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Abstract. We present two logics that allow specifying distributed infor-
mation systems, emphasizing communication among sites. The low-level
logic D0 offers features that are easy to implement but awkward to use for
specification, while the high-level logicD1 offers convenient specification
features that are not easy to implement. We show thatD1 specifications may
be automatically translated toD0 in a sound and complete way. In order to
prove soundness and completeness, we define our translation as a simple
map of institutions. Our result may be useful for making implementation
platforms likeCorba easier accessible by providing high-level planning
and specification methods for communication.

1 Introduction

High-level planning, modeling and specification methods for distributed in-
formation systems are not yet well understood, especially when it comes to
communication. As is typical also for other areas, we have low-level con-
cepts that are easy to implement but not adequate for specification, and we
have high-level concepts that are closer to the ways application people think
and argue, so they are more convenient to use for modeling and specification,
but are not easy to implement efficiently.

This paper shows how to bridge the gap in one particular respect: speci-
fying and implementing synchronous communication in object systems.
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LogComp, and ESPRIT IV Working Groups 22704 ASPIRE and 23531 FIREworks.
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In [ECSD98], we presented the basic idea of two distributed logics, both
capable of expressing communication among objects, one low-level and one
high-level. We showed by example how useful the latter is for specification,
and how formulae of the high-level logic may be automatically translated
into formulae of the low-level logic. The latter corresponds with concepts
incorporated in Troll3, a specification language research prototype devel-
oped in the first author’s group.

In this paper, we give simplified versions of the two logics that keep the
essential features, though. Then we formally describe the translation process
and prove that it is sound and complete.

In a sense, this paper gives the theoretical underpinning for ideas pre-
sented informally in [ECSD98]. We have taken care, however, to make the
paper self-contained.

Among the logic-based formal methods used for specifying informa-
tion systems, the work reported here is based on experiences with devel-
oping theOblog family of languages and their semantic foundations.
Oblog is being developed into a commercial product [Esp93]. In the
academic realm, there are several related developments:Troll [JSHS96,
HJ95,EH96,Har97], Gnome [SR94], Lcm [FW93] and Albert
[DDPW94].

There are other approaches to formal object specification with a sound
theoretical basis. The ones most closely related to ours areFoops [GM87,
RS92,GS95] andMaude [Mes93]. Foops is based onObj3 [GW88]
which is in turn based on equational logic.Maude is based on rewriting
logic that is a uniform model of concurrency [Mes92].

In theOblog family, Troll3 [DH97] is the first to address problems
of concurrency and communication, and to integrate benefits from infor-
mal methods like OMT [JWH+94]. So there is a graphical notation for
Troll3 calledomTroll. Theoretical foundations of concurrency as ap-
plied to this approach have been explored in [ES95,Ehr99,Kus97], among
others. [EH96] gives a brief overview of Troll3 andomTroll and their
logic foundations. Troll does not only have a formal syntax and seman-
tics, but also a method and a workbench [HDK+97,GK97]. The approach
is being developed along with a practical application project [KKH+96,
HDK+97,GK+98].

For specifying and reasoning about concurrent and distributed systems,
two major approaches have been advocated. On one hand, there was a sys-
tematic study of the relations and equivalences between behaviours of sys-
tems that started in [Mil80] and was subsequently pursued by many people
working in process algebra [Hoa85]. On the other hand, the use of modal
logics [Gol92] for characterizing properties of systems has evolved from
the early works of Floyd [Flo67] and Hoare [Hoa69] on reasoning about
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programs. Among them we mention in particular dynamic logics [FL79,
Har79,Pel87], temporal logics [Pnu77] and, more recently, logics of knowl-
edge [FHMV95].

The distributed logics defined in this paper are based on temporal logic
and an extension towards concurrency calledn-agent logic. Temporal logic
has been successfully applied to a number of reactive systems specification
problems [MP92], it is the simplest logic that can not only deal with safety
properties but also with liveness properties [Lam77].n-agent logic was
introduced and developed in [LT87,LMRT91,LRT92,Thi94,Ram96]. An
agent corresponds to an object that may be thought of as a site in a distributed
system.

There are several distinct approaches to reasoning about concurrency
within the framework of temporal logic. The first and simplest accepts the
naive view of a concurrent system modelled by nondeterministic interleav-
ing together with adequate assumptions of fairness [GPSS80,Fra86] on the
execution of its components. The use of branching temporal logics likeUB
[BAMP81], CTL [CE81] orCTL∗ [EH83] and even of linear temporal logic
for such purposes has been deeply studied [Pnu77,MP92,Wol95,Pen95]. In
particular, most of the work on temporal logics for information systems and
object orientation we rely on has been developed in this setting (e.g. [Ser80,
SFSE89,FM92,SSC95,SSR96,DRCS97,SSC98]).

However, certain “subtleties” of concurrent systems are lost under such
simplifications (see, for instance, [Pra86] for a discussion on the subject).
The need for a precise notion of causality as reflected by the time structures
adopted for the logics led to the study of partial order temporal logics [PW84,
KP87,Pen95].

The basic difference is that the assumption of an omnipresent observer of
the entire system being considered is dropped and replaced by a local causal
perspective. It is the case of the logics for partially ordered computations
introduced by Pinter and Wolper [PW84], of interleaving set temporal logics
[KP87] and of temporal logics for reasoning about distributed transition
systems [LPRT95], systems with product state spaces [Thi95a], occurrence
nets [Rei92] and event structures [Pen88].

n-agent temporal logics can be found within the latter. They adopt event
structures [Win87] enriched with information about its sequential agents
[LT87] as models of concurrent systems.

This approach already complies with the fact that the view each individ-
ual agent may have of the whole distributed system at a particular instant in
time is partial, due to the relative autonomy and spatial separation between
agents, and has to be supported by communication [LRT92].n-agent logics
can explicitly distinguish sequential agents (localities) in the system, refer
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to the local viewpoint of each agent, and express communication between
agents (the major feature of distribution) [LT87,LRT92,Ram96].

