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Abstract

We propose a general computation model combining mobile processes and
declarative programming languages, e.g., functional, logic or functional-logic lan-
guages. In contrast to most existing concurrent extensions of declarative languages,
we distinguish clearly between the notion of processes and those underlying declar-
ative programming languages, e.g., functions and predicates. Thus, our computa-
tion is generic and may be applied to extend several kinds of declarative languages.
It also extends PA process algebra in order to deal with parameter passing, mo-
bile processes and interactive declarative programming. In our setting, declarative
programs are dynamic, that is to say they may be modified thanks to the actions
performed by processes. We also propose a new formal definition of a component.
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1 Introduction

Classical declarative languages, i.e., functional, logic and functional-logic languages,
aim to provide high-level descriptions of systems. These languages have well-known
nice features (e.g., abstraction, readability, compilation techniques, proof methods etc.)
since they are based on the notions of functions and predicates, i.e., well mastered
mathematical concepts which have been successfully used in describing algorithms even
before the invention of computers. In such a declarative language, functions are classi-
cally described by means of equations (rewrite rules) or λ-abstractions, whereas Horn
clauses (with constraints) are a classical means for the description of predicates.

However, the concepts of functions and predicates are not sufficient to capture
the whole complexity of real-world applications, where interactivity, concurrency and
distributivity are needed [46, 64]1. A recent example of applications that require in-
teractivity and concurrency are window systems. The usefulness of concurrency in the
concise design of window systems has been pointed out by a number of researchers, as
for instance in [52] and some concurrent extensions of declarative languages were even
motivated by the design of an adequate window system, written in these languages, as
for example eXene [31] for CML [54] and Haggis [26] for Concurrent Haskell [50].

The notion of processes has been introduced as abstraction for the expression of
concurrency. Processes have been well investigated in form of process algebras and
process calculi, e.g., [3, 28, 37, 45, 47]. These formalisms allow the description of a
system as a set of (mobile) processes that can be executed on a single computer or
distributed over a network. Informally, a process is characterised by the actions that it
can execute, or the interactions it may have with its environment, i.e., other processes
that are executing concurrently. Thus, a process is obviously different from a function
or a predicate.

However, similar to classical declarative programming languages, programming
models purely based on process calculi need to be extended in order to provide the
notions of functions and predicates without encoding them in terms of processes.

A well-defined combination of the different programming styles mentioned above,
namely declarative and concurrent programming, would allow to express most parts
of a system using the most appropriate concepts. Hence there would be no need to

1Notice in this context, that A. Turing admits the existence of computing machines more powerful
than “Turing Machines”, when he states in [63]: “We shall not go any further into the nature of this
oracle apart from saying that it cannot be a machine.”
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encode one concept by another, and the different aspects of the problem could be
expressed directly and, in consequence, more clearly. Furthermore, a clear separation
and structuring of these different concepts, abstractions or notions, namely functions,
predicates and processes, should lead to well structured, readable and understandable
programs which are consequently easy to maintain.

Numerous proposals to the integration of declarative and concurrent programming
exist. Common to most of them is that they do not distinguish clearly between processes
and the concepts underlying the declarative language, but rather try to encode processes
in terms of the latter [2, 5, 10, 11, 12, 13, 16, 17, 25, 30, 35, 39, 40, 49, 50, 54, 56, 57,
61, 62]. Thus each of these approaches seems to be tailored for a specific language
rendering the extension to a general computation model not straightforward.

This paper aims at a new computation model, or a new general framework of pro-
gramming languages, providing a component based approach for constructing systems.
These programming languages are a combination of declarative, i.e., either functional,
logic or functional-logic, programming with concurrency, expressed by means of mo-
bile processes. We suggest to model a system by a set of interacting components, and
provide a clear, formal definition of a component for our model.

A main feature of the suggested computation model is the clear distinction between,
on the one hand, concepts which are definable in classical declarative languages, such
as functions, predicates or constraints and (mobile) processes on the other hand. Thus
the merit of our contribution is to propose a new computation model where each part
of a mobile, concurrent, functional and/or logic application can be described by the
most appropriate known theoretical concept, instead of encoding all these different
concepts in a sole framework. Furthermore, our computation model is a conservative
extension of, on the one hand, declarative programming languages and, on the other
hand, process calculi or process algebra.

Theoretically, our computation model can be characterised as a new (modal) theory
whose models are Kripke-structures. Practically, we provide a new full and rigorous
combination of programming paradigms, providing the respective advantages of func-
tional, logic, functional-logic, concurrent, mobile and component-based programming
in addition to the advantages proper to the combination, in the same way as it was
already the case for the integration of functional and logic programming.

The rest of the paper is organised as follows. In the following section, we present
the broad outlines of our computation model. In section 3 we compare our model with
some related work. The formal presentation of our computation model by its syntax
and semantics is subject of sections 4 and 5. Finally, section 6 concludes with some
perspectives and enhancements of the model.

2 Computation Model: Overview

We suggest to model a system as a set of interacting components, which may be dis-
tributed over a network or reside on a single computer [21, 22]. These components
capture the different, clearly distinguishable entities of a system and interact with each
other by exchanging messages. Each component is identified by a component-name
(also called storename) sn which can be seen as the address of the component. Inter-
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Figure 1: Execution Model of a System

nally, a component is organised as a set of processes pi, i.e., a concurrent program,
and a store F , i.e., a traditional declarative program, which can be seen as a pair of
a signature and a set of formulæ or rules describing a (static) theory. The processes
pi communicate by modifying the stores, i.e., by altering, in a possibly non-monotonic
way, the current theories described by the stores, for example by simply redefining
constants (e.g., adding a message in a queue) or more generally by adding or delet-
ing formulæ in F . We call these modifications of the stores actions and allow their
definition by the programmer [23]. Interaction between components is based on asyn-
chronous message passing, where the messages correspond to actions to be executed on
the remote store. Figure 1 shows the execution of a system of three components with
storenames sn1, sn2 and sn3.

In the remainder of this section we give an overview of our model for a single
component. The full model, taking into account the interactions between components
is presented by its syntax and semantics in sections 4 and 5.

2.1 Stores

Our approach to combine declarative programming and concurrency is generic in the
sense that it is independent from the actual declarative language used for the description
of the store. In fact, we only require that programs in a declarative language can be
seen as a pair of a signature Σ and a set of formulæ or rules R, i.e., F = 〈Σ, R〉, and
that the operational semantics (of the declarative language) allows the test for validity
of a term (of the special sort Truth). Notice that most (declarative) programming
languages fit into this framework.

2.2 Actions

Actions are the principal constituents of processes, as it is witnessed by the fact that
the semantics of a process is, loosely speaking, defined by the sequences (in linear time
semantics) or graph (in branching time semantics) of actions that the process might
execute. Most classical process algebras consider abstract actions, in the sense that
actions are simply elements of a vocabulary (of actions) without further specification,
besides a relation which associates pairs of actions in order to model synchronisation
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and communication. In our model, the execution of an action has the observable effect
of modifying the store of the component. Thus we need to specify the notion of actions
further to take into account these modifications.

Since an elementary action transforms a store into another one, we are led to de-
fine elementary actions as total recursive functions from (well-formed) stores to (well-
formed) stores. Thus, actions are placed on a meta-level with respect to the store, and
we suppose that we dispose of all the necessary (abstract) data types for expressing ac-
tions. We require an elementary action to be a recursive function in order to ensure the
termination of its execution. The requirement of totality guarantees that the elemen-
tary action can be applied to any store. We require further, that all stores in the range
of an elementary action (which is applied to a well-formed store) should be well-defined
stores, in particular, they should be well-typed. These conditions together ensure that
the execution of an elementary action will never produce an error during the runtime
of the system. That is to say, all actions can be executed and terminate, as well as
that the store of a component corresponds (at any moment during the execution) to a
well-formed (declarative) program.

A similar view of (elementary) actions can be found for instance in Concurrent
Haskell (CH), where the monadic I/O operations, i.e., functions of type IO t, are
considered as state transformers and are called actions [50, section 2.1]. A noteworthy
difference2 is that actions in CH are functions, and as such they return a value, in
addition to the implicit “world” parameter. On the other hand, our (elementary)
actions are the basic elements of processes and describe only the effect on the store
without returning any value.

Examples of Elementary Actions. For the rest of this paper, we suppose that we
are given a set A of predefined (elementary) actions, namely tell, del, := and new. The
definition of actions by the programmer is discussed in more detail in [23, 59].

Intuitively, tell(f) (respectively, del(f)) add (respectively, remove) a rule (or more
generally, a formula) f to (respectively, from) the store (or program). Thus the profile
of tell (respectively, del) is tell : rule → store → store , where store (respectively, rule)
is the type of meta-representations of stores (respectively, rules). Furthermore, we
abbreviate for the rest of this paper tell(t → true) (where t is a (meta-representation
of a term of sort Truth) to tell(t).

Certainly the most common elementary action is assignment :=(c, v), also written
more familiarly in infix-notation as c := v. This action, which is the only action
considered in classical imperative programming languages, changes the definition of
the constant3 c to the value v, i.e., a (meta-representation of a) term. A reasonable
requirement on the assignment action is to normalise the new value of the constant
with respect to the current store before adding the new definition.

Besides actions modifying the rules or formulæ of a store, we need also actions for
the modification of the signature. The creation of new operator (or function) symbols is
handled by the elementary action new. The intuitive meaning of an elementary action

2Besides the fact that the (sort) state used in CH is not further specified, whereas in our model a
state is partly defined as a store, i.e., a declarative program (for more details, see the definition of the
operational semantics in section 5).

3In imperative languages, c is traditionally considered as a variable.
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new(f, s) is to enrich the signature of the store with the operator symbol f of profile
s. Besides the new-action creating new function symbols, we may need similar actions
for the other kinds of symbols in a signature, i.e., sorts, constructors, etc. Obviously,
the exact set of needed new-actions depends on the (declarative) language used for the
description of the store.

2.3 Processes

The processes of a component are specified in the style of a process algebra, see for
instance [3, 28]. We introduce first the notion of a guarded action and present in
a second step the process terms of our computation model. Finally, we present the
definition of (recursive) processes.

Guarded Actions. As we have already mentioned before, actions are essential for
the definition of processes. In fact, the basic processes in our computation model are
guarded actions. A guarded action α is a pair, consisting of a guard and a sequence of
(calls to) elementary actions (with parameters):

[
g ⇒ a1(t1, 1, . . . , t1, l1); . . . ; ak(tk, 1, . . . , tk, lk)

]

such that the guard g is a (conjunction of) expression(s) of sort Truth and, for all
i ∈ {1; . . . ; k}, ai(ti, 1, . . . , ti, li) is a well formed call to the elementary action ai.

To shorten the notation, we sometimes omit the parameters of the (elementary)
actions and abbreviate a guarded action to [g ⇒ ai]. Similarly, we call in the sequel
both, guarded and elementary actions, just “actions”, whenever there is no risk of
confusion.

Similar to the “guarded commands” of [20], the execution of the sequence of (ele-
mentary) actions ai in a guarded action [g ⇒ ai] is only possible if the current theory
described by the store allows to prove that the guard g is valid.

As the execution of actions modifies the store, the order in which the actions are
executed may influence the resulting store. To obtain a deterministic execution of a
guarded action, we follow the tradition in imperative programming and require the
sequential execution (from left to right) of the elementary actions of a guarded action.

