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Abstract. In a previous paper, we presented several extensions of ACP
with conditional expressions, including one with a retrospection opera-
tor on conditions to allow for looking back on conditions under which
preceding actions have been performed. In this paper, we add a constant
for a process that is only capable of terminating successfully to those
extensions of ACP, which can be very useful in applications. It happens
that in all cases the addition of this constant is unproblematic.
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1 Introduction

In [9], we presented several extensions of ACP [7, 6] with conditional expressions.
The main extensions of ACP presented in [9] are ACP®, an extension of ACP
with conditional expressions of the form (:— p in which the conditions are taken
from a free Boolean algebra over a set of generators, ACP, an extension ACP*
with a signal emission operator on processes, and ACP, an extension of ACP¢
with a retrospection operator on conditions. Signal emission is usable for a special
kind of condition evaluation. Retrospection allows for looking back on conditions
under which preceding actions have been performed. We also extended ACP®
and ACP®" with operators devised for condition evaluation and we outlined an
application of ACP® in which it allows for using conditions which express that
a certain number of steps ago a certain action must have been performed.

In this paper, a constant for a process that is only capable of terminating
successfully is added to the different extensions of ACP presented in [9]. This
constant is often referred to as the empty process constant. In the past, the
addition of the empty process constant to ACP has been treated in several ways.



The treatment in [16] yields a non-associative parallel composition operator. The
first treatment that yields an associative parallel composition operator [19] is
from 1986, but was not published until 1997. The addition of the empty process
constant to different extensions of ACP in this paper is based on [5].

It is clear from early work [16,19] that the addition of the empty process
constant to ACP was rather problematic. Its addition to the different extensions
of ACP with conditional expressions presented in [9] turns out to present no
additional complications. For that reason, we look upon this paper in its current
form primarily as supplementary material to [9].

The structure of this paper is as follows. First of all, we introduce ACP?,
the extension of ACP® with the empty process constant (Section 2). After that,
we introduce conditional transition systems and splitting bisimilarity of condi-
tional transition systems (Section 3) and the full splitting bisimulation models of
ACP¢, the main models of ACPY (Section 4). Following this, we have a closer look
at splitting bisimilarity based on structural operational semantics (Section 5).
Next, we extend ACP{ with guarded recursion (Section 6). Thereupon, we ex-
tend ACP{ with condition evaluation operators (Section 7), with state operators
(Section 8) and with a signal emission operator (Section 9); and analyse how
those operators are related. We also adapt the full splitting bisimulation models
of ACP?¢ to the full signal-observing splitting bisimulation models of ACPS®, the
extension of ACP{ with signal emission (Section 10). After that, we extend ACP¢
with a retrospection operator (Section 11) and adapt the full splitting bisimu-
lation models of ACP{ to the full retrospective splitting bisimulation models of
ACP{, the extension of ACP{ with retrospection (Section 12). Thereupon, we
extend ACP{" with condition evaluation operators as well (Section 13). We also
outline an interesting application of ACPS" (Section 14). Finally, we make some
concluding remarks (Section 15).

Some familiarity with Boolean algebras is desirable. The definitions of all
notions concerning Boolean algebras that are used can be found in [17].

We thank Jan van Eijck. He communicated an application of ACP® to us
which involves a register update mechanism that cannot be dealt with in full
generality without the empty process constant. This forms the greater part of
our motivation to work out the addition of the empty process constant to ACP€.

2 ACP. with Conditions

In this section, we present ACP¢, an extension of ACP, [5,6] with conditional
expressions of the form ¢:—p. ACP{ can be regarded as an extension of ACP® [9]
with the empty process constant too. In ACP¢, as in ACP,, it is assumed that a
fixed but arbitrary finite set of actions A, with 0, ¢ & A, and a fixed but arbitrary
commutative and associative communication function |:As x As — As, such that
0 |a =24 for all a € As, have been given. The function | is regarded to give the
result of synchronously performing any two actions for which this is possible,
and to be § otherwise. Moreover, it is assumed that a fixed but arbitrary set of
atomic conditions Cy has been given.



Let x be an infinite cardinal. Then Cy is the free xk-complete Boolean algebra
over Cy.! As usual, we identify Boolean algebras with their domain. Thus, we
also write C, for the domain of C,.. If k is regular,? then C, is isomorphic to
the Boolean algebra of equivalence classes with respect to logical equivalence of
the set of all propositions with elements of C,; as propositional variables and
with conjunctions and disjunctions of less than x propositions (see e.g. [17]). In
ACP¢, conditions are taken from Cy,. If C, is a finite set, then C,, = Cy, for all
cardinals k > Ng. We are also interested in C,, for cardinals x > Ny because it
permits us to consider infinitely branching processes in the case where C,; is an
infinite set. Henceforth, we write C for Cy,.

The algebraic theory ACP¢ has two sorts:

— the sort P of processes;
— the sort C of conditions.

The algebraic theory ACP¢ has the following constants and operators to build
terms of sort P:

— the deadlock constant ¢ : P;

— the empty process constant € : P;

— for each a € A, the action constant a : P;

— the binary alternative composition operator +: P x P — P;

— the binary sequential composition operator - : P x P — P;

— the binary guarded command operator :— : C x P — P;

— the binary parallel composition operator || : P x P — P;

— the binary left merge operator || : P x P — P;

— the binary commaunication merge operator | : P x P — P;

— for each H C A, the unary encapsulation operator Oy : P — P.

The algebraic theory ACP¢ has the following constants and operators to build
terms of sort C:

the bottom constant L : C;

— the top constant T : C;

for each n € Cu, the atomic condition constant 7 : C;
— the unary complement operator —: C — C;

the binary join operator LI: C x C — C;

the binary meet operator M: C x C — C.

We use infix notation for the binary operators. The following precedence con-
ventions are used to reduce the need for parentheses. The operators to build
terms of sort C bind stronger than the operators to build terms of sort P. The
operator - binds stronger than all other binary operators to build terms of sort
P and the operator 4 binds weaker than all other binary operators to build
terms of sort P.

! For a definition of free x-complete Boolean algebras, see e.g. [17].
2 For a definition of regular cardinals, see e.g. [18,13]. They include Ro, N1, Ro, ... .



The constants and operators of ACP{ to build terms of sort P are the con-
stants and operators of ACP. and additionally the guarded command operator.
Let p and ¢ be closed terms of sort P and ¢ and & be closed terms of sort C,
a € A, HCA, and n € C,. Then, intuitively, the constants and operators to
build terms of sort P can be explained as follows:

— J can neither perform an action nor terminate successfully;

— € terminates successfully, unconditionally;

— a first performs action a and then terminates successfully, both uncondition-
ally;

— p + q behaves either as p or as ¢, but not both;

— p - q first behaves as p, but when p terminates successfully it continues by
behaving as g;

— (:— p behaves as p under condition (;

— p|| ¢ behaves as the process that proceeds with p and ¢ in parallel;

— p || ¢ behaves the same as p || ¢, except that it starts with performing an
action of p;

— p|q behaves the same as p|| g, except that it starts with performing an action
of p and an action of ¢ synchronously;

— Jp(p) behaves the same as p, except that actions from H are blocked.

Intuitively, the constants and operators to build terms of sort C can be explained
as follows:

— 7 is an atomic condition;

— 1 is a condition that never holds;
— T is a condition that always holds;
— —( is the opposite of (;

— (U¢ is either ¢ or &;

— (M¢is both ¢ and &.

Some earlier extensions of ACP include conditional expressions of the form
p <1( > q; see e.g. [2]. Just as in [9], we treat conditional expressions of the form
p <A(> q, where p and ¢ are terms of sort P and ¢ is a term of sort C, as
abbreviations. That is, we write p <> ¢q for (:—p+ —( :—gq.

The axioms of ACP{ are given in Table 1. CM3, CM7, C1-C3 and D1-D2
are actually axiom schemas in which a, b and ¢ stand for arbitrary constants of
ACP{ that differ from € (i.e. a,b,c € As). In DO-D4, H stands for an arbitrary
subset of A. So, DO, D3 and D4 are axiom schemas as well. Axioms A1-A9,
CM1T, TM2, CM3, CM4, TM5, TM6, CM7-CM9, C1-C3 and D0-D4 are the
axioms of ACP.. Axioms BA1-BAS are the axioms of Boolean Algebras (BA).
So ACP¢ imports the (equational) axioms of both ACP, and BA. The axioms of
BA have been taken from [15]. Several alternatives for this axiomatization can
be found in the literature. Axioms GC1-GC11 have been taken from [2], but the
axiom -2z <1¢>y-z= (x> y) -z (CO5) is replaced by the simpler axiom
¢p:—x-y=(p:—x) y (GCH) and similarly for axioms GC8-GC11.

The terms of sort C are interpreted in C as usual.



Table 1. Axioms of ACP? (a, b, c € As)

r+y=y+uz Al Ou(e) =€ Do
(z4+y)+z=2+(y+2) A2 Ou(a) =a ifag H DI
rT+zr=zx A3 Or(a) =0 ifae H D2
(z4y)-z=x-24y-z A4 Ou(z+y) =0u(z)+ u(y) D3
(-y)-z=z-(y 2) Ab Ou(x-y) = 0n(x) - On(y) D4
c+o=x A6
0-x=4 AT Ti—mz=x GC1
T-e=zx A8 l:—ax=94 GC2
€-rT=u1 A9 ¢p:—5=90 GC3
o= (r+y)=¢:—>x+¢:—y GC4
slly=cly+ylotely+ iz y=($mz)y Ges
Oa(z) - Oay) CMIT ¢:— (Y:—z)=(pMNY):—z GC6
elz=90 TM2 (pUY):—mz=¢:—z+¢Y:—z GCT
a-zly=a-(z|y) CM3 (=) ly=0¢:—(z|y) GC8
@ty lz=zllz+yl= CM4  (¢:—x)|y=9¢:—(z|y) GC9
elx=20 TM5 z|(p:—y)=¢:— (z]|y) GC10
zle=46 TM6 Ou(¢p:—x) = ¢:— Ou(x) GC11
azlby=(alb) @)y  OMT
(z+y)|lz=z|z+y]|2 CM8 pULl=¢ BA1
z|(y+z2)=z|y+z|z CM9  ¢pU—¢=T BA2
dUB =1 Ud BA3
alb=bla Cl  GUE@NY=(PUYN(@UX) BAL
(a|lb)|c=a](b]e) C2 pNT =09 BA5
dla=94 C3 pN—¢p=_1 BA6
SMY=hM BA7

dN(pUx)=(pNY)U(¢Mx) BAS

We proceed to the presentation of the structural operational semantics of
ACPS. The following relations on closed terms of sort P from the language of
ACP¢ are used:

— for each a € C\ {L}, a unary relation [®I|;
— for each £ € (C\ {L}) x A, a binary relation L.

