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Abstract

This paper introduces autonomous observabl e actions into process algebra. These actions can
be observed but cannot be controlled by an environment. The proposed extension of ACP allows
verifications without silent steps and fairness assumptions. The inclusion of inequalities makes
it possibleto verify that an implementation satisfies a given specification, with the specification
indicating exactly where the implementation may reduce nondeterminism.

1 Introduction

Process a gebra studies processes that are built from actions and operators. Two kinds of actions have
been extensively studied: the observable ones and the unobservable (internal or silent) action 7. An
observable action can occur withinaprocessif the processisready to perform the action and some con-
trolling environment allowsit to occur. In contrast, the silent action T may occur without any consent.
In ACP, the process a gebra studied in this paper, the operators by which processes can be controlled
from an environment are encapsulation and communication. Observable actions can be disabled by
an environment by means of encapsulation; silent actions cannot be disabled. Similarly, observable
actions are capable of communicating with actions from an environment, whereas t isnot.
Thispaper presentsautonomousactions, which are observabl e, but not controllableby an environment,
thus sharing with t the property that they can neither be encapsulated nor participatein a communica-
tion. The difference between autonomous actions and 7 is that autonomous actions can be observed,
whereas t cannot. Thefact that T isunobservable meansthat an environment can only detect an occur-
rence of t if the process possesses|ess optionsfor continuation after the occurrence than before. This
isreflected by equationsfor processes, such as the branching equations B1 and B2 in ACP that alow
to eliminatesilent actions. No such elimination is possiblefor autonomous actions, as each occurrence
can be observed.

A process that is capable of performing aninitial autonomous action is called unstable. A processin
which no initial autonomous action can occur is called stable, as an environment can stop its progress
by encapsulatingitsinitial actions. A choiceinvolvingan unstableprocessisnondeterministic, sincean
environment cannot prevent the autonomous action from occurring. We call thiskind of nondetermin-
ism unstable nondeter minism. Another kind of nondeterminism arises when several non-autonomous
actions with the same visible effect can occur, leading to different subsequent processes. We call this
stable nondeter minism.

Instead of only considering process equivalence, a partial order < on processesisintroduced. If pro-
cesses p and q satisfy p < q, then either both processes are equal, or both p and q are unstable and
the behaviour of p isasubset of the behaviour of . Since there must exist an autonomous action that
both p and g can perform, and since this action cannot be controlled, an observer, when confronted
with p, cannot be sure that he is not dealing with g instead. So < is based on reduction of unstable
nondeterminism.



Partial order algebras that are based on reduction of nondeterminism are important for software engi-
neering. Often, design decisions are made that reduce nondeterminism in a specification. The advan-
tage of the approach in this paper is that in the specification one can distinguish unstable nondetermin-
ism that may be reduced and stable nondeterminism that may not.

The main inspiration of the present paper is[BaBe94], where CSP-like choice operators [Hoa85] are
introduced in ACP. The“partial bisimulation” preorder on processes from [BaBe94] that is also used
in the present paper is related to the preordersin [Abr87] and [Wal90] that deal with the notion of
divergence: apossibly infinite chain of autonomous actions (in their case silent actions 7).
Thereason for introducing CSP-like choice operatorsin ACPin [BaBe94] isthat CSP distinguishesbe-
tween determini stic and nondetermini stic choice. Autonomousactionsoffer an alternativeto nondeter-
ministic choice operators, with the advantage of considerably simpler equationsand models. Also, in
this paper axiomsand proof rulesare given for reasoning algebraically with infinite processes, whereas
the reasoning in [BaBe94] (and CSP for that matter) is model-based.

The authors wish to thank Jos Baeten and Pedro D’ Argenio for their suggestionsand corrections. Jan
Bergstra is thanked for sharing with us his insights regarding communication and autonomous be-
haviour.

2 TheBasicAlgebra

2.1 Signatureand Axioms

Our basicalgebraBPAaa= isan extension of BPA: basic processalgebrawithinaction (c.f. [Bawed0]).
The signature and axioms are given in Table 1. First, in the header, the sort of atoms (A) is declared,
which is a parameter of the theory. Each atom is an action. An overlining operator creates from an
atom an autonomous action. The sort F of autonomous actionsisthus equal to {a : A e @} 1. The set
AUF of al actionsisdenoted AC. Notethat AC isonly an abbreviation and not a sort. The actionsa
and a have the same visibleeffect and only differ in theway they can be controlled by an environment.
The sort P of processesis a supersort of both A and F. Sorts and their subsort relation are introduced
in thefirst table entry.
The operator . as well as the standard BPA operators . + . and . - . and the constant § are introduced
in the second table entry, followed by the declaration of some variables and the axioms of the theory.
As usual, the sequencing operator (-) has priority over choice (+) and may be omitted. The axiom
system consistsof equationsandinequalities, giving riseto apartia order agebra(c.f. [Hen88]), which
means that in reasoning with inequalities, oneis alowed to use reflexivity, transitivity, antisymmetry,
closednessunder contextsand substitutivity. Notethat, by antisymmetry, for twotermsx andy, x =y
iff x <yandy < x.
The | axioms (for “inequality”) state that unstable nondeterminism may be reduced in an implemen-
tation. The algebra BPAaa is obtained from BPAaa= by removing these inequalities from the axioms
in Table 1. Note that BPAaa with atoms A equals BPA s with atoms AC.
The BPAaa= terms can be normalized. We inductively define the set B of basic terms as follows.
{SJUACC B, Vi:B;e:ACeeteB, Vs t:Bes+telh.

