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Abstract 

The semantics for Interworkings from [MvWW93] does not give a proper meaning to empty 
entities and empty Interworkings. Furthermore, the process algebra considered has to be 
extended in order to define refinement of Interworkings. For these purposes we give a revision 
and extension of the semantics. 

1 Introduction 

Interworkings are used for the graphical presentation of system traces. An Interworking describes 
the communication behaviour of system components. Interworkings are similar to Message Se
quence Charts ([IT94]), which are standardized by the International Telecommunication Union 
(ITU). The main difference is that Interworkings describe synchronous communication, whereas 
Message Sequence Charts describe asynchronous communication. 

A first proposal for the syntax and semantics of Interworkings is given in [MvWW93] and 
[MW93] contains a description of a tool set for Interworkings. The semantics are given via a 
translation into process algebra ([BK84a, BK84b, BV95, BW90]). Communications are translated 
into atomic actions and two composition operators are defined: the interworking sequencing ( qw) 
for vertical composition and the interworking merge (lI;w ) for horizontal composition. In [vdBG95] 
Van den Brink and Griffioen describe an extension of Interworkings with discrete absolute time 
features by labelling actions with a time stamp and by labelling actions with a discrete time 
interval. 

An Interworking consists of entities, represented by vertical axes, and messages, represented 
by horizontal arrows. The intuition behind the semantics is as follows. If two messages share 
an entity, the highest drawn message is executed first. Two messages which are not ordered in 
this way directly (i.e. via a shared entity) or indirectly (via a number of communications) may be 
executed in any order (see e.g. Figure 2D in which only one execution order is allowed: ml, m2, 
m3). This is expressed formally in the definition of the interworking sequencing operator. The 
interworking merge operator is explained below. 

Although the semantics in [MvWW93] are consistent, we are not completely satisfied with it, 
especially with respect to empty entities and empty Interworkings. These notions imply introduc
tion of the so-called empty process into the process algebra. This extended process algebra is also 
needed if we define refinement as introduced in [MvWW92]. The problem encountered in the se
mantics of [MvWW93] with respect to empty entities is the following. Consider the Interworkings 
from Figure 1. The difference between the Interworkings A and B is that B contains an entity 
s while A does not. In fact Interworking B specifies that there can be no communication with 
entity s, whereas Interworking A does not say anything about the interaction with s. 

·Part of this research is funded by Philips Research Laboratories Eindhoven. 
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Figure 1: Interworkings A, Band C 

If we merge Interworkings A and C (from Figure 1), we first calculate the set of common 
entities of A and C, which is {q, r}. The result is such that all communications between entities 
within this set are present in both A and C. The result is Interworking D shown in Figure 2. 

In Interworking B entity s is present, although not participating in any communication action. 
If we merge Interworkings Band C, the common entities from Band Care {q, r, s}. Thus Band 
C have to comply also with respect to the communication of m3 from r to s. Since B does not 
have this communication, a deadlock results as depicted by two horizontal bars in the Interworking 
E from Figure 2. 

D E 

p q r s P q r S 

ml 

1 

ml 

'I 'I 1 

m2 m2 

m3 

Figure 2: Interworkings D and E (merge of A resp. B with C) 

We conclude that intuitively the merge of A and C is different from the merge of Band C. In 
the semantics of [MvWW93], however, A and B have exactly the same interpretation. The empty 
entity s is simply neglected, so A lI;w C and B II;w C are equal. We solve this difference in intuition 
and semantics by enriching the process which is the interpretation of a given Interworking with 
explicit information about the entities which are present. 

The second reason for revising the semantics of Interworkings is that we give a formal definition 
of the notion of refinement. An Interworking is a refinement of another Interworking if they 
have the same behaviour after aggregation of a number of entities into one single entity. This 
implementation relation is very usefu) for expressing levels of abstraction and thus allows for a 
top-down specification style. 

This paper is organized as follows. In Section 2 we give a formal definition of the interworking 
operators. Section 3 contains several properties of the interworking sequencing and interworking 
merge operators. The Interworking refinement is defined in Section 4. 

Acknowledgements We would like to thank Thijs Winter (Philips Hilversum) and Mark van 
Wijk for cooperating on a preliminary, although never published, version of Interworkings with 
refinement. Furthermore, we thank Jos Baeten, Twan Basten and Hans Mulder (all Eindhoven 
University of Technology) for their criticism. Their comments have been very helpful in obtaining 
the results we did. The anonymous reviewers and Jan Gerben Wijnstra (Philips Research Labo
ratories Eindhoven) are acknowledged for their comments on a preliminary version of this paper. 
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2 Process Algebra for Interworkings 

In this section we will extend the process algebra BPA'w(A, EID, E) from [MvWW93] with the 
empty process (e). The parameters A, EID and E are the set of atomic actions, a universe of 
entity identifiers and a mapping from atomic actions to entity identifiers, respectively. We start 
by giving the process algebra BPA;,,(A) from [BW90, BV95]. This process algebra is extended to 
the process algebra IWD,(A, EID, E), i.e., Process Algebra for Interworking Diagrams, with the 
operator interworking sequencing ( qw) and some auxiliary operators (l.q;w I Rqw , and .J). Then 
we extend IWD, (A, EID, E) with the E-interworking merge (1If;;, ) and some auxiliary operators 
m!, If;;,)· The resulting process algebra is called IW,(A, EID, E). Finally, we extend the pro
cesses representing Interworkings with an additional label representing the entities from which the 
Interworking is built. This process algebra will be called IWE,(A, EID, E), i.e. Process Algebra 
for Interworkings with (empty) entities. We give for each of the process algebras a structured 
operational semantics in the style of Plotkin [PloSl, PloS3]. 

In the case of Interworkings, the three parameters of the algebraic theories are instantiated as 
follows: A = {c(p,q,m) I p,q E EID,m E MID}, where MID is some set of message identifiers, 
EID is some set of entity identifiers and E is a function which associates to each atomic action 
from A a set of entity identifiers: E(c(p, q, m)) = {p, q}. In fact, with Interworkings, there are 
two parameters: the set of entity identifiers EID and the set of message identifiers MID, and a 
constructor function for the atomic actions c : EID x EID x MID ~ A. We have chosen for the 
approach with three parameters to cover applications where an entity function must be defined 
explicitly, because it call not be obtained from the atomic actions. 

2.1 Basic Process Algebra with Deadlock and Empty Process 

We wi'll give a brief introduction to the process algebra BPA 6,e(A) [BV95, BW90]. This process 
algebra will be our starting point towards the more complex algebras which are introduced in the 
following sections. The parameter A of the process algebra represents the set of atomic actions. 
Besides the atomic actions from the set A the process algebra has the additional constants. and 
c:, which represent deadlock and the empty process respectively. The process deadlock is incapable 
of executing any actions and can moreover not terminate successfully. The empty process can also 
execute no actions, but it terminates successfully. The set of all constants of the process algebra 
is denoted by A;" . 

From these constants more complex processes can be built by using the operators + and ". The 
+ is called alternative composition and· is called sequential composition. The process x + y can 
execute either process x or process y, but not both. The process x . y starts executing process x, 
and upon termination thereof starts the execution of process y. These operators are axiomatized 
by the axioms from Table 1. In these axioms the variables x, y and z denote arbitrary processes . 

x+y = y+x Al • +x x A6 
(x+y)+z = x+ (y+ z) A2 .·x = • A7 
x+x = x A3 x·c = x AS 
(x+y) ·z x·z+y·z A4 c·x = x A9 
(x·y)·z = x·(y·z) A5 

Table 1: Axioms of BPA6,,(A) 
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In order to reduce the number of brackets in processes we have the following priorities on 
operators: . binds stronger than all other operators and + binds weaker than all other operators. 

To the process algebra BPA.5,c(A) we associate a structured operational semantics in the form 
of the term deduction system T(BPA",(A» in Table 2. For the deduction rules in this table we 
require that a E A and that x, y, and z are arbitrary processes. A deduction rule is of the form 
{f where H is a set of hypotheses and C is the conclusion. The formula z ~ z' expresses that 
the process z can perform an action a and thereby evolves into the process z' and the formula 
x ! expresses that process x has an option to terminate immediately and succesfully. For a formal 
definition of term deduction systems we refer to [BV93]. 

,,! y! "loy! 
c! x+ y! x+y! " . y ! 

z ~ Zl y'::" y' z ~ x' " loy'::"y' 
a z+y ~ x' ,,+y'::"y' a , 

X· y'::" y' a-c x·y-x .y 

Table 2: Structured Operational Semantics of BPA",(A) 

Finally we would like to mention the following well-known result from literature (e.g. [BW90]): 
The process algebra BPA", (A) is a sound and complete axiomatization of bisimulation equivalence, 
notation ==, on the closed BPA",(A) terms. This result will be used in the following sections 
when relating the extended process algebras to BPA",(A). 