Process Terms. Elementary (or basic) process terms are the execution of (guarded)
actions and process calls. The predefined process success represents the process which
(immediately, i.e., without execution of an action) terminates successfully. As usual
in process algebra (see, e.g., [28]), we provide some operators for combining processes:
parallel (‖) and sequential (;) composition, nondeterministic choice (+) and choice with
priority (⊕). Hence we define a process term p as a “well-formed” expression according
to the following grammar:

p ::= success [g ⇒ ai] q(t1, . . . , tm) p ; p p ‖ p p + p p ⊕ p

In the case of a process call q(t1, . . . , tm), we require that the parameters t1, . . . , tm
of the process q are of sorts corresponding to the profile of q (and that the arity of
q is m). The operator of choice with priority ⊕ is not very common, but we found
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it necessary to model critical applications where nondeterminism is not acceptable [1].
The intended meaning of the process term q1 ⊕ q2 is: “execute the process q2 only if
the process q1 cannot be executed”, i.e., the process q1 has a higher priority than the
process q2.

Process Definitions. The behaviour of processes is defined by means of process def-
initions. However, the recursive definition of the behaviour of a process requires some
care in order to avoid pathological cases, as for example processes with an infinite
branching degree. To avoid this kind of problems, process definitions are usually re-
quired to be guarded 4, that is to say, a recursive call to a process has to be preceded
by the execution of an action.

A process is defined by a set of rules, clauses5 or guarded commands ordered by
priority. Each command consists of a guarded action and a restricted process term.
Using the previously introduced notations, a process can thus be defined by a phrase
of the following form:

q(x1, . . . , xm) ⇐
n⊕

i=1

(
[gi ⇒ ai

ji
] ; pi

)

Intuitively, the operational behaviour of a process call q(t1, . . . , tm) is similar to
the alternative construct of the guarded command language of [20]. That is to say, we
have to evaluate which of the guards of the commands defining q are valid, and then to
choose among them the one with the highest priority. Choosing a command means to
atomically execute the sequence of elementary actions associated with the guard and
afterwards to behave like the associated restricted process term.

2.4 Operational Semantics

The operational semantics of a component integrates two orthogonal aspects, namely
the use of the store as a classical declarative program (i.e., evaluation of expressions
and goal solving) and the execution of processes. Informally, the operational semantics
of a component is defined by means of a transition system the states of which consist
of a store and a process term. Execution of actions corresponds to state transitions,
and in every state the (current) store can be used as a classical declarative program.

Hence, our computation model is a conservative extension of declarative program-
ming, since a component without any processes corresponds to a declarative program
in the classical sense. On the other hand, when abstracting from the effects of the
actions, i.e., the modifications of the stores, and considering only the names of actions
that are executed, our computation model is a classical process algebra.

4Notice, that this notion of guard is to be distinguished from the guards in guarded actions, since
the guard in a guarded process is an action, whereas the guard in a guarded action is a term (of sort
Truth) of the store.

5In analogy with the definition of predicates by a set of clauses in logic programming; for the same
reasons we use the symbol ⇐ in process definitions.
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Figure 2: Dining Table for Six Philosophers

2.5 Example of the Dining Philosophers

We conclude this brief overview of our computation model by the presentation of a
solution to the “Dining Philosophers” problem [19]. The problem concerns the life
of some (Chinese) philosophers, which alternate between thinking and eating. These
philosophers live in a same room, and are seated around a round table, in the middle
of which stands a large bowl of rice (with the enjoyable property of containing always a
sufficient amount of well-prepared rice). Figure 2 shows such a table for six philosophers.
As usual, a philosopher needs two chop sticks to eat. Unfortunately, there are only as
many chop sticks as philosophers, so that the philosophers have to share the sticks
with their neighbours. Furthermore, the philosophers are not allowed to exchange
sticks across the table.

We model the situation with two predicates on natural numbers, i.e., functions with
the profile Nat → Truth, which have to be added to a signature of natural numbers,
namely stick(x) and is eating(y). The former represents the fact that stick x is lying
on the table, and the latter is true whenever philosopher y is eating. Hence the initial
store is an extension of a theory for natural numbers with n rules stating the presence
of the n sticks on the table, e.g., stick(i) → true, for i ∈ {0; . . . ;n − 1}.

The behaviour of a philosopher can be modeled by a pair of two processes, shown
in table 1. We use two processes to model the two states for a philosopher: either
the philosophers thinks or eats. These processes take two arguments of sort Nat ,
corresponding to the number of the philosopher and to the total number of philosophers
in the system. In order to start to eat, a thinking philosopher has to execute a guarded
action. The guard stick(x) ∧ stick(((x+1) mod n)) ensures that the needed sticks are
both available, and the three elementary actions modify the theory by removing the
two sticks, and by adding the eating philosopher. The guard true in the action of
the process eats reflects that an eating philosopher can decide to stop eating at any
moment.

The initial process term is the parallel composition of n thinking philosophers,
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thinks(x, n) ⇐


stick(x) ∧
stick(((x+1) mod n))

⇒
del(stick(x));
del(stick(((x+1) mod n)));
tell(is eating(x))


; eats(x, n)

eats(x, n) ⇐


true ⇒

del(is eating(x));
tell(stick(x));
tell(stick(((x+1) mod n)))


; thinks(x, n)

Table 1: Process Definitions for the Dining Philosophers
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Figure 3: Possible Execution Sequence for Six Philosophers

numbered from 0 to n − 1, i.e.,

thinks(0, n) ‖ . . . ‖ thinks((n − 1), n)

Thus, at the beginning of the execution of this system, we observe the situation
shown in figure 2. Thus, the solving of the goal is eating(x) is initially impossible:
There exists no substitution (for x) such that is eating(x) could be reduced to true.
However, during the execution, the philosophers start and stop eating (respectively,
thinking), such that we might observe the sequence of theories (or stores) shown in
figure 3.

First, philosopher number 3 starts eating (situation 1). In situation 2, philosopher
number 0 joins him. Thus, in situation 2, the current theory has been changed such that
the solving of the goal is eating(x) returns the two answer substitutions {x 7→ 0} and
{x 7→ 3}. Philosopher number 0 has stopped eating in situation 3, whereas philosopher
number 3 is still hungry and continues to eat. He is joined by philosopher number 1 in
situation 4 and by philosopher number 5 in situation 5. Hence, the solving of the goal
stick(y) in situation 5 is impossible, since all sticks are in use, and no stick is available
on the table.

Notice that our solution of the Dining Philosophers is straightforward. Indeed,
the store is a simple description of the situation, and the two processes are obtained
immediately from the formalisation of the behaviour of a philosopher by an extended
automaton. Notice further, that our solution does not need an additional semaphore
in order to avoid dead-locks, and that we provide a generic description of a philosopher
as a process.
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3 Related Work

As already stated in the introduction, numerous proposals combining declarative and
concurrent programming exist. Consequently, we cannot give a complete survey of all
of them in this paper, but restrict ourselves to compare our computation model to some
of the closely related proposals.

3.1 Concurrent Declarative Programming

The main difference with existing concurrent extensions of declarative programming
languages is that we distinguish clearly between the notions underlying the declarative
language and processes. Our motivation for this separation is to avoid the need to
encode one concept by another. We strongly believe that this leads to more structured
programs which in consequence are easier to write, read and understand. Furthermore,
our approach is general in the sense that it can be applied to extend most declarative
languages with concurrency, since we do not rely on particular concepts to be available
in the declarative language, but provide processes as an additional notion to those
which are already offered by the declarative language. In fact, our approach requires
only the conditions mentioned in section 4.1.

However, besides this fundamental difference, there are some common points, which
we point out for some selected examples of concurrent extensions of declarative pro-
gramming languages.

3.1.1 Concurrent Logic Programming

The commands defining our processes (see definition 13) are syntactically similar to the
clauses defining predicates in logic programming, with the difference that we provide
more than just conjunction to combine the process calls of the bodies of the “clauses”
and that we explicitly order the clauses defining a process by priority. Therefore,
definitions of processes are less “declarative” as definitions of predicates in logic pro-
gramming. However, a process is a different concept which has to be distinguished from
predicates, and the order of the execution of actions by a process matters, requiring a
more imperative description of processes.

The built-in “predicates” assert and retract of Prolog [17] are similar to our
actions. In fact, CIAO [11] and ESP [12] interpret these predicates as Linda [32]
coordination primitives on a database of atoms. While this view does not improve our
understanding of the semantics of this mix of predicates and actions, [11] presents nice
implementation techniques for the execution of these particular actions.

The execution model of our components is closely related to the one of concurrent
constraint programming (ccp) [56], where a (constraint) store is shared by a number
of processes. The main difference between our model and basic ccp is that the store of
ccp can only be modified in a monotonic manner.

Most of the semantics proposed for the family of ccp-languages consider the result-
ing, final store as the semantics of a process. Thus most of these semantics consider only
finite, terminating executions. The only semantics for ccp considering explicitly infinite
computations we are aware of are presented in [15] and [25], but even these approaches

10



are concerned with the final, resulting store, which is modeled as a least fix-point6. We
prefer a trace based semantics in order to model non-terminating processes controlling
external devices.

Several non-monotonic extensions of ccp have been suggested, either by providing
new built-in actions [16, 13], the use of modifiable cells [61] or by using non-monotonic
logics, as a logic with defaults [57] or linear logic [58, 5, 25]. The user-definable actions
in our computation model allow a greater degree of flexibility than the specific new
built-in primitives of [16] and [13]. Two of the solutions to the problem of the Dining
Philosophers of [16, 13] use an additional arbiter process (second solution of [16] and
the one of [13]). The first solution of [16] uses a specific constraint system which allows
to model the atomic removal of two forks7. Similarly, the actions provided by the
approaches based on linear logic are in our opinion less intuitive, since they rely on
an implicit removal (of the constraints used for the proof of entailment of the guard),
instead of specifying explicitly the constraints to be removed (as in our computation
model). The semantics of a process in [5] is defined by a history, which can be seen
informally as a graph representing all possible executions and taking into account
the causal dependencies between occurrences of basic actions. In contrary to most
semantics for process calculi, this semantics does not need to interleave all actions in a
sequential manner and is thus a truly concurrent semantics. Although this semantics
considers only finite, i.e., either successful terminating or deadlocking, computations,
[5] sketches a solution to the (non-terminating) problem of the Dining Philosophers (see
section 2.5), using an additional semaphore8. Since [25] (similar to [58]) provides only
an operator for prefixing a process with a guard, sequential composition, i.e., imposing
an order on the execution of tell operations, has to be encoded. As an example, consider
the solution suggested for the Dining Philosophers in [25, section 2.2] which is defined
as follows:

philosopher(I,N) =

fork(I) ⊗ fork(I+1 mod N) −→
(tell(eat(I,N)) ‖
eat(I,N) −→ (tell(fork(I) ⊗ fork(I+1 mod N)) −→ philosopher(I,N)))

where the sequential composition “eat and then think” is encoded as

6Notice that this requires a monotone evolution of the store.
7Informally, the predicate use(x, leftfork) (respectively, use(x, rightfork )) models the fact that

philosopher x uses the fork on his left (respectively, right). The constraint system is such that

use(x1, leftfork) ∧ use(x2, rightfork ) = use(x2, leftfork) ∧ use(x3, rightfork ) = . . .

