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Abstract. Covariant-contravariant simulation and conformance &tien gen-
eralize plain simulation and aim at capturing the fact thas inot always the
case that “the larger the number of behaviors, the betteg’h@Ve already stud-
ied in detail their corresponding simulation semanticsicilare located in the
branching-time side of the generalized Itbt-spectrum.hia paper we concen-
trate on the linear-time side of the spectrum, starting #ithdevelopment of the
adequate notions of covariant-contravariant and confocmdraces. Then, we
continue by introducing suitable versions of the failuresantics and the rest of
the other classic linear semantics in the case of conformsemantics.

1 Introduction and motivation

Simulations are a very natural way to compare systems defipddbeled transition
systems or other related mechanisms based on describingettevior of states by
means of the actions they can execute. However, the classanrof simulation does
not take into account the fact that whenever a system hasaeassibilities for the
execution of an action, it will choose in an unpredictablenmex, resulting in more
non-determinism and less control.

We have proposed two new simulation notions which are mdtatsda to deal with
non-determinism [6]. On the one hand, covariant-contian&isimulations were de-
signed to manage systems in which non-determinism ariszsibe of the presence of
both input and output actions; on the other hand, confor@aimaulations cope with
having several options for the same action. In previous s have proved that these
simulations can be presented as instances of the coalgaimailation framework [6]
and have also described their logical characterizatiohs [8

In this paper we continue with the study of these two framé&aiothis time by
concentrating on the linear-time side of the spectrumtistawith the development of
the adequate notions of covariant-contravariant and ecordoce traces. The most used
linear semantics are located in the Itbl [12, 5] just beloevrigsady simulation semantics
and therefore, before studying their variations, it is raltto extend ready simulation
to the new framework. Thus, we develop the adequate notioowa@riant-contravariant
failures, whereas for the conformance framework we showtkieasuitable versions of
all the classic linear semantics are just the “oppositehefalassic notions. This is so
because the ready conformance simulation preorder tumn® dae the inverse of the
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plain ready simulation preorder which, to some extent, esatie adequacy of all these
original semantics also in the conformance framework.

In our previous works on the subject the relation betweeradant-contravariant
semantics and those for I/O systems [11], which have beere memently integrated
in the study of interface 1/0 automata [9], has been notedp\&ha to consider these
recent developments in order to look for applications ofreaw covariant-contravariant
semantics. The same is true for the modal transition systemh have been related
to the covariant-contravariant systems in [3].

Regarding conformance semantics, the first related refeseare also quite old
[10] and correspond to the notion of conformance testingclwvis close to failures
semantics. Our simple results supporting the use of theicléiear semantics in the
conformance framework prove that no new definitions are egead translate those of
the classic linear semantics to the new setting. As was doifé], where character-
istic formulas were built for our conformance simulatiomsmtics, we expect to be
able to complete the transfer of all the results on the aassmantics to the confor-
mance framework, finding new applications supported by tresicleration of its very
foundations.

All the missing proofs can be found in the extended versidnttat//maude.
sip.ucm.es/  ~miguelpt/bibliography.htmi

2 Preliminaries

In this section we summarize, for the sake of completenedsasy reference, some
definitions and concepts from [12, 6, 7]. First, let us retadit the seBCCSP(A)of
basic processes for the alphableis defined by thé8NF-grammar

pu=0|ap|p+q

wherea € A. With these operators we can only define finite processesevmwit is
well known that these operators capture the essence ofamsition system which can
be defined by a (possibly infinite) system of equations spiegjfthe behavior of each
state.

Next, let us recall our two new simulation notions and thgiomatizations.

Definition 1. GivenP = (P, A,—p) and@ = (Q, A, —¢), two labeled transition
systems for the alphabet, and { A", A!}! a partition of this alphabet, A", A')-
simulation (or just a covariant-contravariant ssimulation) between them is a relation
R C P x @ such that for everypRq we have:

— Forall a € A" and allp - p’ there existgy — ¢’ with p’ R¢’.

— Forallb e Aland allg -2 ¢’ there existp —— p’ with p' R’
We will writep <.. ¢ if there exists a covariant-contravariant simulatiéhsuch that
pRy.

YIn[6,8, 7] we used a more general definition which also inetibivariant actions but, since
we have noticed that in the presence of those actions sorhritet difficulties appear, we
prefer to omit them in this presentation.



Remark 1 (Notation)ln the following we will usea to denote the generic actions in
A" andb to denote those i’

Definition 2. GivenP = (P, A,—p) andQ = (Q, 4, —¢) two labeled transition
systems for the alphabet a conformance simulation between them is a relatioR C
P x @ such that wheneverRRgq, then:

— Forall a € A, if p - theng - (this means, using the usual notation for process
algebras, thatl (p) C I(q)).

— Forall a € A such thaty %~ ¢/ andp -, there exists somg’ with p —% p’
andp’Rq’ (this means that whenever € I(p) N I(q), R behaves locally as a
“contravariant” simulation).

We will writep <.y ¢ if there exists a conformance simulati®such thapRg.

Let us recall the definitions in [12] of the most classic lineamantics for (plain)
processes.

Definition 3 (Trace semantics)We say thaty = a; ...a,, With0 < n is a trace of
the procesp (denoted byy € Tr(p)) if there exist processes withi € {1,...n} such
thatp =5 p1 —2 py... — p,,. We also writep —— p,,.

We will denote byIr(p) the set of traces of the procegsand writep <r q if
Tr(p) € Tr(q).

Definition 4 (Failure semantics).We say that«, X) is a failure pair of a procesg
(denoted by, X) € F(p)) if there existg’ such thap -~ p’ andI(p’) N X = (). We
will denoteF(p) the set of failures of the procegsand writep < ¢ if F(p) C F(q).

