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Abstract

The semantics for Interworkings from [MvWW293] 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 ( )
for vertical composition and the interworking merge ( ||;» ) 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: m1, 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.
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Figure 1: Interworkings A, B and 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,7}. 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 B and C, the common entities from B and C are {¢,r,s}. Thus B and
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.
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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 B and C'. In
the semantics of [MvWW93], however, A and B have exactly the same interpretation. The empty
entity s is simply neglected, so A ||;y C and B ||;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 useful 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.
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2 Process Algebra for Interworkings

In this section we will extend the process algebra BPA;,(A, FID, E) from [MvWW93] with the
empty process (g). 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;s . (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 ( o) and some auxiliary operators ( Loy, , Rojy , and y/). Then
we extend IWD.(A, EID, E) with the E-interworking merge (||Z, ) and some auxiliary operators
(U_ZU . |1E,). The resulting process algebra is called TW.(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 [Plo81, Plo83].

In the case of Interworkings, the three parameters of the algebraic theories are instantiated as
follows: A = {c(p,q,m) | p,q € EID,m € MID}, where MID is some set of message identifiers,
FEID is some set of entity itdentifiers and E is a function which associates to each atomic action
from A a set of entity identifiers: E(e(p,q,m)) = {p,¢}. 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 ¢ : FID 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 can not be obtained from the atomic actions.

2.1 Basic Process Algebra with Deadlock and Empty Process

We will give a brief introduction to the process algebra BPAs .(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 é and
¢, 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 As. .

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 z or process y, but not both. The process z - y starts executing process z,
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 z, y and z denote arbitrary processes.

r+y = y+z=z Al 642z = =z A6
(z+y)+z = z4+(y+z) A2 6.z = 6 A7
r+x = =z A3 =z-¢ = x A8
(x+y) - =z = z-z4+y-z Ad ¢-x = x A9
(x-y) = = z-(y-2) A5

Table 1: Axioms of BPA;s.(A)



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;.(A) we associate a structured operational semantics in the form
of the term deduction system T(BPAj.(A)) in Table 2. For the deduction rules in this table we
require that a € A and that z, y, and z are arbitrary processes. A deduction rule is of the form
% where H is a set of hypotheses and C is the conclusion. The formula - 2’ expresses that
the process x 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].

x| yl z ]yl
el r+yl z+yl z-yl

z =z’ y =y z = zly=y
ae 4y 4y =y oy >a-y oy

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;s (A) terms. This result will be used in the following sections
when relating the extended process algebras to BPAs . (A).

2.2 Axiomatization of Interworking Sequencing

In this section we will extend the process algebra BPAs.(A) from the previous section with
an entity function on the atomic actions from A and the interworking sequencing operator ay.
The resulting process algebra is denoted by IWD.(A, FID, E). The entity function £ : A —
IP(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 F are considered parameters of the process algebra.

Based on the entity function £ 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 € A and z 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 § we take
E(¢) = @ and E(§) = @. For more complex processes the entities are obtained from the atomic
actions the process is built from.

E(é?) = O
F}((S) = o
Fla-z) = FE(a)UEx)
Ex+y) = FBx)U Ey)

Table 3: Active Entities of an Interworking



The interworking sequencing of two processes 2 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 digjoint 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 o, as presented in [MvWW93] uses the two auxiliary operators Loy,
and Rg, . The process z Lo, y behaves like the process z o,y with the restriction that the first
action to be executed must originate from process z. The process z Ra,, y also behaves like the
process g,y but this time with the restriction that the first action to be executed must be from
process y.

Intuitively, we want ¢ to be a unit for the interworking sequencing, i.e. € g,z = 2 ¢ = z. In
particular we also want to have that ¢ 0,6 = ¢. The interpretation of x Lo, y 1s that the process
x is forced to do the first step. Since ¢ is unable to do any step, it seems plausible to define
€ Loy y = 8. Consequently, we also define  Ro,, € = 6. If we apply this in the definition of the
sequencing operator as given in [MvWW93] we get o, = clay e+ eéRoye =6+ 6 = 6. This
is not what we want and therefore we need the additional operator \/ 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 1s given in Table 4.

