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Abstract

Nowadays, Tuple Spaces have turned out to be one of the most fundamental ab-
stractions for coordinating communicating agents. Some models. as Linda, were
presented as a set of inter-agent communication primitives which can virtually be
added to any programming language. These models have the advantage of captur-
ing both communication and synchronisation in a natural and simple way. In this
paper, we analyze the use of Linda to specify the interactive behaviour of software
components. We first introduce a process algebra for Linda and we define a notion
of process compatibility that ensures the safe composition of components. This def-
inition of compatibility takes into account the state of a global store (tuple space).
which gives relevant information about the current execution of the system. Indeed.
a Linda-based computation is characterized by the store’s evolution, so that the set
of tuples included into the store governs each computation step. In particular, we
prove that compatibility implies successful computation (i.e. without deadlock). We
also argue that Linda features some advantages with respect to similar proposals in
the context of dynamic compatibility checking. In this context, the success of the
composition of a pair of agents in presence of a suitable store can be useful to con-
dition the acceptance of a given component into an open running system. In order
to extend our approach to complex systems, where constructing a system involves
more than two components, we propose the use of distributed tuple spaces as the
glue to join components.
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1 Introduction

Component-Based Software Engineering (CBSE) is an emerging discipline in
the field of Software Engineering. In spite of its recent birth, a lot of activ-
ities are being devoted to CBSE both in the academic and in the industrial
world. The reason of this growing interest is the need of systematically devel-
oping open system and “plug-and-play” reusable applications. which has led
to the concept of “commercial off-the-shelf” (COTS) components. The first
component-oriented platforms were CORBA [23] and DCE [22], developed by
OSF (Open Software Foundation) and OMG (Object Management Group).
Several other platforms have been developed after them, like COM/DCOM
[12], CCM [28], EJB [24], and the recent .NET [20].

Available component-oriented platforms address software interoperability by
using Interface Description Languages (IDLs). Traditional IDLs are employed
to describe the services that a component offers, rather than the services
the component needs (from other components) or the relative order in which
the component methods are to be invoked. IDL interfaces highlight signature
mismatches between components in the perspective of adapting or wrapping
them to overcome such differences.

However, even if all signature problems may be overcome, there is no guarantee
that the components will suitably interoperate. Indeed, mismatches may also
occur at the protocol level, because of the ordering of exchanged messages
and of blocking conditions. that is. because of differences in the component
behaviours. To overcome such a limitation, several proposals have been put
forward in order to enhance component interfaces [18]. Many of them are
based on process algebras, and extend interfaces with a description of their
concurrent behaviour ?.mumbhw,w:, such as behavioural types or role-based
representations.

The objective of this work is to explore the usability of the coordination lan-
guage Linda [10] for specifying the interaction behaviour of software compo-
nents. Linda was originally presented as a set of inter-process communication
primitives which allow processes to add, read, and delete data in a shared
tuple space (store). Tuple Spaces are considered one of the most fundamen-
tal and successful abstractions for coordinating concurrent activities [10,13].
These are a number of reasons, both technical and pragmatic, to consider
Linda an appropriate alternative for specifying protocol behaviour of software
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components. On the technical reasons, tuple spaces have the advantage of cap-
turing both communication and synchronization in a simple and natural way.
Tuples themselves represent resources than can be communicated, shared and
exchanged, without the need to use additional synchronization mechanisms.
On the other hand, there are many kinds of problems that map naturally to
the tuple space view of the system, namely, when there are many different
sorts of concurrent agents that want to exchange information among them. In
this sense. tuples represent the least common denominator of data structures
and so, can be used to easily model almost any variety of stuff. Note that
the use of Linda [30] can provide a unifving framework for interface defini-
tion protocols for interoperability. data cxchange protocols for heterogenous
databases, software components, etc. Linda’s communication model features
interesting properties, such as space and time uncoupling [10], as well as a
great expressive power to specify concurrent and distributed systems [3].

The main contributions of this paper can be summarised as follows:

(i) We use Linda as the specification language to describe interface protocols.
Syntactically, this corresponds to extending traditional IDL interfaces
with a Linda description of component behaviours. The formal meaning
of a Linda protocol is given by means of an extension of the process
algebra presented in [6].

