
SIAM .1. COMPUT. © 1988 Society for Industrial and Applied Mathematics
Vol. 17, No. 6, December 1988 006

READIES AND FAILURES IN THE ALGEBRA OF COMMUNICATING
PROCESSES*

J. A. BERGSTRAt, J. W. KLOPt, AND E.-R. OLDEROG§

Abstract. Readiness and failure semantics are studied in the setting of Algebra of Conimunicating
Processes (ACP). A model of process graphs modulo readiness equivalence, respectively, failure equivalence,
is constructed, and an equational axiom system is presented which is complete for this graph model. An
explicit representation of the graph model is given, the failure model, whose elements are failure sets.
Furthermore, a characterisation of failure equivalence is obtained as the maximal congruence which is
consistent with trace semantics. By suitably restricting the communication format in ACP, this result is
shown to carry over to subsets of Hoare's Communicating Sequential Processes (CSP) and Milner's Calculus
of Communicating Systems (CCS). Also, the characterisation implies a full abstraction result for the failure
model. In the above we restrict ourselves to finite processes without r-steps. At the end of the paper a
comment is made on the situation for infinite processes with r-steps: notably we obtain that failure semantics
is incompatible with Koomen's fair abstraction rule, a proof principle based on the notion of bisimulation.
This is remarkable because a weaker version of Koomen's fair abstraction rule is consistent with (finite)
failure semantics.
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Introduction. This paper is concerned with the failure semantics for communicating
processes as introduced by Brookes, Hoare, and Roscoe [BHR84] (see also Rounds
and Brookes [RB81].) This notion of failure semantics is based on the assumption
that all possible knowledge about a process takes the form of a set of pairs [a, X],
where a is a linear history of events (actions) in which the process has engaged in
cooperation with its environment, and where X is a set of events which are impossible
after a-. Thus failure semantics can be seen as a linear history semantics enriched by
"local branching information."

Two further semantic models of processes will play an auxiliary role in our paper:
Milner's model based on the notion of observational equivalence [Mi80] or bisimulation
(see Park [Pa83]) and the readiness semantics described in [0H83]. Processes which
are equivalent in the sense of bisimulation semantics are also failure equivalent, but
failure semantics identifies more processes. Intermediate between bisimulation and
failure semantics is the readiness semantics; here positive information (a, Y) is given
about a process: Y is a set of possible actions after the history a-.

Related to the study of failure semantics which was done by Brookes, Hoare, and
Roscoe [BHR84] and Brookes [Br83] in the context of Communicating Sequential
Processes (CSP) (see [Ho78], [Ho80]) is the work of De Nicola and Hennessy [DH84],
where some equivalences, based on the notion of test, are introduced, one of which
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READIES AND FAILURES 1135

coincides on a class of simple expressions with failure equivalence. The work of De
Nicola and Hennessy [DH84] takes place in the context of Milner's Calculus of
Communicating Systems (CCS). Connections between CCS and CSP, in regard to
failure semantics, were given by Brookes [Br83].

Most of the work just mentioned was carried out in a context where both recursion
and hiding (abstraction from silent +-steps) were present. This combination has compli-
cated matters significantly. The aim of our paper is therefore to investigate the "pure"
failure semantics without recursion and hiding (except for an interesting digression in
its final section where the intricate interplay of these phenomena is highlighted). Our
context will be ACP, the axiomatic system for the Algebra of Communicating Processes
as introduced and studied in the series of papers [BK83], [BK84a], [BK84b], [BK84c],
[BK85], [BBK85], [BK86a], [BK86b]. (For an introductory survey see [BK86b].) As
we shall see, one advantage of this choice is that the different communication concepts
of CSP and CCS can be treated in a uniform way (cf. also Milner [Mi83] and Winskel
[Wi83]). In fact, to achieve this uniformity we will work here with a mild extension
of ACP, where renaming operators are present. This system is called ACP, and is
displayed in Table 1. Note that ACP, is purely equational and, for a finite alphabet
of actions, it is a finite axiom system.

It turns out that in our restricted setting readiness and failure semantics have a
neat axiomatisation, by means of two equations R1,2, which on top of ACP, yield
readiness semantics, and a "saturation" axiom S which, when added to ACP, + R1,2,
yields failure semantics. ACP, alone corresponds to bisimulation semantics. These
results are established in the first part of the paper. In §§ 1-3 we construct models for
these axiom systems, starting from a domain of finite process graphs on which equivalen-
ces .7=7 (bisimulation equivalence, readiness equivalence, failure equivalence,
respectively) are divided out. Next, in § 4, the axiom systems for these quotient
structures are presented and shown to be complete. The extra axioms R1,2 and S are
not new; in a form disguised by many r's they appear already in [Br83], and they are
derivable from the axioms given in [DH84] (see our comparison in Remark 7.3.3).
The definitions of <=t, gc are also standard. What seems new in our treatment is
the strategy of the completeness proofs by means of a decomposition of <=0,
on process graphs in a small number of very simple process graph transformations (§ 3).

So we obtain a "graph model" for ACP, satisfying failure semantics. In §5, an
explicit representation of this graph model, called the failure model is constructed
directly from the failure sets. This links our work with that of [BHR84]. The graph
model and the failure model are shown to be isomorphic. In § 6 we restrict the general
communication format of ACP, to one-to-one communication. We show that subsets
of CSP and CCS can be interpreted within this framework. This serves as a preparation
for § 7, where we prove that for ACP, with one-to-one communication failure
equivalence is the maximal trace respecting congruence. Here traces are understood as
complete histories recording all communications up to a final process state. This simple
characterisation of failure equivalence seems new. In the proof we use the readiness
semantics as a "stepping stone" towards failure equivalence. The characterisation is
shown to carry over to the subsets of CSP and CCS introduced in § 6. For CCS we
relate our result to the notion of testing introduced in [DH84]. Further on, the
characterisation implies that for ACP, with one-to-one communication the failure
model is fully abstract with respect to trace equivalence.

The paper concludes in § 8 with a digression in which processes under failure
semantics are considered in the context of recursion and hiding. The main point made
here is that the proof principle Koomen's Fair Abstraction Rule (KFAR), which is

L-2,
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TABLE 1
ACP,

Algebra of Communicating Processes with
renaming. Here a, b range over the set
A5(= A U {S}) of atomic processes or actions;
Be A is a constant denoting deadlock; x, y, z
range over the set of all processes which includes
A, and is closed under the binary operations
+, II, IL, I and the unary operations aH, aH,
where H g A. See § 1.2 forfurther explanation.

x+y=y+x Al
x+(y+z)=(x+y)+z A2
x+x=x A3

(x+y)z=xz+yz A4

(x:y)z= A5

x+8=x A6

8x = 8 A7

alb= Ida CI
(alb)Ic=a1(blc) C2
81a = 8 C3

xpy=x11...Y+.4x+xly CM1
aLx=ax CM2
ax y = a(xify) CM3
(x+y)Lz=x11.z+yiLz CM4
axlb=(alb)x CM5
albx=(alb)x CM6
axl by = (a lb)(xfiy) CM7
(x+y)Iz=xlz+ylz CM8

xl(y+z)=x1Y+xlz CM9

att(a)= a if a E H DI
aH(a)=8 if aE H D2

aii(x+y)=aH(x)-I-ati(y) D3

aH(XY)=aff(x).aH(y) D4

a(b)= b if be H RN1
a(b)= a if be H RN2
aH(x+y)=aH(x)+aH(y) RN3
aH (xy) = aH (x) aH( y) RN4

important in system verification and which can be justified in bisimulation semantics,
is not valid in any extension of (finite) failure semantics. As far as we know this
observation, which is supported by deriving a formal inconsistency, is new. Remarkably,
a weaker version of KFAR turns out to be both useful for verification and consistent
with finite failure semantics (see [BK086]).

1. The domain Hs of finite acyclic process graphs. In order to build a "graph
model" for the axiomatisation ACP, (see Introduction, Table 1) which also satisfies
failure semantics, we start by introducing a domain of process graphs (Ha) enriched
with a number of operations +, , II, IL, 1, aH,aH(a E A) corresponding to the operators
in ACP,. It should be emphasized that this structure F08(+, , II, II I, aH, aH, a, S)(a E A)
is not yet a model of ACP,; it becomes so after dividing out by a suitable equivalence
on Ho (which, of course, should be a congruence with respect to the operations). For
example, dividing out by bisimulation equivalence (as defined in § 2.3 below) yields
a model of ACP and in fact one that is isomorphic to the initial model of ACP,. This

,
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READIES AND FAILURES 1137

matter does not, however, concern us in this paper. What we are interested in is the
quotient structure obtained by dividing out by readiness equivalence or failure
equivalence, respectively (defined below in 2.2), that is, what we will call (in analogy
with "term model") the graph model for ACP satisfying readiness semantics or failure
semantics, respectively.

1.1. Finite acyclic process graphs in 5-normal form. A process graph over a set is
a rooted, directed multigraph whose edges are labeled by elements of this set. Let H
be the collection of finite acyclic process graphs over the alphabet As = A U {6} (here
5 0 A) consisting of actions a, b, E A and the constant 8 denoting deadlock. In the
sequel we will work with Ho c H, the subset of 5-normal process graphs. A process
graph g E H is 8-normal if whenever an edge s4 t occurs in g, then the node s has
outdegree 1 and the node t has outdegree 0. In anthropomorphic terminology, let us
say that an edge s -> t is an ancestor of s'-> t' if it is possible to move along edges from
t to s'; likewise the latter edge will be called a descendant of the former. Edges having
the same initial node are brothers. So, a process graph g is 5-normal if all its 5-edges
have no brothers and no descendants.

Note that for g E H the ancestor relation is a partial order on the set of edges of g.
We will now associate to a process graph gcHa unique g' in 8-normal form, by

the following procedure:
(1) nondeterministic 5-removal is the elimination of a 6-edge having at least one

brother.
(2) 8-shift of a 5-edge s-'5->t in g consists of deleting this edge, creating a fresh

note t', and adding the edge s-t'.

Now it is not hard to see that the procedure of repeatedly applying (in arbitrary order)
(1), (2) in g will lead to a unique graph g' which is 6-normal; this g' is the 8-normal
form of g. It is understood that pieces of the graph which have become inaccessible
from the root, are discarded.

Example 1.1.1. See Fig. 1, where g' is the 8-normal form of g.

1.2. Operations on process graphs. On Ha we define the operations +, , II, IL, I , a
as in [BK85], [BK86a], and moreover rename operators aH. The constants a, 3(a c A)
are represented by graphs consisting of a single arrow labeled by a, S, respectively.
For the sake of completeness we repeat the definitions briefly:

FIG. I

g
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(i) The sum g + h is the graph obtained by identifying the roots of g, h and
taking the 8-normal form (this is necessary if g or h is the graph consisting of a single
step labeled with 8).

(ii) The product g h is obtained by appending h at all terminal nodes which
are not terminal nodes of a S-step.

(iii) The merge gilh consists of the 8-normal form of the process graph obtained
as the Cartesian product of g, h augmented with diagonal edges for successful communi-
cations.

(iv) The left-merge g hIL is the subgraph of gIlh,II where an initial step must be
one from g.

