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Abstract 
Usually formal methods adopt the traditional waterfall model of system design. New de
sign methodologies, such as Open Distributed Processing and Object Oriented Design, 
allow for incremental and partial specification. In order to support such design methods, 
the issues of consistency between specifications and composition of (partial) specification 
become vital. This paper presents a general framework for dealing with partial specifica
tion, which is instantiated for the specification language LOTOS. Necessary and sufficient 
conditions for consistency to hold between LOTOS specifications are given, and an opera
tional semantics for composition is proposed. 
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1 INTRODUCTION AND MOTIVATION 

The design of large scale distributed information systems is known to be a complex task. 
In order to tackle the inherent complexity of distributed systems, the use of formal de
scription techniques (FDTs) in the design process is strongly advocated. Several FDTs for 
the specification of distributed systems have been developed, of which three have been 
standardised by ISO: Estelle, LOTOS and SDL. 

An FDT can aiel in drawing up consistent, unambiguous specifications of a system's 
behaviour. Since FDTs have formally defined syntax and semantics, formal descriptions 
can be used as the basis for mathematical reasoning about the specified system: design 
steps can be formally verified, and the conformance of a realised system to its specification 
can be tested. 

Despite the mentioned benefits formal methods have generally failed to obtain favour 
within industry. We believe that one of the major reasons for this is that formal methods 
do not support the existing design practise well enough. In practise many analysts and 
designers work on the same system design in parallel, each focussing on different parts or 
aspects of the design. Many (partial) specifications may exist at the same time. 
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The design methodologies associated with the mentioned FDTs (e.g. Lotosphere [LOT92]) 
usually use the traditional waterfall model to divide the design process into a series of 
consecutive phases, viz. requirements capturing, architectural design, implementation and 
realisation. In the Lotosphere project several transformation algorithms were devised that 
support the stepwise refinement of LOTOS specifications [Bol92]. However, the waterfall 
model assumes, for example, that all requirements are captured by the first formal speci
fication, after which the design process consists of (re)structuring the design and limiting 
the implementation options. Such a rigid top-down design process has proved to be diffi
cult to maintain in practise. 

New design methodologies, such as Object Oriented Design ( OOD) and those using 
multiple viewpoints, such as Open Distributed Processing (ooP) [Lin92, ITU95], allow 
designers to split up the requirements into separate categories. This enables designers to 
capture some requirements first, then do a bit of development, before the requirements 
from another viewpoint are taken into consideration. Such approaches seem to be closer 
to design practise in industry, hence the growing popularity of 00 methods within the IT 
industry. 

Splitting up requirements into separate viewpoint specifications helps to manage the 
complexity of the design process. However, such an approach raises two important issues: 

consistency: When the same system is specified from different viewpoints, possibly by 
different (teams of) system analysts, incompatible constraints on the system's function
ality are likely to occur. Such inconsistencies between viewpoint specifications need to 
be detected as early as possible in the design process in order for them to be resolved. 

composition: At some stage during the design process the partial specifications need to 
be put together in order to yield an integrated view of the system to be implemented. 
This calls for a method to compose specifications. 

These two issues also play a role when an existing specification is extended with some 
new functionality. 

In this paper, we use LOTOS to demonstrate a possible approach to consistency checking 
and composition of specifications. Firstly, the concepts of consistency and composition 
will be formalised in section 2. The concept of refinement plays an important role in the 
definition of consistency. Therefore, some of the LOTOS refinement relations, as well as 
some useful notation, are recapitulated in section 3. In section 4, we give formal definitions 
of consistency for each notion of refinement. Necessary and sufficient conditions are given 
for two specifications to be consistent. In addition, the different definitions of consistency 
are related on their discriminatory power. Section 5 proposes operators for the composition 
of process specifications. In section 6, consistency checking and composition of two partial 
specifications is demo~strated using a non-trivial example of a shared memory system. 
Finally, the results of this paper are discussed and related to other research in section 7. 

2 PROBLEM DEFINITION 

The formal system development strategies that we envisage, no longer just follow the 
traditional top-down, or waterfall, approach. Instead designers are given the freedom to 
incrementally develop a full system specification, or to develop many different specifica-
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Figure 1 System development using partial specification. 

tions each focussing on another aspect of the complete system. Such approaches to system 
development suggest that, in addition to a vertical relating of specifications through re
finement, specifications can be related horizontally. The possible transformations and 
relationships between specifications in such a setting are depicted in figure 1. Translation 
is a transformation that takes a specification in one language and results in a semantically 
equivalent specification in another language. Translation is beyond the scope of this paper 
as we only use one specification language. Composition takes two (partial) specifications 
and integrates them. Refinement has the usual meaning of transforming a specification 
into a more detailed or concrete one. The consistency relationship between specifications 
expresses that those specifications do not impose contradictory requirements on the im
plementation. There are two key questions: When are two specifications consistent? How 
can specifications be com posed? 