2.2 Axiomatization of Interworking Sequencing 

In this section we will extend the process algebra BPA6,c(A) from the previous section with 
an entity function on the atomic actions from A and the interworking sequencing operator qw. 
The resulting process algebra is denoted by fWD,(A, EID, E). The entity function E : A -
JP(EID) associates to every atomic action from the set A a set of entity identifiers from EID. 
Intuitively the entities of the atomic action a are the functional blocks on which the atomic action 
is defined/executed; these entities are called active entities. The universe of entity identifiers EID 
and the entity function E are considered parameters of the process algebra. 

Based on the entity function E on atomic actions we can associate to every closed term over 
the signature of the process algebra a set of entities; these are the entities to which the atomic 
actions of the process refer. This is done by extending the entity function on atomic actions 
to an entity function E on process terms. This extension is, for a E A and x and y arbitrary 
processes, defined in Table 3. For the atomic actions from A, viewed as a process, the entities are 
given already by the entity function on atomic actions. For the atomic actions £ and 6 we take 
E(c) = 0 and E(6) = 0. For more complex processes the entities are obtained from the atomic 
actions the process is built from. 

E(c) 
E(6) 
E(a.,,) 
E(" + y) 

o 
o 

= E(a) U E(x) 
E(x)UE(y) 

Table 3: Active Entities of an Interworking 
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The interworking sequencing of two processes x and y is their parallel execution with the 
restriction that the right-hand side process may execute an action only if the entities of that action 
are disjoint from the entities of the left-hand side process. The interworking sequencing operator 
is similar to the weak sequential composition operator from [RW94]. As a starting point for the 
axiomatization we take the axioms for the interworking sequencing as they are given in [MvWW93]. 
To obtain an axiomatization of the interworking sequencing operator in the context of empty 
Interworkings an approach is followed which compares easily with the step from the free merge in 
a setting without the empty process to a free merge in a setting with the empty process [BW90]. 

The axiomatization of 'lw as presented in [MvWW93] uses the two auxiliary operators I.qw 
and R<!w. The process :c I.qw V behaves like the process :c 'lwV with the restriction that the first 
action to be executed must originate from process :c. The process :c Rqw V also behaves like the 
process :c 'lwV but this time with the restriction that the first action to be executed must be from 
process y. 

Intuitively, we want t: to be a unit for the interworking sequencing, i.e. t:qwx = xqwt: = x. In 
particular we also want to have that t: ~wt: = t:. The interpretation of x ~w Y is that the process 
:c is forced to do the first step. Since 0 is unable to do any step, it seems plausible to define 
o I.qw V = 6. Consequently, we also define :c Rqw 0 = 6. If we apply this in the definition of the 
sequencing operator as given in [MvWW93] we get 0 'lwO = 0 I.qw 0 + 0 R<!w 0 = 6 + 6 = 6. This 
is not what we want and therefore we need the additional operator ..j as given in Table 4. This 
operator has also been used by Baeten and Weijland [BW90] in axiomatizing the free merge in 
a process algebra containing the empty process. The definition of the interworking sequencing 
operator is given in Table 4. 

X'lwy = :c I.qw V + :c ilqw V + ..j(x) . ..j(V) SI 
t:~w x 6 LSI 
6 I.qw x = 6 LS2 
a . :c I.qw V a . (:c 'lwV) LS3 
(:c + V) I.qw z = :c I.qw z + y I.qw z LS4 
x Iktw t: 6 RSI 
xRqw 6 = 6 RS2 
x R<!w a· V a . (:c 'lwV) if E(a) n E(:c) = '" RS3 
:c ilqw a· y = 6 if E(a) n E(x) f. '" RS4 
:c Rqw (V + z) = :c R<!w V + x Ilqw Z RS5 
..j(o) = 0 Tl 
..j(6) 6 T2 
..j(a ·x) 6 T3 
..j(:c + V) = ..j(:c) + ..j(V) T4 

Table 4: Axioms for inter working sequencing 

The structured operational semantics of the interworking sequencing and of the auxiliary opera
tors is given in Table 5. The term deduction system T(IWD,(A, EID, E)) consists of the deduction 
rules of T(BPA",(A)) and the deduction rules of Table 5. 

Next, we will formulate some interesting theorems concerning this process algebra. These 
theorems relate the process algebra IWD,(A, EID, E) to the process algebra BPA", (A) and to the 
structured operational semantics as given by the term deduction systems. 

Theorem 2.2.1 (Congruence) Bisimulation equivalence is a congruence for the function sym
bols in the signature of IWD,(A, EID, E). 

Proof It is straightforward to verify that the deduction rules of the term deduction system which 
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x Ly 1 x ~ x' y.!!. y',E(a)nE(z) = 121 

xqwY 1 a I x crwY --+ x OjwY XClwY ~ XCfwY 

z1 X~XI y.!!.y',E(a)nE(x) = 121 

v'(z) 1 x Iqw y ~ X' crwY xRqwy~xqwy' 

Table 5: Structured Operational Semantics of interworking sequencing and auxiliary operators 

consists of the deduction rules from Tables 2 and 5 are in path format. By the congruence theorem 
from Baeten and Verhoef [BV93] it follows immediately that bisimulation is a congruence on the 
closed IWD,(A, EID, E) terms. 

Theorem 2.2.2 (Soundness) The process algebra IWD,(A, EID, E) is a sound axiomatization 
of bisimulation equivalence on closed IWD, (A, EID, E) terms. 

Proof Due to the fact that bisimulation is a congruence, we only have to verify the soundness 
of each axiom. For the axioms 51, L53,4, and RS3,5 we relate the left-hand side to the right-hand 
side and we add the diagonal (i.e. we relate each term to itself). For the other axioms we only 
relate the left-hand side to the right-hand side. 

Theorem 2.2.3 (Conservativity) The process algebra IWD,(A, EID, E) 18 a conservative ex
tension of the process algebra BPA", (A). 

Proof The proof of this theorem uses the approach of Verhoef [Ver94]. The theorem follows 
from the following observations: 

1) Bisimulation is definable in terms of predicate and relation symbols only, 

2) the process algebra BPA6,,(A) is a complete axiomatization of bisimulation equivalence on 
closed BPA6,,(A) terms (see [BV95, BW90j) , 

3) the process algebra IWD,(A, EID, E) is a sound axiomatization of bisimulation equivalence 
on closed IWD,(A, EID, E) terms (see Theorem 2.2.2), 

4) the term deduction system T(BPA,,,(A)) is pure', well-founded2 and in path format, and 

5) the term deduction system T(IWD,(A, EID, E)) is in path format"' 

Theorem 2.2.4 (Elimination) The process algebra IWD,(A, EID, E) has the elimination prop
erly for the process algebra BPAJ,,(A). 

Proof The term rewrite system associated with the axioms A3-A 7 from Table 1 and the axioms 
from Tables 3 and 4 and the additional rewriting rules from Table 6 is strongly normalizing. This 
can be proven with the method of the lexicographical path ordering [KL80, Kl092]. Note that the 
additional rewriting rules are, for closed terms, derivable from the axioms of IWD,(A, EID, E). 

If we additionally show that every normal form of the closed terms is in fact a closed BPA6,,(A) 
term then the theorem follows easily. Thereto, suppose that 8 is a normal form with respect to the 
term rewrite system and suppose that s is not a closed BPAJ,,(A) term. Then s must contain at 

1 For a definition of pure term deduction systems see [BV93]. 
2For a definition of well-founded term deduction systems see [BV93]. 
3For a definition of the path format see [BV93]. 
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a I.q-w z 
zRqw a 
Z Rqw a 
v(a) 

-+ a·z 
-+ a·z 
~ 6 
~ 6 

if E(a) n E(z) = 0 
if E(a) n E(x) i- 0 

Table 6: Additonal rewriting rules for fWD,(A, EfD, E) 

least one occurrence of the operators qw, ~w, Rqw, or -J. Take a smallest sub term of s which 
is headed by one of these operators. In any case it follows that the operands of this operator 
are closed BPA.,,(A) terms. From that it is easily seen that a rewrite rule must be applicable, 
which contradicts the assumptions. Therefore, we conclude that every normal form of a closed 
fWD, (A, EfD, E) term is a closed BPA •. ,(A) term. 