(v) The communication merge glh is the subgraph of gill:, where an initial step
must be a communication result of an initial step in g and an initial step in h.

(vi) The encapsulation a H(g) is the result of renaming all (labels of) steps in
H c A by 8, and taking the 5-normal form.

(vii) The renaming a(g) is the result of renaming all (labels of) steps in H c A
by a. We have renamings aH for each a E A.

Example 1.2.1. Let g be the process graph in Fig. 2(a) and h the process graph
in Fig. 2(b). Let the communication function I: As x As -> As be such that alc=e and
b I d =f, all other communications equal S. Then g + h is the graph in Fig. 2(c); g h
is the graph in Fig. 2(d); gIlh is the 8-normal form of the graph in Fig. 2(e), which is
the graph in Fig. 2(f); g h is the graph in Fig. 2(g); glh is the graph in Fig. 2(h); a-{a,d}
(g) is the graph in Fig. 2(i); a{,d} (h) is the graph in Fig. 2(j); and a{b} (g) is the graph
in Fig. 2(k).

2. Equivalences on process graphs. Though in this paper our main interest is in
the ready equivalence and the failure equivalence, we also will consider trace equivalence
and bisimulation equivalence. In this section these notions are introduced and com-
pared. At the end of the section the concept of a convexly saturated process graph is
introduced, which illuminates the relationship between ready and failure equivalence
and which will play an important role in establishing the completeness of the axiom
systems for ready and failure equivalence, respectively, presented in § 4.

2.1. Trace equivalence. Consider a process graph g E H. Every path in g from the
root of g to some node in g determines a word s E A: formed by concatenating the
labels in the consecutive steps in the path. Any such word o- will be called a history
of (the path in) g. We are particularly interested in complete histories, i.e., words
determined by paths ending in a terminal node. Throughout this paper complete
histories will be called traces. By trace (g) we denote the set of all traces of g. Trace
equivalence of process graphs g, h E H8 is defined as follows:

g h iff trace (g) = trace (h).

Note that there are two types of traces: successful traces a E A* ending in a successful
termination node (see § 2.2) and deadlocking traces a 8 E A* {5} ending in 8.

2.2. Ready equivalence and failure equivalence. We will distinguish four types of
nodes of g Ho.

(i) End nodes of 5-steps in g are improper.
(ii) Begin nodes of 5-steps are called deadlock nodes.

(iii) Termination nodes of g other than those in (i) are successful termination nodes.
(iv) Nonterminal nodes which are not deadlock nodes.

Mr
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The successor set of node s as in (ii) is, by definition, 0. The successor set of a node
s as in (iv) is the set of labels c A of edges with begin node s. A node as in (i) or (iii)
has no successor set.

Now (a, X) where a E A*, X g A is a ready pair of g if there is a path from root
so to some proper node s which is not a successful termination node, with history a
and X as the successor set of s. The ready set of g is the set of all ready pairs of g
together with all successful traces. Notation: Rig].

The failure set of g, notation: AO, is defined as follows. If (a, X) c Rig], then
[s, Y] is a failure pair of g if Yc X', and Y is called a refusal set. Here and in the
sequel we use the following notation: X' = A X. Now AO is the set of all failure
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pairs of g, together (again) with the successful traces of g. Thus we have

Rig] = {ala is a successful trace of g1U {(o-, X)I(o-, X) is a ready pair of gl,

gig]] = {ala is a successful trace of gl U {[cr, Ill Y g X' for some (a-, X) e g2Rgil.

Note that 8 does not appear anywhere in Rig]] and Agl.
Example 2.2.1. Consider g as in Fig. 3; at each node its type (i)-(iv) is indicated.

Moreover Table 2 contains the contribution of each node to the failure and ready set
of g.

Example 2.2.2. (i) Let 5 be the graph consisting of one S-step. Then g2[81= f(e, 0)1
and .,1[8]] = f[e, 111Y g AL

(ii) Let a E A. Then Mail f(e, {a}), a} and Nal = {a} U {[E, Ill Y g A {a}}.
(iii) Let aS be the graph consisting of a consecutive a- and S-step. Then Nall=

f(e, {a}), (a, 0)1 and S9Ja81= {[e, Ill Yg A fall U f[a, Z]lZ c.. Al.
DEFINITION 2.2.3. Let g, h E HB. Then g =- gji if Ng] = NH and g-=- gh if gigli=

An In other words, g, h are ready equivalent, and failure equivalent, respectively.

2.3. Bisimulation equivalence. For the sake of completeness we include the
definition of the well-known notion of a bisimulation.

FIG. 3

TABLE 2

Agli Sqgl

so (e, {a, b}) [e, Y], Yg A {a, b}
s, (a, 0) [a, Y], Y A
sz (a, {c}) [a, Y], Yg A {c}
s3 b b

sa
.15 ac ac'
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DEFINITION 2.3.1. Let g, h E H5. Let ROOT (g), ROOT (h) denote the root of g, h,
respectively, and let NODES (g), NODES (h) denote the set of nodes of g, h, respec-
tively.

Then R g NODES (g) x NODES (h) is a bisimulation from g to h if:
(i) (ROOT (g), ROOT (h))E R;

(ii) If (s, t) E R and sAs' (where u E As) is an edge in g, then (s', t')E R for some
t' such that te;

(iii) If (s, t)E R and t t' (where u E As) is an edge in h, then (s', t')e R for some
s' such that sAs'.

Notation: g1-2h(g, h are bisimulation equivalent, or bisimilar) if there is a bisimula-
tion from g to h (or vice versa).

As we will want to model the axiom 5 x = 5 later, we profit here from the fact
that only 5-normal process graphs are considered. Otherwise the definition of bisimula-
tion would be more involved.

2.4. Comparing the equivalences. It is not hard to compare the four equivalences
mr, 04, and for g, h E H8 we have

gg = gh = gh g
and in general none of these implications can be reversed as some of the following
examples (e.g., Example 2.4.2) show. Lemma 2.5.5 states a sufficient condition for
reversing the second implication.

In the sequel we will prove (Proposition 4.2.3) that g gth and g h are congruen-
ces with respect to the operations defined above in § 1.2. Also ± is a congruence; see
Theorem 2.5 of [BK85] for the more complicated situation where r-steps are present.
Trace equivalence however is not a congruence with respect to these operations, as
the following example shows.

Example 2.4.1. Let (cm be the context ap,}(e II c), and let a, b, b°, c, c° be atoms
with communications b I b = b°, ci c = c° and all other communications resulting in 8.
Consider the trace equivalent processes a(b+ c) and ab + ac. Then (e[a(b + c)] =
ac° + ac° = %lab+ ac].

Example 2.4.2. See Fig. 4.

2.5. Convexly saturated process graphs. Following [Br83] and [DH84] we intro-
duce the following notion of convexity.

DEFINITION 2.5.1. X P(A) is convex if
(i) X, YEA' XU YEA%
(ii) X, YEX,XcZg YZE./9.

(Here P(A) is the power set of A. In particular, øc g°(A) is convex.)
DEFINITION 2.5.2. (i) Let g Ellis and a E A*. Then girl- = {X I(o-, X)E Rig}.
(ii) g is convexly saturated (or just "convex" or "saturated") if g I cr is convex,

for all cr E A*.
Example 2.5.3. In Fig. 5, g1 , g2 are not convexly saturated, but their "convex

saturations" g;, g are.
PROPOSITION 2.5.4. Let g 9)(A) be convex, and let Y g A be a finite set such that

Y X, Y g UX Then for noXeIC we have I" c
Proof Consider a finite Y such that Y X, Y c U X. Suppose that there is an

X E such that Y` g X', or equivalently X c Y. Clearly, Y is covered by finitely many
members from X, hence (since X is convex) by some Z X. From X g Y c Z it follows
that Y E 19, a contradiction. 0

Thrh

aS+

X'.

1'
E

-4.=):

g
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(a)

(b)

(c)

(d)

FIG. 4

LEMMA 2.5.5. Let g, h E H8 be convexly saturated. Then

gh <=> g--yh.
Proof Only to prove ( So, we suppose gO glh and we want to prove g gh.

Furthermore, we may suppose that g, h have the same trace set; otherwise g .F.h is
immediate. Now there is a ready pair (a, X) in (say) Rig] but not in RD]. By
(a, X)E MO we have the failure pair [a, X`] E AO. Now consider h I a, which is by
assumption convex. Since g 1,h, we have X .g U (hIa). Furthermore, (o-, X)g RIM
entails X g hla = {X, I So, by Proposition 2.5.4: for no i E / we have X' c X.
But then [a, Xlg gill] and we have g sh. 0

3. Transformations on process graphs. We now introduce four elementary transfor-
mations on process graphs E Hs with the following property: the first two of them
generate, when applied on g E Ks, all process graphs g' bisimilar to g; further, the first
three generate the ready equivalence class of g; and finally, the four together generate
the failure equivalence class of g.

a
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FIG. 5

3.1. The transformations double edge, sharing, cross, and fork.
[i] Double edge. This process graph transformation step removes in a double edge

as in Fig. 6 (where a E A), one of the edges. Notation: g,,h.
iii Sharing. Suppose g E D-08 contains two nodes s, t determining isomorphic sub-

graphs (g) (g),. Then the nodes s, t may be identified. Notation: g (111 h.

[iii] Cross. If s is a node of g E Hs, o- is a history of s if there is a path from the
root of g to s yielding the word a. Furthermore, history(s) is the set of all histories
of s. Now let g E lis contain a part as in Fig. 7(a), where history(s,) = history(s2). Then
edges, as in Fig. 7(b), may be inserted. Notation: g 11,11 h.

Note that the condition on histories is fulfilled when g is a process tree. Further-
more, note that the condition on histories is necessary: it is easy to give an example
where this requirement is violated and such that after insertion of the two new steps
we have new ready pairs or new completed traces.

[iv] Fork. Let gull, contain a part as in Fig. 8(a), where all successor steps
61, , b of the left a-step are displayed. Then a part as indicated in Fig. 8(b) may be
inserted. Notation: g ,,,,, h.

Here it is not required that all steps b , b, c,, , c, have different end
nodes. If n = 1, b, may be 5; likewise c, may be S. In such a case, after inserting the
fork we have to 6-normalise the resulting graph again. We emphasize that a fork
connects all of the successor steps of the left a-step with some of those of the right a-step.

a0 tO
a

FIG. 6
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FIG. 7

Notation 3.1.1. (i) is .111_ I U
(ii) is the transitive reflexive closure of

(iii) .4** is the equivalence relation generated by
Example 3.1.2. (i) See Fig. 9. Note how enables us to switch subgraphs x, y

at the end of paths with the same history (abc in Fig. 9(b)).
(ii) (See Fig. 10.) Figure 10(a) contains an example of a fork transformation.

Figure 10(b) contains an example of a fork transformation involving a S-step. Figure
10(c) shows that complete branches can be pruned by successive transformations.

FR 8

(a) (b)

70110
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DEFINITION 3.1.3. (i) A transformation step g 11,11h is called restricted if g is a
process tree (i.e., a process graph without sharing of subgraphs).