Property 1 For every closed term p : P, thereexistsat : B such that BPAaa - p = t (and thus
BPAaa= + p=t).

\We use the Z-style notation {a : Ae f(a)}instead of { f (a) | a € A} throughout the paper



__BPAaas(A)
F,P: ACP;FCP

§:P TA—>F 4., .- PxP—>P
a:A;x,y,z:P
X+y=y+X Al X+6=X A6
X+yY)+z=x+(y+2 A2 §-X=2§ A7
X+ X=X A3
X+yz=x-z4+Yy-z Ad a<a+x 11
X-y)z=Xx(y-2 A5 ax<ax+yl2

Table 1: Basic process algebrawith autonomous actions

Proof Standard term rewriting, using A3. .. A7 as rewriterules from left to right (c.f. [Baved5]). O
Modulo axioms Al and A2, and using A6, a basic term can berepresented as } ;. ai + ;.5 bj - tj,
where |, J are finiteindex sets, the & and b; actions and the t; again basic terms. An empty sum is
equal to 5. By A3, it may be assumed that al summands are different.

Example The theory BPAaa= may be used to demonstrate equivalence of the following processes
that describe login procedures. The first process L1 prompts for a user identification and, having re-
ceived one, prompts for a password. After having checked the combination, access is granted or re-
fused. The user of the process perceives the prompting, granting and refusing as autonomous actions
he cannot influence. The other actions are interactions between the process and theuser. So L1 can be
described as pui -ui - M1, where M1 = ppw - pw(ok + 7¢j).

The second process L2 checks the user id before prompting for the password. If the user id is found
correct, it proceeds as above; if not, it will still prompt for the password and reject regardless of the
answer. The process L2 isthus described as pui -ui (M1+ M2), with M1 as above and M2 = ppw -
pw- rej.

In BPAaa=, bothlogin processes are equal, because we can demonstrate equality of M1+ M2and M 1.
Since M1isunstable, it followsfrom I 2that M1 < M1+ M2. It followsfrom | 1 that ok +rej > 7ej.
Closednessunder contextsyieldsM1 > M2, whichimpliesby A3that M1 = M1+M1 > M1+M2.
Thus M1 = M1+ M2 by antisymmetry. Asaresult, L1 = L2.

Theequdity of L1 and L2 conformsto intuitionand is desirable as well, since potentia intruders are
left uninformed whether they “guessed” acorrect user id. At the end of Section 2.3, we will argue that
equality of L1 and L2 cannot be proved without the inequalities | 1 and | 2.

2.2 Process Theory

Let AC be a set of actions partitioned into digjoint subsets A (non-autonomous actions) and F (au-
tonomous actions). A process spaceisapair (P, —s ), where P isa set of processesand . — . :
IP(P x AC x P U{/}) aternary relation, the event relation. The event p 2 ./ represents successful
termination of p with action a. A stable process cannot perform any autonomous actionsin the first
step. Theset S of stableprocessesisthusdefinedasS = {p: P | —3f : F; p' : PU{/} e p_f> p'}.
We define a class of relations called partial bisimulations. A simulation R isa partia bisimulation if
R-lisaloca simulation for stable processes.



Definition 1 Arelation R: IP(PU{,/} x PU{/}) iscalled a partial bisimulation (PBS) iff it satisfies
the following requirements. For p, p’, q,q": P U {,/} ande: AC,

D PRO= (p=V & ad=)A
(PRAAP-5p) =39 :Pe(q- g A PRY),

i) (PROAPeSAq-—S.0)=3p :Pe(p-Sp A PRY).

Process p : P issaidtoimplement q : P (notation p < q) iff there exists a PBS R such that pRq.
The processes p, g are said to be equivalent (notationp ~ q) iff p<gAq < p.

Asusual, we can a'so define strong bisimulation on processes (see e.g. [Bawe90]). A strong bisimu-
lation between processes p and q isaPBS relating both ptog and q to p. If 7 = @, each PBSisa
strong bisimulation.

Property 2 Therelation < isa preorder and, consequently, >~ is an equivalence relation.