Definition 5 (Ready simulation semantics)We say thaRR C P x @ is a ready simu-
lation if, whenevepRq anda € A, we have

- I(p) = I(q), and
— if p =% p/, then there exists —— ¢’ such thap’ R¢’.

We will writep <grgs ¢ if there exists a ready simulatioR such thapRq.

3 Trace semantics for covariant-contravariant processes

Plain traces (covariant traces for us in the following) a&se to each procegsa set of
tracesTr(p), in such a way that the trace preorger is defined by simply taking <r
q iff Tr(p)) C Tr(q). Instead, whenever all the actions are contravariantyaeatiant
traces should allow us to define just the “oppositterp <.r ¢iff ¢ <r p, by means
of set inclusion between the corresponding sets of conteavaracesIt ¢ (p); that is,
p Ser qiff Tre(p) € Tre(q). Since obviously we havé, C Ty iff T, C Ty, in this
simple case it would be sufficient to take as contravariauets the set afo-tracesof
each process, that is, the complement of the set of trategp) = Tr(p).

2 We have included the quotation marks because we are changuagiant by contravariant
actions and therefore, if we fix a partition of the set of awigA”, A'}, then we should
substitute the corresponding covariant actions by somieggiacontravariant ones in order to
obtain the corresponding contravariant “image” of the inagjcovariant process.



Definition 6. We say that = b, ... b, is a contravariant trace (or a “no-trace”) of the

proces® (denoted byr € Tr(p)) if there is no sequenqeL D1 b, D2... LN D
for any processes;.

Proposition 1. Contravariant traces have the following properties:

— () ¢ Tro(p) for anyp.
— Givena =by ...bp_1, - (by,) € Tre(p) if and only if eithera € Tre(p), or o €

by..by_ bn .
Tr(p) and forallp " =="" p,_; /—. As a consequence, any set of contravariant
traces is closed by extensions, that is, any extension afiaa@riant trace is also
a contravariant trace.

Note the (expected!) duality with respect to the corresjrumdharacterization of the
set of covariant traces of a process.

Proof. First, it is trivial that() ¢ Tr(p) for anyp, sincep o, p. On the other hand,
leta = by...b,—1 anda - (b,) € Tro(p): by definition, it is immediate to check

bn_1

bn
that eithera: € Tro(p), orp LN D1 b, p2... — pn—1 and for allp,_1 /.
e b.obn bn
Analogously, if eitherx € Tro(p), ora € Tr(p) and forallp " ==27" p,, 1 £, itis

bn—1

straightforward to see that there is no sequqnel@% p1 N P2 — Pn_1 LR Dn
for any chain of processes, thatds; (b,,) € Trc(p). O

Therefore, both covariant and contravariant traces alletowompare processes by
their linear computations considering:

— either the “optimistic” point of view: to execute actionsgeod, and therefore the
more (covariant) traces, the better;

— or the “pessimistic” point of view: actions are all of themdbaherefore the less
(covariant) traces (or the more contravariant traces) #teeb

This corresponds to the input/output scenario where reaetind generative be-
haviours are mixed together: a server that accepts moreisalertainly more flexible,
but instead when it produces its reply we expect a certaish&froutput and in this case
a more reduced set of outputs implies that we control the\hehaof the server in a
strange way, and this means that the user is more simple asithlfe, since it needs not
to take care of so many scenarios.

However, in both cases plain set inclusion characterizesthiresponding order.
It is clear that the set inclusion order captures the god fttore possible behaviours
(covariant traces) the better”, but in the contravariasec&e need to reflect the oppo-
site situation, and this is the way contravariant tracesespond to (what would be)
covariant no-traces.

Next, let us consider the general and more interesting casghich we have to-
gether botlgoodactions inA™ andbadactions inA'. By combining the two definitions
above we obtain the following definition of covariant-ca@viriant traces.

Definition 7. Given a partition{ A", A’} of a set of actions, we say thais a covariant-
contravariant trace of the procegs(denoted byy € Tr..(p)) if and only if:



—a=(),or
— a=(a) € A" andp %, or
b
— a = (b) withb € A', andp /—, or
—a=/(a)-o/,ac A", andp - p’ witha’ € Tr..(p'), or
—a=()-a withb € A", o’ £ () anda’ € Tr..(p) forall p -2 p.

The covariant-contravariant trace preorder <..r ¢ is defined byp <. q iff
Tree(p) € Tree(q)-

It is easy to check that this definition nearly generalizah llwe definition of plain
traces and that of contravariant traces, which correspuntie cased” = (. We said
“nearly" because when considering both covariant and ewatiant actions together we
need a uniform treatment of the empty sequence. Howevek #ire semantics does not
distinguish two different empty traces, we have to decidedfwant() € Tr..(p) for
any processp, or () ¢ Tr..(p). We preferred the first option in order to totally preserve
the pure covariant traces whefl = (). Moreover, once we remove the empty trace
from the set of traces, we also obtain a generalization aiithien of pure contravariant
traces for the casd” = ().

As usual,Tr..(p) is the smallest set of sequences of actionslidefined by the
clauses above. As a matter of fact, the second clause cabhalsiotained as particular
case of the fourth, but we preferred to maintain it in the didinin order to emphasize
the basic cases. Note that, instead, the third clause ispantiaular case of the fifth, in
order to reflect the asymmetric treatment of the empty tnadled contravariant case.

Example 1.Let us compute the covariant-contravariant traces of tbeqe = b - b -
a- 0.

= {) € Tree(p), trivially.

— (b) ¢ Tr..(p), because neither the third clause (becaus%a), nor the fifth clause
are applicable. However, by the third claye € Tr..(p) foranyt’ € Al b’ # b.
We also haveb') - o € Tr..(p) for anyd’ € AL,V # banda € A*.

— Analogously to the previous case, we can see @higt¢ Tr..(p), but (b') - « €
Tr..(p) forall b’ € A, V' # banda € A*.