Theorem 2.2.5 (Completeness) The process algebra fWD, (A, EfD, E) is a complete axioma
tization of bisimulation equivalence on closed fWD,(A, EfD, E) terms. 

Proof By the General Completeness Theorem of Verhoef[Ver94]' the completeness of the process 
algebra fWD,(A, EfD, E) follows immediately from the propositions which are used in the proof 
of Theorem 2.2.3 and the fact that fWD,(A, EID, E) has the elimination property for BPA.,,{A) 
(see Theorem 2.2.4). 

2.3 Axiomatization of Interworking Merge 

In this section we will extend the process algebra fWD,(A, EfD, E) from the previous section with 
the interworking merge operator (11;w). The resulting process algebra is called fWE,(A, EfD, E). 
Thereto, we first describe IW,(A, EID, E), the extension of IWD,(A, EID, E) with the E-inter
working merge operator (1It:.). Technically speaking, we can axiomatize the interworking merge 
without using the E-interworking merge. But, to stay as close as possible to the existing axiom
atization of the interworking merge, we use the E-interworking merge. After that we introduce 
tuples of process terms and entity sets. On this neW structure we define the interworking merge 
operator. 

As we have shown in the introduction there is a problem with axiomatizing the interworking 
merge operator. From an expression representing an Interworking it is not possible to determine 
the empty entities, since the Interworking can have empty entities which are not represented in 
the atomic actions describing the Interworking. In this section we will solve this problem by 
associating to every closed term of the process algebra a label denoting the entities which are 
present. With that additional information it is straightforward to give an axiomatization of the 
interworking merge. As was done in (MvWW93] the interworking merge is expressed in terms of 
the E-interworking merge operator and the common entities of the operands. 

The axiomatization of the S-interworking merge as presented in (MvWW93] uses the auxiliary 
operators left S-interworking merge lLfw and synchronization interworking merge Ifw with S a set 
of atomic actions. We will use similar auxiliary operators only now labelled with a set of entities in 
stead of a set of atomic actions. This set represents the entities on which communication actions 
must synchronize. The process x lit:. y is the parallel execution of the processes x and y with the 
restriction that the processes must synchronize on all atomic actions which are defined on entities 
from the set E. The process xlL~ y behaves like the process x lit:. y with the restriction that the 
first action must come from process x and that action does not have to synchronize with an action 
from y. The process" It:. y behaves as the process x lit:. y with the restriction that the first action 
to be executed must be a synchronization. 
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Since we have defined the entities of the empty process to be the empty set, it seems plausible 
that we define x Ilow < = x, and in particular < /I~ < = <. The interpretation of x 11! y and x I~ y, 

however, make it reasonable to define <IL:;" x = 6 and < I~ x = x I~ < = 6. With respect to the 

main axiom for the interworking merge from [MvWW93J: x /lrw y = xILfw Y + yILfw x + x Ifw y, we 

derive < /I~ < = <IL:;" < + <IL:;" < + < I~ e: = 6 + 6 + 6 = 6. In terms of Interworkings this means 
that two empty Interworkings are not consistent which is not what we want. Therefore, we need 
to redefine the interworking merge operator in a way similar to the definition of the sequencing 
operator. The new axioms for the E-interworking merge operator are given in Table 7. Recall 
that the axioms for the termination operator are given in Table 4. 

xll~Y = xlL~ Y + yIL:;" x + x I~ y + v'(x). "ley) EMI 
<ILE x = 6 LEMI 

61ll x 6 LEM2 
w E 

a· (x II~ y) if E(a) 'l E LEM3 a.x~y 
a . xlLw y = 6 if E(a) ~ E LEM4 
(x + y)lLE z ILE E LEM5 = x ·w Z + vtLw Z E .w 
e liw x = 6 SEMI 
xl~e = 6 SEM2 
61~x 6 SEM3 
xl~6 = 6 SEM4 
a· x I~b. y = a . (x II~ y) ifa=b/lE(a)~E SEM5 
a· x I~b. y = 6 if a ",bV E(a) 'l E SEM6 
(x+y)l~z = xl~z+yl~z SEM7 
x I~ (y + z) = x I~Y+ x I~ z SEM8 

Table 7; Axioms of E-interworking merge 

Next, we present a structured operational semantics for the operators which are introduced 
in this section. The term deduction system T(IW,(A, EID, E)) consists of the deduction rules of 
T(IWD,(A, EID, E)) and the deduction rules of Table 8. 

x ~ x', E(a) 'l E 

x/l~y~ x'/I~ y 

x~x',E(a) 'l E 

xlLEw y ~ x/ll~ y 

x ~ x',y ~ y',E(a) C E 

x /I~ y ~ x' /I~ y' 

y~y',E(a) 'l E 

x/l~y ~ x/l~y' 

",~"",y~y',E(a)CE 

'" I~ y ~ x' /I~ y' 

Table 8: Structured Operational Semantics of E-interworking merge and auxiliary operators 

Before we turn to the interworking merge operator we list results similar to those of the previous 
section for the process algebra IW,(A, EID, E). The proofs are omitted. 

Theorem 2.3.1 (Congruence) Bisimulation equivalence is a congruence for the function sym
bols in the signature of IW,(A, EID, E). 
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Theorem 2.3.2 (Soundness) The process algebra IW,{A, EID, E) is a sound axiomatization of 
bisimulation equivalence on closed IW,{A, EID, E) terms. 

Theorem 2.3.3 (Conservativity) The process algebra IW,{A, EID, E) is a conservative exten
sion of the process algebra IWD, {A, EID,E). 

Theorem 2.3.4 (Elimination) The process algebra IW, (A, EID, E) has the elimination prop
erly for the process algebra IWD,(A, EID, E). 

Theorem 2.3.5 (Completeness) The process algebra IW,(A, EID, E) is a complete axiomati
zation of bisimulation equivalence on closed IW,(A, EID, E) terms. 

Now that we have given the axioms and structured operational semantics of the E-interworking 
merge we will discuss the interworking merge operator. The interworking merge of two processes 
is their parallel execution with the restriction that the processes must synchronize on all atomic 
actions which are defined on the common entities of the processes. For the interworking merge 
operator it is necessary to determine the common entities of the operands. The entities of an 
operand can not be obtained from the process term representing it, since empty entities are 
not represented in the process term. Therefore, we label every process term by a set of entity 
names over EID. For an Interworking x, this set together with the active entities of x (i.e. E(x» 
represents the entities of the Interworking (including the empty entities). An interworking with a 
dynamical behaviour denoted by x over the entities from E is denoted by (x, E). We do not require 
that the set E consists of all entities of the interworking; instead we require that the entities of 
the interworking are given by E U E(x). The reason for this choice is that in this setting every 
tuple from which the dynamical behaviour describes an interworking, can be interpreted as an 
Interworking in the extended semantics. Such a tuple (x, E) will be called a labelled process. On 
labelled processes we define the operators +, " 'lw, II~ and Iliw. The set of all labelled processes 
is called LP. The axioms for labelled processes are, for x, y processes, E, E1 , and E2 ~ EID, and 
Ell E {+'" 'lw, II~}, given in Table 9. 

(x, E) = (x,EUE(x}) if E(x) 'l E 
(x, E,) Ell (y, E2 ) 

(x, E,) lIiw (y, E2 ) 

= (x Ell y, E, U E,) 
('! IIf,,;nE, y, E, U E,) 

if E(x) ~ E,/\ E(y) ~ E, 
if E(x) ~ E, /\ E(y) ~ E, 

Table 9: Extension to labelled processes 

Example 2.3.6 The labelled processes associated to the Interworkings A, B, and C from Figure I 
are the following. 

A = (c(p,q,ml)qwc(g,r,m2),{p,g,r}) 

B = (c(p,g,ml)'lwc(q,r,m2),{p,g,r,s}) 

C = (c(q, r, m2) 'lwc(r, s, m3), {g, r, s}) 

Then we have the following computations for A lIiw C and B Iliw C. 

A Iliw C = (c(p, q, ml) 'lwc(q, r, m2), {p, q, r}) Iliw (c(q, r, m2) 'lwc(r, s, m3), {g, r, s}) 

= (c(p, q, ml)qwc(q, r, m2) Ili!,r) c(q, r, m2) 'lwc(r, s, m3), {p, g, r, s}} 

= (c(p, q, ml) 'lwc(g, r, m2) 'lwc(r, s, m3), {p, g, r, s}) 
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and 

B lI;w C = (c(p,g, ml}qwc(g, r, m2), {p, g, r,s}) lI;w (c(g, r, m2) qwc(r, s, m3), {g, r, s}) 

= (c(p, g, ml) qwc(g, r, m2) Iii!""} c(g, r, m2) qwc(r, s, m3), {p, g, r, s}) 

= (c(p, g, ml) qwc(g, r, m2}qw8, {p, q, r, s}) 

Clearly, the expressions do not denote the same interworking in this extended setting. In other 
words, the labelled processes are not entity bisimilar (see Definition 2.3.7). 