Proof We have to show that < isreflexive and transitive. The identity relation on processesisaPBS,
proving reflexivity. For transitivity, assumethat R, Sare PBSssuchthat pRqg and gSr. Obviously, the
relation composition Ro Sisasimulation. If pisstable, then R~1 isaloca simulation, so q is stable
and hence St isaloca simulation. So (Ro S)~tisalocal simulationand Ro SaPBS. Sop <.

Il
With preorder relationslikepartial bisimulation, specia care must be taken with respect to termination
and nontermination of processes. It is undesirable that a terminating process can be implemented by
a nonterminating one. Therefore, we shall define a termination property for processes. Intuitively, a
processiscalled terminatingif it hasapath leading to ,/ and it can only maketransitionsto terminating
processes. A terminating process cannot deadlock, nor can it contain a cycle from which escape is
impossible.

Definition 2 The set AC* of processtraces consists of finite sequencese; ... &, of actions, including
the empty trace e. Thereachability relation. = . : IP((P U {{/}) x AC* x (P U {{/})) isdefined as
the smallest relation (ordered by set inclusion) such that for all p, p’, p” : PU{{/}; e: AC; « : AC*,
P==pA(P-SPAPSp = p=p).
The termination predicate for a process p (notation pl}) is defined as follows.
pl & Vp i Pia: AC e (p== p'= 3B : AC* e p' = /).

2.3 A Process Model for BPAaa=

In order to construct a process model for BPAaa=, we haveto giveinterpretations. A, F and P respec-
tively for the sorts A, F and P. Let the process space P be the set of closed BPAaa=(A) terms. Let A
and F simply be equal to A and F respectively. Obviously, theseinterpretationsdo satisfy the require-
mentsA C PandF C P. Let AC = AU F. Therelation._ . isgiven as the smallest relation
satisfying therequirementsin Table 2. In thistable, thevariablesa: A; p, p’,q: P; e: AC are used.
Our model will be the set of equivalence classes of 7?7 modulo PBS equivalence, denoted P /~. The
following property means that 7/~ with < isa partia order algebra.

Property 3 Therelation < isa precongruencew.r.t. the BPAaa“ operators,i.e,foralla,b: 4,a=<b
impliesa < bandfor all pg, P2, 01,02 : P, p1 < peand gz < gz imply p1-q1 < p2-02 and
P1+01 < P2+ Q.



e_e)\/ p—e>p/ p—e>\/

p-qg—=>p'-q p-q-55q
p-°p p-°p P>/ p—=s
p+q—"s pf q+p—p P+a—=>¢  q+p—

Table 2: Plotkin-style SOS rules for BPAaa=

Proof If a < bthena = b and thusa = b. The other two cases are proved by constructingaPBS. O
For closed terms p and g, BPAaa= + p < q signifiesthat p < q can be derived from the axioms,
whereas P/~ = p < g signifiesthat p < g isvaidinthemode P/~. Thatis, P/~ E p < qiff
p < q. Thefollowing theorem states soundness and compl eteness of BPAaa= with respect to P /~.

Theorem 1 Let p, q beclosed BPAaa™ terms. ThenBPAaa™ - p < qiff P/~ = p <q.

Proof It followsfrom Property 3 that it sufficesto check the validity of the axiomsto prove soundness.
In each case, PBSs can be constructed easily. For theaxioms Al. .. A7, even strong bisimulationscan
be constructed.

Completeness ismore involved. Suppose p < . Then there existsa PBS R such that pRg. We use
induction on the number of symbolsin p plusthe number of symbolsin gq. The basic case, where p
and g each consist of asinglesymbol followsfromthefact that RisaPBS suchthat pRq. Processes p
and g are either both equal to § or both consist of the same action. Hence, inthe basic case, BPAaa= +
p=aq.
In the induction step, from Property 1, we may assumethat p and g are basic terms; so
p:Zi:lai+Zj:ij'Sj’ q:Zk:KCk+ZI:Ld|'t|’
wherel, J, K and L arefiniteindex sets, thea;, b;, ¢« and d, are actionsfrom AC and thes; andt, are
basic terms. We distinguish two cases.
First, assume that p is stable. Then R~* isaloca simulation. We may conclude from the derivation
rulesin Table 2 that
Vi:ledk:Kea =c, Vj:Jedl:Lebj=d ASjRY,
Vk:KeJi:leck=a, Vl:Ledj:Jed =DbjAsRt.
The induction hypothesisyields
Vji:Jedl :Lebj =d ABPAaa~ s <t.
It followsimmediately that BPAaa= + p < q.
Second, assumethat p isunstable. Since Risasimulation, we may conclude from the derivation rules
in Table 2 that
Vi:ledk:Kea =cc, Vj:Jedl:Lebj=d AsjRt.
The induction hypothesisagain yields
Vi:Jedl:Lebj =d ABPAaa™ s <t.
Since pisunstable, oneof itsinitia actionsisautomonous. Usingaxiomslland |2, BPAaa= + p < q
follows easily. O
The set of equivalence classes of P modul o strong bisimulation equivalence is a sound and complete
model for BPAaa. This result follows from the one-to-one correspondence between closed BPAaa(A)
terms and closed BPA s (AC) termstogether with soundnessand compl eteness of BPA s (AC) for the set
of equivalence classes of closed BPA ;(AC) terms modul o strong bisimulation equivalence. It means
that al actionsin AC are considered to be non-autonomous and thus all processes are considered to
be stable. The consequenceisthat, aslong as no inequality isused, two closed BPAaa™ terms that are
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derivably equal arestrongly bisimilar. Theuseof aninequality in averification representsthereduction
of unstable nondeterminism. It isimportant to keep track at which points this reduction occurs. This
can be achieved by delaying theuse of 11 and | 2 until they are really needed, i.e., proceeding within
BPAaaaslong as possible.