2.1 A framework for consistency checking and composition 

In this section general characterisations of consistency and composition are presented. 
They are general in the sense that they are FDT independent. A more in depth treatment of 
this framework can be found in [BBDS95). In section 4, the consequences of instantiating 
the general framework with the FDT LOTOS is investigated. In [DBS95), we present a 
similar investigation for the Z notation. 

Observe that specifications are abstractions of real systems (implementations). Let 
SP&C be the set of all specifications and IMP be the set of all implementations. We 
assume that there exists some relation imp ~IMP x SP&C between implementations 
and specifications. In general one specification will be related to many implementations, 
because the specification abstracts from certain implementation details. 

A first, intuitive and informal definition of consistency is: "Two specifications are con
sistent if and only if it is possible for at least one realisation to exist that is an implemen
tation of both specifications." Consistency checking in this manner is not very realistic 
though. As real systems are not susceptible to formal reasoning, it can never be proved 
that an implementation is related to a specification by imp. The best we can do is to 
assert whether I imp S on the basis of some onrt of physical testing. In order to reap 
the full benefits of formal methods, we must oQ __ ,ble to establish (in)consistency on the 
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abstract level of specifications before real implementations have been produced. To this 
end, we introduce the notion of refinement. Informally, refinement restricts the implemen
tation options, while preserving certain properties expressed by the specification. Given 
a refinement relation for a particular FDT, consistency can be defined as follows: 

Definition 1 (Consistency and composition) 
Given two specifications 51, 52 and a refinement relation ref~ SP£C X SP£C, 51 is 
consistent with 52 with respect to ref, denoted 51 Crer 52, iff 
35 E SP£C · 5 ref 51 and 5 ref 52; any such 5 will be called a composition of 51 and 52. 

If we assume that the existence of a common refinement of two specifications implies 
the existence of a common implementation, this definition is 'consistent' with the first 
informal definition. 

3 REFINEMENT IN LOTOS 

In the previous section it was shown that the interpretation of consistency within a par
ticular FDT depends on the definition of refinement. In this section, some well-known 
refinement relations for LOTOS are recapitulated. We assume the reader has some famil
iarity with the specification language LOTOS and its semantics. 

LOTOS [IS089a] is a process algebra based specification language which is used for 
the formal specification of distributed, concurrent, information processing systems (see 
[BB88] for a. general introduction). In particular, LOTOS was adopted by ISO to formally 
describe the services and protocols of the Open Systems Interconnection Reference Model 
( OSI-RM) [IS089b]. Currently, LOTOS is also being considered for the specification of ODP 
systems and standards [ITU95]. 

Several notions of refinement exist for LOTOS. See e.g. [BSS87] for definitions of reduc
tion, extension and refinement t. Before definitions of several notions of refinement are 
given, we introduce some notation that will allow us to reason about processes. 

Some Notation 
LOTOS has a well-defined operational semantics which maps LOTOS behaviour expressions 
onto Labelled Transition Systems (LTSs). As a result of the existence of such a mapping, 
we can use LOTOS processes and their corresponding LTSs interchangeably. In particular, 
relations defined on transition systems are likewise applicable to processes. 

In the following P, P', Q, Q', stand for processes. £ is the alphabet of observable actions 
associated with a certain process, while i is the invisible or internal action. We use the 
variables a, a; to range over£, and the variables J.l, J.l; to range over CU{i}. Furthermore, 
c· denotes strings over £. The constant E E c· denotes the empty string, and the variables 
(7' U; are used to range over c·. Elements of c· are also called traces. In table 1 the notion 
of transition is generalised to traces. The definitions of ~ and~ are inductive on the 
length of u. 

Using the notation derived in table 1, we can now define some other useful concepts: 

tNote that our notion of refinement is broader, i.e. it encompasses reduction, extension and refinement 
as defined in (BSS87]. 
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Table 1 Derived transition denotations 

Notation Meaning Notation Meaning 

P ~ P' denotes a transition, i.e. 
P can do J.L and conse
quently behaves as P'. 