(ii) Let <=> be the symmetric closure of A transformation g 4=> <=> h is restricted
if every [iii]-step in the transformation is restricted.

3.2. Connecting process graph equivalences with process graph transformations.
PROPOSITION 3.2.1. Let g, h E H. Then we have the following:
(i) g h implies g A h;

(ii) g h implies g A h.

Proof Item (i) follows at once from the definitions.
(ii) We must only prove that the new node s introduced in a fork does not generate

new failure pairs (see Fig. 8(b)).
Case 1. Let (cra, {61, , b}) be the ready pair contributed by node t1 , where

n 1 and the b, are not 5. The ready pair of the new node s is
(cra, {b, , , b, c,, , c,}). Hence the failure pairs contributed by s are among
those of t, .

Case 2. n = 1 and b = S. Then (cra, 0) is the ready pair of t, so the failure pairs
of t, are [cra, X], X c A and again these cover the failure pairs of s.

Case 3. The cases where m = 1, c, = 5 are trivial.
So in all cases the new failure pairs (of s) were already present as failure pairs

of t,. The part of gig] that consists of successful traces is invariant. 0
We will now prove the reverse implications in Proposition 3.2.1. To this end the

ready normal form R(g) and the failure normal form g(g) will be defined. First we
define a map y from the collection of ready sets {R g H8} to H.

DEFINITION 3.2.2. (i) Let g E 815 have ready set Argil. Then y(Rigi) is the process
graph with gild {o} as set of nodes, with (e, X) E RI[g] as root, and with edges

IIiIII

Th.
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FIG. 10

(a, {a} U (o-a, Y),

(cr, {a} U X)-1* o-a,

(cr, 0)4 o
(whenever the left-hand side, right-hand side E PilIg U {o}).

(ii) g2(g)= y(g) is the ready normal form of g.
(iii) The convex closure cl (R[g]]) of gt[g] is obtained as the smallest set containing

Argil and satisfying
(cr, X), (a, YU Z) cl (AM) (o-, X U Y) e cl (RIO.

(iv) g(g)= y(cl (AO)) is the failure normal form of g.
Example 3.2.3. Let g be as in Fig. 11(a). Then g2(g), g(g) are as in

Fig. 11(b), 11(c), respectively.
PROPOSITION 3.2.4.

(i) g <=>Lilig2(g) via a restricted transformation;
(ii) g 4:** g(g) via a restricted transformation;

(a)

bvi

(b)

(c)

*
*

1111I 14,161 libla]

the 8 -n.f. of
iv

a a a

0
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abc aef

(c)

F (g):

(a, (b)) (a, (b,e))

(ab (c))

abc abd

(ac (0)

aef

FIG. 11
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(iii) g=--92gi(g);
(iv) g gg(g);
(v) R(g(g))= g(g);

(vi) g =
(vii) g 3.11 g(g)=
Proof (i) (The following proof was kindly provided to us by R. J. van Glabbeek

(personal communication).) Let g E H6 be given. We will transform g via a restricted
transformation to a process graph g* such that g* <=0 R(g). Since -*I coincides with

(see Corollary 3.2.5(i)) this suffices.

(a) g:

V
0

(e, (a))

bb
(ab,

WIPI 1111

Pilio

(b)

R (g):

(a, (b1)

(ab, (c))

( e (a))

(a, (b,e))

41
(ab, (d))

abd

(ae, (f))

I I

g(h).
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If each node in g has a unique history, g is called history unambiguous. So in
particular, process trees are history unambiguous. For a history-unambiguous process
graph g, the level of node s in g is the length in symbols of the history of s. The root
of g, therefore, has level 0. We will use the following notation: if s is a node of g,
ready(s) is the ready contribution of s to the ready set of g; so ready(s) = (a, X) or
a- for some a, X. If s, t are nodes of g, we write snOt to indicate that the subgraphs
with s, t as roots, respectively, are bisimilar.

The transformation of g to g* such that g* ±-± g1(g) will be done in stages, level
by level, starting from the top level (level 0). The induction hypothesis for the
transformation is that after the nth stage g (=go) is transformed to g satisfying the
following property H : Suppose p, q are nodes of g such that p has level n, ready(p) =
(a, X U {a}) and ready(q) = (a-a, Y) or o-a. Then g contains a node r such that q -t-k r
and p a r.

For go we have indeed Ho; p is then the root and for r we just take q. Now suppose
g is constructed such that H holds. We will construct gn+1 such that H, holds. So
consider a node p of level n 1 in g admitting an a-step (see Fig. 12) with ready( =
(ab, X U {a}), and a node q with ready(q) = (aba, Y). Hence there is a node p' on
level n such that p' b p; say ready(P') = (a; X'). Also there must be a node q' such
that q' a q and, say, ready(q') = (ab, Z). By H, therefore, there is a node r' such that
q' -(=> r' and p' -0 r'. By the definition of 4=0, there is a node r such that r' r and
q ±-± r. Now we insert a cross (i.e., two a-steps) as in the figure. The result is unshared
by backward application of to a process tree. This unsharing does not increase
the number of nodes of level n + 1, and also does not increase the number of nodes
of level n + 2 modulo 4=0. The procedure is repeated for all p of level n + 1 and
equivalence classes q/<=0. As there are only finitely many such pairs p, q/(=)- the
procedure stops eventually; the resulting tree is gn+1. Clearly gn+1 satisfies H1. The
construction of the sequence go, g,, , g stops when n is equal to the depth of g.
The result is called g*, and we claim that g* ± R(g) via the bisimulation that relates
nodes s, t in g*, R(g), respectively, such that ready(s) = ready(t).

Proof of the Claim. Suppose s, t are nodes in g*, R(g), respectively, such that
ready(s) = ready( t) = (s, X U {a}). Let s s'. Then take the unique node t' in R(g)
with ready(t') = ready(s'). This must be (aa, Y) or aa. By definition of the edges in
R(g) we have t > t'; and indeed s' ±± t' because ready(s') = ready(t'). The other side
of the bisimulation requirements: Let s, t be as before, and let t t' with ready( t') =
(aa, Y) or a-a. Let s* be a node in g* such that ready(s*) = ready(t'). By construction

FIG. 12

lil

--0

ob. Vila)).

4, 0
(aba, Y) q

--0

--0

nO
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of g* there is a node s' in g* with s* s' and s s'. Clearly, ready(s') = ready(s*) =
ready( e), hence s' t'.

(ii) Let g be given. According to (i) there is a restricted transformation of g to
gl(g). We will transform (via a restricted transformation) R(g) further into (g), as
follows. Take nodes (a, X), (a-, Y U Z) from 92(g) such that (a, X U Y) is not yet a
node of R(g). (If such nodes do not exist then gl(g) is already equal to g(g).) Now
it is easy to see that there are paths in (g) from the root to the nodes (a, X), (a, Y U Z)
such that these paths coincide in all but their last step, i.e., the paths split up as late
as possible. At the split-up node we now insert a fork into 05(g), with central node
(o-, X U Y), which is a new node. Call the result: R(g)+. Next, R(g)* is transformed
(according to (i)) to gi(92(g)+). Iteration of this procedure, via R(91(g)+)+,

etc., obviously will stop in g(g).
Parts (iii) and (iv) are left to the reader.
(v) By Definition 3.2.2, R( g(g)) = g(g) means

Riy(cl Rigi))11) = y(cl (RIO)),

which is equivalent to

y(cl (Rig]]))fi = cl (Rio.

So we must check that the set of ready pairs of the graph determined by the set of
ready pairs cl ( A[g]]) is just cl ( gag]j); this seems obvious.

(vi) g h by definition means RIO = 944 Hence R(g)= y(Rligl) =
y( RP]) =

(vii) Suppose g g h. Then by (iv) g(g), h g(h), so g(g) 97(h). Since
both g(g), g(h) are convexly closed, we have .F(g)--- 92.(h) (by Lemma 2.5.5). So
(vi) g(g))= g2( h)). Hence by (v): g(g) (h).

COROLLARY 3.2.5. Let g, h EH8. Then we have the following:
(i) g ±--± h if and only if g <=>hiii] h;

(ii) g h if and only if g <4_ h ;
(iii) g h if and only i f g <=* h.
Proof Item (i) is (essentially) proved in the Appendix of [BK83] and also in

Corollary 2.13 of [BK85]: the proofs there also take r-steps into account; after leaving
out all mention of r-steps, the result follows.

(ii) The implication from right to left follows from Proposition 3.2.1(i). The other
direction follows from Proposition 3.2.4(i), (vi).

(iii) The proof is similar to (ii). 0

4. Axiomatising the equivalences on process graphs. We will now use our analysis
of ==-R,'-=- g. on the graph domain H5 to formulate complete axiom systems for these
notions. First this will be done for the signature of +, alone, later on (in § 4.2) also
II, IL , I, a, will be taken into account.

4.1. The case without communication. We start with the observation (whose proof
is simple and omitted) that -=-42, are congruences on Hs(+, ), and hence can be
factored out to yield H5(+, )/ ---="gt and H8(+, respectively. These are the
structures which we will now axiomatise.

We will prove that the axiom system BPAs + R1, 2+S in Table 3 is a complete
axiomatisation for HA+, -=-34 after leaving out axiom S we have a complete
axiomatisation for H5 (+, Here a, b vary over A U {(5}; x, y, z, u, v are variables

t--±

)/

)/
)/ ='gp.

g?(h).

5,,

R(R(R(g)')+),

0

u5
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for processes. Note that R2 is not derivable from RI because in BPAs + R1, 2+ S there
is no process x satisfying bx= b when b 0 S. On the other hand, x should be present
in axiom S as the equation

a+ a(y+ z)= a+a(y+z)+ay
would yield the failure-inconsistent equation

a + ab = a+ ab+ aS.
Remark 4.1.1. (i) The axioms R1, 2 and S (R for readiness, S for saturation),

which are specific for failure equivalence, appear already in [Br83] in a slightly different
form. [Br83] considers also r-steps and presents as laws valid for failure equivalence
in Proposition 1.3.6:
(1) r(kix + u)+ r(i.ty+ v)= r(i.tx + py + u)+ r(pix + p,y+ v),

(2) + = 1.1,(rx + iy)

(here E A U {r}; x,y, u, v are arbitrary processes), and in Proposition A.3 in [Br831:

(3)

(4)

rx+ry=rx+ry+r(x+y),
rx+r(x+y+z)=rx+r(x+y)+r(x+y+z).

Clearly (1), (2) imply R1 in Table 3; and using the r-law xr = x, also valid in failure
semantics, we also derive R2. Further, (3), (4) together with (2) yield the pair

ax+ay=ax+ay+a(x+y),
ax+a(x+y+z)=ax+a(x+y)+a(x+y+z)

(where a E As), which is equivalent to axiom S in Table 3.