— (bba) € Tre.(p), becausé - b-a -0 bea-0-a0-%0, by clauses five
and two. Hence, als@bab’) - o € Tr..(p) for all b’ € A anda € A*.

— No more traces belongs Tr..(p).

It is well-known that classic traces are closed by prefiXest is, if o - 5 € Tr(p)
thena € Tr(p). For covariant-contravarianttraces the same is true feargant actions.
The following proposition makes this situation precise.

Proposition 2. If o/ - (a) - 8 € Tr..(p) then,a’ - {(a) € Tr..(p).
Proof. Let us prove that’ - (a) € Tr..(p) by structural induction on'.

— o/ = (). By definition, if (a) - 8 € Tr..(p), thenp - p’ andf € Tr..(p’). Hence,
we also have thaz) € Tr..(p).



— o = (b). By definition, sincga) - 5 # () and(b) - (a) - 5 € Tr..(p) we have that
(a)- B € Tre.(p') foranyp LN p’. Thus, alsda) € Tr..(p’) foranyp 2, p’ and
hencen' - (a) € Tre.(p).

— o = (a) - . By definition, if (a) - o/’ - (a) - B € Tr.(p) thenp - p’ with
o - {a) - B € Tre(p’). Thus, by induction hypothesis, alsd - (a) € Tr..(p'),
and hence’ - (a) € Tr..(p).

— o = (b) - &’. This case is analogous to the previous one. 0

For contravariant traces we have the dual result, as theaolg proposition makes
precise.

Proposition 3. If o - (b) € Tr..(p) then, alsao’ - (b) - 8 € Tr..(p), forall 3.

Proof. Indeed, leta’ - (b) € Tr..(p) and let us see that' - (b) - 3 € Tr..(p) for all
B € A*. The proof will be done by structural induction over

b
— o = (). By definition, if (b) € Tr..(p), thenp /—. Hence, by the fifth clause, also
by - B € Trec(p), forall g € A*.
— o = (b). By definition, since(b) # () and (b) - (b) € Tr..(p) we have that

(b) € Tr..(p') for anyp LN p’. Thus, we have that’ /b—> for all p LN p" and
hence(b) - 5 € Tr..(p'). Thatis,o - (b) - B € Tre.(p).

— o = {(a) - . By definition, if (a) - o/ - (b) € Tr..(p) thenp - p’ with
o - (b) € Tr..(p'). Thus, by induction hypothesis, alad - (b) - 3 € Tr..(p'), and
hencea’ - (b) - B € Trec(p).

— o = (b) - «. This case is analogous to the previous one. O

A quick reading of Proposition 3 could make us think that timdydnteresting
covariant-contravariant traces that contain some coatiant action inA' are those
which has a single such action, just at the end of the tracen,Tiby applying Proposi-
tion 3, we would infer that any extension of such a trace ie al¢race that we could
consider derived from the first, and therefore not so intargsThe wrong implica-
tion in this “deduction” comes from the fact that covari@eitravariant traces need
not be closed by prefixes, and therefore we could have soroe t@ntaining several
contravariant actions such that no prefix containing lesdragariant actions is also a
trace of that process.

Example 2.If p = ab0 we have{ab) ¢ Tr..(p) but{abb) € Tr..(p).

Next we give a denotational definition of the $t..(p) by applying the results
above.

Proposition 4. We can alternatively define the skt..(p) as follows:

— Tr..(0) = {()} U AL - A*,
— Tree(a-p) = {()}UA - A* Ua- Tr..(p), wheneven € A".
- iﬁcf(b'p) ={0Iu{) alaeTre)\{Q}U{{) a|b € ALY #bac



— Tree(p+q) ={()}U{(a) - a|a € A" A(a) @ € Tree(p) UTree(q)} U{(D) - |
be A'A(b) - € Tree(p) N Tree(q)}-

Proof. Let us first prove that Definition 7 implies Proposition 4.

b
— Tr..(0). By definition, () € Tr..(0). Sinced /—, (b) € Tr..(0) forall b € A,
and then applying the last clause we obtain thata € Tr..(0) forall b € A' and
all o € A*. ,
— Trec(a - p). By the definitionTr..(a - p) 2 {()} Ua - Tr..(p) but, sincea - p /—,
we must add all the no-traces, thatTs..(a - p) = {()} U A' - A* Ua - Tr..(p).

b

— Tree(b-p). () € Tre.(b-p) and, sinceb - p /— for anyd’ € Al with b’ # b,
(b'y - € Tree(b- p) forally’ # banda € A* by clauses. Also, sinceb - p LN P
we have thatb) - o € Tr..(b- p) iff « # () anda € Tr..(p), as we needed to
prove.

— Tree(p+ q). Again () € Trec(p + q). Also, (a) - a € Tr..(p + ¢) if and only if
p — p' anda € Tre.(p') or ¢ % ¢’ anda € Tr..(¢'), thatis,{(a) -a | a €
A"Aa)-o € Tree(p)UTrec(q)} € Trec(p+q). Analogously(b)-a € Tre.(p+q) if

b b
and only if bothp /— andq #—, ora. € Tr..(p’) forall p 2, p’ anda € Tr..(¢")
forall g - ¢/, thatis {(b)-a | b € AIA(B)-r € Troe(p)NTrec(q)} € Tree(p+q).

On the other hand, let us show that Proposition 4 implies Defin7. For that, let
p be a process and consider all possibilitiesddio be a covariant-contravariant trace
of p.