= use(xn, leftfork ) ∧ use(x1, rightfork ) = false

Thus, using an atomic atell , a philosopher can only tell the use of his both forks, otherwise the constraint
store would become false.

8[5] sketches two further solutions to the problem of the Dining Philosophers. The first one is a
translation to ccp (with an atomic atell) of the one suggested in [60, page 1245], which is similar to
ours, since a philosopher can take both forks (or sticks) in a single atomic step. The synchronisation
is expressed by incrementally instantiating streams associated to the forks. The second solution is a
translation to standard ccp of the one presented in [55] which is rather long, complicated (70 lines of
code, which is still incomplete) and requires the use of an additional semaphore for ensuring that no
deadlocks occur. Both solutions do not support interactive goal-solving.
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tell(eat(I,N)) ‖ eat(I,N) −→ P

Notice that this program is close to our solution (see section 2.5) since the atomic
removal of both forks (or sticks) is possible, and that no additional semaphore is needed.
Indeed, the main difference is the implicit removal of the predicates fork(I).

The notion of ports as a many-to-one communication medium has been introduced
in AKL [39]. It is argued that the introduced port primitives have a “logical reading”
(as a special (port-) constraint) and preserve the monotonicity of the constraint store.
In our non-monotonic setting, we can provide the behaviour of ports via appropriate
(elementary) actions. For instance, we can model the streams as lists of messages. The
reception of a messages corresponds to access the head of the list, and sending amounts
to simply add a new message to the end of the list. Notice that we could easily specify
other communication schemes, for example we might want to introduce priorities of the
messages. In this case, we would just have to modify the definition of the action send.

Similar to logic programming, processes in Curry [36] are represented by constraints,
using a concurrent interpretation of conjunction. As a means for communication, the
notion of ports of [39] has been introduced in Curry and been extended to named ports
which allow for distributed programming [35]. Our communication scheme allows to
model the behaviour of ports (by appropriate actions) so that we do not need to intro-
duce them into our computation model. Due to the use of monadic I/O, processes in
Curry are not allowed to perform I/O actions, i.e., to interact with the external world.
This implies that Curry provides two different operators for sequential composition,
namely >>= (which is used for the composition of action in the IO monad) and &>

(which corresponds to the sequential interpretation of conjunction used for modelling
the sequential composition of processes). The example program of the Dining Philoso-
phers which comes with the distribution of PAKCS9 uses an additional semaphore to
ensure that only n− 1 philosophers are seated around the table at the same time such
that the system does not deadlock.

3.1.2 Concurrent Functional Programming

In most concurrent extensions of functional programming languages, processes are en-
coded by means of functions. Therefore, a process is required to return a value, even
if the value is discarded (or simply does not matter) in most of the proposals we are
aware of [53, 2, 50, 62, 54, 42].

The design of Concurrent Haskell (CH) [50] was guided by the research for a “mini-
mal” set of primitive operations which would allow to provide concurrent programming
in the functional language Haskell, such that, using the rich set of abstraction features
of functional programming, more friendly abstractions can be defined. Thus, the con-
fusion between the notions of functions and processes is one of the design principles of
CH. In fact, only the type system allows to distinguish between a (pure) function and
a state transformer (or process), i.e., a function the result type of which is necessarily
of the form IO t10. However, the introduction of concurrency renders the interpre-

9PAKCS is the acronym for the Portland Aachen Kiel Curry System which is available for download
at the URL http://www.informatik.uni-kiel.de/~pakcs.

10Since the value returned by a function representing a process is discarded, the type t is mostly the
empty type ().

12



tation of monadic I/O as abstract descriptions of state transformers “untenable” [50,
section 2.1] for CH, since the execution of the side-effects denoted by the actions cannot
wait until the program has finished (and the description of the actions to be executed
has been computed completely). Thus, the operational semantics of Haskell has to be
extended.

The operational semantics of CH is stratified in two layers, namely the deterministic
reduction of expressions (i.e., the operational semantics of Haskell) and the concurrent
reaction modeling the execution of processes, or reduction of functions of type IO ().
While this separation in two levels is similar to our operational semantics as presented
in section 5, there are several differences. First, CH does not provide operators for
sequential composition and choice between processes, since these operators are not
primitive in the sense that they can be simulated using the operators available in
CH. We have included these operators, since we did not have the goal of designing a
minimal extension to a particular language nor a minimal calculus allowing to model
any problem, but rather searched to combine the best features of both, declarative
programming and process calculi, where these operators are widely used. Second,
communication between processes in CH uses (besides the implicit synchronisation on
shared expressions due to the lazy evaluation strategy) MVars, i.e., mutable variables
which are protected by semaphores. In the operational semantics, MVars are modeled
as a special kind of process. Thus this communication scheme is a particular case of the
communication using a store, since the parallel composition of MVars can be considered
as a store (containing only atomic formulæ). Third, our operational semantics presents
the execution of all actions or state-transformers at the level of the processes, whereas
the operational semantics of CH integrates at least11 the description of the operational
behaviour of the operator of sequential composition, i.e., >>=, into the operational
semantics of the declarative program. Last, but not least, CH does not provide a
symmetrical operator for parallel composition of processes (as is usual in most process
calculi), but a primitive action which has the side-effect of launching a process12.

Therefore, the main difference between our computation model and CH is that we
provide operators taken from process calculi for the description of processes, instead of
encoding processes as a particular kind of functions. Thus we allow the direct use of
the appropriate description tools for each concept, without the need of encoding them.
For instance, our solution to the example of the Dining Philosophers (see section 2.5)
needs the atomic test of two guards, which is not directly provided in CH.

CML [54] differs from our model in two basic design choices. First, communication
in CML is based on message passing, whereas our processes share a common store.
Second, our programming model is asynchronous, while processes in CML synchronise
on events, a new data type introduced in CML. Furthermore, since the behaviour is
specified by functions which might be defined by means of processes the definition of
which might use functions, CML clearly does not distinguish between processes and
functions. Notice that the solution to the problem of the Dining Philosophers given
in [54, page 186] as an example for the implementation of the Linda [32] coordination

11Due to lack of space, the other primitive actions are not considered in [50, section 6].
12It is argued in [50, section 2.2] that a symmetrical fork (as for instance the primitive symFork of

[40]) would have forced the synchronisation on the termination of the forked process, that is to say, the
introduction of a general sequential operator.
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principles in CML needs an additional semaphore to ensure that at most n− 1 philoso-
phers are seated around the table, since there is no direct support for the atomic test
and update of two tuples, as we used in section 2.5.

3.2 Concurrent Programming

The description of processes in our computation model is based on process calculi.
Hence, by means of appropriate actions we can model most of the communication
mechanisms of these calculi. However, our computation model distinguishes clearly
between the notions of processes and those underlying declarative languages, such as
functions and predicates. This distinction does not exists in process calculi, and func-
tions or predicates have to encoded. We consider therefore our computation model to
be more convenient for programming, since these different notions can be expressed
directly using an appropriate formalism. In this section we compare our computation
model to some programming languages based on process calculi. Following the cal-
culi they are based on, most of these languages require the encoding of the notions of
functions and predicates by means of processes.

Our action new (which allows the dynamic creation of channels)13 allows to model
mobility in the same way as the (asynchronous) π-calculus [47], i.e., by passing commu-
nication links. Since the encoding of functions by means of processes in the π-calculus
is rather complicated and not very intuitive, an integration of the λ-calculus and the
π-calculus has been proposed [7], by combining the operational behaviour of functions
and processes, whereas in our model, functions and processes are clearly distinguished
notions. Furthermore, our model is a conservative extension of declarative program-
ming, such that interactive goal solving with respect to the current store is possible.

The programming language Pict [51] is based on the asynchronous π-calculus. Con-
trary to Pict (and the π-calculus), our guards allow the atomic reception on several
channels, whereas in the π-calculus processes can only wait on a single channel. Ex-
tensions of the (asynchronous) π-calculus without this restriction are the join-calculus
[30] and Lπ [10].

jocaml [29] is a language based on the join-calculus where processes can be seen as
communicating via a multiset of messages: sending a message corresponds to place it
in the multiset. The “joint reception” of several messages is blocking and removes the
received messages from the multiset. Thus broadcast is not provided directly and has
to be encoded as in any language based on the π-calculus. Since jocaml is implemented
on top of ocaml [42], jocaml-programs can use the facilities of ocaml for the definition
of data structures and functions14. However, we are not aware of a complete description
of the theoretical foundations of this integration.

In Lπ [10], processes communicate (as in the join-calculus) via a multiset, but
additionally may have guards, i.e., a Lπ-process that, when executed in an encapsulated
environment, has to terminate successfully. Using these guards, the solution to the

13Together with the parameterised sort Name introduced in section 4.1.2, which allows channel names
to be passed.

14“To explore the expressive power of message-passing in jocaml, we now consider the encoding of
some data structures. In practice however, one would use the state-of-the-art built-in data structures
inherited from ocaml, rather than their jocaml internal encodings.” [29, introduction of chapter 1.6]
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problem of the Dining Philosophers given in [9, secion 2.1, pages 23 – 24] allows a
philosophers to take two sticks in a single atomic action, similar to our solution (see
section 2.5). However, Lπ does not distinguish between predicates and processes, and
like all the other dialects of the π-calculus mentioned above does not support interactive
goal solving.

Similar to our computation model, a system in KLAIM [49] is composed of several
components (called “nets” in KLAIM) which themselves are structured by means of
concurrent, parameterised processes. Therefore the actions executed by processes in
KLAIM are located, i.e., paired with the location (of the net) where they are to be
executed. This is similar to our pairs of storenames and elementary actions. How-
ever, the stores of KLAIM are not declarative programs, but multisets of tuples which
are accessed or selected (as in Linda [32]) by means of pattern matching. A further
similarity is the separation of the operational semantics in two levels, corresponding
to the locations (components) and the nets (system). However, while KLAIM pro-
vides a global transition system describing the semantics of a system, we prefer to
view a system as a parallel composition of several transition system, in order to reflect
that we cannot know the states of all components at the same moment. Furthermore,
KLAIM does not distinguish between tuples and processes: on the one hand, KLAIM
supports the notion of active tuples, i.e., tuples representing processes15, and on the
other hand, the operational semantics of KLAIM presented in [49] models tuples as
processes. This way of modelling messages as processes can also be found in the asyn-
chronous π-calculus or the join-calculus calculus where sending a message corresponds
to spawn a parallel process which synchronises on the reception of the message and
terminates. Finally, we have voluntary restricted ourselves in this paper to the precise
description of components and their interactions, and model system as a static set of
components. KLAIM does not have this restriction and allows the dynamic creation of
locations (i.e., components) by means of particular builtin actions. In our opinion, the
creation of components should be distinguished from actions, since the former modify
the set of stores in the system, whereas the latter modify stores, i.e., members of the
before mentioned set.

The combination of algebraic specification with a process calculus similar to CCS
[44] and CSP [37] provided by Lotos [38] distinguishes between functions and pro-
cesses. However, in contrary to our proposal, the definitions of the functions cannot
be changed, and the store is mainly used to specify the types of the messages. The
communication mechanism of Lotos by synchronisation on ports has to be simulated
in our computation model. On the other hand, a broadcast is natural in our model,
but rather difficult to obtain in Lotos.