At thispoint, wecan also justify our claimthat the equiva ence of thelogin procedures L1 and L2 inthe
exampl e of Section 2.1 cannot be proved without theinequalities | 1 and | 2. Thisfollowsimmediately
from the observations above and the fact that L1 and L2 are not bisimilar.

3 lteration

In thissection, an iteration operator, c.qg. thebinary Kleenestar (BKS) isadded to the basictheory. The
additional signature and axioms, which have been taken from [BeBP94], are stated in Table 3.

__BPA*aa=(A)

BPAaa=(A) —
FOPxP—=>P . /p—>p —
X,y,z: P p*g— p-(P*), 4" p— P
X(X*y)+y=Xx"y BKS1 e b— e
X*(y-2) = (x*y)z BKS2 P’d—P'q. AP —+

X*(Y((X+y)*)+2 =(Xx+y)*z BKS3

Table 3: Axioms and SOS rulesfor the binary Kleene star

A process model is derived as follows. Again, let A and F be equd to A and F. Recall that AC =
AU F. Define P asthe set of closed BPA*aa= terms. Therdation. — . : IP(P x AC x P U{/}) is
defined as the smallest relation satisfying therulesin Tables2 and 3, wheree : AC and p, p', q : P.

Theorem 2 Let p, q be closed BPA*aa= terms. ThenBPA*aa= - p < qimpliesP/~ = p <q.

Proof Standard. First, show that < isa precongruencew.r.t. the binary Kleene star. Second, check the
validity of BKS1... BKS3 by constructing PBSs. Note that even strong bisimulations can be con-
structed for these axioms. O
The following theorem states that the theory BPA*aa= does not introduce any inequalities (and there-
fore equations) between closed BPAaa= terms which were not already derivable from BPAaa=. That
is, the theory BPA*aa™ is a conservative extension of BPAaa=.

Theorem 3 Let p and q be closed BPAaa™ terms. Then BPA*aa= + p < qiffBPAaa~ + p <q.

Proof (sketch) We use the theory and terminology developed in [D’ Ar95]. It followsfrom the format
of the derivation rulesthat the term deduction system defined by Table 2 is source dependent. Further-
more, it has no rules with negative premises, so it has a unique well supported model. For the same
reason, the term deduction system defined by Tables 2 and 3 has a unique well supported model. As
aresult, it isan operational conservative extension (up to <) of the term deduction system of Table 2.
It then follows from Theorems 1 and 2 that BPA*aa= is a conservative extension of BPAaa=. O
A complete finite axiomatization of BPA} and thus BPA*aa~ isimpossible([Sew94]; c.f. [FoZad4] for
related results).



For reasoningwithiterative processes, weformul ate some conditional equationsand inequalities. RSP*
istheiteration variant of the“ Recursive Specification Principle” (c.f. e.g. [Bawe90]); the other names
are derived from “Iteration Inequality.” For any v, w, X, y, z: P,

v x*+w_x L X=Y x*+z g X=Y x*+z RSP
viw < X X<y*z X=y*z

vi'w<x<y*z

Clearly, (IIL A IIR) = Il = RSP*. Itisnot hard to show that RSP* and BKS1imply BKS2 and
BKS53.

Theorem 4 The above derivationrules arevalid in the model P /~.

