset.

R={(C,s):35.C+, S,Dt+, S,D =, s}
Let (C,s) € R, thus for some S, C+F, S, D+, S,
and D =, s. Since D =, s, for some o € DC(s),
DE, /\0’.

(i) Let {u)s’ € o. Since D =, Ao, for some
D’ and u/, D A D', u=,p,and D |, s
Also, since D F, S, for some S’, S WO ' and
D'+, S’. Furthermore, since C I, S, for some C’
and p’, ' Nv=pu"Nv, C L C' and C' -, S,
Hence, (C’,s’) € R because C' +, S, D' +, S,
and D' =, s’ And, p =, p' =, p”".

(i) Let [u]s’ € o, C LN C’, and p =, p/. Then,
we can show that (C’,s") € R by a symmetric ar-

gument with the case of (i). 1