We write p [?]] instead of p € [*] and p HCEN q instead of (p,q) € {9, The

relations (| and £ can be explained as follows:
— pl]: pis capable of terminating successfully under condition o
- p Lol q: p is capable of performing action a under condition o and then
proceeding as q.



Table 2. Transition rules for ACP{
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The structural operational semantics of ACP?¢ is described by the transition rules

given in Table 2.

3 Transition Systems and Splitting Bisimilarity for ACP¢

In this section, we adapt the definitions of conditional transition systems and
splitting bisimilarity of conditional transition systems from [9] to the presence
of a process that is only capable of terminating successfully. In Section 4, we will
make use of conditional transition systems and splitting bisimilarity of condi-
tional transition systems as defined in this section to construct models of ACP¢.

The transitions of conditional transition systems have labels that consist of
a condition different from | and an action. Labels of this kind are sometimes

called guarded actions. Henceforth, we write C,; for C,, \ {L}.

Let k be an infinite cardinal. Then a k-conditional transition system T con-

sists of the following:

a set S of states;

a set i>§S><S, for each ¢ € C; x A;
— aset ] C S, for each a € C;

an initial state s° € S.



If (s,8") € L for some £ € C,, x A, then we say that there is a transition from
s to s'. We usually write s 1ol o instead of (s,8') € {29, and s [@]] instead
of 5 € [°|. Furthermore, we write — for the family of sets (i’)eecg «a and | for
the family of sets (1))

The relations [*)] and £ can be explained as follows:

a€lCy ”

— 5[] in state s, it is possible to terminate successfully under condition «;
— s HELN s’: in state s, it is possible to perform action a under condition o,

and by doing so to make a transition to state s’.

A conditional transition system may have states that are not reachable from
its initial state by a sequence of transitions. Unreachable states, and the transi-
tions between them, are not relevant to the behaviour represented by the tran-
sition system.

Let T = (S,—,|,s%) be a k-conditional transition system (for an infinite
cardinal ). Then the reachability relation of T is the smallest relation — C Sx S
such that:

— s>

0
—if s = s’ and s — s”, then s — s”.

We write RS(T) for {s € S | s° — s}. T is called a connected r-conditional
transition system if S = RS(T).

Henceforth, we will only consider connected conditional transition systems.
However, this often calls for extraction of the connected part of a conditional
transition system resulting from composition of connected conditional transition
systems.

Let T = (S,—,|,s%) be a k-conditional transition system (for an infinite
cardinal k) that is not necessarily connected. Then the connected part of T,
written I'(T"), is defined as follows:

L(T) = (5, ~" 1,5,

S"=RS(T),

and for every £ € C, x Aand a € C:
Lr=Ln(s =8,
[/ = [ 05",

It is assumed that for each infinite cardinal x a fixed but arbitrary set Sy
with the following properties has been given:

— the cardinality of S, is greater than or equal to k;



— if Sl,SQ - Sm then Sl (] Sg - S,.Q and 51 X SQ - SK.B

Let x be an infinite cardinal. Then CTSY, is the set of all connected x-
conditional transition systems T = (S, —,|,s") such that S C S, and the
branching degree of T is less than &, i.e. for all s € S, the cardinality of the
set {(£,5') € (Co xA)x S| (s,8) € BYU{aeCr|s e} isless than k.

The condition S C S, guarantees that CTS, is indeed a set.

A conditional transition system is said to be finitely branching if its branching
degree is less than Ry. Otherwise, it is said to be infinitely branching.

The identity of the states of a conditional transition system is not relevant to
the behaviour represented by it. Conditional transition system that differ only
with respect to the identity of the states are isomorphic.

Let Th = (S1,—1,11,8)) and Ty = (Sa, —2, |4, 89) be r-conditional transition
systems (for an infinite cardinal k). Then T7 and Tb are isomorphic, written
Ty = T, if there exists a bijective function b:S; — Sy such that:

— b(sY) = s9;

— 51 5y S| i b(s1) Sa b(s));
— s 1] iff b(s) 1],

Henceforth, we will always consider two conditional transition systems essentially
the same if they are isomorphic.

Remark 3.1. The set CTS, is independent of S,;. By that we mean the following.
Let CTS¢ and CTSt' result from different choices for S,. Then there exists a
bijection b: CTSS, — CTS,’ such that for all T € CTS¢, T = b(T).

Bisimilarity has to be adapted to the setting with guarded actions. In the
definition given below, we use two well-known notions from the field of Boolean
algebras: a partial order relation C on C,, and a unary operation | | on the set
of all subsets of C,; of cardinality less than s (for each infinite cardinal ). The
relation C and the operation | | are defined by

aCpiff aup=p and | |C is the supremum of C'in (Cy,C) ,

respectively. The operation | | is defined for all subsets of Cy, of cardinality less
than k because C, is k-complete.

Let T = (Sl,ﬁl,ll,sg) S (CTS; and Tp, = (SQ,—>2,J,2,8(2)) S (CTS; (fOI‘
an infinite cardinal k). Then a splitting bisimulation B between Ty and T5 is
a binary relation B C Sy x Sy such that B(s{,s9) and for all sq,s such that
B(Sl, 82)2

—if sy L%, s}, then there is a set C'S4 C C,; x Sq of cardinality less than

k such that o C | |dom(CS}) and for all (o, s5) € CSh, sa m@ sh and
B(s1,53);

3 We write AW B for the disjoint union of sets A and B, i.e. AW B = (A x {§}) U
(B x {{0}}). We write pu1 and us for the associated injections pu; : A — AW B and
p2: B — AW B, defined by p1(a) = (a,0) and u2(b) = (b, {0}).



— if 89 B]—a—m sh, then there is a set C'S] C C, x S of cardinality less than

[@]a

# such that @ C | |dom(CS7) and for all (o/,s)) € CS}, s1 ——1 s} and
B(s1, 5);

— if s; 19|, then there is a set C’ C C of cardinality less than s such that
aC | |C" and for all o/ € C, s ["‘/]l2;

— if s5 [@]],, then there is a set €’ C C,. of cardinality less than « such that
a C]C and for all o € €7, 51 []].

Two conditional transition systems 17, T, € CTS¢, are splitting bisimilar, written
Ty = T, if there exists a splitting bisimulation B between 77 and T5. Let B be
a splitting bisimulation between T; and T,. Then we say that B is a splitting
bisimulation witnessing Ty < Tb.

The name splitting bisimulation is used because a transition of one of the
related transition systems may be simulated by a set of transitions of the other
transition system.

It is easy to see that & is an equivalence on CTS¢. Let T' € CTS{,. Then we
write [T for {T" € CTS, | T = T'}, i.e. the &=-equivalence class of T. We
write CTS¢, /< for the set of equivalence classes {[T']o | T € CTS¢}.

In Section 4, we will use CTS{, as the domain of a structure that is a model
of ACP¢. As the domain of a structure, CTS, /< must be a set. That is the case
because CTS, is a set. The latter is guaranteed by considering only conditional
transition systems of which the set of states is a subset of S.

Remark 3.2. The question arises whether S, is large enough if its cardinality is
greater than or equal to k. This question can be answered in the affirmative.
Let T = (S,—,],5") be a connected k-conditional transition system of which
the branching degree is less than k. Then there exists a connected k-conditional
transition system T" = (S, —', |’, s°") of which the branching degree is less than
k such that T < T" and the cardinality of S’ is less than k.

It is easy to see that, if we would consider conditional transition systems with
unreachable states as well, each conditional transition system would be splitting
bisimilar to its connected part. It is also easy to see that isomorphic conditional
transition systems are splitting bisimilar.

4 Full Splitting Bisimulation Models of ACP¢

In this section, we introduce the full splitting bisimulation models of ACP¢.
They are models of which the domain consists of equivalence classes of condi-
tional transition systems modulo splitting bisimilarity. The qualification “full”
expresses that there exist other splitting bisimulation models, but each of them
is isomorphically embedded in a full splitting bisimulation model.

The models of ACP{ are structures that consist of the following:

— a non-empty set D, called the domain of the model,;
— for each constant of ACP{, an element of D;



— for each m-ary operator of ACP¢, an n-ary operation on D.

In the full splitting bisimulation models of ACP{ that are introduced in this
section, the domain is CTS¢, /< for some infinite cardinal k. We obtain the models
concerned by associating certain elements of CTS¢ /& with the constants of
ACP¢ and certain operations on CTS¢ /< with the operators of ACPS. We begin
by associating elements of CTS{, and operations on CTS{, with the constants and
operators. The result of this is subsequently lifted to CTS¢ /<.

It is assumed that for each infinite cardinal x a fixed but arbitrary function
chy : (P(Ss) \ 0) — S, such that for all S € P(S) \ 0, ch,(S) € S has been
given.

We associate with each constant ¢ of ACP{ an element ¢ of CTS¢, and with
each operator f of ACP{ an operation 7 on CTS¢, as follows.

- /5\ = ({SO}’Q),Q)’SO) )

where
8% = ch,(S,) -
- €=({s},0,1,5"),
where
s¥ = ch(Sy),
[T]l = {30} ,
and for every oo € C,; \ {T}:
o] = ¢ .
- a = ({S ,S‘/},—>,l,80) )
where
SO - H(Sli) 5

0,
0.

— Let T; = (Si, —, |;,8?) € CTSE for i = 1,2. Then
Tl :F T2 - F(quv »L?SO) )
where

5% = ch, (S, \ (S1 WS7)),
S ={s"}uU(S1¥S,y),

10



and for every (a,a) € C; x Aand o/ €C:
(ev,a)

u{s®|s
U {pa(s) | s Mh}
U {p2(s)

— Let T; = (S;, =i, 1;,8)) € CTSE, for i = 1,2. Then

T =T =T(S,—, 1,s9),
where
S=5w5,,
and for every (o,a) € C; x Aand o € C:

@8, — {(ur(s), () | s 2% ' A = FBes’ B}

{
U {1 (s), pa(s3)) | 35/, Bos 1%, o A 5" 19]] )
U {(u2(s9), pa(s")) |

35,8, «s P, A 9 5] a — s Aa=pnNng"}

U {(p2(s), pa(s)) | s 1%, & A s # 59}

D) = {u2(s9) | 35, 8,8« s P A 3 PN, A of = B0 37
U {ua(s) [ s Uy n s # 59} .