T qwy = Loy y+zRoy y+ /() (y) Sl
a-xLo,y = a-(zquy) 1.S3
(z+y)Llowz = zLlogyz+yloyz LS4
z Roy 6 = 4 RS2
z Royy a -y = a-(z9uwy) if E(a)N E(z) =2 RS3
zRoya-y = 4 if E(a)NE(z) #@ RS4
tRow (y+2) = zRowy+rRoyz RS5
V(e) = ¢ T1
V(6) = 6 T2
= 6 T3

)
T+ y) = V(@) +V(y) T4

Table 4: Axioms for interworking 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(BPAs.(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 BPAs.(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 1t is straightforward to verify that the deduction rules of the term deduction system which



zlyl x5 y =y, E(a)N Ez) =2

T oy | 2wy = &' 9wy 0wy = T oY
z ] Py y =y, Ela)NEz)=9
V@)l zlawy =2 auy z Rojw y = 2 9wy’

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 aziomatization
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 S1, LS3,4, 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) is a conservative ez-
tension of the process algebra BPAj.(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 BPA;s.(A) is a complete axiomatization of bisimulation equivalence on

closed BPAs.(A) terms (see [BV95, BW90]),

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;s.(A)) is pure', well-founded? 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-
erty for the process algebra BPA;s . (A).

Proof The term rewrite system associated with the axioms A3-A7 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 [KT.80, Klo92]. 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 BPA; . (A)
term then the theorem follows easily. Thereto, suppose that s is a normal form with respect to the
term rewrite system and suppose that s is not a closed BPAs.(A) term. Then s must contain at

1For 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].



alogyxz — a-x

zRoya — a-z ifFE(a)NEx)=0

zRoy,a — 6§ if E(a) N E(x) £ @
— 6

Vl(a)

Table 6: Additonal rewriting rules for IWD.(A, EID, E)

least one occurrence of the operators a,, Loy , Rey, , or 4/. Take a smallest subterm of s which
is headed by one of these operators. In any case it follows that the operands of this operator
are closed BPAs.(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

IWD, (A, EID, E) term is a closed BPA;s.(A) term.

Theorem 2.2.5 (Completeness) The process algebra IWD.(A, EID, E) is a complete azioma-
tization of bisimulation equivalence on closed IWD. (A, FID, F) terms.

Proof By the General Completeness Theorem of Verhoef [Ver94], the completeness of the process
algebra IWD. (A, EID, F) follows immediately from the propositions which are used in the proof
of Theorem 2.2.3 and the fact that TWD. (A, EID, F) 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 IWD. (A, EID, E) from the previous section with
the interworking merge operator (||;, ). The resulting process algebra is called IWE, (A, EID, E).
Thereto, we first describe IW.(A, EID, E), the extension of IWD.(A, FID, E) with the E-inter-
working merge operator (|| ). Technically speaking, we can axiomatize the interworking merge
without using the F-interworking merge. But, to stay as close as possible to the existing axiom-
atization of the interworking merge, we use the F-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
., and synchronization interworking merge |5, 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 z ||£, y is the parallel execution of the processes z 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 x“_fu y behaves like the process z ||, 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 z |Z, y behaves as the process z ||Z, y with the restriction that the first action
to be executed must be a synchronization.

operators left S-interworking merge |_|_S



Since we have defined the entities of the empty process to be the empty set, it seems plausible
that we define ||,y ¢ = 2, and in particular ¢ || ¢ = ¢. The interpretation of r“_fu y and z |2 y,
however, make it reasonable to define El-l—fu z=26and ¢|E z =z |E ¢ = 6. With respect to the
main axiom for the interworking merge from [MvWW93]: z [|7, y = xH_ZSw v+ y“_lsw z+z|3,y, we
derive ¢ || ¢ = EH_ZF;) e+ EU_ZH e+elf e=64+6+6=26. 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 F-interworking merge operator are given in Table 7. Recall
that the axioms for the termination operator are given in Table 4.