Several versions ofn-agent logics can be found, still reflecting different
perspectives on how non-local information can be accessed by each agent
[Ram96]. The logicsD0 andD1 we propose assume that an assertion about
another agent is only possible at a communication point. But for instance,
the logics in [LMRT91] assume that, at each instant, the actual information
about another agent is the one corresponding to the last communication with
it.

Other n-agent logics [Ram96] do even consider the existence of a
“present knowledge” modality allowing reference to non-local properties
of agents, cf. [KR94].

In the following section, we outline by example the ideas ofD0 andD1,
their translation, and their use in an application case study. In section 3, we
present syntax and interpretation of the two logics. The interpretation part
refers to event structures but is kept as elementary as possible. In section 4,
we give a detailed and precise account of how to reduceD1 specifications to
D0 specifications. In section 5, we prove soundness and completeness of this
reduction. To this end, we get into the institutional framework as defined
by [GB92] and define our translation as a simple map of institutions as
defined by [Mes89]. Our soundness and completeness results follow from
well known results about institutions and their maps. Finally, concluding
remarks in section 6 sum up the message of the paper and outline possibilities
for further work.

2 Example

Suppose we want to specify that“I will next call Jean and tell her to call
you afterwards”.The statement talks about a distributed system with three
objects: I (i), Jean (j), and you (u). It says thatu hears fromi thatiwill next
call j and tell her to callu sometime later. The following picture illustrates
the communication structure.5 denotes “now”, the point in time when the
above is uttered.

. . . • . . . • //

. . . • • //

. . . • . . . • //
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5

Fig. 1. Communication structure of example
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p ≡ “ u hears fromi that he will next callj and tell her to callu
sometime later”;

q ≡ “ i callsj and tells her to callu afterwards”;
r ≡ “ j callsu”.

Formally, the assertions may be expressed as follows. Letx.ϕ mean that
the formulaϕ holds true for objectx, and letx.@y mean thatx is currently
communicating withy.

u.p: in u, p holds true;
i.(p⇔ (@u ∧ (X q))): in i, p means that there is communication withu,

andq will hold next;
j.(q ⇔ (@i ∧ (F r))): in j, q means that there is communication withi,

andr will hold sometime in the future;
u.(r ⇔ @j): in u, r means that there is communication withj.

The fact thatp, q andr denote communications may be expressed by
u.(p⇒ i.p) andi.(p⇒ u.p),
j.(q ⇒ i.q) andi.(q ⇒ j.q),
u.(r ⇒ j.r) andj.(r ⇒ u.r),

wherep is shared byu andi, q is shared byi andj, andr is shared byu
andj. In technical terms, “p is shared byu andi” means that there are two
distinct propositional symbols,u.p andi.p, and the same forq andr.

The formulae are all localized, they state facts from the viewpoints of
objects. The communication expressions used so far are basic and simple
synchronisation tags and state predicate callings:

– @y is a synchronization tag, expressing that there is communication with
y, and

– (p⇒ y.p) is state predicate calling, expressing that ifp holds, then there
is communication withy, whereuponp holds fory as well.

These are the communication primitives of our communication logicD0.
These primitives are used in the kernel version 3 of the Troll specification
language. It is straightforward to translate them toC++ [HDK+97,GK+98].

This way of communication specification, however, is rather low-level.
It is awkward because it requires to introduce auxiliary communication
predicates,p, q andr in our example, that have no direct real-world meaning,
and it requires to introduce many detailed assertions of a purely technical
nature.

A higher-level way of expressing communication is conceivable if we
allow arbitrary statements about other objects within objects. Following
this idea, the above example may be expressed as

u.i.(X j.(F @u)).
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In D1, we may writei.j. true which has the same meaning asi.@j. So the
above formulae is equivalent tou.i.(X j.(F u. true)). Locally for u, an
assertion abouti is being made, namely that(X j.(F @u)) holds fori. The
intended meaning is thatu learnsthe truth of this formula fromi, namely
that nextj.(F @u) will hold. The latter means thati learns fromj: in her
local view,(F @u) holds. This means that, sometime in her future,@u will
hold: she will communicate withu.

This is the idea of communication logicD1: any assertion about any other
object may be made, meaning that there is communication with that other
object, and the assertion holds in this other object while communication
takes place.

Note that theD1 formula captures all the information that the above
set ofD0 formulae expresses. So there should be a way to recover theD0
specification from theD1 specification. And indeed there is, as we show in
the subsequent sections.

First, however, we demonstrate the usefulness ofD1 by a real-world
(though largely simplified) example adapted from [ECSD98]. The example
is about business process modeling and is extracted from a national German
project in which the first author is involved. A brief description of this project
is useful for getting a feeling howD1 can be used. The project is a cooper-
ation with group 3.4 within PTB (Physikalisch Technische Bundesanstalt)
in Braunschweig, the German federal institute of weights and measures.
Group 3.4 is concerned with testing and certifying explosion proof electrical
equipment such as motors, switches, etc., so that it is allowed to be operated
in hazardous areas. The assessment procedure consists of testing the for-
mal and informal documents, checking the design papers (mostly technical
drawings), and the tests which are carried out. The group is divided into
three subgroups dealing with experimental tests in the laboratories, basic
administration work, and design approval, respectively.

Clients contact group 3.4 and ask for the certification of a specific elec-
trical device. Administration employees then talk to them and to employ-
ees from the laboratory and from design approval. In some cases, design
approval employees directly contact the client to ask for missing formal
documents, technical drawings, etc.

In particular, the following actions take place during the business process
of certifying an electrical device. A client may request the certification of an
electrical device (cert-req). This implies that the administration officer or-
ders sometime later appropriate tests at the laboratories (test-ord) and design
approvals (appr-ord). The corresponding subgroups answer these queries
by returning the results of the tests (test-res(b)) and design approvals (appr-
res(b)), respectively, whereb ∈ {true, false}. Depending on the results,
the administration officer decides whether a certificate is issued (cert-dec).
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Often it is the case that some formal documents are missing. In such a case
the design approval officer clarifies the situation by asking the client for the
missing papers (clar-req). The approval officer informs the administration in
doing so. No tests will be carried out as long as the design approval papers
are not complete. The approval officer informs the administration officer
about the completeness of the application papers (comp-res(b)).