Similar to our model, algebraic state machines [8] distinguish between the static and
dynamic parts of a system, in order to enhance the readability of specifications. Thus,
algebraic state machines also use different layers in the description of a system. Indeed,
the states of an algebraic state machine are algebraic specifications, and the transi-
tions between states are expressed by particular transition rules or axioms. Compared
to our computation model, algebraic state machines are closer to specifications, i.e.,

15Notice that this leads to two different ways of introducing a concurrent process: Either by putting
an active tuple into the tuple space by means of the tuple space operation eval or by the operator ‖ of
parallel composition of processes.
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they are not necessarily executable. This is witnessed by the fact that the transition
rules are considered as specifications of a logical relation between states, and arbitrary
logical formulæ are allowed in the pre- and post-conditions of the transition rules. Fur-
thermore, algebraic state machines do not use process algebra combinators for their
composition, but a single composition operator which is based on the data flow using
the input and output channels, considering single algebraic state machines as black
boxes. Thus, notions of processes (or algebraic state machines) and components are
not as clearly distinguished as in our model. Finally, the use of process algebraic oper-
ators allows us to express the dynamic creation of processes, since we allow arbitrary
process terms in the rules of process definitions, whereas the transitions of algebraic
state machines cannot change the number of processes.

4 Computation Model: Syntax

In this section we present the syntax of our component-based approach to concurrent
declarative programming [21, 22]. As mentioned in section 2, we model a system as
a set of components, where each component is internally composed of a store F , i.e.,
a declarative program, and a set of processes pi, interacting via the modification of
the store by means of the execution of actions. To distinguish between the different
components of a system, we attribute to each component of the system an identifier or
name, called component name or storename. In the system of figure 1, the storenames
of the three components shown are sn1, sn2 and sn3.

In the rest of this section we present the different parts of a component one by one in
more detail. First we consider the level of the stores separately, that is to say we present
the requirements on a declarative language which is to be used for the description of
stores. Then we introduce in section 4.2 the notion of a component signature which
declares all the symbols necessary for the description of a component. Section 4.3
discusses the interactions between components. The definition of processes is presented
in section 4.4. Finally, section 4.5 gives the complete definition of a component, and
briefly presents the construction of systems from a set of components.

4.1 Stores

The store of a component corresponds to a classical declarative program, i.e., a set of
formulæ or rules which can be seen as a theory description. Thanks to this general view
of stores, our approach to combine declarative programming and concurrency is generic
in the sense that it is independent from the actual declarative language. Consequently,
(almost) any (pure) declarative language can be used for the description of a store. In
this section, we present the required general properties of stores.

4.1.1 General Properties of Stores

In our computation model, a store is a theory description that is shared by the processes
of the component. Hence, the store of a component can be considered as a “knowledge
base”, modeling information about the state of the component and its environment,
that is exploited by the processes. Consequently, the processes need to access the
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information contained in the store, as well as to modify the store. Access to the
information uses the operational semantics of the declarative language the store is
written in. The modification of the store is performed by the execution of actions
and is presented in the following section dedicated to actions. In order to define the
processes in a language independent way, we make the simplifying assumption that all
stores are constructed from a signature and a set of rules. Thus we get the following
definition.

Definition 1 (store). A store is a classical (declarative) program F = 〈Σ, R〉 (written
in the language L), composed of a signature Σ and a set of rules (also called phrases
or formulæ) R. A signature Σ = 〈S, Ω〉 is a pair of a set of sorts S and a (S-indexed)
family of operator, function or predicate symbols, such that Σ contains at least the sort
Truth with its constructor true. S denotes the set of all types that can be constructed
from the set of basic sorts specified by the set S16. We note the (S-indexed) family of
sets of terms for a signature Σ and variables X as T L(Σ, X). Furthermore, we have
a decidable predicate evalL(F, t) (also written as F `L t), which holds if the term t of
sort Truth, i.e., t ∈ TL

Truth
(Σ, X), can be reduced to true using the rules of the store

F = 〈Σ, R〉.

The predicate evalL (or relation `L) corresponds to an evaluation of a boolean ex-
pression in classical functional languages, or to a test for validity in logic programming.
In the sequel, whenever the (declarative) language L is clear from the context, we omit
the corresponding index. Similarly, we write, by abuse of notation, S instead of S, if
there is no risk of confusion.

Example 2. For the functional programming language SML [48], the predicate eval SML

is defined by the standard operational semantics of SML, applied to terms of type bool.

Example 3. For the logic programming language Prolog [17] (respectively, the func-
tional logic programming languages T OY [43] and Curry [36]), the operation eval Prolog

(respectively, evalT OY and evalCurry) is defined by the standard operational seman-
tics (based on resolution respectively, narrowing)with the additional condition that the
answer substitution should be the identity substitution. Notice that we model atoms
(i.e., applications of predicates) as terms of sort Truth and that a Prolog (respectively,
T OY or Curry) program is a set of clauses (or rules) and corresponds thus obviously
to definition 1.

Example 4. Besides declarative languages, classical imperative programming lan-
guages, such as ada or C, can be used for the description of stores. Intuitively, the
rules of an imperative store define the values stored in each of the cells of the memory,
and terms are straightforwardly defined as expressions. However, we have to require
that expressions use only functions17 which do not have side-effects, i.e., which do not
modify the memory. The check for validity is then the (side-effect free) evaluation of a
boolean-valued expression.

16For instance, functional types can be constructed using the type constructor →, e.g., the sort
s1 → s2 denotes the sort of functions of domain s1 and range s2.

17Procedures are captured in our model by the notion of processes. In fact, both execute actions.
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Notice that the definition of stores is similar to the notion of a logical system in
the framework of institutions [33]. Informally, a logical system is characterised by a
signature Σ, a collection of Σ-sentences, a collection of Σ-models and a Σ-satisfaction
relation (of Σ-sentences by Σ-models) [33, page 96].

In the remainder of this paper, we consider (conditional) term rewriting systems
[18, 41] as a formalism for the description of stores.

4.1.2 Modeling Mobility: Names

We conclude this section with the description of an additional built-in sort which is
necessary in order to model mobile processes in the sense of the π-calculus [47], that
is to say by passing the names of communication links. Recall from section 2, that
processes of a component modify the store or declarative program by the execution
of actions. Furthermore, these actions are defined on a meta-level with respect to the
store, since they manipulate stores or declarative programs as data. At the level of
the actions, i.e., at the meta-level with respect to the store or declarative program, we
distinguish between the value denoted by a constant c (which is a meta-representation
of a term) and the constant c itself (which is a function symbol).

This distinction is present in all languages providing assignment. In imperative
programming languages, references or pointers allow to distinguish between the pointer
or reference and the value which is referenced. Notice that the notion of variable in
imperative languages denotes both, the value stored in a given place in the memory
(when occurring at the right of :=) and the address of the place in the memory where
the value is stored (when occurring on the left of :=). Similarly, in SML [48] a symbol of
type (or sort) ref t is distinguished from a symbol of type t. The distinction between
structural equality (i.e., equality of values) and physical equality or object identity is
another reflection of this difference.

As already mentioned in section 2.2, we need, besides actions modifying the rules
of a store, also actions for the modification of the signature. For the creation of new
(function) symbols we introduced in section 2.2 the elementary action new. In our
setting, this action requires the introduction of a new parameterised sort representing
the names or references to (function) symbols into the store itself. The following
example illustrates this necessity.

Example 5. Consider a process, say A, which creates a new communication channel,
say c, such that another, concurrently executing process, say B, should send messages
to A using c. For simplicity, we suppose that channels are represented as lists of
messages. Notice that since the channel c is freshly created by the process A, it is in
the local scope of A and the process B has no knowledge of c. Since processes in our
computation model use the common store for their interaction and communication, A
has to use the store to inform B about the new channel c. Thus suppose that A can
send messages to B using a channel d. But passing the name of the channel c to B is
to be distinguished from passing the current value of c (which is probably an empty list
of messages). Therefore, the type of messages that can be passed through the channel d
has to be names of channels.

Therefore we introduce a new parameterised (built-in) sort to denote the sort of the
name of a symbol of sort s.
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Definition 6 (Name). The sort Name(s) denotes the sort of symbol-names such that
the sort of the symbols is s. If c is of sort Name(s), we denote by c↑ the associated
symbol of sort s.

For the ease of programming, we require that the names of the symbols declared
by the programmer are added implicitly. For a signature Σ = 〈S, Ω〉, we call name-
signature Σn the signature of all the names of the symbols of Σ. Thus we require that
the signature Σ̃ of a store is the (disjoint) union of the signature Σ as defined by the
programmer and the associated name-signature:18

Σn def

=
〈{

Name(s)
∣∣ s ∈ S

}
,

{
f̂ : Name(s)

∣∣ f ∈ Ωs

}〉

Σ̃
def

= Σ ] Σn

Accordingly, the execution of the (elementary) action new(x, s) introduces two new
symbols in the (signature of the) store, namely x of sort Name(s) and x↑ of sort s. x
stands for the name of (or a reference to) the symbol x↑.

4.2 Component Signatures

A component is defined as a part of a system. Consequently, the description of a compo-
nent that interacts with the rest of the system necessarily depends on the specification
of the system. In our computation model, a system is modeled as a set of components,
which are identified by means of storenames. Thus we can represent a system by the
set SN of all the storenames of the components forming the system, together with a
bijective mapping from storenames to components. In the following we therefore define
a component with respect to a set of storenames SN which represents the system the
component is designed for.

In this section we present the notion of a component signature, which introduces all
the different symbols occurring in the description of a component. Notice that these
symbols belong to all the different levels shown in figure 4, that is to say to the level
of the store, to the meta-level of the store, as well as to the part describing the pro-
cesses. Besides the symbols of the stores (and the associated meta-representations) of
the components in the system, a component signature defines symbols for actions and
processes. These symbols defined in a component signature allow therefore the con-
struction of processes and actions. We comment on the different parts of a component
signature after the definition.

Definition 7 (component signature). Let SN be a set of storenames. We define,
for a storename ŝn ∈ SN and a declarative language L, a component signature CΣ as
a six-tuple CΣ = 〈Σ, MΣL, A, I, E, P 〉 where

• Σ = 〈S, Ω〉 is a signature of a store, i.e., of a L-program,

• MΣL = 〈ML, MOL〉 is a meta-signature for L, i.e., a pair of a set of meta-sorts
ML and a (ML

19-indexed) family of meta-function symbols MOL, such that ML

18The (disjoint) union of two signatures Σ1 = 〈S1, Ω1〉 and Σ2 = 〈S2, Ω2〉 is defined in the obvious

way, e.g., Σ1 ] Σ2

def
=

�
S1 ] S2, Ω1 ] Ω2 � .