(ii) We define a notion of store sensitive compatibility to formalize the com-
patibility of two agents with respect to a given state of the store. The state
of the store is particularly significant in Linda as it is the only means by
which (all) Linda processes communicate. The store hence provides rel-
evant information on the results of the current execution of the system,
and it allows to contextualize the compatibility of agents in the perspec-
tive of dynamic compatibility checking. We show that the compatibility
of two agents implies that their interaction will be successful, in the sense
we will define later (Definition 1).The importance of the notion of com-
patibility relates to the possibility of performing a priori verification of
complex interacting systems [5].

(iii) We present a software architecture as a collection of interconnected com-
putational and data components. Indeed we consider software systems as
compositions of specifications of their components.

The rest of the paper is organized as follows. Section 2 presents a process
calculus for Linda. The use of Linda for specifying component protocols is also
illustrated by means of a simple example. Section 3 is devoted to introduce
the notion compatibility with respect to a store. In the section 4, we study
the compatibility in a real example (an electronic auction). The next section,
shows software systems as architectural descriptions of their components and
finally, some concluding remarks and future work are discussed.

2 Specifying component protocols in Linda

2.1 A Linda calculus

Linda [10] was the first coordination language [16], originally presented as a set
of inter-agent communication primitives which can virtually be added to any
programming language. Linda’s communication primitives allow processes to
add, delete and test for the presence/absence of tuples in a shared tuple space.
The tuple space is a multiset of data (tuples), shared by concurrently running
processes. Delete and test operations are blocking and follow an associative
naming scheme that operates like select in relational databases.

In this paper. following [6], we shall consider a process algebra £ containing the
communication primitives of Linda. These primitives permit to add a tuple
(out), to remove a tuple (in), and to test the presence/absence of a tuple
(rd, nrd) in the shared dataspace. The language £ includes also the standard
prefix, choice and parallel composition operators in the style of CCS [25].

A tuple space is a finite multi-set of tuples, where a tuple is a finite sequence
(na,...,np) of names. The set of all tuples will be denoted by 7" and ranged
over by t, u (possibly indexed). To express pattern matching, processes cmploy
tuple templates inside rd(), in() and nrd() operations. A tuple template is a fi-
nite sequence of names, some of which are possibly prefixed by *?” and are used

as placeholders. A tuple template (my, ..., my) matches a tuple (ny,...,ny)
via a name substitution o (denoted by match((my.....my), (ny, ..., ny),a))
iff:

(1) k= h, and
(ii) ¥V ¢ € [1..k] either n; = n; or (m; =7z; and o(x;) = n,).

When the substitution is not relevant, we v simply  write
match({my,...,my), (n1,...,ny)) to express that (mg..... my) matches
Aw:u 5 v L\;v.

Name substitutions can be applied to tuples and tuple templates as one may
expect. Namely if (my,...,my) is a tuple (or a tuple template) and ¢ a name
substitution then

(my,....mp)o = (nq,...,np)

where V ¢ € [1..A] :
m; if my ="7x;

n; =
o(m;) otherwise
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(4) P+0=P

(5) P+P=P

(6) P+Q=Q+P

() P+Q)+R=P+(Q+R)

Table 1
Structural Congruence

For instance the tuple template (foo, 72) matches the tuple (foo,3) via the
substitution [3/z]. The application of the former substitution to the term :

out((data, x)).in((fo02, 7))

vields
out((data, 3)).in({fo02, 7z))

For the sake of simplicity, we do not consider a hiding operator -namely every
new name introduced in a process is considered as a global name.

The syntax of £ is formally defined as follows:

P:=0|aP | P+P | P||P|A®Z)
az=rd(t) | nrd(t) | in(t) | out(t)

where 0 denotes the empty process, ¢ denotes a tuple or a tuple template and
where A(Z) is a process invocation. For any process identifier A there must
be a unique defining equation A(y) = P. Defining equations provide recursion
since P may contain any process identifier, even A itself.

In order to define the operational semantics for £, we first define a structural

congruence as usual in process algebra. The structural congruence = is defined
as the smallest congruence satisfving the axioms in Table 1.