— () € Trec(p) for all p. Trivial.
—a = {a)-o/,a € A". Let us prove that itt € Tr..(p) thenp - p’ ande’ €
Tr..(p"). The proof will follow by structural induction over the stepfp.

o {(a)-a ¢ Tr.(0).

e Let(a) - o € Tr..(c-p). First, the only way of obtaining a trace beginning
with (a) is havinge = a so let us consider the procassp. Now, by definition
Tree(a-p) = {()} UA'- A" Ua- Tree(p), thus,a - p = p anda’ € Tre.(p).

o Let(a) o' € Tr.(p+ q). By definition,Tr..(p+ ¢) = {)} U {{a) - | a €
A" Aa) o € Tree(p)UTree(q) U{(b)-a | b € AIA(D) - € Tr e (p)NTree(q)},
so obtaining the trac&:) - o' is possible only if{a) - &/ € Tr..(p) or (b) - &’ €
Tr..(¢) and hence, by induction hypothesis, we obtain- ¢ —— p’ with
o € Tre(p) orp +q -5 ¢’ with o € Tr..(¢'), as we needed to prove.

— a = (b) with b € Al. Let us prove that ifv € Tr..(p) thenp /b—> The proof will
follow by structural induction over the shapeof ,

e By definition(b) € Tr..(0), and obviously /—.

e By definition(b) € Tr..(a - p), witha € A", and obviously: - p /b—>

o Let(b) € Tr (V' -p'). Since by definitiorlr..(b-p) = {)TU{{(d) - a|a €
Tre.(p)\{O}JU{({)-a |V € ALY # b, a € A*}, the only way of obtaining
the trace(b) is with the last condition (since in the second dhg- « needs

b

a # (), that s, if the procesgis b’ - p’ such that’ # b. Hencep +/—.



o Let(b) € Tr..(¢+ r). By definition, the only way of obtaining the tra¢l is

having(b) € Tr..(¢) and(b) € Tr..(r) and hence, by induction hypothesis,
b
q + r /— as we wanted to prove.

—a = (b) -’ withb € A, o/ # (). As in the previous case let us prove that
if @ € Tre.(p) thena’ € Tr..(p') for all p —= p’. The proof will follow by
structural induction over the shape;of

e By definition(b) - o/ € Tr..(0), and obviouslyy’ € Tr..(p’) for all 0 Ly,
because there is no sugh

e By definition(b)-o’ € Tr..(a-p), and obviouslyy’ € Tr..(p’) foralla-p LN
p’, because there is no sugh

o Let (b) - o/ € Trec(c- q). By definition, Tr..(b-p) = {)}U{(b) - | a €
Tre.(p) \{OU{)-a |t € ALY #b,a € A*}. Sincea’ # (), there are

b
two ways of obtaining the trace. If ¢ # b, ¢ € A! we havec - ¢ /— and thus
o € Tree(q) foralle- g LN g. On the other hand, if the procesis= b - ¢,
then by definition of its tracey’ € Tr..(q) forb- ¢ —= q.

o Let(b)-a’ € Trec(q + 7). By definition, Troc(q +7) = {()} U {(a) -a | a €
A"Aa)-a € Tree(q)UTr e (1) YU{(B)-a | b € AIA()-a € Tree(q)NTree(r)},
that is, the tracéb) - o/ can only be obtained ifh) - o’ € Tr..(q) and{b) -’ €
Tr..(r) and hence, by induction hypothesis, we obtain the result. a

Example 3.Givenp = a, ¢ = ab + ab/, r = a(b+ V'), wherea € A" andb, b’ € A,
with ' # b, we obtain thap =..r ¢ butq #..r r. Indeed,Tr..(p) = Tre.(q) =
{(),{a)} U AL - A* U (a) - A’ - A*; note that, for exampl€ga, b) € Tr..(q) since we

havea-b' -0 -2 b -0 /b—> However,(ab) ¢ Tr..(r), sothat: Sc.r p, butp Leer 7.

But note that given the processes= aba’ + aba”, ¢ = a(ba’ + ba”) andr =
ab(a’+a’") we havep =..r r andp #..r g. Thisis because the tra¢eba’) € Tr..(p),
buta(ba’ +ba") —* ba’ + ba’ and by Proposition 4 the traces begining with an action
in A' are as followsTr .. (ba’ +ba”) = {(b) -« | {b) - € Trec(ba’) N Trc(ba”)}. But,
since(b) - a ¢ Tr..(ba’) impliesa = (a’) and(b) - o ¢ Tr..(ba") impliesa = (a’)
there is no trace starting within (ba’ + ba’’), and thugaba’y ¢ Tr..(q) (observe also
that neitherd) € Tr..(ba’) nor (b) € Tr..(ba"), sinceba’ - andba” -).

As one would expect, the covariant-contravariant simafatirder<.. is finer than
the covariant-contravariant trace preorger .

Proposition 5. For all processeg, g over the set of actiond = A” U A!, we have: if
P ,Scc q, thenp ,SccT q.

Proof. We check thap <.. ¢ anda € Tr..(p) implies thate € Tr..(q), by structural
induction over the form of a trace € A*.

— « = (): trivial.

b b
— a = (b), withb € A'. Sincep <.. q, if p /— theng /— and(b) € Tr..(q).



— a = (a) - o/, witha € A". By definition this means that there exigtssuch that
p — p ando’ € Tr..(p'). Sincep <.. g andp - p/, there exists’ such that
q = ¢’ with p’ <.. ¢’. So, by induction hypothesiEr..(p’) C Tr..(¢’), hence
o' € Tre.(¢') anda € Trq.(q).

b
—a = (b)-a,withb € A, anda # (). By definition eitherp /— ora €

Tr..(p") for everyp LN p.Ifp /—» sincep <.. ¢, we also have that /—» and
thus (b) - o/ € Tr..(q). On the other hand, if we have th;atH p’, then also
o' € Tre.(p'). We have to show that 2, ¢ impliesa’ € Tr..(¢') but, since
p Zcc g, for all ¢’ such thaty 2, ¢’ we have some LN p andp’ <. ¢, and

then applying the induction hypothesis we obtain tat Tr..(¢’), and therefore
a € Tre(q). O

Example 4.Letp = a-(b-0+a-0) andg = a-a-0. Itis easy to check that <.. ¢ thus, by
Proposition 5 we have thétr..(p) C Tr..(¢q). For example, we hav@bdb) € Tr..(p)

b
and since; —~ a -0 anda - 0 /— we also have thatabb) € Tr..(q). On the other
hand, we also have théib) € Tr..(q), but(ab) ¢ Tr..(p) sincep - (b-0+a - 0)

and(b-0+a-0) - 0.