— Let T = (S, —, |, s") € CTSE. Then
a =T =T(5-"1,5),
where for every (o/,a) € C; x A and o’ € C:
L2 — (s, ) 1300 2 LBy A o =anp)
U{(s,s)|s ]as/\s;éso}

)7 ={s2]3Bes® VA o =an g3}
U{s|sl A s,

— Let T; = (Si, =, |;,8Y) € CTSE for i = 1,2. Then

TIH\TZ = (Su_nlvso) )

11



where

s0 = (89758) )

S =5 x5,

and for every (a,a) € C; x A and o € C:

ﬁ
BN
IS}
&
=
N
o
-
)
(v}
N
—~
o
A
)
L]
S—
")
=
j]@
~
o
P
>
)
(V]
m
R
—

\/ P G L N A LN sh A
of \B'ECT, al b EA N =and|b=a)},
] = {(s1, 82) | \/ (s1 A s P, A &/ B =)} .
a',p'eCy

— Let T; = (Si,—4,1;,5%) € CTSE for i = 1,2. Suppose that T} [ T, =
(S, —,1,8%). Then

T[T, =T(5,—", 1,s"),
where
s% = chy(Sc \ S)
S ={s"1USs,
and for every (a,a) € C, x A:
O (5 (s, 59)) | 8§ Ay s} UL

— Let T; = (S;,—i,1;,8Y) € CTSE for i = 1,2. Suppose that Ty ﬂTg =
(S,—,1,s%). Then

T[Ty =T(5"~",1,s"),
where

5% = ch.(S. \ S),

S ={s"1us,

and for every (a,a) € C, x A:

L28r — {(% (51, 82)) |

\/ (SgﬂlslAsgﬂ)Q@A
of \B'eCT, a’ b EA odnNpl=and|b=a)}.

12



— Let T = (S, —,],s") € CTS. Then
Ou(T) =T(S,~", 1,s") ,

where for every (a,a) € C; x (A\ H):

(@0) , _ (aa)

and for every (a,a) € C, x H:

(a,a) 4 — @ .
In the definition of alternative composition on CTS{,, a new initial state is in-
troduced because, in T; and/or Th, there may exist a transition back to the
initial state. The connected part of the resulting conditional transition system
is extracted because the initial states of 77 and 75 may be unreachable from the
new initial state.

Remark 4.1. The elements of CTS{, and the operations on CTS{, defined above
are independent of ch,. Different choices for ch, lead for each constant of ACP
to isomorphic elements of CTS¢, and lead for each operator ACP? to operations
on CTS¢, with isomorphic results.

We can show that splitting bisimilarity is a congruence with respect to the
operations on CTS¢, associated with the operators of ACP¢.

Proposition 4.1 (Congruence). Let k be an infinite cardinal. Then for all
T17T2,T1,T2 S CTS and o € C,.i, T = Tl and Ty = T2 zmply T1 +T2 = Tl +T2,
T TQ <:>T1AT2, « HTl haye’ *)Tl Tl || TQ <:>T1 HTQ, Tl I_LTQ <:>711 I.I,T27
T1 | TQ <:>Tl | T2 and 8H(T1) <:>(9H(T‘1)

Proof. For all operations except ﬂ, witnessing splitting bisimulations are con-
structed in the same way as in the congruence proofs for the corresponding
operations on CTS,, given in [9]. For ﬂ, the construction of a witnessing split-
ting bisimulation is easier than in [9].4 Let Ry and Ry be splitting bisimulations
witnessing 77 & Ty and Ty & T4, respectively. Then we construct relations 1
as follows:

o Rﬂ = {((51752)’ (5,175/2)) | (5175/1) € Ry, (3275/2) S RQ}

Given the definition of parallel composition, it is easy to see that Rﬂ is a splitting
bisimulation witnessing T} | 7o < T} || T3 O

€C
K

The full splitting bisimulation models one for each infinite cardinal k,

consist of the following:

4 Because the relation constructed in [9] is by mistake the same as the one constructed
in this paper, we should actually say “in the revision of [9] that can be found at
www.win.tue.nl/“keesm/sbrc.pdf”.
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— a set P, called the domain of B¢°;
— for each constant ¢ of ACP¢, an element ¢ of P;
— for each n-ary operator f of ACP{, an n-ary operation f on P;

where those ingredients are defined as follows:

P =CTS: /=,

) :[S]Q, a—=[TNle =la=Tls.
€ =[€le, (T[T = [T T)e
a =lals, [T ]e [ Te)e = [T [T])e
[Ti]e +[T2]e=[T1 + D], [T1)e [ [Te)e = [T ] T2ls
[Ti]e " [T2]le = [T~ T2]s on((Thle)  =1[0n(T))]s -

The operations on CTS¢ /< are well-defined because € is a congruence with
respect to the corresponding operations on CTSE .
The structures P¢° are models of ACPY.

Theorem 4.1 (Soundness of ACPY). For each infinite cardinal k, we have
P = ACPE.

Proof. Because & is a congruence, it is sufficient to show that all additional
axioms are sound. The soundness of all additional axioms follows easily from the
definition of B¢°. O

For all axioms that are in common with ACP®, the proof of soundness with
respect to P follows the same line as the proof of soundness with respect to
.

The full splitting bisimulation models are related by isomorphic embeddings.

Theorem 4.2 (Isomorphic Embedding). Let k and k' be infinite cardinals
such that k < k’. Then P is isomorphically embedded in JPES.

Proof. The proof is analogous to the proof of the corresponding property for the
full splitting bisimulation models of ACP® given in [9]. O

5 SOS-Based Splitting Bisimilarity for ACP{

It is customary to associate transition systems with closed terms of the language
of an ACP-like theory about processes by means of structural operational se-
mantics and to identify closed terms if their associated transition systems are
splitting bisimilar.

The structural operational semantics of ACP{ presented in Section 2 deter-
mines a conditional transition system for each process that can be denoted by
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a closed term of sort P. These transition systems are special in the sense that
their states are closed terms of sort P.

Let p be a closed term of sort P. Then the transition system of p induced by
the structural operational semantics of ACP{, written CTS(p), is the connected
conditional transition system I'(S, —, |, s"), where:

— S is the set of all closed terms of sort P;

— the sets %%, € § x S and [l € S for each o € C\ {1} and a € A are the
smallest subsets of S x S and S, respectively, for which the transition rules
from Table 2 hold;

— 5% € S is the closed term p.

Let p and ¢ be closed terms of sort P. Then we say that p and g are splitting
bisimilar, written p < ¢, if CTS(p) & CTS(q).

Clearly, the structural operational semantics does not give rise to infinitely
branching conditional transition systems. For each closed term p of sort P, there
exists a T' € CTS§, such that CTS(p) = T'. In Section 4, it has been shown that
it is possible to consider infinitely branching conditional transition systems as
well.

6 Guarded Recursion

In order to allow for the description of (potentially) non-terminating processes,
we add guarded recursion to ACP;.

A recursive specification over ACP? is a set of equations F = {X = tx |
X €V} where V is a set of variables and each tx is a term of sort P that only
contains variables from V. We write V(E) for the set of all variables that occur
on the left-hand side of an equation in E. A solution of a recursive specification
E is a set of processes (in some model of ACP¢) {Px | X € V(E)} such that the
equations of E hold if, for all X € V(E), X stands for Px.

Let ¢ be a term of sort P containing a variable X. We call an occurrence of X
in t guarded if t has a subterm of the form a-t' containing this occurrence of X.
A recursive specification over ACP¢ is called a guarded recursive specification if
all occurrences of variables in the right-hand sides of its equations are guarded
or it can be rewritten to such a recursive specification using the axioms of ACP;
and the equations of the recursive specification. We are only interested in models
of ACP¢ in which guarded recursive specifications have unique solutions.

For each guarded recursive specification E and each variable X € V(E), we
introduce a constant of sort P standing for the unique solution of E for X. This
constant is denoted by (X|E). We often write X for (X|E) if F is clear from
the context. In such cases, it should also be clear from the context that we use
X as a constant.

We will also use the following notation. Let ¢ be a term of sort P and E be
a guarded recursive specification over ACP{. Then we write (¢|E) for ¢ with, for
all X € V(E), all occurrences of X in ¢ replaced by (X|E).

The additional axioms for recursion are the equations given in Table 3. Both
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Table 3. Axioms for recursion

(X|E) = (tx|E) #X=tx€c€E RDP
E=X=(X|E) fX€eV(E) RSP

Table 4. Transition rules for recursion

(tx|E) @] (tx|B) 9% o
— X=tx € E —————— X=tx € FE
(X|E) 1] (x|E) 121, »

RDP and RSP are axiom schemas. A side condition is added to restrict the
variables, terms and guarded recursive specifications for which X, tx and F
stand. The additional axioms for recursion are known as the recursive definition
principle (RDP) and the recursive specification principle (RSP). The equations
(X|E) = (tx|E) for a fixed E express that the constants (X|E) make up a
solution of E. The conditional equations E = X = (X|E) express that this
solution is the only one.

The structural operational semantics for the constants (X |E) is described by
the transition rules given in Table 4.

In the full splitting bisimulation models of ACP¢, guarded recursive specifi-
cations over ACP¢ have unique solutions.

Theorem 6.1 (Unique solutions in PB<°). For each infinite cardinal k,
guarded recursive specifications over ACPY have unique solutions in .

Proof. The proof is analogous to the proof of the corresponding property for the
full splitting bisimulation models of ACP® given in [9]. O

Thus, the full splitting bisimulation models P’ of ACP¢ with guarded recursion
are simply the expansions of the full splitting bisimulation models §¢¢ of ACP¢
obtained by associating with each constant (X|E) the unique solution of E for
X in the full splitting bisimulation model concerned.

7 Evaluation of Conditions

Guarded commands cannot always be eliminated from closed terms of sort P
because conditions different from both L and T may be involved. The condition
evaluation operators introduced below, can be brought into action in such cases.
These operators require to fix an infinite cardinal A. By doing so, full splitting
bisimulation models with domain CTS¢, /< for x > A are excluded.

There are unary A-complete condition evaluation operators CEj,:P — P and
CE;, : C — C for each A-complete endomorphisms h of Cy.%

These operators can be explained as follows: CEj(p) behaves as p with each
condition ¢ occurring in p replaced according to h. If the image of Cy under h

® For a definition of k-complete endomorphisms, see e.g. [17].
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Table 5. Axioms for condition evaluation (a € As, n € Cor, 7’ € Ce U{L, T})

CEn(e) =€ CE1T CEx(L) =1 CE6
CEn(a-z) =a- CEp(x) CE2 CEL(T) =T CE7
CEn(z +y) = CEn(z) + CEx(y) CE3 CEn(n) =7 if h(n) =n" CES8
CEn(¢:— x) = CEx(¢) :— CEp(x) CE4 CEn(—¢) = —CEn(0) CE9
CEn(CEp (z)) = CEpons () CE5 CEn(¢ L) = CExn(¢) UCEL(y) CE10
CEn(¢Mv) = CEn(¢) M CEx(¥) CEL1

z 4] LN
—h(§) £ L h(e) # L
CEp () (M) CEn(z) L909, cE, (21

is B, i.e. the Boolean algebra with domain {1, T}, then guarded commands can
be eliminated from CEj(p). In the case where the image of C) under h is not B,
CEp, can be regarded to evaluate the conditions only partially.