Extending [6]. the operational semantics of £ can be modeled by a labelled
transition system defined by the rules of Table 2. Notice that the configura-
tions of the transition system extend the syntax of agents by allowing parallel
composition of tuples. Formally, the transition system of Table 2 refers to the
extended langnage £’ defined as:

P':=P | P| ()

out PP
(1) out(t).P =5 (t) | P (6) B —
P+Q-%p
: PLPAQLQ
) 5o M %
PllQ—FP |
®) Joe X, .ﬁ eT ”M::?i?:q o) ® Pty N!ﬂ A Q By
in(t).P — Po rPlQ—r|Q
: h(t,u, =, p -
@ JoeZ, ueT :S:Nn (t,u,0) ©) P ~u9> a# -t
rd(t).P = Po PlQ—=P|Q
(5) nrd(t).P =t ip (10) AG =P Flajal —F
A@@) L P
- PL P A BueT: (match(t,u) AQ —=)
PIQ P Q
able 2

Transition system for L.

Rule (1) states that the output operation consists of an internal move which
creates the tuple (¢). Rule (2) shows that a tuple (¢) is ready to offer itself
to the environment by performing an action labelled 7. Rules (3) and (4)
describe the behaviour of the prefixes in(t) and rd(t) wwhose labels are (u
and u respectively) are tuples matched by the template ¢. Rule (5) shows the
behaviour of the prefixe nrd(t) with the label —¢. Rule (6) is the standard
rule for choice composition. Rules (7) and (8) model complementary input
(rd,in)/output (out) operations. Notice that rd operation has not effect over
@ as it docs not modify the dataspace. The usual rule (9) for the parallcl
operator can be applied only to labels different from —t. Indeed a process P
can execute a nrd(t) action in parallel with @ only if Q is not able to offer
any tuple u matching with ¢, as stated by rule (11). Finally, rule (10) models
process definition.We consider the transition system closed under the usual
structural axioms for parallel and choice operators such as shown in Table 1.

The rules of Table 2 are used to define the set of derivations for a Linda system.
Note that we distinguish two different silent transitions: one corresponding to
the output actions (7,,,) and another one for synchronization (7). In order to
model derivations that are valid, we consider transitions which can proceed
by means of 7, 7,, or nrd steps. Formally, this corresponds to introduce the
following derivation relation:

P+ P iff Euw\o_.ﬁbﬁ\gﬁkﬁxv.



Notice that the above operational characterization of £ assumes the so-called
ordered semantics of the output operation [7]. Namely, when a sequence of
outputs is executed, the tuples are rendered in the same order as they are
emitted. It is also worth noting that also the store is a process which is the
parallel composition of a number of tuples.

Let us finally introduce another derivation relation that will be used as a
shorthand in the rest of the paper:

P= P iff (P—"-2P)

where a € {t,t,}.

2.2 Component protocols in Linda

We now describe how the Linda language can be effectively used to specify the
interactive behaviour of components. In order to show the appropriateness of
Linda for specifying component protocols, we will illustrate its application to
the standard client/scrver interaction model.

The typical basic behaviour of a server can be described by the following
protocol:

SERVER1 = in(?c,tos,?qry).out(c,ans).SERVERL

The server repeatedly exhibits the same interactive behaviour: It first inputs
a request and then outputs the answer it computed for the received request.
The input operation has three parameters which denote the name (c) of the
client who produced the request, the type of service required (some constant
tos), and the actual request (qry). The server then returns its answer to the
query by placing a tuple of the form <c,ans> in the shared dataspace.

The typical basic behaviour of a client is instead described by the following
protocol:

CLIENT1 = out(me,tos,qry).in(me,?ans).CLIENT1
where me is the identifier of the client process [10].

Notice that. in the above specification, the client request does not refer to
the name of a specific server. Most importantly. a client does not need to be
aware of which servers are currently available. Notably, the above specification
allows several clients and servers to be dynamically and transparently plugged
in an open system.

The above specification describes the basic hehaviour of clients and servers. A
more refined specification may include for instance the brokerage of the servers
currently available for a given type of service. Indeed, the server protocol may
be rewritten so that the first operation a server performs is to inform the
system that it is a server featuring a certain type of service. This can be done
by outputing a tuple that associates the process identifier with a certain type
of service, as specified in the following protocol:

SERVER = out(tos,me).CYCLE
CYCLE = in(?c,me,?qry).out(me,c,ans).CYCLE

where CYCLE is a process name. Notice also that the SERVER protocol now
employs the tuple format <sender,receiver,message> for the messages ex-
changed between clients and servers on the shared dataspace.