2|,y = 2l y+ylll e+ 2B y+ V(@) V) EMI1

elll @ = 6 LEM1
8l « = ¢ LEM?2
a-zlloy = a-(z|ly if B(a) ¢ E LEM3
a'ﬂfLL?: y = 6 if E(a) CE LEM4
@+l z = =zl =+l = LEMS5
el = 4 SEM1
x| e = ¢ SEM2
81f = ¢ SEM3
z|f, 6 = ¢ SEM4
a-zlfboy = a-(z[fv) ifa=bAE()CE SEM5
a-zlfboy = 6 ifa#bvE()¢E SEM6
4+ z = =zl z+yll, = SEM7
elf,(y+2) = z[fy+ezll,z SEMS

Table 7: Axioms of F-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.

z ]yl x=a2'y=>y, Ela)CE

zllfyl ey =\
xix',E((L)ZE y&y’,E((L)ZE
z||f =2 |15y ey ==y

52 Fla)ZE 52 ySy BEa)CFE

F
el y—a |8y elf oy =By

Table 8: Structured Operational Semantics of F-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, ). 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, FID, E).



Theorem 2.3.2 (Soundness) The process algebra IW. (A, EFID, E) is a sound aziomatization of
bisimulation equivalence on closed IW (A, EID, E) terms.

Theorem 2.3.3 (Conservativity) The process algebra IW.(A, FID, E) is a conservative exten-
ston of the process algebra IWD. (A, EFID, E).

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

Theorem 2.3.5 (Completeness) The process algebra IW. (A, EID, E) is a complete aziomati-
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 1t 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 FID. For an Interworking x, this set together with the active entities of z (i.e. F(x))
represents the entities of the Interworking (including the empty entities). An interworking with a
dynamical behaviour denoted by x over the entities from £ is denoted by (x, F). 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(z). 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 (z, E) will be called a labelled process. On
labelled processes we define the operators +, -, o, ||, and ||iw . The set of all labelled processes
is called LP. The axioms for labelled processes are, for z, y processes, E, Ey, and F5 C FID, and
® € {+,", 9w, || }, given in Table 9.

(2, E) (z, EU E(2)) ifE(z)Z FE
(z, E1) @ (y, E2) = (zdy F1UE) if E(z) C E1ANE(y) C Ey
(z, E1) [liw (y, B2) (@) y, E1U Es)  if BE(z) C E1 A E(y) C By

Table 9: Extension to labelled processes

Example 2.3.6 The labelled processes associated to the Interworkings A, B, and C from Figure 1
are the following.

A= (c(p,q,ml) que(q,r,m2),{p,q,r})
B = (e(p,q, m1) que(q, r,m2),{p, q,r,5})
C = <C(q, T‘, mQ) Quw C(T; S; m3); {Q; 7”, S})

Then we have the following computations for A |;y C' and B ||;w C.
Alliw € = {c(p, g, m1) que(q, r,m2),{p, ¢, r}) |liw (c(g, r, m2) que(r, s, m3), {g, 7, s})

= (c(p, ¢, m1) que(q, m, m2) |17 e(q, 7, m2) aue(r, 5,m3), {p, ¢, 7, 5})
= (e(p, ¢, m1) awc(q, 7, m2) auc(r, s, m3), {p, q,7, 5})



and

B ||zw C= (C(p, q, ml) ijc(q, T, m2)7 {pa q,7, S}> le <C(QJ 7, m2) qwc(r, S, m3)a {qa T, S}>