P~P' ::JQ,Q'·P~Q~Q'~P' 

P~ ::JP'·P~P' 
P~P' ::JQ·P~Q~P' 

p~ 

:JP' such that P ~ P' 
f,P' such that P ~ P' 
reflexive and transitive 
closure of ---4 
f,P'· P~P' 

Tr(P) = { u I P ~ }, denotes the set of traces of a process P. 
out(P,u) ={a I ua E Tr(P)}, denotes the set of possible observable actions after u. 
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P after u = { P' I P ~ P'}, denotes the set of all states reachable from P by the trace u. 
P --lu = { P' I P ~ P'} ~ P after u, denotes the set of states that P leads to under u of. E. 

Ref(P, u) = {X I :JP' E (P after u), such that Va EX: P' ~},denotes the refusal set 
of P after the trace u. 

Trace preorder 
An important category of system properties that we would like to be satisfied by a LOTOS 

specification, are the so called safety properties. Safety properties state that something 
bad should not happen, where something bad can be interpreted as a certain trace of 
the specification. Observe that if S is a safety property, then Vu1 , u2 we have if u1 ~ 

u2 then S(u2 ) => S(u1 ), i.e. if S holds for the trace u2 , it also holds for all its prefixes. In 
particular, all safety properties hold for the empty trace E. 

When a specification is refined, it seems reasonable to require that the refinement is at 
least as safe as the specification. This intuition is reflected by the trace preorder. 

Definition 2 (trace preorder) 
Given two process specifications P and Q, then P refines Q by reducing the possible traces, 
denoted P ~tr Q, iff Tr( P) ~ Tr( Q), or equivalently V u E £* · P ~ implies Q ~ . 

Reduction 
In addition to safety properties we are sometimes also interested in the liveness (or dead
lock) properties of a LOTOS specification. Aliveness property states that something good 
must eventually happen. It may be required that a refinement does not deadlock in a 
situation where the specification would not deadlock, in other words, every trace that the 
specification must do, the refinement must do as well. This requirement is formalised by 
the conformance relation [BSS87]. 

Definition 3 (conformance) 
Given two process specifications P and Q, then P conforms to Q, denoted P conf Q, iff: 

• VuE Tr(Q) and VA~£ we have 

if :JP' E (P after u) such that Va E A· P' ~, 
"' then :JQ' E ( Q after u) such that V a E A · Q' ==f? , or equivalently 
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• VuE Tr(Q) · Ref(P,u) ~ Ref(Q,u) 

A refinement relation that combines both the preservation of safety and liveness prop
erties is the reduction relation, red, defined in [BSS87]. 

Definition 4 (reduction) 
Given two process specifications P and Q 1 then P reduces Q 1 denoted P red Q 1 iff: 

1. P ~tr Q1 and 
2. PconfQ 

Extension 
Another refinement relation proposed in [BSS87] is the extension relation. This relation 
allows for the introduction of new traces in a refinement, while preserving the liveness 
properties of the specification. Extension seems particularly relevant in the context of 
partial specification. 

Definition 5 (extension) 
Given two process specifications P and Q 1 then P extends Q 1 denoted P ext Q 1 iff: 

1. T7·(P) 2 T1·(Q) 1 and 
2. PconfQ 

Stmctural refinement 
Yet another view on refinement is that in which the refinement provides more detail on the 
subdivision of the system into smaller components. The specification and its refinement 
are semantically equivalent, i.e. they express the same external or observable behaviour. 
The intension of both descriptions is not the same though, as the refinement gives more 
details about the internal structure of the system under consideration. This notion of 
refinement is captured by the testing equivalence relation [BSS87]. 

Definition 6 (testing equivalence) 
Given two specifications P and Q 1 P is testing equivalent to Q 1 denoted P te Q, iff: 

• P red Q and Q red P, or equivalently 
• P ext Q and Q ext P. 

4 CONSISTENCY IN LOTOS 

In this section the general definition of consistency (see section 2) is instantiated with 
the LOTOS refinement relations introduced in the previous section. We have seen that the 
different notions of refinement can serve different purposes. Which refinement is applied 
depends very much on the aim of the particular refinement step it is applied to. It is 
shown that different refinement relations induce different consistency relations. These 
instantiations are related to one another at the end of this section. 
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4.1 Consistency w.r.t. trace preorder 

With respect to trace preorder any two specifications are consistent. 

Proposition 7 (consistency w.r.t. trace preorder) 
Let 51, 52 be two LOTOS specifications, then: 51 C5_,r 52 ='true 

Proof. For any two processes P and Q, we have stop :Str P and stop :Str Q, i.e. the 
empty process is always a common refinement of any two specifications. 0 

4.2 Consistency w.r.t. reduction 

Not all specifications are consistent with respect to reduction. The following theorem gives 
a necessary and sufficient condition on two specifications for them to be consistent with 
respect to reduction. The condition requires that 51 and 52 can at least refuse all the 
actions they may not both do after a certain trace. 