Server brokerage can be then easily included in the client protocol as follows:

CLIENT = (rd(tos,?srv).out(me,srv,qry).in(srv,me, ?ans) .CLIENT)
+
(nrd(tos, ?srv) .EXCEPTION)

Namely the client determines the name of a server offering the desired type of
service by means of the rd(tos,srv) operation. If there is no server available
for such type of service (nrd(tos,srv)), then the client will have to handle
the unexpected situation by means of some process EXCEPTION.

3 Correct composition of components

In Linda, inter-process communication occurs only via a shared store (or data-
space) which is a parallel composition of tuples inserted. extracted or deleted
by the concurrent processes.

In order to have an explicit trecatment of the store, we now define a compati-
bility relation that takes into account the situation of the store. An advantage
of having an explicit reference to the store is the possibility of establishing
dynamic compatibility checking. Indeed, a Linda-based computation is char-
acterized by the store’s evolution, so that the set of tuples included into the
store governs each computation step. This way, the aim of the following defi-
nition is to enable run-time (store-sensitive) compatibility checking.

Let us first define the notion of successful commputation which, intuitively speak-
ing, denotes the absence of deadlocks in all possible alternative executions of
a agent.




(7v) of definition 2 we infer P’ g, (Q || R). Then by definition of Cg,,
we obtain P’ || @Q Cs; R.

M) PIQ-P||QandSt . AsQ -5 Q. then Q | R - Q' | R.
By the definition of Cs;, we know Pog @ || R. so Pos, Q" || R. Finally,
Pl Q Cs R.

) P QL

(@) P|Q "5 P || Q. As Pos, Q|| R, by the condition (v) of definition
2 we infer P'og; Q || R and Yu € T such that match(u,t) St /.
Then by definition of Cg;, we obtain P’ || Q Cs, R.

(b) P|Q =5 P || Q. As Pog, Q || R. by the condition (v) of definition
2 we infer P'og; Q || R and Yu € T such that match(u,t) St /<.
Then by definition of Cg;, we obtain P || Q' Cs; R.

The rest of the cases are inferred in a similar way, and the proof that Cg, 7! is
also a semi-compatibility is analogous.

4 A case study

We show a system (an electronic auction) in evolution and prove that the
composition is safe. In order to specify the protocols that define the behaviour
of an auctioneer and a bidder, we use Linda as coordination language.

We consider a uniform second-price auction, often called Vickrey auction
[Vie61], where the bids are sealed, each bidder is ignorant of other bids, and
the item is awarded to highest bidder at a price equal to the second-highest
bid. In other words, a winner pays less than the highest bid. If, for example,
bidder A bids 10, bidder B bids 15, and bidder C offers 20, bidder C would
win, however he would only pay the price of the second-highest bid, namely
15.

The Auctioneer starts an auction by adding to the store a tuple of the form
<onsale,good> where good is a description of the good offered. The Auction-
cer also starts a timer so as to continuc receiving and processing bids till the
end of the auction round, when the bidder who made the highest bid will be
declared winner (by producing a tuple of the form <sold,id>).

Auctioneer = Auction || Timer
Auction=out (onsale,good) .Auction(nobid,noid)

Auction(bid,id)=

13

in(?newbid, 7newid) .Auction(bid’,id’)
+
in(timeout) .in(onsale, ?good) .out(sold,id) .0

Timer = rd(onsale,?good) .out (timeout).0

On the other hand, a bidder waits for an auction round to start, it decides
whether or not to sail a bid, and then waits for the end of the round.

Bidder(id) = rd(onsale,?good). ( out(bid,id).BidderWait (id)
+
BidderWait(id) )

BidderWait(id) = rd(sold,?winner).0

Note that internal computations are not explicitly expressed. For example,
the way the auctioncer updates its value of the best offer received so far is
abstracted by using fresh names (bid’ and id’) or the way in which the timer
actually waits before producing the timeout tuple.

Following the previous protocols and the definition of the compatibility w.r.t.
the store, we will study if the processes Auctioneer and Bidder(id) are
compatible w.r.t a special store. Notice that a more interesting point is the
possibility of building an automatic checking tool capable of determining which
is the store (if any) that makes two given processes compatible.