Proof (sketch) Inequality /IR is proved by constructing a PBS asfollows. Let p, g and r be closed
BPA*aa= terms and let R be a PBS such that pR(q- p+r). R¥isthek-fold composition of R, where
R? equalstheidentity relation and R* equals R. Therelation Q isdefined as the smallest relation such
that ./Q./ and for any k > 0, closed term & and open term E (X) with X asitsonly variable, £ Q¢ and
ERKE(p) = £QE(q*r). Using the operational semantics, it can be shown that thisrelationisaPBS
relating pand q*r. So IIR isvalid. Thevalidity of I/L isshown using a symmetrical argument. O
We have thus shown the validity of I/L, IIR, IT and RSP*. However, theinequalities /IL and IIR
permit the derivation of, e.g., a*s < a*b. Thisisundesirable, sincethe second processisterminating,
whereas the first processis not. For that reason, in the remainder, we only use the weaker inequality
II. InBPA*aa= + I, aterminating process cannot be implemented by a nonterminating process.

Property 4 Let p,q: P. If BPA*aa= + I - p < g and ql}, then pl}.

Proof (sketch) Structural induction on p isused. The basic caseistrivia. In the induction step, we
consider three cases. First, if p = p1+ p2 < g, wemay assumethat § # p1 # p2 # §. Theonly way
that p < g can be deduced from BPA*aa= + I1 iswhen q hastheform g1 + g2 and BPA*aa= + I1 -
(pr < 1A p2 < Q). If gl}, then g1} and go|, allowing completion of the induction step in this case.
Second, if p = pi1- p2, theargument issimilar. Third, if p = p1* p2, p < g can be derived in two
ways.

Thefirst possibility isthat g hastheform g; * g, and BPA*aa= + IT + (p1 < 01 A P2 < Qz), whichis
dealt with asabove. The second possibility followsfrom I7if p;-q+p2 <q <r-g+sand p; < s, for
some processesr and s. Now suppose gJ}. We have to show that pl}, i.e. that p;{} and p|}. Assume
p2 =6. Thens=3§andq <r-qg. Soundnessgivesq < r -q. Sinceqy,, it followsthat q = ./ for
some trace «. So there exist nonempty traces 8, y suchthata = By, r =L Jandgq=Ls /. Sofor
any path of q leading to ./, ashorter path can be found, which isacontradiction. So p, # 8. Hence,
one deduces again that q hastheform q; + gz and BPA*aa= + IT = (p1-q < g1 A P2 < ), Which
can again betreated as above. O

4 Concurrency and Communication
Table 4 gives the additional operators and axioms for the extension of ACP with autonomous actions.

An extra parameter, the communication functiony : AU {8} x AU {6} — AU {8}, isadded, that is
commutative and associative and satisfies y (a, §) = § for al atoms a.
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The UCM axioms disallow synchronization of unstable processes. The SCM axioms are ('M 8 and
C'M9 of ACP restricted to stable processes. The other merge-related axioms are standard.
The auxiliary predicate S(.) stating that a processis stableis defined asfollows. Fore: AC; X,y : P,
S(8) S(e) & eceA
SX-y) & SX) SX4+Yy) < SX) ASY)
Only afew of the other operators need explanation. Encapsulation of autonomous actions is impos-
sible (D), which is the essence of being autonomous, as explained in the introduction. The renaming
operator t; renames the atomsfrom agiven set | into a special atom t; autonomized atomsfrom | are
renamed intot. Anoperator aut, isadded, that autonomizestheatomsfrom I. The composed operator
t| o aut, hasthe properties of pre-abstraction [BaBeS8].

__ACPaa=(A, y)
BPA&a=(A)
t:A  9.(), aut(), t():PAxP—>P .. .. .|.:PxP—>P
a:A;b,c:AU{8};e: ACU{8}; X, y,z:P; H, I 1 IP(A); L : {on, aut;, t;}
a¢dH=0dy(@=a D1 blc=y(b,0) CF
aeH=0dq@) =4 D2
(@ =7 D x|y=x[ly+ylx+x]|y CM1
el x=e-x CM?2
adl = autj(ay=a AUl ex|ly=e XYy CM3
acl=autj(@=a AU2 xX+ylz=x|z+Yylz CM4
autj(@ =2a AU3 b-x|c=(b]|c)x CM5
bjc-x=(b]|c)x CM6
adl =>t(@=a RN1 b-x|c.y=((M|oX]|Yy) CM7
acl =t@=t RN2 SX4+y)= X+Yy)|z=x|z+yl|z SCM8
t(@) =t (@) RN S(y+2=x|(y+2=x|y+x|z SCM9
@+x)|y=:5 UCM1
L) =34 L1 @x+y)|z=48 UCM?2
Lx+y)=LX)+L(y) L2 x|@+y) =34 UCM3
L(x-y) = L(x)-L(y) L3 x|@y+2=2=8 UCMA4

Table 4: ACP with autonomous actions

The following theorem shows that the non-BPAaa= operators can be eliminated.

Theorem 5 For every closed ACPaa= term p, there is a basic BPAaa= term s such that ACPaa=
p=s.