Theorem 8 (consistency w.r.t. reduction) 
Let 51. 52 be two LOTOS specifications using the alphabet£, then: 
81 C,·ed52 ¢==> \Ia E Tr(5I)nT7·(82)·£-out(51>a)nout(52,a) E Ref(5I,a)nRef(52,a) 

Proof. "¢===" We need to prove that 
\Ia E 1'1'(81) n 7'7·(52) · £ - out(5J, a) n out(52, a) E Ref(5I, a) n Rej(82, a) 
implies ::IS· 5 red 81 and 5 red 82. 

Now, take 5 to be the fully deterministic process that is completely determined (modulo 
strong bisimulation) by the intersection of the traces of 51 and 8 2, i.e. Tr(5) = Tr(51)n 
Tr(52). For such a deterministic process, we have 
\Ia E Tr(5) · Ref(5, a) = P(£- out(5, a)), where P(X) denotes the powerset of the 
set X. Next, we prove that 5red51 and 5red52: 
1. From 7'7·(5) = Tr(5I)nTr(S2), it follows that Tr(5) ~ Tr(SI) and 7'7·(5) ~ Tr(52) 
2. From the definition of 8, we derive that 

\Ia E 1'r(5I) n 7'7·(52), \IX E Ref(5, a)· X~ (£- out(5, a)). 
As 7'7·(5) = 7'7·(5!) n Tr(52), it follows, by the definition of out(5, a) and the prefix
closedness of tracesets, that 
\Ia E Tr(5I) n Tr(52) · out(5,a) = out(5~,a) n out(52,a). 
From the condition of the proposition, we can now derive that 
\Ia E Tr(81) n Tr(52) ·X E Ref(5, a) implies X E Ref( 51, a) n Ref( 52, a). 
Finally, we have Va E Tr(51)- Tr(5) · Ref(5,a) = 0 ~ Ref(5~,a) and similarly 
for 52, by Ref(5,a) = 0 <=}a f/ Tr(5). 

"==*" Assume that there exists an 8 such that S red 51 and 5 red 52 • By contradiction: 
Suppose £-out(51>a)nout(52,a) f/ Ref(5~,a)nRef(52,a), for a certain a E Tr(51)n 
Tr(52). Then there exists an a E £-out( 51, a)nout(52, a) such that {a} f/ Ref(8~, a)n 
Ref( 52, a). It follows that either 

a E out( 51 , a) 1\ a f/ out(52, a) 1\ {a} f/ Ref(5~, a) n Ref( 52, a), or 

a f/ out(81, a) 1\ a E out( 52, a) 1\ {a} f/ Ref(5b a) n Ref( 52, a). 
(1) 

(2) 
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As both cases are symmetric, we only prove case (1). Since a f. out(S2, u) implies {a} E 
Rej(S2,u) and {a} f. Ref(St,u) n Ref(S2,u) 1\ {a} E Ref(S2,u) implies {a} f. 
Ref(St,u), we derive: 
a E out(St,u) 1\ a f. out(S2,u) 1\ {a} f. Ref(SI,u) 1\ {a} E Ref(S2,u) 
For SredS1 and SredS2 to hold, it is necessary that (a) u.a f. Tr(S), because 
u.a f. Tr(S2), and that (b) {a} f. Ref(S,u), because {a} f. Ref(St,u). Clearly, (a) 
and (b) can never be satisfied by any process. Hence, there does not exist a reduction 
of both S1 and S2. This contradicts with the assumption that such a common reduction 
exists. D 

4.3 Consistency w.r.t. extension 

Surprisingly, any two specifications are consistent with respect to extension, because ex
tension allows for the introduction of new traces. 

Proposition 9 (consistency w.r.t. extension) 
Let S1, S2 be two LOTOS specifications, then: S1 Cext S2 ==:true 

Proof. In [KvB93) it is shown that for any two LTSs a third LTS can be found that is an 
extension of both. Since LTSs provide the semantics for processes, this result extends to 
LOTOS specifications. D 

4.4 Consistency w.r.t. testing equivalence 

Since te is an equivalence, it is not a very suitable refinement relation in the context 
of partial specification. Two specifications are only consistent with respect to testing 
equivalence if they are testing equivalent. 