The business process is formalized usingD1 in the following way. The
system consists of four objects, aCLIENT (c), anADMINISTRATION officer
(a), aLABORATORY officer (l), and aDESIGN APPROVALofficer (d). We have
local sets of state predicates for these objects,Pc, Pa, Pl andPd, respectively,
given as follows. Letb ∈ B whereB = {true, false}.

CLIENT Pc ::= cert-req
ADMINISTRATION Pa ::= test-ord| appr-ord | cert-dec(b)| dec=b |

answers=0| answers=1| answers=2
LABORATORY Pl ::= test-res(b)

DESIGN APPROVAL Pd ::= clar-req | comp-res(b)| appr-res(b)

The administration officer has an attributedec which determines the
certification decision made by him. Moreover, he has an attributeanswers
to store how many results he already received. I.e., this attribute determines
whether both laboratory and design approval officers delivered their results
to him (answers= 2), only one of them (answers= 1), or none (answers= 0).

The administration behaviour specification is given as follows.

administration behaviour

a1 a.(test-ord⇒ (F l.test-res(b))), for anyb ∈ B;
a2 a.((¬ test-ord) U d.comp-res(true));
a3 a.((¬ cert-dec(b)) U (d.appr-res(b

′
))), for anyb, b

′ ∈ B;
a4 a.((¬ cert-dec(b)) U (l.test-res(b

′
))), for anyb, b

′ ∈ B;
a5 a.((c.cert-req) ⇒ (dec = true ∧ answers = 0));
a6 a.((l.test-res(b))⇒((dec = dec∧b)∧(answers = answers+1))),

for anyb ∈ B;
a7 a.((d.appr-res(b)) ⇒ ((dec = dec ∧ b) ∧ (answers = answers+

1))), for anyb ∈ B;
a8 a.((answers = 2) ⇒ (F cert-dec(dec)));
a9 a.((¬ cert-dec(b)) U (answers = 2)), for anyb ∈ B;

a10 a.((answers = n ∧ dec = b
′′
) ⇒

((answers = n ∧ dec = b
′′
) U (l.test-res(b

′
) ∨ d.appr-res(b)))),

for anyb, b
′
, b

′′ ∈ B;

The first two axioms assure that the administration officer will get a
result from the laboratory after he ordered tests, but those tests cannot be
carried out unless the design approval officer reported completeness of the
application papers. A decision about the application cannot be made until
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both results, from design approval and laboratory, have been given (a3 and
a4). The fifth axiom assures that the attributes have the right initialization
values. a6 and a7 formalize which effects the results from laboratory or
design approval, respectively, have on attributesanswersanddec. They are
abbreviations of syntactically correctD1 formulae. E.g., formula a6 is an
abbreviation of the followingD1 formula:

a.((dec = b
′ ∧ answers = n) ⇒

(X (l.test-res(b) ⇒ (dec = b
′ ∧ b) ∧ answers = n+ 1))).

Axioms a8 and a9 state that the administration officer will eventually
make the decision after he received all results, but not earlier. The last axiom
expresses that only the results from the laboratory or the design approval
can change the decision. Thus, only two actions can change the value of that
attribute. We assume overall frame axioms like, e.g., attributes can only be
altered if an action takes place.

Given this specification and those of client, laboratory and design ap-
proval behaviours omitted here, we may show, among others, that a client
will not be contacted by a design approval officer for a clarification after he
has received the certification decision from the administration officer,

c.(¬(a.cert-dec(b) ∧ F d.clar-req)).

The reader is invited to try the example withD0 communication primitives.

3 Distributed logics

We take the view that a distributed system is a collection of communicating
sequential objects, each with its own local logic. For object identification,
we assume a fixed large enough set of object identifiersId. As for the local
logics, we assume that they are the same up to individual state predicates,
typically expressing which attribute has which value, which actions occur
or which actions are enabled. So each local logic is presented by a set of
state predicates which we assume to be given.

Definition 1. A system signatureis a pairP = (I, {Pi}i∈I) such that

– I ⊆ Id is a nonempty set (of object identifiers);
– Pi is a set (of state predicates), for eachi ∈ I.

In what follows, we assume a fixed signatureP = (I, {Pi}i∈I).
A model of a distributed system overP consists of a set of distributed life

cycles. Intuitively, a distributed life cycle is a global history of the system that
consists of local histories, one for each object, fitting together in a coherent
way.
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Since objects are sequential, a history of an object is a finite or infinite
sequence of eventse1 → e2 → . . . An event is an abstraction of an
occurrence of an action or of several simultaneous actions. An event will
usually change the internal state. A relevant view of the state is captured by
a function labelling each event with a set of local state predicates, namely
those that hold in the state.

A global history can thus be seen as a collection of object histories,
each one being a finite or infinite labelled sequence of events. Synchronous
communication is modelled by events that are shared by several objects. So
we have a set of threads glued together at communication points.

e1 → e2 → . . . ek+1 . . .↘ ↗
e

↗ ↘
e′1 → e′2 → e′3 → . . . e′l+1 . . .

Naturally, event sharing has to satisfy a consistency condition: it must not
introduce loops. That means that the entire distributed life cycle has to be a
partial ordering (calledcausalityin the theory of event structures [Win87]).
It would be possible to use Kripke structures as interpretation structures,
but we prefer to use the terminology of event structures because it is better
known in the concurrency area.

Formally, we assume a finite or countably infinite global setEv of system
events, equipped with a “successor” relation→⊆ Ev×Ev whose reflexive
and transitive closure→∗ is a partial ordering. For later use, we introduce
the notation→+ for the transitive closure of→.

Each objecti ∈ I in the system may be engaged in a subsetEvi ⊆ Ev
of system events, with local sequencing defined by the projection→∗

i where
→i = → ∩ Evi ×Evi. We assume that an object is sequential, i.e.,→∗

i is a
branching structure (a set of trees). This represents the permissible behaviour
of i with all its alternatives.