19As in definition 1 we note S the set of types that can be constructed from the basic sorts S.
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Figure 4: Levels of a System Description: Structure of a Component-Signature

contains all the sorts corresponding to the syntactic entities of the language L (in
particular the sort storeL representing well-formed stores written in L),

• A is a ((S ] ML)19-indexed) family of action symbols, the sorts of which are of
the form s1 → . . . → sn → storeL → storeL (n ≥ 0),

• I =
{

IΣsn = 〈Σsn , MΣLsn
, Asn〉

∣∣ sn ∈ (SN r {ŝn})
}

is a (SN -indexed) family
of imported signatures IΣsn , i.e., triples of signatures Σsn = 〈Ssn , Ωsn〉, meta-
signatures MΣLsn

= 〈MLsn
, MOLsn

〉 (Lsn is the (declarative) language used for the
store of component sn) and ((S ] MLsn

)19-indexed) families of actions symbols Asn

(the sorts of which are of the form s1 → . . . → sn → storeLsn
→ storeLsn

),

• E = 〈EΣ, EMΣ, EA〉 is a triple of a sub-signature20 EΣ, a sub-meta-signature EMΣ

and a subset of the action symbols EA, i.e., EΣ ⊆ Σ, EMΣ ⊆ MΣ and EA ⊆ A,

• P is a (PS
∗19, 21-indexed) family of process symbols, containing at least the pa-

rameterless process success ∈ Pε
21,which always terminates successfully,

and where the set of sorts PS is defined as

PS
def

= S ] ML ]
( ⊎

sn∈(SN � {
�
sn})

(Ssn ] MLsn
)
)
] {storename} (1a)

The following paragraphs motivate and comment on the different parts of a com-
ponent signature.

Σ: On the level of the store, a programmer has to specify the signature of the
initial stores. Obviously, the component signature has to contain the signature of the
store of the component itself, but in order to interact with other components, the
component signature needs to incorporate also (parts of) the signatures of the initial
stores of these other components (see the imported symbols I).

20For two signatures Σ1 = 〈S1, Ω1〉 and Σ2 = 〈S2, Ω2〉 we say that Σ1 is a sub-signature of Σ2,
written as Σ1 ⊆ Σ2, if S1 ⊆ S2 and Ω1 ⊆ Ω2. A similar relation is defined for all other kinds of
signatures, in particular meta-signatures, in the obvious way.

21For a set of types S, we denote sequences of types by S∗ and note the empty sequence as ε.
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MΣ, A: Along with the signatures of the stores, a component signature contains
the definitions of the meta-signatures or ADT’s corresponding to meta-representations
of the stores. These symbols are necessary for the definition of actions and their param-
eters. In this paper, we restrict ourselves to the set of predefined elementary actions
presented in section 2.2. User-defined actions are discussed in more detail in [23].

Notice that actions may take, besides meta-terms, also terms of the store as parame-
ters. Thus actions are different from meta-operators (MOL), since the sorts of the latter
are constructed only from meta-sorts, whereas the former have sorts constructed from
meta-sorts and sorts. The second kind of parameters is to be understood as parameters
of the meta-sort corresponding to the syntactic entities of the corresponding sort. In
particular, terms are “reified”, i.e., transformed implicitly to meta-terms by means of
an implicit application of the mapping reify . Roughly speaking, reify associates to a
syntactic entity e of a declarative language L its representation as a meta-term (of the
meta-sort e corresponding to this entity e ∈ ML). Besides offering a more convenient
description of processes, the use of the sorts of the stores in the profiles of action sym-
bols has the additional advantage of enabling static type-checking of the arguments of
actions. For instance, considering the assignment action c := v, we can statically verify
that the sorts of the function symbol c and the term v are the same. Thus it is no
longer necessary to verify this condition at runtime.

I, E: The imported signatures allow the processes of a component to interact with
other components of the system. Since processes modify stores, we need to import the
signatures of the stores, the meta-signatures and the (elementary) actions defined on
the remote component: If a process wants to execute an action on the store of another
component, it necessarily needs to know the actions executable on the other store, as
well as some information about the signature of the store of the other component, in
order to construct the parameters of the action in a meaningful way.

The exported symbols of a component are those which other components are al-
lowed to import. So it seems natural to require that these symbols are defined in the
component signature and that not necessarily all symbols are exported.

PS: The set of sorts PS defines the (basic) sorts that can be used in the definition
of processes. Besides the (disjoint) union of the sorts and meta-sorts, PS contains the
additional sort storename, which represents storenames and allows to pass storenames
as parameters to processes.

P : The last kind of symbols introduced by a component signature are processes,
which are defined by process definitions. Their operational semantics is given by means
of transition system as described in section 5.

The following convention abbreviates the description of processes. In fact, by consid-
ering the definitions of the local store as imported from the component with storename
ŝn, we obtain a uniform view of all the signatures and meta-signatures.
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Notation 8. To shorten the notation we integrate the signature Σ, meta-signature MΣ
and family of actions A of the component into the family of imported symbols I (which
becomes a SN -indexed family). We define thus:

Σ �
sn

def

= Σ, MΣ �
sn

def

= MΣ and A �
sn

def

= A

Furthermore, we renew the convention introduced in section 4.1.1 and confound, by
abuse of notation, whenever there is no risk of confusion, the set of (basic) sorts S and
the set of sorts S that can be constructed from S.

We conclude this section with the introduction of the notion of component terms,
i.e., terms constructed using the symbols defined in a component signature. Compo-
nent terms are used for the description of the parameters of actions and processes.
Informally, a component signature CΣ = 〈Σ, MΣL, A, I, E, P 〉 can be seen as a signa-
ture, i.e., a pair 〈PS, PO〉, where the set of sorts PS is defined as in equation (1a) and
the (PS-indexed) family of operators combine all the operators defined in a component
signature, i.e.,

PO
def

=
( ⊎

sn∈SN

(Ωsn ] MOLsn
)
)
] SN (1b)

Notice that, according to equation (1b), we consider the storenames as the constructors
of the sort storename, i.e., we have for all sn ∈ SN that sn ∈ POstorename .

Viewing a component signature as a signature according to equations (1a) and (1b),
we define for a (PS-indexed) family of variables X the (PS-indexed) family of component
terms CT (CΣ, X) as the terms over the signature CΣ and the set of variables X, i.e.,

CT (CΣ, X)
def

= T (CΣ, X)

4.2.1 Example of the Multiple Counters

Consider a (simplistic) application inspired from [34] representing a system of multiple
counters. The application starts by creating a window (as shown in figure 5) represent-
ing a counter which can be incremented manually by clicking on the button labeled
Increment. The behaviour of the two other buttons in the counter window is as follows.
The Copy-button creates an independent counter (with an associated new window) and
initialises it with the current value of the counter being copied, whereas the Link-button
creates a new view (i.e., a new window) of the same counter. All links (or views) of
a same counter should behave identically, e.g., they increase the counter at the same
time. Additionally we may want to use the current value of the counters for some
calculations, in the same way as we would like to use any other constant in a classical
declarative language. We use our solution for this problem as a running example for
the illustration of the different definitions in the remainder of this section.

We suggest to separate the management of the windows from the counters. Hence
we model the system using two components, a first one for the counters, say C, and
a second one for the window system, say X. This is similar to real window systems,
where applications may run on a machine connected via the network to the machine
controlling the monitor. In this chapter, we focus on the component C. We start in
this example with the presentation of the component signature for the component C.
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Figure 5: A Counter Window

S
def

= {Cnt ; Evt ; Wid ; Evt List ; Wid List}

C
def

=





cnt : Nat × Wid List → Cnt ;
increment , copy , link : Evt ;
nilEvt : Evt List ; consEvt : Evt × Evt List → Evt List
nilWid : Wid List ; consWid : Wid × Wid List → Wid List





D
def

=





get val : Cnt → Nat ; get wins : Cnt → Wid List
headEvt : Evt List → Evt ; tailEvt : Evt List → Evt List
headWid : Wid List → Wid ; tailWid : Wid List → Wid List
appendEvt : Evt List × Evt List → Evt List





Table 2: Signature of the store for the Multiple Counters Example

We specify each of the eight parts of the component signature separately, using the
following set of storenames SN = {C; X}.

The store of the component C describes a theory for counters. We model a counter
c as a constant of type Cnt , i.e., a pair 〈val ,wins〉 of the current value val of the
counter c and a list of the window identifiers wins of the windows associated with c,
i.e., the windows displaying the value of c. The fields of a counter can be accessed by
the functions get val and get wins . We represent the values of a counter by natural
numbers. The window identifiers are represented by strings of characters, which we
suppose to be a built-in sort. The processes of the counters have to react on events
occurring in the windows. The only (high-level) events (occurring in a counter window)
we consider are clicks on the different buttons. Thus we define the sort Evt by the set
of the three constructors {increment , copy , link}. Obviously, we also need the sort of
lists, which are classically represented by means of two constructors, namely cons which
takes an element and a list and returns a list and nil , the empty list.

The signature ΣC of the store of the component C is thus the enrichment of a
signature of natural numbers with the sorts, constructors and functions (we omit the
declaration of the equality predicate = for the new sorts) shown in table 2.

The actions we need for the modifications of the store C are assignment (:=) and the
creation of new symbols new. Recall from section 4.1.2, that new takes two arguments,
the first corresponding to the new (function) symbol to be introduced in the signature
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AX

def

=

{
add-win : Nat × Name(Cnt) × Name(Evt List) → (store → store);
refresh-wins : Nat × Wid List → (store → store)

}

Table 3: Imports from component the X by the component C

of the sort and the second to the sort of the new symbol. To simplify, we suppose that
all these symbols are exported, i.e., the component C does not hide any of its symbols.

Since there are only two components in the system, the family of imported symbols
consists only of the imports from the component X which are shown in table 3. In order
to display the counter windows, the component C imports two elementary actions from
X, namely add-win and refresh-wins. The action add-win(v, c, e) creates a new counter
window for the counter c displaying the value v such that clicks on the buttons in this
window have the effect of adding a corresponding Evt at the end of the list of Evts
e. The process in the component X that actually handles the creation of the window
is also in charge of sending an action to the store C which adds the Wid of the new
window to the counter c. Thus, the action add-win takes the names of the counter c and
the event-list e as arguments. The action refresh-wins(v, l) refreshes the displays of all
the windows denoted by the Wid ’s in the list l such that the new value v is displayed.
Since the parameters of the actions of the component X are those imported from C, the
imported signature ΣX is empty.

We suggest to provide one control process per counter window, which we call
cnt ctrl. It needs two parameters: the name of the constant representing the counter
the value of which is displayed in the window and the name of the list of events which
occur in the window. A second process, called create win, handles the creation of new
counter windows. create win takes the same arguments as cnt ctrl. Thus, the set of
processes of the component C is defined as follows

P
def

= {cnt ctrl, create win : Name(Cnt) × Name(Evt List) → process}

4.3 Interactions

In our computation model, processes of a same component use the common store for
interaction. All processes of a component have access to all information in the store, i.e.,
the signature and the rules. To communicate, processes modify the store by executing
actions. Informally, interaction between components is based on the same scheme:
Processes are allowed to modify the stores of other components, i.e., they can execute
actions on these stores. For instance, in the example of the multiple counters (see
section 4.2.1), the component C needs to refresh the display of the windows associated
to a counter whenever the value of the counter has changed. Since the display of
the windows is handled by the component X, a corresponding action needs to be sent
from C to X. In order to interact, components need to exchange the declarations or
profiles of the symbols that are used for the interaction. We say that a component
exports a declaration, when this declaration can be used by other components. The
declarations of a remote component that a component uses for interaction are called
imported declarations.
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We distinguish different levels of imports (respectively, exports). For instance, the
declarative program describing a store may itself be a collection of files or modules,
and the access to symbols defined in other modules might be restricted. This is to
be distinguished from the import (respectively, export) of declarations of a store or
declarations of actions from one component to another. The former is a facility to
structure the program or store, whereas the latter is necessary for interaction between
components. For instance, a component must be able to construct the parameters of
an action to be executed on a remote store. In this section, we describe the imports
and exports related to the interaction between components.