Henceforth, we write H for the set of all A-complete endomorphisms of C,.

The additional axioms for CEj, where h € H,, are the axioms given in
Table 5.

The structural operational semantics of ACP{ extended with condition eval-
uation is described by the transition rules for ACP{ and the transition rules
given in Table 6.

If X is a regular infinite cardinal, the elements of C) can be used to represent
equivalence classes with respect to logical equivalence of the set of all proposi-
tions with elements of C,; as propositional variables and with conjunctions and
disjunctions of less than A propositions. We write P, for this set of propositions.
If A\ is a regular infinite cardinal, it is likely that there is a theory @ about the
atomic conditions in the shape of a set of propositions. Let @ C Py, and let
he € H) be such that for all a, 8 € Cy:

Pk (ha(e)) & (a)) and  he(a) =he(B) iff 2+ (a) < (B) (1)

where {()) is a representative of the equivalence class of propositions isomorphic
to a. Then we have hg(a) = T iff (@) is derivable from & and hg(a) = L iff
- {()) is derivable from @. The image of C) under hg is B iff ¢ is a complete
theory. If @ is not a complete theory, then hg is not uniquely determined by (1).
However, the images of C) under the different endomorphisms satisfying (1)
are isomorphic subalgebras of Cy. Moreover, if both h and A’ satisfy (1), then
D+ (h(a)) < (W () for all a € Cy.

Below, we show that condition evaluation on the basis of a complete theory
can be viewed as substitution on the basis of the theory. That leads us to the
use of the following convention: for a € C, a stands for an arbitrary closed term
of sort C of which the value in C is «.
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Proposition 7.1 (Condition evaluation on the basis of a theory). As-
sume that A is a reqular infinite cardinal. Let & C Py be a complete theory and
let p be a closed term of sort P. Then CEy,(p) = p' where p' is p with, for all
a € C, in all subterms of the form a:— q, « replaced by T if & + () and «
replaced by L if & F — (o).

Proof. This result follows immediately from the definition of he and the dis-
tributivity of CEj, over all operators of ACP¢. O

In uCRL [14], an extension of ACP which includes conditional expressions, we
find a formalization of the substitution-based alternative for CE,,,.

The substitution-based alternative works properly because condition evalu-
ation by means of a A-complete condition evaluation operator is not dependent
on process behaviour. Hence, the result of condition evaluation is globally valid.
Below, we will generalize the condition evaluation operators introduced above in
such a way that condition evaluation may be dependent on process behaviour.
In that case, the result of condition evaluation is in general not globally valid.

Remark 7.1. Assume that A is a regular infinite cardinal. Let h € Hy. Then h
induces a theory @ C P, such that h = hg, viz. the theory @ defined by

® = {{n(a)) = (o) |ael}U{{a) & (B) | hla) =h(B)}.
Consequently, if A is a regular infinite cardinal, condition evaluation by means of
the A-complete condition evaluation operators introduced above is always condi-
tion evaluation of which the result can be determined from a set of propositions.
We will return to this observation in Section 9.

We proceed with generalizing the condition evaluation operators introduced
above. It is assumed that a fixed but arbitrary function eff : A x Hy — H, has
been given.

There is a unary generalized \-complete condition evaluation operator GCEy,:
P — P for each h € H); and there is again the unary operator CE; : C — C for
each h € H,.

The A-complete generalized condition evaluation operator GCEy, allows, given
the function eff, to evaluate conditions dependent of process behaviour. The func-
tion eff gives, for each action a and A-complete endomorphism h, the A-complete
endomorphism A’ that represents the changed results of condition evaluation due
to performing a. The function eff is extended to As such that eff(d,h) = h for
all h € H.

The additional axioms for GCEj, where h € H), are the axioms given in
Table 7 and axioms CE6—CE11 from Table 5.

The structural operational semantics of ACP¢ extended with generalized con-
dition evaluation is described by the transition rules for ACP{ and the transition
rules given in Table 8.

We can add both the A-complete condition evaluation operators and the gen-
eralized A-complete condition evaluation operators to ACP{. However, Propo-
sition 7.2 stated below makes it clear that the latter operators supersede the
former operators.
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Table 7. Axioms for generalized condition evaluation (a € As)

GCE(e) = GCELT
GCEp(a - x) = a - GCEef(q,n) () GCE2
GCEx(z +y) = GCEp(z) + GCEL(y) GCE3
GCEx(¢:— z) = CEx(¢p) :— GCEx(z) GCE4

Table 8. Transition rules for generalized condition evaluation

[¢]a

z [¢]] r ——
———— h(¢p) # L h(g) # L
GCEy, (z) M(@)]] GCEx (2) L% GCE (1) ()

The full splitting bisimulation models of ACP{ with condition evaluation
and/or generalized condition evaluation are simply the expansions of the full
splitting bisimulation models P of ACP¢, for infinite cardinals k < A, ob-
tained by associating with each operator CEp and/or GCEj, the corresponding
re-labeling operation on conditional transition systems. As mentioned before,
full splitting bisimulation models with domain CTS¢, /< for x > X are excluded.

The equation CEj(CEp (z)) = CEpons(z) is an axiom, but the equation
GCE(GCEp/ (z)) = GCEpop/(x) is not an axiom. The reason is that the lat-
ter equation is only valid if eff satisfies eff(a,h o h’) = eff(a, h) o eff(a, h) for all
a € A and h,h' € H,.

As their name suggests, the generalized A-complete condition evaluation op-
erators are generalizations of the A-complete condition evaluation operators.

Proposition 7.2 (Generalization). We can fix the function eff such that
GCEj,(x) = CEp(z) for all h € Hy.

Proof. Clearly, if eff(a,h’) = b’ for all @ € A and b’ € H,, then GCE,(x) =
CEp(z) for all h € H,. O

The A-complete state operators that are added to ACP{ in Section 8 are in
their turn generalizations of the generalized A-complete condition evaluation
operators.

We come back to the A-complete condition evaluation operators CEj; for
h € Hy. The image of Cy under the A-complete endomorphism h is a subalgebra
of Cy that is A-complete too. For that reason, we could have used A-complete
homomorphisms to subalgebras that are A-complete instead of A-complete en-
domorphisms. It would go beyond the models of the theory developed so far to
generalize this in such a way that A-complete homomorphisms to A-complete
Boolean algebras different from subalgebras of Cy are also included.

However, in the case where we consider A-complete homomorphisms between
free A-complete Boolean algebras over different sets of generators, we can relate
the models for different choices for C;.
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Let C and C’ be different choices for Cy,° and let PB(C) and Pe(C”), for
k < A, be the full splitting bisimulation models P<° of ACPY for the different
choices for C,i. Moreover, let h be a A-complete homomorphism from the free
A-complete Boolean algebra over C' to the free A-complete Boolean algebra over
C’. Then h can be extended to a homomorphism h* from PB°(C) to P(C").
This homomorphism is defined by

h*([(Sa_)aLSO)]ﬁ) = [F(S7 _>/7l/’80)]9 )

where for every (a,a) € C;; x A and o/ € Cy:

{0 — {(5.8) [ 3Bes 5 A a=h(B)}
LI ={s|3Bes VLA o =h(B)}.

It is easy to see that h* is well-defined and a homomorphism indeed.

Thus, a A-complete homomorphism between A-complete Boolean algebras
over different sets of generators can be used to translate conditions throughout
a full splitting bisimulation model for one choice of C,; in such a way that a full
splitting bisimulation model for a different choice of C,; is obtained.

8 State Operators

The state operators make it easy to represent the execution of a process in a
state. The basic idea is that the execution of an action in a state has effect on
the state, i.e. it causes a change of state. Besides, there is an action left when
an action is executed in a state. The operators introduced here generalize the
state operators added to ACP in [1]. The main difference with those operators is
that guarded commands are taken into account. As in the case of the condition
evaluation operators and the generalized condition evaluation operators, these
state operators require to fix an infinite cardinal A. By doing so, full splitting
bisimulation models with domain CTS¢, /& for k > A are excluded.

It is assumed that a fixed but arbitrary set S of states has been given, together
with functions act: A x S — As, eff : A xS — S and eval : Cy x S — Cy, where,
for each s € S, the function hg : Cx — C, defined by hs(a) = eval(a,s) is a
A-complete endomorphism of Cy.

There are unary A\-complete state operators As: P — P and A; : C — C for
each s € S.7

The A-complete state operator As allows, given the above-mentioned func-
tions, processes to interact with a state. Let p be a process. Then \s(p) is the
process p executed in state s. The function act gives, for each action a and state
s, the action that results from executing a in state s. The function eff gives, for

5 The interesting cases are those where the cardinalities of C' and C’ are different.
Otherwise, the homomorphisms are isomorphisms.

" Holding on to the usual conventions leads to the double use of the symbol A: without
subscript it stands for an infinite cardinal, and with subscript it stands for a state
operator.
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Table 9. Axioms for state operators (a € As, n € Cot, 7’ € Ct U{L, T})

Nle) = e SOIT  M(l)=L 505
As(a-z) = act(a, 8) + Aefr(a,s) () SO2 A(T)=T SO6
As(z +y) = As(2) + As(y) SO3 As(n) =1’ if eval(n,s) =n' SO7
As(@p = x) = As(@) 1= As(x) SO4 As(—@) = —=Xs() SO8
As(@UY) = As(@) U As(9) 509
As(M1p) = As() M As(9) SO10

Table 10. Transition rules for state operators

z [¢]]

Wevalw’s) 41

[¢] a ’

r—x

act(a, s) # 6, eval(¢,s) # L

eval(¢,s)] act(a,s
Ao (o) SO, ) b0 (@)

each action a and state s, the state that results from executing a in state s. The
function eval gives, for each condition a and state s, the condition that results
from evaluating o in state s. The functions act and eff are extended to As such
that act(d,s) = ¢ and eff(d,s) = s for all s € S.

The additional axioms for Ay, where s € S, are the axioms given in Table 9.

The structural operational semantics of ACP{ extended with state operators
is described by the transition rules for ACP{ and the transition rules given in
Table 10.

The full splitting bisimulation models of ACP{ with state operators are sim-
ply the expansions of the full splitting bisimulation models PB<¢ of ACP{ obtained
by associating with each operator As the corresponding re-labeling operation on
conditional transition systems.