4 Trace semantics for conformance simulation

Next we develop the adequate notion of conformance traceswdefines a reasonable
trace preorder that fits well under the conformance simaratireorder developed in
[6]. Conformance traces are those that not only can be ex@chbtit cannot be refused
(from the root of the process) at any time during its executiberefore we could also
call them “secure traces”.

Definition 8. We say thaty = a; ... a, is a conformance trace of the proces¢de-
noted byo € Tr.¢(p)) if and only if

—a=(),or
— a = (a) andp %, or
—a=(a)-a,p s andd’ € Trcf(p’) forall p i’p/.

We define the conformance trace preorderr byp Scrr ¢ iff Trep(p) C Trer(g).

Once again, the second clause is redundantlangp) is the smallest set of se-
guences that satisfies the conditions above. For undemstabetter why we call con-
formance traces secure traces, let us state and prove bwifa lemma.

Lemma 1. If o - 3 is a conformance trace of a processheny’ - for anyp —° p/.

p
Proof. Let us suppose that there exists sopjesuch thapy —~ pf, andp), /. But,
sincea - 5 € Tr(p), by definitions € Tr.¢(p(,) and, in particular, this means that

D) i) O



Example 5.For example, for the deterministic procesges a-b-0andg =a-a -0,

we haveTr.; (p) = Tr(p) = {(). {a), (ab)} andTr.s (q) = Tr(g) = {{). (a), (aa)}.

Now, let us consider the non-deterministic process p + ¢, and let us compute
the conformance traces of Obviously,(), (a) € Tr¢¢(r); and now(a) - o/ € Trq¢(r)
implies thata’ € Tr.;(r') for all » — ¢/, in particular,a’ € Trs(b-0) anda’ €
Tr.f(a - 0), that is, the only possible traeé is o’ = (). Hence{(), (a)} = Tr (7).

It is in this sense that we can also call secure traces to thiognance traces, since
from the root of the processwe know that the process is not going to refuse any of
their conformance traces, whereas if we would try to exeiheérace(a, a) it could be
refused byr.

From this example we obtain that, in particular, if a progesketerministic its con-
formance traces coincide with its (plain) traces, as thefohg lemma makes precise.

Lemma 2. If p is a deterministic process théir(p) = Trqs(p).

Proof. It suffices to observe that in the case theais deterministic the universal quan-
tification in the third clause of Definition 8 can be seen asxastential quantification
(because for deterministic processes there is only onsiti@mlabeled with a concrete
actiona). a

Let us now show that the conformance simulation preordené than the confor-
mance trace preorder.

Proposition 6. For any processes, g, if p Scr g thenp Scsr q.

Proof. We need to show that <.; ¢ anda € Trs(p) imply a € Trqs(g). We will
prove it by structural induction over the shape of a trace

— « = (): trivial.

— a = (a) - & by definition,p —* and if p % p’ thena’ € Tr(p'). Using
thatp <.; ¢ andp —*~, we obtain thay —*~ and for every; — ¢’ there exists
p — p' such thay’ <.; ¢'. So, sincea’ € Tr.(p'), applying the induction
hypothesis we get’ € Tr.s(¢’), and thereforer € Tr..(q). O

A denotational definition of the set of conformance tracea pfocess is also pos-
sible:

Proposition 7. We can alternatively define the skt ¢ (p) as follows:

= Trer (0) = {0}

= Trep(a-p) ={0} U(a) - Tree(p).

— Trep(p+q) = Trep(p)UTr o (q), whereu denotes the following modified definition
of union-intersection for sets of traceB; U Ty, = (T3 NT2) U{{a) -« € T UT> |
<a> ¢ T1 n TQ}

Proof. Let us first prove that this characterization follows fronfiDigion 8.

— Tre(0) = () trivially.
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— Tres(a - p). Obviously() € Tr.s(a - p). Also, sincea - p —% p, if o’ € Tr.(p)
then(a) - o/ € Tre(a - p). Inother wordsTr s (a - p) = () U(a) - Trer(p).

— Trep(p + g). Obviously() € Tres(p + ), () € Trep(p) and() € Trer(q). Now,
for the actionsy € I(p) N I(q), (a) - o € Trep(p + q) implies(a) - & € Trer(p)
and(a) - a € Trq(q). For the actions ¢ I(p) N I(q), thatis,a € I(p) \ I(q)
(respectivelys € I(q) \ I(p))if (a) - a € Trr(p) (respectivelya) - a € Trer(q))
then(a)-a € Tr.s(p+q). Thus, we have provett . (p+q) = Trer(p) UTror(q).

Analogously, let us prove that the conditions in Proposifidmply Definition 8.

— a = () is trivially a conformance trace for all processes.
— a = (a) - . Let us prove that itv € Tr..(p) thenp - anda’ € Tr..(p') for all
p — p’. The proof will follow by structural induction over the stepfp.

e Letp = a - q. By the characterizatiorlr s (a - p) = () U{a) - Tres(g), SO
p - ganda € Tref(q).

o Letp = ¢ + r. By the characterizatiorr s (¢ + ) = Trer(g) W Trep(r),
soifa € I(q) N I(r) thena € Tr..(q) anda € Tr..(r) and, by induction
hypothesisq/ € Tr..(p') forallp - p’. On the other hand, if € I(q)UI(r)
buta ¢ I(q) NI(r) thena € Tr..(q) ora € Tr..(r): in either case, again by
induction hypothesis we obtain the result.