= (e(p, g m1) aue(g, r,m2) 127 e(g, r,m2) ac(r, 5,m3), {p, ¢, 7, 5})

= (e(p, g, m1) que(q, v, m2) 96, {p, q, 7, 5})

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 (g,@), ie. (¢,0) -2 = = z - (g,0),
(6,9)quwe = = waoyw(e,d), and (€,@) |liwx = & = x||iw (¢,9). The role of deadlock as the
neutral element for the alternative composition is taken over by the labelled process (6, @), i.e.
(6,8)+x = = x4+ (6,9). The role of deadlock as the left zero element for the sequential
composition operator is taken over by the labelled process (6, FID), i.e. (6, EID) - « = (6, 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, FID, E)) are given by the deduction rules of
T(IW.(A, EID, F)) and the deduction rules from Table 10.

ol x5
<I)E>~L <:B,E>i><x/’EUE(I)>
z®yl rDy Ny
(¢, E)® (y, F) | (£, E)® (y, F) > (, EUF U E(x) U E(y))
(w, E) |, (y, F) | x |[(EVEE@INEVEW) ,, o,

(@, B) lliw (, F) L 2, ) [liw (y, F) = (2, EUF U E(2) U E(y))

Table 10: Structured Operational Semantics of labelled processes

Definition 2.3.7 The closed LP terms (s, E) and (¢, F') are entity bisimilar, (s, E) e~ (¢, F), if
and only if s = ¢ and EU E(z) = FU E(y).

Theorem 2.3.8 (Congruence) Entily 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 (z1, E1) ew (22, )
and (y1, F1) e (y2, F3). Now we have to prove, for @ € {+, -, ow, ||E,, |liw }, that (z1, B1) ®
(y1, F1) e (22, F9) ® (y2, F»). From the assumptions we have the following: z1 < 22, y1 < ya,
EiUE(xz1) = EFsU E(xs) and F1 UE(y1) = Fa U E(ys).

We will first verify the termination predicate. Suppose that (z1, F1) @ (y1, F1) |. According
to the deduction rules this is only the case if z1 @ y; |. From 21 < x5 and y; < y, we obtain
zy @ y2 |. Using the same deduction rule as before we have (z2, E2) @ (y2, F5) |. In the other
direction the proof is analogous. Suppose that (z1, E1) [|iw (y1, F1) |. Then we have (zq, E1) |
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and (y1, F1) |. But then also 21 | and y; |. By the assumptions we then have x5 | and ys |.
Then we can deduce (29, Fa) | and (y2, Fo) | and from that (xs, E9) [|iw (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 (x1, E1) @ (y1, F1) = (z,G). Inspection of the deduction rules gives us that we must
have that 1 ® 91 Lzand G=F,UF U E(x1) U E(y1). From this we get with the assumptions
ToPys — zand G = EyUFyU E(x2)U E(y2). Therefore, with the same deduction rule we deduce
(22, F2) @ (ya, F2) = (2, G). The proof in the other direction is analogous.

Suppose that (z1, F1) ||iw (y1, F1) — (2,G). We use the following abbreviations F} = F; U
E(x1), EY = EsUE(z2), F{ = F1UE(y1) and Fy = FoUE(y2). Then we must have ¢ ||530F1’ Y —
z and G = E{ U F{. By the assumptions we then also have ||fwénFé Y2 — z and G = Efy U F}.
From this we obtain (za, Fa) ||iw (¥2, F2) N (2, G). The proof in the other direction is analogous.
Theorem 2.3.9 (Soundness) The process algebra IWE. (A, EID, E) is a sound aziomatization
of bisimulation equivalence on closed IW.(A, EID, E) terms. The process algebra IWE: (A, EID, E)
s a sound aziomatizalion 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 TW. (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 ez-
tension of the process algebra IW.(A, EID, F).