A life cycle of an objecti ∈ I is a subsetLvi ⊆ Evi, equipped with the
projection of→∗

i where the latter is a total ordering, together with a labelling
representing state information. Thus, a life cycle is a linear sequence of
labelled events. It represents a single run of objecti.

Definition 2. Let i ∈ I be an object. Alife cycle for i overP is a triple
Li = (Lvi,→∗

i , λi), whereLvi and→∗
i are as introduced above, andλi :

Lvi → 2Pi is a labelling function.

Definition 3. A distributed life cycleoverP is anI-indexed familyL =
{Li}i∈I of object life cycles overP .

The events in a distributed life cycle are given byLv =
⋃

i∈I Lvi. Se-
quencing is given by(

⋃
i∈I →i)∗. Note that the latter is not a total ordering
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in general. Unrelated events represent concurrency, and events shared by the
life cycles of several objects represent synchronous communication.

Note that labelling is individual for objects. That means that an event
shared by several objects has several labels, one for each sharing object.

In the sequel, we assume a fixed distributed life cycleL overP .

We first introduceD0, the lower-level distributed logic. Remember that
the only communication formulae expressible inD0 are state predicate call-
ings and synchronisation tags.

Definition 4. The set ofD0 formulas overP is

D0(P ) ::= . . . | Di
0(P ) | . . . (i ∈ I)

where, for eachi ∈ I,

Di
0(P ) ::= i.Hi

0(P ) | i.CCi
0(P )

Hi
0(P ) ::= @Ii | Pi | false| (Hi

0(P ) ⇒ Hi
0(P )) | (Hi

0(P ) U Hi
0(P ))

CCi
0(P ) ::= . . . | (Pi ⇒ j.Pj) | . . . (j ∈ Ii).

Ii is defined to beI\{i}. Di
0 is the logic at localityiwith callings to other

localities.Hi
0 is the “home” logic of objecti. CCi

0 are the communication
formulae expressible in objecti. Note that communication formulae are
stand-alone, they may not be embedded as subformulae of other formulae.

For examples ofD0, we refer to section 2.
The predicates inP are flexible, i.e., we intend to give them time-

dependent meanings. The other symbols arerigid , i.e., we intend to give
them time-independent meanings.

falseis the usual logical constant,⇒ denotes logical implication, andU
is theuntil temporal operator.ϕ U ψ means thatϕ will always be true from
the next moment on untilψ becomes true for the next time;ϕ need not be
true any more as soon asψ holds;ψ must eventually become true.

As usual, we introduce derived connectives, e.g.,¬ϕ for ϕ⇒ false, true
for ¬ false, ϕ∨ψ for ¬ϕ⇒ψ, etc. We also make use of derived temporal
operators likeX ϕ for falseU ϕ expressingnext, F ϕ for ϕ ∨ true U ϕ
expressingsometime, G ϕ for ¬(F(¬ϕ)) expressingalways, andϕ U◦ ψ
for ϕ ∧ ϕ U ψ expressingfrom now on . . . until . . .

Our second distributed logic isD1. It generalisesD0 in the sense that
there are no special communication formulae: eachD1 formulaof another
objectmay serve as a communication formula—that may appear anywhere
in context.

Definition 5. The set ofD1 formulae overP is

D1(P ) ::= . . . | Di
1(P ) | . . . (i ∈ I)
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where, for eachi ∈ I,

Di
1(P ) ::= i.Hi

1(P )
Hi

1(P ) ::= @Ii | Pi | false| (Hi
1(P ) ⇒ Hi

1(P )) | (Hi
1(P ) U Hi

1(P )) | CCi
1(P )

CCi
1(P ) ::= . . . | Dj

1(P ) | . . . (j ∈ Ii).

It is obvious thatD0(P ) ⊆ D1(P ). Therefore, we define the satisfaction
relation for a life cycleL on D1(P ) and then just restrict it toD0(P ).

Definition 6. The satisfaction relation|=P,1 for L on D1(P) is defined by

L |=P,1 i.ϕ iff L, e |=i
P,1 ϕ holds for everye ∈ Lvi.

For eachi ∈ I ande ∈ Lvi, the relation|=i
P,1 for L ande on Hi

1(P) is
inductively defined as follows

L, e |=i
P,1 @j iff e ∈ Lvj ;

L, e |=i
P,1 p iff p ∈ λi(e);

L, e |=i
P,1 false does not hold

L, e |=i
P,1 (ϕ⇒ ψ) iff L, e |=i

P,1 ϕ impliesL, e |=i
P,1 ψ;

L, e |=i
P,1 (ϕ U ψ) iff there is an evente′ ∈ Lvi with e →+

i e′

whereL, e′ |=i
P,1 ψ, andL, e′′ |=i

P,1 ϕ for every
evente′′ ∈ Lvi such thate →+

i e′′ →+
i e′;

L, e |=i
P,1 j.ϕ iff e ∈ Lvj andL, e |=j

P,1 ϕ.

Definition 7. The satisfaction relation|=P,0 for L on D0(P) is defined by

L |=P,0 i.ϕ iff L, e |=i
P,0 ϕ holds for everye ∈ Lvi.

For eachi ∈ I ande ∈ Lvi, the relation|=i
P,0 for L ande on Hi

0(P) is
defined by

L, e |=i
P,0 ϕ iff L, e |=i

P,1 ϕ.

Note that inD1, a formula likei.@j is equivalent toi.j. true. Still, this last
formula is not inD0 and therefore we chose to keep the@ synchronisation
tag as primitive also inD0. Moreover, it makes the inclusion ofD0(P ) into
D1(P ) more explicit.

4 Reduction

In this section, we give a precise account on how specifications inD1(P )
can be reduced to specifications inD0(P ] C) whereP = (I, {Pi}i∈I)
is a fixed system signature, andC is a newI-indexed family of sets of
(communication) predicates. Naturally,P ] C denotes the family{Pi ]
Ci}i∈I . ] denotes disjoint union.
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As illustrated above, the idea is that all communication subformulae
in a given formula are replaced by explicit new communication predicates
whose meaning is defined to be equivalent to that of the subformulae. In
more detail, each implicit communication construct ofD1 (i.e., a non-local
statement about a different object) is replaced by three constructs.