Proof (sketch) Consider ACPaa= as aterm rewriting system. That is, consider the axioms A3. .. A7
plusal theaxiomsin Table 4 asrewriterulesfrom left to right. We can usethe method of recursive path
ordering to show that this term rewriting system is strongly normalizing (see [Bave95] for a detailed
description). Here, we only give the partial ordering on the ranked operators of ACPaa=. For k > 1
anda: A,
d<a f{a,.,+)<-<{lo 2o aut;, ti} {l Ik} < Ik < {Lkp1s Ikr1)

Now, it can beverified by structural inductionthat thenormal forms are basic BPAaa= terms. Thebasic
stepissimple. For theinduction step, notethat for any normal form containing anon-BPAaa= operator
applied to normal forms, which by theinduction hypothesisare basic BPAaa= terms, arewriterulecan
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be found in Table 4, which is a contradiction. ]
A process model is defined as before. The process space P is defined as the set of closed ACPaa™
terms. Therelation. —— . isthe smallest relation satisfying the rulesin Tables 2 and 5. Recall that in
Section 2.2, S is defined as the set of stable processes. Notethat foral p: P, p e § & S(p). Let
a,b,c: A e: AC; H, 1 1 IP(A); p, p,g,q9 :Pand p,§: S.

p-Sp p—=s
pla—<s p'lla, gllp -5 qllp’s plg -5 p'llg pla—5-9, qlp->q. plla—S>q
-2 p.§-2 g, y@b=c -2 /.42 /y@b =c
plG— pld, plGd— plid’ PlG—s ./, PllG—=>

- p.a-% /.y@ab=c
Pl4g—p.4lPp—p,pllG—p.G4Ip- p

p-2 p,a¢gH p-2, ., a¢gH
(P -2 au(p) I (p) =/
p-Lp,a¢l p-2 /, adl

aut; (p) -2 aut; (p'), t (p) =25 t(p) aut; (p) 2> /. t(p) =25
p-2 p,acl p-2 ./, ael

aut; (p) -2 aut; (p), t(p) -t (p) aut; (p) - /. t(p) -

i p-Lp BV

I (p) -2 a(p), aut, (p) -2 aut, (p) (P -2 /. aut; (p) 25 /

p_§>|ci/,a¢l p_5>|c3/,ael p_§>\/,_a¢l p_5>¢,_ael

() -t()  t(p)—>t(p) t(p) -2 t (p) - /

Table 5: SOS rules for non-BPAaa= operators
The following property and theorem deal with soundness of ACPaa=.
Property 5 The < preorder is a precongruence w.r.t. the ACPaa= operators.

Proof Let Ry and R, be PBSs. Let Q = | p1, P2, Q1. G2 : P | prRiG1 A p2ReGz e {(P1ll P2, G111 G2)}-
It iseasy to check that Q U Ry U Ry isaPBS, noticing that x || y isstableiff both x and y are stable.
Soforany p1, P2, 01, G2 P, (PL < Q1 A P2 < O2) = P11l P2 < g1 || g2. So < isaprecongruence
for the merge operator. For the left merge operator, under the same assumptions, Q U R1 U R2 U
U Pt P2, 01, G2 P | p1R1G1A P2ReG2e {(p1 L P2, A1 |L02)} isaPBS; asimilar PBSisconstructed for
the communication merge. Inthelatter caseit isessential that communication with unstabl e processes
isd, so the autonomous actions of an unstable process cannot be selectively blocked.

Let RbeaPBS. Define Q = {p,q : P | pRg e (d4(p), dn(q))}. Itiseasy to show that Q U
{(//, +/)} isaPBS, whence < is a precongruence for encapsulation. Like before, it is essentia that
the encapsulation of an autonomous actionisnot §. Thet and aut operators are treated likewise. O
We can now prove soundness and completeness. For Theorem 6 it suffices to check the validity of all
theaxioms. In each caseit isstraightforward to give a strong bisimulationfor the added axioms. Theo-
rem 7 isproved inthe sameway as Theorem 3. After that, completenessfollowsfrom Theorems 1, 5, 6
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and 7. See [D’ Ar95] for more details.
Theorem 6 Let p and q be closed ACPaa™ terms. Then ACPaa= + p < g impliesP/~ = p <q.
Theorem 7 Let p and q be closed BPAaa™ terms. Then ACPaa™~ - p < qiff BPAaa= - p <q.

Theorem 8 Let p and q be closed ACPaa= terms. Then ACPaa= +— p < qiff P/~ E p <q.