We can add, in addition to the A-complete state operators, the A-complete
condition evaluation operators and /or the generalized A-complete condition eval-
uation operators from Section 7 to ACP¢.

We write Pt for the expansion of P for the A-complete condition evalu-
ation operators, the generalized A-complete condition evaluation operators and
the A-complete state operators.

The A-complete state operators are generalizations of the generalized M-
complete condition evaluation operators from Section 7.

Proposition 8.1 (Generalization). We can fix S, act, eff and eval such that,
for some f:Hx — S, Ay (x) = GCER(x) holds for all h € Hy in all full splitting
bistmulation models P with k < .

Proof. Clearly, if S = H,, f is the identity function on H,, and act(a, s) = a,
eff(a,s) = eff(a, f~1(s)) and eval(a,s) = f~1(s)(a) for all a € A, s € S and
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a € Cy, then A¢py(z) = GCEp(x) holds for all h € Hy in all full splitting
bisimulation models P> with x < A. O

9 Signal Emission

In Section 7, we made the observation that, if A is a regular infinite cardinal,
condition evaluation by means of the A-complete condition evaluation operators
CEp, from that section is always condition evaluation of which the result can be
determined from a set of propositions (see Remark 7.1). A similar observation
can be made about condition evaluation by means of the generalized A-complete
condition evaluation operators GCE; from that section. In the case of condition
evaluation by means of CEj, the set of propositions determining the result of
condition evaluation does not change as a process proceeds. In the case of con-
dition evaluation by means of GCEy, it may happen that the set of propositions
determining the result of condition evaluation changes as a process proceeds.
That is, the sets of propositions relevant to a process and its subprocesses may
differ. This suggest that condition evaluation can also be dealt with by explicitly
associating sets of propositions with processes. The intuition is, then, that all
propositions from the set of propositions associated with a process holds at the
start of the process.

Clearly, if we restrict ourselves to sets of propositions of cardinality less than
a regular infinite cardinal A, we can associate elements of Cy with processes
instead. In line with [2], the element of Cy associated with a process is called
the signal emitted by the process. Because L represents the proposition F, the
proposition that cannot hold at the start of any process, we regard a process
with which | is associated as an inconsistency. However, in an algebraic setting,
we cannot exclude this inconsistency. Therefore, we consider it to be a special
process, which is called the inaccessible process.®

The idea to associate elements of Cy with processes naturally suggests itself
in the case where ) is a regular infinite cardinal. However, there are no trammels
to drop the restriction that A is regular.

All this leads us to an extension of ACP;, called ACP¢®, with the following
additional constants and operators:

— the tnaccessible process constant 1 : P;
— the binary signal emission operator »:C x P — P.

The axioms of ACP¢® are the axioms of ACP{ with axioms CM2, CM3 and
GC8-GC10 replaced by axioms CM2ST, CM3S and GC8S-GC10S from Ta-
ble 11, and the additional axioms given in Table 12. Axioms NE1-NE3 and
SE1-SE11 have been taken from [3] and axioms GC9S and GC10S have been
taken from [3] with subterms of the form s(x) & § replaced by Oa(x). Axioms

8 In [12, 8], this process is rather contradictory called the non-existent process. Its new
name was prompted by the fact that after performing an action no process will ever
proceed as this process.
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Table 11. Axioms adapted to signal emission (a € As)

€| = 0a(x) CM2ST
a-z||ly=a-(z|y)+0oaly) CM3S

(p:—x) ly=¢:— (x| y) +0aly) GC8S
(p:—2x)|y=9¢:— (z|y) +0a(y) GCIS
z|(p:—y)=¢:— (z|y)+0a(z) GC10S

Table 12. Additional axioms for signal emission (a € As)

e+ Ll=1 NEL ¢a(pna)=(sMe) Aa SE5
Loz=1 NE2 ¢r(pima)=oha SE6
a-L=56 NE3 ¢:— (Y mz)=(—pU) m(¢:—z) SET
Taz=zx SE1 (pnz)ly=¢ (x| y) SE8
Lmg=_1 SE2 (dmz)|y=0m(z]y) SE9
prrty=0¢n(zt+y) SE3  z[(¢ny)=9¢n(z]y) SE10
(pMmz) y=¢pnz-y SE4 Ou(p M x)=¢ ™ 0u(x) SE11

CM2ST, CM3S and GC8S differ really from the corresponding axioms in [3] due
to the choice of having as the signal emitted by the left merge of two processes, as
in the case of the communication merge, always the meet of the signals emitted
by the two processes.

In the structural operational semantics of ACP®) unary relations s, one for

cach o € C\ {L}, are used in addition to the relations [*)] and 5. We write
s(p) = « instead of p € s®. The relation s® can be explained as follows:

— s(p) = a: p emits the signal «.

The structural operational semantics of ACPS® is described by the transition
rules given in Table 13. These transition rules include all transition rules from
Table 2 with additional premises to exclude transitions from or to processes that
emit the signal 1. There are additional transition rules describing the signals
emitted by the processes. The transition rules for signal emission are new as
well.

The following gives a good picture of the nature of signals and conditions.

Proposition 9.1 (Signals and conditions). If {(a)) F {(B8) < (B')), then
an(f:—zx)=an(f :—x).

Proof. The proof is the same to the proof of the corresponding proposition in
the setting of ACP® given in [9]. O

We have the following corollaries from Proposition 9.1.

Corollary 9.1. If {a) F (B), then an (B:—x)=amz. If {a) F = {5)),
then an (B:—x)=ani.
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Table 13. Transition rules for ACP®

€ [T]l a —>[T] = €

el s@+y)#£L yll, s(z+y) £ 1L

z+y 9l z 4y @l

e A% s@ry) AL gy sy £ L

T4y [¢]a 2 Tty [¢] a y/

O, g0l g o), o o, g ola

pn# L
P TN CATO T vy 9O

[¢] xmm/
pnyY # L

e —— —_— ¢ T 1
w;—>x[¢mwu P [¢MY] a 2! ¢ w#

aO), spma)£L oD% spaa)£L

W Mo 9] ¢“zmwl
z @,y W, s(a ]| y) # L
[oriv] v
z|ly 1
2 %o s@lly) A L s@ g ALy DSy s@ly AL s lly) £ L
lly B 2y ey e ly
o 1dla xIVyMy/, s(zlly)# L, s(@' || y)#L
LI alb=c, ¢Ny# 1
[pnyle /
ally ——a'|ly
2 % o, s lly) # L s y) # L
oy A%y
e gy PO s ) £ L, s ||y) # L
ELZLN alb=c, pNp # L
[pnylc /
zly ——2' |y
z [@]] :v—>[¢]a x

a¢g H
A (@) P oy (2) 192 9y (2)

s(z) = ¢, s(y) =¢
s(L)=1 s(e)=T s(a)=T s(z+y)=o¢Ny
s(z) = ¢ s(z) = ¢ s(z) = ¢
s(@-y)=¢ s(:my)=—ypU¢ s®ry)=yné
s(z)=¢,s(y) =¢ s(x)=¢,s(y) =v¢ s(x) =9, s(y) =¢ s(z) = ¢
silly)=9¢nvy s(zlly)=¢Ny s(zly)=¢Ny  s(Ou(x))=¢

Corollary 9.2. Ifeff(h,a) is the identity endomorphism on C for all endomor-
phisms h on C and a € A, then we have GCEy ., (B:— ) = B:—GCEy ., (7)
implies a » (B:—x) =an (8 :—x).
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10 Full Signal-Observing Splitting Bisimulation Models
of ACP¢®

In this section, we introduce conditional transition systems with signals, signal-
observing splitting bisimilarity of conditional transition systems with signals,
and the full signal-observing splitting bisimulation models of ACPS.
Conditional transition systems with signals generalize conditional transition
systems.
Let x be an infinite cardinal. Then a k-conditional transition system with
signals T is a tuple (S, —, |,s, s") where

— (8,—, 1, 8% is a k-conditional transition system;
— s is a function from S to C;

and for all € C x Aand a € C,;:

—{(s,s") € 5 |s(s) =L Vs(s) =L} =0
— {sell|s(s)=1}=0.

We say that s(s) is the signal emitted by the state s.

For conditional transition systems with signals, reachability and connected-
ness are defined exactly as for conditional transition systems.

Let (S,—, |,s,s%) be a k-conditional transition system with signals (for an
infinite cardinal k) that is not necessarily connected. Then the connected part of
T, written I'(T'), is simply defined as follows:

F(T) = (S,7 —>/7 J//’ S/, SO) )
where

(Sl7 —>,7 l//7 SO) = F(S’ —>’ l? SO) )

s’ is the restriction of s to S’ .

Let x be an infinite cardinal. Then CTS;’ is the set of all x-conditional
transition systems with signals (S, —, |,s, s%) for which (S, —, |, s®) € CTSt.

Isomorphism between conditional transition systems with signals is defined
as between conditional transition systems, but with the additional condition
that s1(s) = s2(b(s)). Splitting bisimilarity has to be adapted to the setting with
signals.

Let T} = (Sl,—>1,l1,51,8(1)) e CTS, Ty = (527—>2,l2,52,3(2)) e CTS (fOI‘
an infinite cardinal ). Then a signal-observing splitting bisimulation B between
Ty and T, is a binary relation B C S x So such that B(sY,s9) and for all 51, s2
such that B(sy, $2):

= s1(s1) = sa(s2);
— if 8 ﬂq s}, then there is a set C'S5 C C,; x Sy of cardinality less than &

[o]a

such that s1(s1) Ma C | |dom(CS%) and for all (o, sh) € CSh, s — 9 s}
and B(s}, s});
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— if 59 E]‘aﬁz sh, then there is a set CS] C C,; x Sy of cardinality less than &

such that s3(s2) Ma C | |dom(CSy) and for all (o, s)) € CSy, s1 dola, s}
and B(s!, sh);

— if sy 19|, then there is a set C’ C C; of cardinality less than s such that
si(s1)Ma C [ |C and for all o € C”, 55 []],;

— if s5 [@]],, then there is a set €’ C C,. of cardinality less than « such that
s2(sz) Ma C | |C and for all of € €7, 1 @],

Two conditional transition systems with signals 77,75 € CTSS are signal-ob-
serving splitting bisimilar, written Ty ©° Ty, if there exists a signal-observing
splitting bisimulation B between T; and T5. Let B be a signal-observing split-
ting bisimulation between 77 and 75. Then we say that B is a splitting signal-
observing bisimulation witnessing T} €° Ts.

It is straightforward to see that ©° is an equivalence on CTSE. Let T €
CTS. Then we write [1'] s for {T” € CTSE | T ©° T'}, i.e. the €° -equivalence
class of T. We write CTS® /<" for the set of equivalence classes {[T']os | T €
CTS}.