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, F) terms
(see Theorem 2.3.9), and

4) T(IW.(A, EID, E)) is pure, well-founded and in path format, and
5) TUWE.(A, FID, 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 C EID such that E(s) C 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 IWE.(A, EID,E) b s = t.

11



Proof This theorem is proven with induction on the structure of a closed LP term. First consider
the case s = (s', E') (s" a closed IW. (A, FID, E) term and E' C EID). If E(s') C E' then s is a
basic LP term. If FE(s') € E' then we have (s', E') = (s', E' U E(s')) which is a basic LP term.
Next, consider the case s = s1 @ s2 (51, 52 closed LP terms) for @ € {+, -, g, ||ﬁu }. Then we have
by induction that s and so are basic LP terms, i.e. s1 = (t1, E1) and s = (12, E2) for some t1, 12
closed IW.(A, EID, E) terms and Ey, Fs C EID. Then we can apply the second axiom to obtain
s = (t1 @ t2, E1 U Es) which is a basic LP term. Finally, consider the case s = s1 [|iw s2. Again
by induction we have that sq and s; are basic LP terms. Therefore, we have that s1 = (¢1, E4)
with E(t1) C Ey and that ss = (2, E5) with E(t2) C Fa. Then we can apply the third axiom and
obtain s = (#; ||£U1m!32 ty, B3 U E5) which is a closed LP term.

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

Proof By the elimination theorem we only have to prove this theorem for basic LP terms. Let
(s, E1) and (t, E3) be basic LP terms such that (s, E}) e (¢, E3). By the definition of entity
bisimulation we have s — ¢t and £y U E(s) = E1 = Ey = Fo U E(t). In Theorem 2.3.5 we
proved that TW.(A, FID, E) is a complete axiomatization of bisimulation equivalence on closed

IW.(A, EID, E) terms. So we have (s, E1) = (t, Ea).

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 interworking 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 Interworkings as shown in Figure 3 are given
by A = ¢(p,q,m) and B = c¢(p,q,n), whereas in this paper they are represented by A =

(e(p,q,m),{p,q}) and B = (c(p,q,n),{p,q}).

A B
Y q p q

Figure 3: Example Interworkings
We compute the expressions (A ||jw A) ||iw B and A||iw (A|liw B) in both settings. In the

semantics of [MvWWO93] we have the following computations.

(Alliw A) lliw B = (c(p, ¢, m) [liw e(p, ,m)) [liw c(p, ¢, 1)
= C(pa q, m) ||zw C(p; q, TL)
=6
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A ”W) (A ”W) B) = C(pa q; m) ||i7U (C(p, q; m) ”i“) C(p, q, n))
= C(p, q, m) ||zw 6
= C(pa 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.

(Alliw A) |liw B = ({c(p, 4, m), K} [liw {c(p, g, m), K)) [|iw {c(p, ¢, n), K)
= (c(p,q,m) I, e(p, ,m), K) [Jiw (c(p, q,n), K)
= (C(P,q, m), K) [liw (c(p, ¢, n), K)
= (e(p, ¢, m) Iy, ¢(p, g, ), K)
= (6, K)
Alliw (Alliw B) = {c s K) |liw ({c(py ¢, m), K) [liw (c(p, ¢, 1), K))

(c(p,q,m) w(

(C(P m), K) |liw {c(p, ¢, m) ||}y, c(p, ¢, ), K)
= {e(p,q,m), K) [|iw (8, K)

(C(p,q, m) ||y, & K)

= (6, K)

)

These two computations illustrate the difference fairly well. In the computation of A ||;» 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 |l;w A) |liw B and A ||;w (A4 ||iw B) are entity bisimilar.