Proposition 10 (consistency w.r.t. testing equivalence) 
Let Eh, s2 be two LOTOS specifications, then: s! Cte s2 iff s! te s2 

Proof. This follows from the symmetry and transitivity te. D 

4.5 Relating the instantiations of consistency 

The weakest notions of consistency are C<,. and Cext· According to these instantiations 
any two LOTOS specifications are consiste-~tt. Consistency with respect to reduction and 
consistency with respect to testing equivalence are more restrictive, since they require a 
certain consistency condition to be met. 

Proposition 11 (Ctc is stronger than Cred) 
Cte C Cred 

Proof. From the definition of te it follows that S1 Cte S2 =? S1 Cred S2. Moreover, the 
following counterexample shows that Cte i' Cred· 

Take S1 := i; a; stop[]b; stop and S2 := a; stop[]b; stop. These specifications are not 
testing equivalent, and therefore not consistent by Cte, because S1 can refuse action b. 
But they are consistent by Cred, because a common reduction can be found (viz. S2). D 
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The above four instantiations present us with a number of possible interpretations of 
consistency in LOTOS. This situation reflects our view that consistency checking must be 
performed selectively, this issue was discussed in some depth in (BDS95]. In particular, 
it is inappropriate to view consistency checking as a single mechanism which can be ap
plied to any pair of specifications. For example, it would be inappropriate to check two 
specifications which express exactly corresponding functionality with Cext· An implica
tion of this is that, in order to apply suitable consistency checks the relationship of the 
specifications being checked must be made available by the specifier(s). 

5 OPERATIONAL DEFINITIONS OF COMPOSITION 

In the previous section, it was shown under which conditions two process specifications 
are consistent with respect to certain refinement relations. Although consistency implies 
that the set of compositions is not empty and (KvB93, KvBG92, Led91] have shown 
that we can determine the denotational semantics of the coarsest composition in some 
cases, it would be useful for system development purposes to have a method to construct 
a composition within the specification language, i.e. to have an operationally defined 
semantics for composition. This composition can then be used for simulation, further 
refinement or as the implementation specification. 

The purpose of this section is to find operators for LOTOS that can be used to compose 
specifications. When the original specifications are consistent (with respect to some notion 
of refinement), the composition should obviously be a common refinement (with respect 
to that notion of refinement). 

Trace preorder preserving composition 
From (Bri88] we know that LOTOS parallel composition preserves safety properties. 

Proposition 12 (Composition w.r.t. :::;tr) 
If Sr and s2 are two arbitrary LOTOS process specifications, then the process s := SriiS2 
is a composition of S1 and S2 with respect to :::;tr. 

Proof. We only prove SriiS2 :::;tr Sr as the other case is symmetric. 
We derive that Va E £ · (PIIQ ~ => P ~),and therefore Tr(PIIQ) ~ Tr(P): 
PIIQ ~ => (from definition of ~) 
3P', Q' · PIIQ ~ P'IIQ' A P'IIQ'...l4 => (from definition of II) 
3P' · PIIQ ~ P' A P' ...l4 => (by definition of ~) 
P~. D 

Reduction preserving composition 
Unfortunately, none of the existing LOTOS operators yields a common reduction when 
applied to two behaviour expressions. Therefore, we define a new operator. This binary 
operator, called the conjunction operator, resolves all non-determinism present and re
moves all internal actions in either operand. The conjunction of two processes can only 
perform a trace if both processes are able to perform that trace. 
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Definition 13 (conjunction operator) 
Let P and Q be LOTOS behaviour expressions. We define their conjunction, P®Q, by the 
following inje1·ence rule ~(X) represents generalised choice): 

P~,Q~ 

Proposition 14 (correctness of conjunction) 
rt S1 Cred S2, then S1 ® S2 red S1 and S1 ® S2 red S2 

Proof. We will prove only that 5'1 ® 5'2 red 5'1 . The other case is symmetric. The proof 
consists of two parts: 

1. Tr(S1®S2) <:;; Tr(SJ): 
Inspecting the only inference rule, we see that S1 ®5'2 ~ implies S1 ~. 

2. S1®S2confS1 

Suppose there exists a P such that .':/105'2 ~ P =#>,where a E Tr(S!), a E £.From the 
inference rule, it follows that P = s; ®S~, where s; = ~( S1 -----1,.) and S~ = ~( S2 -----1,.). 