Since interaction between components in our computation model is based upon
the execution of actions on the stores of remote components, a component needs to
import the actions which can be executed on the stores of other components. Since
these actions take parameters that are related to the store of the remote component,
the signature of the store, e.g., sorts, functions and predicates, as well as its meta-
signature have to be imported. This led us in the preceding section to define the
signature imported from a component with storename sn as a triple of a signature Σsn ,
meta-signature MΣLsn

(where Lsn is the (declarative) language used for the store of
component sn) and a family of actions symbols Asn .

To avoid name-clashes, i.e., two symbols with the same identifier defined in different
components, the identifiers of the imported symbols could be prefixed with the name
of the component they are defined in, similar to the prefixing of the module name as
in, for example, ocaml [42] or Curry [36].

The exported signature of a component is the part of the signature of the component
which can be used, i.e., imported, by other components. Thus, a component can export
a sub-signature of its store, a sub-meta-signature of its stores and a subset of its action
symbols.

Example 9. As an example for imports, reconsider the example of the multiple counters
(see section 4.2.1), in particular table 3 which gives signature imported by the component
C from the component X.

The component C exports its complete signature, meta-signature and set of actions.

4.4 Processes

The processes of a component are specified in the style of a process algebra, see for
instance [3, 28]. Basic process terms, e.g., guarded actions or process calls, are com-
bined by means of operators for constructing processes. In this section, we present
the definition of processes. We start with the basic process terms and go on with the
definition of the operators on processes. Finally we give the rules for defining processes.

4.4.1 Guarded Actions

The basic process terms of our computation model are guarded actions. Informally, a
guarded action is a pair of a guard, i.e., a term of the store, and a sequence of pairs of
a storename and a call to an elementary action.

Definition 10 (guarded action). Let CΣ = 〈Σ, MΣL, A, I, E, P 〉 be a component
signature (for a declarative language L and a storename ŝn) and X a (PS-indexed)
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family of (sets of) variables, where PS is defined according to equation (1a). We define a
guarded action α as a pair

[
g ⇒ 〈sn1, a1(t1, 1, . . . , t1, l1)〉; . . . ; 〈snk, ak(tk, 1, . . . , tk, lk)〉

]
,

consisting of

• a guard g, i.e., a term of sort Truth of the local store, i.e., g ∈ TTruth(Σ, X),
and

• and a sequence of pairs 〈sn i, ai(ti, 1, . . . , ti, li)〉 of a storename and a well-formed
call to an elementary action, that is to say, we have (∀i ∈ {1; . . . ; k}) that sn i ∈
SN is a storename, ai ∈ A is an elementary action and ti, j ∈ CT (CΣi, X) is a
component term (∀j ∈ {1; . . . ; li}), where the signatures Σi

sn = 〈Si
sn , Ωi

sn〉 of the
component signatures CΣi are defined inductively as follows (∀i ∈ {1; . . . ; k}, and
∀sn ∈ SN )22, 23

Σ1
sn

def

= Σsn = 〈Ssn , Ωsn〉

Σi+1
sn

def

=





〈
S, Ωi

sn ] {c : Name(s); c↑ : s}
〉 if sn i = sn and

ai(ti, 1, . . . , ti, li) = new(c, s)

Σi
sn otherwise

We note the set of guarded actions (for CΣ and X) as G(CΣ, X) and use α to range
over guarded actions.

Notice that definition 10 requires the guard of a guarded action to be a term in
the store of the local component ŝn. This implies that while processes are allowed to
execute actions on all stores in a system, they can only read, i.e., access information,
from the local store (through the guards). The motivation for this restriction is that
the check of the validity of the guard and the execution of the action expression are
intended as a single (locally) atomic operation. By locally atomic we mean that the
(sub-) sequences of actions for a given store have to be executed atomically, and that
on the local store, the check of the validity of the guard, the evaluation of the action
expression to normal form, the execution of the action and the sending of the sequences
of actions to the remote stores form a single, atomic operation. If we would allow a
guard to contain parts of different stores, than we would have to ensure global atomic
execution, which is in our opinion not a natural abstraction when the stores (i.e.,
components) are explicitly distributed24.

4.4.2 Process Terms

In this section we define the notion of process terms. Recall from section 2.3, that basic
process terms are guarded actions (see definition 10) and process calls, i.e., applications
of a process q ∈ P . Process terms can be composed using the operators of process
algebras mentioned in section 2.3, namely parallel (‖) and sequential (;) composition,
nondeterministic choice (+) and choice with priority (⊕).

22The other parts of the component signatures CΣi are the same as the corresponding parts of CΣ.
23We will use the component signature CΣk in definition 13.
24Global atomic execution of actions would also require the implementation of a “global consensus”,

the implementation of which is difficult or even impossible in case of a single faulty process [27].
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Definition 11 (process terms). Let CΣ be a component signature and X an (PS-
indexed) family of (sets of) variables, where PS is defined according to equation (1a).
We define the set of process terms P(CΣ, X) by the following grammar:

p ::= success α q(t1, . . . , tm) p ; p p ‖ p p + p p ⊕ p

In order to get clearer and more readable programs by enforcing a “good program-
ming style”, we introduce the notion of restricted process terms. Roughly speaking,
a restricted process term is a process term syntactically restricted neither to contain
any occurrence of ⊕, nor a guarded action. Thus, the set of restricted process terms
P(CΣ, X) is defined according to the following grammar:

rp ::= success q(t1, . . . , tm) rp ; rp rp ‖ rp rp + rp

Example 12. Considering the component signature of the example of the multiple
counters presented in section 4.2.1, the following process term is not restricted, since
it uses a guarded action directly:

[
true ⇒

〈
C, new(c, Cnt)

〉
;
〈
C, c := zero

〉
;〈

C, new(e, Evt List)
〉
;
〈
C, e := nilEvt

〉
]
; create win(c, e)

4.4.3 Process Definitions

A process is defined by a set (ordered by priority) of rules, clauses or guarded commands,
each of which consists of a guarded action and a restricted process expression.

Definition 13 (process definition). A process definition for the process q is a phrase
of the following form25:

q(x1, . . . , xm) ⇐
n⊕

i=1

([
gi ⇒

〈
sni

1, ai
1(t

i
1, 1, . . . , ti1, li

1

)
〉
, . . . ,

〈
sni

ki , ai
ki(t

i
ki, 1, . . . , ti

ki, li
ki

)
〉]

; rpi

)

where (for every i ∈ {1; . . . ;n}, with n > 0):

•
[
gi ⇒

〈
sn i

1, ai
1(t

i
1, 1, . . . , ti

1, li
1

)
〉
, . . . ,

〈
sni

ki , ai
ki(t

i
ki, 1, . . . , ti

ki, li
ki

)
〉]
∈ G(CΣ, X)

is a guarded action for the “local component”,

• rpi ∈ rP(CΣi
ki , X) is a restricted process term, where the component signature

CΣi
ki is defined as in definition 10, and

• the free variables in the guarded commands (i.e., the sequential compositions of
a guarded action and a restricted process term) are included in the parameters of
the process q (i.e., the set {x1; . . . ;xm}).

25To ease the reading of the definition, the signification of the different indices is as follows: The
process q has m parameters and is defined by a set of n guarded commands. The guarded action of
guarded command number i contains a sequence of ki elementary actions, the j-th of which takes lij
parameters.

27



cnt ctrl(c, e) ⇐
head (e↑) = increment ⇒

〈
C, e := tail(e↑)

〉
;〈

C, c := cnt
(
succ(get val(c↑)), get wins(c↑)

)〉
;〈

X, refresh-wins
(
succ(get val (c↑)), get wins(c↑)

)〉


;

cnt ctrl(c, e)

⊕


head (e↑) = copy ⇒

〈
C, e := tail(e↑)

〉
;〈

C, new(c′, Cnt)
〉
;

〈
C, c′ := cnt

(
get val(c↑), nilWid

)〉
;〈

C, new(e′, Evt List)
〉
;

〈
C, e′ :=nilEvt

〉


;

cnt ctrl(c, e) ‖ create win(c′, e′)

⊕
[
head (e↑) = link ⇒

〈
C, e := tail(e↑)

〉
;
〈
C, new(e′, Evt List)

〉
;
〈
C, e′ :=nilEvt

〉]
;

cnt ctrl(c, e) ‖ create win(c, e′)

create win(c, e) ⇐
[
true ⇒

〈
X, add-win(get val (c↑), c, e)

〉]
; cnt ctrl(c, e)

Table 4: Process Definitions for the Component C

Intuitively, the operational behaviour of a process call q(t1, . . . , tm) is similar to
the alternative construct of the guarded command language of [20]. That is to say, we
have to evaluate which of the guards of the commands of the process definition for q are
valid, and then to choose among them the command with the highest priority. Choosing
a command means to atomically execute the sequence of elementary actions associated
with the guard and afterwards to behave like the associated restricted process term.

Example 14. The process definitions of the store of the component C for the example
of the multiple counters (see section 4.2.1) are shown in table 4.

The process controlling a counter-window is cnt ctrl, which takes two parameters:
the name c of the associated counter and the name e of the event-queue to which the
window system sends all the events occurring in the window being controlled (an example
of a counter window is shown in figure 5). Intuitively, cnt ctrl handles the events in
the list e one by one. For instance, an event corresponding to a click on the Increment-
button removes the event from the list e, increments the counter c (i.e., assigns to c
the pair of the successor of the old value and the old list of windows) and triggers the
redrawing of all windows associated to c (using the process function refresh-windows).
Then the process continues to execute cnt ctrl (for the same list e and counter c).
An event representing a click on the Copy-button removes the event from the list e
and creates and initialises a new counter c′ and a new event-list e′. Then the process
continues in parallel with a new process which creates a new window for the new counter.
The handling of clicks on the Link-button is similar to the handling of Copy.

The process create win takes the names of a counter c and an event-list e as ar-
guments and sends a call to the elementary action add-win to the component X and
subsequently behaves as the process cnt ctrl controlling the new window for the counter
c.

In analogy to logic programming, where the free variables of a clause or rule have to
be renamed each time the clause is used, we have to rename the new symbols introduced
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by the elementary action new in the commands of a process definition. Similar to the
renamed rules in logic programming, we call a renamed command of a process definition
a variant.

Definition 15 (p-variant). Let c = (α ; rp) be a command of a process definition. A
p-variant of c is defined as the command obtained from c by replacing consistently new
symbols introduced by the execution of α by fresh symbols. In the sequel, we denote
“rename” the operation which returns a variant for a given command c.

The following example illustrates definition 15.

Example 16. Consider the process definition of cnt ctrl in the example of the multiple
counters as shown in table 4. Every time the Link-button in a particular window is
clicked, we have to create a new counter window. Therefore, the event-list associated
to the new window has to get a fresh name, i.e., we have to rename e′. A possible
renaming of the rule of cnt ctrl handling clicks on Link is the following (where e ′ has
been renamed to ẽ):

[
head (e↑) = link ⇒ 〈C, e := tail(e↑)〉 ;

〈
C, new(ẽ, Evt List)

〉
;
〈
C, ẽ :=nilEvt

〉]
;

cnt ctrl(c, e) ‖ create win(c, ẽ)

4.5 Components and Systems

We conclude the presentation of our computation model with the complete definition of
components and a brief presentation of their composition in order to construct systems.