The elements of CTS¢’ and operations on CTS{’ to be associated with the
constants and operators of ACP{ are as the elements of CTS¢ and operations

on CTS¢ associated with them, but with all relations [*)] and £ restricted to
states that emit a signal different from | and with the additional function s as
suggested by the structural operational semantics of ACP.

We associate with the additional constant | an element 1 of CTS® and
with the additional operator A an operation A  on CTSs? as follows.

- IS = ({SO},Q,@,S,SO) )

where
s(s9) = 1.
— Let T = (S, —,|,s,s") € CTS. Then
aR T =0(5-"15, s,
where

s'(s) =s(s) for s € S\ {s"},
) =anms(s?),

and for every (o,a) € C; x A and o € C:

L0 f(s,8) | s 2% ¢ As(s) £ L AS(S) ALY,
@ = s | s A (s) £ L)

We can easily show that signal-observing splitting bisimilarity is a congruence
with respect to the operations on CTSS associated with the operators of ACPZ.
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Proposition 10.1 (Congruence). Let k be an infinite cardinal. Then for all
Ty, Ts, T}, Ty € CTSS and a € C., Ty ©° T} and Ty &° Ty imply Ty T Tp &°
T3 Ty, - e T T a3 T & a3 T,ahTy € ai T,
LI e Tn ol e’ N The® T |7 1) and 0y (1)) €°
O (T7).

Proof. For ¥, 77, =7, ﬂs, [ALS, TS and 5;15, witnessing signal-observing splitting
bisimulations are constructed in the same way as witnessing splitting bisim-
ulations are constructed in the proof of Proposition 4.1. What remains is to
construct a witnessing signal-observing splitting bisimulation for A". Let R be a
signal-observing splitting bisimulation witnessing 77 <" T|. Then we construct
a relation Rjs as follows:

— Ra: = RN (S x 8), where S and S’ are the sets of states of a A T} and
o A" T, respectively.
Given the definition of signal emission, it is easy to see that Rxs is a signal-

observing splitting bisimulation witnessing a A" T} ©° o A Ty. a

The ingredients of the full signal-observing splitting bisimulation models P
of ACP®, one for each infinite cardinal &, are defined as follows:

P — CTSE/&*

r :[15]9‘“> a:’s[Tl]ﬁs =[a= Thles
5 :[35]9*7 a“b[Tl] s :[QASTI]Q‘y
€ :[25]9“7 [T1 ] 5[T2]§ :[TITR]Q*,
a =[a ]e, [Ti)e [ [T]er = [T1 [ T2l
[Ti]e F [Ble = [T F Bler,  [Tile [ [Bler = [T ] Tl
[T]e 7 [Toler = [T T Tl On ((Th]e) = [0 (T1)]er -

The operations on CTS® /<" are well-defined because ©° is a congruence with
respect to the corresponding operations on CTS¢.
The structures P are models of ACP.

Theorem 10.1 (Soundness of ACP{®). For each infinite cardinal k, we have
P | ACPE,

Proof. Because €° is a congruence, it is sufficient to show that all axioms are
sound. The soundness of all axioms follows straightforwardly from the definition

of Jpees. O

For all axioms that are in common with ACP®, the proof of soundness with
respect to P follows the same line as the proof of soundness with respect to

P
.
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Table 14. Axioms adapted to retrospection (a € As)

a-x|y=a- (x| T*(y) CM3R

Table 15. Additional axioms for retrospection (a € As, n € Cu)

~l=1 R1 I, (a-z)=a- -1, (2) RS2
T=T R2 0¥, (z+y) =1L, (x) + 105, (y)  RS3
~PUP) = ~pU~tp R4 g, (L) =1 RS5
(M) =~ M ~tp R5 ni,(Mm=T RS6
a-(~¢:—a)= I, (n) =1 RS7
¢p:—a-z+—¢:—a-6 R6 L, (—¢) = —11%,,(¢) RS8
L, (pUy) =15, () UL, (¥) RS9

L, (¢My) =1L, (¢) ML, (¥)  RS10

I (z) = I, (2) RSO o (~¢) = ~(~9) RS11

L, ()= RSIT 1L, (~) = ~1E,(0) RS12

11 ACP. with Retrospective Conditions

In this section, we present an extension of ACP{ with a retrospection operator
on conditions. The retrospection operator allows for looking back on conditions
under which preceding actions have been performed. The extension of ACP¢
with the retrospection operator is called ACP{".

ACP{ has the constants and operators of ACP¢ and in addition:

— the unary retrospection operator ~: C — C;

— the unary retrospection shift operator IIt : P — P;

— for each n € N, the unary restricted retrospection shift operator Hin:P — P;
— for each n € N, the unary restricted retrospection shift operator H;rn:C — C.

In the parallel composition of two processes, when an action of one of the pro-
cesses is performed, the retrospections of the other process that are not internal
should go one step further. This is accomplished by the retrospection shift oper-
ator. The restricted retrospection shift operators, on processes and conditions,
are needed for the axiomatization of the retrospection shift operator. The ret-
rospection shift operator IIT is similar to the history pointer shift operator hps
from [4].

The axioms of ACP{" are the axioms of ACP{ with axiom CMS3 replaced by
axiom CM3R from Table 14, and the additional axioms for retrospection given
in Table 15. The crucial axiom is R6, which shows that a conditional expression
of the form ~( :— p gives a retrospection at the condition under which the
immediately preceding action has been performed. Axiom CM3R shows that
retrospections are adapted if two processes proceed in parallel. Axioms RSO,
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Table 16. Transition rules adapted to retrospection

[¢]a / [¢]a ’ [¢] a /

T —— T Yy ——y T —— T

olly WSty ey DL @) |y 2y DS | T )

RSIT and RS2-RS12 state that this happens as explained above. By means
of axioms RS5-RS12, the retrospection shift operators on conditions can be
eliminated from all terms of sort C.

Recall that we write p < > ¢q for ( :— p + —( :— ¢. An interesting equation
isa-(x<d~p>y)=a-x<1¢>a-y. This equation is a generalization of axiom
R6: axiom R6 is derivable from the other axioms of ACP{" and this equation
by substituting ¢ for y and applying axioms GC3 and A6. It is not immediately
clear that this equation is derivable from the axioms of ACP{".

Proposition 11.1 (Derivability Generalization Axiom R6). The equation
a-(x<d~p>y)=a-x<p>a-y (RO is derivable from the axioms of ACPY.

Proof. The proof is the same to the proof of the corresponding proposition in
the setting of ACP" given in [9]. O

Because of the addition of the retrospection operator, we cannot use the
Boolean algebras C, here. The algebras C}, that we use here can be character-
ized as the free k-complete algebras over C,; from the class of algebras with
interpretations for the constants and operators of Boolean algebras and the ret-
rospection operator that satisfy the axioms of Boolean algebras (Table 1) and
axioms R1-R5 from Table 15. We do not make this fully precise, but give an
explicit construction of the algebras C, instead. Important to bear in mind is
that not only the atomic conditions, but also the results of applying the op-
eration associated with the retrospection operator a finite number of times to
atomic conditions, should not satisfy any equations except those derivable from
the axioms.

Let C, = J{Cat x {i} | i € w} and define prev : C}, — C%, by prev((n,i)) =
(n,i + 1). For any infinite cardinal x, let C!. be the free k-complete Boolean
algebra over C... Then the function prev extends to a unique x-complete en-
domorphism prev* of C... This endomorphism is a unary operation on C/, that
satisfies axioms R1-R5 from Table 15 and preserves | |C’ for every C' C C,
of cardinality less then . The algebra C;, is the expansion of C;, obtained by
associating the operation prev* with the operator ~. We write C* for Cy, .

The structural operational semantics of ACP¢" is described by the transition
rules for ACP¢ with the second and third transition rule for parallel composition
and the one transition rule for left merge replaced by the transition rules given in
Table 16, and the additional transition rules for retrospection given in Table 17.
Of course, the conditions involved are now taken from C* instead of C.
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Table 17. Additional transition rules for retrospection

4] z 1219, o
(1 ()] nZ
It (z) H>o0l®)) T+ (2) MI(d)]a Hil(l’l)
« 9] e 199, 4

I, (z) MEn @) (o) mi, (@)la

+
>n H>n+1(m/)

12 Full Retrospective Splitting Bisimulation Models of
ACPY

The construction of the full splitting bisimulation models of ACP{" differs from
the construction of the full splitting bisimulation models of ACP{ in the condi-
tions involved and in the notion of splitting bisimulation used. The conditions
are now taken from Cj, instead of C,,. Henceforth, we write C.~ for C}, \ {L}.

Let k be an infinite cardinal. Then a k-conditional transition system with
retrospection T consists of the following:

a set S of states;

aset 5 CSxS, for each £ € CI,” x A;
— aset ]| C S, for each a € CL—;

an initial state s° € S.

For conditional transition systems with retrospection, reachability, connect-
edness and connected part are defined exactly as for conditional transition sys-
tems.

Let x be an infinite cardinal. Then CTS{ is the set of all connected -
conditional transition systems with retrospection T = (S, —, |, s”) such that
S C S, and the branching degree of T is less than k.

Isomorphism between conditional transition systems with retrospection is
defined exactly as for conditional transition systems. Splitting bisimilarity has
to be adapted to the setting with retrospection.

Let Ty = (S1,—1,11,8Y) € CTST and Ty = (Sa,—2, |o,53) € CTSZ (for
an infinite cardinal ). Then a retrospective splitting bisimulation B between T}
and 75 is a ternary relation B C S; x C% x Sy such that B(sy, T, s9) and for all
s1, B, s2 such that B(sy, 3, s2):

— if 84 Ml s}, then there is a set C'S; C CL™ x Sy of cardinality less than &

such that o M3 C | |dom(CS}) and for all (o, sb) € CSb, s 121%, s, and
B(sy,~a',53);

— if 55 12195, sh, then there is a set C'S] C CL™ x Sp of cardinality less than &

such that @M B C | |dom(CS}) and for all (¢, s]) € CSy, 51 ﬂq s and
B(sh,~a/, sb);
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— if 51 1], then there is a set C" C C.~ of cardinality less than x such that
aMBC||C and for all o € C7, 55 [@]],;

— if s5 19|, then there is a set C’ C C.~ of cardinality less than s such that
aMBLE]C and for all & € €, s, []],.

Two conditional transition systems with retrospection 13,75 € CTSY are ret-
rospective splitting bisimilar, written Ty €' Ty, if there exists a retrospective
splitting bisimulation B between 77 and T,. Let B be a retrospective splitting
bisimulation between 77 and T5. Then we say that B is a retrospective splitting
bisimulation witnessing T} &' Th.