For P to refuse a either s; =#> or S~ =#> . In the first case, we are ready, because 

5'1 ~ s; =#>. a 

In the case where S~ #,we take the consistency condition £-out(S1 , a)nout(S2 , a) E 

Ref(S1 , a) n Re/(82 , a) into consideration. 8~ =#> implies art out(82 , a). By the con
dition, we derive that {a} E Ref(S1 , a) n Re/(5'2 , a), and therefore {a} E Ref(S1 , a). 

Hence there exists a P' E ( 5'1 ajte1· a) such that 8 1 ~ P' =#> . D 

Although the conjunction operator yields a common reduction, it is usually not the 
coarsest reduction of its two operands. This is due to the fact that all non-determinism 
is resolved. When both original specifications contain non-determinism it may not be 
necessary to resolve all non-determinism, as is shown in the following example. 

Example 15 Take S1 := i; a; stop[]i; b; stop[]i; c; stop and 82 := i; a; stop[]i; b; stop. Then 
8 1 ® 5'2 = a; stop[]b; stop, which is a common reduction, but not the coarsest common 
reduction, which is i; a; stop[]i; b; stop. 

Extension preserving composition 
From proposition 9 we know that any two specifications are consistent with respect to 
extension. However, none of the existing LOTOS operators will always yield a common 
extension. Therefore, we define a new operator. This binary operator, called the join 

operator, merges as it were those patterns of behaviour that the two operand specifications 
have in common, and then provides a choice between the two behaviours when they start 
to differ. Note that the composition will be completely deterministic until a choice for 
either behaviour has been made. 
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Definition 16 (join operator) 
Let P and Q be LOTOS behaviour expressions. We define their join, P ~ Q, by the 
following infe!'ence rules: 

P~.Q~ P~,Q~ P~,Q~ 
(l) P ~ Q ~ I;(P -1a) ~ I;(Q -1a)' (2) P ~ Q ~ I;(P -1a)' (3) P ~ Q ~ I;(Q -1a) 

Proposition 17 (correctness of join) 
If S1 and S2 are two arbitrary LOTOS process specifications, then the process S := 51 ~ 52 
is a composition of sl and s2 with respect to ext. 

Proof. We will prove only that S1 ~ S2 ext 5 1 • The other case is symmetric. The proof 
consists of two parts: 

1. Tr(S1~S2) ::2 Tr(SI): 
Inspecting the inference rules, we see that S1 ~ implies 51 ~ S2 ~ . 

2. sl ~ s2 conf sl 
Suppose there exists a P such that S1 ~ S2 =S P ~ , where a E Tr( 5 1 ), a E £. From 
the inference rules, we derive the following three possible cases: 

(a) P = s;~s~, where s; = I;(S1 ~u) and S~ = I;(S2 ~u), and s;~ and S~~
In this case, it follows directly that there exists a P'( = s;) such that S1 =S P' ~. 

(b) P = s;, where s; = I;(S1 ~u), and s; ~.Clearly, S1 =S s; ~. 
(c) P = S~, where S~ = I;( S2 -iu), and S~ ~ . We argue that this case is not possible. 

There should exist two traces a', a" such that a' a" = ,C(' a P' E (S1 --1u') and a 
t:F' u u" 

Q' E (S2 ~u') such that S1 ~ 82 ====;. P' ~ Q' and P' ====/? while Q' ==*. However, 

a' a" E Tr(SI) and because P' = I;(S1 -iu') we have P'4. D 

In the deti, ition of the operational semantics of the join operator, we make use of 
a so-called negative premise (see [Gro90]). This is potentially dangerous, because the 
transition relation may not be uniquely defined by the collection of all the inference rules 
of the language. Indeed, using unguarded recursion, which is allowed in LOTOS, we can 
show that the use of the negative premise here is not safe. Consider, for example, the 
following recursive process definition: P := a; stop~ i; P. Since the ~-operator abstracts 
from internal actions, the associated LTS is non image-finite, which makes it impossible to 
determine the next state. Even if unguarded recursion would be forbidden, then it would 
still be possible to make guarded recursion unguarded by applying the hide operator. 
Despite this, the ~ operator is meant to compose process specifications, with the aim to 
yield a new composed specification. A system will not be composed of itself and some 
other process, i.e. specifications of the shape S1 := 81 ~ S2 do not make sense. Therefore, 
if t.he join operator is used for composition of specifications, its usage is safe. 

Another drilwback of the join operator is the fact that it does not yield the coarsest 
common extension as is shown in the example below. 