4.5.1 Components

In the preceding sections we have presented how the different symbols occurring in a
component signature are defined. All these different definitions together constitute a
component. As already mentioned in section 4.2, a component is defined as part of a
system. Thus the following definition depends on a set of storenames SN representing
the other parts of the system.

Definition 17 (component). Let SN be a set of storenames. A component is defined

as a five-tuple C
def

=
〈
ŝn , CΣ, R, Rp, pi

〉
where

• ŝn ∈ SN is the storename (or component-name) of the component,

• CΣ = 〈Σ, MΣL, A, I, E, P 〉 is a component signature with respect to the set of
storenames SN and the storename ŝn (see definition 7),

• R is a set of rules or formulæ such that F
def

= 〈Σ, R〉 is a store, also called the
initial store (see definition 1),

• Rp is a set of process definitions for the processes P (see definition 13) and

• pi ∈ rPN (CΣ, ∅) is a closed restricted process term, called the initial process
term.
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get val
(
cnt(v, ws)

)
→ v (Rget val )

get wins
(
cnt(v, ws)

)
→ ws (Rget wins)

headEvt

(
consEvt(e, es)

)
→ e headWid

(
consWid (w, ws)

)
→ w (Rhead )

tailEvt

(
consEvt(e, es)

)
→ es tailWid

(
consWid (w, ws)

)
→ ws (Rtail )

Table 5: Rules for the Store of the Component C

According to definition 17, a component is characterised by its component name or
storename, its component signature with the corresponding definitions and its initial
process term. The different symbols introduced in a component signature are defined
by the store and the definitions of processes. The symbols defined in the imported
signatures (in the component signature) are left without definition by the component,
since they are imported from other components, which have to provide the necessary
definitions. The evolution of the store of the component is defined by the execution of
its initial process term on its initial store. We require the initial process term to be
closed in order to have a concrete process to execute.

Different kinds of definitions can be distinguished among the definitions of a com-
ponent, namely those, which are static, i.e., which do not change during the execution,
and those which are dynamic. The storename ŝn, the imported signatures I, exports
E, as well as the actions A and processes P with their related definitions (i.e., Rp)
are static. The remaining definitions, i.e., the signature Σ and the set of rules R, are
called dynamic, since they may change due to the execution of actions. The evolution
of the dynamic part is described by the execution of the initial process term on the
initial store. We also call the pair of the initial process term and the initial store the
initialisation of a component.

Example 18. Consider the example of the multiple counters which has been presented
together with the component signature of the component C in section 4.2.1. Table 5
gives the initial store, i.e., the rewrite rules defining the functions of table 2. The first
two rules of table 5 are straightforward definitions of access functions for the sort Cnt,
and the remaining rules are classical definitions for the partial functions head and tail .
The process definitions are shown in table 4.

It remains thus the specification of the initial process term. Consider the process
expression of example 12, which is not in restricted form. In order to use this term as
initial process term, we have to wrap it into a new (parameterless) process, say start.
Hence, if we define start by the process definition

start ⇐

[
true ⇒

〈
C, new(c, Cnt)

〉
;
〈
C, c := zero

〉
;〈

C, new(e, Evt List)
〉
;
〈
C, e :=nilEvt

〉
]
; create win(c, e)

we can define the initial process term of the component C as a call to the process start.

4.5.2 Systems

We model a system simply as a (finite) set of components such that the exported and
imported signatures match. Intuitively, a system is constructed by putting together the
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components corresponding to the storenames with respect to which the components
have been defined.

Definition 19 (system). Let S be a set of components S
def

=
{
Csn1

; . . . ; Csnn

}
and

consider the associated set of storenames SN , i.e., SN
def

= {sn1; . . . ; snn}. S is called
a system if for all storenames sn ∈ SN , the component Csn is defined (with respect to

the set of storenames SN) as Csn
def

=
〈
sn,CΣsn ,Rsn ,Rp

sn , pisn
〉

with component signatures

CΣsn
def

=
〈
Σsn ,MΣsn , Asn , Isn , Esn , Psn

〉
such that for all pairs of storenames sn1, sn2 ∈

SN with sn1 6= sn2 (
Isn1

)
sn2

⊆ Esn2
(2)

Notice that a system is complete in the sense that all components of the system
are specified, since all components are required to be defined with respect to the same
set of storenames26. Thus, in principle, every component of a system knows about all
other components. However, this does not imply that all components have necessarily
to interact with each other, but only that such an interaction should be possible. The
requirement of matching interfaces is expressed by condition (2) which implies that
(for any pair of storenames sn1 and sn2) the component signature CΣsn1

(of the com-
ponent Csn1

) is only allowed to import a subset from the exported symbols Esn2
of the

component signature CΣsn2
(of the component Csn2

).

Example 20. The complete system for the example of the multiple counters is the com-
position of two components, namely C which models the control of the counters and X

which models the display of the windows. The component C is presented in example 18.
We do not specify the component X completely, but consider it as a predefined compo-
nent (like the actual physical screen used for the display of the windows), the interface
of which is presented in section 4.2.1 in form of the imported signature (see table 3).
Intuitively, the store of X describes a theory of counter windows, describing all relevant
properties of the different windows, as for instance their location on the screen, their
name, and the event queue where the messages corresponding to clicks have to be sent
to. A process running on the component X ensures that the events occurring on the
display lead to the execution of the appropriate actions, i.e., the adding of a message
corresponding to the button in the event queue associated to the window.

5 Computation Model: Operational Semantics

The operational semantics of a component has to take into account two different aspects,
namely the execution of processes (i.e., the execution of actions causing the modification
of the store), and the classical operational semantics of the store, e.g., interactive goal-
solving or evaluation of expressions. Thus, we present the operational semantics of a
component in three steps. First, we define the execution of (closed) guarded actions.
In a second step, we describe the execution of processes by a transition system TC .
Finally we combine the rules of TC with rules describing the interactive use of the

26A straightforward generalisation might be to require that all components are defined with respect
to a subset of a common set of storenames.
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store, leading to a second transition system TC which defines the operational semantics
of a component.

Throughout this section, we consider the operational semantics of a component
C =

〈
ŝn , CΣ, R, Rp, pi

〉
the storename of which is ŝn .

5.1 Execution of Guarded Actions

To execute a closed guarded action, i.e., a guarded action containing no free variables,
as for instance

[
g ⇒

〈
sn1, a1(t1, 1, . . . , t1, l1)

〉
; . . . ;

〈
snk, ak(tk, 1, . . . , tk, lk)

〉]
in the store

F (of a component C with storename sn), we have first to test the validity of the guard
g in the store F . If g holds in the store F , i.e., F ` g, we have to execute the sequence〈
sn1, a1(t1, 1, . . . , t1, l1)

〉
; . . . ;

〈
snk, ak(tk, 1, . . . , tk, lk)

〉
of storename/elementary action

pairs. For each of these pairs, the storename sn i determines the component where the
elementary action is to be executed. As an elementary action (when supplied with
arguments) corresponds to a function from stores to stores, the effect of executing
an elementary action means to replace, i.e., to “destructively update”, the store F
(denoted by sn) by the store the result or normal form of

(
ai(ti, 1, . . . , ti,mi

)
)
(F ), i.e.,

the application of the action to F .

However, to take into account the difference between local and distributed compu-
tations, we distinguish between elementary actions intended for the local component
(i.e., associated with the storename ŝn) and all the others. In the first case, we can
directly update the local store, in the second we send a message containing the elemen-
tary action to the remote component. It is then up to the remote component to ensure
that the elementary action is eventually correctly executed. In this section, we are only
concerned with the actions to be executed on the local store.

To express the execution of a guarded action formally, we define two functions,
namely exec and sel . These functions take as a parameter a sequence of pairs of a
storename sn i and an elementary action ai. We represent these sequences as lists. In
the sequel, we use the data type of (polymorphic) lists Seq(E) with elements of sort E,
which is defined by the constructors nil (without parameters) for the empty list and
cons which takes an element e and a list l and constructs the list with the element e in
front. The first element of a (non-empty) list l is denoted by head (l), and the remaining
list by tail(l).

The function sel takes two arguments, a storename sn and an action expression
l ∈ AN (CΣ, X) in normal-form, i.e., a sequence of pairs of storenames and elementary
actions, which we represent by a list l, and returns the sub-list of l consisting of those
pairs of storenames and elementary actions of l, the storename of which is sn .

sel(sn , l) =




nil if l = nil ,

cons
(
〈sn ′, a(t1, . . . , tm)〉, sel

(
sn , tail(l)

)) if sn = sn ′ and
head (l) = 〈sn ′, a(t1, . . . , tm)〉,

sel
(
sn, tail(l)

)
otherwise.

The function execsn describes the execution on a store F (the storename of which
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success ; p ≡ p

success ‖ p ≡ p
(Unit≡)

p1 ‖ p2 ≡ p2 ‖ p1

p1 + p2 ≡ p2 + p1
(Comm≡)

Table 6: Axiom Schemes Defining the Structural Congruence ≡ on Process Terms

is sn) of a sequence of pairs of the storename sn and an elementary action.

execsn(l, F ) =

{
F if l = nil ,

execsn

(
tail(l),

(
a(t1, . . . , tm)

)
(F )

)
if head (l) = 〈sn , a(t1, . . . , tm)〉

5.2 Execution of Process Terms

In this section, we describe the execution of process terms by means of the transition
system TC =

〈
Q, −→, 〈F, pi〉

〉
. The states of TC , i.e., Q, are pairs, e.g., 〈F, p〉,

consisting of a store F and a process term p. The initial state of TC is built from
the initial store F and the initial process term pi, which are both specified by the
programmer as parts of the component C (see definition 17).

As common in process calculi, we define the transition relation in the style of the
Chemical Abstract Machine (CHAM) [4], i.e., modulo a congruence relation, namely
≡, on process terms. The congruence relation ≡ is defined by the axiom schemes shown
in table 6; the extension to a congruence relation (reflexivity etc.) should be obvious.

Informally, the congruence relation ≡ states that the process term success is a
(left) unit element for sequential (;) and parallel (‖) composition (see rules (Unit≡)),
and that the operators ‖ and + are commutative (see rule (Comm≡)). Notice that
success is not a neutral element for +. In fact, success + p has the choice between
(immediate) termination or the behaviour of p, whereas p cannot, in general, terminate
immediately27. Obviously, sequential composition and choice with priority are not
commutative by their very nature. Notice finally, that we do not need the axioms for
associativity (of ;, ‖, + and ⊕), since the inference rules shown in table 7 imply that
the corresponding processes have the same behaviour.

The inference rules defining the transition relation −→ are given in table 7. These
rules define exactly the set of correct transitions (with respect to TC), in the sense that
all correct transitions can be inferred by these rules and all transitions that can be
inferred by these rules are correct. We comment the rules for −→ of table 7 one by one.
The combination of the structural congruence and the transition relation is described
by rule (R≡). Intuitively, rule (R≡) allows to define the transition relation “modulo the
congruence ≡”.