TABLE 3
BPA8 + RI, 2 + S

x+y=y+x Al
(x+y)+z=x+(y+z) A2
x+x=x A3
(x+ y)z = xz+ yz A4
(xy)z = x( yz) AS
x+S=x A6
Sx = 8 A7

a(bx + u)+ a(by + v)= a(bx + by+ u)+ a(bx+ by+ v) RI
a(b+ u)+ a(by + v)= a(b+ by+ u)+ a(b + by+ v) R2

ax+a(y+z)=ax+a(y+z)+a(x+y)

(ii) The axioms RI, 2 and S are also immediate consequences of the proof system
of De Nicola and Hennessy [DH84] for strong testing equivalence =2, to be discussed
and related with failure equivalence later in Remark 7.3.3. This can be seen as follows:

(1) Axiom S in Table 3: ax + a(y+ z)= ax+ a(y+ z)+ a(x+ y) implies

ax+ay=ax+ay+a(x+y)
by taking z = y; this is (D5) in [DH84]. Further, (S) implies

ax+a(x+y+z)=ax+a(x+y+z)+a(x+y)

A

it:

,

5
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by replacing y in (S) by x+y. This is (D6) in [DH84]. Vice versa, (S) follows from
(D5), (D6):

ax+a(y+z)
=ax+a(y+z)+a(x+y+z)

(D5)

(D6)

=ax+a(y+z)+a(x+y+z)+a(x+y) (D5)

=ax+a(y+z)+a(x+y).
(2) Axiom RI: a(bx + u)+ a(by+ v)= a(bx+ by+ v)+ a(bx + by+ u) is derived

from the axiom system in [DH84] as follows:

bx+ r(by+ v)= r(bx + by+ v) (N3),

by+ r(bx+ u)= r(bx+ by+ u) (N3),

bx + by+ r(by+ v)+ r(bx+ u)= r(bx+ by+ v)+ r(bx+ by+ u)

bx+ r(bx+ u)= r(bx+ u) (D9),

by+ r(by + v)= r(by+ v) (D9),

r(by+ v)+ r(bx+ u)= r(bx+ by+ v)+ -r(bx+ by+ u),

a[r(by+ v)+ r(bx + u)] = a[r(bx+ by+ v)+ r(bx + by+ u)],

a(by+ v)+ a(bx + u)= a(bx+ by+ v)+ a(bx + by+ u) (N1).

Here (NI), (N3), and (D9) are axioms in [DH84].
(3) Axiom R2: a(b+ u)+ a(by + v)= a(b+ by+ u)+ a(b+ by+ v) is not needed

in [DH84] because a process b, which first performs action b and then successfully
terminates, is not considered there. Note that the process bNIL of [DH84] corresponds
to b 5 and is thus different from b.

4.1.2. Connecting terms with process graphs. Let Ter (BPA8) be the set of closed
terms in the signature of BPAs(=the signature of BPAs + R1, 2+S). We define the
following translations:

graph: Ter (BPA8) -4 Ho,

ter: Hs Ter (BPA8).

Here graph (T) is the process graph obtained by first normalizing T with respect to
A4, A6, A7 in Table 3 and second by interpreting a, +, as the corresponding "one-edge
graphs" and operators +, on H.

Further, to define ter (g) we first define tree (g) as the tree obtained from g by
"unsharing." Now we define ter (g) as the term corresponding in the obvious way to
tree (g).

Example 4.1.2.1. (i) graph (a(b+ c + d)d + de+ ed)= graph (a(bd + cd)+ ed) is
the graph in Fig. 13(a).

(ii) If g is as in Fig. 13(b), then tree (g) is as in Fig. 13(c).
(iii) If g is as in (ii), then ter (g) = ace + b(de+ ab).
Remark 4.1.3. Note that ter, graph are "almost" inverse to each other:

BPA81-(ter o graph)( T) = T,

(graph 0 ter)(g)tz±g

where (bisimilarity) coincides with <41,0114°

-
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TRANSFER LEMMA 4.1.4 (see diagram). Let g, h E 11-11, be such that g = h. In case
is we require moreover that g be a process tree. Then

BPAs + R1, 2 + SIter (g)= ter (h).

g

1

ter !ter

T2

BPA + R1,2 + S
Proof A transformation g (removing a double edge) "translates" into some

applications of A3: x + x = x.
A transformation g ij h is invisible on the level of terms, i.e., ter (g) and ter (h)

are identical terms. Next consider a transformation g h, which consists of adding
two edges in g as in Fig. 14. (Note that in this case g is assumed to be a tree.) This
translates to an application of RI if the subtrees x, y are nonempty, and to R2 if one
of these subtrees is empty. In case both subtrees x, y are empty we have an application
of axiom A3.

Finally, a transformation g h (see also Fig. 8) translates into some applications
of axiom S in Table 3. 0

THEOREM 4.1.5. (i) BPAs + R1, 2 HT= T2 graph ( T1)--=-R graph ( T2).
(ii) BPAs + R1, 2 + S T, = T2 graph ( T1).---g graph ( T2).
Proof We prove (ii); the proof of (i) is similar.
Checking the soundness () is routine and will not be done here. As to the

completeness suppose graph ( T 1) g graph ( T2). Then by Proposition 3.2.4(ii),
(vii): graph graph ( T2) via a restricted transformation. Now by the Transfer
Lemma 4.1.4 we have

BPAs + RI, 2 + S H(ter o graph)( T1) = (ter 0 graph)( T2)

and by Remark 4.1.3:

BPAs+R1, 2+SHT1= T2.

(b)

FIG. 13

h

THI

0

Pr

> h

Pr

Pr

' (a)

a

a)
N

0

. .
e

X o
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Notation 4.1.6. (i) If (1, E) is a specification (sometimes only written as E if the
signature is clear), then 1(1, E) is its initial algebra.

(ii) denotes isomorphism between algebras.
COROLLARY 4.1.7. (i) H8(+, , a, 5)/ /(BPA8+ R1, 2).
(ii) 0-08(+, , a, 8)/ /(BPAs + R1, 2 + S). 0

4.2. The case with communication: the graph model of ACP,. Finally we will prove
the results above in the presence of communication. The operators II, ,

,j, a, aH(a E A) on H8 were already introduced in § 1.2. They are the semantical
counterparts of the same operators in the axiom system ACP as in the upper part of
Table 4, which presents the axiom system ACP,+ RI, 2+S, and which extends our
earlier axiom system BPAs + R1, 2+S in Table 3.

As before, in Table 4 a, b, c vary over A U {a}, and x, y, z, u, v vary over processes.
We want to prove that the initial algebra of ACP, + R1, 2+S is isomorphic to the

model of finite acyclic graphs modulo failure equivalence called the graph model
for ACP, + RI, 2+S. To this end we have first to prove that 3, is a congruence with
respect to also the new operators. Once we have this, and knowing from [BK85],
[BK86a] (after leaving out all reference to r-steps) that there is the isomorphism

/(ACP,) H8(+, 11_2 a 11, aH, a, 8)1

where 4--t is bisimulation (which coincides with <=>;;Liiii; Corollary 3.2.5(i)), the derived
isomorphism is a consequence from some general facts which we will state now.

4.2.1. General intermezzo. Let A be an algebra that on the one hand can be
expanded to A* (i.e., enriched with new functions; the domain is invariant) and on
the other hand can be factored out via , a congruence on A, to A/-=-. Suppose
moreover that = is also a congruence on A*. (See the following diagram.)

A
expansion

E is congruence for
the operations in A

11,

A/.
expansion

Then this expansion and factorisation are compatible (or commuting): A*/
equals (A/ )*. Now let A, A*, A/ be isomorphic respectively to the initial algebras
of the equational specifications (/, E), (MU A, E U D), (1, E U F). Then it follows that
(1 U E U D) is

(1) a conservative extension of the "base" specification (I, E) (i.e., no new
identities between closed terms in the base signature are provable from (I U z, E U
D)), and

(2) moreover, the extra operators in A can be eliminated:

A*

conservative extension with elimination property
>(IUA,EUD)

3,==.

=-

/

A* IE = (A/E)*

--==

-=

, II, , j,

0 0
0
"n -I

"C3 ..-
..- ...

V

.=.

A,

1

a.

11/.

w

E)

(1, E U F).
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FIG. 14

TABLE 4
ACP,.+R1,2+S

x+y=y+x
x+(y+ z)=(x+ y)+z
x+x=x
(x+ y)z xz+yz
(xy)z = x(yz)
x+5=x

=

Al
A2
A3
A4
A5
A6
A7

alb= bla Cl
(alb)Ic=a(blc) C2
31a= 5 C3

xily=x1Ly+Ax+xly CMI
all_x=ax CM2
axIjy=a(xy) CM3
(x+J)Lz=xLz+11z CM4
axlb=(alb)x CM5
albx=(alb)x CM6
axIby = (a 1b)(xily) CM7
(x+.01z=x1z+Az CM8
xl(y+z)=x1Y+xlz CM9

a if a H DI
aff(a) = 8 if a E H D2
aH(x+ y)=8H(x)-1-ari(Y) D3

(7u(xY)= aH(x) aHIY) D4

aH(b)= b if b H RN1
aH(b)= a if be H RN2
aH(x+ y)= aH(x)+aH(y) RN3
aH(xy)= an(x) a(y) RN4

a(bx+ u)+ a(by+ v)= a(bx + by+ u)+ a(bx + by+ v) RI
a(b+ u)+a(by+ v)= a(b+ by+ u)+ a(b+ by+ v) R2

ax+a(y+z)=ax+a(y+z)+a(x+y)

Furthermore (and this is what we are interested in) we may conclude from the
given isomorphisms that

A*/ = (A/ )* /(/UA,EUDU F)
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where the last algebra is the initial algebra of the union of (1, E U F) and (1U A,
E U D).

(In the statement of the next theorem, as well as in its proof and Table 5, we have
suppressed mention of the constants a, 8 in, e.g., HA+, ), which actually should read
HA+, , a, 8)(a E A).)

THEOREM 4.2.2. Let the initial algebras /(BPA)s) etc. as in Table 5(ii) of the axiom
systems BPAs etc. as in Table 5(i) be given. Furthermore, consider the graph models
HA+, ±-2 etc. as in Table 5(iii).

Then corresponding initial models and graph models are isomorphic. In particular:

/(ACP,+ R1, 2 +S) -7=-1-05(+, , II, IL, I, aH, aH)/

Proof Consider, for example,

BPAs ACP,

BPAs R1, 2+S

and the corresponding initial algebras

/(BPAs) > /(ACP,.)

/(BPA8 RI, 2+S)

and furthermore (by position in the diagram in Table 5) the corresponding graph models

exp
H3(±, V ±:± Hs(+, IL, I, aH, aH)/

horn

H8(-F, *)/

By Corollary 4.1.7(ii) we have /(BPAs + R1, 2 + S) H8(+, )/ --=g, and by results
in [BK85], [BK86a], [BK86b] we have /(BPA8) -=H5(+, and /(ACPr)

, II, IL, 19 8}19 ati)/
Therefore, by 4.2.1, it suffices to prove that is a congruence with respect to

the "new" operators on Hs in order to conclude that

/(ACP,+ R1, 2 + S) =HB(+, IL, aH, a )/

This is proved in the next proposition. 0
PROPOSITION 4.2.3. (i) Failure equivalence is a congruence with respect to the

operators II, IL, I, aH, aH on Hs.
(ii) The same holds for ready equivalence.
Proof (i) We consider some typical cases.
The case of aH. To prove g h a H(g) H(h). By Corollary 3.2.5 it suffices

to check that g = h implies a,(g)=- gaH(h). The cases that is or present
no problem. As to it is easy to verify that

g IIliI h implies aH(g)= a(h) or a(g) a(h)
As to as in the previous case, the effect of aH (renaming some atoms in g, h into
8 and 8-normalising the resulting graphs again) is such that either the "same" fork
can be inserted or aH(g)=-- a H (h).