1. a ‘communication predicate’ symbol denoting the point of synchroniza-
tion;

2. a ‘definition’ axiom stating what will happen at the callee’s side after
having passed the synchronization point;

3. two ‘sharing’ axioms stating that the caller will pass the point of syn-
chronization if the callee does and vice versa.

Let us recall our example“I will next call Jean and tell her to call you
afterwards”. In D1, this may be expressed by the formula

u.i.(X j.(F @u)).

The idea is to recurrently scan this formula and replace its innermost com-
munication subformulae by new communication predicates. The process ter-
minates and yields aD0 formula. Thus, in a first step, we should go as deep
asj.(F @u) and introduce a new communication predicatec(i, j.(F @u))
to be shared byi andj. By replacing the subformula by the new symbol, we
obtain

u.i.(X c(i, j.(F @u))).

Iterating the process, we have to replacei.(X c(i, j.(F @u))). It occurs in
the scope ofu, so the new communication predicate is denoted byc(u, i.(X
c(i, j.(F @u)))) and shared byu andi. After replacing, we obtain

u.c(u, i.(X c(i, j.(F @u)))).

This formula is already inD0.
Note that if we matchp with c(u, i.(Xc(i, j.(F@u)))) andq with c(i, j.

(F@u)), we obtain the intended result, cf. section 2. However, we do not
have a communication predicate corresponding tor: there is no need to
replace@u because it is already inD0.

The sharing axioms for the new communication predicates are obvious:

j.(c(i, j.(F @u)) ⇔ (@i ∧ (F @u)));
i.(c(u, i.(X c(i, j.(F @u)))) ⇔ (@u ∧ (X c(i, j.(F @u))))).

Formally, the familyC of new communication predicates can be given
an inductive definition, according to the motivation above. Remember that
Ii = I \ {i}.

Definition 8. For eachi ∈ I, let
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– C0
i = ∅;

– Cn+1
i = {c(i, j.ϕ) : j ∈ Ii, j.ϕ ∈ D0(P ] Cn)}∪

{c(k, i.ψ) : k ∈ Ii, i.ψ ∈ D0(P ] Cn)}.

The familyC = {Ci}i∈I is defined byCi =
⋃

n∈IN Cn
i for eachi ∈ I.

As suggested in section 2, all these symbols must be properly axioma-
tized. The following axioms serve the purpose. Note that they are formulated
in the logicD0(P ] C).

Definition 9. The set of axioms corresponding to the familyC of new com-
munication predicates isΓ =

⋃
i∈I Γi ⊆ D0(P ]C) where, for eachi ∈ I,

we have

Γi= {i.(c(i, j.ϕ) ⇒ j.c(i, j.ϕ)) : c(i, j.ϕ) ∈ Ci} ∪
{i.(c(k, i.ψ) ⇒ k.c(k, i.ψ)) : c(k, i.ψ) ∈ Ci} ∪
{i.(c(k, i.ψ) ⇔ (@k ∧ ψ)) : c(k, i.ψ) ∈ Ci}.

The first two sets give the sharing axioms for each new communica-
tion predicate, while the third set gives the definition axioms for each new
symbol.

In order to translate each formula fromD1(P ) to D0(P ] C), it suf-
fices to capture the intuition outlined in section 2: we recurrently scan the
formula and replace its innermost communication subformulae by their cor-
responding communication predicates. Clearly, this iteration stops after a
finite number of loops—which is the maximum nesting depth of communi-
cation subformulae in the given formula. If the maximum nesting depth is
m, then only new communication predicates up toCm are necessary. Thus,
if the formula is already inD0, it is obvious thatm = 0 and so no new
symbols are needed.

Definition 10. For eachn ∈ IN, let η : D1(P ] Cn) → D1(P ] Cn+1) be
defined by

– η(i.ψ) = i.ψ if i.ψ ∈ D0(P ] Cn);
– η(i.ψ) = i.ψ′ otherwise,

whereψ′ is obtained fromψ by replacing each innermost communication
subformulaj.ϕ ∈ D0(P ] Cn) occurring in the scope ofk by c(k, j.ϕ).

Definition 11. The translation functionα : D1(P ) → D0(P ]C) is defined
by

– α(i.ψ) = i.ψ if i.ψ ∈ D0(P ] C);
– α(i.ψ) = α(η(i.ψ)) otherwise.

Proposition 12. The translationα : D1(P ) → D0(P ] C) as given above
is well defined.
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Proof. Each application ofη reduces the maximum depth of nesting com-
munication subformulae. The result then follows from the fact that formulae
without communication subformulae must be inD0. ut

With respect to interpretation structures, it is obvious that a life cycle
overP may be obtained from a life cycle overP ] C by simply omitting
theC symbols from the labelling. That is, for eachi ∈ I and eache ∈ Lvi,
we just considerλi(e)∩Pi. This is enough to guarantee that our translation
is complete.

We prove this in the next chapter, and also that the translation is sound.
This is the case because, given any life cycle overP , there is a unique way
of extending it to a life cycle overP ] C that satisfiesΓ .

5 Soundness and completeness

In order to prove soundness and completeness of the reduction translation
from D1 to D0, we get into the institutional framework as defined by [GB92]
and define our translation as a simple map of institutions as defined by
[Mes89]. Our soundness and completeness results follow from well known
results about institutions and their maps.

We use the notion of an (elementary) institution. For the purpose of this
paper, morphisms between models are not relevant. Just recall thatSetde-
notes the category of sets and functions, andCls denotes the category of
classes and functions. For an introduction into these and other category the-
oretic issues, we refer to [Mac71]. For what follows, we recall the definition
of an (elementary) institution.