Proposition 3.2 (Commutativity of o, and ||;, ) For closed IW.(A, EID, FE) terms x and y
and sets of entities F/, E'y and Ey we have
Ea)NEy) =2 = 20wy =y o (1
Ex) N E(y) = @ = (z, E1) o (y, E2) = (y, E2> % (2, E1) (2
2|y =yl (3
(
(

S~ N N

(2, E1) [1fs, (y, B2) = (v, F2> [1F0 (. 1) 4
(@, Ex) [liw (y, B2) = (y, E2) [liw (2, E1) 5

~— e

Proof For proofs of the propositions (1) and (3) we refer to [Ren93]. Proposition (2) follows
immediately from proposition (1). Proposition (4) follows immediately from proposition (3).
Proposition (5) can be proven as follows. Denote F1UFE(z) and EsUFE(y) by E{ and F} respectively.

2, E}) lliw (v, F4)
102y By U B
E! E
@, B |50 (y, B

(2, E1) |liw (y, F2) = (
=
=
(. B3 152" (e, B
<
=
(v,

x

E E
y”zwn EI E;

2) lliw (2, B7)
2) [liw (2, E1)

)
)
)
)

Y

E
y, F
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Proposition 3.3 (Associativity of o, and [} ) For closed IW.(A, FID, E) terms x, y, and
z and Fq, Fs, E3 C EID we have

(% % Y) Gz = T 0 (Y % 2) (1)

(2, B1) o (y, E2)) oru (2, Bs) = (2, Ev) aw({y, Fa) o (z, E3)) (2)
(2 || gy ||l PP 4 = g || 0PV (| PanBs ) (3)
(2, ) i (9, B2)) [liw (2, Fa) = (2, B1) lliw (v, Fa) lliw (2, Ea)) (4)

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

zouy, E1 U E2) oy (2, E3)
(x 9wy) cwz, B1 U Ey U E3)

((z, £1) o (y, £2)) o (2, E3) = (
=

I( qw(qu ) E1UE2UE3>
=
=

x, E1> Qw (y QGw 2, EZ Qw E'%)
E1> ((y) EQ) OLU)(Z,Eg))

T,

Proposition (3) is proven with simultaneous induction on the total number of symbols in z, y and
z of the following propositions. We have used the following abbreviations: S = F1 N Ey N Fs,
A:(ElﬂEz)—S, B:(E20E3)—S, andC:(ElﬂEg)—S.

U DL = = 20 B 2) )
(.’.L‘ |AUS J) EUUCUS Pr——— |AUC‘US (y EUUS Z) (6)
(A5 I = = 2 427 Wl ) ™)
VI8 ) Vi) = V@) w18 2) 3)
(mllAUS y)|guucusz:$||£uUCUS (JlBUS ) (9)

We will not prove these propositions. Proposition (4) follows from proposition (3) as follows. We
use the following abbreviations: Fy = E1 U E(z), Fo = F2 U E(y), and F3 = E3U E(z).

(2, ) i (9. 72)) [ (2. )
0Py, Py U F) [ (=, F)

2w

(2 | F10T2 gy {020 Py U Py U F)

2w LW

(2, E1) lliw (Y, F2)) |liw (2, Ea) = (
(
(
(z [P0 (o 1Fa0Ts L)y By By U )
=
= (=,
=X

x

2, Fa) lliw (y |l 2, F2 U Fa)
2z, F1) |liw ((y, F2) [liw (2, F5))
, En) |liw ((y, E2) lliw (2, 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 f: EID — EID be a partial mapping from entities to entities. An Interworking z can be
an f-refinement of another Interworking y, denoted by x C; 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 interworking 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 f 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) = p). For an
example of interworking refinement see Figure 4. The entities ¢q1 and ¢2 refine the entity ¢.

p ql g2 r p q r

ml

313
[
23

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 z. So, the emphasis is on inter-entity communication and not so much on intra-
entity behaviour. Besides the singular f-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 ps, and the entity ¢
is refined by the entities g1 and ¢s.