O

Unfortunately, this semantics has an important drawbdek:cdonformance trace
preorder is not a precongruence for the operatoBGESP(A)

Example 6.0bviously we have both S 7 ab andac Scpr ac, butac Zopr ac + ab.
This problem already appeared in the conformance simulgieorder and it does not
disappear even though the conformance trace preorderrisaroa

It is easy to see that the problem can be solved exactly assitwae for the con-
formance simulation preorder in [7].

Definition 9. We define the observational conformance trace preoﬁf% as:

pShyr a4 1(p) =1(q) Ap Sepr q -

Proposition 8. <”... is the biggest precongruence containedJgy .

cf

Proof. Obviously, we haveg’c’,fT C Ser. If there were a larger precongruence, it
would contairp andg with p <. ¢ butI(q) # I(p): then, taking: € I(q)\ I(p) and,

a-b
assumingd big enough, taking € A such thay /— we would havewb+p L7 ab+q

(sinceab Zorr ).
Finally, both the prefix operator ard preserve<? T

—1Ifp SP/T q, thenap <P ag sincel(ap) = I(ag) = {a}, and(a) - o’ € Trs(ap)

c ~

with o € Tr.¢(p), henceap <.fr aq.
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—1Ifp sf;fT q, we must show that alge+ r 5’;fT q + r. First, we havd (p + r) =
I(q +r) = I(r) U I(p); and by definitionTr ;s (p + ) = Trep(p) U Trep(r) =
(Trep(p) N Trep () U{{a) - a € I(p) UI(r) | {a) & I(p) N I(r)} = (Trep(p) N
Trep(r)) U{{a) -a € I(p) UI(r) | (a) ¢ I(g) N I(r)}, which is included in
(Trep(q) N Trep(r)) Uf(a) - a € I(q) UI(r) | {a) ¢ 1(q) NI(r)} = Trer(q) U
Tr.s(r) = Trer (g + r) because by hypothesls ¢ (p) C Tr.¢(g). Thus, obtaining

pHT S qt 0

5 Covariant-contravariant ready simulation and its induced linear
semantics

Following the unified classification of the semantics forv@dant) processes in [5],
the most well-known linear semantics (failures, readinesare related not with plain
simulation semantics, as is the case for the trace semabotitwith the ready simula-
tion semantics. Therefore, before generalizing the dafmibf those linear semantics
it is natural to consider the case of ready simulation.

Covariant-contravariant ready simulations are obtain@ttty as in the plain case
by simply constraining the definition of covariant-contegnt simulation by imposing
the condition(I) I(p) = I(q) to all the pairs of related processesg.

Definition 10. Given two processgsandgq, and{A", A’} a partition of the alphabet
A, a covariant-contravariant ready simulation between thera relation R such that
for everyp Rq we have:

— Forall a € A" and allp - p’ there existgy — ¢’ with p’ Rq’.
— Forall a € A, and allg - ¢ there exist —— p’ with p’Rq’.
- 1(p) = 1(q).

We will denote the induced preorder Byg...

Trivially, we have that the covariant-contravariant reathgulation preorder is finer
than the covariant-contravariant simulation preorder.

5.1 Covariant-contravariant failures semantics

Once again, in order to motivate our definitions we start bystdering the case of
the pure contravariant failure semantics which, of coussebtained by dualizing the
definition of (covariant) failures.

Definition 11 (Contravariant failures semantics).We say thats, Y') is a contravari-

ant failure pair of a procesg if I(p') NY # ) for all processeg’ such thap LR p.
We denote the set of contravariant failurepdify F.(p), and by<.r the order induced
by comparing the set of contravariant failures of two comtrtaant processes.

Proposition 9. F.(p) = F(p), for all processeg®.

3 As before, we assume that the (covariant) actionstiecome contravariant ones to obtain this
result.
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Proof. (3,Y) € F.(p)ifandonly if I(p') NY # () for all p 2, p’. In other words, if

there is no procegs’ such thap 2, p’ with I(p")NY =0, thatis,(3,Y) ¢ F(p).
O

In order to define the most reasonable notion of covariantrawariant failures
semantics, we keep separated the covariant and contnatviailares but considering
now any arbitrary “trace”to produce along a covariant-contravariant process.

Definition 12 (Extended covariant failures).Giveny € A* and R C A", we say
that (-, R) is an extended covariant failure pair of a covariant-conaaiant process
p, written {(y, R) € F(p), if

(), I(p) N R = 0; or
(a) -~ witha € A", and there exists - p’ such that(y’, R) € F(p’); or
(b) -y withb € AL, and(v', R) € F(p/) forall p - p/.

-
-
-7

By abuse of notation, we will also denote 8y- the induced order over covariant-
contravariant processes, since it can be easily checkedttbgends the corresponding
order over covariant processes.

Definition 13 (Extended contravariant failures). Giveny € A* and L C A!, we
say that(vy, L) is an extended contravariant failure pair of a covariantrt@variant
procesp, written (y, L) € F.(p), if

(), I(p) N L # 0; or
(a) -~ witha € A", and there exists - p’ such that(y/, L) € F.(p'); or

(b) -y withb € AL, and(v/, L) € F,(p') forall p - p/.

-
-
-

We will also denote byS.r the obtained preorder over covariant-contravariant pro-
cesses, since it generalizes the corresponding notionadravariant processes.

Note that in the two definitions above we continue applying ‘#lternating”3,v
procedure along the sequengedepending on the covariant or contravariant character
of the executed actions.

Hence, we define the covariant-contravariant failuresnoieraas the conjunction of
the two previously defined orders.

Definition 14. We define <..r ¢ ifand only ifp <p g andp <.r ¢. Thatis, if the
process; has more extended covariant failures thaand more extended contravariant
failures.