.)/

g.

sr

)/ <0

Ha(+,
=-gr

II, I, ="3;.

1;;;I:

)1`) , II, 4='

4=°.

,

im

Pr w
Pr Pro Pr

Prij,t,
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TABLE 5

(I)

BPA8 ACP,

1

BPA, + RI, 2 > ACP, + R1, 2

BPAs+R1,2+S > ACPr+R1, 2+S

(ii)

/(BPA8) /(ACP,)
horn 4, hom

/(BPA8 + RI, 2)
exp

/(ACPr+ R1, 2)
hom I horn

/(BPA8 +R1, 2+S)
exp

> /(ACPr+ R1, 2+ S)

(iii)

Ha(+, )/t
1, horn

HS(+9 )/ =9,2
horn

H6 ( +9

exp

cop

exp

i-08(+, ,II, 11_, I, an, aH)P=÷
homJr

1-11,(+, , II, IL, I, aH, api

horn

118 (+9 9 II,

(Note here that it is crucial that process graphs g, h as in Fig. 15 are not failure
equivalent, since a{b} would yield a trace aS in h but not in g.)

The case of II. It suffices to prove

g g' implies gIlh

As above, only the cases [iii], [iv] (cross and fork, respectively) are of interest. In fact
we will prove the following:

(1) g g' implies gIlh
(2) g g' implies gIIh g'Ih.
Proof of (1). Due to the construction of a merge as a Cartesian product with

diagonal edges for communications (Fig. 16), it is "geometrically" clear (see Fig. 17)
that inserting a cross in g amounts to inserting several crosses (also possibly diagonal
ones, depending on the communication function) in the merge glI h. So gIIh g' h.
(It is not hard to see that the condition on histories, which is stated in the definition

FIG. 15

L, I, aH, C11.1)/

glh.

ell h.

Jr 1

exp

V
Jr

'
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FIG. 16

of stays satisfied in such a way that insertion of these crosses in g h is indeed
legitimate.)

Proof of (2). Under the assumption g g' we now prove gh g'Jh directly
from the definition So consider the addition in g of a fork that connects all
successors of s, (see Fig. 18) to some of those of s3. That is, the failure pairs contributed
by the new node s2 are contained in those of si . Then we must check that the new

h:

g II h:

g
gr.

FIG. 17

tsl
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FIG. 18

nodes (s2, t) in g'Ilh caused by this addition, contribute no new failure pairs. It is not
hard to check that indeed the failure pairs of (s2, t) are contained in those of (s2, t)
by some consideration of the outgoing edges of (s,, t) and (s2, t). The precise
verification is omitted here.

The proof of part (ii) of the proposition is as for (i)but simpler. It is omitted
here. 0

5. The failure model of ACP,. In the previous sections the notion of failure
equivalence was introduced for the process graph domain Fils, and it was shown to be
a congruence with respect to the operators of ACP, in Hs. The quotient Hs/-=-,5 was
shown to be a model of ACP called the graph model of ACP,. Furthermore, a
complete axiomatisation ACP, + R1, 2+ S was given for -ctp in the sense of

/(ACP,+ RI,
Here Hs/ ==-5,.. is short for HA(+, II , I aH, 4,, a, 8)/ In this section we will
provide an explicit representation of the quotient structure H 8(+, lL,

I, a, all, a, 8)1 = 3c, called the failure model of ACP,. The model will shed more light
into the structure of failures, andin connection with § 6.2it will link our definitions
with the original work on failures in [BHR84].

5.1. The domain F of failure sets. First we introduce the domain of failure sets,
denoted by F. It consists of all finite subsets

F A+ U (A* P(A))

(where A* is the set of finite words over A, A+ is the set of nonempty finite words

2+S)=-5-0,5/---7-3,

, II, 3,
,
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over A, and g'(A) is the power set of A) which satisfy the following closure properties:
(i) [E, 0] F;

(ii) {0'1(72, 0] F [cr1, (25] F;
(iii) X Y and [a, Y] F [cr., X] E F;
(iv) [a, X] e F and [a, X U {a}] F aa F or [o-a, 0] F;
(v) F [a, 0] E F;

(vi) [E, X] E F & a E X [a, 0] F.
The conditions (i)-(iv) on failure sets are exactly as in [BHR84]. Condition (v) deals
with traces o-E A+ which allow a direct definition of sequential composition without
using (and later hiding again) an extra action coding the event of successful
termination as in [BHR84]. In § 6.2 on CSP we will restrict ourselves to CSP without
successful termination. Then this difference is irrelevant. Condition (vi) is needed
because we do not consider r-steps and hence no initial nondeterminism.

5.2. Operations on failure sets. Now we define the constants 8, a(a e A) and the
operations +2 EL °HI aH of ACP, directly on F. For F, G F we put the following:

(i) 8 =I[e, X]l X
(ii) a = {[a, X]l X g_ A

Initially "a" can refuse anything except "a." After "a" has occurred, the
process successfully terminates.

(iii) F + G = ffe, X] I [s, X]E F (1 GI
U{alcrE FUG}
Uf[o-, XlI Cr e A [U, X c FU G}.
U{o-lue F U
U{[r, X]lo- A[a, X]e FU G}.

In its first step F + G can refuse only those actions which can be refused
by both F and G. In all subsequent steps F + G behaves as FU G.

(iv) F G = {[o-, X]l[a, X]E
U fcricr210"iE F A cr2
U f[0-10'2, '01(7'1 e F [0-2, X]e

F G first behaves like F and after successful termination of F in a trace
a, continues to behave as G.

(v) (1) FlIG = {crl3crIc F, 0-2E G: cr 0-111472}

U {[a, X]13[(71, Xt] [Cr2, X2] G: a Gr1 11 0-2

(2) A X c (X, fl X2) {(a I b)la X, A b X2}}

(3) U {[a, X]l 3o-, E F, [az , X2] G: a- e 0-111(r2 A X = X2}

(4) U {[a, '013[0'1, X1] F, 0-2e G: o- e 0'111(12 A X =

where II(r1 cr2 is the set of traces in A* defined inductively by

= CY = {Cr}

acT111ba2= a (0-111ba2)U (acrIlla2)U [alb] - (0'1110'2)

with [alb]={(alb)} if alb 8 and 0 if alb = 8.
Thus a1 o-2 is the set of successful traces obtained by merging and

communicating between a, and cr2. For all traces a, E F and 02 E G this set
is included in FlIG (clause (1)). Besides traces FUG contains certain failure
pairs [a, X]. If either F or G have already terminated, X is just the refusal
set of the other, not-yet-terminated component G or F (clauses (3) and

E

E

./

g. A}.

F)

G}.

E

XI}

b

g
0 E E

, II,
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(4)). If neither F nor G have terminated, X contains only actions that both
F and G can refuse. This suggests X .c X111 X2, where X, and X2 are the
refusal sets of F and G. However, FOG cannot refuse the possible communi-
cations between F and G. These communications can only be of the form
(alb) with a 0 X, and b 0 X2. This explains the condition

X X, fl X2 {(alb)I a 0 X, A b X2}

for the refusal set X of FIIG (clause (2)). Note that in case of (a b) =I 8

nothing is deduced from X, fl X2.
Clearly, FLG and FIG are just variations of FIIG differing only in their first actions.

(vi)

U {[e, X]I[E, X] E

U {[or, X] 1 o- e 3[c71, E [a2, X2] G: a- a-1 IL 0-2

A X (X, X2) {(alb)l a 0 X, A b X2}}

U { [ cr, X] kT E A 3u, F, [Cr2, X2] G: a-eo Cr2 A X = X21

U {[a, E A 3[o-, , X1Jc F 0'2 G: oEo, 172 A X = X11

where a, IL a2 is the set of traces in A* defined inductively by

8 IL a = 0,
ao-, Cr2 = (al a2).

Until the completion of its first communication F IL G behaves as F. This
explains why FIL G inherits all initial failure pairs [E, X] of F. Afterwards
FIL G behaves as FIIG.

(vii) F I G = fo-I3o-, F, 472 G: E o-21

U {[E, X]l3[e, XJE F, [E, X2] G: X A
{(alb)la 0 X, b X2}}

U {[o-, X]lo- E A 3[0'1, E F, [cr2 , X2] G:

A X g (X1 C1 X2) {(a b)l a X, A b E X2}}

E 1 _ _ 2,ra- _2,X 1 _ _ _ 2la _ = X21{[CT, X]kr A 310" F G: area AX

U {[cr, X] I E A 3[Cri F, cr2 G: c CT1I U2 A X = X,}

where a, I a, is the set of traces in A* defined inductively by

81(72 = 0.11 E = 0,

au1lba2= [a I b] (ad 0-2).

In its first step FIG requires a communication between F and G. Here
initially FIG

I
can refuse every set X of actions not containing possible

communications between F and G. This explains the condition

Xc A {(a I b) I a X, A b Ig X2}

for the failure pairs [E, X]. After its first step FIG behaves like FIIG.

G = {crI3cr,E F, reic G: E °ACTA'

F)

F, E

g (1

E IL

X]Ia

IL a

E

A

o- E 162
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A
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(viii) a(F)= fo-Ia e F does not contain any a c HI

U {[a, X U Y] la, X] E F, s does not contain any a E H, and

Yc HI.

In aH(F) only those traces that do not contain any a E H are successful,
and the actions in H can be refused at any moment.

aH(F)= taH(0-)Io E F

U {[aH(a), X]laaEX A [a, X U H]

U {[aH(a), X]la X A[a, X H] E Fl

where the renaming operator an is applied pointwise to the elements in cr.
A set X can be refused by aH(F) if a V(X)= {bI3c E X: aH(b) = c} can be
refused by F.

Except for the different representation of successful termination, the definitions of
8, a, +, , ail are as for STOP, a -0 SKIP, 0, ; and direct image in [BHR84]. The
definition of II differs from the parallel composition operators in [BHR84]. In § 6.2
we will show how to interpret in ACP, synchronous parallel composition of [BHR84].
The operators 11,1, aH are not present in [BHR84].

5.3. The failure model. The failure model of ACP, is now given by the structure
F(+, , II, IL, I,aH, aH, a, 8)(a E A).

THEOREM 5.3.1. The failure model of ACP, is isomorphic to the graph model of
ACP,:

II, IL, I, aH, au, a, 8)1 g=-F(+, , II, 11,1, aH, aH, a, (5).

Proof Consider the mapping g:1116 -OF introduced in § 2.2. It is clear that g is
well defined, i.e., that gig]] F holds for every g c Hs. Also, by Definition 2.2.3, g h

if and only if gig] = gill]) for all g, h E H8. Thus g is also well defined and injective
as a mapping:

(which, by abuse of language, we denote also with g). Now g is surjective and behaves
homomorphically over the operations +, aH, and au. The proofs of these
facts are tedious but follow in a straightforward way from the definitions of these
operators on graphs (in § 1.2) and the definitions of the corresponding operators on
F (in § 5.1). We will not spell out these proofs. Thus g is the required isomorphism
from HA ) to F( ). 0

6. ACP, with one-to-one communication. As a preparation for the subsequent
section we now introduce some additional structure on the alphabet As and the
communication function I: As X A8-0 As of ACP,.