Definition 13. An (elementary) institutionis a tuple(Sig, Sen, Mod, |=)
where

– Sig is a category (of signatures),
– Sen: Sig→Set is a (syntax) functor,
– Mod : Sigop →Cls is a (semantics) functor,
– |= is a family of (satisfaction) relations

{|=Σ⊆ Mod(Σ) × Sen(Σ)}Σ∈|Sig|,

such that the following (satisfaction) condition holds for each signature
morphismσ : Σ → Σ′, ϕ ∈ Sen(Σ) and each modelm′ ∈ Mod(Σ′),

m′ |=Σ′ Sen(σ)(ϕ) iff Mod(σ)(m′) |=Σ ϕ.

Both our logicsD0 andD1 can be seen as institutions. Both share the
same categorySigwhose objects are system signatures with morphismsσ :
(I, {Pi}i∈I) → (J, {Qj}j∈J) such thatI ⊆ J andσ = {σi : Pi → Qi}i∈I

is a family of functions.
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As for the syntax functorSen1 of D1, it assigns to each signatureP
the setSen1(P ) = D1(P ) of its formulae. For each signature morphism
σ : P → Q, Sen1(σ) : D1(P ) → D1(Q) is the obvious translation replacing
each symbolp ∈ Pi in a formula by its imageσi(p) ∈ Qi. The syntax functor
Sen0 of D0 is a restriction ofSen1.

The two logics also share the same model functorMod. To each signature
P , Modassigns the class of all distributed life cycles overP . As for signature
morphismsσ : P → Q, Mod(σ) reduces each distributed life cycleL′ over
Q to a distributed life cycleL overP by definingLi = (Lv′

i,→′∗
i , σ

−1
i ◦λ′

i).
This means that the event structure is unchanged, and the labels are restricted
to those inP .

The satisfaction relations forD0 andD1 are given by|=P,0 and |=P,1,
respectively, cf. definitions 6 and 7.

Proposition 14. Both D0 = (Sig,Sen0,Mod, |=0) and D1 = (Sig,Sen1,
Mod, |=1) constitute (elementary) institutions.

Proof. In both cases, the satisfaction condition is straightforward and may
be proved by induction on the structure of formulae. Since translation of
formulae along a signature morphismσ just amounts to replacing each
p ∈ Pi by σi(p), it is enough to point out the fact thatp ∈ σ−1

i (λ′
i(e)) iff

σi(p) ∈ λ′
i(e). ut

Given any institution(Sig, Sen, Mod, |=), it is straightforward to define
a categoryPresof theory presentations whose objects are pairs of the form
(Σ,∆) where∆ ⊆ Sen(Σ), and a morphismσ : (Σ,∆) → (Σ′, ∆′)
consists of a signature morphismσ : Σ → Σ′ such thatSen(σ)(∆) ⊆ ∆′.
It is obvious to define a forgetful functorS: Pres→Sigwhich only keeps the
signature from a theory presentation. And it is also obvious to promote the
functor Mod : Sigop →Cls to a functorMod : Presop →Cls by defining
Mod((Σ,∆)) = {m ∈ Mod(Σ) : m |=Σ δ, for everyδ ∈ ∆}. The
satisfaction condition of the institution guarantees that this functor is well
defined.

With these auxiliary definitions, we can make precise the notion of a
simple map of institutions.

Definition 15. A simple mapfrom institution(Sig,Sen,Mod, |=) to insti-
tution (Sig′,Sen′,Mod′, |=′) is a triple(Φ,α, β) where

– Φ : Sig→ Pres′ is a functor;
– α : Sen⇒ Sen′ ◦ S′ ◦ Φ is a natural transformation;
– β : Mod′ ◦ Φop ⇒ Mod is a natural transformation,

such that, for eachΣ ∈ |Sig|, ϕ ∈ Sen(Σ) andm′ ∈ Mod′(Φ(Σ)), the
following (structurality) condition holds
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m′ |=′
S′(Φ(Σ)) αΣ(ϕ) iff βΣ(m′) |=Σ ϕ.

We now proceed to state the reduction presented above in terms of a
simple map from the institutionD1 to the institutionD0.

Clearly,Φ shall associate to each system signatureP the presentation
(P ] C,Γ ) as defined in the previous section. It is obvious to extend this
definition to a functor.

α corresponds to the iterative reduction function as defined in the previ-
ous section, also calledα there.

As explained in the previous section, one can easily obtain a life cycle
overP from a given life cycle overP ] C by forgetting the symbols inC.
We denote this transformation byβ.

For bothα andβ, it is straightforward to check that they are natural
transformations.

Lemma 16. Let c(i, j.ϕ) ∈ Ci andL a life cycle overP ] C such that
L |=P]C,0 γ, for everyγ ∈ Γ . Then we have, for eache ∈ Lvi,

L, e |=i
P]C,0 c(i, j.ϕ) iff L, e |=i

P]C,0 j.ϕ.

Proof. LetL, e |=i
P]C,0 c(i, j.ϕ). Sincei.(c(i, j.ϕ)⇒j.c(i, j.ϕ)) ∈ Γ , nec-

essarily alsoL, e |=i
P]C,0 j.c(i, j.ϕ). Therefore,e ∈ Lvj andL, e |=j

P]C,0

c(i, j.ϕ). Butj.(c(i, j.ϕ)⇔(@i∧ϕ)) ∈ Γ thusL, e |=j
P]C,0 ϕand therefore

L, e |=i
P]C,0 j.ϕ.

On the other hand, letL, e |=i
P]C,0 j.ϕ. Necessarily,e ∈ Lvj and

L, e |=j
P]C,0 ϕ. Reusingj.(c(i, j.ϕ)⇔(@i∧ϕ)) ∈ Γ , from the fact thate ∈

Lvi it follows thatL, e |=j
P]C,0 c(i, j.ϕ). Butj.(c(i, j.ϕ)⇒i.c(i, j.ϕ)) ∈ Γ ,

soL, e |=j
P]C,0 i.c(i, j.ϕ) and thusL, e |=i

P]C,0 c(i, j.ϕ). ut

Proposition 17. The triple(Φ,α, β) : D1 → D0 constitutes a simple map
of (elementary) institutions.