Observe that the role of the empty process as a neutral element for the sequential compo
sition, the interworking sequencing and the interworking merge is, with respect to closed la
belled processes, taken over by the labelled process (c,0), i.e. (c,0) . x = x = X· (c,0), 
(c, 0) qwx = X = X qw (c, 0), and (c, 0) lI;w x = x = x II;w (c, 0). The role of deadlock as the 
neutral element for the alternative composition is taken over by the labelled process (8,0), i.e. 
(8,0) + x = x = x + (8,0). The role of deadlock as the left zero element for the sequential 
composition operator is taken over by the labelled process (8, EID), i.e. (8, EID) . x = (8, EID). 
These properties of the labelled processes can all easily be derived from the axioms from Table 9 
and the axioms for the operators in the process algebra. 

Next, we define a structured operational semantics for labelled processes. The deduction 
rules of the term deduction system T(IWE, (A, EID, E» are given by the deduction rules of 
T(IW,(A, EID, E» and the deduction rules from Table 10. 

x 1 
(x, E) 1 

(x, E) $ (y, F) 1 

(x, E) 1. (y, F) 1 
(x, E) lI;w (y, F) 1 

x ~ x' 

(x,E) ~ (x',EUE(x» 

(x,E)$(y,F) ~ (z,EUFUE(x)UE(y» 

II
(EUE(x))n(FUE(Y)) a 

X iw Y ----jo z 

(x, E) lI;w (y, F) ~ (z, E U F U E(x) U E(y» 

Table 10: Structured Operational Semantics of labelled processes 

Definition 2.3.7 The closed LP terms (s, E) and (t, F) are entity bisimilar, (s, E) ~ (t, F), if 
and only if s!:! t and E U E(x) = F U E(y). 

Theorem 2.3.8 (Congruence) Entity bisimulation equivalence is a congruence for the function 
symbols in the signature of IWE,(A, EID, E) which are defined on LP terms. 

Proof The theorem from [BV93] as used in the previous theorems on congruence is not applicable 
in this case. This theorem is only formulated for strong bisimulation equivalence. Nevertheless 
we will see that Theorem 2.3.8 is not too hard to prove. Suppose that (XI, Ed = (x" E,) 
and (YI,FI) ~ (y"F,). Now we have to prove, for 0 E {+,., qw,ll~ ,11;w}. that (xI,EI) 0 
(YI, FI) ~ (X" E,) 0 (y" F,). From the assumptions we have the following: XI !:! x" YI .!:! y" 
EI U E(xd = E, U E(x,) and FI U E(Yd = F, U E(y,). 

We will first verify the termination predicate. Suppose that (XI, E I) $ (YI, FI) 1. According 
to the deduction rules this is only the case if XI $ YI 1. From XI !:! X, and YI .!:! Y, we obtain x, $ y, 1. Using the same deduction rule as before we have (X2' E2) $ (Y2, F2) 1. In the other 
direction the proof is analogous. Suppose that (XI, E I) II;w (YI, FI) 1· Then we have (XI, E I) 1 
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and (Y', F.) !. But then also x. ! and y. !. By the assumptions we then have X2! and Y2 !. 
Then we can deduce (X2, E2) ! and (Y2, E2) ! and from that (X2' E2) !I,w (Y2, F2) !. In the other 
direction the proof is analogous. 

Next, we will show that every step from the left-hand side can be mimicked by the right-hand 
side, and vice versa. Also we will show that the resulting labelled processes are entity bisimilar. 
Suppose that (x., E.) fll (Y., F.) ~ (z, G). Inspection of the deduction rules gives us that we must 
have that x. fll Y. ~ z and G = E. U F. U E(x.) U E(y'). From this we get with the assumptions 
x2fllY2 ~ z and G = E2UF2UE(X2)UE(Y2). Therefore, with the same deduction rule we deduce 
(Z2, E2) fll (Y2, F2) ~ (z, G). The proof in the other direction is analogous. 

Suppose that (z., EI) /I,w (YI, FI) ~ (z, G). We use the following abbreviations E; = EI U 
E'nP' a 

E(",.), E, = E2UE(X2), F{ = FI UE(YI) and F, = F2UE(Y2). Then we must have XI/I,": • Y. -
E'OF' a 

Z and G = E; U F{. By the assumptions we then also have X2/1,'; , Y2 - z and G = E, U F,. 
From this we obtain (X2' E2) n,w (Y2, F2) ~ (z, G). The proof in the other direction is analogous. 

Theorem 2.3.9 (Soundness) The process algebra I WE, (A, EID, E) is a sound axiomatizalion 
of bisimulation equivalence on closed IW,(A, EID, E) terms. The process algebra IWE, (A, EID, E) 
is a sound axiomatization of entity bisimulation on closed LP terms. 

Proof For the first proposition see Theorem 2.3.2 and observe that we did not add any axioms 
relating closed IW,(A, EID, E) terms. We will prove the second proposition. Since entity bisim
ulation is a congruence for the closed terms of LP we only have to show that the axioms are 
sound. For the first axiom relate the left-hand side to the right-hand side. For the other axioms 
we additionally relate each term to itself. 

Theorem 2.3.10 (Conservativity) The process algebra IWE,(A, EID, E) is a conservative ex
tension of the process algebra IW,(A, EID, E). 

Proof The theorem follows from the following observations: 

1) Bisimulation is definable in terms of predicate and relation symbols only, 

2) IW,(A, EID, E) is a complete axiomatization of bisimulation on closed IW, (A, EID, E) terms 
(see Theorem 2.3.5), 

3) IWE,(A, EID, E) is a sound axiomatization of bisimulation on closed IW,(A, EID, E) terms 
(see Theorem 2.3.9), and 

4) T(IW, (A , EID, Ell is pure, well-founded and in path format, and 

5) T(IWE,(A, EID, E)) is in path format. 

Definition 2.3.11 Basic LP terms are defined inductively as follows: 

1) if s is a closed IW,(A, EID, E) term and E'; EID such that E(s) ,; E, then (s, E) is a basic 
LP term 

2) no other closed LP terms are basic LP terms 

Theorem 2.3.12 (Elimination) For every closed LP term s there exists a basic LP term t such 
that [WE,(A, EID, E) f- s = t. 
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Proof This theorem is proven with induction on the structure of a closed LP term. First consider 
the case 8 == (8', E') (s' a closed IW,(A, EID, E) term and E' <;; EID). If E(s') <;; E' then 8 is a 
basic LP term. If E(s') <;1; E' then we have (s', E') = (s', E' U E(s')) which is a basic LP term. 
Next, consider the case s == S,$S2 (Sl,S2 closed LPterms) for $ E {+,., <\w, II~}. Then we have 
by induction that Sl and S2 are basic LP terms, i.e. S, == (I" E , ) and S2 == (12, E2) for some I

" 
12 

closed IW,(A, EID, E) terms and E
" 

E2 <;; EID. Then we can apply the second axiom to obtain 
8 = (t, $ t2, E, U E2) which is a basic LP term. Finally, consider the case s == 8llliw 82. Again 
by induction we have that Sl and S2 are basic LP terms. Therefore, we have that 'l == (t" E , ) 
with E(t,) <;; E, and that '2 == (t2, E2) with E(t2) <;; E 2. Then we can apply the third axiom and 
obtain. == (tlllf.: nE

, t 2, E, U E 2) which is a closed LP term. 

Theorem 2.3.13 (Completeness) The process algebra IWE,(A, EID, E) is a complete axiom
atization of entity bisimulation on closed LP terms. 

Proof By the elimination theorem we only have to prove this theorem for basic LP terms. Let 
(., E , ) and (t, E 2) be basic LP terms such that (s, E , ) = (t, E2). By the definition of entity 
bisimulation we have s !:! t and E, U E(s) = E, = E2 = E2 U E(t). In Theorem 2.3.5 we 
proved that IW,(A, EID, E) is a complete axiomatization of bisimulation equivalence on closed 
IW,(A, EID, E) terms. So we have (8, E , ) = (t, E2). 