Using the auxiliary functions sel and exec defined in section 5.1, we describe by
rule (Raction) the effects of executing a closed guarded action. Under the premise of
the validity of the guard in the current store (F ` g), the local store is replaced by
the application of the action expression in normal form, i.e., a sequence of elementary
actions, to the store. Since this sequence may contain elementary actions on several
stores, we have to distinguish between elementary actions meant for the local store

27Consider the process term [true ⇒ skip] which executes an action before successful termination.
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p ≡ p′ 〈F, p′〉 −→ 〈F ′, p′′〉 p′′ ≡ p′′′

〈F, p〉 −→ 〈F ′, p′′′〉
(R≡)

F ` g〈
F ,

[
g ⇒ 〈sn1, a1(t1, 1, . . . , t1, l1)〉; . . . ; 〈snk, ak(tk, 1, . . . , tk, lk )〉

]〉
−→

〈
exec �sn

(
sel

(
ŝn, 〈sn1, a1(t1, 1, . . . , t1, l1)〉; . . . ; 〈snk, ak(tk, 1, . . . , tk, lk)〉

)
, F

)
, success

〉

(Raction )
(
q(x1, . . . , xn) ⇐

⊕m

i=1(αi ; pi)
)
∈ Rp

〈
F,

(⊕m

i=1 rename(αi ; pi)
)
[vj/xj ]

〉
−→ 〈F ′, p′〉

〈F, q(v1, . . . , vn)〉 −→ 〈F ′, p′〉
(Rcall)

〈F, p1〉 −→ 〈F ′, p′1〉

〈F, p1 ; p2〉 −→ 〈F ′, p′1 ; p2〉
(R;)

〈F, p1〉 −→ 〈F ′, p′1〉

〈F, p1 ‖ p2〉 −→ 〈F ′, p′1 ‖ p2〉
(R‖)

〈F, p1〉 −→ 〈F ′, p′1〉

〈F, p1 + p2〉 −→ 〈F ′, p′1〉
(R+)

〈F, p1〉 −→ 〈F ′, p′1〉

〈F, p1 ⊕ p2〉 −→ 〈F ′, p′1〉
(R⊕)

〈F, p2〉 −→ 〈F ′, p′2〉

〈F, p1 ⊕ p2〉 −→ 〈F ′, p′2〉
if @ p′1, @ F ′′, such that 〈F, p1〉 −→ 〈F ′′, p′1〉 (R′

⊕)

Table 7: Inference Rules Defining the Transition Relation −→ of TC

(recall that we suppose that the storename of the local component is ŝn) and all the
others. Notice that rule (Raction) describes only the execution of the “local” actions.
The remaining actions are supposed to be sent to the corresponding components which
are responsible for their execution.

Notice that the execution of an action is locally atomic, i.e., all the elementary
actions (for a same store) of an action are executed in a single transition step, so that
actions executed by other processes cannot interfere. An example for the usefulness
of the atomic execution of actions is the program for the dining philosophers (see
section 2.5) where a philosopher needs to take the two necessary chop sticks in a single
atomic action.

According to Rule (Rcall ), a call to a process corresponds to the execution of an (in-
stantiated) variant of the process definition. Recall from definition 15 that, a variant of
a command of a process definition is obtained by renaming all new symbols introduced
by new elementary actions, and that we note the renaming by the function rename .
This is similar to the application of clauses in logic programming, where implicitly each
variable is renamed by a fresh one, i.e., a new and unused variable. However, in our
computation model the programmer has explicitly to specify which symbols should be
replaced by fresh ones via the elementary action new.
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By the way, it can be seen easily, that there exists an i ∈ {1; . . . ;m} such that
p′ ≡ rename(pi)[vj/xj ] (j ∈ {1; . . . ;n}), i.e., the process term p′ is (equivalent to) one
of the process terms of the guarded commands defining the process q. The reason is
that the transition in the premise of rule (Rcall ) is necessarily an execution of a guarded
action, due to the syntactical form of process definitions.

Rules (R;) to (R+) describe the classical semantics of the process algebraic operators
;, ‖ and +. According to rule (R;), executing the process term p1 ; p2 means to execute
first p1. When p1 has terminated its execution, that is to say when it has become
the process term success, i.e., p′1 ≡ success, rule (R≡) together with the first axiom
of (Unit≡) ensure that p2 can start its execution. Rule (R‖) specifies an interleaving
semantics for the parallel composition p1 ‖ p2, i.e., there is only one execution step
(or transition) at a time such that the steps executed by concurrent processes are
“interleaved” in a nondeterministic way. The execution of the process term p1 + p2 as
described by rule (R+) consists of the execution of p1, discarding p2. Since the operator
+ is commutative, see the axiom schemes (Comm≡), the execution of p1+p2 can choose
nondeterministically between p1 and p2.

Since the operator ⊕ is not commutative, we need two inference rules to define
its operational behaviour28. When executing the process-term p1 ⊕ p2, the process p2

will only be executed if (in the current store) an execution of p1 is impossible (see the
side-condition of Rule (R′

⊕)). In contrary, p1 can be executed independently from the
executability of p2 (see Rule (R⊕)).

5.3 Combined Operational Semantics of a Component

Besides the execution of the processes modifying the store, described by the transition
system TC , the operational semantics of a component C has another, orthogonal aspect,
namely the classical operational semantics of the declarative programming language
L used for the description of the store, as for instance goal solving or evaluation of
expressions. We suppose that the operational semantics of L is described by a relation
y, which we do not precise further. Intuitively, y describes the transformation steps
of a goal, i.e., y is a relation between goals. Examples for y are for instance rewriting
or narrowing.

We describe the operational semantics of a component C via a new transition system,
namely TC =

〈
Q, 7−→, 〈F, pi, gi, gi〉

〉
, where gi denotes a (possibly empty) initial goal

the user wants to solve, or the expression which is to be reduced. The states Q of the
transition system TC are configurations, i.e., four-tuples 〈F, p, gi, g〉, where F is the
current store, p is the current process term, gi is the initial goal to solve and g is
the expression representing the current state of the evaluation of gi (according to the
operational semantics of the declarative language used for F ). We need the initial goal
in a configuration, since we need to know the solving of which goal we should restart if
a modification of the store invalidates the evaluation effectuated so far.

Classically, configurations of concurrent languages and process calculi, as e.g., CSP
[37], the π-calculus [47] or also our operational semantics for the execution of processes
TC , are described only by the first two parts of our configurations, namely 〈F, p〉. As for

28Notice that we need only one rule for the equally non commutative operator “;“ since in the process
term p1 ; p2 only p1 can be executed.
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〈F, g〉 y 〈F, g′〉

〈F, p, gi, g〉 7−→ 〈F, p, gi, g′〉
(G)

〈F, p〉 −→ 〈F ′, p′〉

〈F, p, gi, g〉 7−→ 〈F ′, p′, gi, g′〉
where g′

def

=

{
g if F = F ′

gi otherwise
(P)

Table 8: Inference Rules for the transition system T

declarative languages, a configuration classically uses only the first and the fourth parts
〈F, g〉 which allow to express the rules of the operational semantics y of the declarative
language. Combining these two operational semantics adds the possibility to execute
concurrent processes without loosing the characteristics of declarative languages. For
instance, goals can be solved while processes are running. This feature is useful to allow
to query, at any moment, the current store or state of an evolving system – without
being limited to a fixed, predefined set of possible queries that has been established
during the specification of the system. In particular, in a programming framework for
rapid prototyping, where the prototype is a means to explore the set of interesting
queries, it is interesting to dispose of a rich query language.

The transition relation of TC , i.e., 7−→, is defined by the two inference rules shown
in table 8. Rule (G) concerns interactive goal-solving, i.e., the use of the operational
semantics of the declarative language, as for instance goal solving (in logic languages)
or evaluation of expressions (in functional languages). In the example of the Dining
Philosophers, rule (G) allows us to ask for the currently eating philosophers by solving
the goal is eating(x) (see section 2.5). Rule (P) describes the modifications of the store
by the processes via the transition system T. When a process modifies the store, we
have to restart the goal-solving at the initial goal, i.e., gi, as the modification may
invalidate the already achieved derivation.

Obviously, rule (P) is only one of the many possibilities. A rather simple refinement
would be to restart the goal-solving only if the execution of a process has altered some
of the definitions used so far in the evaluation of the goal. Another, completely different
option for rule (P) would be to solve the goal in an unmodified “private copy” of the
store. More sophisticated techniques, namely rearranging of the search tree, i.e., the
order of the application of rules, have been investigated in [24]. These methods allow
to reuse as much as possible of the search tree after the theory has been modified.

5.4 Operational Semantics of a System

In this section we present the outlines of the operational semantics of a system of
several components. We do not want to model the semantics of such a system by
a single transition system, since we find it unrealistic to assume that we might have
total knowledge about the states of all the components of a distributed system at
the same time. Indeed, if we were up to defining the states of the global transition
system, we would be forced to the simplifying assumption that there exists a point
during the execution of the system, such that all components are in a fixed state.
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Therefore we do not believe that a single transition system as in the preceding sections
is an appropriate model for a distributed system, since it gives a centralised view of a
system. An example of such a semantics is the operational semantics of KLAIM [49],
where a global transition system is used in order to specify the synchronisation between
the different components (or nets) in a system.

We prefer to model a distributed system as a collection of concurrently executing
transition systems. These transition systems interact by exchange of messages, where
each message corresponds to a sequence of elementary actions which are to be executed
atomically on the receiving component. To implement these ideas, it is sufficient to add
to every component a mailbox which is used for the reception of messages from other
components, and to set up a particular process which executes the actions arriving in
the mailbox interleaved with the actions executed by the processes of the component.

6 Conclusion

In this paper, we have presented a new computational model for concurrent declarative
programming, which clearly separates the concepts of processes and those underlying
declarative programming languages, e.g., functions and predicates. Thus our model
does not force programmers to encode some concepts by means of others, but rather
allows to express every part of a system by the most appropriate concept.

Following a component-based approach, we have defined the notion of a component.
Informally, a component consists of a store, processes and actions. The store of a
component is a declarative program and serves as a shared communication medium
for the processes, which modify the store by the execution of actions. Actions are
defined on a meta-level with respect to the store. Thus our model can be extended
easily to allow programmers to define additional actions (using the metalanguage) [23,
59]. Another extension towards a more abstract description of processes consists in
considering functional expressions on actions and processes [59].

In this paper, we have only presented the composition of a system from a set of
components. Currently we are investigating the combination of components yielding
itself a component.

Since our model is generic with respect to the declarative language being used for
the description of the stores, it seems interesting to consider systems the components
of which use different languages for the description of their stores. Notice this kind
of “multi-language programming” requires, at least, the introduction of the concept of
translation in order to enable communication across language borders [59].

The introduction of time is another issue to be investigated further, since time is
mandatory for modeling most control systems. In such systems, some action has to be
taken if a certain condition holds over a given time-interval. It is thus interesting to
consider the integration of timed declarative programming as in [6] in our model.

Last, but not least, we have implemented a prototype of our computation model,
which we have tested by means of several case-studies, including the Dining Philoso-
phers (see section 2.5) and the multiple counters (see section 4.2.1), but also lift con-
trollers and timetable generation for a hospital.
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