Let us now analyze the compatibility of the processes Auctioneer and
Bidder (id) w.r.t. the empty store.

Let us first verify whether Auctioneer is semi-compatible with Bidder (id)
w.rt. the empty store. The only compatibility condition that applies to
Auctioneer w.r.t. the empty store is condition (ii). Therefore we observe that:

Auctioneer Cy; Bidder(id)
if (by condition (ii))

Auction(nobid, noid)||Timer C{<onsate gooa>} Bidder(id)
if (by condition (iv) )

Auction(nobid, noid)||out(timeout).0 Ciconsaregooa»} Bidder(id)
if (by condition (ii))

Auction(nobid,noid)||0 Ci<onsale.good> <tineour>} Bidder(id)
if (by condition (iii))

in(onsale, ?good).out(s01d,101d).0||0 C{<onsaregooa>) Bidder(id)
if (by condition (iii))

14



Fig. 1. Software architecture based on components

out(sold,noid).0[|0 Cyy Bidder(id)
if (by condition (ii))

0110 Cicsotansias) Bidder(id)
if

true

Let us now verify that also Bidder(id) is semi-compatible with Auctioneer
w.r.t. the empty store:

Bidder(id) Cyy Auctioneer
if (by condition (i))
out(bid, id).BidderWait(id) + BidderWait(id) C{<onsale.good>} Auction(nobid, noid)||Timer
if (by condition (ii))
BidderWait(id) C{<onsale.good>,<bid.ia>} Auction(nobid, noid)||Timer
if (by condition (i))
Y QAAmoHa.mnV Ov
if
true

Again, we conclude Auctioneer Cyy Bidder(id). And finally, we can affirm
Auctioneer is compatible with Bidder(id) w.r.t. the empty store.

5 Software Architecture

Software Architecture refers to the level of software design in which the system
is represented as a collection of computational and data components intercon-
nected in a certain way [14]. Thus, it is focused on those properties of software
systems that derive from their structure, i.e. from the way in which their com-
ponents are combined.

Software systems can be described in Linda by composing the specifications of
their components. We use the notion of role for describing the dynamic behav-
ior of components, in the same sense as it is used in ADLs. Roles are partial
interfaces for describing the behavior of each component, and we explicitly
represent system architecture as a sct of roles for cach component. This al-
lows modular specification of component behavior and permit more efficient
pairwise compatibility checks.

Definition 7 We define a component as a set of roles :
Comp = {Ry, Ry, .., Rn}
where each R; is a process in L.

We consider distributed stores that allow the connection of components
through roles. In this situation, stores will contain shared tuples used to syn-
chronize components. The connection of several components in an architecture
will be represented by an attachment among roles and stores. This is formal-
ized as follows.

Definition 8 Let S={St;,Sl,....,St;} be a set of stores and let C=
{Comp;}, be a set of components, where each Comp; is represented by a
set of roles { Ry, Ry, ... m::v. We define an attachment as a mapping ¥ from
S to P({Ri; }ij)-

Now, we can define an architecture as a conlexl composed by a set of stores
which contains the synchronization information (tuples), a set of components
and an attachment ¢ des ng the links among roles.

Definition 9 Consider a software system composed by several components,
C={Comp;}™,. Let S={St1,Sty,.... St} be a set of stores. We say that
<C,S8. ¢ >

is a context if & is an attachment that satisfies the following properties:

(i) V Ste S, |v(St)N Comp;| < 1, for each i.

(i1) ¥ St.St" e S. p(St) N 4(St) = 0.

The previous properties show two important aspects of our notion of context.
The first property states that two roles that describe the same component
cannot interact with the same store. In the second one, we establish a disjoint
distribution of the roles among the stores.

Definition 10 A context is a successful context if the parallel composition of

its components is successful.
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We consider that a software system is composed hy a set of components that
are described by roles. In fact, it is necessary to establish some property that
ensures the composition of these components is successful. i.e. the interaction
among components is deadlock free.

Considering these connections are established pairwise. we can claim that
the context could be successful (free of deadlocks). This will be true if we
can separate the tuple space in small tuple spaces with related roles. The
compatibility of these subsystems will allow us to ensure the successful of the
global system.