3 Properties 

In this section we will show that the interworking sequencing is commutative under the assump
tion that the active entities of the operands are disjoint and that the interworking sequencing is 
associative. We will also prove that the interworking merge is both commutative and associative. 
The inter working merge as defined by (MvWW93] did not have the associativity property. This 
is a direct consequence of our decision to maintain the entities of an Interworking statically. We 
can illustrate this with the following example. 

Example 3.1 In the semantics of (MvWW93] the Inter workings as shown in Figure 3 are given 
by A = c(p, q, m) and B = c(p, q, n), whereas in this paper they are represented by A = 
(c(p, q, m), {p, q}) and B = (c(p, q, n), {p, q}). 

A B 

p q p q 

HH 
Figure 3: Example Interworkings 

We compute the expressions (A II;w A) II;w B and A lI;w (A II;w B) in both settings. In the 
semantics of (MvWW93] we have the following computations. 

(A lI;w A) lI;w B = (c(p, q, m) lI;w c(p, q, m)) lI;w c(p, q, n) 

= c(p, q, m) lI;w c(p, q, n) 

=6 
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A lIiw (A lIiw B) = c(p, q, m) !!iw (c(p, q, m) lIiw c(p, q, n)) 

= c(p, q, m) !!iw 6 

=c(p,q,m)·6 

In the semantics of Interworkings as presented in this paper we have the following computations. 
Denote the set {p, q} by K. 

(A lIiw A) lIiw B = «c(p, q, m), K) lIiw (c(p, q, m), K» lIiw (c(p, q, n), K) 

= (c(p, q, m) II~ c(p, q, m), K) lIiw (c(p, q, n), K) 
= (c(p, q, m), K) lIiw (c(p, q, n), K) 

= (c(p, q, m) !!~ c(p, q, n), K} 

= (6, K) 

A lIiw (A lIiw B) = (c(p, q, m), I<) !!iw «c(p, q, m), K} !!iw (c(p, q, n), I<}) 

= (c(p, q, m), K) !!iw (c(p, q, m) II~ c(p, q, n), I<} 

= (c(p,q,m),K) !!iw (6,K) 

= (c(p, q, m) II~ 6, I<) 

= (6, I<) 

These two computations illustrate the difference fairly well. In the computation of A !!iw B in the 
semantics of [MvWW93] we lost information on the entities which are present, whereas in the 
second computation we did not. Observe that in the definition of interworking merge as presented 
in this paper (A !!iw A) !!iw B and A lIiw (A lIiw B) are entity bisimilar. 

Proposition 3.2 (Commutativity of 'Iw and Iliw) For closed IW«A, EID, E) terms x and y 
and sets of entities E, El and E2 we have 

E(x) n E(y) = 0 => x'lwy = yqwx 

E(x) n E(y) = 0 => (x, E l) 'Iw(y, E,} = (y, E,) 'Iw (x, El ) 

x!!~y = YII~x 
(x, Etl!!~ (y, E,) = (y, E,) !!~ (x, El ) 

(x, El) Iliw (y, E,) = (y, E,) lIiw (x, El ) 

(1) 

(2) 

(3) 

(4) 

(5) 

Proof For proofs of the propositions (1) and (3) we refer to [Ren93j. Proposition (2) follows 
immediately from proposition (1). Proposition (4) follows immediately from proposition (3). 
Proposition (5) can be proven as follows. Denote E1UE(x) and E,UE(y) by E; and E~ respectively. 

(x, El ) lIiw (y, E,) = (x, E;) lIiw (y, E;) 

= (x Ilfine
; y, E; U E;) 

( E,}!!e;ne; ( E') = X, 1 iw y, 2 

= (y, E;) lI;;:;ne; (x, E;) 

= ("e;ne; E' U E') Y IW X, 1 2 

= (y, E;) lIiw (x,E;) 

= (y, E,) lIiw (x, El) 
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Proposition 3.3 (Associativity of C{w and lI;w) For closed IW,(A, EID, E) terms x, y, and 
z and E I, E2, E3 ~ EID we have 

(x C{wy) C{wz = x C{w(y C{wz) 

«x, EI)c;w (y, E2» C{w(z, E3) = (x, EI ) C{w( (y, E2) C{w (z, E3» 

(x II!;nE, y) lIi~' uE,)nE, z = x II!;n(E,UE,) (y IIf.:nE, z) 

«x, EI) II;w (y, E2» II;w (z, E3) = (x, EI ) lI;w «y, E2) lI;w (z, E3» 

(1) 

(2) 

(3) 

(4) 

Proof For a proof of proposition (1) we refer to [Ren93]. Proposition (2) follows easily from 
proposi tion (1): 

«x, Ed C{w (y, E2» C{w (z, E3) = (x C{wY, EI U E2) C{w (z, E3) 

= «xC{wY)C{w Z ,EI UE2UE3) 

= (x C{w(Y C{wz), EI U E2 U E3) 

= (X,EI)C{w(YC{wz,E2C{wE3) 

= (x, EI) C{w«Y, E2)c;w(z, E3» 

Proposition (3) is proven with simultaneous induction on the total number of symbols in x, y and 
z of the following propositions. We have used the following abbreviations: S = EI n E2 n E3, 
A = (EI n E2) - S, B = (E2 n E3) - S, and C = (EI n E3) - S. 

( ILAUS )ILBUCUS _ ILAUCUS ( IIBUS ) x iw Y iw Z - X iw Y iw Z 

(x IfwuS y) IfwuCUS z = x IfwuCUS (y IfwuS z) 

( l"uS )ILBUCUS = IAUCUS ( ILBUS ) x IW Y iw Z X IW Y iw Z 

v(x Ilfwuc y). J(z) = v(x). v(y lifwuS z) 

(x IlfwuS y) IIfwucuS z = x IIfwUCUS (y IIfwuS z) 

(5) 

(6) 

(7) 

(8) 

(9) 

We will not prove these propositions. Proposition (4) follows from proposition (3) as follows. We 
use the following abbreviations: FI = El U E(x), F2 = E2 U E(y), and F3 = E3 U E(z). 

«x, EI) II;w (y, E 2» lI;w (z, E3) = (x, F1 ) II;w (y, F2» lI;w (z, F3) 

= (x lI~nF, y, FI U F2) Iliw (z, F3 ) 

= «x IIF,nF, ) II(F,uF,)nF, z F U F U F) 
IW Y IW ,1 2 3 

= ( IIF,n(F,UF,) ( IIF,nF, ) F U F U F ) 
X IW Y IW Z, 1 2 3 

= (x, F1) lIiw (y lI~nF, Z, F2 U F3) 

= (x, F1 ) II;w «y, F2) lI;w (z, F3» 

= (x, E1 ) II;w «y, E2) lIiw (z, E3» 

4 Algebraic Definition of Interworking Refinement 

Interworking refinement is the replacement of one entity by a number of entities such that the 
behaviour of the refining Interworking is identical, in a sense to be made precise shortly, to the 
original Interworking. 

Let I : EID _ EID bea partial mapping from entities to entities. An Interworking x can be 
an I-refinement of another Interworking y, denoted by x J;J y. This is the case if, after renaming 
of a set of entities of x into one entity of y (according to f) and after removal of all internal actions 
on the refined entity within the refined inter working and the removal of all internal actions on the 
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refining entities within the refining interworking, the behaviour of both Interworkings is equal. 
The mapping I is partial in order to distinguish between an entity p which is not refined at all 
(p ¢ dom(f)) and an entity p which is refined by (amongst others) an entity p (f(p) = pl. For an 
example of interworking refinement see Figure 4. The entities ql and q2 refine the entity q. 

p qi q2 r p q r 

mi 

m5 mi 

m2 m2 

m3 C f m3 

m6 m4 

m4 

Figure 4: Interworking Refinement 

The intuition is that the external behaviour of a single entity within the Interworking y can 
be refined into, or implemented by, a collective behaviour of a number of entities within the 
Interworking x. So, the emphasis is on inter-entity communication and not 50 much on intra
entity behaviour. Besides the singular I-entity refinement discussed above, it is also allowed to 
consider a number of refinements at the same time: multiple refinement. An example of multiple 
refinement is given in Figure 5. The entity p is refined by the entities p, and P2, and the entity q 
is refined by the entities q, and q2. 

pI p2 ql q2 p q 

m3 

ml ml 

m4 

m5 C f 
m2 m2 

m6 

Figure 5: Multiple Interworking Refinement 

The mapping from refining entities to refined entities is provided by the partial function I. 
Before we define this refinement formally we define the renaming function PI' This operator 
renames all occurrences of e E EID into f(e). For the axiomatization of this operator it is easier 
to have a total function instead of a partial one. Thereto, we extend the partial function f to the 
total function r by asserting that r(x) = x for all x for which I is not defined. Let F be a set 
and let I : F - F be a partial function. The total function associated with I, notation f', is for 
all x E F, defined by 

r(x) = {/(X) if x E dam(f) 
x if x ric dom(f) 

Let I : EID - EID be a partial function, then the renaming operator PI related to I is 
defined by the axioms in Table 11. This renaming operator resembles the renaming operator PI 
from [BB88]. 
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PI (e) e 
PI (6) = 6 
PI (c(p, q, m)) = c(/'(p),I'(q),m) 
PI (a .",) = PI (a). PI (x) 
PI (x + y) = PI ("') + PI (y) 

Table 11: Entity Renaming function on processes 

In Table 12 the entity renaming operator on processes is extended to labelled processes. Note 
that also the entity component of a labelled process is renamed with respect to the mapping I. 