pl P2 ql o2 p q
m3

ml ml

33
[

Figure 5: Multiple Interworking Refinement

The mapping from refining entities to refined entities is provided by the partial function f.
Before we define this refinement formally we define the renaming function p;. This operator
renames all occurrences of e € FID 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 f* by asserting that f*(z) = z for all & for which f is not defined. Let F' be a set
and let f: F' — F be a partial function. The total function associated with f, notation f*, is for
all x € F, defined by

« ) f(x) ifx e dom(f)
! (m)_{x if z ¢ dom(f)

Let f : EID — EID be a partial function, then the renaming operator p; related to f is

defined by the axioms in Table 11. This renaming operator resembles the renaming operator p;

from [BB88].
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Py (€) = ¢

Py (8) = ¢

ps (c(p,q,m)) = (f*(p), f*(q),m)
pi(a-z) = psla)- py(z)

pi (z +y) = pr(@)+ ps(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 f.

pr((z, E)) = (ps(2),{f(e) [e € 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 € 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 F as follows:

m(E) ={ac A| E(a) C EA|E(a)] = 1}

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

er(e) = ¢

61(5) = 6

er(a - ) = er(x) faecl
er(a-z) = a-er(x) ifagl
er(+y) = er(x)+er(y)

Table 13: Renaming atomic actions into ¢

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 f: FID — FID be a refinement mapping, the f-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
z is an entity refinement of Interworking y, notation z C y if and only if there exists a refinement
mapping f such that 2 C; 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 Interworking will be called
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er(z, E)) = (er(x), EUE(2))

Table 14: Removing internal communications from labelled processes

T ;f Y iff 5Int(rng(f))(y) = Efnt(rng(f))(pf (I))

Table 15: f-Refinement

A and the right-hand side Interworking B. Semantically these Interworkings are represented by
A =(c(pl, p2, m3) quwe(p2, q1, ml) gue(ql, g2, m4) awe(g2, 1, mb)
awe(ql, p2, m2) quc(p2, pl, m6), @)
B =(c(p, q,m1) que(q, p, m2), @)
Elimination of the o, yields the following equations
A =(e(pl,p2,m3) - e(p2,q1,ml) - c(ql, q2, m4) - e(q2, ¢1, mb)
~e(ql, p2,m2) - ¢(p2, pl,m6), {pl,p2, 41, 42})
B ={e(p, ¢, m1) - ¢(g,p, m2),{p, q})

The refinement mapping f is given by f(pl) = f(p2) = p and f(q1) = f(q2) = q. First, we rename
the entities of Interworking A according to f.

P (A) = <C(p,p, m3) ’ C(p) q, ml) ’ C(QJ q, m4) 'C(Qa q, m5) ’ C(Qapa m2) ’ C(p,p, m6)a {p; q}>

The set of actions which should be removed is given by
Int(rng(f)) = {c(p,p,m) | m € MID} U {c(q,q, m) | m € MID}

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

Emnt(rng()( ps (A)) = (c(p, g, m1) - (g, p,m2), {p, q})
EInt(rng(f))(B) = (C(p, q, ml) . C(q,p, m2); {p’ Q}>

We can conclude that Interworking A is an f-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 C x.

Proof We have to show that there exists a partial mapping f : EID — FID such that zCy y.
Take the mapping f with empty domain. Then z is an f-refinement of z.

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

xrCy and yCz implies zCz

xCy iff Jppmp_emrlry

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 C F the extension
of f with respect to G, notation f¢ is, for all z € F', defined as follows

f(z) if z € dom(f)
fG(I)Z x ifed dom(fynee G
undefined if x & dom(f)Aax & G

Suppose that there exist f,g : EFID — FEID such that xtC;y and yC,z. It is our claim that
T & ymos) paom(s) 2. The proof of this claim is omitted.

We do not have that the relation C is anti-symmetrical. This is due to the treatment of internal
actions. Consider, for example, the Interworkings @ = ¢(p, p, m) and y = ¢(p, p, n). Then we have
zC y and yC z, but we do not have = 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.
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