Proof. The structurality condition is an immediate consequence of the
lemma above. In fact, leti.ϕ ∈ D1(P ) andL a life cycle overP ] C
such thatL |=P]C,0 γ, for everyγ ∈ Γ . To prove thatL |=P]C,0 α(i.ϕ) iff
L |=P,1 i.ϕ, it is enough to proceed by induction on the maximum nesting
depth of communication subformulae ini.ϕ. In each step ofα, the inner-
most communication subformulae are replaced by symbols with equivalent
meaning as proved in the lemma above. Thus the overall meaning ofi.ϕ is
maintained. ut



Specifying communication in distributed information systems 607

As promised, we now prove thatD0 andD1 are equally expressible by
using well known results about institutions and simple maps.

Given any institution(Sig, Sen, Mod, |=), we can introduce semantic
entailment in the usual way. For each signatureΣ ∈ |Sig|, we define|=Σ⊆
P(Sen(Σ)) × Sen(Σ) by ∆ |=Σ ϕ iff for eachm ∈ Mod(Σ), m |=Σ ϕ
wheneverm |=Σ δ for everyδ ∈ ∆. Of course, although we use the same
symbol |=Σ both for satisfaction and entailment, it is easy to distinguish
between the two concepts in any given context.

The following proposition is drawn from [Mes89], cf. Lemma 28 there.

Proposition 18. Let (Φ,α, β) : (Sig,Sen,Mod, |=) → (Sig′,Sen′,Mod′,
|=′) be a simple map of institutions. Then, for each signatureΣ ∈ |Sig|,
∆ ⊆ Sen(Σ) and lettingΦ(Σ) = (Σ′, Γ ′), the following condition holds

Mod((Σ,∆)) ⊇ βΣ(Mod′((Σ′, αΣ(∆) ∪ Γ ′))).

Consequently, for eachϕ ∈ Sen(Σ), we have that

∆ |=Σ ϕ impliesαΣ(∆) ∪ Γ ′ |=′
Σ′ αΣ(ϕ).

This result immediately applies to our reduction map fromD1 to D0.

Corollary 19. Let∆ ⊆ D1(P ). Then,

Mod((P,∆)) ⊇ β(Mod((P ] C,α(∆) ∪ Γ ))).

Consequently, for eachi.ϕ ∈ D1(P ),

∆ |=P,1 i.ϕ impliesα(∆) ∪ Γ |=P]C,0 α(i.ϕ).

We may see this property as stating the completeness of our reduction
map: everything that can be obtained from the originalD1 specification can
also be obtained from its translation intoD0. Of course, this is a desirable
property but it is only meaningful if we can also guarantee soundness. For
that purpose we need another general result about simple maps of institu-
tions, cf. [CM97].

Proposition 20. Let (Φ,α, β) : (Sig,Sen,Mod, |=) → (Sig′,Sen′,Mod′,
|=′) be a simple map of institutions such that eachβΣ : Mod′(Φ(Σ)) →
Mod(Σ) is surjective. Then, for each signatureΣ ∈ |Sig|, ∆ ⊆ Sen(Σ)
and lettingΦ(Σ) = (Σ′, Γ ′), the following condition holds

Mod((Σ,∆)) = βΣ(Mod′((Σ′, αΣ(∆) ∪ Γ ′))).

Consequently, for eachϕ ∈ Sen(Σ), we have that

∆ |=Σ ϕ iff αΣ(∆) ∪ Γ ′ |=′
Σ′ αΣ(ϕ).
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In order to obtain our soundness result we therefore have to show that
our model translation fulfils the surjectivity property stated above.

Proposition 21. If L is a distributed life cycle overP then it is possible to
extendL to P ] C in such a way thatL |=P]C,0 Γ .

Proof. Suppose thatL = {Li}i∈I and that eachLi = (Lvi,→∗
i , λi). The

proof proceeds by inductively extendingL toLn by extending its labelling
function toλn

i : Lvi → 2P]Cn
. Since eachC0

i = ∅, we takeλ0
i = λi. In

each step, for each new symbolc(i, j.ϕ) ∈ Cn+1 \ Cn, proceed as follows

– first, taking into account the definitional axiomj.(c(i, j.ϕ)⇔ (@i∧ϕ)),
buildλn+1

j (e) by extendingλn
j (e) with c(i, j.ϕ) iff Ln, e |=j

P]Cn,0 (@i∧
ϕ);

– then, taking into account the sharing axiomsj.(c(i, j.ϕ) ⇒ i.c(i, j.ϕ))
andi.(c(i, j.ϕ) ⇒ j.c(i, j.ϕ)), build λn+1

i (e) by extendingλn
i (e) with

c(i, j.ϕ) iff e ∈ Lvj andc(i, j.ϕ) ∈ λn+1
j (e).

Clearly, if we take the limit of this definition, we obtain a life cycleL over
P ] C that satisfiesΓ . ut

In fact, it turns out that our model translation is an isomorphism. The
uniqueness of the extension presented above can be easily inferred from the
proof.

We can now conclude that our reduction map is sound. So we have proved
the main result of this paper: anyD1 specification∆ is equivalent to theD0
specificationα(∆)∪Γ , in the sense that they have exactly the same models
once you forget about the new symbols in the labelling.

Theorem 22. Let∆ ⊆ D1(P ). Then we have

Mod((P,∆)) = β(Mod((P ] C,α(∆) ∪ Γ ))).

As for entailment, an immediate consequence is the following.

Corollary 23. For eachi.ϕ ∈ D1(P ), we have

∆ |=P,1 i.ϕ iff α(∆) ∪ Γ |=P]C,0 α(i.ϕ).

We can say even more: the same holds if we do not translatei.ϕ on the
right-hand side, and consider entailment inD1(P ] C).

Corollary 24. Let∆ ⊆ D1(P ) andi.ϕ ∈ D1(P ). Then we have

∆ |=P,1 i.ϕ iff α(∆) ∪ Γ |=P]C,1 i.ϕ.