PI «"" E}) = (PJ ("'), {r(e) leE E}) 

Table 12: Entity Renaming function on labelled processes 

In order to remove all internal actions on entities we are not interested in, we substitute the 
empty process c for them. The entities for which we remove the internal actions are given by 
rng(f). We define the set of all internal actions on the entities of a set E as follows: 

Int(E) = {a E A I E(a) ~ E 1\ IE(a)1 = I} 

Let I be a set of atomic actions, in Table 13 we define the operator c[ that renames atomic actions 
from I into e. This operator is taken from [Vra91]. 

eI(e) e 
e/(6) = 6 
e/(a·",) <I (x) if a E I 
eI(a·",) = a·</(x) ifaO!I 
</(X + y) = </(X) + eI(Y) 

Table 13: Renaming atomic actions into e 

In Table 14 the operator for removing internal communications is extended to labelled pro
cesses. By renaming actions into £ it can be the case that entity information is removed completely 
from the process expression. Therefore, we first make sure that all entity information is contained 
in the entity component of the labelled process. 

Let I : EID - EID be a refinement mapping, the I-refinement relation on labelled processes 
is then defined by the equation in Table 15. 

Next, we extend this notion of refinement with a fixed mapping to a notion of refinement which 
abstracts from this mapping. This notion of refinement is called entity refinement. Interworking 
x is an entity refinement of Interworking y, notation x!; y if and only if there exists a refinement 
mapping I such that", [;1 y. 

Example 4.1 As an illustration of this algebraic definition of refinement the refinement relation 
between the Interworkings in Figure 5 is computed. The left-hand side lnterworking will be called 
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"1«x,E) = (o1(x),EUE(x») 

Table 14: Removing internal communications from labelled processes 

Table 15: I-Refinement 

A and the right-hand side Interworking B. Semantically these Interworkings are represented by 

A =(c(pl,p2, m3) qwc(p2, ql, ml) qwc(ql, q2, m4) qwc(q2,ql, m5) 

qwc(ql, p2, m2) qwc(p2, pi, m6), 0) 

B =(c(p, q, ml) qwc(q, p, m2), 0) 

Elimination of the qw yields the following equations 

A =(c(pl, p2, m3) . c(p2, ql, ml) . c(ql, q2, m4) . c(q2, ql, m5) 

. c(ql, p2, m2) . c(p2, pi, m6), {pi, p2, ql, q2}) 

B =(c(p, q, ml) . c(q, p, m2), {p, q}) 

The refinement mapping I is given by f(pl) = f(p2) = p and f(ql) = l(q2) = q. First, we rename 
the entities of Interworking A according to I. 

PI (A) = (c(p,p, m3)· c(p, q, ml). c(q, q, m4). c(q, q, m5). c(q,p, m2)' c(p,p, ri!ll), {p, q}) 

The set of actions which should be removed is given by 

Int(rng(f» = {c(p,p, m) I m E MID} U {c(q, q, m) I m E MID} 

Removing these actions from the Interworkings PI (A) and B results in the following equations 

"Int(rng(J»(PI (A» = (c(p,q,ml)· c(q,p,m2), {p,q}) 

oIn.(mg(J)(B) = (c(p, q, ml) . c(q, p, m2), {p, q}) 

We can conclude that Interworking A is an I-refinement of Interworking B. 

For the entity refinement relation we have the following properties. 

Proposition 4.2 (Reflexivity) For all closed labelled processes x we have x ~ x. 

Proof We have to show that there exists a partial mapping I : EID - EID such that x ~I y. 
Take the mapping I with empty domain. Then x is an I-refinement of x. 

Proposition 4.3 (Transitivity) For all closed labelled processes X, y, and z we have 

x ~ y and y ~ z implies x ~ z 

Table 16: Entity refinement 
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Proof Let F be some set and let f : F - F be a partial function. For all G ~ F the extension 
of f with respect to G, notation fG, is, for all x E F, defined as follows 

{

f(X) ifxEdom(!) 

fG(x) = x if X rt. dom(!) 1\ X E G 

undefined if x rt. dom(!) 1\ x rt. G 

Suppose that there exist f, g : EID _ EID such that xl;;, y and y 1;;9 z. It is our claim that 
:r ~g'.,(J)o/" ... (g) z. The proof of this claim is omitted. 

We do not have that the relation I;; is anti-symmetrical. This is due to the treatment of internal 
actions. Consider, for example, the Interworkings x = c(p,p, m) and y = c(p,p, n). Then we have 
:r!; y and y!; x, but we do not have x = y. For Interworkings without internal communications we 
do have antisymmetry of entity refinement. So for Interworkings without internal communication 
the entity refinement relation is a partial ordering. For the more general class of Interworkings 
entity refinement is a pre-order. 

5 Conclusions 

We have given a semantics for Interworkings in which we solved the problems encountered in a 
former semantics and which allows a definition of refinement. An empty interworking is simply 
represented by the empty process. The anomaly with respect to empty entities in the context of an 
interworking merge has been solved by attributing the process expressions with the set of entities 
involved. The definition of refinement presented here is a little easier than a former definition. We 
have derived several properties and obtained sound and complete theories. 

It is expected that this new semantics has only limited impact on the already existing tools 
for Interworkings. Furthermore, due to the formal definition also an implementation of refinement 
seems plausible. 

References 

[BB88] 

[BK84a] 

[BK84b] 

[BV93] 

[BV95] 

[BW90] 

[IT94] 

J.C.M. Baeten and J.A. Bergstra. Global Renaming Operators in Concrete Process 
Algebra. Information and Computation, 78, 1988. 

J.A. Bergstra and J.W. Klop. Process Algebra for Synchronous Communication. 
Information 1'3 Control, 60:109-137, 1984. 

J.A. Bergstra and J.W. Klop. The Algebra of Recursively Defined Processes and 
the Algebra of Regular Processes. In J. Paredaens, editor, Proceedings 11th ICALP, 
volume 172 of Lecture Notes in Computer Science, pages 82-95. Springer-Verlag, 1984. 
Extended abstract, full version appeared in [PVvV95]. 

J .C.M. Baeten and C. Verhoef. A Congruence Theorem for Structured Operational 
Semantics with Predicates. In E. Best, editor, CONCUR'93, volume 715 of Lecture 
Notes in Computer Science, pages 477-492. Springer-Verlag, 1993. 

J.C.M. Baeten and C. Verhoef. Concrete Process Algebra. In S. Abramsky, D.M. 
Gabbay, and T.S.E. Maibaum, editors, Handbook of Logic in Computer Science, vol
ume IV, 1995. To appear. 

J.C.M. Baeten and W.P. Weijland. Process Algebra. Cambridge Tracts in Theoretical 
Computer Science 18. Cambridge University Press, Cambridge, 1990. ISBN 0-521-
40043-0. 

ITU-T. Z.120 Messages sequence chart (MSC), 1994. 

18 



[KL80] S. Kamin and J .-J. Levy. Two Generalizations of the Recursive Path Ordering. Un
published manuscript, 1980. 

[Kl092] J.W. Klop. Term Rewriting Systems. In S. Abramsky, D.M. Gabbay, and T.S.E. 
Maibaum, editors, Handbook of Logic in Computer Science, volume II, pages 1-116. 
Oxford University Press, 1992. 

[MvWW92] S. Mauw, M. van Wijk, and T. Winter. Syntax and Semantics of Synchronous Inter
workings VI, Refinement. Unpublished manuscript, 1992. 

[MvWW93] S. Mauw, M. van Wijk, and T. Winter. A Formal Semantics of Synchronous Interwork
ings. In O. F",rgemand and A. Sarma, editors, SDL '93 Using Objects, Proceedings of 
the Sixth SDL Forum, pages 167-178, Darmstadt, 1993. Elsevier Science Publishers, 
Amsterdam. ISBN 0-444-81486-8. 