It is straightforward to see that <" is an equivalence on CTST. Let T €
CTS¢. Then we write [1']or for {17 € CTSZ | T €' T'}, i.e. the €' -equivalence
class of T. We write CTS¢ /<" for the set of equivalence classes {[T']or | T €
CTSZ}.

The elements of CTS{] and operations on CTS{ to be associated with the
constants and operators of ACP{ are defined exactly as the elements of CTS¢ and
operations on CTS¢ associated with them, except for ||, || and |. The operations
on CTSS that we associate with ||, ||, |, II* and IIZ,, call for unfolding of
transition systems from CTS; .

For the sake of unfolding, it is assumed that, for each infinite cardinal x, Sy
has the following closure property:’

forall S C Sy, {mr~(s)|me(Sx(CLxA),seStCS,.

We write P/(S) for the set {m ~ (s) | m € (S x (C% x A))", s € S}. The function
#:P/(S) — N is defined by

#((s)) 0,
(m e (5,0,5') = #(m~ () + 1.

The elements of P’(.S), for an S C S, can be looked upon as potential paths
of a k-conditional transition system with S as set of states. A path of a transition
system (S, —, |, s%) € CTS¢ is a finite alternating sequence (8¢, 1, 81, - - - ; fn, Sn)

of states from S and labels from CZ x A such that s = s” and s; L, Si41 for
all ¢ < n. The state s, is called the state in which the path ends.

Let T = (S, —,],5") € CTSY. Then the set of paths of T, written P(T), is
the smallest subset of P'(S) such that:

- <80> € P(T)v
—if 7~ (s) € P(T) and s 5 &', then 7 ~ (s,£,s') € P(T).

In order to unfold a transition system, we need for each state s of the original
transition system, for each different path that ends in state s, a different state in

9 We write () for the empty sequence, (e) for the sequence having e as sole element
and o ~ ¢’ for the concatenation of sequences o and ¢’; and we use {e1,...,e,) as
a shorthand for (e1) ~ ...~ (en).
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the unfolded transition system. The obvious choice is to take the paths concerned
as states.

Let T = (S,—,|,s") € CTS®. Then the unfolding of T, written Y(T), is
defined as follows:

=
3
I

(S/’ _>/7 lIV SOI) ’

S'=P(T),
and for every £ € C;.” x Aand a € C},:

L= {(m (), m (s5,6,8)) | T~ (s) € P(T),5 5 '},
Pl = {m ~(s) | m~ (s) € P(T),s ™|},
s = (s9) .

The functions upd; and upd, defined next will be used in the definition of
parallel composition on CTS{ to adapt the retrospection in steps originating
from the first operand and the second operand, respectively.

Let 51,52 C Sk. Then the functions upd; : CL~ x P/(S; x Sg) — CL™, for
1 =1,2, are defined by

updi(a7 <(817 S2)>) =,
upd(e, (51, 52). £, (5, 60 ~ ) = upd (o, (55, 55)) ~ ) i 5 % o
upd, (a, {(s1, 82), £, (s],85)) ~ ') =

Upd; (I, (o sy (@) (5, 80)) ~ ) i 53 = s

#i(((s1,52)))
#i(((s1,52), £, (51, 85)) ~7') = #i(((s1, 85)) > ') + 1if s # 57,
#i(((s1,52), €, (s1,85)) > ') = #i(((s1,85)) ~ 7)) if s = 5] .
Henceforth, we write upd(ay, ag, m) for upd, (aq, 7) Mupd,(asg, 7).
We proceed with associating operations on CTSE with the operators ||, ||, |,
I+ and 11Z,,.
We associate with the additional operator || an operation ﬂ on CTSY as
follows.
— Let T1,Ty € CTSE. Suppose that T(T;) = (Si, —4, |;,8?) for i = 1,2, and
(Y (1) | Y(T2)) = (S, —, |,s°). Then

T /”\r 1 = (Sv _>/a l/a 50) ;

where for every (a,a) € C.” x Aand o € C.™:
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L0Dr = {( > (51, 82)), 1 (81, 85))) | 51 # 85 A 52 =8} A
V(e {(s1,2)) L% 1~ (55, 85) A
areCy updy (o, 7 ~ (51, 52))) = )}
U {(m~ ((s1,82)), 0 ~ (55, 55))) | s1= 8§ A 52 # sh A
\/ (e ((s1,89)) 0% 1~ (1, 54)) A

updy (0, 7w~ (51, 82))) = )}
U {(r ~ {(s1,52)), 7 ~ (s, 55)) |
Ve (1 s2) 2 s (s, 5h)) A
o ,BECE— al b/ EA [']d’ B

81 ———1 81 A 89 ——9 sh A
upd(a’, 3, ~((s1,82))) = a A
a |t =a)},

L) = {7~ ((s1,52)) |
\/ (m~ ((s1,52)) TN A sy [T A 59 BT, A
ol BreCs upd(a/, 3,7 ~ ((s1,52))) = o)} .

Remark 12.1. The operation ﬂr on CTSY is defined above in a step-by-step way.
The basic idea behind this definition is twofold:

-1 ﬂr T5 can be obtained by first composing 77 and T, to T} ﬂTg and then
adapting the retrospections in steps of T} /||\T2;

— unfolding of T /H\TQ is needed before the actual adaptations can take place
because the adaptation of the retrospection in a step may be different for
the different paths that end in the state from which the step starts.

Somewhat surprisingly, in addition, 77 and 75 must be unfolded before the actual
composition takes place. In a step where an action of T} and an action of Ty
are performed synchronously, the condition under which the action of T} can be
performed and the condition under which the action of T5 can be performed are
needed to adapt the retrospection in that step correctly. If 77 and T, are not
unfolded before the actual composition takes place, in general, those conditions
cannot be determined uniquely.

The operations on CTSY to be associated with the additional operators || and
| are defined analogously. The operations on CTS¢ to be associated with the
additional operators Oy are defined exactly as the operations on CTS¢, associated

with them. We associate with the additional operators 113, operations I_Tfn on
CTS;; as follows.

— Let T € CTS¢. Suppose that Y(T') = (S, —, |, s°). Then

L, (T) = (S, —/, 1/, s)
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where for every (a,a) € C.” x Aand o € C,™:

L0 (s~ () |

\/ (m~ (s) o]a, '~ (s) A Hi#(an(a/) =a)},
a’eCr—
S = rm |\ () A T (@) = 0}

a’eCr—

The operation on CTS to be associated with the additional operator II* is the
same as the operation on CTS{ associated with H;FO.

We can show that retrospective splitting bisimilarity is a congruence with
respect to the operations on CTSE associated with the operators of ACPS'.

Proposition 12.1 (Congruence). Let  be an infinite cardinal. Then for all
Ty, T5,T{,T5 € CTSZ and o € Cx, Ty & T| and T & T} imply Ty ' Tp €
TF T, NS e Ty o= T e a> T, T,

e T T,
N e TN e | 7, on (1) e o5 (T), T (T)) &
(1Y) and L, (Ty) € 1L, (T7).

~

Proof. For all operations, witnessing splitting bisimulations are constructed in
the same way as in the congruence proofs for the corresponding operations on
CTS!, given in [9]. O

The ingredients of the full retrospective splitting bisimulation models P of
ACP{", one for each infinite cardinal k, are defined as follows:

P =CTS% /<",

3 =8 ]er [T e T [Rler = [T Taler
e =[¢ Jor, (T]er | [T2ler =T | T2]er,
a =@, [Tier | (Bl = [T T Taler
(T]er ¥ [ =[N F Tl 0n ((Th]er) =01 (T1)]or ,
[T]er 7 [ Bler =[N Blar, T (Ne) = [0V (1)]er,
o= [Nler =[S Nler, T, (Me)  =[05,(71)]e

The operations on CTS¢ /<" are well-defined because ©" is a congruence with
respect to the corresponding operations on CTS{.
The structures P are models of ACPS.

Theorem 12.1 (Soundness of ACP{"). For each infinite cardinal , we have
Peer = ACP.

Proof. Because €' is a congruence, it is sufficient to show that all axioms are
sound. The soundness of all axioms follows straightforwardly from the definition
of P, ad
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For all axioms that are in common with ACP®", the proof of soundness with
respect to P follows the same line as the proof of soundness with respect to
mcr
o,
In the full retrospective splitting bisimulation models of ACP{", guarded
recursive specifications over ACP{" have unique solutions.

Theorem 12.2 (Unique solutions in PB<). For each infinite cardinal &,
guarded recursive specifications over ACPS" have unique solutions in .

Proof. The proof is analogous to the proof of the corresponding property for the
full retrospective splitting bisimulation models of ACP" given in [9]. O

Thus, the full retrospective splitting bisimulation models <"’ of ACP{" with
guarded recursion are simply the expansions of the full retrospective splitting
bisimulation models P of ACPS obtained by associating with each constant
(X|E) the unique solution of E for X in the full retrospective splitting bisimu-
lation model concerned.

13 Evaluation of Retrospective Conditions

In this section, we add condition evaluation operators and generalized condition
evaluation operators to ACP{". As in the case of ACPY, these operators require
to fix an infinite cardinal A. By doing so, full retrospective splitting bisimulation
models with domain CTSY /<" for £ > A are excluded.

Henceforth, we write H for the set of all A-complete endomorphisms of C¥.

In the case of ACP{", there are A-complete condition evaluation operators
CEp:P — P and CE, : C — C, and generalized A\-complete condition evaluation
operators GCE;, : P — P and GCEj, : C — C, for each h € H. We also need the
following auxiliary operators:

— for each h € H5, n € N, the unary retrospection update operator I : P — P;
— for each h € HY, n € N, the unary retrospection update operator I".c — C.

In the case of ACP{, it is assumed that a fixed but arbitrary function eff :
A x Hy — 'H} has been given. The function eff is extended to As such that
eff(6,h) = h for all h € H}.