4We have here the word “trace” between quotation marks becaas we will show, the

sequencesy that appear in our covariant-contravariant failure neetl m® a covariant-
contravariant trace of the corresponding process.
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The obtained failures semantics is finer than the covadantravariant traces se-
mantics, since from the corresponding set of failures paiescan recover the set
of covariant-contravariant traces of any process. Howetés not always true that
any sequence is a covariant-contravariant failure pair corresponds two®ariant-
contravariant trace of the process. Finally, we will see tha covariant-contravariant
failures semantics is indeed coarser than the covariamtaariant ready simulation
semantics.

Lemma 3. Giveny € A*, we have the following:

- (v,0) € F.(p) if and only ify € Tr..(p) andp cannot perform all the actions in

7
v, thatis,p /—.

— Giveny # ' - (b), {~,0) € F(p) if and only ify € Tr..(p) andp can perform all
the actions iny, that is,p ——.

Proof. First we observe that there are two types of covariant-ewatiant traces: those
that the process can perform, and those that have a consmatvaction that the process
cannot perform. In this second case the trace must end witharient actioru € A".

So, let us suppose that, ) € F.(p). If that is the case, we must hayae/l>,
because if that is not the case, after performjnae will be asking forZ (p") N 0 # 0
for somep’, which is false. Also, in that case, by definition of extendedtravariant
traces, it is not difficult to see thate Tr..(p). Analogously, if we have € Tr..(p)

-
andp /— we must also havéy, §) € F.(p).

Now, let (v, 0) € F(p). Note that, by definition of extended covariant failures and
covariant-contravariant traces, the only posible siarefor which~y ¢ Tr..(p) is when

v =4+"-(b)andp 7, Sowhen considering # ' - (b) we obtain the second
clause of the lemma. O

Proposition 10. If p <..r gthen,p <..7 q.
Proof. Immediate from Lemma 3. a
Proposition 11. Given processes, ¢, we haven< p..q impliesp<..rq.

Proof. We check thap<g..q impliesp <r g andp <.r ¢. So, let{y, R) € F(p) and
(p, Ly € F.(p), and let us prove thdty, R)) € F(¢q) and{p, L)) € F.(q), by structural
induction over the shape of the traces A* andp € A*.

~ = (). By definitionI(p) N R = 0 and sincep< gecq impliesI(p) = I(q), then
(v, R) € F(q). The case = () is analogous.

v = {a) - v/, with a € A". By definition this means that there exigtssuch that
p % p' and(y/,R) € F(p'). Sincep<re.q andp - p/, there exists such
thatq —% ¢’ with p'<g..q’. So, by induction hypothesi&,(p’) C F(¢'), hence
(', R) € F(¢') and thus{~, R) € F(q). Analogous fop = (a) - p/

14



— 4 = (b) -+, with b € Al. By definition, if p —— p’ then also(~/, R) € F(p').
We have to show that LN ¢ implies(y', R) € F(q¢') but, sincep< gc.q, for all
¢’ such thaty LN ¢’ we have some LN p’ andp’<gr..¢’, and then applying the
induction hypothesis we obtain that’, R) € F(¢’), and thereforéy, R) € F(q).
The case = (b) - p’ is analogous. O

5.2 Some examples

By means of some simple examples we are going to illustrate thew the different
semantics distinguish less or more pairs of some processes.

Example 7.Let p = b0, ¢ = ba0 + b0 andr = bb0 + b0. We have the following
relations:

— p =cr q. Takingy = (b) - v/ with v/ # (a) it is clear thaty € Tr..(p) iff
v € Tre.(q), but fory = (ba) we havey ¢ Tr..(p) andy ¢ Tr..(q), because in
order to havey € Tr,.(ba0 + b0) we need bothy € Tr..(ba0) andy € Tr..(b0).
Note also thab0 <..r ba0, butba0 L .1 0.

Instead, we have <.r p butp £..r r becausebb) € Tr..(p) but (bb) ¢
Tr..(r). In this case the fact thab0 can do the seconidmake this process worse
thanb0, and then- also becomes worse than it.

= q Scer pandp Zecr g since, for exampley(d), {a}) € F(p) and((b),{a}) ¢
F(q). But covariant-contravariant failures can “see” thatatfb0 fails more (with
the extended notion of covariant failures) than a processalso offers am asq.
Note that we have instead=.r q.

Also 7 <.r p andr <.r g, but neitherp L..r r norq L..r r, because
((bb),0) € F.(p) and ((bb),0) € F.(q), but ((bb),0) ¢ F.(r) just becausév0
can perform the secorid

— q Scc pandp Z.. q. Obviously since has less contravariant actions. AlsGg .. ¢
andq Lee 7.

— The three processes are not related with covariant-carieat ready simulation,

that iS,P %Rcc q,q %Rcc D, q %Rcc r,Tr %Rcc q, T %Rcc p andp %Rcc r.

Example 8.Let us consider the following three machines, where, aslugeactions
whose name terminate withare inputs (elements of") and the actions whose name
terminate with! are outputs (elements af).

m : coin? (coke! btt;? freefanta! 0 4 coke! btty? free7up! 0)
mo . coin? (coke! btt;? freeFanta! 0 + coke! btt,? free7up! 0

+ coke! (btta? free7up! 0 + btt; ? freeFanta! 0)
ms . coin? coke! 0

my iS @ machine that after accepting a coin, it chooses betwisérggis a coke and

then allows us to ask for a free fanta, or giving us a coke aed #llows us to ask for a
free 7-up. The machinei; behaves liken,, but with an extra option in which we can
choose either the fanta or the 7-up. Finalhy just gives us a coke for a coin. Now,
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— my =c7 M3 andmso =..r ms. Like in the previous example, since when we have
a contravariant action (in this caseke!) we are taking the intersection of the traces
of its subprocesses, we have thatin? coke! btt;) ¢ Tr..(m;), (coin? coke! btty) ¢
Trc.(m;) with i € {1,2,3}.