[MW93] S. Mauw and T. Winter. A Prototype Toolset for Interworkings. Philips Telecommu
nication Review, 51(3), 1993. 

[Pl081] G.D. Plotkin. A Structural Approach to Operational Semantics. Technical Report 
DIAMI FN-19, Computer Science Department, Aarhus University, 1981. 

[Pl083] G.D. Plotkin. An Operational Semantics for CSP. In Proceedings of the Conference 
on the Formal Description of Programming Concepts, volume 2, Garmisch, 1983. 

[PVvV95] A. Ponse, C. Verhoef, and S.F.M. van Vlijmen, editors. Algebra of Communicating 
Processes, Utrecht 1994, Workshops in Computing. Springer-Verlag, 1995. ISBN 0-
387-19909-8. 

[Ren93] M.A. Reniers. Verificatie van Enige Eigenschappen van Interworkings. Unpublished 
manuscript in Dutch, 1993. 

[RW94] A. Rensink and H. Wehrheim. Weak Sequential Composition in Process Algebras. In 
B. Jonsson and J. Parrow, editors, CONGUR'94: Concurrency Theory, volume 836 
of Lecture Notes in Computer Science, pages 226-241. Springer-Verlag, 1994. 

[vdBG95] J. van den Brink and W.O.D. Griffioen. Formal Semantics of Interworkings with 
Discrete Absolute Time. In A. Ponse, C. Verhoef, and S.F.M. van Vlijmen, editors, 
Algebra of Communicating Processes, Utrecht 1994, Workshops in Computing, pages 
106-123. Springer-Verlag, 1995. See [PVvV95]. 

[Ver94] C. Verhoef. A General Conservative Extension Theorem in Process Algebra. In E.
R. Olderog, editor, Programming Concepts, Methods and Calculi (PROCMET '94), 
volume 56 of IFIP Transactions A: Computer Science and Technology, pages 149-168. 
North-Holland, 1994. 

[Vra91] J.L.M. Vrancken. Studies in Process Algebra, Algebraic Specifications and Parallelism. 
PhD thesis, University .of Amsterdam, 1991. 

19 



Computing Science Reports 

In this series appeared: 

93/01 

93/02 

93/03 

93/04 

93/05 

93/06 

93/07 

93/08 

93/09 

93/10 

93/11 

93/12 

93/13 

93/14 

93/15 

93/16 

93/17 

93/18 

93/19 

93/20 

93/21 

93/22 

93/23 

93/24 

93/25 

93/26 

93/27 

93/28 

93/29 

93/30 

R. van Geldrop 

T. Verhoeff 

T. Verhoeff 

E.H.L. Aart, 
I.H.M. Korst 
P.J. Zwietering 

I.C.M. Baeten 
C. Verhoef 

J.P. Veltkamp 

P.D. Moerland 

1. Verhoosel 

K.M. van Hee 

K.M. van Hee 

K.M. van Hee 

KM. van Hee 

KM. van Hee 

I.C.M. Baeten 
I.A. Bergstra 

I.C.M. Baeten 
lA. Bergstra 
R.N. Bol 

H. Schepers 
J. Hooman 

D. Alstein 
P. van der Stok 

C. Verhoef 

G-l Houben 

F.S. de Boer 

M. Codish 
D. Dams 
G. File 
M. Bruynooghe 

E.Poll 

E. de Kogel 

E. Poll and Paula Severi 

H. Schepers and R. Gerth 

W.M.P. van der Aalst 

T. Kloks and D. Kratsch 

F. Kamareddine and 
R. Nederpelt 

R. Post and P. De Bra 

1. Deogun 
T. Kloks 
D. KralSch 
H. Muller 

Department of Mathematics and Computing Science 
Eindhoven University of Technology 

Deriving the Aho-Corasick algorithms: a case study into the synergy of program
ming methods, p. 36. 

A continuous version of the Prisoner's Dilemma, p. 17 

Quicksort for linked lists, p. 8. 

Deterministic and randomized local search, p. 78. 

A congruence theorem for structured operational 
semantics with predicates, p. 18. 

On the unavoidability of metastable behaviour, p. 29 

Exercises in Multiprogramming, p. 97 

A Formal Deterministic Scheduling Model for Hard Real-Time Executions in 
DEDOS, p. 32. 

Systems Engineering: a Fonnal Approach 
Palt I: System Concepts, p. 72. 

Systems Engineering: a Fonnal Approach 
Part II: Frameworks, p. 44. 

Systems Engineering: a Fonna! Approach 
Part m: Modeling Methods, p. 101. 

Systems Engineering: a Fonna! Approach 
Part IV: Analysis Methods, p. 63. 

Systems Engineering: a Fonna! Approach Part V: Specification Language, p. 89. 

On Sequential Composition, Action Prefixes and 
Process Prefix, p. 21. 

A Real-Time Process Logic, p. 31. 

A Trace-Based Compositional Proof Theory for 
Fault Tolerant Distributed Systems, p. 27 

Hard Real-Time Reliable Multicast in the DEDOS system, 
p. 19. 

A congruence theorem for structured operational 
semantics with predicates and negative premises, p. 22. 

The Design of an Online Help Facility for ExSpect, p.21. 

A Process Algebra of Concurrent Constraint Programming, p. 15. 

Freeness Analysis for Logic Programs - And Correctness, p. 24 

A Typechecker for Bijective Pure Type Systems, p. 28. 

Relational Algebra and Equational Proofs, p. 23. 

Pure Type Systems with Definitions, p. 38. 

A Compositional Proof Theory for Fault Tolerant Real-Time Distributed Systems, 
p.31. 

Multi-dimensional Petri nets, p. 25. 

Finding all minimal separators of a graph, p. 11. 

A Semantics for a fine A-caIculus with de Bruijn indices, 
p.49. 

GOLD, a Graph Oriented Language for Databases, p. 42. 

On Verte:t Ranking for Pennutation and Other Graphs, 
p. 11. 



93/31 W. Korver 

93/32 H. ten Eikelder and 
H. van Geldrop 

93/33 L Loyens and I, Moonen 

93/34 I.C.M Baeten and 
I.A. Bergstra 

93/35 W. Ferrer and 
P. Severi 

93/36 I.C.M. Baeten and 
I.A. Bergstra 

93/37 J. Bnmelcreef 
I-P. Katoen 
R. Koymans 
S. Mauw 

93/38 C. Vemoef 

93/39 W.P.M. Nuijten 
E.H.L AaIts 
D.A.A. van Erp Taahnan Kip 
K.M. van Hee 

93/40 P,D.V. van der Stok 
M.M.M.P J. Oaessen 
D. Alstein 

93/41 A. BijIsma 

93/42 P.M.P. Rambags 

93/43 B.W. Watson 

93/44 B.W. Watsoo 

93/45 E.I. Luit 
J.M.M. Martin 

93/46 T. Kloks 
D. KralSch 
1. Spinrad 

93/47 W. v.d. Aalst 
P. De Bra 
G.J. Houben 
Y. Komatzky 

93/48 R. Genh 

94/01 P. America 
M. van der Kammen 
R.P. Nederpe}t 
0.5. van Roosmalen 
H.C.M. de Swan 

94/02 F. Kamareddine 
R.P. Nederpelt 

94/03 LB. Hartman 
K..M. van Hee 

94/04 J.C.M Baeten 
I,A. Bergstra 

94/05 P. Zhou 
I. Hooman 

94/06 T. Basten 
T. Kunz 
J. Black 
M. Coffm 
D. Taylor 

94/07 K.R. Apt 
R. Bol 

94/08 0.5. van Roosmalen 

94/09 I.C.M. Baeten 
I.A. Bergstra 

Derivation of delay insensitive and speed independent CMOS circuits, using 
directed conunands and production rule sets, p. 40. 

On the Correctness of some Algorithms to generate Finite 
Automata for Regular Expressions, p. 17. 

IllAS, a sequential language for parallel matrix computations, p. 20. 

Real Time Process Algebra with Infinitesimals, p.39. 

Abstract Reduction and Topology, p. 28. 

Non Interleaving Process Algebra, p. 17. 

Design and Analysis of 
Dynamic Leader Election Protocols 
in Broadcast Networks, p. 73. 

A general conservative extension theorem in process algebra, p. 17. 

Job Shop Scheduling by Constraint Satisfaction, p. 22. 

A Hierarchical Membership Protocol for Synchronous 
Distribuled SySlems, p. 43. 

Temporal operators viewed as predicate transformers, 

Automatic Verification of Regular Protocols in prr Nets, p. 23. 