6.1. One-to-one communication. First we assume that A (with typical elements
a, b E A) is partitioned into A = C U I, where C (with typical elements c, d E C) is the
set of communicating actions and 1 (disjoint from C and with typical elements i, j E I)
is the set of internal actions. The set I will serve as an auxiliary tool for the communica-
tion function I.

Second, we denote by a (x), the alphabet of x, the set of non-8 actions occurring
in the closed ACP,-term x. For example, a(aS + cd) = {a, c, In subsequent results
we will usually be interested in terms x with a(x)..c C, i.e., not involving internal,

(ix)

Fg5(+, ,

II, IL/

d}.

gr,:11-0A/ F

,

F)
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auxiliary actions. Formally, the alphabet of a closed ACP,-term x is defined by first
eliminating the operators Iii7 t. 9 .7 a H9 and aft from x, using the axioms of ACP,. (This
is possible by virtue of an elimination theorem to this effect proved in [BK84a] for
ACP; the extra operators aH in ACP, present no problem.) The resulting closed term
x' contains only the "basic constructors" + and , and we may further suppose that
x' contains no subterm of the form (p+ q)r (by some applications of axiom A4 of
ACP see Table 1); that is, x' uses only prefix multiplication. Now we define a(x) to
be a(x'), where a(x') is defined by the following clauses, using induction on the
structure of x':

a(a)= {a} (a E A),

a(15x)= 0,

a(ax)= a(x) E A),

a(x +y)= a(x)U a(y).

(That a(x) is indeed well defined in this way, follows from the confluence property
of the rewriting procedure used in obtaining x' from x. This fact is for ACP also proved
in [BK84a] and is easily carried over to ACP,..)

LEMMA 6.1.1. For closed terms x, y over ACP, with a(x), a (y)c C we have

ac(xll.Y)= a c(xly).

Proof It suffices to show that ac(x y) = 8. Recall that x can be normalized in
ACP, to

x =Ixix1+1;c11

with c d E C, and with the empty sum I denoting S. Thus

x y =

which implies ac(x y) = 0
DEFINITION 6.1.2. Assuming the above partition of the alphabet A we say ACP,

has one-to-one communication if for the communication merge I there exists a bijection
9: C -+ C such that clw(C)E I for every c E C, and a l b = 8 otherwise.

Note that clio(c)E I implies clw(c)0 S. Next, we show that the definitions of
parallel composition used in CSP and CCS are typical examples of one-to-one com-
munication.

6.2. Hoare's parallel composition Le in CSP. In [BHR84] Hoare et al. propose
an operation x yfi modelling the full synchronization of processes x and y. We shall
consider 11 x here within a small subset of the language CSP [BHR84] which we call
"CSP." The signature of "CSP" is given by

the constant STOP,
unary prefix operators c , for c E C,
the binary infix operators 0 and ye.

Here C is a given set of communication actions, contained in the overall alphabet A.
The semantics of "CSP" is determined by the failures model of [BHR84]. It is

based on the failures domain FBHR consisting of all subsets

F A* x P(A)

a(5)= 0,

(a

y) =

S.

--+
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satisfying the closure properties (i)-(iv) discussed in § 5.1. The additional closure
property (v) on traces is not needed here since the failure sets F E FHHR contain only
failure pairs [a, X].

The failure model assigns to each closed "CSP" term x a failure set g,,,dx]] in
the domain FBHR. According to [BHR84] the definition is as follows:

(i) .FBHRISTOPII =ifs, X]IX c Al;

(ii) gstiRlfc-> xi= X]IX g A {c}}U {[c u, X]i[cr, X] e gBH12. -a, 7

A.Ruxoyii = {[E, .,ol[s, X] E n

U {[cr, X] 10-0 E A [Cr, X] E gBHREX11 U giBHRIlyll;

(iv) gBHR[EX = 1[0., X U nI [a-, X] E .BHRIIX11 A [u, Y] c

The failure model induces the following failure equivalence -='sc,BrIR on closed "CSP"
terms x and y:

X ,BHRY if gBHRIA = Amulet
We now link these definitions of [BHR84] to our present setting by interpreting "CSP"
in ACP, with one-to-one communication. Let C = {ci , , Then we take A=CUI
with

= , , 1

where the e,(i = 1, , n) are new copies of the actions c, in C. Furthermore, one-to-one
communication is introduced by putting cp(c) = c and cic= ê for every CE C. The
interpretation of "CSP" in ACP, is given by a mapping .0 from closed "CSP" terms
into closed ACP, terms defined as follows:

(i) ,S6(STOP) = S ;
(ii) .0(c-)x)= c .0(x);
(iii) .0(x0y)=.0(x)+.0(y);
(iv) .0(xlIyey)= Cl(acG56(x)III(y)))

where C, abbreviates the composite operator e( ° (cn)(4,), built from the
renaming operators (e,){e}(i = 1, , n) that rename c, into

This interpretation is justified by the following result.
PROPOSITION 6.2.1. For closed "CSP" terms x

gBHRIXII = gif .56(x)] c C* x 1(A)

holds where g is the ACP, failures model of § 5. In particular gif 95 ( x )]] does not contain
any traces a signaling successful termination, only failure pairs [a, X].

Proof By induction on the structure of x. The cases (i)-(iii) are immediate. Case
(iv), parallel composition, is more tedious. It is easy to see that both

g1JCi(ac(.9(x)P6(.04 c C* x g)(A).

Hence the closure properties of the failure domains FBHR and F, respectively, imply

[cr, X] E gE4HRIX YE iff[cr, X U Y]E A3HRIX x yl,

[a, X] E AC1(0c(,95(X)Ilny)))1 iff [a, X U Y]E AC/(acG95(01,56(y)))1

for arbitrary Yg A C. Thus it suffices to show

[a., 'OE ggHRIIX bey]

for cr E C* and X C C.

iff [a, X] E glICAac(61(x)111(Y)))1

(iiI) g;HHRIIXE HHRIIYII}

..

c).

fel

t,.

-cFuriullx .yIj,

Ex

BHR.,

I

II
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Let er and g result from a and X by replacing pointwise each action c by a In
particular, we have C = A C. Then for a E C* and X C C

[0; X] gBHRIX II ye yi

if and only if (induction hypothesis, definition of II ge)

3X1 c C, X2C C:

[a, g111(x)] A [o, X2] .9"1 ( y)II A X C X1 U X2

if and only if (definition )Z)

3X1 c C, X2 C:

[a, X1] E g1J1(x)] A [a, X2] E A[1(y)] A fe X1 U X21

if and only if (closure properties of the failure domain F)

3X1 , X2: ecX1CAAecX2CA
A [CT, X1J c A11(x)II A [a, X2] E g1136(301

A j? nx2- {e ,c1u x2}

if and only if (one-to-one communication, definition II)

[ct, 52.] E A1(x)II1(y)]]

if and only if (definition CI, ac)

[a-, X] E g1JC,(ac(1(X)111(y)))1

This finishes our proof. 0
Consequently, for "CSP" the original failure equivalence -g,i3FIR of [BHR84]

coincides with our definition of failure equivalence -,gs in § 2. More precisely we have
the following corollary:

COROLLARY 6.2.2. For closed "CSP" terms x and y

x s=,BHR Y i./T1 (x) 30.

For closed "CSP" terms x and y the notions of trace and trace equivalence are
defined via the interpretation in ACP,:

trace (x) = trace (1(x)),

XtrY iff 100-tr1(.0.
(Actually, trace is in § 2.1 only defined on graphs; using the operation graph from
§ 4.1.2 we now define for a term x, trace (x) as trace (graph (x)).) Using Proposition
6.2.1 the trace set of a term x can also be computed directly from its failure set 11BHRdc.:

trace (x) = {a 81{0; A] E

Recall that in our paper we only consider complete traces, either leading to a deadlock
8 or to successful termination (not possible for "CSP"). In [BHR84] the word "trace"
is used as well, but it refers to any sequence a- with

[a, (21E Amax!.

Such sequences were called histories in § 2.

E

VICE
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6.3. Milner's parallel composition in CCS. Since the parallel composition II in
ACP, can be seen as a generalization of Milner's operation 1141 in CCS [Mi80], it is
easy to regain the original definition. As for CSP, we do this within a small subset of
CCS which we call "CCS." Milner stipulates that the set C of communicating actions
is equipped with a bijection : C -> C satisfying E = c. Here e is called the matching
action of c. In addition to communicating actions Milner uses a symbol T denoting
the so-called silent action. We will write ; because we work here without Milner's
7-laws that make T silent or invisible (see the discussion below and § 8). Hence the
alphabet for "CCS" will be A = C U {f}.

The signature of "CCS" consists of the following:
the constant NIL;
unary prefix operators a , for a E A;
unary postfix operators \H, for H c C;
the binary infix operators + and Lg.

Informally, x ILK y denotes the nondeterministic interleaving of x and y, plus the
communication of x and y via matching actions which then yield as a result. Following
[Mi80], this can be expressed by the infinite axiom scheme:

(*) (/,a,x,) 1141 (IAA) = I,a1(x, 1141 y)+Eik(x 1141 yd+ E. (X111,44 yi)

where x =lia,xi and y =
We shall define the semantics of ILK via an interpretation .S4 of "CCS" in ACP,

with one-to-one communication. To this end, take I = { i} and define

9(c)= e and cle=
Then ,0 is rather trivial:

(i) II (NIL) = 8;
(ii) "(a x)= a .0(x);
(iii) ,f(x\H)= aH(.0(x));
(iv) .0(x+ y)= .0(x)+ .0(y);
(v) .1(x 11-11y)=

(x)110(3').

Note that the auxiliary operations IL and I in ACP, serve to replace the infinite axiom
scheme (*) by finitely many ACP, axioms.

In [Mi80] Milner studies CCS terms under the (weak) bisimulation equivalence
[Pa83]; however, here we shall study "CCS" under the failure equivalence. For closed
"CCS" terms x and y we define the notions of failure equivalence, trace equivalence
and alphabet via the interpretation .0 in ACP,:

xy iff
xtrY iff 1(x)-tr1(Y),
a(x) =

In general, these definitions are not quite appropriate for CCS because r should be
silent or invisible; more formally r should be subject to Milner's 7-laws. In the above
interpretation of "CCS" 7* remains visible, i.e., recorded in the traces and failure pairs.
The reason for this clash is that CCS indivisibly couples parallel composition LK and
7, whereas we decided to separate failure equivalence g from 7.

However, we can regain the spirit of CCS if we restrict the failure equivalence to
i2-free "CCS" terms x and y, i.e., with

a(x), a(y).