Example 18 Consider the following two gambling machine specifications: 5 1 := coin; 
lose; stop [] coin; win; stop, 5 2 :=coin; lose; stop [] coin; win; (coin; jackpot; stop [] coin; 
lose; stop). Although the composition 5 1 ~ 5 2 = coin; (lose; stop [] win; coin; (jackpot; 
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stop [] lose; stop)) is an extension of both spec~fications, the rxJ-operato1· makes it completely 
deterministic. This is clearly not the desired effect here. The coarsest possible composition 
is given by s2. 

Testing equivalence preserving composition 
With respect to testing equivalence, either of the two original specifications will do as the 
composition, because both specifications are testing equivalent to each other. However, 
this may result in the loss of the intention of the other specification. 

6 EXAMPLE - SHARED MEMORY SPECIFICATION 

In order to demonstrate consistency checking and composition of partial specifications of 
a distributed information system, a simple Shared Memory system is introduced. We give 
two partial specifications of the system. One specification focuses on the computational 
aspects of the system, i.e. it describes the functional components of the system and the 
possible communication patterns between them. The second specification focuses on the 
information flow within the whole of the system without identifying the components it is 
composed of: it describes an invariant that should be satisfied by the data contained in 
the system. We thus obtain a nice separation of concerns. 

The Shared Memory system is depicted in figure 2. It consists of a memory and two 
users. The users can access the memory through the read and write interfaces, but cannot 
communicate directly to one another. For simplicity we assume that the memory only 
contains one data value at a time. 

Computational specification. In the computational specification the Shared Memory 
system is viewed as a collection of communicating processes. Two types of components are 
identified: a Memory component and a collection of User components. For this example, 
there are only two instantiations of the User process, but this could easily be extended 
to an arbitrary number. The User components do not communicate directly with each 
other. Therefore the two instantiations of User in process Users are placed in parallel (Ill). 
There is communication between the Memory and the Users, which is represented by the 
synchronisation operator (II) between the processes Memory and Users. 

The computational specification is not concerned with the specific data values that are 
exchanged between communicating components. We see this reflected in the definition of 
the behaviour of a User. It specifies that a user can, at any time, either perform a read or 
a write operation, but this viewpoint does not care what the read or written data value 
is, represented by a non-deterministic choice. 

The specification of the Memory component expresses that read operations can take 
place concurrently (process ConcurrentReads), but that these can at any time be dis
abled ([>) by a write operation. This disabling ensures that write operations take place 
atomically in order to avoid data inconsistencies. Taking a closer look at process Con
currentReads, we see that it actually only allows two concurrent read operations at one 
time. Obviously, this can easily be extended to a higher degree of concurrency. The in
dividual threads of ConcurrentReads, process SequentialReads, allow for read operations 
by arbitrary users to happen sequentially. Again the data value is non-deterministically 
chosen. 
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Memory 

process ComputationalSpec[read, write] : noexit:= 
Memory [read, write] II Users [read, write] 
where 

process InformationSpec[read, write] : noexit:= 
InitMem > > accept mem : Data in 

Memlnvariant [read, write] (mem) 
process Users[read, write] : noexit:= where 
User [read, write] (0) Ill User [read, write] (1) 
where 

process User[read, write](uid : Userld) : noexit:= 
choice x : Data 0 
i; 

(read!uid !x ; User [read, write] (uid) 

0 
write!uid ?x : Data ; User [read, write] (uid) ) 

endproc (* User *) 
endproc (* Users *) 

process Memory[read, write] : noexit:= 
ConcurrentReads [read] 
[> 
write'~uid : Uscrlu '~iuput : Data. ; 

Memory [read, write] 
where 

process lnitMem : exit(Data):= 
choice mem: Data 0 i; exit(mem) 
endproc (* InitMem *) 

process Memlnvariant[read, write] 
(mem : Data) : noexit:= 

Read_n [read] (mem) 
[> 
(choice uid: Userld, x: Data 0 

write!uid !x ; 
Memlnvariant [read, write] (x) ) 

where 
process Read_n[read](mem : Data) : 

noexit:= 
choice uid : Userld 0 i; read!uid 'mem ; 

Read_n [read] (mem) 
endproc (* Read_n *) 

endproc (* Memlnvariant *) process Concurrent.Reads[read] : noexit:= 
SequentialReads [read] Ill SequentialReads [read] 
where 

endproc (* InformationSpec *) 

process SequentialReads[read] : noexit:= 
choice uid : Userld, output : Data 0 
i; read!uid !output ; SequentialReads [read] 
endproc (* SequentialReads *) 

endproc ( * Concurrent Reads *) 
endproc (* Memory*) 

endproc (* Computationa.!Spec *) 

Figure 2 Shared Memory example. 