5 Example: ABP

The benchmark examplefor process a gebraisthe Alternating Bit Protocol (ABP). Asthe ABP hasre-
cursion aswell ascommunication, we define thetheory ACP'aa= by combining ACPaa= and BPA*aa=,
adding the axiom L4:

Lx*y) =LX)*L(y) for H, I : IP(A); L : {0n, aut), t;}; X,y : P.
A process model can be defined as before. Soundness of ACP*aa= followsfrom Theorems 2 and 6 and
the validity of axiom L4. ACP*aa= is a conservative extension of ACPaa= (and thus of BPAaa=). A
finite compl ete axiomatization does not exist. Inequality /7 and hence equation R.SP* are still vaid.
Furthermore, Property 4 can be generalized to closed ACP'aa™ terms.
A protocol specification usually is of theform (3. ing - outg) * 8, anever-ending loop of reading a
message at oneend and producing the same message at the other end. Verificationsbased on abstraction
give an implementation with interna actions renamed to ¢ and use the special properties of the silent
action t to prove the implementation equal to the specification. Use is made of a“fairness’ axiom, a
simple variant of which can be stated as x(t * y) = x - y. Although such afairnessaxiomissound in
many bisimulation-oriented model s, one may disagreewith it and use more discriminating divergence-
sensitive models instead, in which case the specification equals (3 _y.p inq(t * t)outy(t * 7)) * 4.
In this paper the latter approach is followed, but without silent actions and using pre-abstraction in-
stead. Internal actionsare renamed into an autonomous, but visibleinterna actiont. Our specification
ABP,,.. now reads (Y _y.p inq (T ) outy (1*1))*4, i.e., before any external action, aterminatingt-loop
may take place. ABP;,.. requiresat |east onet-step to be made between two external actions; amore
complex specification can be given that also allows external actionsto succeed one another without t
steps in between. For the sake of simplicity we use ABP;,.. as given above.
An implementation A BP;,,, must satisfy A BP;,,, < ABP;,... A proper implementation never loses
the option of proceeding to a next external action, so it should be of theform C'Y(C * 6§ with CY(C' <
Y qp ma@* Douty T *1) and CYC' . It followsfrom the (generalized) Property 4 that this can be
established by only using the axioms from ACP*aa= + I1 in the verification and avoiding the use of

1 and IIR.
C1 Co
oo
Cq C3

Figure 1. ABP implementation.

In genera, an implementation takes the form t; o aut; o dy (Jlk:k Px), where |, J are sets of actions
internal to theimplementation, H the actionsthat are enforced to communicate and Py for kin K the
component processes. The actionsin J \ |, while remaining internal, are still visible from outside.
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If such actions are not deemed necessary, | and J can be taken equd, as in the ABP implementation
bel ow, that has been adapted from [BeKI86]. It consistsof asender S, areceiver R, amessage channel
K and an acknowledgement channel L. See Figure 1. Let D bethefinite set of datato be transmitted.
For acknowledgements, theelement ack ¢ D isadded and for perturbed communications the element
1 ¢ Du{ack}. Theset B = {0, 1} containsthe alternating bit. For b : B, itsnegation 1 — b iswritten
b’. Wedefinetheset M of messagesas ((DU{ack}) x B)U{_L}. Ford : Du{ack}; b : B, wedenotethe
message (d, b) by dy. Theset C = {1, 2, 3, 4} defines the communication ports. We add the rules for
standard read/send communication. Fork : C; m: M, y (rg(m), sc(m)) = c(m) (and itscommutative
variant). All other communicationsaresettos. Let H = (Jk: C; m: M e {re(m), sc(m)} bethe set
of communication actionsand | = {k : C; m : M e ¢cx(m)} the set of internal actions. Now we can
define ABP;,,, asfollows. For b € B, ABP;,,, =t caut; o 94(S|| K || L | R), where
S=(S%-S)*s S = ) _g:p 1~ S1(dp) (((ra(@cky) + ra(L))si(dp)) *ra(acks))
R=(Ro-R1)*$ Ro = ((Xg:p r2(dy) + r2(L))ss(acky)) * ((3_g.p r2(dp) outs)sz(acky))
K=P2 L=Psg P j=Q mrim sj(m +1t-sp(L))*s
By standard techniquesand R.SP*, one derives
ABPiy, = (Y4 ina - TE°* P out, - TE°*T2)) *s.
Here, T isthe abbreviationof T.T . . . Titerated k times. Thefact that ABP;,,, < ABP;,.. followsfrom
the following derivation, showing that T *t™) < t*T forany k, I, m > 0.
By BKS1, t*t =t({*t) +t. Sofromlland |2,
t<t*t, t@*)) <t*t.
By induction, and the transitivity of <, we concludethat for al k > 0,
@D <, qt <T*T
Using theseresults, A3, BKS1and | 1, we deduce that for any |, m > 0,
PO+ < i4+ T =TT =10 D +T <T@ DH + T+
Applying /1, we obtain ' *t" < T*T. Thisresult, the fact that for all k > 0, T *T) < T*T and the
transitivity of < yield
£ ) < T*E.
This concludes our verification. Since the verfication took place within ACP'aa= + 11, the implemen-
tation A BP;,,, isaproper one.