In the proposal we show in this section, we consider a software architecture
where the components are related through stores. Each store is shared by two
roles and each of them belongs to one component. In this sense, the roles
describe the behavior of the components with respect to a particular/specific
store. Although this proposal is satisfied sometimes. the problem will appear
when several components (upper to 2) are related through the same store.

The way to proceed in these cases is twofold. First, a naive solution is based on
separating the roles involved in each of these stores into two set of roles. and
then, the parallel composition of each group of roles will provide a store with
only two roles. Note that the separation of a group of roles into two groups to
analyze their compatibility is independent of the any this separation is made.
This claim is supported by Prop. 6. However, this solution, as we mentioned in
Section 3, presents an important drawback: when parallel composition is mas-
sively used, the complexity of compatibility checking increases exponentially.
Thus, a complementary approach to overcome this inconvenient is trying to
construct a disjoint distribution of the roles sharing a store, then producing
small independent stores, where the number of interacting roles is minimized.
This process could be achieved by making a static analysis of the system in a
similar way as Ciancarini and Castagnetti proposed in [11], in the context of
Shared Prolog. Note that this process does not depend on the specific features
of the components involved.

When a new component is inserted into a running system, the resulting context
may exhibit an erroneous behavior (e.g. deadlock situations) if the interaction
provided by the incoming component is not the expected one. The information
given by the store, together with the protocol specification of the components,
may prevent us from undesired behaviors. In some situations, the insertion of
a component may be delayed till certain expected tuples appear in the store,
or alternatively. a component could be accepted as part of a system even if the
resulting context is not successful, whenever it becomes successful by adding
some tuples to the store (this situation is referred to as feasible context in [2]).
All these possibilities correspond to different ways of applying the notion of
compatibility w.r.t. a store to a Linda-based architecture.

17

6 Concluding remarks

Linda is a coordination language where inter-process communication can only
occur through a set of tuples. Our proposal consists of defining a software ar-
chitecture taking into account the specifications of its components [27] made
in Linda. Thus, we consider a compatibility relation that permits us to estab-
lish dynamic compatibility checking. That is, when a component has to be
incorporated into an already executing system (seen as another component),
the compatibility has to be analyzed dynamically, and the “static” specifica-
tion is not enough because it presents the behavior of a component from its
instantiation. Indeed, the advantage of using a Linda-based formalism is that
a Linda computation is characterized by the store’s evolution, in such a way
that the set of tuples included into the store governs each computation step.
This is not made in other proposal, where other formalisms, like CSP or 7-
calculus, are used. We believe that this Linda’s feature can be potentially used
to establish the compatibility of executing components, by using the store to
have information about the current state of the component.

Indeed, some of the issues covered in this paper have also been dealt with
in other proposals. In the context of software architecture Allen and Garlan
[1] use the process algebra CSP to describe synchronization of components
and connectors, while having some limitations concerning the dynamic change
of configurations and in [15] show new challenges for component-based soft-
ware engineering such mobility, adaptability and recourse awareness. Another
proposal improving the expressiveness of interaction descriptions by using -
calculus was presented by Canal [8]. Some of the ideas proposed in [8] have al-
ready been applied to CORBA in [9]. In this case, dynamic interaction among
components (dynamic change of topology) can be better expressed than in
CSP. Other works, like [2], propose the use of (a subset of) m-calculus to de-
scribe interaction patterns for components so as to reduce the cost of verifying
correctness properties in dynamic, open systems. Our proposal somchow com-
bines these two last lines by defining a notion of process compatibility in the
style of [8,9]. while focussing on the automatic, run-time checking of properties
in dynamic, open systems in the style of [2]. Following these approaches. we
consider software systems are structured as a collection of interacting com-
putational and data components interconnected through the specifications of
their components [14]. Our future work will be devoted to define an inheritance
relation over agents in order to promote the reusability and substitutability
of interaction descriptions, and to study how this affects compatibility and
successful computations. We are also planning to develop an automatic tool
(by applying model checking techniques) to check compatibility in order to ex-
plore the practical application of our proposal and to analyze and experiment
the cost of checking properties in practical real-word cases.
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New generation component-based platforms (e.g., NET) will allow protocol
information to be directly included in the metalanguage description (e.g., in
XML) of a component. In this perspective, our future work will be devoted
to develop a methodology for coding protocol information as metalanguage
descriptions and for checking composition propertics by analyzing their mot-
alanguage descriptions.
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