Information specification. The information specification specifies that the Memory 
is initialised with an arbitrarily chosen data value first (InitMem). From then on the fol
lowing invariant must hold: the data value associated with each consecutive read operation 
is equal to the last written value. This is ensured by the process Memorylnvariant, which 
has one parameter to pass the last written value to it. The process Memorylnvariant is 
defined using a process ReacL.n, which allows arbitrary users to do read operations while 
ensuring that mem is the data value read. Process Read...n can at any time be disabled by 
a write operation taking place. The Userld and the data value associated with the write 
operation can be randomly chosen, but the written data value will consequently be passed 
to a new invocation of Memorylnvariant. 



100 Part Two Specification of Concurrent Systems 

Figure 3 Composition of Shared Memory. 

Note that we have generally avoided the use of variable declarations of the form 
read ?uid:Userld ?x:Data as a shorthand for the set of actions {read<uid,x> [ uidEUserld, 
xEData}. Instead we have made the choice more abstract in terms of non-determinism 
by using the construct: choice uid : Userld, x : Data [] i; read!uid !x. Although this 'style' 
of specification is not required in a constraint oriented style, it is necessary to make the 
specifications consistent by reduction. 

Consistency check and composition. First, we need to identify which instantiation 
of consistency applies here. As both Yiewpoint specifications in this example use the same 
event structure and the intention is for them to work together and not. extend each others 
functionality, C'red seems more applicable than C'ext· As it is unlikely the two specifications 
describe exactly the same behaviour, Cte is not applicable here. As for C<,r• this form of 
consistency is also covered by Cred· -

In order to show that the two specifications are consistent by C,·ed we have to verify 
the consistency condition of Theorem 8. Unfortunately, the presence of data variables in 
the specifications leads to a state explosion, which makes it hard ·to verify this condi
tion. l!ortunately, it is possible to assess the consistency of the two specifications in an 
alternative wa.y. If the specifications are consistent, the conjunction operator will yield a 
common reduction of both specifications. Thus, we first apply the conjunction operator, 
and then verify whether the composition is a reduction of either specification. Part of 
the LTS representing the conjunction, ComputationaiSpec 0 lnformationSpec, is shown in 
figure 3. In order to represent infinitely branching transitions caused by variable decla
rations, we have represented such transitions symbolically. It can be verified that this 
composition is indeed a reduction of both original specifications. 

7 DISCUSSION AND RELATED WORK 

In this paper, we have presented a general framework for dealing with partial specifica
tion and the issue of consistency that arises when formal specifications are composed. 
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In particular, we have considered four different instantiations of the general consistency 
definition with LOTOS refinement relations. Necessary and sufficient conditions were given 
for specifications to be consistent with respect to a particular notion of refinement. 

Several forms of composition are already supported in standard LOTOS. In fact, it can be 
argued that all binary operators enable some form of composition. The parallel operator 
has proved especially useful for the composition of constraints in the constraint-oriented 
specification style [VSvSB91]. However, the II operator only supports composition w.r.t. 
trace preorder (:<:; 11.), which is but a weak notion of refinement. 

We have proposed two new operators for LOTOS to support composition with respect to 
refinement by reduction and extension. The latter operator, ~. was inspired by the spec
ification merge operator, EB, in a pioneering paper on incremental specification [IYK90]. 
Our ~ operator is an improvement of the EB-operator, in the sense that it can deal with 
non-deterministic specifications. 

The problem of composing specifications with respect to reduction and extension have 
been reported on before. For processes modelled by acceptance trees, an algorithm to 
compose such processes with respect to reduction is given in [KvBG92]. In order to apply 
this algorithm to LOTOS specifications a denotational semantics in terms of acceptance 
trees must be provided. In [KvB93] and in [Led91] algorithms are given that can be used 
to compose two specifications, such that the composition is an extension of both. The 
first algorithm applies to LTSs, but uses acceptance trees as an intermediate model. The 
second algorithm applies to rooted failure trees (RFTs), which can provide a denotational 
semantics for a subset of LOTOS. In contrast to these composition methods, we have 
given an opPrational semantics for composition. This enables us to compose specifications 
on the specification language level, rather than on the semantic level. This is useful for 
simulation purposes. A drawback of the given operational definitions for composition is 
tha.t they generally do not yield the coarsest common refinement, which the denotational 
approaches do. 

The general framework for consistency and composition will allow us to investigate more 
instantiations of consistency (for example with implementation relations based on action 
refinement) in future research. Further, we intend to develop software tools for simulation 
and construction of compositions, and for assessing the consistency of specifications. 
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