A taxomomy of finite automata construction algorithms, p. 87. 

A taxonomy of finite automata minimization algorithms, p. 23. 

A precise clock synchronization protocol,p. 

Treewidth and Patwidth of Cocomparability graphs of 
Bounded Dimension, p. 14. 

Browsing Semantics in the "Tower" Model, p. 19. 

Verifying Sequentially Consistent Memory using Interface 
Refinement, p. 20. 

The object..oriented paradigm, p. 28. 

Canonical typing and II-conversion, p. 51. 

Application of Marcov Decision Processe to Search 
Problems, p. 21. 

Graph Isomorphism Models for Non Interleaving Process 
AIgelxa, p.18. 

Formal Specification and Compositional Verification of 
an Atomic Broadcast Protocol, p. 22. 

Time and the Order of Abstract Events in Distributed 
Computations, p. 29. 

Logic Programming and Negation: A Survey, p. 62. 

p. I I. 

A Hierarchical Diagrammatic Representation of Class Structure, p. 22. 

Process Algebra with Partial Cboice, p. 16. 



94/10 T. verhoeff 

94/11 J. Pe1eska 
C. Huizing 
C. Petersohn 

94/12 T. Kloks 
D. Kratsch 
H. Miiller 

94/13 R. Selje. 

94/14 W. Peremans 

94/15 RJ.M. Vaessens 
E.H.L Aans 
1.K. Lenstra 

94/16 R.C. Backhouse 
H. Doornbos 

94/17 S. Mauw 
M.A. Reniers 

94/18 F. Kamareddine 
R. Nederpelt 

94/19 B.W. Watson 

94/20 R.81oo 
F. Kamareddine 
R. N ederpelt 

94/21 B.W. Watsoo 

94/22 B.W. Watson 

94/23 S. Mauw and M.A. Reniers 

94/24 D. Dams 
O. Grumberg 
R. Genh 

94/25 T. KIoks 

94/26 R.R. Hoogerwoord 

94/27 S. Mauw and H. Mulder 

94/28 C.W.A.M van Overveld 
M. VeJboeven 

94129 I. Hooman 

94130 I.C.M. Baeten 
I.A. Bergstra 
Gh. ~anescu 

94(31 B.W. Watson 
R.E. Watsoo 

94/32 JJ. Vereijken 

94/33 T. Laan 

94/34 R. Bloo 
F. Kamareddine 
R. Nederpelt 

94/35 J.C.M. Baeten 
S. Mauw 

94/36 F. Kamareddine 
R. Nedelj>Olt 

94/37 T. Basten 
R.Bol 
M. Voorhoeve 

94/38 A. Bijlsma 
C.S. Scholten 

The testing Paradigm Applied to Network Structure. p. 31. 

A Comparison of Ward & Mellor's Transfonnation 
Schema with State- & Activitycharts, p. 30. 

Dominoes, p. 14. 

A New Method for Integrity Constraint checking in Deductive Databases, p. 34. 

Ups and Downs of Type Theory, p. 9. 

Job Shop Scheduling by Local Search, p. 21. 

Mathematical Induction Made Calculational, p. 36. 

An Algebraic Semantics of Basic Message 
Sequence Charts, p. 9. 

Refining Reduction in the Lambda Calculus, p. 15. 

The perfonnance of single-keyword and multiple-keyword pattern matching 
algorithms, p. 46. 

Beyond p-Reduction in Church's A----+, p. 22. 

An introduction to the Fire engine: A C++ toolkit for Finite automata and Regular 
Expressions. 

The design and implementation of the ARE engine: 
A C++ toolkit for Finite automata and regular Expressions. 

An algebraic semantics of Message Sequence Charts, p. 43. 

Abstract Interpretation of Reactive Systems: 
Abstractions Preserving 'VCfL·, 3CfL· and en.., p. 28. 

K',l.free and W.-free graphs, p. 10. 

On the foundations of functional programming: a programmer's point of view, p. 
54. 

Regularity of BPA-Systems is Decidable, p. 14. 

Stars or Stripes: a comparative study of finite and 
transfmite techniques for surface modelling, p. 20. 

Correctness of Real Time Systems by Construction, p. 22. 

Process Algebra with Feedback, p. 22. 

A Boyer-Moore type algorithm for regular expression 
pattern matching, p. 22. 

Fischer's Protocol in Timed Process Algebra, p. 38. 

A fonnalization of the Ramified Type Theory, p.4D. 

The Barendregt Cube with Definitions and Generalised 
Reduction, p. 37. 

Delayed choice: an operator for joining Message 
Sequence Charts, p. 15. 

Canonical typing and II-conversion in the Barendregt 
Cube, p. 19. 

Simulating and Analyzing Railway Interlockings in 
ExSpect, p. 30. 

Point-free substitution, p. 10. 



94(39 A. Blokhuis 
T. KIoks 

94/40 D. Alstein 

94/41 T. KIoks 
O. Kratsch 

94/42 1. Engelfriet 
1.1. Vereijken 

94/43 R.C. Backhouse 
M. Bijsterveld 

94/44 E. Brinksma I. Davies 
R. Gerth S. Graf 
W. Janssen B. Jonsson 
S. Katz G.Lowe 
M. Poel A. Pnueli 
C.Rump J. Zwiers 

94/45 GJ. Houben 

94/46 R.8100 
F. Kamareddine 
R. Nederpelt 

94/47 R. Bloo 
F. Kamareddine 
R. NederpeJt 

94/48 Mathematics of Program 
Construction Group 

94/49 I.C.M. Baeten 
I.A. Bergstra 

94/50 H. Geuvers 

94/51 T. KIoks 
D. Kratsch 
H. Miiller 

94/52 W. Penczek 
R. Kuiper 

94/53 R. Gerth 
R. Kuiper 
D. Peled 
W. Penczek 

95/01 JJ. Lukkien 

95/02 M. Bezem 
R. Bol 
J.F. Groote 

95/03 I.C.M. Baeten 
C.Verhoef 

95/04 1. Hidden 

95/05 P. Severi 

95/06 T.W.M. Vossen 
M.G.A. Vemoeven 
H.M.M. ten Eikelder 
E.H.L Aut, 

95/07 G.A.M. de Bruyn 
O.S. van Roosmalen 

95/08 R. Bloo 

95/09 I.C.M. Baeten 
I.A. BergSlra 

95/10 R.C. Backhouse 
R. VerllOeven 
O.Weber 

On the equivalence covering number of splitgraphs. p. 4. 

Distributed Consensus and Hard Real-Time Systems. p. 34. 

Computing a perfect edge without vertex elimination 
ordering of a chordal bipartite graph, p. 6. 

Concatenation of Graphs, p. 7. 

Category Theory as Coherently Constructive Lattice 
Theory: An illustration, p. 35. 

Verifying Sequentially Consistent Memory, p. 160 

Tutorial voor de ExSpect-bibliotheek voor "Administratieve Logistiek", p. 43. 

The iI. -cube with classes of tenns modulo conversion, 
p.16. 

On II-conversion in Type Theory, p. 12. 

Fixed-Point Calculus, p. 11. 

Process Algebra with Propositional Signals, p. 25. 

A short and flexible proof of Strong Normalazation 
for the Calrulus of Constructions, p. 27. 

Listing simplicial vertices and recognizing 
diamond-free graphs, p. 4. 

Traces and Logic, p. 81 

A Partial Order Approach to 
Branching Time Logic Model Checking, p. 20. 

The Construction of a small CommunicationLibrary, p.16. 

Formalizing Process Algebraic Verifications in the Calculus 
of Constructions, p.49. 

Concrete process algebra, p. 134. 

An Isotopic Invariant for Planar Drawings of Connected Planar Graphs, p. 9. 

A Type Inference Algorithm for Pure Type Systems, p.20. 

A Quantitative Analysis of Iterated Local Search, p.23. 

Drawing Execution Graphs by Parsing, p. to. 

Preservation of Strong Normalisation for Explicit Substitution, p. 12. 

Discrete Time Process Algebra, p. 20 

Mathlpad: A System for On-Line Prepararalion of Mathematical 
Documents, p. 15 



95/11 R. Selje. Deductive Database Systems and integrity constraint checking. p. 36. 


	Abstract
	1. Introduction
	2. Process Algebra for Interworkings
	2.1 Basic Process Algebra with Deadlock and Empty Process
	2.2 Aximatization of Interworking Sequencing
	2.3 Aximatization of Interworking Merge
	3. Properties
	4. Algebraic Definition of Interworking Refinement
	5. Conclusions
	References