;

'10

Itkyt.
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Unfortunately, f-free "CCS" terms are not closed under parallel composition
Therefore we shall consider also a modified trace set

trace; (x)

for "CCS" terms x which results from trace (x) by deleting in every trace a 8 E trace (x)
all occurrences of f in a. Then trace; (x) represents the set of complete traces in the
sense of CCS. For example,

trace (cNIL 1144 eNIL) = ices, ecs,

trace; (cNIL II, "eN I L) = {ceS, ec(5, 6}.

7. The maximal trace respecting congruence. In § 4 (Proposition 4.2.3) it was shown
that failure equivalence is a congruence with respect to the operators of ACP,. In
this section we will prove that for ACP, with one-to-one communication failure
equivalence is in fact the maximal trace respecting congruence. This implies a full
abstraction result for the failure model of § 5. But first let us introduce the relevant
concepts.

7.1. Preliminaries. Let / be a signature with Ter (I) denoting the set of closed
terms over M. By Ter (I)[e] we denote the set of terms over with e as free variable.
These terms are called contexts and are typically written as

Let 3- c Ter (s). A congruence for T is an equivalence relation 0 on 3", such that

x y implies ce[x] (e[y]

for all terms x, y e 3- and contexts (e[f] E Ter (I)[e] with ce[x], E T. A con-
gruence 0 for 3- is trace respecting if

x y implies trace (x) = trace ( y)

for all x, y E g A trace respecting congruence 0 for T is called maximal if for all
x, y E .T, x y implies that there exists some context 'CM E Ter (1)[e] with
ce[x], cg[ y] E T and trace (ce[x]) 0 trace (e[y])

PROPOSITION 7.1.1. For each T ç Ter (1) the maximal trace respecting congruence
for T exists and is unique.

Proof Uniqueness. Suppose 01 and 02 are different maximal trace respecting
congruences on T. Then for some x, y E T we have

x-01y, but x02y.

Since 01 is a trace respecting congruence on T, trace ( = trace ( ce[ y]) holds for
every context (e[e] E Ter age] with W[x], (e[ E T. But this contradicts the maximal-
ity of 0 2.

Existence. Define 0, a binary relation on T, as follows: x y if and only if for
every context e[f] E Ter (1)[e] with *[x], (e[y] E 5-, trace (ce[x])= trace ( ce[ y]) holds.

It is easy to see that -0 is a trace respecting congruence for .5--; maximality follows
from its definition. 0

7.2. A characterisation of failure equivalence. Let us now turn to ACP,. We write
Ter (ACP,) instead of Ter (s). From § 4 we know that failure equivalence '="g is a
trace respecting congruence for Ter (ACP,). (For the sake of convenience, we have
identified here the semantical notion ==gc with the equivalence induced by -='-gs on
Ter (ACP,) via the correspondence between process graphs and terms, explained in
§ 4.1.) Thus for ACP in general, we have

g- max

II,m.

s,

yJ

I

=



READIES AND FAILURES 1167

with 0,. denoting the maximal trace respecting congruence for Ter (ACP,). If we
specialize ACP, to the case of one-to-one communication, we can actually prove that

= max%

and thus arrive at a very pleasing characterization of failure equivalence.
THEOREM 7.2.1. Consider ACP, with one-to-one communication. Then failure

equivalence is the maximal trace respecting congruence for the set .3-c of all closed
terms x over ACP, with alphabet a(x) c C.

Proof Suppose x y; i.e., gi[x] Nyl holds for x, y E Y. If trace (x) 0
trace (y), the trivial context w[e]= will do. Now suppose that trace (x) = trace (y)
holds. Because of x030, we can assume without loss of generality that there exists a
failure pair [a, X] with

[a, X] E NA [a, X]

By the definition of [a,g, X] E Axl implies that there exists some ready pair (a, Z)E
RIx]] with X g Z. Note that Z 0. Suppose we had (a, 0)E Rix]. Then aS E
trace (x) = trace (y) and (a, 0) E Ay" Thus [a, C] E 9711y]] and therefore also [a, X] E
guci, a contradiction.

Trace equivalence of x and y implies that there exists a ready pair (a, Y) E Riy]]
with Y 0. Again by the definition of [a, X] Ay] implies that for every such
ready pair (a, Y) c AA there exists some d E X fl Y. Now consider a context of the
form

ce[e]= (c11,0 o COO ° ac)(XII9((r) 19(d) 5)

where the sum is taken over all dcx (1 Y such that (a, Y) A. Furthermore
I = fil, , ci , , cn E C, is the bijection describing the one-to-one communica-
tion in ACP, and p(a) is the result of applying pointwise to a. Note that (e[e] is
uniquely determined by x and y except for the choice of the c,, , c in the renaming
operators. Note that indeed *TA ce[ E 3-c, due to the presence of operators ac and
%I in WM. We now claim that

(c",0 cr,{0)(crIcp (a)) 8 E trace ( W[x]), trace ((e[

where a I Oa) is understood by applying I pointwise to a and ,p(a).
To prove this claim we first state a general observation about ready sets REA of

closed terms z over ACP,. Let a = a, a, and Z = {b1, , bn}. Then (a, Z)E Az]
if and only if there exist xl, , x,, y,, , y,, E Ter (ACP,) with

ACP,h-x = al(a2 (am(bly1+ + by)+ x.) x2) +

This observation is obvious from §§ 3 and 4.
Next we recall from Lemma 6.1.1 that due to the encapsulation ac we can replace

the general parallel composition II in ce[e] by the communication operator I which
enforces synchronization.

Combining these two facts, it is easy to calculate that (a, Z)E RN with X c Z
yields

(e11111 0 0 c,0)(cr I 9(0) 8 E trace (W[x]).

Now suppose that this trace is also present in trace ( ([ A). Since ACP, allows only
one-to-one communication, there exists a history a E C* such that every ready pair
(a, Y)E 91[[y] satisfies X fl Y=0. This is a contradiction. This finishes our proof. 0

= 3,

3,

gly1].

/
ip

(,o

0 0 0

e

0 g,

i),
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7.3. Application to CSP and CCS. The characterization of failure equivalence for
ACP, yields corresponding results for the subsets "CSP" and "CCS" or [BHR84] and
[Mi80].

COROLLARY 7.3.1. For closed "CSP" terms the failure equivalence 3F,BHR of
[BHR84] is the maximal trace respecting congruence.

Proof Via the interpretation I the failure equivalence is a trace respecting
congruence for "CSP." To show maximality, suppose x 3.13HR y for closed terms x
and y. Then 1(X) sc 1(y) by Corollary 6.2.2. Since a(1(x)), cr(I(y)) c C, Theorem
7.2.1 applies and yields a context WM in ACP, with

(e[1(x)] 7`tr (e[1(.0].

Looking at the proof of Theorem 7.2.1 we see that WM can be expressed in "CSP";
i.e., there exists a context WU] in "CSP" with

ivexei= ce[e]
where we stipulate 1(e)= e. Thus

I(r)[1(x)] 76tr5(`"){.-0(Y)].
Since I is defined by structural induction, we have 1(r)[1(x)]=1(T[x]) and
likewise for y. Thus

(eIxl tr r[Y]

by the definition of trace equivalence for "CSP." 0
Due to the differences of T and 1 in CCS and ACP, (see § 6.3), we can characterize

failure equivalence only for ,f-free "CCS" terms.
COROLLARY 7.3.2. On the subset of closed, i-free "CCS" terms failure equivalence

3, coincides with the maximal trace respecting congruence defined for full "CCS." This
result holds for both notions of trace introduced for "CCS" terms, viz., trace(.) and
trace( ).

Proof Via the interpretation I failure equivalence 3; is a trace respecting
congruence for "CCS." This holds for the original definition of trace ( ), however, since

trace (x) = trace ( y) implies trace; (x) trace; (y),

it holds for trace; ( ) as well.
Now consider two closed, ,f-free "CCS" terms x, y such that x y, i.e.,

(x)0 gI( y). Since i-freeness means a (S (x)), a(1(y))c C, the proof technique for
Theorem 7.2.1 applies and yields an ACP, context of the form

=ac(CII95(z))

where z is a closed, f-free "CCS" term such that for some n 0

in 45 E trace (ce[1(x)]), 0 trace (KJ( y)]).

Note that in the definition of ce[e] we deviate slightly from Theorem 7.2.1 and omit
the renaming operator, which would yield here col for some cE C. The reason is that
T (respectively, cannot be renamed in Milner's [Mi80] (and hence "CCS").

The above WM can be translated back into the "CCS" context

`eU] = (e ZAC,

which yields

i" 8 E trace (V[x]), 0 trace (ely]),

i)

-

----7--BHR

*

-
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and thus

8 E trace; ( ce[x]), 0 trace; (reTy().

This proves the maximality of failure equivalence for i-free "CCS" terms with respect

to both notions of trace. 0
Thus the (proof of) Theorem 7.2.1 gives a uniform argument for the communication

mechanisms of both "CSP" and CCS."
Remark 7.3.3. (Comparison with the work of De Nicola and Hennessy [DH84].)

We have proved that (under a restricted communication format) processes are failure
equivalent if and only if they cannot be separated by any context where "separated"
refers to the criterion of having different traces. This characterisation is easy to
understand, as it involves only the notions of trace and context. It is interesting to
compare our result with a result in [DH84]. Since the settings are quite different (here
finite processes in ACP there CCS with recursion, r-steps and an additional constant
11 denoting the undefined state), we state the comparison for the greatest common
denominator of ACP, and CCS, viz., the language "CCS" of § 6.3.

De Nicola and Hennessy [DH84] set up a notion of testing and consider two
processes p and q as equivalent if and only if they pass exactly the same tests. This
idea of testing is very appealing, but the formal definitions are somewhat more technical.
Both processes and tests are just terms over the signature of "CCS." However, in the
alphabet A we assume a distinguished action co, which may appear in tests only. The
action w is interpreted as reporting success; it is needed in the definition of a process
passing a test. Due to the restriction to "CCS," we can phrase De Nicola and Hennessy's
definition as follows.

For "CCS" terms p, q, r and actions a E A we write

p q if 3r: "CCS"Hp = a q + r,

p-1-1, if 3q:p q.

Intuitively, p IL> q states that p can perform an action a and then behave like q. A

computation is a sequence of "CCS" terms of the form

PI 4 P2 4 P.;

it is called maximal if there is no "CCS" term q with q. Since "CCS" does not
include recursion, any computation is finite here.

There are two forms of a process p passing a test t:
(i) p may pass t if there exists a computation

p ILA t = pi t, 4 4 p,, IIA(tn

with t =>, or equivalently if there exists some n 0 with

fr'. E trace ( p t),

(ii) p must pass t if whenever

P U4t = Pt HA -± L> P. HA( I.

is a maximal computation then there exists some m with 1 m n and t,
Thus a term t that can perform an w-action serves as a criterion for success. For
examples of (i) and (ii) we refer to [DH84].

Then De Nicola and Hennessy [DH84] introduce three so-called testing equivalen-
ces on processes p, q:

(i) p lq if for every test t: p may pass I if and only if q may pass t.

1+

p

(.0

2-*

a

11

-5 "=>.