The condition evaluation operators and generalized condition evaluation op-
erators cannot be added to ACP{" in the same way as they are added to ACP¢.
First of all, retrospective conditions may refer back too far to be evaluated. The
effect is that, in condition evaluation or generalized condition evaluation of a
process according to some endomorphism, the retrospective conditions that re-
fer back further than the beginning of the process have to be left unevaluated.
This is accomplished by the retrospection update operators mentioned above. In
the case of generalized condition evaluation, there is another complication. Recall
that generalized condition evaluation allows the results of condition evaluation to
change by performing an action. In the presence of retrospection, different parts
of a condition may have to be evaluated differently because of such changes.
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Table 18. New axioms for (generalized) condition evaluation (a € As)

CEn(e) =€ CE1T
CEn(a-z) = a- CE,(II} (z)) CE2R
CEn(z + y) = CExn(z) + CERL(y) CE3
CEn(¢:— x) =115 (¢) :— CEx () CE4R
GCEp(e) =€ GCELT
GCEp(a - x) = a - GCEef(a,n) (11} (z)) GCE2R
GCEp(z +y) = GCEp(z) + GCEx(y) GCE3
GCEp(¢:— x) = Ik (4) :— GCEp(z) GCE4R

Table 19. Axioms for retrospection update (a € As, n € Cat, ' € Coe U{L, T})

M (e) = ¢ RUIT II§(n) =17 if h(n) =0 RU7
HZ (a-x)=a- HZ-H(QU) RU2 HZ-H(U) =n RU8
I (z 4 y) = I () + 107 (y) RU3 I (—¢) = —113:(¢) RU9
I (¢ :— x) = 113 (¢) :— I (x) RU4 I (¢ U 9p) = I () UL () RUL0
I (¢ M) = I (¢) NI () RULL
nh() =1 RU5 A (~p) =~ RU12
my(m) =T RU6 I 41 (~¢) = ~I17 () RU13

The effect is that, in generalized condition evaluation of a process according to
some endomorphism, after an action of the process is performed, the subsequent
retrospective conditions that refer back to the beginning of the process have to
be evaluated according to that endomorphism as well. This is also accomplished
by the retrospection update operators mentioned above.

In the case of ACP{", the additional axioms for CE;, and GCEj,, where h € H},
are the axioms given in Tables 18 and 19. These additional axioms differ from
the additional axioms in the absence of retrospection (Tables 5 and 7) in that ax-
ioms CE2, CE4, GCE2 and GCE4 have been replaced by axioms CE2R, CE4R,
GCE2R and GCE4R, and axioms CE6—CE11 by axioms RU1T and RU2-RU13.
Axioms CE2R and CE4R, together with axioms RU1T and RU2-RU13, show
that, in condition evaluation of a process, retrospective conditions that refer back
further than the beginning of the process are not at all evaluated. Similarly, ax-
ioms GCE2R and GCE4R, together with axioms RU1T and RU2-RU13, show
that, in generalized condition evaluation of a process, retrospective conditions
that refer back further than the beginning of the process are not at all evalu-
ated. Moreover, axiom GCE2R, together with axioms RU1T and RU2-RU13,
shows that, in generalized condition evaluation of a process according to some
endomorphism, after an action of the process is performed, the subsequent retro-
spective conditions that refer back to the beginning of the process are evaluated
according to that endomorphism as well.
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Table 20. New transition rules for (generalized) condition evaluation

z [9]] N o Lea, o N
B T g (¢) # L oy e — g (¢) # L
L i A () # L
GCEy (z) M6 (@) ° GCE, (z) ME(@la GCEt (I (")) 0
z 9] - I, §
I (z) M (@)]] n(@)# L 11 (2) (I} (#)] a m (a) (9 # L

The structural operational semantics of ACP{" extended with condition eval-
uation and generalized condition evaluation is described by the transition rules
for ACP{" and the transition rules given in Table 20.

The full retrospective splitting bisimulation models of ACP¢" with condition
evaluation and/or generalized condition evaluation are not simply the expansions
of the full retrospective splitting bisimulation models B¢ of ACPY", for infinite
cardinals k < A, obtained by associating with each operator CE;, and/or GCEy,
the corresponding re-labeling operation on conditional transition systems with
retrospection. As suggested by the structural operational semantics of ACP
extended with condition evaluation and generalized condition evaluation, these
re-labeling operations have to be adapted in a way similar to the way in which
parallel composition had to be adapted to the case with retrospection in Sec-
tion 12. As mentioned before, full retrospective splitting bisimulation models
with domain CTSS /<" for k > \ are excluded.

Proposition 7.2, stating that the generalized A-complete condition evaluation
operators supersede the A-complete condition evaluation operators in the setting
of ACP¢, goes through in the setting of ACP{".

Adding state operators to ACP{" can be done on the same lines as adding
generalized evaluation operators to ACP{", but is more complicated. Roughly
speaking, signal emission can be added to ACP{" in the same way as it is added to
ACP¢ provided that signals are taken from C. No adaptations like for generalized
condition evaluation are needed because signal emission corresponds to condition
evaluation that does not persist over performing an action. This property also
points at one of the differences between the signal-emission approach to condition
evaluation and the other approaches treated in this paper: retrospection has to
be resolved in the signal-emission approach before condition evaluation can take
place. The case where signals are taken from C* is expected to be too complicated
to handle.

14 An Application of ACP{"

The ultimate applications of a process algebra that includes conditional expres-
sions of some form are the ones that remain entirely within the domain of process
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Table 21. Additional axioms for last action conditions (a € A)

a-z=a (Jo:—xz) J

Table 22. Axioms adapted to last action conditions (a,b € As, ¢ € A)

a-z|b-y=(a|b)- (U§(z) | M(y)) CMT7TI IIE(L)=L LAU5
me(m)=T LAU6
4,(Je) = ~Je RS7Ja  T(J.) =1 if a #c LAU7
nt,.. (%) =T RS7Jb  TH(J.) =T ifa=c LAUS
a1 (Je) = Je LAU9
I (—=¢) = —1I5(¢) LAU10
% (e) = ¢ LAUIT T%(pU) = T12(¢) UTIE(y) LAUIL
G- z) =b-115 41 (2) LAU2 I (¢ M) =1I5(0) ML (v) LAUI2
I (z +y) = 115 (x) + 115 (y) LAU3  II§(~¢) = ~¢ LAU13
I (¢ :— ) = 1I5(¢) :— 15 (2) LAU4 11541 (~¢) = ~115(9) LAU14

algebra. Such applications are by their nature extensions as well. We outline one
interesting application of this kind in the setting of ACP{.

We take the set {J, | a € A} of last action conditions as the set of atomic
conditions C,;. The intuition is that J, indicates that action a is performed just
now. The retrospection operator now allows for using conditions which express
that a certain number of steps ago a certain action must have been performed.

Because we remain entirely within the domain of process algebra some ad-
ditional axioms are needed. They are given in Table 21. Moreover, axioms CM7
(Table 1) and RS7 (Table 15) must be replaced by axioms CM7J and RS7Ja-
RS7Jb from Table 22. Axiom CMT7 must be replaced by axiom CMT7J because,
after performing a | b, it makes no sense to refer back to the actions performed
just now by the processes originally following a and b in the process following
a | b. Retrospective conditions in the process originally following a that indi-
cate that a is performed just now should be evaluated to T and the ones that
indicate that another action is performed just now should be evaluated to L.
Retrospective conditions in the process originally following b should be evalu-
ated analogously. This is accomplished by the auxiliary operators II% : P — P
and I1% : C — C (for each a € As and n € N) of which the defining axioms
are LAUIT and LAU2-LAU14 from Table 22. Axiom RS7 must be replaced
by axioms RS7Ja and RS7Jb because of the retrospective nature of last action
conditions. We mean by this that 7, can be viewed as a condition of the form
~n, where n indicates that action a is performed next. We have not introduced
corresponding atomic conditions because their use without restrictions would be
problematic in alternative composition.

From the axioms of BPA§, and the additional axiom J, we can derive the
equation a-z+b-y = (a+b)-(Ja:—x+Tp:—y). It can be used to reduce the number
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of subprocesses of a process. For example, a-(ay-a} +ag-ab)+b-(by-b) +be-bhy) =
(0+0)-(Tai— (01+2)-(Tay -4+ T ) +-Toi— (o1 +b2)- (T by T —b5)
shows a reduction from 7 subprocesses to 4 subprocesses.

In order to obtain the full retrospective splitting bisimulation models of the
extension of ACP{" with last action conditions, retrospective splitting bisimi-
larity has to be adapted: in the definition of retrospective splitting bisimula-
tion (see Section 12), the two occurrences of B(s), ~', s5) must be replaced by
B(s),~a' T Ty, s5).

The operators I12 are reminiscent of the operators I1”?. In fact, if we would
exclude full retrospective splitting bisimulation models with domain CTS¢ /<"
for x greater than some infinite cardinal A, II% could have been replaced by 1",
where h, € H}, for a € A is defined by ho(Js) = T and he(Jp) = L if a # b and
hs € HY, is defined by hs(J,) = L.

We conclude with an example of the use of the retrospection operator to-
gether with last action conditions.

Ezample 14.1. The example concerns a service that resembles the services con-
sidered in [10,11]. For any command m from some set M, the service can be
requested to process command m and it can be requested to report back what
the reply would be to the request to process command m. We suppose that the
service can be described by a function F: M+ — {T,F, B} with the property that
F(a) = B = F(a~ (m)) = B. This function is called the reply function of the
service. Given a reply function F' and a command m, the derived reply function
of F' after processing m, written -2 F, is defined by z2-F(a) = F({m) ~a). The
connection between a reply function F and the service described by it can be
understood as follows:

— if F'({m)) # B, the request to process command m is accepted by the service,
the reply is F'((m)) and the service proceeds as described by B%F ;

— if F({(m)) = B, the request to process command m is not accepted by the
service, the reply is F'({(m}) and the service proceeds as described by F;

— the request to report back what the reply would be to the request to process
command m is always accepted by the service, the reply is F/((m)) and the
service proceeds as described by F'.

Hence, the service can be viewed as the process defined by the guarded recursive
specification that consists of an equation

Po= ) (r(m)+r(?m))-s(G((m))) - (Pog <A~Trm) N ~Tse) > Fo)
meM

for each reply function G. Here, we write r(m) for the action of receiving a
request to process command m, 7(?m) for the action of receiving a request to
report back what the reply would be to the request to process command m, and
s(v) for the action of sending reply wv.
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15 Concluding Remarks

We have added the empty process constant to the different extensions of ACP
with conditional expressions presented in [9]. In the past, the addition of the
empty process constant to ACP was rather problematic. Its current addition
to the different extensions of ACP with conditional expressions presented in [9]
turns out to present no additional complications.

The addition of the empty process constant to different extensions of ACP
in this paper is based on the treatment of the empty process constant in the
setting of ACP that is chosen in [5]. If it was based on the treatment of the
empty process constant chosen in [19] instead, the addition of the empty process
constant to different extensions of ACP in this paper would have been slightly
different. For example, with the treatment from [5], no special additional axioms
concerning conditional expressions are needed when adding the empty process
constant, whereas with the treatment from [19], the special additional axiom
€] (¢:—€) = ¢:— e is needed.

In [11], we showed that threads, as found in programming languages such as
Java and C#, and services used by them can be viewed as processes that are
definable over ACP¢, and that thread-service composition on those processes can
be expressed in terms of operators of ACP¢ extended with action renaming. In
fact, the termination behaviour of the composition of a thread with the services

used by it can be dealt with more directly, and without action renaming, in
ACP:.
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