— m1 =ccF M2, because extended covariant failures cannot distingfiisk are in
a state that offergbtt;, btto}, {btt1} or {bttp}. Of courseyn; <..r ms, Since
({coin? coke!), {btt;}) € F(ms), that is, after giving us the cokey; fails when
we try to press the buttott; for all 4.

— My S,cc mi, mq %cc mao andml Scc ms3

— M1 LRec M2 ANAM2 SRee M.

~

Example 9.Let p = ba0 + b(a0 + a’0) andq = b(a0 + a’0). So, sincep Sprec g We
also havey <.. ¢, p Zcer gandp <..r q.

6 Conformance ready simulations and its induced linear senics

Ready conformance simulation is also defined by imposinggaonformance simula-
tions the conditior{I).

Definition 15. We say thalR C X x Y is a ready conformance simulation if for each
pair pRq qe have

- I(p) = I(q), and
— forall a € A such thaty — ¢’ andp —, there exists somg with p - p’ and
P'Rq.

We will denote the induced preorder ..

In [7] we already proved that the ready conformance simutapireorder is the
inverse of the plain ready simulation preorder.

Proposition 12 ([7]).For all processe®, g we havep<Srerq iff ¢ Srs p.

As an immediate consequence of this result we concludehiraidequate notions
of failures, readiness, failure traces and ready tracetéoronformance framework are
just the complementary of the corresponding plain linearesgics.

As a consequence, the induced equivalences are the samesasfohn the plain
(covariant) semantics, while the induced orders are jsivierse of those.

Proposition 13 ([7]).For all processep,gandX € {F,R,FT,RT} we have <.sx ¢ <=
q <x p, and therefore =.;x ¢ <= p =x q.

Although this could be considered a question of conventioa,'direction” of the
orders<.¢x reflect in a more natural way the motto “the less non-deteistiin the
best” which corresponds to the usual procedure when systewadoping (more) deter-
ministic processes refine non-deterministic specification

Next, we present as an example, the definition of conforméaiees, which by
Proposition 9 is the “opposite” of plain failures.
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Definition 16. We say that3, Y) is a conformance failure pair of a procegsf I(p’)N

Y # () for all processeg’ such thap A, p’. We denote the set of conformance failures
Ofp bchf(p)'

This definition in fact generalizes secure traces:

Lemma 4. o € Tr.;(p) if and only if for all prefixd < awitha = § - a - 5 we have

(8,{a}) € Fc(p).
Proof. We use the fact that € Tr.¢(p) ifand only if 5 € Tr ¢ (p) for all prefix g < a.

— Fora = () we always have thay € Tr.s(p) and, obviously, foralp -a- 8’ = «
we have(s, {a}) € F.;(p) since there is no such decomposition.
B

— Fora = 3+ (a) we havea € Tr.(p) if and only if p — and (p — p' =

p' —). We also havés3, {a}) € F.;(p) if and only if (p By = %), s0
the left to right part of the result is obvious, sirte.;(p) is closed by prefixes. To
conclude the implication from right to left, we only need &@ridep —— from the

hypothesis. This can be proved by checking that we Ipav& forall 5 < a by
induction on the lenght gf:
e 3= () istrivial.

e Ifwe haves = - (a), by induction hypothesis we can assume yha@; and

then, we have £, p' and by applying the hypothesis we also have-*-,
which gives u® A, O

7 Conclusions

We have presented appropriate versions of the most weilkiioear semantics to fit
within the two frameworks that we have developed to take @tcount the (desired)
contravariant character of some of the elements that contioe behaviour of systems.
In more detail, we have considered the more general covaz@mravariant framework,
based on covariant-contravariant simulations, and théocorance framework, based
on the more specific conformance simulations.

We have shown that in that second case only the notion of traeds a revised
definition, that of secure traces, which are those whoseracitan never be refused
along any of their executions. For the remaining classidirsemantics, no substantial
changes are needed in order to obtain their conformancmemsra\ctually, it could be
said that they indeed need a radical revision because if vimeddo use set inclusion
between the corresponding sets of observations (failteadjness, . . .) then we would
need to take the complements (no-failures, no-readinegspf the observations in the
plain (covariant) case. However, we could also argue thatrileans that the essence
of the semantics remains the same so that the classic lieezargics based on the
observation of the ready sets are also suitable for the coafioce framework.

The picture is completely different when the general cargrcontravariant case
is considered. We have defined both covariant-contravatiaces and failures in a
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natural manner but, even so, the proofs of their propertiesreore complex than we
expected. Moreover, the definition of the (reasonable) Gantcontravariant versions
of the rest of the classic linear semantics (readinessirésltraces, and ready traces)
seems to be complicated. We have shown thafithresting generated by the covariant-
contravariant treatment of the different kinds of actioas ko be taken into account;
now, still calling “linear” to the obtained semantics beesma bit unnatural since they
are based on a game-like tree construction. We envisagatarelith the known-game
semantics [1, 2]; this direction deserves further explorat

Our main conclusion is that both the simulation framewor#t #re coarsest linear
semantics at each level of the extended Itbt-spectrum [42% been proved to be spe-
cially robust. The definitions of the covariant-contrasativersions of those semantics
(ready simulation, traces, failures) have come out quitarally. This agrees to some
extent to what we have in practice, where most of the devetopsthat have happened
are either based on branching-time semantics (simulatisimulation, ready simula-
tion) or on those coarsest linear semantics. Once we haablissied the foundations
of these generalized covariant-contravariant semantiesyill look for concrete appli-
cations in which to use them to specify properties of thosesys in which we find
together both covariant and contravariant features.
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