6 Conclusonsand Further Work

Actions with special properties do enrich process algebra. The present paper discusses autonomous
actions, as an aternative to the “partial choice” operator of [BaBe94]. Thisleads to an agebrawith
similar expressive power and simpler axioms and models. Termsin the theory BPA ., Basic Process
Algebrawith partial choice, can be expressed in BPAaa= by means of asingleautonomousactiont and
following the p-graph construction of [BaBe94]. For example, the expression (a&b) + ¢ is mapped
tot(a+c)+t(b+ o).

For reasoning with infinite processes, the /7, 111 and IIR inequalities have been introduced. These
inequalitiesmay be carried over to other simulation-oriented preorders and can probably be widened
in scope to (guarded) recursion.

One can imagine other kinds of special actions, like delayable actions & or irrevocable actions & that
e.g. satisfy theequationsa - x = d||x (c.f. the silent step in weak bisimulation)and x-&4-y + x-a.z =
X(&-y+4a-2) (c.f. ready trace semantics, [Gla90]). Another extension isthe addition of thesilent action
7. Branching bisimulation [GIWe89] can be extended to partial branching bisimulation along thelines
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of this paper, giving an algebrawith two different silent actions: T and T. Both satisfy the branching
equations; only the latter satifies | 1 and | 2. Although the ABP example shows that silent actions and
full abstraction have ceased to be necessary for some verifications, they neverthel ess simplify matters
considerably.

Thetheory in this paper can be applied to Petri Netslikein [BaVo95] to discriminate between the con-
sumption and production of tokens. Production of tokens can be considered as autonomousin the sense
of the present paper. Thisleadsto an inequational theory for netswith similar advantages with respect
to software engineering as stated in the introduction.

References

Abr87 S. Abramsky: Observation Equivalenceasa Testing Equivalence, TCS53, pp. 225-241 (1987)

BaBe88 J.C.M. Baeten, J.A. Bergstra: Global Renaming Operatorsin Concrete ProcessAlgebra, 1&C
78, pp. 205-245 (1988)

BaBe94 J.C.M. Bageten, JA. Bergstras Process Algebra with Partial Choice, in: Johnson, Parrow
(eds.) Proc. CONCUR 94, pp. 465-480, LNCS 836, Springer 1994

Baved5 J.C.M. Bagten, C. Verhoef: Concrete Process Algebra, in: Abramsky, Gabbay, Maibaum
(eds.) Handbook of Logicin Computer Science, Val. 4, pp. 149-268, Oxford Univ. Press 1995

Bawed0 J.C.M. Baeten, W.P. Weijland: Process Algebra, Cambridge University Press 1990

BaVo95 T. Basten, M. Voorhoeve: An Algebraic Semantics for Hierarchical P/T Nets (extended ab-
stract), in: Proc. Applicationsand Theory of Petri Nets, pp. 45-65, LNCS 935, Springer 1995

BeBP94 JA. Bergstra, |. Bethke, A. Ponse: Process Algebra with Iteration and Nesting, The Com-
puter Journal 37(4), pp. 241-258 (1994)

BeK186 JA.Bergstra, J. Klop: Verification of an alternating bit protocol by means of processalgebra
in: W. Bibel, K.P. Jantke: Math. Methods of Spec. and Synth. of Softw. Systems, pp. 9-23, LNCS
215, Springer 1986

D’Ar95 PR. D’Argenio: A General Conservative Extension Theorem in Process Algebras with In-
equalities, in: Ponse, Verhoef, v. Vlijmen (eds.) Proc. ACP95, Computing Science Reports 95-
14, pp. 67-79, Eindhoven Univ. Tech. 1995.

Foza94 W.J. Fokkink, H. Zantema: Basic Process Algebrawith Iteration: Completeness of its Equa-
tional Axioms, The Computer Journal 37(4), pp. 259-267 (1994)

GIWe89 R.J. van Glabbeek, W.P. Weijland: Branching Time and Abstractionin Bisimulation Seman-
tics, in: G.X. Ritter (ed.): InformationProcessing: Proc. IFIP 11th World Computer Congress,
pp. 613-618, North-Holland 1989

Gla90 R.J.van Glabbeek: TheLinear Time- Branching Time Spectrum, in: Baeten, Klop (eds.) Proc.
CONCUR 90, pp. 278-297, LNCS 458, Springer 1990

Hen88 M. Hennessy: Algebraic Theory of Processes, MIT Press 1988
Hoa85 C.A.R. Hoare: Communicating Sequential Processes, Prentice-Hall 1985

Sew94 P. Sewell: Bisimulationisnot (First Order) Equationally Axiomatizable,in: ProceedingsLICS
1994, pp. 62-70, IEEE Comp. Soc. Press, 1994

Wal90 D.J. Walker: Bisimulation and Divergence, 1&C 85, pp. 202-241 (1990)

12