Specifying communication in distributed information systems 609

Proof. We are, of course, using the inclusionsD1(P ) ⊆ D1(P ] C) and
D0(P ] C) ⊆ D1(P ] C). The result immediately follows from the fact
thatMod((P,∆))=β(Mod((P ]C,α(∆) ∪ Γ ))) and by noting thatβ just
forgets aboutC symbols, and so does not lose any information which may
be relevant for evaluatingi.ϕ that is written using only symbols inP . ut

Of course, despite the fact thatC is in general a rather large set, in
practice, given a finite specification∆ in D1 only a finite part ofC is nec-
essary. In that case, the reduction procedure can be made effective and our
equal-expressibility result still applies.

6 Concluding remarks

The main result presented in this paper is to show how—and prove that—D1
specifications may be automatically translated toD0 specifications in a sound
and complete way.D1 is more suitable for specification, andD0 may be
more easily implemented, e.g., translated to C++. This suggests a practical
method to useD1 for high-level planning and specification, especially of
communication aspects in distributed information systems. The results may
help to make implementation platforms likeCorba easier accessible.

We experimented withD1 specifications in the framework of a Troll
application project (cf. section 2 or [ECSD98], respectively, for an extended
example). The experiences are encouraging, but further work is needed be-
fore D1 specification can be part of a well-understood methodology.

A thorougher study ofD0 andD1 is still needed, many theoretical issues
with practical impact remain to be studied. Among these, we have to analyze
the expressive power of our logics, search for complete axiomatizations and,
most of all, look for decidability results. We may easily proceed to estab-
lish an encoding ofD0 or D1 into plain propositional linear temporal logic,
again following the institutional or general logics approach. Syntactically,
this amounts to turning the localities into propositional symbols together
with suitably changing the localized temporal operators. Semantically, a
linear model corresponds in an obvious way to a sequentialization of a dis-
tributed life cycle. Using this translation, we immediately get a decidability
result for the validity problem inD0 and D1 by capitalizing on the well
known decidability results for propositional linear temporal logic. A careful
analysis of the complexity of the translation also gives us an upper bound
on the complexity of the decision of validities inD0 and D1. Moreover,
the above mentioned correspondence between linear and distributed models
embodies the fact that the distributed logics are “trace consistent”. That is,
satisfiability is invariant with respect to different possible sequentializations
of the same distributed model [Pel93,Thi95b]. Such a result, then, paves
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the way to an efficient use (in our setting) of well-known partial-order ver-
ification techniques such as model-checking [Val90,GW94,BGS98]. This
approach also hints to the possibility of basing a decision procedure for our
logics on distributed tableaux methods, in a spirit similar to the one found
in [Mas98].

Moreover, a deeper analysis of these distributed logics in terms of gen-
eral mechanisms of logical combination is also in progress [CSS99,SSC99,
SSC97a,SSC97b]. We expect that this effort may help on several of the open
tasks previously mentioned, since general transfer theorems for combined
logics often exist [BdR97,FG92,FG96,Gab96b,Gab96a]. Thus, we expect
that an axiomatization, decision procedure, etc., for these logics can be ob-
tained by suitably combining the axiomatizations, decision procedures, etc.,
for the local logics. In particular, we expect to obtain a complete axiomatiza-
tion for a small extension ofD1 by using the idea of trios from [BdR97] and
appropriately axiomatizing the type of combined structure we are dealing
with. Please note that a distributed life cycle in our sense (let us say, for two
objects) consists of two linear models put together in a very particular way.
All we need is to be able to express the definition of distributed life cycle in
our logical distributed language. This idea is consistent with a remark by R.
Ramanujam in [Ram96] about existing axiomatizations for certain versions
of n-agent logic: “What is particularly interesting about the axiom systems
is that we can present them in two layers: at the local level, we have a system
for each agent, and at the global level, a system to put them together”.

At this point, a word of justification is due for getting into the institutional
framework. Clearly, we could have stated and proved everything aboutD0
and D1 directly. Even if we were completely unaware of institutions. Or
knowing of their existence and importance, we could as well have omitted
them from the presentation. However, we are convinced that the practical
importance of general results such as those made available by nearly two
decades of research in the field of institutions is not yet fully appreciated. And
this paper is a mere example of their usefulness. In fact, not only our logics
are much more concisely presented as institutions (although harder to grasp,
technically speaking) but also our reduction mechanism, already outlined
in [ECSD98], is stated in a much more elegant way. And what is more, we
manage to prove the equal-expressibility ofD0 andD1 in a detailed way, by
just applying suitable well-known results about simple maps of institutions.

Another interesting problem, related to the expressive power of our log-
ics, is their relationship with other versions ofn-agent logics. It is obvious
that there is no way in our logics to talk about the last communication with
another object, as in [LMRT91], or of asserting that for sure some property
must hold for another object even if we are not currently communicating
with it, as in [Ram96]. However, it would be quite easy to extend our logics
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with a sinceS operator, with a meaning dual to that of untilU , but referring
to the past instead of the future. In that case, the last communication with
another agent could be expressed as an abbreviation by

i.(LASTj ϕ) ≡ i.(j.ϕ ∨ ((¬@j) ∧ ((¬@j) S j.ϕ))).

That is, “i knows thatϕ held forj the last time they talked” is given by
“either they are communicating now andϕ holds forj, or that is not the case
now but it happened sometime in the past andi andj have not talked since
then”.

Even more interestingly, present knowledge about another agent can be
expressed by

i.(NOWj ϕ) ≡ i.(j.ϕ ∨ ((¬@j) ∧ ((¬@j) S j.(ϕ U @i)))).

That is, “i is sure thatϕ must presently hold forj” is given by “either
they are communicating now andϕ holds forj, or that is not the case now
but sometime agoj ensured that she would haveϕ until she talked toi again,
and they have not talked ever since”.

What is more, all the work on reduction presented in this paper seems to
carry on smoothly to this extension with past operators. Moreover, results
like decidability or completeness also seem easy to extend, once established
for future-only versions.
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