7

n

u.n



1170 J. A. BERGSTRA, J. W. KLOP, AND E.-R. OLDEROG

(ii) p 2q if for every test t: p must pass t if and only if q must pass t.
(iii) p 3q if p 1q and p ---2q.
It is now very interesting that for 'F-free "CCS" the strong testing equivalence

coincides with the failure equivalence ----3, This is an immediate consequence of
Corollary 6.2.6 of [DH84] stated for the class of so-called strongly convergent CCS
terms, which in particular includes all f-free "CCS" terms. Thus at least for f-free
"CCS" terms we have a pleasing convergence of ideas:

strong testing equivalence = failure equivalence = maximal trace respecting congruence.

Conceptually, we find the notion of a maximal trace respecting congruence simpler
than the definition of passing a test.

7.4. Full abstraction. The notion of full abstraction is due to Milner [Mi77] (see
also [HP79], [P177]). It is a relationship between models (of an axiomatic system)
and equivalence relations (on the terms of that system) whose definition is motivated
by the following question:

Under what circumstances can we replace a term x by a term y without noticing this
change by a given equivalence

Using the notion of a context introduced above, this question amounts to:

Under what conditions on x and y do we have ce[x]-=- ce[y] for every context 'CM?

Full abstraction can be seen as looking for a sufficient and necessary condition that
answers this question. Formally, we state the following definition.

DEFINITION 7.4.1. A model .ift for 3"g Ter (1) is called fully abstract with respect
to an equivalence relation on 3" if for all terms x, y e

AA= Ay] iff ce[x] ce[y] holds for every context ce[fl E Ter (/)[f] with
ce[x], [y]E Y.

Thus a fully abstract model optimally fits the equivalence -= in the sense that it just
makes the identifications on terms that are forced by Usually, it is quite difficult
to discover fully abstract models (see [HP79], [Mi77], [P177]), but for the failure
model g = F(+, II, IL, I, aH, aH, a, 8)(a E A) of § 5 and the trace equivalence of
§ 2 we can now state such a result.

THEOREM 7.4.2. Consider ACP, with one-to-one communication. Then for the set
Tc of all closed terms x over ACP, with alphabet a(x) c C the failure model g is fully
abstract with respect to the trace equivalence -tr

Proof By Definition 7.4.1, it suffices to show that for all x, y E :

MIA =

where r is the maximal trace respecting congruence. But this is immediate from

Theorem 7.2.1. 0
COROLLARY 7.4.3. For the set of closed "CSP" terms the failure model 3;BHR of

[BHR84] is fully abstract with respect to the trace equivalence tr.
For "CCS" we cannot state the analogous result due to the i= mismatch discussed

above.

8. Processes with recursion and abstraction: bisimulation versus failure equivalence.
8.1. Preliminaries. In the preceding sections we have been exclusively concerned

with the failure semantics for finite processes without abstraction, i.e., not involving
r-steps. In this section we will set aside that restriction and comment also on infinite

ill

,

.11y11 iff -="maxy

,,

x

w

=.
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(recursive) processes with abstraction, in regard to bisimulation and failure equivalence.
The crucial point is the way in which infinite sequences of r-steps in a process are
treated.

In the failure semantics proposed in [BHR84], all processes having an infinite

r-sequence from the root are set equal (to the process CHAOS). The notion of
bisimulation is more discriminating. The advantage is that models obtained bybisimula-
tion equivalence satisfy a useful abstraction principle: Koomen's FairAbstraction Rule
(KFAR), as introduced in [BK84b]. Roughly, this rule gives a way of simplifying
processes by elimination of (some) infinite r-sequences. This elimination can be
understood as fairness of (visible) actions over silent r-steps. A more precise description
is given below. (Of course, setting all processes having an infinite r-sequence from the
root equal to CHAOS also eliminates infinite r-sequences, but then all information is
lost.)

Since KFAR is a very useful tool for system verification (e.g., in [BK84b] it was
used to verify an alternating bit protocol), it is natural to ask whether KFAR is also
compatible with the somewhat simpler failure semantics. More precisely, we can ask
whether there exists a process model which for finite processes agrees with the failure
semantics and for infinite processes satisfies KFAR. Interestingly, it turns out that such
a model does not exist. To prove this result, we will formulate a set of assumptions
embodying failure semantics and KFAR, and derive an inconsistency. Formally, the
inconsistency arises from the following extension of the axiom system considered above:

ACP,+ RI, 2+S
+ Milner's r-laws + axioms for abstraction operators
+ KFAR
+ RSP (recursive specification principle).

Here RSP is the assumption that guarded systems of recursion equations have a
solution, which is moreover unique.

Now by virtue of our axiomatic approach we can pinpoint the origin of the
inconsistency derived below with some accuracy. It turns out that the failure of KFAR
in failure semantics holds already in ready semantics, and moreover thatcommunication
does not play a role in the inconsistency. That is, the inconsistency already appears
in the subsystem

BPA+T1 +TI1 5+R1 + KFAR+ RSP

which we will explain now. BPA, for basic process algebra, consists of the axioms A1-5
of ACP which specify the properties of + and T1 is the simplest of Milner's r-laws
[Mi80] (see Table 6). In addition, Table 6 contains axioms TI1-T15; these specify the
abstraction operators r, where I g A is a set of internal actions as simple renaming
operators (cf. [BK84c] and [BK86a], [BK86b]).

RI is the axiom for the readiness semantics (see Tables 3 and 4):

a(bx+u)+a(by+v)= a(bx+ by+ u)+ a(bx+ by+ v).

The recursive specification principle RSP states that guarded systems E of recursive
equations have unique solutions (see [BK84b] or [BBK85]):

E(x,, , x), E(y,, , y), E guarded
xi = yi

Informally, "guarded" means that every recursive occurrence of x, in E is preceded

.
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TABLE 6
BPA +TI +TI1-5

x+y=y+x Al
(x+y)+z=x+(y+z) A2
x+x=x A3
(x+y)z=xz+yz A4
(xy)z = x(yz) A5

X7 = X TI

r,(r)=r TIl
TAO = a Walt I TI2
r,(a)=r if an I TI3
TAX+ y)=Ti(x)+ rAy) TI4
TAXA = 7/(x) 7, (Y) 115

by an action different from T. For example, the system

x,= ax2+ bx2,

x2= c(x1+ x2)+ d

is guarded and thus has a unique solution.
We will now explain KFAR. For each n 1, we have a version KFAR. KFAR,

is as follows:

x=ix+y (iI)
1-1(x)= T rl (y)

The premise of KFAR, says that x has an infinite i-trace (see Fig. 19). Now KFAR,
expresses the fact that x makes fair choices along its infinite i-trace, i.e., performing
x entails at most finitely many choices against y. We may note here the necessity of
the abstraction operator r, in KFAR,: From x = rx+y it does not follow that x =
T T( y), since the equation x = rx+y has infinitely many solutions (see [BK84c] or
[BK86a]).

FIG. 19
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The version of KFAR for n = 2 is

X1 = ix2 + y, , x2= jx1 + y2 (i, j E I)

71(x1)=- 7. 71( yl+ y2)

In the general formulation of KFAR the premise displays an "/-cycle" of length n.
For a precise formulation we refer to [BK84b] or [BBK85].

Note that except for KFAR all assumptions in BPA,. + TI1-TI5 + R1+ RSP are
valid for failure semantics. To see that the r-laws TI1-TI3 (of which only the first one
is needed for the derivation of the contradiction below) are valid for failure semantics,
we refer to [Br83], which gives axioms describing failure semantics for finite processes
involving r-steps; these axioms imply the T-laws.

8.2. The inconsistency of failure semantics with KFAR. We will now derive the
announced contradiction. It is important to notice that this contradiction is entirely
insensitive to how failure semantics works with processes that contain r-steps.

Consider the following systems of guarded recursion equations:

/x
= ax,+ ax2,

E, x, = c + bx2,

x2 = d + bx

and

ly
=

yl

ay, + ay2,

E2 = c + by2 ,

y2 = d + by,.

The systems El , E2 have solutions x, y which can be depicted as in Fig. 20.
CLAIM: X and y are failure equivalent.
Intuitively this may be clear since (as demonstrated in § 3.1) axiom R1 amounts

to placing "crosses"; from the graphs for x, y we can thus obtain equivalent graphs
as in Fig. 21. These two graphs are in fact identical.

Proof of the Claim (Formally). Consider the system E3 of guarded recursion
equations:

iz

= az, + az2,

E3 Z1 = C + in1+ bz2,

z2= d + bz1+ bz2.

(This system corresponds with the graph in Fig. 21.) Now

x = ax, ax2--= a(c+ bx2)+ a(d + bx,) (by R1)

= a(c+ bx2+ bx,)+ a(d + bx1+ bx2) = az;+ az

where

Further,

c + bx2+ bx, and z= d + bx1+ bx2.

z; = c+ bx2+ bx, = c+ b(d + bx,)+ b(c+ bx2) (by RI)

= c+ b(c+ bx2+ bx,)+ b(d + bx1+ bx2)

= c+ 6.4+ bz

z; =
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FIG. 20

and likewise

z= d + bz;+ bz;.

So (x, z, z;) satisfies E3. A similar computation shows that (y, zD, where

z',' c + by, + by2, z';= d + byl+ by2

satisfies E3. Hence by RSP,

(x, z;, z) = (y, = (z, z1, z2),

in particular x = y. This proves the claim.

FIG. 21

=
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In order to derive the inconsistency we will abstract from b, by means of rim, fl
x and y. This yields corresponding process graphs as in Fig. 22. Next we apply KFAR
on r{b}(x) and rim( y) and obtain a(c+ d) and ac+ ad, respectively. This can be seen
graphically: KFAR shrinks the infinite r-traces to a point, obtaining the graphs as in
Fig. 23.

Formally:

(*)

Further,

yields by KFAR2:

Hence from (*)

Next consider y:

(**)

.r{b}(x)= ribl(axi+ax2)= a T{b}(3c1)+ a 7{b}(x2)

= bx2+ c, x2= bx,+ d

TOO = T 1{1)}(C d) = r(c d),

T{b}(X2) = 7 Tol(C d)= r(c+ d).

7{b}(x) = ar(c + d)+ ar(c + d) (by Tl in Table 6),

= a(c+ d)+ a(c+ d)= a(c+ d).

Tibl( )1) = a Ttb}(Y1)+ a r{b}(Y2).

Now yi = by,+ c yields by KFAR,: rim( yl) = rc; similarly rim( y2) = rd. Hence from (**)

T{b)( y) = arc+ ard = ac+ ad.

So, since x = y, we have proved a(c+ d)= ac+ ad. But a(c+ d) and ac+ ad are not
failure equivalent.

8.3. Further results. The above inconsistency proves that the advantages of Koo-
men's fair abstraction rule, KFAR, cannot be combined with the simplicity of failure
semantics. We investigated this dichotomy further and were pleased to find a weaker

FIG. 22
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FIG. 23

fair abstraction rule, called KFAR-, which is consistent with (finite) failure semantics,
and which is still useful for many process verifications. More precisely, the new rule
is consistent with a version of Brookes, Hoare, and Roscoe's failure semantics [BHR84]
without catastrophic divergence, i.e., that does not identify processes having an infinite
r-sequence from the root with the process CHAOS. The details and applications of
the new rule KFAR- can be found in [BK086].
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